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Abstract 

Matrix metalloproteinases (MMPs) belong to a family of over 20 structurally related zinc-dependent proteases. 

They play a crucial role in every stage of wound healing by regulating the balance between tissue synthesis and 

destruction. However, excessive proteolytic activity, especially of MMP9, results in non-healing chronic wounds 

by degrading newly formed extracellular matrix and other required proteins. Thus, controlled activity of MMPs is 

essential for systematic wound healing. The development of new and efficient biomaterials in wound care is an 

area of intense research. Amyloid-like cross-β-structures have been explored for the development of novel 

biomaterials. The conversion of soluble protein into amyloid fibrils is accompanied by an increased resistance to 

proteolytic degradation, and this, along with other desirable features, recommends protein nanofibrils (PNFs) as a 

new scaffold for wound healing therapy.  

 

MMPs share a homologous catalytic domain, required for all MMP functions. In this thesis, the catalytic domain 

along with the pro-domain and fibronectin domain of human MMP9 (proMMP9cat) was expressed in E. coli. The 

protein was solubilised from inclusion bodies, refolded, and purified to homogeneity, with improved yields 

(1 mg/mL) compared to other methods followed in this thesis. The secondary structure of the refolded proMMP9cat 

was confirmed by circular dichroism. Following activation of the refolded proMMP9cat, the catalytic ability was 

confirmed using a colorimetric assay. The specific activity (50 U/µL) was comparable with commercially obtained 

MMP9 (48 U/µL).  

 

Whey protein isolate (WPI) was used as a commercially viable source of PNFs. To improve consistency of 

prepared biomaterials, the peptide composition of amyloid fibrils formed from WPI with and without limited 

proteolysis was systematically studied. The kinetics of fibril formation was assessed using a β-sheet binding dye, 

thioflavin T, and whey protein nanofibrils (WPNFs) were visually confirmed by transmission electron microscopy. 

Analysis of hydrolysates using matrix-assisted laser desorption/ionisation coupled with Fourier transform ion 

cyclotron resonance (MALDI-FTICR) revealed critical sequence motifs required for WPNFs formation. The peptide 

composition of mature WPNFs identified by liquid chromatography-mass spectrometry coupled with quadrupole 

time-of-flight (LC-MS/MS Q-TOF) generated fragments largely consistent with those in literature. Previously 

identified minimal sequences containing phenylalanine residues in β-Lactoglobulin (β-Lac), the major protein 

involved in WPNF formation, were surveyed against the generated WPNF fragments. Those peptide fragments 

common between the WPNF formed from untreated and protease treated WPI solution, which contained the 
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minimal sequences, were examined in the context of the β-Lac crystal structure to understand the role of 

quaternary structure. This revealed the absence of a specific peptide fragment in WPNFs formed after trypsin and 

proteinase K treatment. This observation, in the context of the quaternary structure of β-Lac showed the influence 

of protein structure in generating peptides available for fibrillation. This observation will enable the preparation of 

a more consistent biomaterial.  

 

The proteolytic resistance of WPNF was investigated against purified MMP9cat, and commercial MMP1, 2, and 9 

to confirm its stability, along with other relevant proteases. The resistance of WPNF against MMPs was also 

compared to other PNFs formed from soy and apo-haemoglobin. Varied resistance of PNFs to MMPs was 

observed. While partial stability was achieved overall against MMPs, minimal resistance to MMP1 (40 %) was 

observed compared to MMP2 (> 50 %) and MMP9 (> 70 %). Furthermore, the ability of PNFs to inhibit MMP 

catalytic activity (> 50 % for MMP1, > 70 % for MMP2 and 9) was confirmed using a chromogenic substrate. The 

selectivity for MMPs observed here could potentially be due to the differences between their catalytic subsites (S1) 

pocket. These preliminary results demonstrate the potential of WPNFs to modify MMP activity, overexpression of 

which is indicated in chronic wounds. The findings of this thesis encourage further development to utilise PNFs to 

develop functional, cost-effective biomaterial that can regulate protease activity. 
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Chapter 1:  Introduction 

1.1 Preface 

This thesis aims to investigate the potential of whey protein nanofibrils as a biomaterial to treat chronic wounds. 

The following objectives were designed to support this overall aim:  

 

I. Purification of the catalytic domain of the recombinant human matrix metalloproteinases 91 (MMP9) in its 

latent form (proMMP9). 

II. Systematic evaluation of peptides involved in the formation of whey protein nanofibrils (WPNFs). 

III. Analysis of the stability of WPNFs against active recombinant MMP9 (rMMP9) and comparison of the 

rMMP9 with commercial matrix metalloproteinases (MMPs) relevant to chronic wounds. 

IV. Comparison of the effect of WPNFs with nanofibrils formed from soy and apo-haemoglobin protein. 

V. Analysis of the ability of protein nanofibrils (PNFs) to inhibit MMP’s catalytic activity and confirm whether 

any inhibitory effect is specific to one protein source. 

 

Commencing with a brief introduction to wounds, the process of wound healing, followed by a general introduction 

to MMPs, this chapter discusses the structure and function of MMP2 and MMP9 with a particular focus on their 

role in chronic wounds. The process involved in the activation of latent MMP is detailed. The need to inhibit the 

unregulated activity of MMPs that contributes to the development of chronic wounds leads to a brief discussion on 

MMP inhibitors, and their mode of action. Wound care therapy and advances in the wound dressing materials are 

discussed including the utilisation of biomaterials to accelerate the healing process. The potential use of amyloid 

fibrils as a biomaterial for chronic wounds is presented. The current challenges in contemporary dressing materials 

are highlighted to address the need for developing a characterised new biomaterial, with potential to inhibit MMP 

activity to aid chronic wound healing. 

                                                      
1 The term proteinase is used wherever appropriate for proteases that show specificity for intact proteins (Barrett 
& McDonald, 1986) 
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1.2 Background 

MMPs are a group of more than 20 structurally related proteins. They play a significant role in normal tissue 

maintenance by breaking down damaged extracellular matrix (ECM) proteins and contributing to all phases of 

wound healing. Consequently, any alteration in MMP activity results in off-target destruction and is associated with 

impaired wound healing, a growing health problem especially in people with diabetes (Caley, Martins, & O'Toole, 

2015). For these reasons, MMPs are an essential drug target for non-healing chronic wounds. However, the non-

selective targeting of MMPs may lead to undesirable effects as this enzyme family plays crucial and protective 

roles, beneficial for wound closure. Therefore, the targeted inhibition or selective control of MMP activity may prove 

to be a valuable therapeutic approach to promote healing of chronic wounds (Jacobsen, Major Jourden, Miller, & 

Cohen, 2010).  

 

The self-assembling ability of proteins and peptides into a variety of structures provides a platform for the 

development of biomaterials with diverse functions from sensors to scaffolds (Knowles & Mezzenga, 2016). 

Several formats of peptide self-assembled nanostructures, such as particles and hydrogels, have attracted much 

attention for controlled drug release (Abaee, Mohammadian, & Jafari, 2017; Sehgal & Srinivasan, 2009). Amyloid 

fibrils are examples of such protein self-assembly, where soluble protein assembles to form insoluble nano-fibrillar 

structures. WPNFs, an amyloid fibril formed from whey proteins, are well-studied food protein fibrils (Knowles & 

Mezzenga, 2016; Loveday, Anema, & Singh, 2016). In this thesis, WPNFs are investigated to understand their 

potential as a biomaterial to facilitate the healing process of chronic wounds. Here, the protease resistance of 

WPNFs and their ability to modulate MMP catalytic activity was investigated against the most important MMPs in 

chronic wounds. Furthermore, by comparing the effect of WPNFs with other amyloid protein fibrils such as soy 

protein nanofibrils (SPNFs) and apo-haemoglobin nanofibrils (a-HbNFs), this thesis attempts to understand 

whether the inhibition is due to the fibrillar nature of protein nanofibrils (PNFs) or specific to a particular protein 

source.  

1.3 Wounds and the process of healing 

Wounds are injuries disrupting normal anatomical structures and functions of the skin resulting in bleeding, 

contraction of vessels, coagulation, activation of the complement pathway system and inflammatory responses. 

Wound healing is a dynamic process initiated at the time of injury and proceeds until the repair is achieved through 
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inflammation, proliferation and remodelling (Singer & Clark, 1999). The major cellular events during wound healing 

are well established (Clark & Henson, 1988; Häkkinen, Koivisto, Heino, & Larjava, 2015), and the three overlapping 

phases of wound healing process are shown in Figure 1.1. 

 

 

Figure 1.1: General events occurring in the course of cutaneous wound healing 
 
This figure (modified from (Beanes, Dang, Soo, & Ting, 2004) with permission from the publisher) illustrates 
general cellular and molecular events during the healing process. The rupture of the skin surface following 
cutaneous injury initiates with the influx of red blood cells, platelets, polymorphonuclear neutrophils (PMN) and 
macrophages to the site of injury (A). Platelets binding to the injured cells in a wound get activated initiating 
coagulation resulting in fibrin that sticks together forming a clot (B). During the early inflammation stage (C), 
platelet-derived growth factor (PDGF), and transforming growth factor-β (TGF-β) are released from platelets and 
activate PMNs. The late inflammatory phase (D) after 48 hours of injury, the neutrophils are replaced by 
macrophages as the primary inflammatory cells and release the growth factors. After about 72 hours of injury, the 
proliferation phase (E) begins with the synthesis of collagen by fibroblasts. The reorganisation of collagen and 
tissue remodelling occurs for months after injury ending the healing process (F). 
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1.3.1 Types of wounds 

Depending on the healing time, after the traumatic loss of normal structure and function of a tissue, wounds are 

classified as either acute (wounds healing with no complications in the predicted amount of time) or chronic wounds 

(take a long time to recover and might have complications) as shown in Figure 1.2. Acute wounds can progress 

to a chronic wound if the healing does not occur in the expected time frame (Goldberg & Diegelmann, 2010).  

 

 

Figure 1.2: Schematic representation of wound healing process 
 
This flow diagram inspired from (Menke, Ward, Witten, Bonchev, & Diegelmann, 2007) explains the steps involved 
in the wound healing process and progression of wound from acute to chronic stage. Generally, after wounding, 
the transitions between the inflammation, proliferation and finally tissue remodelling occur in an orderly manner 
(A). However, if the disruption occurs in the healing process, the inflammatory stage doesn’t proceed to the 
proliferation stage, leading to prolonged inflammation developing non-healing chronic wounds. 
 
 

1.3.1.1 Acute wounds 

Healing consists of highly regulated processes of cellular, humoral, and molecular events activated at the time of 

injury. When the interactions between growth factors and the extracellular matrix (ECM) occur in an organised 

manner allowing transition from one phase to another (Figure 1.2(A)), an orderly pattern of tissue repair results in 

a predictable time frame (Goldberg & Diegelmann, 2010). However, when progress does not occur in a systematic 

manner, there is an excess of protease activity, resulting in non-healing or chronic wounds (Goldberg & 

Diegelmann, 2010). 
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1.3.1.2 Chronic wounds 

Chronic dermal wounds are a cause of much suffering and impose a significant financial burden to the individual 

and healthcare providers (Jarbrink et al., 2017). Unlike acute wounds, chronic wounds remain in one particular 

stage of healing – usually in the inflammatory phase, as shown in Figure 1.2(B), disrupting the healthy balance 

between deposition and degradation of ECM components (Goldberg & Diegelmann, 2010). This prolonged 

inflammation leads to increased levels of MMPs, which are expressed by cell types such as inflammatory cells, 

fibroblasts, endothelial cells and keratinocytes during different phases of healing. MMPs are zinc (Zn2+) containing, 

calcium (Ca2+) dependent endopeptidases capable of degrading growth factors and the components of the ECM 

that are essential for wound healing (Page-McCaw, Ewald, & Werb, 2007; Parks, 1999). MMP activity is highly 

regulated by endogenous tissue inhibitors of matrix metalloproteinases (TIMPs), and the balance of MMPs and 

TIMPs is a critical part of normal wound healing (Brew, Dinakarpandian, & Nagase, 2000).  

 

The increased expression levels of MMP2 and 9 are detected in chronic wounds and is thought to be due to the 

increased infiltration of leukocytes secreting high amounts of neutrophil elastase, MMP2 and 9 (Widgerow, 2011). 

In diabetic foot ulcers, a serious complication of diabetes, the concentrations of TIMPs are reduced compared to 

non-diabetic wounds featuring high levels of MMP2 and 9 (Lobmann et al., 2002). This imbalance can be the main 

reason for diabetic individuals developing non-healing ulcers and precedes > 80 % of all diabetes-related lower 

leg amputations (Brem & Tomic-Canic, 2007). Although timely expression and activation of MMPs result in 

successful healing of the wound, their prolonged proteolytic activity has been found to inhibit normal wound 

healing, making specific MMPs a potential target for chronic wound healing therapies (Caley et al., 2015). 

1.3.2 Stages of wound healing 

The normal process of wound healing, as illustrated in Figure 1.1, involves critical cellular events in different 

stages of the healing process (Falanga, 2005). The major events relevant during each stage of healing are 

presented in Table 1.1. 
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Table 1.1: Major cellular and molecular level events in different stages of wound healing 

Stages of wound 
healing 

Major events occurring in varied stages of healing 

Haemostasis Vasoconstriction, ECM exposure, platelet aggregation/ activation, complement 

activation. 

Inflammatory phase Endothelium activation, leucocyte recruitment, activation of neutrophils and 

macrophages, debridement / bacterial killing. 

Proliferative phase Increase in fibroblast number and their migration, myofibroblasts appear, 

connective tissue deposited, epithelial cell migration, vascularisation 

(angiogenesis). 

Remodelling ECM degradation, wound contraction, scar formation. 

 

1.3.2.1 Haemostasis and inflammation 

Haemostasis, the first phase of the wound healing process, is initiated with blood vessel disruption, followed by 

rapid activation of platelet aggregation and coagulation (Figure 1.1(B)). The platelets release chemokines and 

pro-inflammatory factors including epidermal growth factor (EGF), fibronectin, fibrinogen, histamine, PDGF, and 

TGF-β. Thus, blood loss from the wound is minimised resulting in the formation of a fibrin clot. (Clark & Henson, 

1988; Häkkinen et al., 2015). Neutrophils, typically present in the circulation, are one of the first types of 

inflammatory cells that migrate to the wound surface to clear microbial invaders. They release fibronectin and other 

functional proteins besides various proteases such as elastase, MMP8 and 9 (Clark & Henson, 1988). 

 

The significant event for this thesis, is the release of MMP9 that was stored as granules in neutrophils. MMP9 is 

not only involved in efficiently cleaving unfolded collagen, but also in degrading other matrix and non-matrix 

components (Opdenakker, Van den Steen, & Van Damme, 2001). The neutrophils secreted MMP9 acts as a potent 

proangiogenic factor, is inhibitor-free and exists as a monomer, heterodimer and homodimer (Ardi, Kupriyanova, 

Deryugina, & Quigley, 2007). While MMP9 is involved in platelet production, MMP2 (which belongs to the same 

group as MMP9), mediates platelet adhesion and aggregation. By contributing to the degradation of the gelatin 

matrix in the biofilm produced by bacteria, MMP2 and 9 weaken the attachment of the bacterial biofilm to the 

wound site providing a defence to fight infection (Trung, Shahriar, & Mayland, 2016). This destructive process kills 

not only the microbes but also the tissues in the wound bed if allowed to progress for an extended time.  
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1.3.2.2 Proliferative phase 

After attaining haemostasis, the acute wounds initiate the tissue repairing process while on the other hand, this 

stage is not achieved in certain wounds and hence become chronic wounds (Figure 1.2) (Singer & Clark, 1999). 

The proliferation phase is crucial for effective healing where many critical events such as migration of fibroblasts, 

reepithelialisation, angiogenesis, and wound contraction take place as described in Table 1.1. Growth factors 

stimulate wound reepithelialisation (Brown et al., 1989), and their deficiency in animal models correlates with 

defective healing, highlighting their essential role in the wound healing process (Werner, Breeden, Hubner, 

Greenhalgh, & Longaker, 1994). As reepithelialisation arises, the basement membrane proteins reappear in an 

ordered sequence from the wound margin to the inside of the wound in a zipper-like fashion (Clark et al., 1982). 

With the progression of the proliferative phase, the provisional fibrin matrix is replaced by the newly formed 

granulation tissue. The TGF-β released by platelets and macrophages induces fibroblasts to produce collagen and 

other components for ECM (Ignotz & Massague, 1986), (Figure 1.1(E)). The keratinocyte growth factor generated 

from fibroblasts increases the proliferation of keratinocytes (Maas-Szabowski, Shimotoyodome, & Fusenig, 1999). 

The components of the basement membrane are synthesised by keratinocyte-fibroblasts in a coordinated manner. 

Finally, keratinocytes migrating from the wound margin achieve a density over the wound bed, allowing cell-cell 

interaction and termination of the reepithelialisation process (Pastar, Stojadinovic, & Tomic-Canic, 2008). The 

MMPs secreted by keratinocytes are then down-regulated after the keratinocytes are stationed. 

1.3.2.3 Tissue remodelling 

The final stage of wound healing is tissue remodelling where after the initial synthesis and deposition of fibrillar 

collagens (types I, III and VI), myofibroblasts remodel the matrix by wound contraction. An increase in collagen 

bundles and proteoglycans is observed within the granulation tissue (Welch, Odland, & Clark, 1990). The newly 

formed collagens join end-to-end with collagen bundles at the wound edge forming covalent cross-links among 

themselves and the adjacent dermis (Van Wart & Birkedal-Hansen, 1990). Rapid wound closure is achieved by 

contraction, supported by the formation of ECM, granulation tissue, and the emergence of myofibroblasts 

(Figure 1.1(F)). 
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1.4 Matrix metalloproteinases 

MMPs are members of the metzincin group of proteinases, named after the conserved methionine-containing turn 

(Met-turn) and Zn2+ ion at the active site (Bode, Gomis-Ruth, & Stockler, 1993). The first member of the MMP 

family (collagenase), was discovered in 1962 in the tail of a tadpole undergoing metamorphosis (Gross & Lapiere, 

1962). At present, 23 different MMPs have been identified in human and are subdivided based on their structural 

similarities (Jackson, Nebert, & Vasiliou, 2010). Most MMPs, as shown in Figure 1.3, possess a signal peptide, 

pro-peptide, active site, zinc-binding domain and a C-terminal hemopexin domain (except MMP7, 26 and 23) linked 

to the catalytic domain through a hinge region. MMP2 and 9 contain a fibronectin type II domain in addition to 

these domains. While in most MMPs the hinge region consists of 10-30 amino acids the MMP9 linker region 

consists of ~ 64 amino acids and is heavily O-glycosylated (Mattu et al., 2000). A transmembrane domain that acts 

as an “anchor” to adhere to the surface of the cell is an additional domain present in the membrane-type MMPs 

(Skiles, Monovich, & Jeng, 2000). 

 

 

Figure 1.3: MMP family 
 
 
MMPs are subdivided into six groups based on their structural similarities. MMPs are ordered by decreasing 
domain complexities. The group name corresponding to the MMP number is listed on the left and the locus position 
of each MMP is given on the right. This image is reused from (Vandooren, Van den Steen, & Opdenakker, 2013) 
with permission from the publisher. 
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MMPs are highly regulated as they are mostly expressed after external induction and some are stored as cell 

granules. All MMPs (except MMP23) contain the pro-domain that maintains latency and requires proteolytic 

cleavage for activation. Once activated, they are regulated by their endogenous tissue inhibitor TIMPs by forming 

a 1:1 tight complex. Fray et al proposed that both MMP2 and 9, belonging to the gelatinase subgroup, play a 

crucial role in tissue remodelling, the onset of reepithelialisation, and in the stages of wound healing that occur 

when inflammation has reduced (Fray, Dickinson, Huggins, & Occleston, 2003). However, the significant increase 

in the levels of gelatinases (MMP2 and 9) before the inflammation has subsided, leads to an excessive proteolytic 

environment that will continue to degrade key growth promoting agents impeding normal wound healing (Fray et 

al., 2003; Widgerow, 2010). This critical role makes MMP2 and 9 of particular interest for chronic wound healing 

therapies and will be the focus of study in this thesis. 

1.4.1 Functions of MMP2 and MMP9 

Based on this domain organisation and substrate preferences, MMP2 and 9 are commonly called gelatinase-A 

and gelatinase-B (Figure 1.3). They readily digest denatured collagens and gelatins and are potent basement 

membrane degrading enzymes (Fray et al., 2003; Widgerow, 2010). Degradation of the ECM is an essential step 

in various physiological and pathological processes and the essential roles of MMP2 and 9 in ECM degradation 

and wound healing are listed in Table 1.2.  

 

Though MMP2 and 9 share similar catalytic sites, marked differences in their substrate specificity have been 

observed, which could be due to the presence of additional substrate-binding sites in a non-catalytic domain 

(Maskos, 2005). Due to this variance in substrate binding sites, MMM2 and 9 possess different biological functions. 

For example, MMP9 promotes inflammation by regulating soluble proteins including protease inhibitors (Liu et al., 

2000) and chemokines (Van den Steen, Proost, Wuyts, Van Damme, & Opdenakker, 2000). Therefore, MMP9 

becomes a prototypical target in inflammatory diseases because of its tissue-damaging roles (Van den Steen et 

al., 2004). In contrast, MMP2 displays anti-inflammatory and homeostatic functions and it presumably acts by 

inactivating inflammatory chemokines (McQuibban et al., 2000) and by regulating connective tissue turnover 

(Monaco et al., 2006). 
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Table 1.2: Major functions of MMP2 and MMP9 in wound healing 

MMP Major role in wound healing 

MMP2 

a) Attenuates inflammation (McQuibban et al., 2000) 

b) Activates TGF-β (a potent growth factor regulating matrix deposition and remodelling) (Yu & 

Stamenkovic, 2000) 

c) Active during wound healing (improper wound healing observed when MMP2 is genetically deleted) 

(Hsu et al., 2006) 

d) Stimulates angiogenesis (Rojiani, Alidina, Esposito, & Rojiani, 2010) 

e) Accelerates cell migration (Giannelli, Falk-Marzillier, Schiraldi, Stetler-Stevenson, & Quaranta, 1997) 

f) Mediates platelet adhesion and aggregation (Sawicki, Salas, Murat, Miszta-Lane, & Radomski, 1997) 

g) Performs dual roles in vascular ECM turnover (Shen et al., 2015), where it serves as a key factor in 

mediating ECM synthesis in addition to ECM degradation 

MMP9 

a) Enhances inflammation through proteolytic processing; activation of latent tumour necrosis factor- α 

and latent interleukin-1 β (Yu & Stamenkovic, 2000). 

b) Contributes keratinocytes migration in an MMP9 dependent manner during reepithelialisation (Scott 

et al., 2004). 

c) Plays dual roles as pro-angiogenic factor by regulating vascular endothelial growth factor (Hiratsuka 

et al., 2002) and as anti-angiogenic factor by releasing endostatin, a potent inhibitor of angiogenesis 

(Heljasvaara et al., 2005). 

d) MMP-9 deficiency delays reepithelialisation (Kyriakides et al., 2009). 

e) Potently digests fibrin (Lelongt et al., 2001). 

f) Plays an inhibitory role in epidermal wound healing (Mohan et al., 2002) by activating TGF-β 

inhibiting keratinocyte proliferation (Yu & Stamenkovic, 2000). 

g) Promotes the migration of newly formed leucocytes from the bone marrow to the blood vessels and 

from the blood vessels to the places of infection in tissues (Opdenakker, Fibbe, & Van Damme, 1998; 

Pruijt et al., 1999). 

 

1.4.2 Structural features of MMP2 and MMP9 

The first MMP structure (MMP1 catalytic domain in complex with a synthetic inhibitor) was reported in 1994 

(Lovejoy et al., 1994). The MMP catalytic domain is highly conserved with a specificity- 1 (S1) pocket, Met-turn 

and a conserved active site sequence motif (HEXXHXXGXXH). The glutamic acid (Glu) residue in the conserved 

motif coordinates the catalytic Zn2+ ion to facilitate catalysis (Bode et al., 1993; Nagase, Visse, & Murphy, 2006). 

The crystal structures of MMP2 (full length pro-MMP2, 2.8 Å resolution (Morgunova et al., 1999) and the full-length 

MMP2 molecular dynamics simulation in aqueous solution (Diaz, Suarez, & Valdes, 2008)) together provide 

insights into the MMP2 domain structure. Despite its great importance to many disease states, structural 

information on MMP9 is currently limited to two terminal domains rather than the full-length enzyme (Cha, Kopetzki, 

Huber, Lanzendorfer, & Brandstetter, 2002; Elkins et al., 2002). As previously discussed, (Figure 1.3), similar to 
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other MMPs, MMP2 and 9 have three minimal domains (an amino-terminal pre-domain, a pro-domain and a 

catalytic domain) in addition to a hemopexin domain attached at the C-terminus via a flexible hinge region to the 

catalytic domain. Furthermore, MMP9 has a 64 amino acid linker called the OG domain, containing 22 proline and 

6 glycine residues along with 14 O-linked glycans (Mattu et al., 2000; Van den Steen et al., 2006). This OG domain 

of proMMP9 is 2-3 times longer when compared to the 21-27 amino acid residue linker in collagenases, 

stromelysins, and gelatinase-A / MMP2 (Rosenblum et al., 2007). Except for the pre-domain that gets cleaved by 

the signal peptidase during entry into the endoplasmic reticulum, other functionally significant domains (pro-

domain, catalytic and hemopexin domains) of MMP2 and 9 are briefly discussed below. 

1.4.2.1 Pro-domain 

 

Figure 1.4: Pro-domain of gelatinases 
 
The structures of proMMP2 (cyan) and proMMP9 (pink) aligned together exhibiting the three α-helices (H1, H2, 
and H3) and the conserved cysteine residue Cys99 (yellow sphere). These structures are drawn using PDB codes 
(MMP2) 1CK7, (MMP9) 1L6J in Pymol (DeLano, 2002). 
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The x-ray crystal structures of the pro-domain of MMP2 (PDB 1CK7) (Morgunova et al., 1999) and MMP9 (PDB 

IL6J) (Elkins et al., 2002), show that this domain consists of three helices lying perpendicular to each other (Figure 

1.4). The pro-peptide folds into a small domain and is closely associated with the catalytic domain. This region 

contains the cysteine-switch (PRCGXPD), and the sulfhydryl group of the highly conserved unpaired cysteine 

present in the motif, which coordinates with the active site Zn2+ ion preventing the association of water molecules 

(Figure 1.7) and maintaining enzyme latency (Van Wart & Birkedal-Hansen, 1990). For the activation of MMPs, 

disruption of this cysteine- Zn2+ ion pairing by proteolysis or conformational change is needed (Nagase, Enghild, 

Suzuki, & Salvesen, 1990). The replacement of thiol group by water and hydrolysis of the pro-peptide complete 

the activation process. 

1.4.2.2 Catalytic domain 

 

Figure 1.5: Catalytic domain of gelatinases 
 
Cartoon structures of proMMP2 (blue) and proMMP9 (pink) aligned together exhibiting the catalytic Zn2+ ion (blue 
sphere), structural Zn2+ ion (black sphere), cysteine-switch (represented as green, ball and stick), conserved active 
site sequence motif (yellow stick) S-shaped loop, and Ca2+ ions (orange spheres) respectively. These structures 
are drawn using PDB codes (MMP2) 1CK7, (MMP9) 1L6J in Pymol (DeLano, 2002). 
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The catalytic domain of MMPs exhibits an oblate-ellipsoidal shape, consisting of a five stranded β-pleated sheet, 

three α–helices, connective loops, two Zn2+ ions (of which one is structural and another one is associated with 

catalysis), and three Ca2+ ions to stabilise the structure. Apart from the conserved metzincin sequence motif and 

the S1 pocket, the catalytic domain of MMP2 and 9 features unique fibronectin domain clusters inserted between 

the fifth β-strand and the second helix (Wang, Johnson, Ye, & Dyer, 1999). The important feature of the catalytic 

domain is the active site, which stays blocked by a cysteine-switch in the proenzyme state (Van Wart & Birkedal-

Hansen, 1990).  

 

The pro-peptide residues run through the active site and fills the solvent accessible portion of the active site leaving 

the S1 pocket for water molecules. The catalytic Zn2+ ion is located in the active site coordinated by three histidine 

residues, which are a part of the conserved metzincin motif.  The structural Zn2+ ion, coordinated by another three 

histidine residues is located on the S-shaped loop between β-strand three and four (Elkins et al., 2002; Morgunova 

et al., 1999). The three Ca2+ ions conserved in many MMPs are coordinated in octahedral fashion, where one Ca2+ 

ion is located within the S-shaped loop along with structural Zn2+. The second Ca2+ ion (closer to the first Ca2+ ion) 

is placed towards the end of the β-sheet coordinated by two Aspartic acid (Asp) and one Glu residue along with 

two water molecules. The third Ca2+ ion is placed between the β-strand four and five peripheral loops (Figure 1.5). 

 

1.4.2.3 Fibronectin domain 

The fibronectin domain (Figure 1.6), specific to gelatinases, is comprised of three fibronectin type–II like motifs 

inserted in the catalytic domain, and is necessary for the binding of denatured collagens (gelatins), (the natural 

substrate), elastin, and various other collagen types (Collier, Krasnov, Strongin, Birkedal-Hansen, & Goldberg, 

1992; Xu, Chen, Wang, Yamada, & Steffensen, 2005). The basic fibronectin domain structure of gelatinases 

consists of two antiparallel β-sheets connected with a short α-helix stabilised by two disulphide bonds. These 

modules display a solvent-exposed hydrophobic pocket termed the collagen binding domain. This domain is in the 

vicinity of the catalytic domain and is thought to be responsible for gelatin binding ability (Elkins et al., 2002; 

Morgunova et al., 1999). It has been found to be critical for the position of substrates for subsequent cleavage (Xu 

et al., 2005). Although the fibronectin domains are specific to gelatinases and show similar conformations, a slight 

variation is observed between them structurally and functionally. Unlike MMP2, the second fibronectin repeat in 

MMP9 is 21 Å apart and does not interact with the catalytic domain as observed in Figure 1.6 (Elkins et al., 2002). 

These differences in their respective structures result in variation in exosite substrate-binding specificity in MMP9. 
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This domain in MMP9 will bind gelatin, elastin, native and denatured type I, II, III, IV and V collagens (Collier et al., 

1992; Steffensen, Wallon, & Overall, 1995; Xu et al., 2005); however in MMP2 the fibronectin domain was shown 

to degrade only the type I collagen α-chain and not shorter collagen peptide substrates (Xu, Wang, Lauer-Fields, 

Fields, & Steffensen, 2004). 

 

 

Figure 1.6: Fibronectin type- II domain of gelatinases 
 
Cartoon structures of proMMP2 (blue) and proMMP9 (pink) aligned together exhibiting three fibronectin motifs. 
Each motif consists of two antiparallel β-sheets connected with a short α-helix. The variation in F2 repeat (right 
side) between the two gelatinases is highlighted with oval orange dots. These structures are drawn using PDB 
codes (MMP2) 1CK7, (MMP9) 1L6J in Pymol (DeLano, 2002). 
 
 

1.4.2.4 Hemopexin domain 

In addition to the catalytic domain, both gelatinases possess a hemopexin domain, which interacts with TIMPs and 

also has a functional role in substrate-binding (Borden & Heller, 1997). The hemopexin domain has a four bladed 

β-propeller fold with a single stabilising disulphide bond between blades I and IV. Through blade IV, MMP9 forms 

an asymmetric homodimer altering the physicochemical properties (Kolkenbrock, Essers, Ulbrich, & Will, 1999). It 

was shown that hemopexin domain of MMP9 binds to the C-terminus of TIMP1 (English, Holtz, Vogt, Knauper, & 

Murphy, 2001) and the formation of this complex, as well as the MMP9 dimer, are mutually exclusive and thought 

of as an overlap in the TIMP1 binding site and the dimer interface (Kolkenbrock et al., 1999). The crystal structure 
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of the TIMP2-MMP2 complex shows that the C-terminal domain of TIMP2 interacts with blades III and IV of the 

MMP2 hemopexin domain and the N-terminal inhibitory domain of TIMP-2 is left free to interact with other MMPs 

(Velasco et al., 2000). Depending on the specific MMP, the hemopexin domain is found important for substrate 

specificity and it plays a critical role in proMMP2 activation and in the dimerisation of MMP9. Although the catalytic 

domain alone was shown to cleave non-collagen substrates, the hemopexin domain was found to be essential for 

the MMP9 to cleave triple helical fibrillar collagen (Rosenblum et al., 2007). 

The main structural difference between MMP2 and 9 is the presence of an O-glycosylated elongated linker (also 

termed as the collagen V-like domain, due to its sequence similarity to collagen V (Wilhelm et al., 1989)), between 

the catalytic and hemopexin domain (Opdenakker et al., 2001; Van den Steen et al., 2006). So far very limited 

information is available on the structures and functions of glycosylation of MMPs. However, it was stated that in 

MMP9, the OG domain is essential for its dimer/multimer formation, which is SDS-resistant but can be dissociated 

by reduction (Van den Steen et al., 2006). Further, the OG domain can adopt two conformations, an extended and 

contracted form, providing structural flexibility to MMP9. Upon binding to collagen, MMP9 adopts the contracted, 

more globular confirmation, from its free-state elongated conformation. This structural transformation helps MMP9 

recognise and process triple helical fragments of collagen type II (Rosenblum et al., 2010). Additionally, the OG 

domain is required for the correct orientation of the hemopexin domain for TIMP1 inhibition and internalisation by 

lipoprotein receptor-related protein 1 and 2 (Van den Steen et al., 2006). 

1.4.3 Activation of latent MMP 

As discussed in Section 1.4.2 MMPs are secreted extracellularly by a number of connective tissue and pro-

inflammatory cells as zymogens, or latent pro-peptides. The conversion of the latent proMMP into the active form 

occurs via the removal of the pro-domain/pro-peptide (Verma & Hansch, 2007). The conserved cysteine-switch 

(PRCGXPD) sequence with a conserved cysteine residue in the pro-domain is responsible for maintaining the 

latency as discussed above. Figure 1.7 schematically represents the activation of latent MMPs, which can occur 

either by proteolysis or by thiol modifying chemical agents such as APMA, mercuric chloride and N-ethylmaleimide 

(Visse & Nagase, 2003). The catalytic Zn2+ ion is localised in the large and relatively shallow active site cleft in the 

catalytic domain. Generally, it is thought that proteolytic activation of MMPs is carried out in a stepwise manner 

where the initial attack occurs between the first and the second helices of the pro-peptide. The partial proteolysis 

destabilises the pro-peptide, including the cysteine-switch-Zn2+ ion interaction, which then allows the 
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intermolecular processing by either partially activated intermediates or other active MMPs. When the pro-domain 

is destabilised, the active site becomes available to cleave substrates (Van Wart & Birkedal-Hansen, 1990).  

 

 

Figure 1.7: Activation of pro-MMPs 
 
The conserved cys residue of the “cysteine-switch” (PRCGXPD) binds to the catalytic Zn2+and maintains the 
latency by blocking the interaction with water molecules. The activation is a stepwise process and relies on 
modification of the cysteine-switch sulfhydryl by either chemicals or by protease activity. The displacement of the 
pro-domain allows the water molecules to interact with catalytic Zn2+and the active site becomes available. This 
image is inspired from (Somerville, Oblander, & Apte, 2003). 
 

