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Abstract 

Naturally-occurring peptides and proteins with diverse biological roles have enormous 

potential for use as therapeutics and biomaterials. While proteins of biomedical interest were 

traditionally isolated from their native sources, advances in recombinant protein expression 

have now enabled safe, efficient and large-scale production of highly pure protein. This project 

utilised Escherichia coli as expression host for two recombinant proteins with potential 

biomedical application: (i) a barnacle cement protein for investigation as a biomimetic glue, 

and (ii) human superoxide dismutase enzyme for targeted pulmonary delivery.  
Proteins involved in wet adhesion of marine organisms are of growing biomedical interest due 

to their potential use as surgical adhesives. Recombinant protein technology allows such 

adhesive proteins to be produced at the scale needed to investigate their adhesive mechanisms. 

The 19 kDa cement protein (cp19k) of the stalked barnacle Pollicipes pollicipes was expressed 

in E. coli BL21. Co-overproduction of E. coli molecular chaperones GroEL-GroES and trigger 

factor (TF) resulted in increased yields of soluble cp19k protein.. Surface coat analysis revealed 

high adsorption of a cp19k-TF complex on both hydrophobic and hydrophilic surfaces but low 

adsorption of the recombinant cp19k (rPpolcp19k) protein. The purified recombinant protein 

also exhibited negligible adsorption on hydrophobic, neutral hydrophilic or charged self-

assembled monolayers in surface plasmon resonance assays designed to mimic the barnacle 

cement gland and seawater conditions. Due to its low adhesive capability, the potential 

cohesive ability of the protein was investigated, using an amyloid-specific fluorometric assay, 

revealing self-assembly of the protein into amyloid fibrils under cement gland-like but not 

seawater conditions. Transmission electron microscopy and atomic force microscopy 

confirmed and further characterised the rPpolcp19k fibrils. Our findings that rPpolcp19k self-

assembles into amyloid fibrils suggest a cohesive role for the protein which could be exploited 

in biomedical adhesion. 
Acute respiratory distress syndrome (