 

Low pH and heat treatment can also lead to activation, likely through the disturbance of the cysteine-Zn2+ ion 

interaction of the cysteine-switch (Chen, Noelken, & Nagase, 1993; Van Wart & Birkedal-Hansen, 1990). 

Alternatively, physiological agents such as oxidants and disulphides, non-physiological agents like heavy metal 

ions or alkylating compounds, as well as the allosteric perturbation of the zymogen can disrupt the Zn2+- cysteine 

residue interaction (Ra & Parks, 2007). Nitric oxide has been shown to activate proMMP9 during cerebral 

ischaemia by reacting with the thiol group of the cysteine-switch and forming an S-nitrosylated derivative (Gu et 

al., 2002). The proMMP2 is mainly activated on the cell surface and is mediated by membrane-type MMPs (MT-

MMP1, 2, 3, 5 and 6 except MT4-MMP) (Nagase, 1997). The other latent MMPs, are generally activated by 

proteinases such as kallikrein, trypsin and MMP3 (Ogata, Enghild, & Nagase, 1992). Additionally, reactive oxygen 

species plays a potential role in proMMP9 activation (Peppin & Weiss, 1986). When activated with MMP3, the loop 

connecting two helices of the pro-peptide is first cleaved followed by the second cleavage occurring eight amino 
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acid residues from the Zn2+ coordinated cysteine. This results in an active MMP, where Cys99 residue is replaced 

by a water molecule as discussed in Section 1.4.2.2. 

 

 

Figure 1.8: Catalytic mechanism of MMP 
 

Catalytic Zn2+ ion is shown as spheres and hydrogen bonds as dashed lines using ChemDraw (Perkin Elmer 
Informatics). The catalytic Zn2+ ion is coordinated by a sessile carbonyl group, three His residues and a solvent 
molecule in a pentameric fashion. The solvent is further bound to the Glu residue, which first acts as a general 
base and then as an acid in this catalytic mechanism. When a substrate binds through the S1 wall forming a 
Michaelis complex (a) the Glu residue base attacks a proton from the water. This results in a hydroxide ion 
attacking the sessile carbonyl carbon following a tetrahedral mechanism (b). The planar carbonyl carbon becomes 
a negatively charged tetrahedral intermediate with a gem-diolate group (b) and interacts with the Zn2+ ion in a 
bidentate manner, with one hydroxyl occupying the position of the catalytic solvent. The Glu now acts as a general 
acid catalyst and delivers a proton to the sessile-bond nitrogen, resulting in a secondary ammonium. The remaining 
gem-diol proton gets transferred to the secondary ammonium. The possible alternative is the transfer of second 
proton directly from the gem-diol to leaving amino group and not via base/acid glutamate residue. This second 
proton shuffling results in two products containing new carboxylate and α-ammonium groups. This image is 
modified from (Tallant et al., 2010). 
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The catalytic Zn2+ ion, bound to the conserved cysteine residue of the “cysteine-switch” in the pro-domain, is 

localised by binding to the imidazole rings of the three histidine residues from the Met-turn (HEXXHXXGXXH) of 

the active site. The Met residue serves as a hydrophobic base to support the structure surrounding the catalytic 

Zn2+ ion. The key step required for catalysis is the cysteine-switch mechanism where the dissociation of the Zn2+-

cysteine interaction allows the catalytic water molecule to interact with Zn2+ as displayed in Figure 1.7. The water 

molecule is polarised between the Glu residue and the acidic Zn2+ ion in the free-state (Van Wart & Birkedal-

Hansen, 1990). During catalysis, protonation occurs at the hydrogen bond between the water and Glu residue, 

thus transforming the coordinated water molecule into a hydroxide ion with increased nucleophilicity (Bertini et al., 

2006). Utilising the H+ from the free water molecule, the substrate carbonyl at neutral pH, binds to the Zn2+ forming 

a Michaelis complex as shown in the Figure 1.8. The hydroxide ion performs a nucleophilic attack on the carbonyl 

carbon of the substrate to form a gem-diol intermediate (Bertini et al., 2006; Tallant, Marrero, & Gomis-Ruth, 2010). 

The proton from the solvent is transferred to the sessile-bond nitrogen by the Glu residue, which acts as an acid 

catalyst. This sessile-nitrogen then becomes a secondary ammonium, to which the remaining gem-diol protons 

are transferred through the Glu residue. This proton shuffling cleaves the two products forming a new C and N-

terminus. While the newly formed carboxylate interacts with the catalytic Zn2+ in a monodentate manner, the N-

terminus hydrogen binds to the Glu residue. Subsequently, the new C-terminus gets separated from the Glu 

carboxylate group when an incoming solvent molecule binds to the catalytic Zn2+. This repulsion leads to a subtle 

rearrangement accommodating the P1 sidechain within the S1 pocket (Bertini et al., 2006). 

1.5 Inhibiting gelatinases 

The major physiological inhibitors of MMPs in vivo are α-2 macroglobulin (Grinnell, Zhu, & Parks, 1998; Travis & 

Salvesen, 1983) and the family of specific tissue inhibitors of MMPs (TIMPs) (Brew et al., 2000). Several MMP 

inhibitors (MMPIs) have been developed in the laboratory. However, only some have been utilised as therapeutic 

tools (Jacobsen et al., 2010). The exogenous MMPIs include synthetic compounds that inhibit the activity of all 

MMPs (broad-spectrum) or specific members of the MMP family. Synthetic MMPIs consist of Zn2+ binding globulins 

(ZBG) (Rao, 2005), non-ZBG (Morales et al., 2004), and mechanism-based inhibitors (Bernardo, Brown, Li, 

Fridman, & Mobashery, 2002). Both endogenous and exogenous inhibitors are briefly discussed below. 
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1.5.1 Endogenous inhibitors 

MMP activity is partly regulated by α2-macroglobulin, a glycoprotein consisting of four identical subunits acts as a 

general proteinase inhibitor. Generally, endopeptidases are inhibited within the macroglobulin by blocking the 

enzyme and clearing the complex rapidly by endocytosis (Strickland et al., 1990). TIMPs, the endogenous 

inhibitors of MMPs, are of four different types TIMP 1-4 with certain homology as shown in the multiple sequence 

alignment Figure 1.9.  

 

Figure 1.9: Sequence alignment of TIMPs 
 
The sequences of human TIMPs (TIMP 1-4) were aligned using Clustal Omega multiple sequence alignment tool 
(Sievers, 2011). The multiple sequence alignment exhibits the consensus symbols and colours indicating different 
properties of the residues in the group. Asterix ( * ) specifies the positions having single or fully conserved residue, 
A colon ( : ) indicating the conservation between groups of strongly similar properties and a period ( . ) indicates 
conservation of residues with weakly similar properties between the groups. The colours specify small and 
hydrophobic (red), acidic (blue), basic (magenta) and hydroxyl, sulfhydryl and amine (green) residues in the group. 
 
 

The six disulphide bonds formed by the 12 conserved cysteine residues in TIMPs are found to be crucial for 

maintaining their functions (Parks, 1999). TIMPs were reported to inhibit MMPs in 1:1 stoichiometric ratio by 

binding to the active site of the MMP via their N-terminal domain (Brew et al., 2000; Parks, 1999). The N-terminal 

domain folds as an independent unit capable of MMP inhibition. The overall shape of the TIMP molecule is “wedge-

like”, which enables it to slot into the active site cleft of an MMP in a manner similar to the substrate (Fernandez-
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Catalan et al., 1998). It was reported that the N-terminal amino group and the carbonyl group of the cysteine 1 

residue of TIMP chelates the catalytic Zn2+ ion of MMP bidentately and expels the water molecule bound to the 

Zn2+ ion (Wingfield et al., 1999). Other proteins such as β-amyloid precursor protein (Higashi & Miyazaki, 2003), 

the C-terminal fragment of procollagen C-proteinase enhancer protein (Mott et al., 2000), RECK, a GPI-anchored 

glycoprotein (Takahashi et al., 1998), and tissue factor pathway inhibitor-2, a serine protease inhibitor (Herman et 

al., 2001) are all reported to inhibit selected MMPs. 

 

1.5.2 Exogenous inhibitors 

The mechanism by which MMPs cleave their substrates requires a catalytic Zn2+ ion, therefore the design of MMPIs 

has traditionally utilised zinc binding globulins (ZBGs) as ZBGs can displace the Zn2+-bound water molecule 

resulting in inactive MMP (Rao, 2005). Furthermore, ZBGs act as an anchor to restrain the MMPI in the active site 

leading the backbone of the inhibitor into the target substrate-binding pockets (Jacobsen et al., 2010). Early MMPIs 

include hydroxamic acids, carboxylates, thiols and phosphonic acids (Skiles, Gonnella, & Jeng, 2001). 

 

Hydroxymate MMPIs, the first generation ZBGs, (for example, broad-spectrum MMPIs like Batimastat and 

Marimastat) with potent activity against most of the major MMPs (Brown, Meroueh, Fridman, & Mobashery, 2004) 

bind as an anion with bidentate contacts to catalytic Zn2+ ion creating a distorted trigonal bipyramidal geometry 

(Cross, Duca, Kaminski, & Madison, 2002). Additionally, a strong interaction between all the heteroatoms of 

hydroxamate and the active site were reported (Cherney et al., 2004). Even though hydroxamate MMPIs are potent 

inhibitors, they lack specificity by inhibiting non-MMP, Zn2+-based enzymes and have adverse side effects 

(Fingleton, 2008). The second-generation inhibitors were designed on the basis of the conformation of the MMP 

active site and are more specific inhibitors. They include Prinomastat (Hande et al., 2004) and Rebimastat (BMS-

275291) (Naglich et al., 2001). Development of these inhibitors was halted after phase II studies due to their 

adverse reactions.  

 

In addition to their antimicrobial properties, tetracyclines, with their Ca2+ and Zn2+ ion binding sites at carbon 11 

and 12 can inhibit MMPs (Ryan, Usman, Ramamurthy, Golub, & Greenwald, 2001). Their ability to bind Zn2+ and 

Ca2+ ions affect MMP gene transcription (Paemen et al., 1996). The tetracycline analogue doxycycline, another 

broad-spectrum MMPI, demonstrated an inhibitory effect on molecular and cellular components of tissue repair, 

including fibrous-tissue formation and resorption, as well as angiogenesis (Lamparter, Slight, & Weber, 2002). 
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Despite efforts over the years, Periostat, (doxycycline) is the only approved compound as an MMPI (Scannevin et 

al., 2017). 

 

MMPIs with no ZBG were developed to avoid the binding to catalytic Zn2+ ion, as the metal site is the most 

conserved feature in all MMPs (Morales et al., 2004). Thus, by eliminating the interaction with the catalytic Zn2+ 

ion the selectivity for specific MMP may be achieved. A natural non-Zn2+ ion chelating MMPI, isolated from marine 

sponge was shown to inhibit a range of MMPs (Fujita et al., 2003).  

Mechanism-based MMPIs were found to be selective to MMPs, based on their unique favourable interactions 

between the inhibitor and the active site of the target enzyme (Ikejiri, Bernardo, Meroueh, et al., 2005). SB-3CT 

(Ikejiri, Bernardo, Bonfil, et al., 2005) was the first compound introduced as a mechanism-based inhibitor of MMPs. 

This compound, upon activation by Zn2+ ion, binds to the active site forming a covalent bond, impeding inhibitor 

dissociation. 

 

Despite playing a direct role in the pathology of impaired wound healing (Reiss et al., 2010), limited published 

literature is available on MMP9 inhibitors. Thus, it comes with no surprise that therapeutic interventions are 

beginning to target them. Nanocrystalline silver is predominantly used in wound dressings for its effective 

antimicrobial and anti-inflammatory properties and can also inhibit MMP9 (Bhol & Schechter, 2005; Widgerow, 

2010). Decreased MMP9 expression after nanocrystalline silver therapy due to silver nitrate treatment-induced 

apoptosis was reported (Bhol & Schechter, 2005; Nadworny, Wang, Tredget, & Burrell, 2008; Widgerow, 2010). 

Usual therapy with silver nitrate (AgNO3), releases silver (Ag+) ions that readily precipitates as a complex with free 

chloride (Cl-) ions in wound exudate, necessitating frequent changes of wound dressing material. However, 

nanocrystalline silver releases uncharged clusters of silver atoms (Ag0) that reacts slowly, inducing apoptosis 

(Nadworny et al., 2008). 

1.6 Wound care therapy 

Wounds are usually described according to the percentage of the body surface involvement or either the 

circumferential measurements or the distances between the borders of the wound (Dries, 2009). Understanding 

the depth, size, and location of wounds, plays an important role in the determination of appropriate topical agents 

(Kapusnik & Sande, 1986). General antiseptics such as iodine solution and hydrogen peroxide can be used to 

reduce bacterial contamination, however, they are not appropriate to use directly on wounds as topical agents 
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(Brown & Zitelli, 1993). Topical antibiotics, when applied to wound site with appropriate thickness and when 

covered with a dressing, not only prevents the removal of the topical agent but also maintains the moist 

environment enhancing the wound healing process. The wound, when closed with a dressing, is continuously 

exposed to proteases and growth factors, compared to an open wound, further promoting collagen synthesis and 

reepithelialisation. Wound dressings also promote angiogenesis by creating hypoxia in the wound bed and 

decreasing wound bed pH, therefore decreasing wound infection (Sarabahi, 2012). Thus, selecting appropriate 

wound dressings and following the principles of moist wound healing as documented aids effective healing 

(Goodman, Scales, & Towers, 1956). A variety of options such as silver impregnated dressings, highly absorbent 

foam dressings, alginates which are composed of soft, non-woven fibres, hydrocolloids which are composed of 

gelatin, pectin and/or carboxymethylcellulose; hydrofibres and hydrogels, are some of the currently used dressings 

materials. (Dhivya, Padma, & Santhini, 2015). Biologically active dressings are the latest type of wound dressings 

developed from either natural tissues (for example collagen), or biopolymers (for example chitosan-hyaluronic 

acid). These materials offer biocompatibility, biodegradability and are non-toxic (Rahimnejad, Derakhshanfar, & 

Zhong, 2017). However, there is still a need to develop this class of materials to aid wound healing in a 

commercially viable context. 

1.6.1 Biomaterials for wound healing 

The ability to design materials with desirable characteristics is now possible. For example, the peptide sequence 

Arg-Glu-Asp-Val, present in human plasma fibronectin, can promote endothelial cell seeding and has been 

synthesised into polymers for vascular grafts (Hubbell, Massia, Desai, & Drumheller, 1991). Designed with a range 

of properties, biomaterials can facilitate restoration of structure and function of damaged tissues. 

 

Biomaterials can be formed into many formats for example: solid scaffolds, hydrogels and particles. While solid 

scaffolds require surgery to implant, in situ gelling hydrogels and particles can be delivered directly using a syringe 

in a minimally invasive manner. The preference for the use of these materials vary depending on the tissue to be 

implanted and the choice of anti-inflammatory agent to be delivered. Solid scaffolds loaded with proteins, nucleic 

acids and drugs acts as matrices to enhance cell transplantation (Holladay et al., 2011; Hortensius, Becraft, Pack, 

& Harley, 2015; Thevenot et al., 2010). While particles are used for proteins, genes and drug delivery, hydrogels 

can also be used for delivery of cells (Browne, Fontana, Rodriguez, & Pandit, 2012; Kraskiewicz, Breen, Sargeant, 

McMahon, & Pandit, 2013; Sehgal & Srinivasan, 2009). 
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Purified proteins and synthetic materials have been explored for biomaterial applications (Knowles & Mezzenga, 

2016). Depending on the specific protein, either their mechanical toughness or their cell compatibility can be 

employed in material synthesis, while other required features such as surface property and their biocompatibility 

may be limiting. In order to overcome this limitation, multifunctional composite materials have been designed 

involving combinations of proteins with tailorable properties for specific applications. One example is the 

generation of collagen-elastin films mixed at different ratios (Skopinska-Wisniewska et al., 2009). Here, the tensile 

strength of collagen and resilience of elastin were utilised, and their surface properties were modified by their 

blending ratios. 

1.6.1.1 Collagen  

Collagen can be extracted from the tissue of any animal; however, the most common sources of collagen include 

bovine skin and tendons, porcine skin and rat tail. The properties of collagen purified from animal tissues differ as 

the type I and type III collagen in the extracted mixture varies depending on the age of the donor animal 

(Ramachandran & Reddi, 1976). This causes variation in preparation from one batch to another resulting in an 

inconsistent performance of the biomaterial in addition to the immunogenic reactions to animal collagen implants 

(Bauer, Liu, Windsor, Song, & Li, 2014). These concerns stimulated the development of recombinant sources of 

human collagen as an alternative to animal sources. However, one of the major challenges in expressing human 

collagen in eukaryotic and prokaryotic hosts is the inability to produce full length collagen with native post-

translational modifications. Additionally, as discussed in a recent review, increasing the yield of recombinant 

production for medicinal purposes is necessary to make end products affordable (Wang, Lew, Premkumar, Poh, 

& Naing, 2017). 

1.6.1.2 Chitosan 

Another biologically derived material, chitosan (deacetylated chitin), obtained from invertebrates’ exoskeleton has 

been shown to accelerate the repair of different tissues facilitating wound contraction. This non-protein matrix was 

shown to activate macrophages (Mori et al., 2005), stimulate cell proliferation (Cai, Li, Weihs, & Wang, 2017), and 

help in ordered collagen deposition (Mi et al., 2001), aiding in faster wound healing and scar prevention. 

Additionally, wound dressings based on chitosan/collagen were designed with high liquid absorption, 

biocompatibility and antibacterial properties (Wang, Su, & Chen, 2008). A novel bi-layer consisting of an upper 

soybean protein non-woven fabric and lower genipin cross-linked chitosan film was designed to minimise the risk 

of wound dehydration. It was shown that wound epithelialisation and reconstruction were achieved when wounds 
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were covered with the bi-layer composite. Furthermore, this composite can be easily stripped from the wound 

surface without damaging the newly formed tissue (Liu, Yao, & Fang, 2008). In another study, composite 

nanofibrous membranes of chitosan and silk fibroin fabricated by electrospinning were found to promote cell 

attachment and proliferation (Cai et al., 2010). In spite of these promising effects, a major drawback was the 

variability in chitosan quality and purity. The main sources of chitosan are the shells of crustaceans mainly crab 

and shrimps and no standard purification methods exist, as different chitin sources require different treatments 

due to their structural diversity (Percot, Viton, & Domard, 2003). Additionally, upon storage, chitosan undergoes 

gradual degradation leading to irreversible loss of its physicochemical properties which is a substantial drawback 

in large scale production (Mucha & Pawlak, 2002). A recent review confirms chitosan as a potential biomaterial, 

further proposing the necessity to establish a standard methodology for clinical application in order to obtain 

reproducible outcomes (Ahmed, & Ikram, 2016). 

1.6.1.3 Amyloid fibrils 

Amyloid fibrils are formed by the self-assembly of normally soluble proteins or peptide monomers into 

intermolecular hydrogen bonded β-sheet insoluble structures (Chiti & Dobson, 2017). Although their association 

with protein misfolding diseases is well established, lately it was understood that not all amyloid fibrils are toxic, 

and non-pathogenic amyloid fibrils with important biological functions occur widely in nature (Fowler, Koulov, 

Balch, & Kelly, 2007). These extremely stable, highly ordered, non-pathogenic, functional forms of amyloid fibrils 

have been explored for their potential role in forming the nanotubular scaffolding for bionanotechnology 

applications (Chiti & Dobson, 2017; Knowles & Mezzenga, 2016; Pilkington, Roberts, Meade, & Gerrard, 2010; 

Sasso et al., 2014; Waterhouse & Gerrard, 2004). 

 

It is understood that proteins can be induced to form fibrils under appropriate physical and chemical conditions 

(Chiti & Dobson, 2017). Researchers have explored readily available food proteins (Pearce, Mackintosh, & 

Gerrard, 2007), as an inexpensive way to produce fibrillar material on a large scale. Interestingly, soy protein, a 

globular protein isolated from soybeans, was considered for wound dressings. The granules of soy protein from 

defatted soy have been shown to stimulate the synthesis of collagen (Meikle et al., 2012). The potential use of soy 

protein in the biomedical field is extensively reviewed by Koshy et al (2015); where material properties of soy 

protein isolate were discussed along with the drawbacks like agglomeration of nanoparticles, toxicity of chemical 

cross-linkers containing aldehyde groups, and degradation of soy protein isolate by high UV-irradiation (Koshy, 

Mary, Thomas, & Pothan, 2015). A pre-clinical study showed the tissue regeneration potential of a soybean-based 
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biomaterial by stimulated collagen synthesis and angiogenesis (Shevchenko & Santin, 2014). This study 

formulated the soybean-based biomaterial as a hydrogel and assessed their potential as a dermal substitute in 

two in vivo models. This study emphasised the importance of optimal formulation as the soy protein granules when 

packed in excess inhibited tissue in-growth thus affecting overall clinical outcome. 

 

Whey protein, a globular protein from bovine milk has self-assembling properties that have gained considerable 

attention in the food industry (Guyomarc’h et al., 2015). Whey proteins are inexpensive, generally recognised as 

safe (GRAS), it is widely used as nutritional and functional ingredients. The denaturation and aggregation of β-

lactoglobulin (β-lac) in whey protein mixtures that can self-assemble into amyloid nanofibrils or whey protein 

nanofibrils (WPNFs) are well studied (Akkermans, Venema, van der Goot, Gruppen, et al., 2008; Hettiarachchi, 

Melton, Gerrard, & Loveday, 2012; Loveday et al., 2016; Loveday, Su, Rao, Anema, & Singh, 2012; Sasso et al., 

2014). Upon formation, WPNFs can be significantly improved to obtain high performance biomaterials (Adamcik 

et al., 2010; Mohammadian & Madadlou, 2016). The efficiency of whey protein as a protein-based hydrogel, 

including edible hydrogels for delivery of bioactive compounds and minerals, was reviewed recently (Abaee et al., 

2017; Knowles & Mezzenga, 2016). Such potential use of whey protein as a site-specific delivery network may 

serve as an ideal material for exploring its potential in applications as a dressing material for chronic wound 

treatment. Though hydrogels are useful as biomaterials, the fibrillar structure provides extended opportunities to 

functionalise with desired characteristics. The fibrillation not only influences the biological activity of native proteins 

(for example antioxidant capacity of whey protein hydrolysates (Mohammadian & Madadlou, 2016)) but also 

present diverse and reactive functional groups on their surfaces thus can be tuneable with numerous derivatising 

agents (Li, Bolisetty, & Mezzenga, 2013). Additionally, these supramolecular structures both hydrophilic and 

hydrophobic surfaces are naturally adhesive (Anika & Suzanne, 2007). Another functional property of fibrillated 

supramolecular structures of whey protein is their stability against proteolytic degradation (Bateman, Ye, & Singh, 

2011; Kaur et al., 2014; Lasse et al., 2016). The proteolytic resistant WPNFs, if they prove stable against MMPs, 

maybe relevant to the development of dressings for chronic wounds. By determining the stability of WPNFs against 

MMPs that are relevant in chronic wounds, this study aims to evaluate the potential of WPNFs as a biomaterial to 

provide opportunity towards new treatment options for chronic wounds. 
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1.7 Objective of this thesis 

Developing safe, cost effective, and biodegradable wound dressing materials is of major interest, a part of wound 

management strategy. Amyloid fibrils have potential as a biomaterial due to several advantages they offer as 

protein nanomaterials. This prompted a study to investigate the potential for WPNFs, in modulating the activity of 

MMPs relevant to chronic wounds. 

 

To achieve this objective, this thesis primarily focused on expressing catalytic domain of human MMP9 in E. coli 

and purifying it under suitable conditions. The purified MMP9 was characterised further to confirm the success of 

purification. MMP9 was selected as the study model, because of its significant role in chronic wounds. Similarly, 

WPNFs with their well-established functional properties was chosen to assess further its potential as a biomaterial 

for wound therapies. The consistency of manufacturing material is vital for biomaterial development. Therefore, 

the formation of WPNFs initiated after limited proteolysis was investigated in detail to determine the amino acid 

sequences involved in the fibrillation process. Apart from WPNFs, two other PNFs from soy protein and apo-

haemoglobin (a-Hb) were prepared to compare the efficacy of WPNFs. Previous studies have evaluated whey and 

soy fibrils resistance against trypsin, pepsin and proteinase K (pK); and stability of a-Hb fibrils against trypsin. 

However, it is for the first time the stability of a-HbNFs against other proteases such as pepsin and pK is studied 

here. 

 

The final part of this thesis was to investigate WPNFs along with SPNFs and a-HbNFs as a versatile biomaterial 

for chronic wound healing. The activity of refolded MMP9 along with commercial MMP1, 2 and 9 was studied to 

illustrate the efficiency of PNFs in affecting the enzyme activity, in the context of wound healing. 

1.8 Organisation of this thesis 

Chapter 2, presents the methods established to express and purify human proMMP9 catalytic domain using E. 

coli. The goal was to obtain biologically active MMP9 upon activation. Initial attempts to obtain a soluble proMMP9 

are discussed followed by detailed information on inclusion body purification and refolding. The purified refolded 

proMMP9 was later characterised to confirm the success of purification and refolding. 
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Chapter 3, is an investigation to determine the peptide composition of WPNFs. In order to achieve this, limited 

proteolysis of whey protein isolate (WPI) using trypsin, pepsin and pK were performed followed by acid hydrolysis 

to initiate fibrillation. The results from mass spectrometry during hydrolysis and the mature fibrils are presented. 

Peptide composition in mature fibrils was further characterised based on the x-ray crystal structure of β-lac, the 

main source of protein to form fibrils. 

 

Chapter 4, discusses the formation of SPNFs and a-HbNFs and their resistance to trypsin, pepsin, pK along with 

MMPs was compared against WPNFs. The activity of rMMP9 in the presence of PNFs was studied to assess the 

ability of PNFs to inhibit MMP activity. This information was compared with commercial MMP1, 2 and 9. 

Furthermore, the activity of MMPs were assessed in the presence of unfibrillised whey, soy and a-Hb proteins to 

determine if the inhibition of MMP catalytic activity was specific to a protein source or due to their fibrillar nature. 

 

Chapter 5, summarises the major findings of this thesis and future directions to be pursued from this work. 
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Chapter 2: Purification and 

characterisation of proMMP9 catalytic 

domain 

2.1 Introduction 

Matrix metalloproteinase-9 (MMP9), also known as gelatinase-B is secreted as a multidomain protein (Figure 2.1), 

highly regulated at transcriptional as well as post-transcriptional levels. At the protein level, MMP9 is secreted as 

a zymogen, and its activity is controlled by its activators and inhibitors (Van den Steen et al., 2002). Neutrophils 

and macrophages are the two major types of inflammatory cells that can be stimulated to produce MMP9. While 

neutrophils synthesise and store MMP9 as pre-formed granules allowing faster release after appropriate stimuli, 

the macrophages synthesise MMP9 only upon stimulation (Opdenakker et al., 2001). Additionally, with the 

exception of neutrophil granules, MMP9 is secreted together with its specific inhibitor, TIMP1 in equimolar ratio 

(Clark, 2014), as described in Chapter 1. Though TIMP-free MMP9 is a prerequisite for its unique angiogenic 

functionality (Ardi et al., 2007), significantly higher levels of MMP9 and lower levels of TIMP1 has been the 

characteristic feature of chronic non-healing wounds (Trengove et al., 1999). Therefore, inhibiting the excessive 

protease activity of MMP9 in chronic wounds is a prospective wound healing treatment.  

 

Because of their central role in wound healing, there is substantial interest in MMP9 as an attractive target for 

therapeutic agents. MMPs are commercially available; however, they are prohibitively expensive for 

characterisation purposes. Apart from purifying MMP9 catalytic domain from mammalian and insect cells, few 

studies have expressed MMP9 in E. coli. Where this has been done, MMP9 has been expressed as either 

truncated proMMP9 with the pro-peptide, catalytic domain and fibronectin domain (Elkins et al., 2002), without the 

fibronectin domain (Rowsell et al., 2002), or full length-non-glycosylated active MMP9 containing catalytic and 

hemopexin domain (Mohseni, Moghadam, Dabirmanesh, & Khajeh, 2016). This chapter details the optimisation of 

proMMP9cat expression and purification leading to the development of a method to obtain active proMMP9cat. The 

primary objective of this chapter is to obtain high yield and economic production of rMMP9 that can be used for 
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further characterisation of MMP activity. Therefore, the catalytic domain of human MMP9 was expressed in E. coli, 

as a latent enzyme that can later be activated to modulate its activity to aid wound healing. In this thesis, a 

recombinant human proMMP9cat with pro-peptide; catalytic domain; fibronectin domain along with zinc-binding 

domain (amino acid residues 20-447, (Figure 2.1) was expressed in E. coli and purified from inclusion bodies. 

 

Initial attempts to express proMMP9cat in the soluble fraction are briefly discussed, followed by developing a 

working protocol for denatured purification and on-column refolding. Biophysical characterisation of refolded 

proMMP9cat was studied using differential scanning fluorimetry (DSF) and circular dichroism (CD). To understand 

the enzymatic activity of the purified refolded protein, the latent proMMP9cat was first treated with trypsin to obtain 

catalytically active protein (rMMP9) (amino acid residues107-447) (Duncan, Richardson, Murray, Melvin, & 

Fothergill, 1998), that can cleave a thioester bond of the substrate in a colourimetric assay as mentioned in 

Section 2.5.16. 

 

 

Figure 2.1: Schematic representation of full length proMMP9 
 
The full-length human latent MMP9 was illustrated with corresponding positions (UniProtKB accession number- 
P14780). The construct used in this thesis consists of pro-peptide, catalytic, fibronectin, and zinc-binding domain 
(highlighted with the border).  
 

2.2 Results and discussion 

The first X-ray crystal structure of the latent MMP9 catalytic and fibronectin domain solved by (Elkins et al., 2002), 

was purified from the E. coli inclusion bodies. Following the solubilisation in urea, the denatured protein solution 

was refolded by rapid dilution in 0.7 M L-arginine and concentrated with 1, 10 phenanthroline (broad-spectrum 

MMP inhibitor). Although a high yield of MMP9 was achieved, the method has disadvantages such as the time-

consuming refolding techniques and the addition of inhibitors is required. The recent full-length MMP9 purified 
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from E. coli showed 2.5-fold higher protease activity when refolded using urea gradient than conventional dilution 

method (Mohseni et al., 2016). While recovery of target protein through the controlled removal of denaturant is an 

attractive method, the combination of a detergent and β-cyclodextrin (also known as artificial chaperone), promotes 

protein folding in solution (Rozema & Gellman, 1995). This method mimics the two-step process of chaperone-

assisted in vivo protein folding and with the assistance of solid phase, this artificial chaperone-assisted refolding, 

improved the protein yield from two-to five-fold higher (Mannen, Yamaguchi, Honda, Sugimoto, & Nagamune, 

2001). Therefore, this chapter proposes an artificial chaperone-assisted refolding of proMMP9cat utilising a nickel 

column as the solid phase.   

2.2.1 Expression testing and small-scale purification  

The initial expression tests for proMMP9cat in E. coli BL21 (DE3) cells confirmed that proMMP9cat was expressed 

as insoluble inclusion bodies. The SDS-PAGE analysis of the expression trial is shown in Figure 2.2 and is 

consistent with previous experiments (Elkins et al., 2002; Mohseni et al., 2016; Rowsell et al., 2002). 

 

Figure 2.2: Expression trial of proMMP9cat 
 
SDS-PAGE analysis of proMMP9cat expression trial, where 8 µL of whole cell lysate, supernatant and the pellet 
were loaded into an SDS-PAGE and run under reducing conditions. High expression of proMMP9cat was observed 
in the pellet and is indicated by the red arrow.  The calculated mass for proMMP9cat is 48.490 kDa, the large band 
located between the 50 kDa and 40 kDa marker in the pellet lane is indicative of insoluble expression of 
proMMP9cat. 
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The formation of inclusion bodies often results from an imbalance between protein expression, folding, and 

solubilisation. Therefore, it is sometimes possible to obtain a soluble recombinant protein by modifying the growth 

conditions (Carrio & Villaverde, 2001). Previously, low expression of soluble, full-length MMP2 was achieved in E. 

coli (Goncalves et al., 2012). Thus in an attempt to increase the expression of soluble proMMP9cat were undertaken 

using different growth conditions including low temperature, auto-induction, un-induced (UI) leaky expression or 

with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) induction in different growth media, including chaperone 

co-expression (Figure 2.3). The preliminary expression trials are summarised in Table 2.1. The expression of 

proMMP9cat was visualised by SDS-PAGE (Figure 2.3(A)) and confirmed by Western blot using anti-His antibody 

(Figure 2.3(B)). The expressed protein from the initial screening was further subjected to immobilised metal ion 

affinity chromatography (IMAC); ion exchange (IEX) and Western blotting (Table 2.1). 

Table 2.1: Summary of conditions used for expressing soluble proMMP9cat in E. coli 

BL21 (DE3) cells were grown in different media at either 18 or 28 ˚C. Expression of MMP9 was tested before and 
at two time points after the induction (Ind.); either 3 hours (hr.) or overnight (o/n). The expressed protein was 
assessed further (✓) while very faint or no protein expression was not studied (✗). 
 

Media Cells 
Temp 
(˚C) 

Ind. 
(hr.) 

Expression IMAC IEX WB 

Luria-Bertani (LB) 
 

BL21(DE3) 

 

 

18, 28 
0, o/n No ✗ ✗ ✗ 

 
LB+ 
 

 

BL21(DE3) 

 

18, 28 0, o/n Very faint ✗ ✗ ✓ 

ZYM-505 (ZY) 
BL21(DE3) 

chaperone3 

chaperone4 

18 0, 3, o/n 
Observed for BL21 and 

chaperone3 
BL21 ✗ ✓ 

Magnificent (M) 
BL21(DE3) 

chaperone3 

chaperone4 

18 0, 3, o/n 
Observed for BL21 and 

chaperone3 
chaperone3 ✓ ✓ 

TB auto-induction 
BL21(DE3) 

chaperone3 

chaperone4 

18 0, 3, o/n Very faint ✗ ✗ ✓ 
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The proMMP9cat runs as a single band at ~ 48 kDa on SDS-PAGE and can be observed in lane 1, 3, 7 and 10 

(Figure 2.3(A)). This observation was confirmed using an anti-His antibody in Western blot (Figure 2.3(B)) along 

with lanes 7, 8, 9, 11, 13 and 14. The negative control (chaperone only lanes (lane 6 and 12)), showed no antibody 

binding in Western blot, confirming the specificity of anti-His antibody used to detect his-tag of the recombinant 

protein. This first attempt to utilise chaperone cells for proMMP9cat expression provides evidence that with the use 

of chaperone3 cells, small amounts of proMMP9cat can be produced as a soluble fraction.  

 

Figure 2.3: Soluble proMMP9cat expression 
 
 
The expression of soluble proMMP9cat was confirmed in SDS-PAGE (A) and Western blot (B). Cells were grown 
in different growth media (ZY, M, TB) with either 1 mM IPTG induction or un-induced and with chaperone (3 or 4) 
or without chaperone. Sample details of individual lanes (M and lanes 1-14) are listed on the right-hand side of the 
gels. Soluble proMMP9cat bands are indicated in the red box. 
 

2.2.2 Co-expression of proMMP9cat with chaperones 

Molecular chaperones can assist in the folding of misfolded proteins and in the removal of pre-formed protein 

aggregates (Wickner, Maurizi, & Gottesman, 1999). They are often referred to as heat shock proteins (HSP) and 

include HSP 70 (DnaK/DnaJ/GrpE), HSP 60 (GroEL/GroES), and Clp ATPases (ClpA/ClpB/ClpX/ClpY). The ATP 
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hydrolysis of GroEL, DnaK and Clp, allows the binding of non-native proteins and the release of folded, partially 

folded or unfolded proteins. Previous studies have reported that two major chaperone types, DnaK-DnaJ-GrpE 

and GroEL-GroES play cooperative roles in protein folding in the cytoplasm of E. coli (Gragerov et al., 1992; Hartl, 

1996). Therefore, these two major chaperone types were co-expressed with proMMP9cat to avoid aggregation and 

to increase proMMP9cat soluble expression. The chaperones used in this thesis (de Marco, 2007), were co-

expressed as a high expression mixture (chaperone3) or low expression mixture (chaperone4) of DnaK, DnaJ, 

GrpE, ClpB, and GroESL. 

 

Initial expression trials (Figure 2.3) showed that proMMP9cat co-expressed with chaperone3, in 1 mM IPTG-

induced Magnificent media, resulted in improved expression of soluble proMMP9cat (Figure 2.3; lane 10). 

Therefore, a large culture (2 L) was set up with Magnificent media and protein expression was induced with 1 mM 

IPTG. Cells were allowed to grow overnight at 18 ˚C as described in Section 2.5.6.3. Cells were harvested and 

lysed, and protein was purified using IMAC resin (Section 2.5.7). Eluted protein fractions were analysed by SDS-

PAGE as shown in Figure 2.4. The presence of a band at ~ 48 kDa in the lysate, protein wash and elution fractions 

confirmed the expression of soluble proMMP9cat (Figure 2.4). 

 

Figure 2.4: Analysis of expression of soluble proMMP9cat after IMAC purification 
 

 
Cleared lysate (as loaded onto the IMAC column), flow-through (Ft.), and elution fractions were analysed using 
SDS-PAGE. Marker: Novex pre-stained standard, with masses labelled in kDa; Lysate lane is the cleared lysate 
loaded on to the column; IMAC ft is the flow-through after loading; Wash lanes: IMAC column wash with (buffer); 
Eluted fractions lanes are 1 mL fractions eluted with 0.5 M imidazole. The expression of GroEL (red arrow), and 
DnaJ (blue arrow) are observed in all fractions along proMMP9cat (white arrow) respectively. 
 
 

Bands corresponding to chaperone sizes (GroEL (MW 58.8 kDa), DnaJ (MW 41.1 kDa), GrpE (MW 21.8 kDa) 

ClpB (MW 78.7 kDa), and DnaK (MW 69 kDa)) were also observed in SDS-PAGE, indicating the co-expression of 

cytosolic chaperones (Figure 2.4) An in-house protocol (unpublished) was followed to separate proMMP9cat from 
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the molecular chaperones. The eluted fractions were dialysed (overnight, at 4 ˚C) against Mg-ATP with NaCl 

(chaperone wash buffer 1) or without NaCl (chaperone wash buffer 2) (Table 2.2) to enhance ATP binding and 

further subjected to ion exchange. The results are shown in Table 2.3 and discussed briefly below. 

 
Table 2.2: Chaperone wash buffer composition 

Details of buffer used for dialysis to remove contaminating chaperone from proMMP9cat 

Chaperone wash buffer 1 Chaperone wash buffer 2 

20 mM Tris-HCl 20 mM Tris-HCl 

150 mM Nacl - 

50 mM KCl 50 mM KCl 

0.5 mM TCEP 0.5 mM TCEP 

2 mM ATP 2 mM ATP 

20 mM MgSO4 20 mM MgSO4 

 
 

 
Figure 2.5: Analysis of purified proMMP9cat after dialysis 

 
Attempts were made to separate the eluted proMMP9cat from co-expressed chaperones using dialysis in different 
buffers. A. Chaperone wash buffer 1; B. Chaperone wash buffer 2. The dialysed fractions were subjected to IMAC 
and the eluted fractions were analysed in SDS-PAGE. M. Novex pre-stained protein standard with masses labelled 
in kDa; Eluted fractions are 1 mL fractions eluted with 0.5 M imidazole. The red, blue and white arrow indicates 
the band corresponding to GroEL, DnaJ, and proMMP9cat respectively. 
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Table 2.3: Details of conditions used to separate chaperones from proMMP9cat 

Separation conditions Results Comments 

Dialysis with chaperone wash 

buffer 1 
Unsuccessful 

The chaperone bands (“red and blue arrows are still 

visible”). 
 

 
Dialysis with chaperone wash 

buffer 2 

 

Unsuccessful 

 
Ion exchange 

 

Unsuccessful 

 
 
 
Results obtained after dialysis against the chaperone wash buffer followed by IMAC (Figure 2.5(A) and (B)), 

indicated unsuccessful separation of chaperones (red and blue arrows) along with proMMP9cat (white arrow). The 

co-chaperone and nucleotide exchange factors undergo multiple interactions in various protein-folding processes 

during protein maturation, and the binding of protein to a chaperone is mediated by electrostatic interactions and 

through hydrophobic residues. However, conformational changes triggered by the ATP binding and hydrolysis 

releases the protein (Kityk, Kopp, Sinning, & Mayer, 2012). It was reported that slow ATP hydrolysis allows the 

protein to fold while still confined within chaperone and the ATP-induced protein release occurs at the end of ATP 

hydrolysis (Hayer-Hartl, Bracher, & Hartl, 2016). Therefore, the eluted proMMP9cat–chaperone mixture was 

dialysed against ATP buffer (Table 2.2) overnight. When the release of proMMP9cat was not observed when 

visualised in SDS-PAGE (Figure 2.5(A)), the protein sample was further dialysed with ATP containing buffer in 

the absence of NaCl (chaperone wash buffer 2, Table 2.2). However, this method was shown to be inefficient as 

the chaperone contamination was still seen in proMMP9cat elution fractions (Figure 2.5(B)). As DnaJ and 

proMMP9cat are almost of similar size and are therefore difficult to separate by size, chromatographic separation 

by charge of the ATP hydrolysed proMMP9cat was attempted employing IEX.  

 

The elution of protein over a gradient of 1 M NaCl in IEX purification (Section 2.5.7.6) using 5 mL HiTrap Q FF 

column (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) was unsuccessful at separating proMMP9cat from 

chaperone contamination (Figure 2.6). Despite numerous efforts at supplementing ATP, the co-expressed 

molecular chaperones failed to release the target protein proMMP9cat. This suggests the presence of unfolded 

polypeptides bound to the chaperone as observed elsewhere (Graslund et al., 2008; Haacke, Fendrich, Ramage, 

& Geiser, 2009; Hayer-Hartl et al., 2016). Therefore, no further attempts to solubilise proMMP9cat were undertaken.  
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Figure 2.6: Ion exchange chromatography purification 
 
SDS-PAGE analysis of IEX purification where M.is Novex pre-stained protein standard with masses labelled in 
kDa, Elution fractions are 1 mL protein fractions eluted using a 0-1 M NaCl gradient. The red and blue arrow 
indicates the band corresponding to GroEL and DnaJ, the white arrow corresponds to proMMP9cat. 
 

2.2.3 Inclusion body purification of proMMP9cat using denaturing buffers  

The conditions for protein expression for the IMAC purification of denatured protein were optimised using different 

growth media and growth conditions to obtain higher yields of purified proMMP9cat protein. The preliminary trial is 

summarised in Table 2.4, and auto-induction ZYM 5052 medium - modified from Studier’s protocol (Studier, 2005), 

appears to favour higher yield of proMMP9cat and is used henceforth. 

 

Table 2.4: Optimisation of denatured proMMP9cat production and purification 

Total protein yield (mg from 2 L) is listed within brackets. 

Medium Cells Temp ˚C 
Induction time 
(hrs) 

Total denatured protein 
yield (mg) after IMAC 
purification 

Total denatured 
protein yield (mg) 
after gel filtration 

ZYM 505 BL21(DE3) 

18 
 
 
37 

0, 2, 3 and o/n 
 
 
4 

✓ 
(2 mg) 
 
✓ 
(10 mg) 
 

✗ 
 
 
✓ 
(0.2 mg) 
 

ZYM 5052 BL21(DE3) 
37 and 

18 
4 and o/n 

✓ 

(30 mg) 
 

✓ 

(8 mg) 
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2.2.4 Large scale expression of proMMP9cat 

The plasmid containing truncated proMMP9cat (pET-His6-TEV-MMP9-Pro-Cat) was first transformed into BL21 

(DE3) E. coli cells (Section 2.5.6.1), and cells were inoculated into ZYM 5052 media (Section 2.5.6.3). Cells were 

harvested and lysed by passage twice through a cell disruptor as illustrated in the Figure 2.7. The inclusion bodies 

were harvested by centrifugation for 20 min at 8,000 g (Singh & Panda, 2005).  The supernatant was discarded. 

The pellet (where the insoluble proMMP9cat is located) was re-suspended in wash buffer containing detergent 

(Table 2.9), followed by centrifugation.  

 

To solubilise the inclusion bodies, the pellet was re-suspended in urea denaturing buffer pH 8 (Table 2.9), 

overnight at 4 ˚C. The solubilised fraction was separated from of insoluble debris and purified by IMAC using a 

batch binding method (as described in Section 2.5.7.4). The denatured proMMP9cat was eluted using 50 mL of 

500 mM imidazole and fractions were collected and analysed using SDS-PAGE (Figure 2.8). As shown in 

Figure 2.8, the purification of proMMP9cat from inclusion bodies resulted in pure and homogenous proMMP9cat 

protein, unlike protein from the soluble fraction in the previous expression tests (Figure 2.3-2.6). The eluted 

fractions containing denatured purified proMMP9cat were used for refolding protocols to yield active, fully folded 

protein.  

 

 

Figure 2.7: Schematic representation of steps involved in denatured purification 
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Figure 2.8: SDS-PAGE analysis of denatured proMMP9cat 
 
SDS-PAGE analysis of denatured IMAC purification where M. is Novex pre-stained protein standard with masses 
labelled in kDa, Elution fractions are 1 mL proMMP9cat from IMAC using elution buffer pH 8 (8 M urea, 0.5 M NaCl, 
20 mM Tris-HCl, 500 mM imidazole). The red arrow indicates proMMP9cat protein with calculated molecular weight of 
~ 48 kDa. 
 

2.2.5 Protein refolding 

The procedure for removing the denaturants is vital for the efficient recovery of refolded proteins. Several general 

methods have been reported to remove the solubilising agent or denaturant to allow protein refolding (Eiberle & 

Jungbauer, 2010; Fischer, 1994; Mohseni et al., 2016; Yuan et al., 2015). Dialysis and rapid dilution of the 

solubilised denatured protein in refolding buffer are the two most common methods used to recover functionally 

active proteins (Fischer, Perry, Sumner, & Goodenough, 1992). During dialysis, the protein is exposed to an 

intermediate concentration of the solubilising agent for an extended period that could either be beneficial or cause 

aggregations (Schumann, Bohm, Schumacher, Rudolph, & Jaenicke, 1993). In the rapid dilution method, the 

denatured protein is added slowly to a large volume of refolding buffer with continuous stirring, which is thought to 

cause denatured protein to rapidly collapse into a rigid native structure, bypassing the intermediate steps (Elkins 

et al., 2002; Tsumoto, Ejima, Kumagai, & Arakawa, 2003). In addition to dialysis and rapid dilution, refolding on 

the column was developed to promote protein refolding via subsequent dilution of the denaturant (Rogl, Kosemund, 

Kuhlbrandt, & Collinson, 1998; Rozema & Gellman, 1995).  

 

Preliminary investigation of refolding using rapid dilution, dialysis and column refolding was carried out. The 

denatured proMMP9cat elution fractions were pooled together based upon the purity as observed on SDS-PAGE. 

In the rapid dilution, the pooled fraction (1 mL) was slowly added dropwise to 1 L of stirred ice-cold refolding buffer 

containing 0.7 M L-arginine (pH 7.5) as described by Elkins et al. (2002). Similarly, in the dialysis method, 1 mL of 
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protein was dialysed against 1 L of refolding buffer (Table 2.10) containing 0.7 M L-arginine (pH 7.5) (Elkins et al., 

2002), with frequent changes of the refolding buffer. However, the recovery of refolded protein after rapid dilution 

and dialysis was very limited due to protein aggregation leading to on-column refolding method.  

 

A schematic representation of the developed refolding method is shown in Figure 2.28. After solubilising the 

inclusion bodies as mentioned in Section 2.5.7.3, the urea-solubilised supernatant fraction was mixed with nickel 

(Ni-NTA agarose) resin, pre-equilibrated with solubilisation buffer (Table 2.11). The resin and supernatant mix 

were agitated gently for 2 hours at room temperature and loaded onto an Econo-Pac® chromatography 15 mL 

column (Section 2.5.7.5) The resin was washed with 10 column volumes (cv) of the appropriate buffers (Table 

2.12) allowing 1-hour intermittent incubation between each wash at room temperature.  

 

Mild solubilisation conditions were used as high concentration of chaotropic agent can have an adverse impact on 

the protein recovery (Singh, Upadhyay, Upadhyay, Singh, & Panda, 2015; Singh & Panda, 2005). To prevent 

misfolding or aggregation, immobilised denatured protein was first washed in a high concentration of detergent, 

followed by the stripping of the detergent using a cyclodextrin solution (Table 2.12). This has been claimed to 

function analogously to a molecular chaperone system (Rozema & Gellman, 1995). The presence of cyclodextrin 

not only removes the detergent but also interacts with the bulky hydrophobic amino acid side chains (Cooper, 

1992), influencing both solubility and stability of the folding intermediates to attain the final native conformation. 

Following the cyclodextrin wash, the beads were washed with buffer containing cofactors (CaCl2 and ZnCl2) and 

redox agents (1 mM oxidised and 10 mM reduced glutathione) to aid refolding. This was followed by wash buffer 

(Table 2.12), and the protein was then eluted using buffer containing 500 mM imidazole (Table 2.12). The eluted 

protein (~ 30 mg) was collected as 1 mL fractions, and the purity of the refolded eluted proMMP9cat was visualised 

by SDS-PAGE (Figure 2.9).  

 

The eluted fractions of proMMP9cat (~ 30 mL) were pooled and concentrated using Amicon® Ultra– 15 3 K 

centrifugal filter devices. A higher molecular mass species MW ~ 100 kDa (blue arrow in Figure 2.9), along with 

the monomer MW ~ 48 kDa (red arrow in Figure 2.9), was observed. To purify the refolded protein to homogeneity, 

the concentrated, filtered protein fraction was then subjected to size exclusion chromatography (SEC) as detailed 

in Section 2.5.7.7. The protein eluted as a mixed population (peak 1 and 2) and some protein present in the void 

volume (Figure 2.10 (A)) was presumed to be aggregated protein. 
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Figure 2.9: SDS-PAGE analysis of column refolded proMMP9cat 
 
Analysis of refolded proMMP9cat by SDS-PAGE, where M. is the Novex pre-stained protein standard with masses 
labelled in kDa, Elution fractions: refolded proMMP9cat eluted from IMAC resin using elution buffer (20 mM Tris-
HCl (pH 8), 150 mM NaCl, 5 mM CaCl2, 1 µM ZnCl2, 500 mM imidazole). The red arrow indicates proMMP9cat 
protein with calculated molecular weight of ~48 kDa and blue arrow indicates the higher molecular species of 
proMMP9cat.  
 
 

All three peaks in SEC (Figure 2.11(A)), corresponded to proMMP9cat (MW ~ 48 kDa) when assessed by 

Coomassie blue stained SDS-PAGE (Figure 2.10(B)) and Western blot (Figure 2.11) using anti-MMP9 

monoclonal antibody. Western blot confirmed the SEC trace and SDS-PAGE observation. Peak 2 from the SEC 

showed a band around 48 kDa (the expected MW of the proMMP9cat monomer) confirming that the denatured 

proMMP9cat was successfully purified. The improperly folded or aggregated protein in the void peak in SEC had 

higher MW bands (> 160 and 80 kDa) in Western blot consistent with large amorphous structures. 
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Figure 2.10: proMMP9cat purification using size exclusion chromatography 
 
The SEC trace (A) showing protein fractionated in 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1 mM TCEP. The 
fractions from SEC were analysed in SDS-PAGE (B) under reducing conditions. The wells are labelled 
corresponding to the SEC peaks and M. is Novex pre-stained protein standard with masses labelled in kDa. 
 

 

Figure 2.11: Western blot analysis of SEC eluted proMMP9cat 
 

Analysis of 8 µL of the SEC eluted void, dimer and monomer fractions (Figure 2.10), were separated on SDS-
PAGE under reducing conditions and transferred to the PVDF membrane and complexed with anti-MMP9 
monoclonal antibody and detected using chemiluminescent substrate.  
Peak 1, (between the void and monomer species) observed in SEC, has a band above 80 kDa in Western blot. 

The molecular mass of this high MW form is double that of the monomer, suggesting a possible reduction-sensitive 

dimer (~ 100 kDa) species of proMMP9cat. Though disulphide-bond formation during intracellular dimerisation of 
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proMMP9 was previously reported, it was thought to be due to the conserved cysteines in the hemopexin domain 

(Olson et al., 2000). However, reduction-sensitive homodimers of MMP2 catalytic domains have also been 

reported (Koo, Kim, Han, & Kim, 2012). 

 

The catalytic domain of proMMP9 has a total of 13 cysteines of which one exists as a free thiol. To confirm that 

dimerisation was the result of disulphide-bond formation between the free thiol residues, the samples (void fraction, 

dimer, and monomer) from the SEC trace (Figure 2.10(A)) were analysed by SDS-PAGE under both reducing 

and non-reducing conditions (Figure 2.12). Under reducing conditions, all the peak fractions revealed bands 

around ~ 48 kDa as expected for the proMMP9cat monomer. However, under non-reducing conditions, a higher 

MW band can be observed above 80 kDa (the dimer sample is indicated with blue arrow in both reducing and non-

reducing condition), suggesting that similar to MMP2 (Koo et al., 2012), proMMP9cat can also form a reduction-

sensitive dimer (~100 kDa) via disulphide-bond formation. This observation was consistent in all purification 

preparations. 

 

 

Figure 2.12: SDS-PAGE of SEC eluted proMMP9cat under reducing and non-reducing conditions 
 
The SEC eluted peaks (Void -1, Dimer -2, Monomer-3) of proMMP9cat were mixed with 2 X SDS-PAGE loading 
dye with or without reducing agent (β-mercaptoethanol) and boiled at 95 ˚C for 5 min before loading on to the 
SDS-PAGE. The blue arrow indicates peak 2 of the SEC trace which in non-reducing condition shows a higher 
MW dimer band ~97 kDa (proMMP9cat monomer MW 48.490 kDa). 
 

2.3 Biophysical characterisation of refolded proMMP9cat 

Following SEC purification, the refolded proMMP9cat fractions were pooled and investigated further using various 

techniques to ascertain whether they were successfully folded. Refolded proMMP9cat was analysed using size 
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exclusion chromatography coupled with multi-angle laser light scattering analysis (SEC-MALLS) (Section 2.5.11). 

Secondary structure and thermal stability of the refolded protein were studied using CD (Section 2.5.13) and DSF 

(Section 2.5.14). 

2.3.1 SEC-MALLS 

SEC-MALLS enables determination of protein molar weight through combined measurement of light scattering 

intensity and the concentration of the given sample (Wyatt, 1993). SEC fractionates the sample to produce uniform 

species and MALLS is used to measure the intensity of the scattered light of the weight-average molecular weight. 

SEC was carried out using a SuperdexTM 200 increase 10/300 GL column equilibrated in SEC-MALLS buffer. Prior 

to the sample injection, the system was baselined to the buffer and weight-average molecular weight was 

determined across the sample elution peak. The MALLS elution volume (EV) was plotted against the refractive 

index (RI) and weight-average molecular weight (Mw) (Figure 2.13). Two peaks were observed at ~ 13 and 14 mL 

elution volumes. The calculated Mw indicated that a small dimer population exists, with the majority being the 

desired monomeric species. This is the first study to report the tendency of MMP9 to form a catalytic dimer. 

 

 

Figure 2.13: SEC-MALLS chromatogram 
 
The RI and the EV confirms the peak between 12 mL and 14 mL is a dimer and the peak at ~ 14 mL is the 
monomer. The weight-average molecular weight (Mw) is plotted in the vertical axis on the right. The MW of dimer 
and monomer is indicated by the dotted line. 
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2.3.2 Circular dichroism 

To evaluate the secondary structure of the refolded proMMP9cat, far-UV CD measurements were recorded at room 

temperature. The refolded protein (~ 0.2 mg/mL) was buffer exchanged into 10 mM Tris-HCl, pH 8 and filtered 

through a 0.2 µm filter immediately before the CD measurements. The ellipticity of the protein was measured from 

190 to 300 nm. The measurements were repeated (n = 20), averaged and subtracted with the blank (buffer) 

measurements and plotted as molar ellipticity as shown in the Figure 2.14. The folding transition from denatured 

to IMAC sample confirm the successful refolding of proMMP9cat utilising the on-column, artificial-chaperone folding 

method.  

 

 

Figure 2.14: CD spectra of refolded proMMP9cat 

The far-UV CD of proMMP9cat (~ 0.2 mg/mL) in 10 mM Tris-HCL at pH 8 was recorded on Chirascan 
spectrophotometer using a 1 mm pathlength cuvette at 10 min/nm scan speed, 1 nm bandwidth and accumulation 
of 20 scans for each sample. The different line colours represent different conditions (denatured inclusion body 
(orange), IMAC elution (brown), SEC elution void (green), dimer (pink) and monomer (blue) of proMMP9cat during 
purification stages. 
 
 
 
The folded proMMP9cat (IMAC and monomer) has a negative peak around 208 nm and a positive peak around 

195 nm (Figure 2.14) indicating a typical mixed α-β protein (Wallace & Janes, 2010). While no folding 

conformations for denatured and void samples were observed in Figure 2.14, the IMAC sample shows positive 

ellipticity around 190-193 nm, and a negative minima at 208 nm. Though the structure is predominantly β-sheets, 

the presence of α-helix will contribute significantly, as the far-UV CD signal is stronger for the α-helical structures 
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compared to the β-sheets. The positive ellipticity between 220-240 nm with a maximum at 230 nm can be because 

of the aromatic residues (Wong et al, 2012) or random coil structure (Venyaminov, & Vassilenko, 1994). The dimer 

(pink) spectra exhibited largely unstructured conformation (Venyaminov, & Vassilenko, 1994), while monomer 

sample (blue) showed positive ellipticity around 192 nm and a single negative ellipticity at 208 nm similar to the 

IMAC sample. Though IMAC and monomer samples are of the same protein, the difference in the spectra might 

be due to the differences in the purity of the samples. 

2.3.3 Differential scanning fluorimetry 

DSF was used to investigate the thermal stability of the refolded protein where the dye SYPRO® Orange (Thermo 

Fisher Scientific), interacts with the exposed hydrophobic regions generated by the partial or full unfolding of 

proteins. The melting temperature (Tm) is the temperature of maximum hydrophobic exposure and is derived by 

calculating the peak of the first derivative. The proMMP9cat solution obtained at every step of purification was 

heated in the corresponding elution buffer from 24 to 100 ˚C in the presence of hydrophobic dye (SYPRO orange). 

The relative fluorescence intensity (RFU) plotted as a function of temperature generated a sigmoidal shape 

describing a two-state transition from the low intensity fluorescence of the native folded protein in aqueous solution 

to the high intensity fluorescence of the unfolded protein where hydrophobic patches are exposed for dye binding 

(Figure 2.15).  

 

This information was used to determine the temperature at which 50 % of the protein was in its unfolded state. 

The first derivative was plotted as a function of temperature (Figure 2.16) and the peak centre reflecting the 

steepest ascensions of the raw melting curve was taken as the melting temperature. The denatured proMMP9cat 

and the void sample eluted from SEC showed no SYPRO binding (Figure 2.16) which is probably due to the 

quenching of fluorescence in aqueous solutions (completely unfolded or aggregated protein with large hydrophobic 

patches) (Menzen & Friess, 2013). The refolded proMMP9cat eluted from IMAC and SEC (monomer and dimer) 

showed a similar pattern in unfolding at Tm = 49 ˚C. 
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Figure 2.15: Representative fluorescence intensity of SYPRO orange binding  

SYPRO orange was added to 20 µM proMMP9cat monomer in SEC buffer and subjected to DSF at 24–100 ˚C. A 
line graph was plotted to display the transition of relative fluorescence. 
 

 

 
 

 

Figure 2.16: Representative melting curve of proMMP9cat 
 
The first derivative is plotted as a function of temperature to calculate the melting temperature of proMMP9cat from 
each purification step. Except for the denatured (black) and the void (green) sample, the IMAC elution (brown) and 
both dimer (blue) and monomer (red) of proMMP9cat elutions from SEC purifications showed a similar transition. 
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2.3.4 The activity of refolded MMP9cat 

The success of the refolding procedure was confirmed by assessing active MMP9cat. The refolded proMMP9cat 

was first treated with trypsin which has a cleavage site at Arg106 between the pro-domain and the catalytic domain 

(Nagase, 1997). Activation of proMMP9 by trypsin was chosen over other activators such as 4-

aminophenylmercuric acetate (APMA) for the ease of use in subsequent colorimetric assays. APMA interferes with 

thiol reagents and therefore requires separation after activation using SEC (Huse, Wippich, Gutknecht, Aust, & 

Scholz, 1999).  

 

 

Figure 2.17: Representative SDS-PAGE of trypsin activation of proMMP9cat  
 
300 µg of refolded proMMP9cat monomer was treated with or without 15 µg trypsin (1:20) and 30 µg trypsin (1:10) 
trypsin at 37 ˚C. Aliquots were removed at 10 min time intervals, immediately added to the tube containing SDS 
loading dye and boiled at 95 ˚C for 5 min. Control samples was treated in a similar way except for the addition of 
trypsin. 
 

Preliminary trials were carried out to determine the ideal working concentration of trypsin to activate the 

proMMP9cat. An active band (MW ~ 40 kDa) was obtained when treated with 15 µg/mL trypsin (1:20 w/w, trypsin-

MMP9 ratio) for up to 20 min at 37 ˚C (Figure 2.17). The control sample showed no proteolysis and when 

proMMP9cat was treated with 30 µg/mL trypsin (1:10 w/w trypsin-MMP9 ratio), rapid conversion of the 48 kDa 

protein to 30 kDa was observed within 10 min of incubation. Degradation of proMMP9cat at zero time-point was 

observed after the addition of 30 µg/mL trypsin (1:10 w/w trypsin-MMP9 ratio), however the trypsinolysis was 

gradual with 15 µg/mL trypsin (1:20 w/w, trypsin-MMP9 ratio). The lower molecular weight bands especially 30 

kDa and ≤ 15 kDa might be the degraded fragments of proMMP9cat sample and unlikely to retain enzymatic activity. 
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Though the LC-MS/MS analysis of SDS gel bands would have been beneficial to understand the peptide 

sequences generated after trypsinolysis and its effect on enzyme activity, it is beyond the scope of this thesis.  

 

To determine the optimal incubation period, the trypsin-digested proMMP9cat was assessed for its catalytic ability 

to hydrolyses a thiopeptide substrate in a colourimetric assay. Initially the assay conditions for MMP9cat were 

optimised using a commercially available kit (Enzo Life Sciences), which provided recombinant MMP9, a broad-

spectrum inhibitor N-Isobutyl-N-(4-methoxyphenylsulfonyl) glycyl hydroxamic acid (NNGH) (MacPherson et al., 

1997), and a chromogenic substrate and compared against the refolded activated MMP9cat. The enzyme activity 

was measured in a 96 well microplate at 37 ̊ C using 100 mM thiopeptide as a chromogenic substrate. The thioester 

bond in thiopeptide is recognised by MMP and upon hydrolysis of this bond a sulfhydryl group is produced which 

then reacts with DTNB (Ellman’s reagent) present in the buffer to form 2-nitro-thio-benzoic acid which is detected 

at 412 nm (Figure 2.18) (Weingarten & Feder, 1985). 

 

 

 

Figure 2.18: Schematic representation of thiopeptide hydrolysis by MMP9 
 
Chromogenic substrate is the thiopeptide (Ac-Pro-Leu-Gly-[2-mercapto-4-methyl-pentanoyl]-Leu-Gly-OC2H5). The 
hydrolysis of the substrate by MMP9 produces a sulphydrilic group that reacts with DTNB (structure coloured blue) 
in reaction buffer to produce 2-nitro-5-thiobenzoic acid (structure coloured red) which can be detected by 
measuring absorbance at 412 nm. 
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Figure 2.19: Catalytic activity of refolded MMP9cat after trypsin treatment 
 
The catalytic activity of refolded MMP9cat was assessed immediately after the addition of thiopeptide (10 µL) to the 
assay mixture containing 20 µL of 1 µg of trypsin treated (pink bar) and untreated (grey bar) proMMP9cat in the 
assay buffer of total 100 µL reaction volume. The absorbance was measured at 412 nm at 37 ˚C for 30 min with 1 
min intervals and the data (n = 5, mean ± SEM) was plotted. 
 

 

 

Figure 2.20: Activity of refolded MMP9cat 
 
20 µL of 100 nM of refolded (red) and commercial (black) MMP9 was incubated in assay buffer (total assay volume 
100 µL). The hydrolysis reaction was initiated by the addition of 10 µL of substrate (100 µM final concentration) 
and the assay was read continuously at A412 nm for 10 min. The data (n = 3, mean ± SEM) was plotted as OD 
against time. The reaction velocity was determined. R2 0.98; 0.99 for commercial (represented in black) and 
refolded MMP9 (represented in red) respectively.  
 

Though untreated samples showed some catalytic activity (Figure 2.19), MMP9cat treated with 1 µg of trypsin (1:20 

w/w) for 20 min showed maximum catalytic activity compared to other samples. The results presented here confirm 

that the refolded proMMP9cat is catalytically active after trypsin treatment. Thus, for further activation studies, 
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refolded proMMP9cat was treated with 1 µg of trypsin (1:20 w/w) for 20 min at 37 ˚C. The catalytic ability of refolded 

activated MMP9 to hydrolyse the thiopeptide was compared (Section 2.5.16) with commercial MMP9 (Figure 

2.20). The specific activity of refolded MMP9cat (0.186 U/µg) and commercial MMP9 (0.2 U/µg) was calculated as 

detailed in Section 2.5.16.  Further incubation of the refolded MMP9cat with NNGH (broad-spectrum MMP inhibitor) 

for 1 hour resulted in complete inhibition of refolded MMP9cat activity (Figure 2.21) which further confirmed that 

the activity observed in Figure 2.20 is associated with refolded MMP9cat. From the results presented here, it can 

be concluded that the refolding procedure followed in this chapter was successful and resulted in obtaining active 

MMP9cat (rMMP9) with specific activity comparable to the commercial sample. 

 

 

Figure 2.21: Inhibition of refolded MMP9cat activity  
 

20 µL of 100 nM of refolded MMP9cat was incubated for an hour in assay buffer (total assay volume 100 µL) with 
(black) or without (red) inhibitor (6.5 µM final concentration). The hydrolysis reaction was initiated by the addition 
of 10 µL of substrate (100 µM final concentration) and the assay was read continuously at A412 nm for 20 min. 
The data (n = 3, mean ± SEM) was plotted as OD against time.  
 

The catalytic efficiency of the dimer species was compared to the refolded monomer. After activation of 1 µg 

monomer and dimer MMP9cat with 5 % trypsin, the catalytic activity was investigated by the addition of thiopeptide. 

Figure 2.22, showed that the MMP9cat monomer (specific activity 3.17 U/µL) has higher activity than the dimer 

species (1.12 U/µL). This observation is consistent with the results from the CD that the dimer is not completely 

folded, which may account for the difference in activity between the two species. 
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Figure 2.22: Catalytic activity of refolded MMP9cat monomer and dimer 
 
1 µg refolded proMMP9cat monomer and dimer was first activated with 5 % trypsin followed by assessing their 
ability to cleave thioester bond of the chromogenic substrate. The initial rate (slope) and the R2 of monomer (0.99) 
and dimer (0.97) samples (n = 3, mean ± SEM) are calculated. 
 

2.3.5 Auto-activation of proMMP9cat 

Generally, activation of latent MMPs requires cleavage of the N-terminus pro-domain either by an external 

protease or by intramolecular autocatalytic mechanisms induced by organomercurial compounds (Murphy et al., 

1999). These activators modify the thiol group of the unique free cysteine residue in the PRCGXPD consensus 

sequence motif (Van Wart & Birkedal-Hansen, 1990). This cysteine residue acts a cysteine switch maintaining 

latency by shielding the enzymes active site as described in Chapter 1. 

 

Autolysis and activation of latent gelatinases due to conformational changes have been observed when they were 

treated with 8 M urea (Sopata & Maslinski, 1991). Alternatively, auto-degradation of MMP9 was prevented in a 

dose dependent protective manner by neutrophil gelatinase-associated lipocalin (NGAL) (Yan, Borregaard, 

Kjeldsen, & Moses, 2001). Similar to the oxidation of cysteine residues by reactive oxygen species, denaturing 

surfactants such as SDS and APMA can disrupt the cysteine switch (Springman, Angleton, Birkedal-Hansen, & 

Van Wart, 1990). This disruption of thiol-zinc interactions leads to allosteric relocation of the pro-domain which 

results in the active form of MMP retaining the pro-peptide (Ra & Parks, 2007). Recently assembly of MMP9 

monomers into trimers via disulphide bridges involving free cysteine residues in the OG and hemopexin domain 

was reported (Vandooren et al., 2015). However, the biological relevance of these higher MW MMP9 is not yet 

completely understood except for their role in cell migration and degrading triple helical collagens (Dufour, Zucker, 
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Sampson, Kuscu, & Cao, 2010; Vandooren et al., 2015). This section focusses on experiments that were designed 

to determine the effect the concentration of proMMP9 and calcium has on auto-activation of refolded proMMP9cat.  

2.3.5.1 Effect of protein concentration 

To investigate if protein concentration can induce auto-activation, 250 µg of refolded proMMP9cat was subjected 

to concentration by centrifugation using a 10,000 MWCO centrifugal filter. The samples were centrifuged at 4000 g 

for 10 min at 4 ˚C and 10 µL was removed after every spin and analysed for evidence of any lower MW bands 

using reducing SDS-PAGE.  

 

An increase in protein concentration resulted in small MW protein bands including the active protein (MW 40 kDa) 

along with the higher MW dimer (Figure 2.23). The several small MW bands suggests the autolysis and further 

degradation of proMMP9cat. This study, when repeated under similar reducing conditions, gave the same results 

(Figure 2.24). However, in non-reducing conditions, high intensity bands for active dimers (~ 80 kDa), latent 

monomers (~ 48 kDa) and latent dimers (~ 100 kDa) were observed alongside low intensity bands for active 

monomers (~ 40 kDa). The current observation (Figure 2.24) suggests high protein concentration can increase 

auto-activated monomer and dimer species of the catalytic domain.  

 

 

Figure 2.23: Influence of concentration of refolded proMMP9cat on its autocatalytic activation  
 
Refolded proMMP9cat (250 µg/mL starting concentration) was concentrated by centrifugation at 4000 g for 5 min 
using 10,000 MWCO filter. 10 µL sample was removed at the end of each centrifugation and subjected to SDS-
PAGE analysis under reducing conditions. M is the Novex pre-stained protein standard with masses labelled in 
kDa. The red arrow points to the active protein band at ~ 40 kDa and blue arrow points the dimer band at 
~ 100 kDa. 
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Figure 2.24: Effect of protein concentration on proMMP9cat auto-activation 
 
Refolded proMMP9cat (250 µg/mL starting concentration) was concentrated by centrifugation at 4000 g for 5 min 
using 10,000 MWCO filter. 10 µL samples were removed at the end of each centrifugation and subjected to SDS-
PAGE analysis under reducing and non-reducing conditions. M is the Novex pre-stained protein standard with 
masses labelled in kDa. The red arrow points to the active monomer protein at ~ 40 kDa and active dimer protein 
at ~ 80 kDa. The blue arrow points to the latent dimer (~ 100 kDa). 
 

2.3.5.2 Effect of calcium at different pH and temperature 

The pH plays an important role in wound healing: while the pH of skin is acidic (ranging from 4 to 7), non-healing 

chronic wounds have a pH higher than 7 (Percival, McCarty, Hunt, & Woods, 2014). A lower wound healing rate 

was observed in higher alkaline pH (Hoffman, Noble, & Eagle, 1999). A statistically significant correlation was 

observed between low pH and wound healing without infection (Ono et al., 2015). Studies investigating the role of 

temperature in wound healing are highly heterogeneous due to the impact of different factors such as bacterial 

burden, immune response, metabolic rate etc., Apart from the inflammation, a temperature ranging between 36-

38 ˚C seems to promote healing (Whitney, Salvadalena, Higa, & Mich, 2001).  

 

To understand the combined effect of pH and temperature, refolded proMMP9cat was incubated at varying pH (20 

mM Tris-HCl, 150 mM NaCl, pH ranging from 7.5 to 9) for 24 hours at four different temperatures (28, 33, 35 and 

37 ˚C). 10 µL samples were tested after 3, 6 and 24 hours of incubation to assess auto-activation or degradation 

of proMMP9cat. When treated at pH 7.5 and 8 (Figure 2.25) proMMP9cat showed no alteration but in pH 9 at 35 ˚C 

(Figure 2.26), a dimer band of weak intensity (~ 100 kDa) can be observed in Coomassie stained SDS-PAGE 

under reducing conditions. Similarly, when treated with physiological calcium concentration (2.5 mmol/L) 

proMMP9cat at alkaline pH (pH 9) exhibited a tendency to dimerise at 33 and 35 ˚C after 24 hours (Figure 2.27) 

and at 28 ˚C in sub-physiological calcium concentration (200 µmol/L) very faint lower MW bands were observed. 
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Stabilisation of latent MMP9 at physiological calcium levels and rapid auto-activation at sub-physiological calcium 

concentration was previously reported (Makowski & Ramsby, 2005); however, the results here suggest that such 

modification in MMP9 can be a combined effect of calcium ion levels, temperature, and pH. Though calcium ions 

have been described as both an activator and stabiliser of MMPs, it is not understood if this concentration 

dependent effect is due to conformational chaotropes (Nagase, 1997; Sang, Birkedal-Hansen, & Van Wart, 1995), 

or through intramolecular MMP salt-bridge interactions (Bu & Pourmotabbed, 1996). 

 

Figure 2.25: Effect of pH 7.5 and 8 on refolded proMMP9cat 

Refolded proMMP9cat was incubated at varying temperatures (28, 37, 33, and 35 ˚C) in 20 mM Tris-HCl at pH 7.5 
and 8, 150 mM NaCl. 10 µL samples were removed at 3, 6 and 24 hours and analysed in SDS-PAGE under 
reducing conditions. The treatments at pH 7.5 and 8 looked similar thus a representative SDS-PAGE was shown. 
 
 

 

Figure 2.26: Effect on proMMP9cat of varying temperature at pH 9.0 
 
Refolded proMMP9cat was incubated at varying temperatures (28, 37, 33, and 35 ˚C) in 20 mM Tris-HCl pH 9, 150 
mM NaCl. 10 µL samples were removed at 3, 6 and 24 hours and analysed in SDS-PAGE under reducing 
conditions. The red arrow indicates the appearance of higher molecular band after treatment. 
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Figure 2.27: Effect of calcium at alkaline pH in proMMP9cat at varying temperature 

Refolded proMMP9cat was incubated at varying temperature (28,37,33, and 35 ˚C) in 20 mM Tris-HCl pH 9, 150 
mM NaCl, either 2.5 mmol/L (A) or 200 µmol/L (B) of CaCl2. 10 µL samples were removed at 3, 6 and 24 hours 
and analysed in SDS-PAGE under reducing conditions. M is the Novex pre-stained protein standard with masses 
labelled in kDa. Red arrows indicate the dimer species. 
 

2.4 Conclusion 

The main objective of this chapter was to express and purify human recombinant proMMP9cat in E. coli. Though, 

several methods for denatured purification and refolding were previously reported, a straightforward method to 

satisfy all the requirements for proper protein folding from bacterial inclusion bodies was required. While successful 

denaturing purification was achieved, the major bottleneck in recovering active protein was protein aggregation 

during the subsequent refolding step. In this work, attempts were made to attain folded proMMP9cat, and each 

attempt was critically assessed. Successful denatured purification and refolding methods were developed to serve 

as a template for overexpression, purification and renaturation of proMMP9cat in E. coli for further work in this 

thesis. The refolded protein was further characterised to confirm the folding and some dimerisation was noted and 

the dimer characterised. The confirmation of protein folding and obtaining active MMP9cat was achieved thereby, 

validating the purification. 

 

The MMP9 dimer formed by hemopexin domain was previously shown as reduction-sensitive (Olson et al., 2000). 

Additionally, the efficiency of MMP2 catalytic domain forming reduction-sensitive dimers were reported (Koo et al., 

2012). Similarly, the ability of MMP9 catalytic domain to form reduction-sensitive dimers were observed in this 

thesis. Attempts were made to understand the modulating effect of protein concentration, environment 

temperature, pH and calcium ions in proMMP9cat. The observations made here suggest the possibilities of auto-

activation and dimerisation by the MMP9 catalytic domain with response to the protein concentration, alkaline pH 
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(pH 9), temperature at 33-35 ˚C with or without physiological calcium ion concentration. These effects might play 

a beneficial (dimerisation of MMP9 helps in cell migration) or damaging (auto-activation increases the proteolytic 

activity thus degrading the ECM proteins further) roles of MMP9 in wound healing. Nevertheless, the biological 

role of proMMP9cat dimerisation and auto-activation needs to be studied further. 

2.5 Materials and methods 

All buffer constituents and solvents unless stated otherwise, were purchased from Sigma-Aldrich (Auckland, New 

Zealand) or Thermo Fischer Scientific, Waltham, MA, USA, and were of analytical grade. All solutions were 

prepared with ultrapure water de-ionised by a Milli-Q™ (M.Q.) water system (EMD Millipore, Billerica, MA, USA) 

and filtered through a 0.45 µM MF membrane (EMD Millipore, Billerica, MA, USA) under vacuum. Mobile phase 

buffers and solvents used for chromatography were degassed under vacuum with constant stirring. Gels for SDS-

PAGE, MES running buffer and Novex® Sharp Pre-stained protein standard were supplied by Invitrogen, 

Auckland, New Zealand.  

 

The bacterial work was carried out under sterile conditions. All growth media and M.Q. water was sterilised by 

autoclaving prior to use. Appropriate antibiotics were added to the autoclaved media as needed, after cooling it to 

room temperature. Unless otherwise stated, enzymes were maintained on ice or at 4 ˚C. The centrifuges used 

were an Eppendorf 5810R (fixed angle rotor F-34-6-38) and a Sorvall RC6 plus (rotor F10S6x500Y). The 

spectrophotometers used in this thesis were a Cary 4000 UV-Vis spectrophotometer (Varian California, USA), a 

SpectraMax iD3 (Molecular Devices, San Jose, CA, USA), and an Envision plate reader (PerkinElmer, Waltham, 

Massachusetts, USA). The general buffers used in this chapter are described in Table 2.5. 
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Table 2.5: General materials and buffers used in this chapter 
Materials / Buffers Composition 
LB Dissolve 2 g LB (Lennox) in 200 mL M.Q. water and autoclave 

LB agar Weigh 3 g LB (Lennox) and 2 g agar in 150 mL M.Q. water and autoclave to 
dissolve 

LB enrich media (LB+) 

10 mL LB (Lennox) 
2 % 50 x M 
2 % 50 x 505 
0.5 % 1 M MgSO4 
0.2 % ZnCl2 

ZY media 1 % tryptone 
0.5 % yeast extract 

ZYM-505 media (100 mL) 

To ZY media add: 
2 % 50 x M 
2 % 50 x 505 
0.5 % 1 M MgSO4 
10 µM ZnCl2 
20 µM CaCl2 

ZYM-5052 media 

To ZY media add 
2 % 50 x M 
2 % 50 x 5052 
0.5 % 1 M MgSO4 

10 µM ZnCl2 

20 µM CaCl2 

TB auto-induction medium 

1.2 % tryptone 
2.4 % yeast extract 
0.8 % glycerol 
0.5 % lactose 
0.015 % glucose 

Magnificent broth Dissolve 12.5 g in 250 mL M.Q. water and autoclave 

50 x 505 (100 mL) 
25 g glycerol 
73 mL M.Q. water 
2.5 g glucose 

50 x 5052 (100 mL) 

25 g glycerol 
73 mL M.Q. water 
2.5 g glucose 
10 g α-lactose 

50 x M (100 mL) 

17.75 g disodium phosphate 
17 g monopotassium phosphate 
13.4 g ammonium chloride 
3.55 g sodium sulfate 

1 M TCEP 

Dissolve 1 g in 
1.25 mL 2 M Tris-HCl pH 8 
1.25 mL M.Q. water 
1 mL 10 M NaOH 

Coomassie blue, SDS-PAGE 
Staining solution 

2.5 ng/L Coomassie R-250 
10 % (v/v) glacial acetic acid 
45 % (v/v) methanol 
45 % (v/v) M.Q. water 

SDS-PAGE destaining 
solution 

40 % (v/v) ethanol 
10 % (v/v) acetic acid 
50 % (v/v) M.Q. water 
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2.5.1 Preparation of chemocompetent cells 

Chemocompetent BL21 (DE3) cells used for proMMP9cat expression were prepared using a CaCl2 protocol 

modified from Chan et al (Chan, Verma, Lane, & Gan, 2013). A fresh plate of LB agar was streaked from -80 ˚C 

glycerol stocks of BL21 (DE3) cells and the bacteria grown overnight at 37 ˚C. The next afternoon, a starter culture 

was prepared where 5 mL of LB was inoculated with a single colony from this plate and grown overnight at 37 ˚C 

with shaking at 180 rpm. The following morning, 500 µL of this overnight culture was added to 50 mL of LB in a 

250 mL conical flask. This was incubated at 37 ˚C with shaking at 180 rpm for several hours until the OD600 was 

between 0.5 and 0.7 and the culture was chilled on ice for 10 min. Cells were harvested by centrifugation at 3739 

g for 5 min at 4 ˚C using a Heraeus™ Multifuge™ X3R centrifuge. The culture medium/supernatant was then 

carefully decanted, the cell pellet was resuspended gently in 25 mL ice-cold 0.1 M CaCl2, and incubated on ice for 

1 hour followed by centrifugation at 3739 g for 8 min at 4 ˚C. The culture medium was carefully decanted again, 

and the cell pellets were gently resuspended in 3 mL of ice-cold 0.1 M CaCl2 with 15% v/v glycerol solution. 100 

µL aliquots were dispensed into 1.5 mL microcentrifuge tubes and snap-frozen in liquid nitrogen. These aliquots 

were stored at -80 ˚C until needed. 

2.5.2 Plasmid preparation 

The plasmid from which proMMP9 catalytic domain (proMMP9cat) with an N terminal His-tag was expressed was 

designed and constructed by collaborators Dr Leonardo Negron and Dr Campbell Sheen from Callaghan 

Innovation. The chaperone cells were received as a gift from Ario de Marco, EMBL (de Marco, 2007). The 

construct information is given in the Table 2.6. 

 

Table 2.6: Plasmid constructs used in this thesis 

Plasmid Construct information Antibiotic selection 

proMMP9cat  pET22-His6-TEV-MMP9-Pro-Cat ampicillin 

Chaperone3 pBB540+pBB542- 

high concentration of dnaK,dnaJ,grpE,clpB,groESL 

chloramphenicol and 

spectinomycin 

Chaperone 4 pBB540+pBB542- 

low concentration of dnaK,dnaJ,grpE,clpB,groESL 

chloramphenicol and 

spectinomycin 
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2.5.3 Antibiotic selection 

Antibiotics were used for the selection of transformants and the maintenance of plasmids during bacterial growth. 

Antibiotic stock solutions (Table 2.7) were prepared at 1,000 X concentration, filter-sterilised and stored frozen at 

- 20 °C. Ampicillin was used for the plasmid from which proMMP9cat was expressed (Table 2.7), whereas 

spectinomycin and chloramphenicol were used when proMMP9cat was co-expressed with chaperone cells. These 

antibiotics were used in bacterial growth media, added from stock solutions at the time of inoculation. 

 

Table 2.7: Details of antibiotics used in this thesis 

Antibiotic Stock concentration 
(mg/mL) 

Working concentration 
(µg/mL) 

Solvent to dissolve 

Ampicillin 100 100 M.Q. water 

Chloramphenicol 34 34 Ethanol 

Spectinomycin 50 50 M.Q. water 

2.5.4 Transformation and purification of plasmid DNA 

The N terminal His-tagged proMMP9cat plasmid was transformed into DH5α E. coli BL21 (DE3) cells as described 

by Sambrook et al (Sambrook, Fritsch, & Maniatis, 1989). 1 µL of the plasmid was added to 40 µL of DH5α cells 

which were incubated on ice for 5 min. These cells were then transferred to a heat block set at 42 ˚C for 45 sec 

and immediately placed into an ice bath for 5 min. 500 µL of LB growth medium was then added and the cells 

were incubated at 37 ˚C, with shaking (300 rpm) for 1 hour. 100 µL cell suspension was plated on a LB agar plate 

supplemented with ampicillin and incubated overnight at 37 ˚C. The following day, a single colony was selected 

and inoculated into 5 mL LB medium containing ampicillin in a 50 mL Falcon tube, and allowed to grow overnight 

with shaking at 180 rpm at 37 ˚C. The cells were harvested from the overnight culture and the plasmid DNA was 

purified using NucleoSpin® Plasmid EasyPure (Macherey-Nagel, Duren, Germany) according to the 

manufacturer’s instructions. The purified DNA was stored at - 20 ˚C. 

2.5.5 DNA quantification and sequencing 

The absorbance of DNA samples was determined on a NanoDrop® ND-8000 UV-Vis Spectrophotometer (Thermo 

Fisher Scientific, Waltham, MA, USA). Absorbance at 260 nm was used to assess concentration and purity was 
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measured using the 260:280 nm absorbance ratio, as described in protocol from the user’s manual (V3.7). Purified 

plasmid was sequenced at the DNA sequencing facility in the Centre for Genomics and Proteomics, The University 

of Auckland. The sequences were analysed and confirmed for proMMP9cat using the Geneious software package 

(Biomatters, Auckland, New Zealand). 

2.5.6 Expression of proMMP9 in E. coli 

2.5.6.1 Transformation of chemocompetent cells 

Chemically competent E. coli BL21 (DE3) cells (50 µL) (Section 2.5.1) were mixed with 1 µL plasmid solution 

(Section 2.5.2) and incubated on ice for 5 min followed b 42 ˚C for 45 seconds and then in an ice bath for 2 min. 

500 µL of LB growth medium was then added and the cells were incubated at 37 ˚C, with shaking (180 rpm) for 1 

hour. 100 µL cell suspension was plated on a LB agar plate supplemented with ampicillin and incubated overnight 

at 37 ˚C to obtain single colonies. 

2.5.6.2 Transformation of electrocompetent cells 

Electrocompetent chaperone cells were used for co-expression of proMMP9cat with chaperone cells. 

Electroporation was performed using MicroPulser™ electroporation apparatus (Bio-Rad, Hercules, California, 

USA). An aliquot of electrocompetent chaperone cells was thawed on ice and mixed with 1 µL of the proMMP9cat 

plasmid DNA and then transferred into a pre-chilled 2 mm electroporation cuvette. Following the electroporation, 

500 µL LB was immediately added and the cells were allowed to recover at 37 ˚C for an hour with agitation. 100 µL 

of the total transformation suspension was plated onto LB agar plate supplemented with ampicillin, 

chloramphenicol and spectinomycin. Plates were incubated overnight at 37 ˚C to obtain single colonies. 

2.5.6.3 Protein expression 

A single colony was picked from the overnight LB agar plate for induction and inoculated into 5 mL LB containing 

antibiotics and incubated overnight with shaking at 37 ˚C. The overnight culture was inoculated (1:200) into fresh 

media containing antibiotics. The inoculated culture was incubated at 37 ˚C, with shaking at 200 rpm until the 

OD600 reached 0.6-0.7 followed by addition of 1 mM IPTG for inducing media. The cultures were incubated at 

either 18 ˚C or 24 ˚C, 200 rpm and grown overnight (~ 18-20 hours). The cells were chilled on ice for 5-10 min 
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before being harvested by centrifugation at 3739 g for 20 min at 4 ˚C. The supernatant was discarded carefully, 

and cell pellets were either used immediately or frozen at - 20 ˚C until use. 

2.5.7 Purification of recombinant proMMP9cat 

2.5.7.1 Cell lysis 

All cell lysis was performed on ice. Methods of cell lysis were chosen depending on the protein preparation. B-

PER® (complete bacterial protein extraction reagent, Thermo Fischer Scientific) was used for lysis of small-scale 

trial expressions and the continuous-flow cell disruption for large pellets. 

2.5.7.2 Purification of the soluble fraction 

The details of the different buffers used for proMMP9cat soluble fraction purification are given Table 2.8. The 

harvested cell pellet was thawed and re-suspended in ~ 5 mL/g of cell lysis buffer and cOmplete, Mini, EDTA-free 

protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) was added according to the manufacturer’s 

instructions. The re-suspended solution was incubated for 30 min on ice, and processed through a cell disrupter 

at 18 kiloPascal (kPa) followed by centrifugation using a Sorval S-34 rotor at ~ 27,000 g for 30 min at 4 ˚C. The 

lysis supernatant was used for proMMP9cat soluble fraction purification. 

 

Table 2.8: Buffer composition for proMMP9 soluble fraction purification 

Buffer Composition 

Lysis 20 mM Tris-HCl (pH 8), 300 mM NaCl, 0.5 mM TCEP, 60 mM imidazole, 200 µg/mL lysozyme, 50 µg/mL 

RNase A, 10 µg/mL DNase, 2 mM MgCl2 

Wash 20 mM Tris-HCl, 500 mM NaCl, 1 % Triton, 0.5 mM TCEP 

Elution 20 mM Tris-HCl, 500 mM NaCl, 0.5 M imidazole 

 

2.5.7.3 Preparation of Inclusion bodies  

The harvested cell pellet was thawed and re-suspended in ~ 5 mL/g of cell lysis buffer as mentioned in Table 2.9 

with complete, Mini, EDTA-free protease inhibitor cocktail. The re-suspended solution was incubated for 30 min 

on ice and processed twice through a cell disrupter at 18 kiloPascal (kPa) followed by centrifugation using Sorval 
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S-34 rotor at 8,000 g for 30 min at 4 ˚C to separate the soluble and insoluble fraction. The lysis pellet was used 

for the purification of inclusion bodies. 

 
Table 2.9: Denaturing purification buffer components 

Buffer Composition 

Lysis Buffer  20 mM Tris-HCl (pH 8), 150 mM NaCl, 0.1% Triton, 5 mM β-mercaptoethanol 

Wash buffer 20 mM Tris-HCl (pH 8), 500 mM NaCl, 1% Triton,0.5 mM TCEP  

Denature buffer  20 mM Tris-HCl pH 8 (pH 8), 8 M urea, 100 mM NaCl, 5mM βME 

Column wash buffer 8 M urea, 0.5 M NaCl, 20 mM Tris-HCl (pH 8), 20 mM Imidazole 

Elution buffer 8 M urea, 0.5 M NaCl, 20 mM Tris-HCl (pH 8), 500 mM imidazole 

 

The lysis pellet was washed with pellet wash buffer containing detergent to remove contaminants, and centrifuged 

further for 30 min at 4 ˚C. The pellet containing the inclusion bodies was then solubilised using freshly prepared 

denaturing buffer (Table 2.9) containing strong denaturant and a reducing mixture by stirring overnight at 4 ˚C. 

After complete solubilisation of the pellet in denaturing buffer, the cells were centrifuged the following day to 

remove the remaining aggregates at 8,000 g, for 30 min at 4 ˚C and the supernatant was used for further protein 

purification. 

2.5.7.4 IMAC purification 

The initial purification step of His-tagged proMMP9cat was carried out via IMAC. Bacterial lysate was loaded 

through either a pre-equilibrated 5 mL HisTrapTM FF column (GE Healthcare, Little Chalfont, UK) using a peristaltic 

pump with a flow rate of 0.5 mL/min or pipetted on to an Econo-Pac ® chromatography column (Bio-Rad) 

containing 5 mL (Ni-NTA agarose) resin for batch binding, at room temperature. Here, nickel ions were immobilised 

by a resin that binds to the His-tag of the recombinant protein with its free recognition sites. 

The column was freshly recharged with 2 CV of 50 mM NiCl2, washed with 10 CV of M.Q. water and equilibrated 

with 10 CV of buffer (lysis buffer for soluble fraction purification or denature buffer for inclusion bodies purification) 

before loading the protein solution. The recombinant protein was allowed to bind to the column for 2 hours at room 

temperature for preparation of insoluble protein. These bound proteins were eluted with 0.5 M imidazole after 

washing with 10 CV wash buffer. An ÄKTA prime (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) was used 

to wash and elute proteins from HisTrap column while batch purification was carried out using the gravity flow 
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method. The eluted fractions (1 mL) were collected and analysed by SDS-PAGE. The appropriate denatured 

proMMP9cat fractions were pooled and used for protein refolding experiments utilising the refolding buffer (Table 

2.10) adapted from the previous MMP9cat purification (Elkins et al., 2002). Refolding trials were performed at 

1:1000 (protein: buffer volume) at 4 ˚C. 

Table 2.10: Buffer composition for proMMP9 rapid refolding and dialysis experiments 

Buffer Composition 

Refolding buffer 

50 mM Tris-HCl pH 7.5 

200 mM NaCl 

5 mM CaCl2 

1 mM ZnCl2 

0.7 M arginine 

10 mM reduced glutathione 

1 mM oxidised glutathione 

 

2.5.7.5 Denatured IMAC and on-column refolding 

The procedure followed for denatured IMAC purification and on-column refolding is illustrated in Figure 2.28 the 

harvested cells were lysed with urea buffer followed by cell disruption and centrifugation as detailed in Section 

2.5.7.3. Following the solubilisation of the inclusion bodies (Table 2.11) overnight, the denatured suspension was 

centrifuged to separate the insoluble debris. The supernatant containing the protein was loaded using a peristaltic 

pump on to a 5 mL IMAC column (Section 2.5.7.4) pre-equilibrated with solubilisation buffer (Table 2.12). 

Following the wash with detergent buffer (10 CV), the column was washed with buffer containing cyclodextrin. The 

protein was eluted with 500 mM imidazole after the removal of cyclodextrin using column wash buffer.  

 

Table 2.11: Inclusion bodies solubilisation buffers 

Buffer Composition 

Lysis Buffer  20 mM Tris-HCl (pH 8), 500 mM NaCl, 0.1% Triton, 0.5 mM TCEP 

Pellet wash buffer 20 mM Tris-HCl (pH 8), 500 mM NaCl, 1% Triton, 5 mM imidazole, 0.5 mM TCEP  

Denature buffer  6 M urea, 20 mM Tris-HCl (pH 8), 500 mM NaCl, 5 mM imidazole, 0.5 mM TCEP 
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Table 2.12: Buffers used for on- column refolding  

Buffer Composition 

Solubilisation buffer 6 M urea, 1 mM TCEP, 0.5 M NaCl, 20 mM Tris-HCl pH 7.4, 20 mM imidazole 

Detergent wash buffer 0.1 M NaCl, 20 mM Tris-HCl, 1 mM TCEP, 0.1% Triton X-100 

Cyclodextrin wash buffer 
0.1 M NaCl, 20 mM Tris-HCl, 5 mM cyclodextrin, 5 mM CaCl2, 1 µM ZnCl2, 10 mM reduced 

glutathione, and 1 mM oxidised glutathione 

Column wash buffer 0.5 M NaCl, 20 mM Tris-HCl, 5 mM CaCl2, 1 µM ZnCl2 

Elution buffer 0.1 M NaCl, 20 mM Tris-HCl, 500 mM imidazole 

 

 

Figure 2.28: Process involved in recovering, solubilising and refolding proMMP9cat 
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2.5.7.6 Ion exchange 

Ion exchange (IEX) chromatography was used as an intermediate step for proMMP9cat purification, to separate 

proteins with different surface charges. This technique was used to separate chaperone proteins when co-

expressed with proMMP9cat. The protein was loaded on to a 5 mL HiTrap Q Sepharose FastFlow (GE Healthcare) 

pre-equilibrated with equilibration buffer (Table 2.13), using a peristaltic pump with a flow rate of 1 mL/min. An 

ÄKTA prime was used to elute protein using a gradient method using a high salt elution buffer (Table 2.13). 

  
Table 2.13: Buffers used for IEX chromatography 

Buffer Composition  

Equilibration buffer 20 mM Tris-HCl pH 8 and 20 mM NaCl 

Elution Buffer 20 mM Tris-HCl pH 8 and 1 M NaCl 

 

2.5.7.7 Size exclusion chromatography 

Depending on the amount of the protein to be loaded, either the Superdex 200 Increase 10/300 GL (24 mL) or 

HiLoad 16/600 (120 mL) Superdex 200 prep grade (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) was used. 

The appropriate IMAC eluted fractions were pooled, concentrated using Amicon® Ultra-15 3K centrifugal filter 

devices (EMD Millipore, Billerica, MA, USA), filtered (0.2 µm) and purified refolded proMMP9cat to homogeneity 

using SEC.  

An ÄKTA explorer coupled with a UV monitor (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) was used to 

inject samples, pump liquid through the columns, to monitor and collect protein elution. The SEC column (stored 

usually in 20% ethanol) was first washed with 3 CV M.Q. water and then equilibrated at 0.5 mL/min with buffer (20 

mM Tris-HCl pH8, 150 mM NaCl, 0.1 mM TCEP). Depending on the column, either 500 µL or 3 mL of protein 

sample was injected, and the eluent from the column was monitored at 280 nm and 1 mL fractions were collected 

using an ÄKTA fractionator. The appropriated fractions were pooled, concentrated using a 3 K concentrator (~ 0.2 

mg/mL), flash frozen using liquid nitrogen and stored at - 80 ˚C with 20 % glycerol (final glycerol concentration). 



66 

 

2.5.8  Quantification of protein 

The purified proMMP9 was quantified immediately following purification with UV spectrophotometry using a 

NanoDrop® ND-8000 UV-Vis Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The absorption 

coefficient of the proteins at λ 280 nm was predicted based on their sequence using ProtParam (Gasteiger. et al., 

2005). A small volume (~ 2 µL) of protein (~ 0.5 mg/mL) was used and an average of three measurements was 

calculated. Additionally, for CD and DSF the protein concentration was confirmed using a Cary 4000 UV-Vis 

spectrophotometer. Alternatively, for biochemical assays the total protein concentration was determined using the 

Pierce BCA assay (Smith et al., 1985) where the reduction Cu2+ to Cu+ was monitored at absorbance 562 nm. 

2.5.9 Gel electrophoresis 

Bacterial lysates or purified proteins were routinely analysed by SDS-PAGE to assess their purity and their MW. 

Reagents used for SDS-page were given in Table 2.14. Protein samples were added to a microcentrifuge tube 

containing 2x loading dye, incubated at 98 ˚C for 3 min to denature the samples and then centrifuged prior to 

loading onto a gel. The gels were run at 160 V, 275 mA for 40 min, stained using Coomassie blue solution for 30 

min, and destained for 1 hour. Gels were imaged using Gel Doc™ XR+ Gel Documentation System (Bio-Rad). 

 
Table 2.14: Reagents used for SDS-PAGE 

Components Details 

Gel Novex® 4-12% Bis-Tris-HCl, 10-well or 15-well gels (Invitrogen) 

Buffer Bolt® MES running buffer for a separation range of 3.5 kDa to 160 kDa 

2x loading dye stock 

(Reducing / non-reducing) 

 

For 1 mL of reducing loading buffer: 

Add 500 µL of Nupage® LDS sample buffer (4x) 

14.28 µL β-mercaptoethanol 

85.72 µL M.Q. water. 

β-Mercaptoethanol was omitted for non-reducing loading dye 

(These buffers were pre-mixed and stored at -20 ˚C) 

MW standard/marker 

 

Novex® Sharp Pre-Stained Protein Standard (Life Technologies) or Unstained Precision 

Plus Protein™ Standards (Bio-Rad) 
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2.5.10 Western blot immunodetection 

Upon successful completion of SDS-PAGE the gels were used for Western blot where necessary to identify the 

presence of His6-tagged proMMP9cat. The gels were transferred to a polyvinyl difluoride (PVDF) membrane using 

iBlot® (Thermo Fisher Scientific, Waltham, MA, USA) and the membrane was then placed on an iBind™ Flex card 

(Thermo Fisher Scientific, Waltham, MA, USA) for antibody binding according to manufacturer’s instruction. Table 

2.15 gives the overall details of the reagents and the instruments used for Western blotting. 

 
Table 2.15: Materials used in Western blotting 

Components Details (Catalogue number) 

Transfer membrane 
iBlot® 2 Transfer Stacks, PVDF, mini or regular size depending on number 

of gels used (IB24001 or IB24002) 

Transfer device iBlot® 2 Gel Transfer Device (IB21001) 

Antibody binding device iBind™ Flex Western Device (SLF2000) 

Antibody binding reagents iBind™ Flex cards (SLF2010), iBind™ Flex solution kit (SLF2020) 

Primary antibody 
Anti-His6 mouse monoclonal antibody (Abcam; ab18184) 

Anti-MMP9 mouse monoclonal antibody (Abcam; ab58803) 

Secondary antibody 
Mouse IgG, HRP-linked from sheep (part of Amersham  

chemiluminescence detection kit) 

Chemiluminescence detection kit 
Enhanced Chemiluminescence Western Blotting detection kit (Amersham; 

RPN2108) 

 

The anti-his or anti-MMP9 monoclonal mouse primary antibody, buffer, HRP conjugated anti-mouse secondary 

antibody and 3 X buffer (to remove unbound antibodies) were added sequentially to allow capillary flow. The setup 

was left undisturbed for a minimum of six hours to overnight and the membranes were rinsed with M.Q. water 

before treating with chemiluminescent Amersham ECL detection reagent (GE Healthcare Bio-Sciences, 

Pittsburgh, PA, USA) according to manufacturer’s instructions. Briefly, equal volumes of the ECL detection 

reagents 1 and 2 were mixed and 1.5 mL of this mixture was used per membrane. The membrane was incubated 

with the detection reagent at room temperature for 1 min before imaging using ImageQuant LAS-4000 (Fujifilm) in 

chemiluminescence mode with a 45 sec of exposure time. 



68 

 

2.5.11 Size exclusion chromatography coupled to multi-angle laser light 

scattering (SEC-MALLS) 

This technique was used to assess heterogeneity in refolded proMMP9cat. The amount of scattered light varies 

with angle of detection and depends on the size of the sample protein. This gives an indication of whether the 

refolded protein sample is homogenous or composed of different oligomers or conformers. 

 

Refolded proMMP9cat (100 µL) was applied to Superdex 200-increase 10/300 column (GE Healthcare) pre-

equilibrated in 10 mM Tris-HCl pH 8, 150 mM NaCl, 0.1 mM TCEP connected to a Dionex Ultimate 3000 HPLC 

(Thermo Scientific) with an inline PSS SLD7000 MALLS detector and Shodex RI-101 differential refractive index 

detector. The protein was eluted at a flow rate of 0.5 mL/min. The weight-average MW was determined using 

PSSS winGPC Unichrom software. 

2.5.12 Protein dialysis 

Dialysis was carried out either overnight or up to 48 hours depending on the sample volume at 4 ˚C using Cellu 

Sep® T2 (Membrane Filtration Products, Inc., Seguin, TX, USA) regenerated tubular membrane (10 x 15 mm; 

6000-8000 MWCO).  

2.5.13 Circular dichroism  

Prior to CD measurements, ~ 0.2 mg/mL proMMP9cat was buffer exchanged to 10 mM Tris-HCl pH 8 and filtered 

using a 0.2 µm filter. After recording the baseline measurements, ellipticity of 400 µL of a buffer followed by 

samples were measured in the far-UV (180-300 nm) range in a Chirascan spectrometer (Applied Photophysics). 

The measurements were recorded at 10 min/scan point and repeated 20 times at room temperature. The traces 

were selected and averaged and subtracted from the baseline before exporting for calculation. The concentration 

of the sample was measured using a Carry 4000 UV spectrophotometer (Agilent, Varian). The Chirascan gives its 

raw output in ellipticilty (θ) in millidegrees. The θ was first converted to the molar ellipticity ([θ]) with units of 

degrees.centimeter squared per decimole using equation 1 (Kelly, Jess, & Price, 2005), where c is the molar 

concentration of the sample (mole/L) and l is the pathlength in cm. 

Equation 1 

[𝜃𝜃] =  
𝜃𝜃

(10 ×  𝑐𝑐 × 𝑙𝑙)
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2.5.14 Differential scanning fluorimetry 

10 µM proMMP9cat in buffer was incubated in a 96 well plate at room temperature for 10 minutes with 10 µL SYPRO 

orange dye in a total volume of 30 µL. Thermal unfolding of proMMP9cat was determined from 24 ˚C to 100 ˚C at 

a temperature ramping duration of 30 sec / ˚C using RT-PCR thermal cycler. Fluorescence emitted by the dye 

upon binding to the unfolded protein was continuously monitored at excitation 485 nm and emission at 575 nm. 

An average of representative results (raw fluorescence data and first derivative) performed in triplicates was plotted 

as function of temperature (˚C). 

2.5.15 Activation of proMMP9cat 

After denatured IMAC purification and refolding, 250 µg refolded proMMP9cat was treated by trypsin to separate 

the pro-domain and catalytic domain (Duncan et al., 1998) Preliminary results (Section 2.3.4) suggested (1:20, 

trypsin–MMP ratio) as ideal working concentration of trypsin for incubation of 20 min at 37 ˚C to obtain active 

MMP9cat. The trypsin digestion was arrested by the addition of ice-cold trypsin inhibitor (1:10, trypsin – inhibitor 

ratio, as per the manufacturer’s instructions) immediately after the incubation period. The cleavage of the enzyme 

was confirmed using SDS-PAGE under reducing conditions. 

2.5.16 Activity assay 

Enzyme activity was measured in a 96 well microplate at 37 ˚C using 100 mM thiopeptide (BML-P125-005, Enzo 

Life Sciences, NY, USA) as a chromogenic substrate. Immediately before the assay, the 50 mM thiopeptide 

(dissolved in DMSO) was briefly warmed to thaw the DMSO and diluted in the assay buffer (50 mM Hepes, 10 mM 

CaCl2, 0.05% Brij-35, 1 mM DTNB, pH 7.5) as per the manufacturer’s instructions. To a 96 well plate, MMP with 

or without inhibitor was equilibrated in assay buffer at 37 ˚C. For MMP inhibition, 20 µL of MMP was incubated 

with 20 µL NNGH, broad-spectrum inhibitor (BML-PI115, Enzo Life Sciences) for 1 hour at 37 ˚C. The reaction 

was initiated by the addition of 10 µL thiopeptide (100 µM final concentration) and monitored in a 

spectrophotometer at 412 nm at 37 ˚C for 10 to 30 min. An assay control with no MMP was maintained for every 

experiment. The activity of the MMP (mol substrate/ min) was calculated using the extinction coefficient of the 

reaction product (2-nitro-5-thiobenzoic acid), 13,600 M-1cm-1 applying Beer Lambert law.  
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2.5.17 Auto-activation of proMMP9cat 

The effect of protein concentration, temperature, pH and calcium concentrations in activating proMMP9cat was 

studied with 250 µg refolded proMMP9cat monomer. To understand the effect of protein concentration, proMMP9cat 

monomer was concentrated by centrifugation at 4000 g for 10 min using a 10,000 MWCO filter. At the end of every 

spin 10 µL sample was removed and mixed with 2 x SDS-PAGE sample loading dye, boiled for 5 min at 95 ˚C and 

electrophoresis was run at 160 V for 40 min.  

 

The effect of temperature and pH was studied by incubating proMMP9cat at different temperatures (28, 33, 35 and 

37 ˚C) and pH (7.5, 8 and 9) in Tris-HCl and NaCl buffer (pH adjusted according to the condition) for 24 hrs. 

Samples were analysed in SDS-PAGE after 3, 6 and 24 hours of incubation. 

 

To investigate the role of calcium concentration in modulating refolded proMMP9cat, the protein was incubation at 

28, 33, 35 and 37 ˚C in Tris-HCl (pH 7.5, 8 and 9), NaCl buffer containing different calcium (2.5, 1 and 0.2 mmol) 

levels. Following the incubation (3, 6 and 24 hours), 10 µl sample was removed after 3, 6 and 24 hours and 

subjected to SDS-PAGE.
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Chapter 3: Whey protein nanofibrils – 

formation and characterisation 

3.1 Introduction 

Highly ordered, versatile, self-assembly of proteins into fibrillar aggregates have inspired the construction of many 

remarkable self-assembling materials. Though this interest emerged from the recognition of diseases associated 

with misfolding of normally soluble, functional proteins (Dobson, 1999), these polypeptide assemblies can be used 

creatively for nanotechnology and biomedicine purposes (Gras, 2007, 2009; Knowles & Mezzenga, 2016; 

Waterhouse & Gerrard, 2004). The self-assembling properties of many naturally occurring proteins in response to 

changes in pH, temperature and ionic concentrations generate cross-β structured amyloid fibrils. These highly 

ordered cross-β structures are strong (Smith, Knowles, Dobson, Macphee, & Welland, 2006) and resistant to 

proteolytic degradation (Kaur et al., 2014; Lasse et al., 2016; Nordstedt et al., 1994; Zurdo, Guijarro, & Dobson, 

2001). Amyloid fibrils can be prepared from a range of raw materials including inexpensive waste products (Bolder, 

Hendrickx, Sagis, & van der Linden, 2006; Jayawardena et al., 2017; Pearce et al., 2007). Such highly stable, 

proteolytic resistant, naturally occurring, cost-effective amyloid fibrils are an appealing protein-based material that 

can be exploited for a wide range of applications (Chiti & Dobson, 2017; Gras, 2009; Knowles & Mezzenga, 2016; 

Wei et al., 2017).  

 

Whey protein, a by-product from cheese manufacturing, contains a mixture of proteins and is a well-explored food 

protein, which readily forms amyloid fibrils (Smithers, 2008). β-Lac is the most abundant protein in WPI and is the 

only protein found to participate in WPNFs formation (Bolder et al., 2006). The peptide fragments generated as a 

result of acid hydrolysis have the ability to form fibrils and serve as the fibril building blocks (Akkermans et al., 

2008) and aggregate to form fibrillar structures (Loveday, Wang, Rao, Anema, & Singh, 2012). A few studies have 

investigated the peptide composition of WPNFs either utilising β-lac from a commercial source (Akkermans et al., 

2008; Bateman, Ye, & Singh, 2010; Hettiarachchi et al., 2012) or β-Lac purified from WPI by a salt precipitation 

method (Dave et al., 2013). Understanding the peptide composition of WPNFs formed from the crude mixture of 

a WPI preparation enables characterisation of material which can be prepared on a commercial scale.  
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Batch-to-batch variation in biomaterial preparation is of high concern in collagen (Browne, Zeugolis, & Pandit, 

2013), and chitosan-based biomaterials (Ribeiro, Vieira, Melo, Araujo, & Lima, 2017) that are currently used for 

wound healing as discussed in Chapter 1. Therefore, this thesis aims to investigate systematically the peptide 

composition of WPNFs formed from WPI to develop novel biomaterial with minimal batch wise variation. 

 

This chapter focusses on the characterisation of WPNFs by investigating the self-assembly of WPI after limited 

proteolysis. Following the confirmation of WPNFs formation using thioflavin-T (ThT) fluorescence-based assay 

and transmission electron microscopy (TEM), hydrolysates and WPNFs were examined by matrix-assisted laser 

desorption/ionisation (MALDI) and liquid chromatography-mass spectrometry (LC-MS/MS). 

3.2 Amyloid fibril formation 

The transition of a protein from the soluble state to an amyloid fibril is a complex phenomenon influenced by 

conditions such as temperature and pH. The current understanding of the kinetics and thermodynamics of protein 

aggregation has been comprehensively reviewed (Crespo et al., 2016; Gillam & MacPhee, 2013; Morris, Watzky, 

& Finke, 2009). Soluble proteins get converted to insoluble fibrils by partially unfolded intermediates that can self-

assemble to form fibrillar structures in suitable environments following a sigmoidal trend (Figure 3.1) (Jahn, Parker, 

Homans, & Radford, 2006; McParland et al., 2000). Using biophysical methods such as ThT binding fluorescence 

and turbidity measurements, the kinetics of protein aggregation has been studied in vitro to determine the 

concentration increase of amyloid fibrils with time. 

 

Several models describing the fibril formation have been proposed and reviewed extensively (Crespo et al., 2016; 

Gillam & MacPhee, 2013). The generally accepted “crystallisation-like model” suggested in 2012 describes how 

the molecular mechanisms of nucleation and growth can lead to the formation of the amyloid fibril with time 

(Crespo, Rocha, Damas, & Martins, 2012). This inherent tendency of proteins and peptides to convert from their 

native functional states into amyloid fibrils is an attractive feature for nanotechnology. Such PNFs are emerging 

as a promising class of materials providing unique properties for biomedical applications (Gras, 2009; Knowles & 

Mezzenga, 2016). 
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Figure 3.1: Schematic representation illustrating the kinetics of amyloid fibril formation 

The sequence of events during amyloid fibril formation with the initial lag phase corresponds to nuclei formation 
where misfolded monomers aggregate to form small oligomers. This phase is followed by the growth phase where 
these oligomers rearrange into an organised β-structure and eventually leads to the saturation phase when the β-
structured oligomers associate into protofibrils and finally into amyloid fibrils. This image is reused (Iannuzzi, Irace, 
& Sirangelo, 2015) with permission. 

3.3 Protein nanofibrils 

Many globular proteins and peptides are capable of forming amyloid-like structures and have potential as gelling 

or foaming agents and emulsifiers (Kavanagh, Clark, & Ross-Murphy, 2000; Nicolai, Britten, & Schmitt, 2011; 

Pearce et al., 2007). The unique size, tertiary and quaternary structure of these fibrils, comparable to synthetic 

nanoscale structures such as carbon nanotubes, offers an opportunity to incorporate a natural scaffold into a novel 

group of protein-based nanomaterials. The diagnostic feature of these fibrillar materials is the antiparallel β-sheet 

structures of their polypeptide backbone (Figure 3.2) which provides stability (Dobson, 1999; Loveday, Su, et al., 

2012). The TEM image of the fibril (Figure 3.2(A)) and the NMR structure (Figure 3.2(B)) defines the different 

length scales of amyloid fibril structures (Fitzpatrick et al., 2013). This dense hydrogen bonding within the β-sheet, 

leads to a strong intermolecular backbone-backbone interaction between polypeptides within the fibrils resulting 

in the highest elastic moduli for protein-based materials, comparable with collagen, keratin and silk (Knowles & 

Mezzenga, 2016).  

 

The backbone of amyloid fibrils was functionalised to generate tailored materials and one such example is 

producing iron-fortified food, where ferric chloride is mixed with WPNF to create iron nanoparticles that can be 
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readily absorbed by the body (Shen et al., 2017). This study provides an excellent economic and efficient 

alternative to treat iron deficiency, especially in developing countries. 

 

 

Figure 3.2: Amyloid fibril structure at atomic resolution 

TEM image of the fibril (a), scale bar 50 nm, determination of an atomic-level structure using solid-state NMR 
analysis (b). The more detailed view of fibril structure (c) showing β-sheet structure in a ribbon representation while 
oxygen, carbon and nitrogen atoms are shown in red, grey and blue respectively. Reused from (Fitzpatrick et al., 
2013) with permission. 

3.4 β-Lactoglobulin 

β-Lac, a globular protein from bovine milk comprising ~ 60-70% of whey protein is an extensively studied model 

for WPNF formation (Adamcik et al., 2010; Akkermans, et al., 2008; Bolder. et al., 2006; Dave et al., 2013; Jung, 

Savin, Pouzot, Schmitt, & Mezzenga, 2008; Loveday et al., 2016; Mezzenga & Fischer, 2013). β-Lac contains 162 

amino acid residues with a molecular mass of 18.4 kDa of a monomer with an isoelectric point (pI) ~ 5, and the 

crystal structure (Figure 3.3(A)) features one α-helix and nine β-strands (Gasteiger et al., 2005). The protein 

contains two intramolecular disulphide bonds, one free thiol and buried hydrophobic residues as additional 

features. β-Lac exists as a dimer (MW ~ 36 kDa) (Figure 3.3(B)) at neutral pH (Mercadante et al., 2012), which 

dissociates into monomer at acidic pH (< pH 3), and between pH 3.5 and pH 4.2, octamers (MW ~ 144 kDa) are 

formed (Blanch, Hecht, & Barron, 1999; Brownlow et al., 1997; Fox, 2003). 



75 

 

 

 

Figure 3.3: Crystal structure of β-Lactoglobulin 
 

The monomeric (A) and dimeric (B) structure of β-Lac. These structures are drawn using PDB codes (monomer) 
3BLG, (dimer) 1BEB in Pymol (DeLano, 2002). 
 
  
β-Lac undergoes fibrillation when heated above 60 ˚C, at pH values away from the isoelectric point and at low 

ionic strength (Nicolai et al., 2011). When heated at high temperature, β-Lac undergoes partial modification in its 

secondary structure, often referred as a molten globule state. In this state, the protein chain is not completely 

unfolded, yet exposes the buried sites that might subsequently interact with each other forming bonds leading to 

aggregation to form nanofibrils (Cairoli, Iametti, & Bonomi, 1994; Iametti, Cairoli, De Gregori, & Bonomi, 1995; 

Iametti, De Gregori, Vecchio, & Bonomi, 1996; Manderson, Creamer, & Hardman, 1999; Manderson, Hardman, & 

Creamer, 1999). These β-Lac nanofibrils exhibit different morphologies depending on the pH and ionic strength 

(Jung et al., 2008). When heated at high temperatures (80 ˚C); low ionic strength (≤ 20 mM) and acidic pH (pH ≤ 

2), rigid fibrillar aggregates with 2-10 nm large (width) and hundreds to thousands of nanometres long are formed 

(Langton & Hermansson, 1992). These nanofibrils, due to their structural integrity and conformational stability, are 

found to be resistant to protease digestion (Kaur et al., 2014; Lasse et al., 2016). 

 

β-Lac, a major constituent in WPI, with the ability to form protease resistant nanofibrils makes an interesting target 

to investigate as novel biomaterial for chronic wound healing. Although possible peptide compositions in WPNF 

from isolated β-Lac were previously reported (Akkermans, Venema, van der Goot, Gruppen, et al., 2008; Dave et 

al., 2013; Hettiarachchi et al., 2012), the specific peptide(s) responsible for fibrillation have not been completely 

described. Additionally, it is not known if the coexistence of other milk proteins in WPI influences the peptide 

composition of WPNF as their peptide composition of WPNF formed from WPI have not been reported elsewhere. 

The phase behavioural study using of whey protein mixtures reported variation between the whey proteins and 
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pure β-Lac, proposing α-Lactoglobulin and bovine serum albumin the other two major protein mixtures in WPI, can 

induce attractive interactions between the fibrils (Bolder et al., 2006). Thus, it is intriguing to understand if the 

peptide composition is different for WPNFs obtained from WPI compared to the pure β-Lac protein.  

3.5 Brief description of methods  

Commercial WPI was used in this thesis to form WPNFs (Sasso et al., 2014). The effect of limited proteolysis in 

WPI was determined to understand variation in peptide composition. Briefly, for limited proteolysis, WPI was 

incubated at 37 ˚C, for 30 min, either at acidic or neutral pH depending on the proteases followed by acid-induced 

fibril formation. After confirming the fibril formation, the peptide compositions of WPNFs formed from untreated 

and protease treated WPI were studied to determine the influence of pre-digestion with proteases on peptide 

composition. This study was performed in two stages, first during the fibril formation to confirm the hydrolysis of β-

Lac protein and to understand the peptide fragment that has the potential to initiate fibril formation; second in 

mature fibrils to determine the peptides involved in fibril formation. Peptide sequence information obtained from 

this study was compared with previously known compositions using pure β-Lac protein to determine if WPNFs 

exhibit identical peptide compositions if prepared from WPI. Further, the variation in peptide compositions resulted 

due to the protease treatment in WPI was determined. The identified peptide fragments of mature WPNFs were 

studied in the context of the β-Lac crystal structure, to identify the position of specific peptide sequences. 

3.5.1 Proteolysis and fibril formation 

Limited proteolysis here aims to understand the structural and conformational influence of β-Lac on proteolytic 

activity of trypsin, proteinase K (pK) and pepsin.  Pepsin and trypsin are well-studied proteases with whey proteins 

(Bateman et al., 2010, 2011; Gao, Xu, Ju, & Zhao, 2013; Kim et al., 2007), but the effect of pK a broad-spectrum 

and highly active protease on WPI for fibril formation had not previously been studied. Extensive hydrolysis was 

reported in β-Lac upon addition of trypsin, and chymotrypsin digestion (Iametti, Rasmussen, Frokiaer, Addeo, & 

Bonomi, 2002) and fibril formation was unaffected by the addition of trypsin (0.1-0.3 %) (Gao et al., 2013). 

Additionally, it has been reported that β-Lac fibrils are readily digested by 1 % pepsin and 1 % trypsin while partial 

degradation was achieved in 0.1 % and 0.5 % protease solutions (Kim et al., 2007). While Gao et al, (2013) 

reported pepsin can impede fibril formation in whey protein concentrate (WPC), Bateman et al, (2011) confirmed 

that after complete hydrolysis of WPNFs with pepsin, the prolonged heat treatment at low pH enabled the 
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hydrolysates to reform fibrils. This study confirms the low pH as critical for new fibril formation (Bateman et al., 

2011).  

 

Trypsin, pK and pepsin were selected for this study at neutral (pH 7.5 for trypsin and pK) and acidic (pH 1.8 for 

pepsin) pH. Limited enzymatic degradation of WPI was carried out at 37 ˚C for 30 min with 0.1% enzymes. The 

untreated control for neutral and acidic pH was used for comparison. At the end of proteolysis, the samples were 

immediately placed on ice and the pH was adjusted to 2 before proceeding to prolonged heating for 22 hours at 

80 ˚C for fibril formation. The methods involved in limited proteolysis are detailed in Section 3.8.2. 

3.5.2 Thioflavin-T fluorescence assay 

ThT, a cationic benzothiazole dye, exhibits enhanced fluorescence upon binding to amyloid fibrils and is well 

accepted as an indicator of the presence of amyloid fibrils (Groenning et al., 2007; LeVine, 1993). The structure 

of ThT (Figure 3.4) shows a combination of hydrophobic (with a dimethylamino group) and polar (benzothiazole 

group) regions, which enables the ThT molecule to form micelles (above 4 µM concentration) in aqueous solution 

with a positive charge towards the solvent and hydrophobic interiors. It is suggested that the ThT micelle binding 

involves a hydrogen bond formation between charged nitrogen in the thiazole group to amyloid fibrils leading to 

the enhancements in ThT fluorescence (excitation and emission maxima at about 450 and 480 nm respectively) 

(Khurana et al., 2005). 

 

Figure 3.4: 2D structure of Thioflavin-T (PubChem CID =16953) 
 
 

The fluorescence intensity has been shown to be proportional to the concentration of amyloid fibrils under the 

given conditions (Groenning et al., 2007; Naiki, Higuchi, Nakakuki, & Takeda, 1991). While fibrillar aggregates in 

β-sheet conformation are recognised, the ThT dye does not bind to the soluble, unordered, oligomers (a 

characteristic of lag phase in the time-course amyloid fibril formation studies) (Bartolini et al., 2011; LeVine, 1993; 

Nilsson, 2004). Thus, binding of ThT was a useful method to understand the growth profile of fibrils formed from 
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WPI with and without pre-treatment proteolysis. The details of the ThT fluorescence assay used in this thesis is 

described in Section 3.8.3. 

3.5.3 Transmission electron microscopy 

Electron microscopy facilitates studying the morphology of many kinds of proteins providing nanometre to 

picometre resolution and has been used widely to study amyloid fibrils (Gras, Waddington, & Goldie, 2011). This 

technique is used to characterise small oligomers (Modler, Gast, Lutsch, & Damaschun, 2003; Nybo, Svehag, & 

Holm Nielsen, 1999), protofibrils (Walsh et al., 1999; Ward et al., 2000) and fibrils (Lasse et al., 2016). TEM utilises 

a high voltage electron beam, emitted by a cathode ray source. This electron beam is focussed by electrostatic 

and electromagnetic lenses, passed through a thin electron transparent sample to produce diffraction patterns 

(Fultz & Howe, 2001). The image formed from the electrons, transmitted through the sample, gets magnified and 

focussed by an objective lens which appears on an imaging screen with structural information (Fultz & Howe, 

2001). The sample of interest was applied onto a fine, metallic grid coated by an electron transparent carbon film. 

The unstained sample with nearly identical density as the carbon film on the grid has an intrinsically low contrast; 

therefore, to enhance the contrast and reduce image noise, a negative staining method was followed. Uranyl 

acetate, a metallic salt, was used in this thesis as a negative stain (Ohi, Li, Cheng, & Walz, 2004). A detailed 

description of the sample preparation for TEM study is given in Section 3.8.4. 

3.5.4 Mass spectrometry 

MS is an analytical method, applied to identify and quantify molecules by determination of their mass-to-charge 

ratio (m/z) as ions in the gas phase. The ions formed from the sample are separated based on their m/z value and 

the abundance of the ions is measured (Sparkman, 2006). The two standard ion sources, MALDI and electrospray 

ionisation (ESI) (Sparkman, 2006) were used in this chapter to identify the proteins/peptides involved in fibril 

formation. Section 3.8.5 and 3.8.6 details the sample preparation and the methods followed in the MALDI and 

LC-MS/MS studies.  

 

In MALDI, the analyte was mixed with a UV-absorbing matrix on a target plate and irradiated by an UV laser beam. 

The non-volatile analyte absorbs the energy of the laser, resulting in vaporisation and expansion into the gas 

phase along with the matrix molecules to form predominantly single protonated/deprotonated ions. ESI, usually 

coupled with LC, is a soft ionisation technique producing charged droplets when the soluble liquid is passed 
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through a metal needle at a high electrical potential. These highly charged droplets undergo successive 

evaporation and division to produce gas phase ions. The dried ions are then separated by electric and/or magnetic 

fields by the mass spectrometer (Sparkman, 2006). Inside the mass spectrometer, ions of interest can be isolated, 

fragmented, and subsequently analysed.  This technique is denoted MS/MS, and the process of separating solutes 

by LC, ionizing the solution by ESI, and analysing the ions by MS/MS is often abbreviated LC-MS/MS. 

3.6 Results and discussions 

3.6.1 WPNF formation 

As discussed in Section 3.1, previous studies that have investigated the peptide composition of WPNFs used 

either commercially obtained bovine β-Lac (Akkermans, Venema, van der Goot, Gruppen, et al., 2008; Bateman 

et al., 2010; Hettiarachchi et al., 2012) or purified β-Lac from WPI (Dave et al., 2013). Previously Bolder et al 

(2006) have confirmed the formation of WPNFs from WPI. Considering the relatively high costs and time involved 

in purification and isolation of β-lac, it is attractive to utilise the WPI to study β-Lac fibrils. Therefore, this thesis 

aims to understand the peptide composition of WPNF formed from a crude mixture of WPI.  

 

Figure 3.5: Representative SDS-PAGE of WPI solution 
 
This SDS-PAGE shows major proteins mixtures (BSA ~ 66 kDa, β-Lac ~ 18 kDa, ⍺-Lac ~ 14 kDa) present in WPI 
solution at pH 2. M = Molecular standard, WPI = whey protein isolate protein mixtures. 
 
 
The WPI consisted of a mixture of proteins, including α-lactoglobulin and bovine serum albumin, and ~ 70 % β-

Lac (Figure 3.5). The self-assembly process of β-Lac into nanofibrils (Figure 3.6), is thought to be due to the partial 

unfolding of the native protein, triggered by acidic conditions, to form fibrillar structures (Bolder et al., 2006).  
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Figure 3.6: Schematic representation illustrating WPNF formation 

β-Lac when heated at high temperature (80 ˚C) at low pH (< 2), gets degraded resulting in the thermodynamically 
unstable intermediate state (peptides). Specific peptides then self-assemble irreversibly to form fibrillar structures 
under suitable conditions. The schematic representation (A) is inspired from (Kroes-Nijboer, Venema, Bouman, & 
van der Linden, 2011). TEM images (B) represents peptides and fibril assembly was taken during different stages 
of WPI incubation at 80 ˚C. The red arrow pointing during fibril assembly shows the possible nuclei formation in 
self-assembly and the mature WPNFs image shows proteinaceous materials alongside mature WPNFs. 
 

Hydrolysis has been previously identified as a key step in fibril formation. Akkermans et al (2008) demonstrated 

that the peptides derived through acid hydrolysis form the building blocks of fibril formation. Another study 

illustrated that the process of fibril formation is determined by the availability of peptides for fibrillation and 

emphasised that not all peptides formed after hydrolysis will function as a building block in fibrillation (Kroes-

Nijboer, Venema, Bouman, & van der Linden, 2009). Figure 3.6(A) illustrates this concept by representing the 

variation between peptides, demonstrating, that only certain peptides during incubation at low pH ant high 

temperature, self-assemble into fibrillar structures (Akkermans, Venema, van der Goot, Gruppen, et al., 2008; 

Aymard, Nicolai, Durand, & Clark, 1999; Kroes-Nijboer et al., 2009).  WPNFs were prepared using in-house 

methods (Sasso et al., 2014) as described in Section 3.8.1. 



81 

 

 

Figure 3.7: Time profiles for ThT induced fluorescence of WPI 

 WPNF formation was monitored using ThT fluorescence, during WPI (10 mg/mL) incubations at 80 ˚C; pH 2. Data 
presented as mean ± SEM (n=3) 

 

 

 

Figure 3.8: Representative TEM micrographs of WPI hydrolysis forming WPNFs 

WPI (10 mg/mL) were assessed visually at 0, 2, 4, 12, 22 hours of WPI incubation at high temperature and low pH 
and mature fibril after 168 hours (7 days) at room temperature. Scale bar represents 200 nm. Images are 
representative of > 10 images on minimum of 2 grids. 
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An increase in the ThT fluorescence with time was observed indicating an increase in the fibril concentration 

(Figure 3.7). As discussed in Section 3.2; Figure 3.1, the ThT fluorescence of WPI during acid hydrolysis (Figure 

3.7), exhibited a typical sigmoidal pattern with minimal fluorescence up to three hours of incubation, confirming a 

lag phase, followed by a rapid increase, indicating a growth phase. A plateau was reached at 10 hours of 

incubation, indicating the stationary phase where most soluble β-Lac protein has been converted to fibrils. These 

observations confirm that the majority of WPNFs are formed in 10 hours of prolonged heating at 80 ˚C. 

Representative TEM images of WPNFs formation are displayed in Figure 3.8. These images show nuclei 

formation during the lag phase (2 hours) to the elongated network of fibrils (22 hours) upon prolonged incubation 

at 80 ˚C and mature fibrils after 7 days (168 hours) of incubation at room temperature. 

 

 

Figure 3.9: SDS-PAGE of WPI during incubation at low pH and high temperature 

10 µL of WPI solution (10 mg/mL) was assessed in SDS-PAGE during incubation at 80 ˚C, pH 2 for 22 hours (A) 
and normalisation of β-Lac band intensity (B) during WPNF formation. 
 

(A) M = Novex pre-stained molecular weight standard; lane 0 = WPI solution before the start of incubation; 
lane 2-22 = WPI subjected to acid hydrolysis at 80 ˚C, pH 2. A red box highlights the β-Lac band (MW 
~ 18 kDa) showing the decreasing intensity with time. 
 

(B) The intensity of β-Lac band (measured using ImageJ) of incubated samples (2-22 hours) were normalised 
to the relative intensity of the control (untreated) WPI sample (Lane 0 in the SDS-PAGE gel (A)) and 
plotted to the heating time respectively. 

 

Hydrolysis of the β-Lac monomer (18.4 kDa) during incubation was confirmed using SDS-PAGE (Figure 3.9(A)) 

and ImageJ was used to quantify the relative band intensity (Figure 4.8(B)) (Schneider, Rasband, & Eliceiri, 2012). 

Except for the untreated WPI (starting material for hydrolysis, 0) the heat-treated samples (2-22) (Figure 3.9(A)), 

demonstrated varying degrees of hydrolysis of the β-Lac monomer with an increase in heating time. The band 
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intensity of the hydrolysed samples was normalised relative to the intensity of unheated sample and plotted against 

the respective heating time (Figure 3.9(B)). SDS-PAGE analysis of β-Lac demonstrated that hydrolysis occurred 

at the same rate as with fibril formation. For example, the normalised intensity graph (Figure 3.9(B)) indicates that 

~ 50 % of β-Lac was hydrolysed in 4 hours of heating which complements the observation of fibrillar network under 

TEM (Figure 3.8). 

3.6.2 Limited proteolysis 

One of the hallmarks of amyloid fibrils is their resistance to proteases compared to natively folded proteins 

(Nordstedt et al., 1994). In vitro digestion of fibrils using physiologically relevant proteases such as pepsin, trypsin 

and a broad-spectrum highly active protease, pK were used to characterise the protease resistance of disease-

related amyloid fibrils (Colby et al., 2010) and WPNFs (Bateman et al., 2010, 2011; Kaur et al., 2014; Lasse et al., 

2016). However, the effect of these proteases on native WPI prior to fibril formation is not well understood. Previous 

studies involving hydrolysis of β-Lac solution by AspN endoproteinase (Akkermans, Venema, van der Goot, Boom, 

& van der Linden, 2008), and pepsin (Bateman et al., 2011), followed by prolonged heating at low pH resulted in 

long fibrils. Conversely, limited proteolysis with pepsin, protease A and M on WPC, prior to fibril formation, inhibited 

amyloid fibril formation (Gao et al., 2013). Though WPC and WPI are from the same source, WPI has higher 

protein concentration with > 90 % proteins while WPC comes in three grades such as 35, 55 and 80 % protein 

concenteration (Kilara & Vaghela, 2018), in the mixture of carbohydrates and fats leading to variation in formation 

of fibrillar protein aggregates in WPC (Wang, Xu, & Xu, 2013).  

 

Gao et al (2013) studied the efficiency of WPC (76.94 weight percent protein) to form amyloid fibrils after limited 

proteolysis with trypsin, pepsin, protease A and protease M prior to heating to 90 ˚C, pH 2. While the protease 

untreated control and WPC modified by trypsin formed semi-flexible, long fibrils; WPC modified by other proteases 

displayed no fibril formation. This study reported decrease in α-helix structure (36.19 to 50.94 %) in protease 

treated WPC other than trypsin and control sample, thus suggested that the destruction of the α-helix structure to 

30 % and above by proteolysis will impede fibril formation. Furthermore, the modification of WPC by pepsin, 

protease A, and protease M resulted in lowered surface hydrophobicity and less SH content especially in 0.3 % 

protease hydrolysis. The increase in disulphide bonds compared to trypsin treated and control WPC was thought 

to result in decreased electrostatic repulsions disrupting fibril formation. Overall this study suggested undestroyed 

α-helix structure, increased surface hydrophobicity and decreased free SH group as ideal conditions to improve 
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fibril formation in WPC (Gao et al., 2013).  The Table 3.1 summarises the way in which the current study builds 

on previous work.  

 

Table 3.1: Experimental conditions in the study of reference and the study investigated in this thesis 

Conditions Gao et al (Gao et al., 2013) This thesis 

Starting material and its 

concentration 
WPC 7.9 % w/v WPI 10 % w/v 

Limited proteolysis time and 

temperature 
30 min at 30 ˚C 30 min at 37 ˚C 

Proteolysis pH 
6.7 for trypsin, protease A and protease M; 2 

for pepsin 
7.5 for trypsin and pK; 1.8 for pepsin 

Protease concentration 
 

0.1- 0.3 % 0.1 % 

Preparation of sample for 

hydrolysis after proteolysis 

pH adjusted to 2 and samples centrifuged at 

19,000 g, for 30 min at 4 ˚C to remove 

undissolved protein before proceeding for 

hydrolysis at 90 ˚C for up to 10 hours in a 

water bath 

pH adjusted to 2 and the samples 

were proceeded for hydrolysis at 80 

˚C up to 22 hours in a dry heating 

block 

 

For this study WPI (10 % w/v) was used as established previously (Sasso et al., 2014), and limited proteolysis was 

conducted at 37 ˚C to mimic physiological temperature and pH was maintained at neutral (pH 7.5) for trypsin and 

pK digestion and at pH 1.8 for pepsin digestion respectively. Previous work had demonstrated that enzymatic 

hydrolysis of β-Lac resulted in peptides which then formed fibrils upon heating at pH 2 (Akkermans, Venema, van 

der Goot, Boom, et al., 2008). The lowest protease concentration (0.1 %) from the range used by Gao et al (2013) 

was selected as a working concentration for all proteases. Centrifugation after protease treatment was avoided for 

the ease of large-scale preparation and to retain all peptide fragments after proteolysis. While trypsin and pK was 

inactivated by the adjustment of pH to 2, pepsin digested WPI solution and corresponding control was incubated 

at 95 ˚C for 5 min to inactivate pepsin prior to incubation at 80 ˚C, pH 2 for 22 hours. 
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3.6.2.1 Effect of limited proteolysis on WPI 

A schematic representation of proteolytic degradation process in WPI is outlined in Figure 3.10 and conditions are 

detailed in Table 3.2. The procedure followed for limited proteolysis and WPNFs formation is detailed in Section 

3.8.2. 

 

Figure 3.10: Experimental set-up of WPI for limited protease digestion 

Table 3.2: Details of experimental set-up for limited proteolysis 

Sample Step 1 Step 2 Step 3 
control 1 

(C1) 

Dissolve WPI in M.Q. water, 

adjust pH to 1.8 and stir 

WPI o/n at 4 ˚C 

Incubate at 37 ˚C for 

30 min 

Incubate at 95 ˚C for 5 min. Cool the 

solution on ice. Adjust pH to 2 and 

incubate at 80 ˚C for 22 hours. 

pepsin Dissolve WPI in M.Q. water 

adjust pH to 1.8 and stir o/n 

at 4 ˚C 

Add pepsin and 

incubate at 37 ˚C for 

30 min 

Incubate at 95 ˚C for 5 min. Cool the 

solution on ice. Adjust pH to 2 and 

incubate at 80 ˚C for 22 hours. 

control 2 

(C2) 

Dissolve WPI in M.Q. water, 

adjust pH to 7.5 and stir o/n 

at 4 ˚C 

Incubate at 37 ˚C for 

30 min 

Cool the solution on ice. Adjust pH to 2 

and incubate at 80 ˚C for 22 hours. 

trypsin Dissolve WPI in M.Q. water 

adjust pH to 7.5 and stir 

WPI o/n at 4 ˚C 

Add trypsin and 

incubate at 37 ˚C for 

30 min 

Cool the solution on ice. Adjust pH to 2 

and incubate at 80 ˚C for 22 hours. 

pK Dissolve WPI in M.Q. water 

adjust pH to 7.5 and stir 

WPI o/n at 4 ˚C 

Add protease K and 

incubate at 37 ˚C for 

30 min 

Cool the solution on ice. Adjust pH to 2 

and incubate at 80 ˚C for 22 hours. 

control 3 

(C3) 

Dissolve WPI in M.Q. water, 

adjust pH to 7.5 and stir o/n 

at 4 ˚C 

- Adjust pH to 2 and incubate at 80 ˚C for 

22 hours. 
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Figure 3.11: Time profiles for ThT induced fluorescence of WPI with variation in sample preparation 
 
Data are presented as mean ± SEM (n=3). No significant difference (P=0.98) observed. C1 (red) WPI stirred at 
pH 1.8 overnight and heated at 80 ˚C, pH 2; for C2 (blue) WPI was stirred overnight at pH 7.5 followed adjusting 
the pH to 2 before heating at 80 ˚C; WPI was overnight at pH 7.5 followed by adjusting the pH to 2 and heating at 
80 ˚C for C3 (black). 
 

 

Figure 3.12: Representative TEM micrographs of WPNFs formed with variation in conditions 
 
Samples C1, C2 and C3, are the three controls as detailed in Figure 3.11. Images are representative of > 10 
images on a minimum of 2 grids. Scale bar represents 200 nm. 
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All three control samples C1-C3 formed fibrils with the typical kinetics of fibril formation from ThT induced 

fluorescence (Figure 3.11) with distinct lag and growth phase followed by the plateau after 10 hours of hydrolysis 

as observed in Figure 3.1. The statistical differences analysed for these samples using one-way ANOVA, 

(GraphPad Prism, San Diego, USA) demonstrated no significant differences (n=5, P value = 0.98). The network 

of fibrils observed under TEM (Figure 3.10) and the ThT fluorescence together confirm that WPNF formation is 

not affected by the variations in the initial pH of the WPI solution and intermittent heating at 37 ̊ C before hydrolysis, 

consistent with literature reports that acid hydrolysis is the critical step for fibrillation (Akkermans, Venema, van 

der Goot, Boom, et al., 2008). 

 

The time-course profiles for ThT induced fluorescence of WPI treated by proteases were plotted together with the 

control (Figure 3.13). All the samples followed a typical sigmoid pattern and no statistically significance (n=5, P= 

0.92) was observed using one-way ANOVA when compared to control sample. Figure 3.14 shows the 

representative TEM images of WPNF, confirming the ability of WPI to form fibrils after limited proteolysis consistent 

with previous literature. The treatment with proteases did not change the rate or the yield of WPNFs formation; 

however, it is not understood if the limited proteolysis in native protein could influence fibril composition. 

 

 

 

Figure 3.13: Time profiles for ThT induced fluorescence of WPI 

ThT profile of WPI protease untreated (black), and treated with 0.1 % trypsin (purple), pepsin (red), and pK (cyan) 
WPI (10 mg/mL) for 30 min at 37 ˚C before heating at 80 ˚C for WPNFs formation. The protease untreated WPI 
serve as a control. Data presented as mean ± SEM (n=3). 
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Figure 3.14: Representative TEM micrographs of WPNF after limited proteolysis 

WPI after limited proteolysis in the presence of pepsin, trypsin and pK was observed after 6, 12 and 22 hours of 
hydrolysis during fibril formation. Images are representative of > 10 images on a minimum of 2 grids. Scale bar 
represents 200 nm. 
 
 

3.6.3 Peptide mapping of WPNFs 

Peptide mapping, an efficient method to map the protein sequences, is a commonly used strategy to identify 

proteins. The proteins or peptides are identified by MS to obtain peptide mass fingerprints that can be compared 

to the theoretical peptide masses of known proteins to identity the target protein or peptide. The objective of this 

study was to determine the influence of proteases on peptide composition of WPNF (Figure 3.14). As mentioned 

in Section 3.5, this study was carried out in two stages (i) during fibril formation at low pH and high temperature, 

and (ii) in mature fibrils.  
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MALDI-FT-ICR was used in the first stage of this study during acid hydrolysis of WPI solutions (control and 

protease treated). The first large molecular weight fragment (initial peptide fragment) generated during heat 

incubation at low pH was of particular interest. This investigation required a rapid analysis technique capable of 

producing high-quality spectra, with minimal sample preparation. Thus, the initial analyses of these samples were 

achieved using in-house MALDI-FT-ICR. However, LC-MS/MS-TOF was particularly suited for studying the 

heterogenous mixture of protein complexes in solution (Downard, 2007). Thus, LC-MS/MS-TOF was utilised in the 

second stage of this study to understand the peptide composition in mature WPNFs.  

 

Prior to the LC-MS/MS analysis, the WPNFs formed from protease treated and untreated WPI were separated by 

100 kDa MWCO centrifugal filters to separate the fibrils from the non-fibrillised protein and peptides in the solution 

as detailed in Section 3.8.6. The fibrils were disintegrated by dithiothreitol (DTT) and treated with iodoacetamide 

to modify the reactive sulfhydryl groups by carbamidomethylation (Hettiarachchi et al., 2012). The peptides were 

separated over an LC column before directing to the ESI source (Section 3.8.6). The identified amino acid 

sequences for WPNFs were compared against the peptides described in the literature (Akkermans et al., 2008; 

Bateman et al., 2010; Dave et al., 2013; Hettiarachchi et al., 2012). 

3.6.3.1 Identification of initial peptide fragment 

The β-Lac protein spectra (1836 Da) in WPI solution observed before the heat incubation (Figure 3.15(A)) 

disappeared after six hours of heating (Figure 3.15(B)), confirming the hydrolysis of β-Lac protein in the mixture 

of WPI. According to the SDS-PAGE observation (Figure 3.9) > 80 % of β-Lac in WPI was hydrolysed after six 

hours of incubation at 80 ˚C, pH 2. These observations confirm the hydrolysis of β-Lac in WPI into peptides to form 

WPNFs as stated in the literature (Akkermans et al., 2008; Bolder et al., 2006). 

 

The appearance of highest molecular mass (3552 Da) peak was observed after six hours of heat incubation of 

WPI control (Figure 3.16) and protease treated (Figure 3.17) solutions.  This peak was retained after 10 and 22 

hours of prolonged heating at pH 2. The molecular mass of this peptide fragment (3552 Da) was compared against 

all possible fragments of β-Lac using the ExPASy portal (Gasteiger et al., 2005), and the amino acid sequence is 

presented in Table 3.3. This fragment was observed during the initial phase of fibril formation and is proline residue 

free which favours fibril formation (Li, Goto, Williams, & Deber, 1996). Additionally, this sequence ends with an 

aspartic acid residue that can influence salt-bridge formation. This full-length fragment (region 1-33) (Table 3.3) 

was observed in parts (region 1-28, 1-27, 12-32, and 12-33) by Akkermans et al (2008), stated that the region 12-
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33 is the most frequently observed in peptides of WPNFs. After further characterisation of this fragment, 

Akkermans et al (2008), reported the peptide fragment 12-33 as hydrophobic and low in charge stating their high 

capacity to form β-sheet. These observations together suggest that this highest molecular weight peptide fragment, 

with the potential for nucleating β-sheet formation, observed in WPI solution, after six hours of incubation, can be 

a precursor initiating fibrillation in β-Lac. 

 

 

Figure 3.15: WPI sample spectra before (A) and after 6 hours (B) of hydrolysis 

The peak corresponding to β-Lac (1836.159 Da) was observed in the unheated WPI solution (A) using MALDI-FT-
ICR. The disappearance of this spectra was observed after six hours of incubation at 80 ˚C, pH2 (B). 
 

 

Figure 3.16: MALDI- FT-ICR spectra of protease untreated WPI during heat incubation at low pH 

The protease untreated WPI solution (from the bottom) after 6, 10 and 22 hours incubation at 80 ˚C, pH 2 was 
assessed using MALDI-FT-ICR to observe the highest molecular mass peptide fragment. 
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Figure 3.17: MALDI- FT-ICR spectra of protease treated WPI after 22 hours of incubation 
 
The protease treated WPI solution, (from the bottom – pepsin, pK and trypsin), heated at 80 ˚C, at pH 2 was 
assessed using MALDI-FT-ICR after 22 hours of incubation during WPNF formation to confirm the presence of 
the 3552 Da peak. 
 
 
Table 3.3: Simulated amino acid sequence for 3552.87 Da peak observed in MALDI-FT 

Amino acid sequence Location Molecular mass (Da) 

 
Theoretical Molecular 

mass (Da) 

Observed Molecular 

mass (Da) 

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLD 1-33 3554.17 3552.856 

 

3.6.3.2 Investigation of peptide sequences in mature WPNFs 

As described in Section 3.6.3, the second part of MS analysis was performed using mature WPNFs. The fibrils 

were first separated from unfibrillised proteinaceous materials in mature WPNF suspension (Section 3.8.6). The 

separation of WPNFs retentates and filtrate was confirmed using ThT (Figure 3.18(A)) and TEM (Figure 3.18(B)). 

The WPNFs were reduced and alkylated prior to the MS analysis as discussed in Section 3.6.3 and Section 3.8.6 

and the molecular compositions of protease treated and untreated WPNF retentates were identified using LC-
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MS/MS Q-TOF. The peptide fragments obtained from the test samples were compared with all fragments that 

could result from β-Lac. The list of peptide fragments identified in WPNFs obtained from control and protease 

treated WPI are provided in the appendix (Table 1, 2, 3 and 4).  

 

Figure 3.18: Separation of fibrils from WPNF suspension 

The fibrils were separated from the WPNF suspension using 100 MWCO centrifugal filters, after washing thrice 
with water adjusted to pH2, the fibril retentates were resuspended in water for MS analysis 

A- 10 mg/mL (1 and 3) and 1 mg/mL (2 and 4) of fibril retentate (1 and 2) and filtrate (3 and 4) was assessed 
using ThT fluorescence before MS analysis. Data presented as mean ± SEM (n=3) 

  
B- Representative TEM images of WPNF suspension (i) before separation, filtrate (ii) and retentate (iii) after 

separation 
 

It is interesting to observe that pepsin and pK treatment resulted in increased lower molecular weight peptides 

(Appendix Table 2 and 4) compared to the protease untreated WPI and trypsin treatment resulted in peptides 

with similar molecular mass to the control sample (Appendix Table 2). The differences observed here is due to 

the preferential cleavage sites of these proteases. The peptide fragments found identical between the control and 

protease treated WPNFs were tabulated in Table 3.4. Though this study utilising WPI solution identified a few new 

peptides, most of the fragments shown in Table 3.4 were previously reported using pure β-Lac solution 

(Akkermans et al., 2008; Bateman et al., 2010; Dave et al., 2013; Hettiarachchi et al., 2012).  
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Table 3.4: Peptide sequences in WPNF common between control and protease treated WPI 

Pepsin Trypsin pK 

ALNENKVLVL ALNENKVLVL ALNENKVLVL 
ALNENKVLVLD ALNENKVLVLD ALNENKVLVLD 
ALNENKVLVLDTD ALNENKVLVLDT ALNENKVLVLDT 
AQSAPLRVYVEELKPTPEGD ALNENKVLVLDTD ALNENKVLVLDTD 
DEALEKFD AQSAPLRVYVE AQSAPLRVYVE 
DEALEKFDKALKALPMHIRLSFNPTQ
LEEQCHI 

AQSAPLRVYVEELKPTPE AQSAPLRVYVEELKPTPE 

EALEKFDKALKALPMHIRLSFNPTQL
EEQCHI 

AQSAPLRVYVEELKPTPEG AQSAPLRVYVEELKPTPEG 

KALKALPMHIRLSFNPTQLEEQCHI AQSAPLRVYVEELKPTPEGD AQSAPLRVYVEELKPTPEGD 
LEILLQKWEND AQSAPLRVYVEELKPTPEGDLEILLQ

KWEN 
AQSAPLRVYVEELKPTPEGDLEILLQ
KWEND 

LEILLQKWENDECAQKKIIAEKTKIPA
VFKID 

AQSAPLRVYVEELKPTPEGDLEILLQ
KWEND 

CAQKKIIAEKTKIPAVFKID 

LIVTQTMKGL DEALEKF DEALEKF 
LIVTQTMKGLDIQKVAGTWYSLAMAA
SDISLL 

DEALEKFD DEALEKFD 

LIVTQTMKGLDIQKVAGTWYSLAMAA
SDISLLD 

DEALEKFDKALKALPMHIRLSFNPTQ
LEEQCHI 

DEALEKFDKALKALPMHIRLSFNPTQ
LEEQCHI 

PTQLEEQCHI EALEKFDKALKALPMHIRLSFNPTQL
EEQCHI 

EALEKFDKALKALPMHIRLSFNPTQL
EEQCHI 

SFNPTQLEEQCHI ECAQKKIIAEKTKIPAVFKID IQKVAGTWYSLAMAASD 
YKKYLLFCMENSAEPEQSLVCQCLV
RTPEVD 

IQKVAGTWYSL ISLLDAQSAPLRVYVEELKPTPEG 

 IQKVAGTWYSLAMAASD ISLLDAQSAPLRVYVEELKPTPEGD 
 ISLLDAQSAPLRVYVEELKPTPEG KALKALPMHIRLSF 
 ISLLDAQSAPLRVYVEELKPTPEGD KALKALPMHIRLSFNPTQLEEQCHI 
 KALKALPMHIRLSFN LEILLQKWENDECAQKKIIAEKTKIPA

VFKID 
 KALKALPMHIRLSFNPTQLEEQCHI LIVTQTMK 
 LEILLQKWEND LIVTQTMKGLDIQKVAGTWYSLAMAA

SDISLLDAQSAPLRVYVEELKPTPEG 
 LEILLQKWENDE LIVTQTMKGLDIQKVAGTWYSLAMAA

SDISLLDAQSAPLRVYVEELKPTPEG
D 

 LIVTQTMK PTQLEEQCHI 
 LIVTQTMKG  
 LIVTQTMKGLD  
 LIVTQTMKGLDIQKVAGTWYSLAMAA

SDISLL 
 

 LIVTQTMKGLDIQKVAGTWYSLAMAA
SDISLLD 

 

 PTQLEEQCHI  
 

This investigation, therefore, confirms that the WPNFs formed from heating either pure β-Lac solution or WPI 

crude mixture, at 80 ˚C, pH 2 for 22 hours will generate similar peptide fragments. Though Bolder et al., 2006 

demonstrated that WPI can be used to prepare WPNFs, this study here further confirms their observation by 

investigating the peptide composition. Thus, future work requiring WPNFs from β-Lac can utilise WPI solution 
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instead of pure β-Lac to prepare fibrils. This provides a cheaper and faster alternative, as the WPNFs peptide 

composition appears to be standard irrespective of the starting source.  

3.6.3.3 Specific peptide sequence for fibrillation 

The Table 3.4 illustrates that WPNFs formed after limited proteolysis are comprised of specific peptides or closely 

related sequences to untreated sample. Thus, there is a need to develop a method to identify if there is any specific 

sequence(s) is involved in fibrillation process. Additionally, the sequences were validated for any variation in the 

fragment due to limited proteolysis. In order to achieve this objective, few steps as described in Table 3.5 were 

followed and the rationale behind these methods are explained at each stage.  

 

Table 3.5: Identification of peptides crucial for WPNF formation 

Steps Description 

1 Identify – peptide sequence should be present in all WPNFs irrespective of protease treatment 

2 Select – choose only peptide sequences containing phenylalanine residue 

3 Map – locate the peptide regions obtained from step 2 within the crystallographic structure of β-Lac 

4 Analyse – investigate the variation in peptide sequence(s) due to proteolysis   

 

3.6.3.3.1 Step 1: Identify – sequence should be present in all samples 

Table 3.6: Peptide sequences present in all WPNFs 

Exact peptide sequences Obs MW (Da) Previously reported references 

ALNENKVLVL 1111.677 (Hettiarachchi et al., 2012) 

ALNENKVLVLD 1226.705 (Hettiarachchi et al., 2012) 

ALNENKVLVLDTD 1442.783 (Hettiarachchi et al., 2012) 

AQSAPLRVYVEELKPTPEGD 2198.164 (Hettiarachchi et al., 2012) 

DEALEKFD 965.450 –– 

DEALEKFDKALKALPMHIRLSFNPTQLEEQCHI 3921.064 (Hettiarachchi et al., 2012) 

EALEKFDKALKALPMHIRLSFNPTQLEEQCHI 3806.022 (Hettiarachchi et al., 2012) 

KALKALPMHIRLSFNPTQLEEQCHI 2973.599 (Akkermans, Venema, van der Goot, Gruppen, et al., 

2008; Hettiarachchi et al., 2012) 

PTQLEEQCHI 1253.588 (Hettiarachchi et al., 2012) 
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Table 3.7: Closely related peptides with slight modifications to control WPNFs 

Peptide sequences in control 
sample 

Observed 
MW (Da) 

Previously reported 
references 

Observed modifications in WPNF 
obtained from protease treated WPI 

LEILLQKWEND 1399.758 
(Hettiarachchi et al., 

2012) 

This sequence is seen as a higher MW 

(3811.09 Da) fragment in pK treated WPI-

LEILLQKWENDECAQKKIIAEKTKIPAVFKID 

LEILLQKWENDECAQKKIIAEKTK

IPAVFKID 
3811.153 

(Hettiarachchi et al., 

2012) 

Along with this fragment - one lower MW 

(1528.78 Da) fragment was also present in 

trypsin treated WPI - LEILLQKWENDE 

LIVTQTMKGL 1102.663 
(Hettiarachchi et al., 

2012) 

This sequence was observed thrice in trypsin 

treated WPI with loss of one or two amino 

acid residues - LIVTQTMK (932.54 Da), this 

fragment is also seen in pK 

LIVTQTMKG (989.56 Da) 

and with a gain of aspartic acid residue - 

LIVTQTMKGLD (1217.66 Da) 

LIVTQTMKGLDIQKVAGTWYSLA

MAASDISLL 
3436.904 

(Akkermans, Venema, 

van der Goot, Gruppen, 

et al., 2008; Bateman 

et al., 2011) 

This sequence was observed as two higher 

MW (5616.92 Da, 5731.98 Da) fragment in 

pK treated WPI - 

LIVTQTMKGLDIQKVAGTWYSLAMAASDISL

LDAQSAPLRVYVEELKPTPEG 

LIVTQTMKGLDIQKVAGTWYSLAMAASDISL

LDAQSAPLRVYVEELKPTPEGD 

SFNPTQLEEQCHI 1601.750 –– 

This fragment in WPNF formed from trypsin 

treated WPI was seen with addition of 

leucine residue (1657.77 Da) and in pK as a 

part of higher molecular weight fragment 

(3920.97 Da, 3805.94 Da, 2973.57 Da) 

LSFNPTQLEEQCHI 

DEALEKFDKALKALPMHIRLSFNPTQLEEQ

CHI 

EALEKFDKALKALPMHIRLSFNPTQLEEQC

HI 

KALKALPMHIRLSFNPTQLEEQCHI 

 
 
The first step was to compare the peptide sequences presented in Table 3.4 and select the peptide sequences 

present in all the samples with no variations (Table 3.6). Slight modifications such as addition or loss of a few 

amino acid residues were observed in WPNF obtained from trypsin and pK treated WPI (Table 3.7) however, 

these sequences are closely related to the untreated sample. Therefore, the peptide sequences presented in 

Table 3.6 and 3.7 were selected for further analysis. The amino acid residues present in the control sample were 
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underlined in Table 3.7 to differentiate from the addition of amino acids due to proteolysis. However, the sequence 

with the loss of amino acid residues were not underlined.  This section provides sequences present in WPNFs that 

are common between protease treated and untreated WPI. 

 

3.6.3.3.2 Step 2 – Selection: sequence must contain phenylalanine. 

The role of the phenylalanine residue in amyloid fibril formation is well established (Azriel & Gazit, 2001; Lopez de 

la Paz & Serrano, 2004). Particularly, di phenylalanine has been shown to self-assemble to form amyloid fibrillar 

structures (Adler-Abramovich et al., 2006; Tamamis et al., 2009). Phenylalanine is the only amino acid residue 

reported so far with amyloidogenic property when present in any position (Azriel & Gazit, 2001; Lopez de la Paz 

& Serrano, 2004). When observed under pathologically relevant conditions, this aromatic amino acid, at millimolar 

concentrations, can self-assemble to form amyloid-like nanofibrillar structures (Adler-Abramovich et al., 2012). 

Previously, the possible minimal sequences (pentapeptides) of β-Lac containing phenylalanine residues were 

identified using a combination of molecular dynamics simulation and bioinformatics analysis (Euston, Ur-Rehman, 

& Costello, 2007). These pentapeptides containing phenylalanine residue were proposed as potential candidates 

for fibril formation in whey fibrils (Euston et al., 2007). Therefore, this section identifies the presence of 

pentapeptides in sequences obtained from step 1 (Table 3.6 and 3.7) and tabulated in Appendix Table 5.  

 
Table 3.8: Specific peptide sequences in WPNFs containing minimal sequences 

Sequence Obs MW Position 

DEALEKFD 965.449 146-153 

DEALEKFDKALKALPMHIRLSFNPTQLEEQCHI 3921.064 146-178 

EALEKFDKALKALPMHIRLSFNPTQLEEQCHI 3806.022 147-178 

KALKALPMHIRLSFNPTQLEEQCHI 2973.599 164-178 

LEILLQKWENDECAQKKIIAEKTKIPAVFKID 3811.152 70-101 

SFNPTQLEEQCHI 1601.75 166-178 

YKKYLLFCMENSAEPEQSLACQCLVRTPEVD 3805.869 115-145 

 

Following this selection of fragments containing pentapeptides (Appendix Table 5), only the fragments with 

identical sequences (Table 3.8) between control and protease treated samples were studied further. Table 3.8 

displays seven sequences of which few are from the parts of same sequence. Therefore, only the full-length 

sequences of the identified fragments (Table 3.8) were selected (Table 3.9) for further analysis to avoid repetition 
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of the same fragments. This section reports specific sequences containing phenylalanine residue in WPNFs 

prepared from protease treated and untreated WPI. 

 

Table 3.9: Full-length fragment of specific peptides of β-Lac involved in WPNF formation 

Sequence Obs MW Position 

DEALEKFDKALKALPMHIRLSFNPTQLEEQCHI 3921.064 146-178 

LEILLQKWENDECAQKKIIAEKTKIPAVFKID 3811.152 70-101 

YKKYLLFCMENSAEPEQSLACQCLVRTPEVD 3805.869 115-145 

 

3.6.3.3.3 Step 3: Map - locate the specific peptide regions in crystallographic 

structure of β-Lac 

This section aims to map the peptides identified in step 2 (Table 3.9), on to the β-Lac crystallographic structure 

Figure 3.19 to provide insights into the sites that harbour peptides with fibril-forming tendencies. This section also 

investigates whether limited proteolysis has any influence on peptide generation. The peptide position numbers 

provided in Table 3.9 are relevant to the full-length β-Lac sequence including the signal peptide while the 

crystallographic structure (PDB id 3BLG) excludes the signal peptide (Qin, Bewley, et al., 1998). Thus, the amino 

acid numbering of the β-Lac sequence varies between the crystal structure and the original full-length sequence. 

To circumvent these numbering discrepancies, the β-Lac sequence numbering was altered to match the 3D 

structure sequence (PDB id 3BLG) as shown in Table 3.10.  

 

The x-ray crystallographic structure of β-Lac was previously discussed in Section 3.4; however, for ease of 

analysis, the monomer (Figure 3.19) and dimer (Figure 3.20) structures are shown again. β-Lac has a 

predominant β-sheet structure consisting of eight antiparallel β-strands and an additional β-strand (I) involving N 

(B, C, D strands) and C (A, E, F, G, H and I strands) termini and one α-helix as shown in Figure 3.19. The protein 

contains two disulphide bonds (linking strands D-I and G-H) and one free cysteine residue. The C terminal region 

close to I-strand containing disulphide bond residue (C66-C160) is involved in the β-Lac dimer interface (Brownlow 

et al., 1997; Qin, Bewley, et al., 1998).  
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The structural characteristics of the identified peptides (Table 3.10) revealed that the fragments comprised 

peptides with native α-helix and β-sheet structures (Figure 3.19), along with cysteine residues (Table 3.10). The 

presence of peptide fragments with regions corresponding to the native α-helical structures was also confirmed 

previously in fibrils formed by conventional (Akkermans et al., 2008) and microwave (Hettiarachchi et al., 2012) 

heating. It is not unexpected to find peptides in amyloid fibrils which in their native state form α-helix structure. In 

vitro studies have demonstrated the structural transition of helical peptides that folds into β-sheets to form fibrils 

(Kirkitadze, Condron, & Teplow, 2001; Y. Takahashi, Yamashita, Ueno, & Mihara, 2000). A previous study 

demonstrated that in amyloid peptide fibrillation, the formation of fibrils with β-sheet architecture involves a 

transient population of α-helical structures (Kirkitadze et al., 2001). This α-to β-structural transition was also 

observed in β-Lac when the protein starts to refold from the denatured conformation (Hamada, Segawa, & Goto, 

1996). Gao et al (2013), proposed that an intact α-helical region is necessary for fibril formation in whey protein 

concentrate.  

 

 

Figure 3.19: β-Lac monomeric structure displaying the strand and loop 

β-Lac contains 9 β-strands of which 8 antiparallel strands (A-H) and additional I-strand. The connecting loops are 
termed according to their corresponding strands. The structure here is colour coded according to the specific full-
length fragment region (Table 4.9). Region 54-85 coloured blue; 99-129 coloured green; 130-162 coloured red the 
region with no identified peptides coloured greyish white. (PDB id- 3BLG). 
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Table 3.10: Details of peptide region and their corresponding structural feature 

Region  Characteristic features 

Comments 
β-Lac 

sequence 

3D structure strand 

and loop 

β sheet α helix Cysteine 

70-101 54-85 C, D, E, F 54-62 

65-75 

81-84 

- C66 C66 forms disulphide bond 

with C160 

115-145 99-129 G and H 99-108 

110-112 

117-127 

113-115 C106, 

C119, C121 

C106 forms disulphide 

bond with C119 and C121 

is a free thiol 

146-178 130-162 α-helix 

and I β-

strand 

141-143 

147-150 

130-140 

153-156 

159-161 

C160  

 

This study also confirms that β-Lac fibrils retain the conserved cysteine residues (C66 and C160) and these are 

responsible for disulphide bond formation between distant peptide regions agreeing with previous study (Dave, 

Loveday, Anema, Jameson, & Singh, 2014). These cysteine residues are positioned in the β-sheet region (70-

101) connecting the α-helix region (146-178). The peptide fragment present in the helical region along with the I-

strand (146-178 of β-Lac amino acid sequence) together with conserved cysteine regions (70-101 of β-Lac amino 

acid sequence) stated in Table 3.10 contains the characteristic features emphasised in the literature (Kirkitadze 

et al., 2001; Akkermans et al., 2008; Hettiarachchi et al., 2012; Dave et al., 2014; Gao et al., 2013) . Therefore, 

these peptide sequences can be proposed as the key fragments in β-Lac protein in fibril formation. 

 

Another interesting observation revealed in this study was that the fragment 

YKKYLLFCMENSAEPEQSLACQCLVRTPEVD (amino acid residues from 99-129 of β-Lac sequence) was only 

observed in the WPNFs formed from control and pepsin digested WPI. This fragment is not found in WPNFs 

formed after trypsin and pK digestion but was detected in the corresponding control sample (C2, Table 3.2) 

therefore suggesting the influence of proteolysis in the generation of peptides for fibrillar assembly and it is 

assumed that this fragment is present in the suspension. 

  

 



100 

 

 

Figure 3.20: β-Lac dimer structure 

Dimer structure (PDB id- 1BEB) of β-Lac was colour coded for chains (chain A Green, chain B – cyan) using Pymol 

(DeLano, 2002). The protein interface was shown as sticks, the missing fragment 

YKKYLLFCMENSAEPEQSLACQCLVRTPEVD was shown as ball and sticks and coloured red. The Glu 89 and 

Ser 116 residues are shown as spheres and the bond between them are shown as dots. 

 

At physiological pH, β-Lac exists as a dimer (Figure 3.20) and undergoes a reversible pH-induced conformational 

change termed the Tanford transition (Brownlow et al., 1997; McKenzie & Sawyer, 1967; Mercadante et al., 2012; 

Qin, Bewley, et al., 1998; Sakurai & Goto, 2006). This transition in β-Lac was found to involve the EF loop (Figure 

3.19), which at pH 6.2, forms a closed conformation burying glutamic acid (Glu) 89 residue. However, above pH 

7, the EF loop adopts an open confirmation exposing Glu 89 as glutamate (Brownlow et al., 1997; Qin, Bewley, et 

al., 1998). This glutamate by sharing a hydrogen bond with serine (Ser) 116 residue (Figure 3.20), joins the strand 

F to GH obstructing the hydrophobic entrance (Brownlow et al., 1997). The NMR study by Sakurai et al (2006), 

reports the conformational change of EF loop starts at pH 7 leading to the open form. Furthermore, their study 

noticed significant chemical shift in GH loop region occurring between pH 6.5 and 7.3 which was at a different pH 

compared to EF loop. Considering the proximity of the GH and EF loop, Sakurai et al, suggested the local 

conformation to GH loop prior to the conformational change of the EF loop (Sakurai & Goto, 2006).  

 

β-Lac, a member of lipocalin family proteins, binds to variety of small hydrophobic compounds to the hydrophobic 

cavity (Wu, Perez, Puyol, & Sawyer, 1999). The highly conserved feature of lipocalins includes the disulphide-

connected peptides (C106 and C119 and free thiol C121 presented in Table 3.10), along with most hydrophobic 
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residues pointing inwards lining the hydrophobic cavity (Flower, North, & Attwood, 1993). As discussed above, the 

orientation of the EF loop was assumed to control the binding of ligands to the β-Lac protein (Qin, Bewley, et al., 

1998; Qin, Creamer, Baker, & Jameson, 1998).  

 

The trypsin and pK proteolysis were performed at pH 7.5 in this thesis, where the hydrophobic cavity is in an open 

conformation exposing the Glu89 residue as a negatively charged glutamate which forms a hydrogen bond with 

neutral Ser116 residue (Figure 3.20), obstructing the cavity (Brownlow et al., 1997). This conformation blocks the 

accessibility of proteases as the lost fragment YLLFCMENSAEPEQSLACQCLVRTPEVD is located in the GH 

strand and the adjoining loop (Figure 3.19, 3.20). This study proposes the possibility to have desired peptide 

compositions in WPNFs utilising limited proteolysis of native protein. 

3.7 Conclusion 

From the observations made in this study, this thesis confirms that the peptide compositions of WPNFs, when 

formed from pure β-Lac protein or the crude WPI mixture, generate similar peptides. This investigation suggests 

the future possibility to utilise WPNFs formed from WPI as to isolated pure β-Lac protein as a cost-effective source. 

 

Further, this study confirms the limited proteolysis with pepsin, trypsin and pK does not inhibit the fibrillation 

process in WPI in this hydrolysis condition. On the contrary, WPNFs formed from the protease treated WPI, 

generated fragments similar to the protease untreated WPI, with additional smaller size fragments. It is proposed 

that limited proteolysis could be an advantage to select peptide composition utilising the quaternary structure of 

the β-Lac protein. 

 

In addition to these findings, the highest molecular mass peptide 

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLD observed after six hours of heating, can be thought of as a 

precursor for the fibrillation process because of the distinctive features of this fragment. As reported previously, 

this fragment is hydrophobic and low in charge (Akkermans, Venema, van der Goot, Gruppen, et al., 2008). 

Further, lack of a proline residue encourages β-sheet formation and the aspartic acid residue promotes salt-bridge 

formation.  

 



102 

 

Investigating the WPI samples during the time of hydrolysis using the MALDI-FT-ICR, revealed highest molecular 

mass peptide LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLD. This hydrophobic, low in charge (Akkermans, 

Venema, van der Goot, Gruppen, et al., 2008) fragment deficient of a proline residue ending with aspartic acid 

residue could encourage β-sheet formation and promotes salt-bridge formation. Thus, this N-terminal 

amyloidogenic peptide fragment is proposed in this thesis as a precursor for the fibrillation process in WPIs. 

 

Additionally, the systematic analysis performed in the matured WPNFs using LC-MS/MS, resulted in the 

identification of two sequences DEALEKFDKALKALPMHIRLSFNPTQLEEQCHI and 

LEILLQKWENGECAQKKIIAEKTKIPAVFKID. These two fragments were identified in WPNFs formed in protease 

treated and untreated WPI. This finding hypothesis that two fibrils play a key role in fibril formation in WPIs. 

Furthermore, this chapter utilising the native protein structure provide insights to generate peptides of desired 

composition.  

3.8 Materials and methods to study WPNF formation 

Protein concentration determination and SDS-PAGE techniques were as previously described in Chapter 2 

(Section 2.4.8 and 2.4.9). β-sheet secondary structure was confirmed by ThT induced fluorescence and fibrillar 

morphology was visualised using TEM. 

3.8.1 Preparation of WPNF 

Whey protein isolate (895 (unit # A2Y81, Batch # EY06)), supplied by Fonterra, New Zealand, was used to prepare 

aqueous solutions (10 mg/mL) in filtered M.Q. water. The pH was adjusted to between 1.8 and 2 with 6 M HCl. 

The WPI solution was dissolved overnight at 4 ˚C with continuous stirring. The following day, the solution was 

transferred to a heat block pre-set at 80 ˚C and incubated without agitation for up to 22 hours. After heat incubation, 

the samples were cooled in an ice bath for 10 min, and the fibrils were allowed to mature at room temperature for 

seven days before proceeding with experiments (Sasso et al., 2014). The presence of the WPNFs was confirmed 

using ThT fluorescence treatments (Section 3.8.3), and TEM (Section 3.8.4). In situ ThT fluorescent 

measurements were carried out in a 96 well black plate, and fibrillation was monitored by measuring fluorescence 

during incubation. 
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3.8.2 Limited proteolysis 

The aqueous solutions of WPI (10 mg/mL) were prepared and stirred for 20 min at room temperature. The pH was 

adjusted to pH 1.8 for pepsin digestion and to pH 7.5 for trypsin and pK treatments. The solutions were left stirring 

overnight at 4 ˚C. The details of proteases used in this thesis are described in Table 3.11. The steps involved in 

WPI preparation for limited proteolysis are detailed in Table 3.2. Control samples for protease digestion were 

maintained to compare the proteolytic effect. For proteolysis, enzymes (0.1%) were added to WPI solution (Gao 

et al., 2013) and incubated at 37 ˚C for 30 min. At the end of the 30 min incubation, the samples were placed on 

ice to minimise the proteolysis. The pH was adjusted to 2 before hydrolysis at 80 ˚C for 22 hours in a dry bath 

heater (Sasso et al., 2014). 

 

Table 3.11: Details regarding the protease preparation  

Protease Preparation 

trypsin (1 mg/mL) Dissolve 5 mg trypsin in 1 mM HCl, aliquot and store at – 20 ˚C 

pepsin (4 mg/mL) Dissolve 4 mg pepsin in cold 10 mM HCl aliquot and store at – 20 ˚C 

proteinase K (pK) 

(1 mg/mL) 

The lyophilised powder is reconstituted in M.Q. water for 20 mg/mL stock and stored at 4 ˚C. 

Individual 1 mg/mL aliquots are stored at – 20 ˚C 

 

3.8.3 Thioflavin-T fluorescence assay 

The ThT fluorescence assay was used (λex = 445 nm, λem = 485nm) to monitor β-sheet aggregation of WPI. The 

fluorescence intensity of the ThT dye increased by a few orders of magnitude upon addition of amyloid fibrils to 

the ThT solution and increased with the increasing concentration of β-sheets (Voropai et al., 2003). A single time 

point dilution method was carried out in aliquots. The WPI solutions were withdrawn periodically to which ThT dye 

solution was added. The corresponding fluorescence intensities were measured and plotted as a function of time. 

Typically, 20 µL of protein sample was diluted ~ 6-fold in ThT buffer and 4 µL dye was added as mentioned in 

Table 3.12. 
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Table 3.12: Details of reagents used for ThT assay 

Reagent Composition 

ThT buffer 50 mM Tris (pH 7.5); 100 mM NaCl 

ThT dye Prepare 2.5 mM dye in ThT buffer. Filter through 0.2 µM syringe filter 

ThT assay mixture 176 µL of ThT buffer; 4 µL ThT dye; 20 µL protein sample 

 

3.8.4 Transmission electron microscopy 

Formvar-coated copper grids (200 or 300 mesh) were first glow discharged for 15 seconds to provide a hydrophilic 

surface on the carbon film on to which samples were deposited by placing the carbon-coated side of the grid on 

to a 30 µL sample. After 1 min, the excess sample was removed using filter paper, and the grid was transferred 

onto 2 x 20 µL water droplets for 30 seconds each. The excess water was removed again by filter paper, and the 

grid was transferred for staining on to a 30 µL drop of 2 % uranyl acetate solution for 30 seconds. After removing 

the excess stain by filter paper, the grid was then air-dried at room temperature before transferring onto a carrier 

in the TEM system for investigation (Egerton, 2002; Gras et al., 2011). Grids were analysed using a Tecnai 12 

electron microscope (FEI Company, Hillsboro, OR, USA) operating at 120 kV. Images were captured by Gatan 

digital micrograph software (Gatan, Pleasanton, CA, USA) and analysed using ImageJ (Schneider et al., 2012). 

3.8.5 MALDI-TOF 

The WPI samples (protease treated and untreated) were investigated at several time points during prolonged 

heating, to identify the peptides generated by hydrolysis. The samples (10 mg/mL) were diluted (1:1) with M.Q. 

water and further mixed with acetonitrile (30 % final concentration) before loading 1.5 µL onto the glass slide and 

then allowed to dry at room temperature. Equal amounts (1.5 µL) of a matrix solution sinapinic acid (dissolved in 

30 % (v/v) acetonitrile) were loaded on to the dried sample spots. Mass spectrometry experiments were carried 

out using a Bruker SolarixXR 7T MALDI-FT-ICR (Bruker Daltonics, Billerica, MA) using FTMSControl v2.1 with the 

help of Dr Brandi West (Department of Physics, The University of Auckland). MALDI spectra were acquired in 

broadband, positive ion mode from m/z 200-4000. The MALDI conditions were laser power = 26%, laser shots = 

200, laser frequency = 2000 Hz, spot size = small (~50 µm). The molecular masses were determined using 
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DataAnalysis 4.4 (Bruker Daltonics), and later compared with all possible peptide fragments that could result from 

bovine (Bos Taurus) β-Lac updated in 2016 from UniProtKB. 

3.8.6 LC–MS/MS 

After maturation of WPNFs, the fibrils were separated from non-aggregated proteinaceous materials in the 

suspension using Amicon centrifugal filters (MWCO: 1000,000, Millipore Sigma, Billerica, MA, USA). The retentate 

containing the fibril fraction was subjected to three cycles of washing with M.Q. water, pH 1.8 at the end of each 

centrifugation step. The recovered retentate and filtrate was separately analysed by ThT fluorescence and TEM 

to confirm successful separation of fibrils from non-aggregated materials. This fibril retentate was resuspended in 

M.Q. water for LC-MS/MS analysis. The peptide composition of the mature fibril retentates were analysed in LC-

MS/MS QTOF, in the Centre for Genomics, Proteomics and Metabolomics, School of Biological Sciences, The 

University of Auckland). 

3.8.6.1 Sample preparation  

The method followed for LC-MS/MS was according to the in-house protocol developed by Martin Middleditch. The 

retentate samples were first reduced (10 mM DTT final concentration), alkylated (50 mM iodoacetamide final 

concentration) and then diluted 1000-fold with 0.1% formic acid in water. Samples were desalted by injecting (10 

µL) onto an LC packing C18 Pepmap trap column (5 x 300 mm, 5 µm, 300 Å). Chromatographic separation was 

achieved using an Agilent Zorbax 300SB – C18 reverse phase column (100 x 0.3 mm, 3.5 µm, 100 Å). The mobile 

phase comprised 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B). Peptides were separated 

by a gradient elution method (10 – 60% of B) with a flow rate of 6 µL/min over 12-29 minutes. The LC eluate was 

directed into the ESI source (QStar XL-Applied Biosystems, Foster City, CA, USA) of a hybrid quadrupole-TOF 

mass spectrometer. Data were acquired in an information-dependent acquisition mode. The three most intense 

multiple charged peaks were selected and further fragmented in the MS/MS scan mode (100-1200 m/z). These 

MS/MS data were searched against the amino acid sequence of bovine (Bos Taurus) β-Lac updated in 2016 from 

UniProtKB using ProteinPilot software (v5.0, SCIEX, Concord, Ontario, Canada). Spectra matching only β-Lac 

with more than 50% confidence and less than 10 ppm error were selected for comparison of peptides common 

between protease treated and untreated samples.
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Chapter 4: WPNF – A potential 

biomaterial for wound healing? 

4.1 Introduction 

As discussed in Chapter 3, amyloid fibrils are insoluble PNFs, with highly ordered β-sheet structures, formed from 

generally soluble proteins. The rigidity and strength of amyloid fibrils with high resistance to chemical or biological 

degradation makes them attractive as a source of functional materials. The potential of amyloid fibrils to contribute 

to the development of novel biomaterials has been highlighted by several authors (Gras, 2009; Knowles & 

Mezzenga, 2016; Mankar, Anoop, Sen, & Maji, 2011). 

 

As discussed in Chapter 1, enhanced activity of MMP2 and 9 was reported in non-healing chronic wounds (Ulrich, 

Lichtenegger, Unglaub, Smeets, & Pallua, 2005), and is associated with the degradation of collagen (Rodríguez, 

Morrison, & Overall, 2010). While MMP2 and 9 randomly diffuse laterally along intact collagen fibrils, the diffusion 

of MMP1 along collagen is only towards a single direction and requires proteolytic activity (Collier et al., 2011; 

Saffarian, Collier, Marmer, Elson, & Goldberg, 2004; Saffarian, Qian, Collier, Elson, & Goldberg, 2006). Apart from 

degrading ECM components, MMP2 and 9 with their gelatinase activity have been implicated in the physiological 

catabolism of Alzheimer’s amyloid-β protein (Roher et al., 1994; Yan et al., 2006). Several studies focussed on 

amyloid-β protein degradation and clearance by MMPs as a potential therapeutic strategy for Alzheimer’s disease. 

There have also been reports of the resistance of amyloid fibrils to MMP degradation, specifically to MMP2. Crouch 

et al (2009), observed the resistance of oligomerised higher order amyloid-β structures to MMP2 degradation, 

while amyloid-β monomers were rapidly degraded by MMP2. Furthermore, the large oligomeric amyloid-β fibrils 

(20 µM) were shown to inhibit MMP2 gelatinolytic activity in primary astrocyte cultures; however, the inhibition was 

not quantified (Li et al., 2011). Another study identified that amyloid-β precursor protein derived decapeptide, likely 

an active site-directed inhibitor, can selectively inhibit MMP2 (IC50 = 30 nM) (Higashi, Hirose, Takeuchi, & Miyazaki, 

2013; Higashi & Miyazaki, 2003). Although this study determined the residues essential for MMP2 inhibition, the 

region of interaction correlating with the selective inhibition was not identified (Higashi & Miyazaki, 2008). Such 
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ability to selectively inhibit MMP2 activity makes amyloid fibrils a promising wound dressing material to target 

MMP2 and 9 in chronic wounds to aid wound healing. 

 

The β-Lac in WPI, as discussed in Chapter 3, readily self-assembles into amyloid fibrils (WPNFs) at high 

temperature at acidic pH. WPNFs are stable against common proteases such as pepsin, trypsin and pK 

(Akkermans et al., 2008; Bateman et al., 2011; Kaur et al., 2014; Lasse et al., 2016). This protease-resistant nature 

of WPNFs suggested that this material may be resistant to MMPs involved in chronic wounds. 

 

This chapter focuses on investigating (i) if WPNFs are stable and resistant to the enzymatically active MMPs 

relevant to chronic wounds and (ii) whether the proteolytically stable WPNFs can inhibit MMP activity. The stability 

of WPNFs were compared with soy protein nanofibrils (SPNFs), and apo-haemoglobin protein nanofibrils (a-

HbNFs). This allowed assessment of whether the results obtained represented general properties of fibrillar 

structures were specific to the protein in question. 

 

Firstly, the formation of PNFs (WPNFs, SPNFs, a-HbNFs) was confirmed by monitoring ThT fluorescence, and 

the fibril morphology was visually confirmed from TEM micrographs. Far-UV CD spectra of protein solutions before 

and after the high temperature and low pH treatment, confirmed the structural transitions after the acid hydrolysis 

of native proteins. The effect of WPNFs, SPNFs and a-HbNFs against MMPs has not previously been investigated. 

However, the resistance of a-HbNFs to trypsin (Jayawardena et al., 2017), and resistance of WPNFs and SPNFs 

to trypsin, pepsin and pK (Kaur et al., 2014; Lasse et al., 2016), was previously reported. In this chapter, the 

resistance of PNFs to trypsin, pepsin and pK were confirmed in addition to the impact of MMPs. The purified, 

refolded, rMMP9 detailed in Chapter 2, was primarily used to assess the proteolytic digestion and the study was 

extended to commercially obtained MMP1, 2, and 9 (Enzo Life Sciences). MMP activity was evaluated using the 

chromogenic assay discussed in Chapter 2, the β-sheet structure and the fibrillar morphology of PNFs was 

confirmed using ThT and TEM as detailed in Chapter 3. 

4.2 Results and discussions 

4.2.1 Formation of PNFs 

WPNFs (Sasso et al., 2014), SPNFs (Tang & Wang, 2010) and a-HbNFs (Jayawardena et al., 2017) were prepared 

using a 10 mg/mL native protein solution in acidic pH (Section 4.4.1). The ThT fluorescence measurements 
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(Figure 4.1) together with the TEM images (Figure 4.2) confirmed the formation of PNFs. Experimental results of 

ThT dye fluorescence confirmed fibril formation in all three proteins with a typical lag phase, growth phase and a 

stationary phase (Figure 4.1). The electron micrographs (Figure 4.2) taken before heating (0) served as control, 

while after six hours of hydrolysis (6), a small number of well-defined fibrils were observed compared to the 

elongated fibrillar network after 24 hours of heating (24). Compared to long straight WPNFs and a-HbNFs, SPNFs 

are short and curly; this morphological variation has been reported previously (Lasse et al., 2016). 

 

 

 

 

Figure 4.1: ThT time profile of PNFs formation 

The process of fibril formation in WPNFs (blue), a-HbNFs (red) and SPNFs (green) was assessed with an increase 
in ThT fluorescence monitored at an excitation of 450 nm and an emission wavelength of 490 nm. The data were 
plotted as % changes in the fluorescence intensity (y-axis) during the time (x-axis) of hydrolysis at 80 ˚C, at acidic 
pH. Each reading represents the average of triplicate readings with error bars depicting standard error of the mean. 
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Figure 4.2: TEM micrographs of PNFs formation 
 
Electron micrographs confirming the formation of WPNFs, a-HbNFs, SPNFs. The protein samples were taken 
before the heat incubation (0), or after 6 hours (6), and 24 hours (24) of heating at 80 ˚C.  The scale bar is 200 nm. 
Images are representative of minimum of triplicate micrographs. 
 
 

The secondary structural modifications of proteins before and after the acid hydrolysis was assessed by far-UV 

CD spectra (Figure 4.3(A-C)) in the wavelength range from 190-260 nm (Kelly & Price, 1997). The far-UV CD 

spectra for WPI (Figure 4.3(A)) showed a positive peak around 200 nm and a broad shoulder extending from 207 

to 225 nm showing a mixture of α-helices and β-sheet secondary structure of the native protein (Kelly & Price, 

1997; Wallace & Janes, 2010). When subjected to acid hydrolysis, the positive peak around 200 nm and negative 

peak around 215 nm of WPI decreased as observed elsewhere (Mantovani, de Figueiredo Furtado, Netto, & 

Cunha, 2018), with the positive peak around 195-200 nm indicating β-sheet confirmation. 



110 

 

 

 

Figure 4.3: Far-UV CD spectrum of PNFs  
 
Comparison of CD spectra of protein samples before initiation of heat treatment (represented as dots) at 80 ˚C 
and after heating (shown as broken lines) for 24 hours forming fibrils. WPI and WPNFs (A), SPI, and SPNFs (B) 
and a-Hb and a-HbNFs (C) displayed a transition in structural conformation indicated by red arrows (block arrows 
point the loss of α-helices in the PNFs spectra, and dotted arrow shows the shift to β-sheet conformation). 
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The CD spectrum of SPI (Figure 4.3(B)) displayed a negative band around 208 nm and a small minimum near 

220 nm representing the α-helix conformation (Kelly & Price, 1997; Wallace & Janes, 2010). After hydrolysis, the 

shift exhibited a modest attenuation of the 210 nm negative peak with a loss of the negative peak at 220 nm, 

consistent with a β-sheet transition. 

 

Similarly, a-Hb solution displayed negative peaks around 208 and 222 nm indicative of α-helix conformation (Kelly 

& Price, 1997; Wallace & Janes, 2010). These peaks after heating at 80 ˚C for 24 hours, displayed a significant 

decrease in the ellipticity at 222 nm, accompanied by a slight shift of the minima at 208 nm towards 200 nm. The 

loss of intensity at 222 nm indicated the reduction in the α-helical content of the structure and the positive peak 

around 195-200 nm suggested the β-sheet confirmation. 

 

4.2.2 Understanding PNFs stability against proteases 

Several in vitro assays have been conducted to evaluate the fibril resistance to enzymatic proteolysis using pepsin 

and trypsin (Bateman et al., 2010; Jayawardena et al., 2017; Peng, Peralta, & Toney, 2017; Zurdo et al., 2001). 

Similarly, the impact of low specificity protease, pK, was studied alongside pepsin and trypsin to evaluate the high 

proteolytic resistance of the fibrillar materials (Kaur et al., 2014; Lasse et al., 2016). MMPs have been studied to 

characterise the protease resistance of disease-related amyloid fibrils (Stix et al., 2001; Yan et al., 2006). In this 

section, the stability of the three PNFs was investigated against rMMP9 along with trypsin, pepsin and pK. 

Proteolytic digestion of PNFs was carried out in pH conditions appropriate for proteases as detailed in Section 

4.4.3. The integrity of the PNFs after three hours of proteolytic digestion was analysed by the decrease in ThT 

fluorescence (Figure 4.4) and TEM (Figure 4.5) and compared against undigested fibril controls incubated at the 

same pH. Though a-HbNF stability against trypsin was studied previously (Jayawardena et al., 2017), the 

resistance of a-HbNF against pepsin and pK is investigated for the first time in this thesis. The stability of PNFs 

against rMMP9 was further extended to commercial MMPs (MMP1, 2, and 9). 

 

The ThT dye binding studies suggest that the three PNFs obtained from different proteins, displayed different 

protease resistance patterns (Figure 4.4). Interestingly, the a-HbNF showed the most resistance to all enzymes 

followed by WPNFs and SPNFs. The PNFs showed increased resistance to pK digestion in this study, compared 

to the previous observations (Kaur et al., 2014; Lasse et al., 2016), possibly due to the use of different commercial 

batches of proteases. The digestion with pepsin displayed higher proteolytic effect on PNFs than the other 
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proteases, and a residual fluorescence of ~ 40 % was observed in SPNFs, while WPNFs and a-HbNFs retained 

between 60 - 70 % fluorescence after three hours of proteolysis (Figure 4.4). PNFs digestion with trypsin and 

rMMP9 retained > 60 % of fluorescence, and around 65 - 75 % ThT fluorescence remained in WPNFs, SPNFs 

and a-HbNFs after digestion with pK. The general pattern in all three PNFs studied here is that they have higher 

resistance to trypsin and rMMP9 compared to pK and pepsin.  

 

 

Figure 4.4: Normalised ThT fluorescence of PNFs during proteolysis 
 
ThT fluorescence of (1 mg/mL) WPNFs (A), SPNFs (B), a-HbNFs (C) is represented as % decrease in 
fluorescence compared to the control sample. Measurements were taken at 0 (black), 1 (yellow) and 3 hours 
(pink). Error bars are the standard deviation of triplicate experiments. The difference between the slopes was 
found significant with P value < 0.0001 
 

The TEM images of PNFs (Figure 4.5) obtained after three hours of proteolysis confirms the ThT observation. 

PNFs were more susceptible to pepsin digestion followed by pK. While a-HbNF displayed intact long fibrils after 
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protease treatment (Figure 4.5), residual fibril material was retained by WPNFs and SPNFs suggesting a variation 

in proteolytic resistance between PNFs as also observed elsewhere (Lasse et al., 2016). 

 

Increased levels of MMP1, 2, and 9 were observed in chronic wounds, and the control of excessive proteolytic 

activity can facilitate wound healing (Caley et al., 2015; Lazaro et al., 2016). Thus, the rMMP9 stable PNFs (Figure 

4.4 and 4.5) were further investigated to determine resistance against commercial MMP1, 2 and 9. 

 

 

Figure 4.5: Representative TEM images of PNFs after three hours of proteolysis 

Representative electron micrographs of PNFs obtained after three hours of treatment without proteases (control) 
and with pepsin, trypsin, pK and rMMP9. Panels are organised in rows depending on the protein source. From top 
WPNFs (A), SPNFs (B), a-HbNFs (C). Images are representative of minimum of triplicate micrographs. The scale 
bar is 200 nm. 
 
 

Similar to rMMP9 treatment, PNFs were incubated with commercial MMPs (MMP1, 2, and 9) for three hours at pH 

7.5.  The decrease in ThT fluorescence was measured after three hours of incubation, and the fluorescence of 

MMP treated PNFs was compared to MMP untreated fibril controls. The percentage decrease in ThT fluorescence 

of PNFs after MMP treatment was plotted (Figure 4.6). Although PNFs are partially stable against MMPs, varying 

resistance patterns were observed between PNFs for different MMP treatments (Figure 4.6). a-HbNF has higher 

resistance towards MMPs followed by WPNFs and SPNFs; a similar pattern to Figure 4.4.  
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Figure 4.6: ThT fluorescence of PNFs after digestion with commercial MMPs 

 
ThT fluorescence of WPNFs (1), SPNFs (2), a-HbNFs (3) observed after MMPs treatment at 37 ˚C for three hours 
were represented as a % of fluorescence compared to the control (untreated) sample. The measurements were 
taken after three hours PNFs incubation with MMP1 (black), MMP2 (yellow) and MMP9 (pink) digestion. (n= 3 ± 
SEM, P value < 0.0001) 
 

 

Figure 4.7: TEM images of PNFs after treatment with commercial MMPs for three hours 

Panels are organised in columns depending on the protein source. From left – WPNFs (A), SPNFs (B), a-HbNFs 
(C). MMP treatments are organised in rows from top MMP1 (1), MMP2 (2), and MMP9 (3) Images are 
representative of minimum triplicate micrographs. The scale bar is 200 nm. 
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Identical to rMMP9, PNFs retained > 60 % fluorescence after commercial MMP9 treatment. While WPNFs retained 

~ 40 % final residual fluorescence after digestion with MMP1, ~ 50 % remaining fluorescence remained for MMP2 

and > 70 % was observed for MMP9. A similar trend was observed for SPNFs with lower resistance to MMP1 

(~ 20 %) followed by MMP2 (~ 30 %) and MMP9 (~ 40 %). a-HbNF exhibited ~ 50 % to MMP1 while for MMP2 

and 9 > 70 % residual fluorescence was observed after three hours. The differences between MMP1 (collagenase) 

and MMP2 and 9 (gelatinase) proteolytic efficiency is similar to collagen digestion (Collier et al., 2011; Saffarian 

et al., 2004; Saffarian et al., 2006). Although MMP treatment resulted in reduced ThT fluorescence of PNFs, some 

fibrillar material was retained (Figure 4.7) after three hours of MMP digestion, in solution, suggesting that the 

material would be stable in the context of a wound dressing. 

 
 

4.2.3 Determining the concentration of rMMP9 for colorimetric assay 

The above ThT (Figure 4.4 and 4.6) and TEM (Figure 4.5 and 4.7) results confirm that PNFs are partially stable 

against MMPs. To investigate if PNFs can inhibit MMP activity has been reported elsewhere (Li et al., 2011), the 

catalytic activity of MMP1, 2, and 9 was assessed with and without PNFs treatment. 

 

 

Figure 4.8: Determination of the optimal assay concentration of rMMP9 
 
The catalytic activity of rMMP9 was assessed as a function of time (A). The chromogenic assay was initiated by 
the addition of substrate (100 µM final concentration) to 20 µL of rMMP9 with varying concentration (10 (pink), 50 
(orange), 100 (green), 200 (blue) ng/100 µL). The absorbance of the product formed by the hydrolysis of the 
substrate was measured at 412 nm in a 96 well plate using a plate reader. The mean absorbance was plotted, 
and linear regression analysis was carried out using GraphPad Prism. The difference between the slopes was 
found significant with P value < 0.0001, and specific activity of individual concentration was tabulated (B). 
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Primarily, rMMP9 was used to assess the assay working concentration and later extended to commercially 

obtained MMP1, 2, and 9. MMP activity was measured as detailed in Chapter 2, Section 2.5.16. The final 

substrate concentration was kept constant at 100 µM according to the commercial MMP kit manual (Enzo Life 

Sciences) to compare the rMMP9 activity with commercial MMP1, 2 and 9. The activity of rMMP9 at different 

concentrations was evaluated, and the progression of catalytic activity was monitored continuously for 10 min 

(Figure 4.8(A)). For unknown reasons, minimal activity was observed in 10 and 50 ng rMMP9 samples. Perhaps 

the protein is not stable in these lower concentrations of rMMP9 samples. However, 100 and 200 ng concentration 

of rMMP9 was shown to hydrolyse efficiently the thioester bond of the substrate. Thus, 200 ng of rMMP9 was 

selected for further MMP activity assays.  The specific activity for each concentration was calculated (Figure 

4.8(B)).  

 

4.2.4 Effect of PNFs on MMPs 

The objective of this study was to identify whether PNFs can inhibit MMPs and if so, whether the inhibitory activity 

of PNFs was specific to proteins or due to the generic amyloid fibril structure. To achieve this goal, MMPs were 

incubated with native protein solution (the starting material for PNFs formation), partially hydrolysed material 

(native protein solution incubated for three hours at 80 ˚C) and PNFs (fibrillar structure obtained after 24 hours 

incubation of native protein solution at 80 ˚C, acidic pH). The incubation was performed at 37 ˚C for three hours 

and the catalytic ability of MMPs, to hydrolyse the thioester bond of the chromogenic substrate was evaluated. 

The difference in MMP activity between individual treatments was compared against the control MMP to investigate 

if the PNFs and their native protein treatment has an inhibitory effect. The initial reaction rate and the remaining 

percentage activity was calculated for the MMP control and test samples. 

4.2.4.1 Evaluating rMMP9 activity after incubating with PNFs 

The rMMP9 displayed varying catalytic efficiency after incubating with PNFs and their corresponding native 

proteins (Figure 4.9 – A). Although > 50 % rMMP9 activity was retained after incubating with protein isolates and 

partially hydrolysed material, the PNFs displayed < 50 % rMMP9 activity (Figure 4.9 – A), suggesting that the 

fibrillar form was inhibitory. The electron micrographs of PNFs displayed fibrillar material after three hours of 

treatment with rMMP9 (Figure 4.9 – B) suggesting that the inhibition is due to the supramolecular self-assembled 

fibrillar networks.  

 



117 

 

 

Figure 4.9: Effect of PNFs on rMMP9 activity 

The activity of 200 nM rMMP9 was assessed by its ability to cleave the thioester bond of the 100 mM substrate 
after incubating with or without 20 µL (1 mg/mL) PNFs for three hours at 37 ˚C. The calculated % activity remaining 
for rMMP9 was calculated and plotted (A). The samples: (1) the native protein solution, (2) the partially hydrolysed 
protein, and (3) PNFs. Error bars are standard error of triplicates. Representative TEM images (B) from minimum 
of five micrographs of mature PNFs to confirm the fibrillar morphology after MMP treatment. Scale bar is 200 nm. 
 

4.2.4.2 Validating PNFs efficiency to inhibit commercial MMPs 

Further confirming the inhibition of rMMP9 by PNFs (Figure 4.9), the study was extended further to assess the 

activity of commercial MMPs (MMP1, 2 and 9) after incubation with PNFs at 37 ˚C for one hour (Figure 4.10(A)) 

and three hours (Figure 4.10(B)). The initial rate (10 min) was calculated for MMP1 while MMP2 and 9 exhibited 

a linear reaction for up to 30 min (Figure 4.10(A and B)). A reduction in the activity of MMPs was observed after 

one hour of incubation with PNFs (Figure 4.10(A)), compared to the control sample (MMPs without PNFs 

treatment), which reduced further after extending the incubation time to three hours (Figure 4.10(B)). The three 

PNFs displayed inhibitory efficiency varying against the three MMPs with more selectivity for MMP2 and 9. MMPs 

retained a higher percentage of activity after three hours of treatment with unfibrillised native protein solution 

compared to the treatment with fibrillar structures as shown in Figure 4.11, confirming the previous observation 

with rMMP9 in Figure 4.9.   
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Figure 4.10: The activity of MMPs in the presence of PNFs 
 
MMP1, 2 and 9 (200 ng/100 µL) were treated with PNFs (1 mg/100 µL) for 1 and 3 hours at 37 ˚C. The control 
MMPs are shown in black, WPNFs treated MMPs are represented in blue, SPNFs was shown in green and a-
HbNFs in pink. The chromogenic assay was initiated by the addition of thiopeptide (100 µM final concentration). 
The average relative absorbance after 1 hour (A) and 3 hours (B) of PNFs treatment were plotted as a function of 
time (10 min for MMP1 and 30 min for MMP2 and 9). Error bars are standard error of triplicate experiments. 
 
 

 

Figure 4.11: Determination of MMP activity after treatment with PNFs 
 

The remaining % activity of MMPs was plotted for unfibrillised (black bar) and fibrillised protein (grey bar) of A- 
whey, B- soy, C- a-Hb after 3 hours of digestion at 37 ˚C. Error bars are standard error of triplicate experiments. 
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While the three hours of WPNFs incubation (Figure 4.11(A)), resulted in the loss of 90 % MMP2 and 9 activities, 

only around 70 % of MMP1 activity was reduced. Similarly, SPNFs (Figure 4.11(B)) and a-HbNFs 

(Figure 4.11(C)) displayed around the loss of ~ 70 % MMP1 and around 90 % loss in MMP2 and 9 activities after 

three hours incubation at 37 ˚C. Inhibition of MMP activity was consistent over all three PNFs with a general 

tendency of fibrilised structure to modulate MMP activity. Interestingly, while MMPs retained > 50 % activity after 

treating with whey and soy protein native solution used as a starting material for fibrillation (black bars in 

Figure 4.11(A and B)), a-Hb solution exhibited the higher inhibitory effect (black bars in Figure 4.11(C)). From 

these observations, (Figure 4.8 – 4.11), it can be concluded that the PNFs can inhibit the MMP activity to some 

extent similar to amyloid-β protein (Li et al., 2011) with some specificity towards MMP2 and 9. This could be 

potentially utilised to control the high proteolytic activity of MMP2 and 9 specifically in chronic wounds. 

4.2.5 Effect of WPNFs concentration and MMP activity 

To establish whether inhibition of MMP activity was influenced by the fibril concentration, 25 and 50 µL aliquots of 

(1 mg/mL) WPNFs were incubated with commercial MMP1, 2, and 9 at 37 ˚C for three hours. The activity of MMPs 

was measured using chromogenic substrate as previously discussed (Section 4.2.4). From the results, Figure 

4.12, it can be observed that the inhibition of MMP catalytic activity by WPNFs is fibril concentration dependent. 

The increase in WPNFs concentration (from 25 µL to 50 µL) decreased MMP activity, an observation consistent 

in all three MMPs. However, ~ 40 % MMP1 activity can be observed even after 3 hours of incubation with 50 µL 

WPNFs while MMP2 and 9 retained only 10 - 15 % activity.  

 

Figure 4.12: Effect of WPNFs concentration on MMP activity 

The commercial MMP activity was assessed after treating with 25 µL (black), and 50 µL (grey) of (1 mg/mL) 
WPNFs. The WPNFs were incubated with 200 nM commercial MMP1, 2 and 9 at 37 ˚C for 3 hours. The remaining 
% activity was plotted for each MMPs after three hours of WPNFs treatment. The error bars are the standard error 
of triplicates. 
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4.3 Conclusion 

Several studies illustrated the role of MMPs in degrading amyloid fibrils including amyloid-β peptide and islet 

amyloid polypeptide associated with diseases (Aston-Mourney et al., 2013; Hernandez-Guillamon et al., 2015; 

Hernandez-Guillamon et al., 2010; Stix et al., 2001; Yan et al., 2006). However, there are limited reports in the 

literature regarding the efficiency of amyloid-β protein to inhibit MMP activity (Li et al., 2011). The higher order 

structural changes of amyloid-β protein into fibrils was shown to induce protease resistance consistent with 

literature reports (Nordstedt et al., 1994).  Similarly, protease resistance of functional amyloid fibrils prepared from 

whey and soy protein has been reported in the literature (Bateman et al., 2011; Kaur et al., 2014; Lasse et al., 

2016).  

 

The endogenous MMP inhibitor TIMPs (1-4) has broad specificity against MMPs with binding affinities in the 

picomolar range to all active forms of MMP (Baker, Edwards, & Murphy, 2002; Keith Brew & Nagase, 2010). 

Nonetheless, TIMPs lack selectivity for individual MMPs, and can also inhibit the members of the disintegrin and 

metalloproteinase (ADAM) family that critically regulate cell adhesion, migration and signalling, a major obstacle 

for developing safe and effective MMP inhibitors (Keith Brew & Nagase, 2010; Li, Tang, Duan, & Shi, 2014). The 

purpose of this chapter was to investigate (i) if PNFs exhibit resistance to MMPs proteolytic activity similar to other 

proteases such as trypsin, pepsin and pK, and (ii) to examine the ability of PNFs to inhibit MMP1, 2, and 9 activity.  

 

Apart from establishing the proteolytic resistance of a-HbNF against pepsin, trypsin and pK, this study determined 

the stability of WPNFs, SPNFs, and a-HbNFs against MMP1, 2, and 9. The results suggest that the fibrillar nature 

of PNFs can partially inhibit MMPs (Figure 4.9, 4.10, 4.11 and 4.12) and some selectivity for MMP2 and 9 over 

MMP1 inhibition was observed. The active site of MMP is a shallow groove with three primed and three unprimed 

subsites, and their specificity S1 pockets is the main site for substrate recognition (Nagase & Woessner, 1999). 

Thus, the selectivity could potentially be achieved utilising the advantage of difference in the subsites as MMP2, 

3, 8, 9, and 13 have relatively deep S1 pocket while MMP1, and 7 have a shallow S1 pockets (Gooley et al., 1994; 

Jacobsen et al., 2010; Lovejoy et al., 1994; Park et al., 2003).  

 

Reviewing these understandings, this thesis proposes a possible mechanism for MMP inhibition utilising PNFs. 

MMP2 and 9 have closely similar active site clefts and their S1 pockets are larger than MMP1. Thus, the modest 

inhibition of MMP1 by PNFs observed here might be because of the shallow S1 pocket of MMP1.  The variation 
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in the S1 loop region of MMP2 and 9 was reported, where the proline (429 and 430) residues in MMP9 are replaced 

with phenylalanine and arginine residues in MMP2. This variation was reported to offer less conformational 

flexibility compared to MMP9 (Singh, Adekoya, & Jayaram, 2015). Thus, the selectivity for MMP9 by PNFs 

observed here might be the result of MMP9’s flexible conformation.  These observations are consistent with PNFs 

targeting the S1 site of MMPs. Partial proteolysis of fibrils, coupled with the inhibition of MMP2 and 9 enzymes 

that are associated with chronic wounds, suggests the potential use of PNFs as a novel wound dressing 

biomaterial to assist healing. 

4.4 Materials and methods 

Methods for WPNFs formation, the ThT assay and TEM imaging were described in Chapter 3.  

4.4.1 Preparation of PNFs 

WPNFs (Sasso et al., 2014), SPNFs (Tang & Wang, 2010) and a-HbNFs (Jayawardena et al., 2017) were prepared 

using a 10 mg/mL solution of WPI (Fonterra), SPI (Fonterra) and bovine haemoglobin (Sigma) in filtered M.Q. 

water as described in the literature. 

 

SPI (10 mg/mL) was mixed for 2-4 hours at room temperature in M.Q. water, adjusted to pH 2 (6 M HCl). The 

aqueous solution was incubated at 80 ˚C for 2 hours followed by centrifugation at 4000 g for 10 min at room 

temperature to separate insoluble material. The supernatant was then incubated at 80 ˚C for 24 hours. After heat 

treatment, the samples were immediately cooled on ice for 10 min and stored at room temperature for 7 days to 

allow fibril maturation (Lasse et al., 2016; Tang & Wang, 2010). 

 

The bovine haemoglobin solution (10 mg/mL) was mixed with equal parts of ice-cold butanone to obtain apo-

haemoglobin by a phase extraction method (Yonetani, 1967). After separating the deeply coloured upper butanone 

phase layer containing haem, the transparent lower aqueous phase layer comprising the apoenzyme was 

extensively dialysed at 4 ˚C against M.Q. water pH 2.8 to remove residual 2-butanone. The dialysed solution was 

concentrated to 10 mg/mL by centrifugation using 3 kDa molecular weight cut off Amicon Ultra-15 centrifugal filter 

units and incubated at 80 ˚C for 24 hours as described by Jayawardena et al., (2017). The fibril formation was 

assessed by ThT fluorescence assay and visually confirmed by TEM as described in Section 3.7.3 and 3.7.4. 
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4.4.2 Circular dichroism 

The changes in the secondary structure during PNFs formation were followed by far-UV CD using Chirascan 

(Applied Photophysics) as described in Section 2.4.13. 

4.4.3 Proteolysis of fibrils 

The preparation of trypsin, pepsin and pK was described in Chapter 3, Section 3.8.2. The refolded proMM9cat 

monomer (Chapter 2) was trypsin activated to obtain rMMP9 prior to the chromogenic assay as described in 

Chapter 2, Section 2.5.15. 

 

The fibril suspensions were adjusted to pH 7.5 for trypsin, pK and MMP and pH 1.8 for pepsin treatment. To study 

the impact of proteases, enzymes were added to PNFs in an enzyme: fibril ratio of 1:20 (w/w) as stated previously 

(Kaur et al., 2014; Lasse et al., 2016). The PNFs were incubated with the enzymes for three hours at 37 ˚C, with 

aliquots drawn at 0, 1 and 3 hours. The hydrolysis reactions were stopped by heating the sample at 80 ˚C for 5 

min before ThT and TEM investigations. PNFs protease digestion was monitored by the decrease of ThT 

fluorescence. The fluorescence data were normalised to the ThT fluorescence of PNFs in the absence of proteases 

to account for any background effect on ThT fluorescence. The digested fibril samples were compared to the 

undigested fibril controls. 

4.4.4 Effect of PNFs towards MMPs 

The MMP colorimetric assay was performed in a 96 well plate as described in Chapter 2, Section 2.5.16. 

Depending on the analysis, a 10 - 50 µL of PNFs (1 mg/100 µL) were incubated with 20 µL of 200 ng/100 µL of 

MMPs in assay buffer containing DTNB in triplicates at 37 ˚C for three hours. The assay controls were: buffer only 

(blank), MMP only (MMP control), and PNFs only (PNFs control to subtract the background). At the end of the 

incubation period, the hydrolysis reaction was initiated by the addition of 10 µL substrate (100 µM final 

concentration). The reaction was read continuously using a SpectraMax® iD3 plate reader for 10 min for MMP1, 

and 30 min for MMP2 and MMP9 with 1 min interval. The absorbance measurements after subtracting the 

appropriate blank readings were plotted, and the PNFs treated MMP activity was compared to the untreated MMP 

controls. 
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Chapter 5: Conclusions and future 

directions 

5.1 Overview 

MMPs have both beneficial and destructive roles in the wound healing process which requires careful regulation. 

Imbalance of their protease activity, specifically the differential expression of MMPs and their inhibitors (TIMPs) 

results in non-healing chronic wounds. Excessive MMP9 activity is associated with impaired wound healing in 

many types of chronic wounds (Widgerow, 2011). Several strategies have been reported in the literature to 

stabilise MMP levels (Dormán et al., 2010; Fisher & Mobashery, 2006; Gill & Parks, 2008; Levin, Udi, Solomonov, 

& Sagi, 2017). However, the majority of these inhibitors are broad-spectrum, affecting the activity of zinc proteases 

in general. The structural homology of MMP active sites and their multifunctioning nature poses a significant 

challenge in modulating their catalytic activity requiring specific and selective inhibition (Levin et al., 2017). 

 

Wound dressing-based inhibition of MMPs for improved healing is an emerging field. The collagen-based 

dressings are one of the most commonly explored methods to modulate the wound microenvironment of non-

healing wounds (Brett, 2008). However, as discussed in Chapter 1 (Section 1.7.1), lack of consistency between 

batch preparations due to the variation of the age of the donor animal is still a concern. Additionally, the 

immunogenic response to animal collagen implants requires special attention. Despite exciting advances in the 

field of dressing materials for chronic wounds, the search for a biodegradable, biocompatible, protease-resistant, 

non-toxic material promoting wound healing with minimal immunogenicity continues. 

 

This thesis addresses some of these challenges by examining the efficacy of WPNF - a biomaterial from a natural 

source that is economical, safe to use, and proteolytically stable. Amyloid fibrils formed from an extensive range 

of peptides and proteins possess variable chemical and physical properties with tuneable assembly by control of 

in vitro conditions, such as pH and temperature (Knowles & Mezzenga, 2016; Pilkington et al., 2010). The aims of 

this thesis were to purify MMP9 and to develop and characterise a novel biomaterial to support chronic wound 

healing. 
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5.2 A simple method to purify a complex protein 

E. coli was chosen as a host system as it is inexpensive, offers the most straightforward method for plasmid 

transformation, is fast growing and provides high cell density (Rosano & Ceccarelli, 2014). MMP9 is a complex 

protein to express in its native state from E. coli, and refolding from inclusion bodies was required. As a result of 

its significant role in wound healing, and other diseases such as cancer (Vandooren et al., 2013), there is an 

interest in the production of active MMP9 with high efficiency purified to homogeneity. Previously MMP9 has been 

expressed in mammalian or insect cells and E. coli. The primary objective here was to purify the catalytic domain 

of human MMP9 protein in sufficient amounts to use in biochemical characterisation and inhibition studies. 

Recently, His-tagged active full-length (catalytic and hemopexin domain) MMP9 was expressed in E. coli, refolded 

using urea-gradient method and purified using one-step Ni2+ column purification resulting in 0.3 mg/mL protein 

(Mohseni et al., 2016). This provided a starting point to develop a refolding method to purify a high recovery yield 

of homogenous, active protein. 

 

In Chapter 2, proMMP9 was shown to express as a soluble fraction utilising chaperone cells, thus presenting the 

possibility to produce proMM9cat as a soluble fraction. However, the expression yield was low, and not all protein 

was secreted in the cytoplasm. The protein was instead purified from insoluble inclusion bodies, which contained 

relatively pure and intact proteins that could be easily isolated (Singh et al., 2015). Protein refolding is an essential 

process in obtaining active recombinant protein from inclusion bodies. Typically, the aggregated forms from the 

inclusion bodies are denatured and dissolved with high concentrations of chaotropic agents, reducing agents and 

detergents to avoid undesirable interactions. The removal of denaturants is the crucial step in the efficient recovery 

of the proteins and conventional methods such as dilution and dialysis require large buffer tanks, time-consuming 

concentration steps and sometimes result in low recovery yield (Cabrita & Bottomley, 2004). Chromatographic 

strategies were recently reviewed as an alternative method for refolding enabling higher protein yield (Eiberle & 

Jungbauer, 2010). Recently, MMP9 refolding using the urea-gradient technique and dilution methods were 

compared suggesting that the on-column refolding of MMP9 using urea-gradient was efficient (Mohseni et al., 

2016). A high molar chaotropic salt results in the formation of random coil structures leading to aggregation and 

poor recovery of active protein (Dill & Shortle, 1991), therefore the solubilisation of proMM9cat was performed under 

low concentrations of urea. Utilising detergent and cyclodextrin, proMMP9cat was refolded using a Ni2+ column and 

30 mg/ 5 g cell pellet were obtained. This was further subjected to SEC to purify proMMP9cat to homogeneity, 

resulting in monomeric protein (50 U/µL specific activity, 10 mg/5 g cell pellet). The activity of refolded MMP9cat in 
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hydrolysing a thiopeptide substrate was found comparable to commercially available MMP9. The success of 

MMP9 refolding has previously been confirmed either by CD (Mohseni et al., 2016) and, or assessing its proteolytic 

ability (Kröger & Tschesche, 1997). Here, apart from confirming the refolding efficiency using CD and the 

proteolytic ability, the refolding was confirmed using SEC-MALLS and DSF. These results confirm that three-step 

refolding using Ni2+ column provides a simple solution for obtaining pure and active MMP9. 

5.3 Systematic assessment of peptides in WPNFs 

For the successful application of PNFs as a biomaterial for wound care dressings, it is essential to characterise 

the scaffold to identify and overcome inconsistencies in preparation. Various component peptides forming fibrils 

had previously been reported from pure β-Lac (Akkermans et al., 2008; Bateman et al., 2011; Dave et al., 2013; 

Hettiarachchi et al., 2012). Building on this work, a comprehensive analysis of critical peptides required for fibril 

formation was undertaken using MALDI-TOF and LC-MS/MS. 

 

As discussed in Chapter 3, the peptide composition of WPNFs were previously determined using purified β-Lac 

solutions (Akkermans et al., 2008; Bateman et al., 2010; Dave et al., 2013; Hettiarachchi et al., 2012). Bolder et 

al (2007), revealed the hydrolysis of β-Lac protein in a WPI mixture and confirmed only β-Lac protein formed 

WPNFs. This thesis therefore investigated the peptide composition of WPNFs formed from β-Lac protein in crude 

WPI solution and confirmed Bolder’s (2007) observation. This study generated few new fragments in addition to 

the ones reported in the literature (Akkermans et al., 2008; Bateman et al., 2010; Dave et al., 2013; Hettiarachchi 

et al., 2012). This study overall confirms the possibility of using crude WPI mixture as a cost-effective source of β-

Lac PNFs.   

 

Limited proteolysis of WPI before acid hydrolysis (pH 2 at 80˚C) was performed, and fibril formation was confirmed 

in all samples with and without proteolysis using ThT fluorescence and TEM. Previous studies had demonstrated 

that even after complete hydrolysis of β-Lac fibrils by pepsin, when subjected to prolonged heating at low pH, the 

hydrolysates can reform into fibril-like structures (Bateman et al., 2011). Limited proteolysis by pepsin protease A 

and M affected fibril formation in WPC solution (Gao et al., 2013). However, this is the first study to examine the 

ability of WPI to form fibrils after limited proteolysis with trypsin, pepsin and pK. 
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The hydrolysis of the β-Lac protein after six hours of incubation at high temperature and low pH was confirmed 

using MALDI-FT-ICR. The appearance of the highest molecular mass peptide, 

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLD fragment in early hydrolysates was observed. This fragment is 

proline free, hydrophobic, has the potential to form a salt- bridge and contains characteristic features to promote 

amyloid fibril formation. Thus, this fragment is proposed as a precursor for fibrillation.  

 

The generated peptide fragments were analysed to identify essential peptides for WPNF formation. First, the 

sequences common between protease treated and the untreated control were selected. Second, the selected 

sequences were examined to identify the presence of pentapeptides containing a phenylalanine residue that 

promotes fibril formation (Euston et al., 2007). This selection generated three fragments that are common between 

protease treated and untreated WPI, of which, two peptide fragments were found in all the conditions. Conversely, 

the third fragment was observed only in WPNFs formed from pepsin treated WPI and the protease untreated 

sample at pH 2, and the control sample corresponding to trypsin and pK digestion. Therefore, the disappearance 

of the peptide fragment can be associated with the proteolytic effect of trypsin and pK in β-Lac protein present in 

WPI solution.  

 

β-Lac exists as a dimer at neutral pH, and at acidic pH it remains as a monomer (Brownlow et al., 1997; McKenzie 

& Sawyer, 1967; Mercadante et al., 2012; Qin, Bewley, et al., 1998). Thus, upon WPI hydrolysis with trypsin and 

pK, β-Lac was a dimer as proteolysis was performed at pH 7.5. In contrast, for pepsin hydrolysis, the pH was 1.8 

and β-Lac was in the monomeric state (McKenzie & Sawyer, 1967). The peptide fragment that is lost due to trypsin 

and pK digestion, when compared to its position in the bovine β-Lac protein structure (PDB id 3BLG), was identified 

to be in the GH strand and adjoining loop. At neutral pH, this region is buried in the dimer interface (Qin, Bewley, 

et al., 1998), influencing the availability of peptides for fibrillation. This study provides insight into the influence of 

the protein quaternary structure on limiting peptides available via proteolysis. 

5.4 Biomaterial to aid wound healing 

The final chapter probed whether WPNF is stable against MMPs and if WPNF can inhibit MMP catalytic activity 

(Chapter 4). WPNFs were compared to two other PNFs (SPNFs and a-HbNFs) to understand if any inhibitory 

effect was protein specific or due to the fibrillar nature. Though MMP activity is essential for cytokine and 

chemokine production to attract cells into the wound area (Rodríguez et al., 2010), excessive MMP activity 
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observed in chronic wounds is associated with pathogenesis (Lazaro et al., 2016). Coupling specific protease 

inhibitors to intelligent wound dressing designs has been proposed as an elegant way to inhibit excessive protease 

activity (Edwards et al., 2001), and one such example is oxidised regenerated cellulose/collagen-based dressings 

that can reduce protease levels in chronic wounds (Cullen et al., 2002). MMPs ability to degrade collagen, amyloid-

β protein and other ECM components is well established (Rodríguez et al., 2010; Roher et al., 1994; Yan et al., 

2006). However, inhibition of MMP2 by oligomeric amyloid-β protein in astrocytes was also reported (Li et al., 

2011). This ability of amyloid fibrils to inhibit MMPs, if substantiated, offers an exciting advance in wound care 

dressing materials. Thus, the protease stable WPNFs (Kaur et al., 2014; Lasse et al., 2016) were evaluated for 

their resistance against MMPs and also examined for their potential to inhibit MMP1, 2 and 9. 

 

WPNF was found to be partially stable against all three MMPs (~ 40 % against MMP1, > 50 % for MMP2 and 

> 70 % for MMP9) after three hours of proteolysis. Though all three PNFs showed varied resistance to MMPs, the 

general trend was high resistance towards MMP9 followed by MMP2, while less resistance for MMP1. 

Furthermore, PNFs were found to partially inhibit MMP activity (~ 50 % for MMP1, < 70 % for MMP2 and 9). This 

effect was not protein specific and therefore presumed to be due to the fibrillar nature of PNFs. Intriguingly, the 

PNFs tested here showed some selectivity for MMP2 and 9. Though MMPs are unified by a common mechanism 

of catalysis, they are distinguished within the family by the selectivity for substrates (Imper & Van Wart, 1998). For 

example, the small S1’ pocket of MMP1 restrains substrate preference to a small hydrophobic residue at P1’ 

(Welch et al., 1996), while MMP2 and 9 have S1’ pockets that are deeper than those of MMP1 (Massova, Fridman, 

& Mobashery, 1997). Such differences provide opportunities to target specific protein of interest. Therefore, the 

selectivity observed here for MMP2 and 9, which are associated with chronic wounds, has significant implications 

in treating chronic wounds. Although only partial inhibition (< 70 % for MMP2 and 9) was observed, these 

preliminary results mark a promising direction in developing PNFs from natural sources as a biomaterial for wound 

healing. 

5.5 Future perspectives 

5.5.1 Investigating the relevance of proMMP9 dimer 

Previous studies reported MMP9 dimer/multimer formation involving cysteine residues of the OG and hemopexin 

domain. In this thesis, a disulphide linked dimer for the MMP9 catalytic domain is reported (Chapter 2). A reduction 

sensitive dimer was previously reported for the MMP2 catalytic domain (Koo et al., 2012). MMPs share similar 
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catalytic domain structures (Tallant et al., 2010). MMP2 and 9 belong to the same subgroup (gelatinases) and it is 

possible that the dimer observed here was similar to the one reported in MMP2. However, utilising NMR and 

analytical ultracentrifugation, information on the MMP9 catalytic domain dimerisation could be achieved. 

Additionally, in vivo relevance of this dimerisation needs to be assessed. Though MMP9 homodimerisation 

involving the hemopexin domain is not well understood, it has been shown that MMP9 dimers are required for 

MMP9-mediated cell migration (Antoine Dufour et al., 2010). However, the catalytic domain is the regulatory 

domain for MMPs and the dimerisation suggests significant molecular flexibility, which can enable interaction with 

a broad range of substrates.  

5.5.2 Characterising the peptide composition in WPNF 

The proteolytic effect on WPI at different pHs relevant to the specific quaternary structure of β-lac protein warrants 

further investigation. This will expand our knowledge in understanding how changes in protein structure at the 

quaternary level can affect the peptide composition during fibril formation.  This overall understanding will assist 

to tune the peptide composition utilising appropriate proteases. While amyloid fibrils are usually considered as the 

molecular trigger of inflammation the investigation of toxicity of the peptides identified in this thesis should be 

established. This can be achieved either by identifying the pro-inflammatory or anti-inflammatory phenotypes of 

macrophages after treating the cells with the peptide fragments. 

5.5.3 Further characterising MMP inhibition by PNFs 

The preliminary investigation performed here (Chapter 4) towards the characterisation of amyloid fibrils as MMP 

inhibitors was promising. However, it is essential to ascertain this inhibition in full-length MMP in the presence of 

the hemopexin domain, as the endogenous inhibitor TIMPs bind to MMP2 and MMP9 via their hemopexin domain 

(Dufour, Sampson, Zucker, & Cao, 2008). Furthermore, the cleavage of collagen by MMP2 required the 

cooperation of both N terminal catalytic and C terminal hemopexin domain (Patterson, Atkinson, Knauper, & 

Murphy, 2001). The hemopexin domain is necessary for diffusion and digestion of native collagen by MMP1 

(Saffarian et al., 2004) and MMP 2 (Collier et al., 2011). Therefore, a comprehensive understanding of MMP 

catalysis of macromolecular substrates warrants the expression and study of full-length enzymes. The individual 

domain studies (hemopexin and catalytic domain), along with the full-length enzyme, will facilitate a thorough 

understanding of the inhibitory effect of WPNF on MMP2 and 9. This effect can be further extended to MMP1 to 

confirm the specificity of WPNF for gelatinases thus enabling development of protease specific material. 



129 

 

 

MMP2 and 9 belong to the gelatinase subgroup and have similar substrate preferences; it is not surprising to 

observe that both MMP2 and 9 exhibited a similar response to PNFs. MMP2 and 9 binds to native collagen, though 

native fibrillar collagen is not a substrate for either of these two enzymes (Seltzer et al., 1989). This binding does 

not result in degradation of the collagen fibrils even after 48 hours, while MMP1 was capable of solubilising the 

fibrils in one-hour (Collier et al., 2011). It would be intriguing to determine whether the PNFs exhibit a similar 

binding relationship as native collagen to MMP2 and 9. 

 

Additionally, it is crucial to assess the stability of WPNF in the presence of other proteases in the chronic wound 

environment. A preliminary study utilising wound fluid will help in enhancing the knowledge of appropriate use of 

PNFs for chronic wounds. Employing LC-MS/MS technique can provide further awareness of possible proteases 

in the chronic wounds and their interaction with PNFs. In order to exert an inhibitory effect on MMPs in the wound 

environment, it is necessary for the fibrils to come in contact with the proteases at the cell surfaces. This can be 

achieved by utilising electrospun fibres where a 3D mat with high porosity can mimic the ECM providing a bigger 

surface area for absorbing proteins (Alazab et al., 2017).  This study furthers our understanding of PNFs as 

potential wound dressing materials with an ability to inhibit MMP2 and 9, the high expression of which is of 

significant concern in chronic wounds. These observations opens up new opportunities to develop wound care 

dressing materials made up of bioactive ingredients from naturally available economic sources. 
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Appendices 
The peptide sequences obtained from mature WPNF was compared with the previously available information 

(Akkermans et al., 2008; Bateman, Ye, & Singh, 2010; Dave et al., 2013; Hettiarachchi et al., 2012). 

Appendix Table 1: Peptide sequences confirmed by LC–MS/MS from control WPNF 

Control Obs MW References 

ALENKVLVL 1111.677 Hettiarachchi 

ALNENKVLVLD 1226.705 Hettiarachchi 

ALNENKVLVLDT 1327.758  

ALNENKVLVLDTD 1442.783 Hettiarachchi 

ALNENKVLVLDTDYKKYLLFCMENSAE 3219.652  

ALNENKVLVLDTDYKKYLLFCMENSAEPEQSLVCQCLVRTPEVD 5230.648  

ALNENKVLVLDTDYKKYLLFCMENSAEPEQSLVCQCLVRTPEVDD 5345.659  

AQSAPLRVYVE 1231.672  

AQSAPLRVYVEELKPTPE 2026.113 Bateman 

AQSAPLRVYVEELKPTPEG 2083.143 
Hettiarachchi, 
Bateman 

AQSAPLRVYVEELKPTPEGD 2198.164 Hettiarachchi 

AQSAPLRVYVEELKPTPEGDLEILLQKWEN 3465.883 Hettiarachchi 

AQSAPLRVYVEELKPTPEGDLEILLQKWEND 3579.925 Hettiarachchi 

AQSAPLRVYVEELKPTPEGDLEILLQKWENDECAQKKIIAEKTKIPAVFKI 5876.291  

CAQKKIIAEKTKIPAVFKID 2300.369  

CLVRTPEVDD 1202.579  

DEALEKF 850.419  

DEALEKFD 965.450  

DEALEKFDKALKALPMHIRLSFNPTQLEEQCHI 3921.064 Hettiarachchi 

EALEKFDKALKALPMHIRLSFNPTQLEEQCHI 3806.022 Hettiarachchi 

ECAQKKIIAEKTKIPAVFKID 2411.414 Hettiarachchi 

IQKVAGTWYSL 1264.700  

IQKVAGTWYSLAMAASD 1810.920  

IQKVAGTWYSLAMAASDISLLD 2352.255 Akkerman 

IQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPEGD 4532.431 Hettiarachchi 

ISLLDAQSAPLRVYVEELKPTPEG 2624.457  

ISLLDAQSAPLRVYVEELKPTPEGD 2739.492  

KALKALPMHIRLSF 1623.994 Bateman 

KALKALPMHIRLSFN 1739.021  

KALKALPMHIRLSFNPTQLEEQCHI 2973.599 
Hettiarachchi, 
Akkerman 

LEILLQKWEND 1399.758 Hettiarachchi 

LEILLQKWENDE 1528.803  

LEILLQKWENDECAQKKIIAEKTKIPAVFKID 3811.153 Hettiarachchi 

LIVTQTMK 932.555 Dave 

LIVTQTMKG 989.574  

LIVTQTMKGL 1102.663 Hettiarachchi 
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LIVTQTMKGLD 1217.692 
Hettiarachchi, 
Bateman 

LIVTQTMKGLDIQKVAGTWYSLAMAASD 3010.625 
Hettiarachchi, 
Akkerman 

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLL 3436.904 Bateman, Akkerman 

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLD 3551.945 Bateman, Akkerman 

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPEG 5617.058 
Hettiarachchi, 
Bateman, Akkerman 

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPEGD 5732.103 
Hettiarachchi, 
Akkerman 

PTQLEEQCHI 1253.588 Hettiarachchi 

SFNPTQLEEQCHI 1601.750  

TDYKKYLLFCMENSAEPEQSLVCQCLVRTPEVD 4021.959 (D) Akkerman 

YKKYLLFCMENSAE 1794.863  

YKKYLLFCMENSAEPEQSLVCQCLVRTPEV 3690.829 Akkerman 

YKKYLLFCMENSAEPEQSLVCQCLVRTPEVD 3805.869 Akkerman 

   
 

Appendix Table 2: Peptide sequences confirmed by LC–MS/MS from pepsin treated WPNF 

Pepsin treated sample sequence Obs 
MW References 

AKELEEVKASERSLRARL 2084.095   

ALEKFDKALKALPMHIRL 2093.203   

ALNENKVLVL 1111.660 Hettiarachchi 

ALNENKVLVLD 1226.679 Hettiarachchi 

ALNENKVLVLDTD 1442.758 Hettiarachchi 

ALNENKVLVLDTDYKKYLL 2251.248   

ALNENKVLVLDTDYKKYLLF 2398.296   

AQSAPLRVY 1003.538 Bateman 

AQSAPLRVYVEELKPTPEGD 2198.135 Hettiarachchi 

AQSAPLRVYVEELKPTPEGDLEILLQKWENDECAQKKIIAEKTKIPAVFKID 5991.192   

DAQSAPLRV 955.512   

DEALEKFD 965.428   

DEALEKFDKALKALPMHIRL 2337.278 Bateman 

DEALEKFDKALKALPMHIRLSFNPTQLEEQCHI 3920.985 Hettiarachchi 

DIMCVKKIL 1118.614   

EALEKFDKALKALPMHIRL 2222.249 Bateman 

EALEKFDKALKALPMHIRLSFNPTQLEEQCHI 3805.969 Hettiarachchi 

ECAQKKIIAEKTKIPAVF 2055.158   

EKFDKALKALPMHIRL 1891.073 Bateman 

EQLTKCEVFRELK 1678.865   

EQLTKCEVFRELKD 1793.894   

EQLTKCEVFRELKDLKGYGGVSLPEWVCTTFHTSGY 4234.060   

FQINNKIWCK 1349.688   

FQINNKIWCKD 1464.713   

FQINNKIWCKDD 1579.744   

IMCMANL 851.411   

IMCVKKIL 1003.592   
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IQKVAGTW 901.499   

ISLLDAQSAPLRV 1381.792   

KALKALPMHIRL 1389.855 Bateman 

KALKALPMHIRLSF 1623.953   

KALKALPMHIRLSFNPTQL 2177.239   

KALKALPMHIRLSFNPTQLEEQCHI 2973.555 Hettiarachchi, 
Akkerman 

KIDALNENKVLVL 1467.861   

KVGINYWLAHKALCSEKLDQWLCEKL 3201.644   

LAHKALCSEKL 1268.685   

LAHKALCSEKLDQWLCEKL 2341.181   

LDAQSAPLRV 1068.590 Bateman 

LEEQCHI 927.405   

LEILLQKWEND 1399.730 Hettiarachchi 

LEILLQKWENDECAQKKIIAEKTKIPAVFKI 3696.051   

LEILLQKWENDECAQKKIIAEKTKIPAVFKID 3811.104 Hettiarachchi 

LIVTQTMKGL 1102.640 Hettiarachchi 

LIVTQTMKGLDIQKVAGTW 2101.164   

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLL 3436.850 Bateman, Akkerman 

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLD 3551.873 Bateman, Akkerman 

LKGYGGVSLPEWVCTTFHTSGY 2458.171   

LPHGVQQLDL 1118.615   

LQKWENDECAQKKIIAEKTKIPAVF 2986.592   

MCVKKIL 890.506   

PHGVQQLDL 1005.529   

PTQLEEQCHI 1253.563 Hettiarachchi 

QINNKIWCK 1185.599   

QINNKIWCKD 1300.626   

QNPHSSNICNISCDKFL 2015.887   

QWLCEKL 958.458   

SFNPTQLEEQCHI 1601.720   

VEELKPTPEGD 1212.583   

VRTPEVDD 929.443   

VRTPEVDDEALEKF 1646.820   

VRTPEVDDEALEKFD 1761.835   

VRTPEVDDEALEKFDKALKALPMHIRL 3133.691   

VRTPEVDDEALEKFDKALKALPMHIRLSFNPTQLEEQCHI 4717.384   

WLAHKALCSEKL 1454.771   

WLAHKALCSEKLD 1569.793   

WLAHKALCSEKLDQ 1697.859   

WLAHKALCSEKLDQWLCEKL 2527.268   

YKKYLLFCMENSAEPEQSLVCQCLVRTPEVD 3805.807 Akkerman 

YVEELKPTPEGD 1375.649   

YVEELKPTPEGDL 1488.734   

YVEELKPTPEGDLEIL 1843.937   
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Appendix Table 3: Peptide sequences confirmed by LC–MS/MS from trypsin treated WPNF 

Trypsin treated sequence Obs 
MW References 

ALNENKVLVL 1113.658 Hettiarachchi 

ALNENKVLVLD 1227.675 Hettiarachchi 

ALNENKVLVLDT 1327.739   

ALNENKVLVLDTD 1442.763 Hettiarachchi 

ALPMHIR 836.472   

AQSAPLRVYVE 1231.664   

AQSAPLRVYVEELKPTPE 2027.080 Bateman 

AQSAPLRVYVEELKPTPEG 2083.101 Bateman, 
Hettiarachchi 

AQSAPLRVYVEELKPTPEGD 2198.131 Bateman, 
Hettiarachchi 

AQSAPLRVYVEELKPTPEGDLEILLQKWE 3350.780 Hettiarachchi 

AQSAPLRVYVEELKPTPEGDLEILLQKWEN 3465.804 Hettiarachchi 

AQSAPLRVYVEELKPTPEGDLEILLQKWEND 3579.853 Hettiarachchi 

DEALEKF 850.413   

DEALEKFD 965.442   

DEALEKFDKALKALPMHIRLSFNPTQLEEQCHI 3921.983 Hettiarachchi 

EALEKFDKALKALPMHIRLSFNPTQLEEQCHI 3805.955 Hettiarachchi 

ECAQKKIIAEKTKIPAVFKID 2411.366 Hettiarachchi 

HIRLSFNPTQLEEQCHI 2533.255   

IQKVAGTWYSL 1264.682   

IQKVAGTWYSLAMAASD 1810.903   

ISLLDAQSAPLRVYVEELKPTPEG 2624.430   

ISLLDAQSAPLRVYVEELKPTPEGD 2739.446   

KALKALPMHIRLSFN 1738.993 (N) Bateman 

KALKALPMHIRLSFNPTQLEEQCHI 2974.541 Hettiarachchi, 
Akkerman 

KIIAEKTKIPAVFKID 1813.110   

LEILLQKWEND 1399.735 Hettiarachchi 

LEILLQKWENDE 1528.786   

LIVTQTMK 932.543   

LIVTQTMKG 989.563 Dave 

LIVTQTMKGLD 1217.669   

LIVTQTMKGLDIQKVAGTW 2101.164 Bateman, 
Hettiarachchi 

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLL 3436.856   

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLD 3551.882 Bateman, Akkerman 

LSFNPTQLEEQCHI 1714.805 Dave 

PTQLEEQCHI 1254.560   

VYVEELKPTPEGD 1474.732 Hettiarachchi 
 

 

Appendix Table 4: Peptide sequences confirmed by LC–MS/MS from pK treated WPNF 

pK treated Sequence Obs MW References 

ALNENKVLVL 1111.658 Hettiarachchi 

ALNENKVLVLD 1226.684 Hettiarachchi 
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ALNENKVLVLDT 1327.739   

ALNENKVLVLDTD 1442.758 Hettiarachchi 

AMAASDISLLDAQSAPLR 2237.179   

AQSAPLRVY 1004.531 Bateman 

AQSAPLRVYVE 1231.658   

AQSAPLRVYVEELKPTPE 2026.075 Bateman 

AQSAPLRVYVEELKPTPEG 2083.107 Hettiarachchi, 
Bateman 

AQSAPLRVYVEELKPTPEGD 2198.129 Hettiarachchi 

AQSAPLRVYVEELKPTPEGDLEILLQKWEND 3579.850 Hettiarachchi 

CAQKKIIAEKTKIPAVFKID 2300.318   

DAQSAPLRVY 1119.592   

DEALEKF 850.413   

DEALEKFD 965.435   

DEALEKFDKALKALPMHIRLSFNPTQLEEQCHI 3920.978 Hettiarachchi 

EALEKFD 832.399   

EALEKFDKALKALPMHIRLSFNPTQLEEQCHI 3805.947 Hettiarachchi 

ECAQKKIIAEKTKIPAVFKID 2411.366 Hettiarachchi 

IQKVAGTWY 1064.557   

IQKVAGTWYSLAMAAS 1695.874 Hettiarachchi 

IQKVAGTWYSLAMAASD 1810.900   

ISLLDAQSAPLRVYVEELKPTPEG 2624.399 Hettiarachchi 

ISLLDAQSAPLRVYVEELKPTPEGD 2739.440   

KALKALPMHIRLS 1476.898   

KALKALPMHIRLSF 1623.966 Bateman 

KALKALPMHIRLSFNPTQLEEQCH 2916.537   

KALKALPMHIRLSFNPTQLEEQCHI 2973.580 Hettiarachchi, 
Akkerman 

LEILLQKWE 1170.657   

LEILLQKWEN 1285.693   

LEILLQKWEND 1399.740 Hettiarachchi 

LEILLQKWENDECAQKKIIAEKTKIPAVFKID 3811.094 Hettiarachchi 

LIVTQTMK 932.533 Dave 

LIVTQTMKG 989.556   

LIVTQTMKGL 1102.636 Hettiarachchi 

LIVTQTMKGLD 1217.669 Hettiarachchi, 
Bateman 

LIVTQTMKGLDIQKVAGTW 2101.157   

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPEG 5616.923 Hettiarachchi, 
Bateman, Akkerman 

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPEGD 5731.989 Hettiarachchi, 
Akkerman 

PTQLEEQCHI 1253.574 Hettiarachchi 

SAPLRVY 804.460   

TMKGLDIQ 905.460   

VEELKPTPEG 1097.563   

VEELKPTPEGD 1212.596   

VEELKPTPEGDLEIL 1680.882   
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Appendix Table 5: Peptide sequences common between control and test WPNF were analysed to 
determine the presence of minimal sequences (underlined) 
 

minimal 
sequence 
(Euston et 
al, 2007) 

Pepsin  Obs MW Trypsin Obs MW Protease K Obs MW 

FCMEN 
YKKYLLFCMENSAE
PEQSLVCQCLVRTP
EVD 

3805.869 -----  -----  

FDKAL 
DEALEKFDKALKALP
MHIRLSFNPTQLEEQ
CHI 

3921.064 
DEALEKFDKALK
ALPMHIRLSFNP
TQLEEQCHI 

3921.983 

DEALEKFDKA
LKALPMHIRL
SFNPTQLEE
QCHI 

3920.978 

 
EALEKFDKALKALPM
HIRLSFNPTQLEEQC
HI 

3806.022 
EALEKFDKALKA
LPMHIRLSFNPT
QLEEQCHI 

3805.955 

EALEKFDKAL
KALPMHIRLS
FNPTQLEEQ
CHI 

3805.947 

FNPTQ 
DEALEKFDKALKALP
MHIRLSFNPTQLEEQ
CHI 

3921.064 
DEALEKFDKALK
ALPMHIRLSFNP
TQLEEQCHI 

3921.983 

DEALEKFDKA
LKALPMHIRL
SFNPTQLEE
QCHI 

3920.978 

 
EALEKFDKALKALPM
HIRLSFNPTQLEEQC
HI 

3806.022 
EALEKFDKALKA
LPMHIRLSFNPT
QLEEQCHI 

3805.955 

EALEKFDKAL
KALPMHIRLS
FNPTQLEEQ
CHI 

3805.947 

 KALKALPMHIRLSFN
PTQLEEQCHI 2973.599 

KALKALPMHIRL
SFNPTQLEEQC
HI 

2974.541 
KALKALPMHI
RLSFNPTQLE
EQCHI 

2973.580 

 SFNPTQLEEQCHI 1601.750 -----  -----  

FKIDA Present only in CONTROL WPNF 

VFKID 
LEILLQKWENDECA
QKKIIAEKTKIPAVFKI
D 

3811.153 ECAQKKIIAEKTK
IPAVFKID 

2411.
366 

CAQKKIIAEKTKIP
AVFKID 2300.318 

     
LEILLQKWENDEC
AQKKIIAEKTKIPA
VFKID 

3811.094 

LFCME 
YKKYLLFCMENSAE
PEQSLVCQCLVRTP
EVD 

3805.869 -----  -----  

KFDKA 
DEALEKFDKALKALP
MHIRLSFNPTQLEEQ
CHI 

3921.064 
DEALEKFDKALK
ALPMHIRLSFNP
TQLEEQCHI 

3921.
983 

DEALEKFDKALKA
LPMHIRLSFNPTQ
LEEQCHI 

3920.978 

 
EALEKFDKALKALPM
HIRLSFNPTQLEEQC
HI 

3806.022 
EALEKFDKALKA
LPMHIRLSFNPT
QLEEQCHI 

3805.
955 

EALEKFDKALKAL
PMHIRLSFNPTQL
EEQCHI 

3805.947 

SFNPT 
DEALEKFDKALKALP
MHIRLSFNPTQLEEQ
CHI 

3921.064 
DEALEKFDKALK
ALPMHIRLSFNP
TQLEEQCHI 

3921.
983 

DEALEKFDKALKA
LPMHIRLSFNPTQ
LEEQCHI 

3920.978 

 
EALEKFDKALKALPM
HIRLSFNPTQLEEQC
HI 

3806.022 
EALEKFDKALKA
LPMHIRLSFNPT
QLEEQCHI 

3805.
955 

EALEKFDKALKAL
PMHIRLSFNPTQL
EEQCHI 

3805.947 

 KALKALPMHIRLSFN
PTQLEEQCHI 2973.599 

KALKALPMHIRL
SFNPTQLEEQC
HI 

2974.
541 

KALKALPMHIRLSF
NPTQLEEQCHI 2973.580 

 SFNPTQLEEQCHI 1601.750     

LLFCM 
YKKYLLFCMENSAE
PEQSLVCQCLVRTP
EVD 

3805.869 -----  -----  

EKFDK 
DEALEKFDKALKALP
MHIRLSFNPTQLEEQ
CHI 

3921.064 
DEALEKFDKALK
ALPMHIRLSFNP
TQLEEQCHI 

3921.
983 

DEALEKFDKALKA
LPMHIRLSFNPTQ
LEEQCHI 

3920.978 

 
EALEKFDKALKALPM
HIRLSFNPTQLEEQC
HI 

3806.022 
EALEKFDKALKA
LPMHIRLSFNPT
QLEEQCHI 

3805.
955 

EALEKFDKALKAL
PMHIRLSFNPTQL
EEQCHI 

3805.947 

LSFNP 
DEALEKFDKALKALP
MHIRLSFNPTQLEEQ
CHI 

3921.064 
DEALEKFDKALK
ALPMHIRLSFNP
TQLEEQCHI 

3921.
983 

DEALEKFDKALKA
LPMHIRLSFNPTQ
LEEQCHI 

3920.978 

 
EALEKFDKALKALPM
HIRLSFNPTQLEEQC
HI 

3806.022 
EALEKFDKALKA
LPMHIRLSFNPT
QLEEQCHI 

3805.
955 

EALEKFDKALKAL
PMHIRLSFNPTQL
EEQCHI 

3805.947 

 KALKALPMHIRLSFN
PTQLEEQCHI 2973.599 

KALKALPMHIRL
SFNPTQLEEQC
HI 

2974.
541 

KALKALPMHIRLSF
NPTQLEEQCHI 2973.580 
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AVFKI 
LEILLQKWENDECA
QKKIIAEKTKIPAVFKI
D 

3811.153 ECAQKKIIAEKTK
IPAVFKID 

2411.
366 

CAQKKIIAEKTKIP
AVFKID 2300.318 

     
LEILLQKWENDEC
AQKKIIAEKTKIPA
VFKID 

3811.094 

PAVFK 
LEILLQKWENDECA
QKKIIAEKTKIPAVFKI
D 

3811.153 ECAQKKIIAEKTK
IPAVFKID 

2411.
366 

CAQKKIIAEKTKIP
AVFKID 2300.318 

     
LEILLQKWENDEC
AQKKIIAEKTKIPA
VFKID 

3811.094 

RLSFN 
DEALEKFDKALKALP
MHIRLSFNPTQLEEQ
CHI 

3921.064 
DEALEKFDKALK
ALPMHIRLSFNP
TQLEEQCHI 

3921.
983 

DEALEKFDKALKA
LPMHIRLSFNPTQ
LEEQCHI 

3920.978 

 
EALEKFDKALKALPM
HIRLSFNPTQLEEQC
HI 

3806.022 
EALEKFDKALKA
LPMHIRLSFNPT
QLEEQCHI 

3805.
955 

EALEKFDKALKAL
PMHIRLSFNPTQL
EEQCHI 
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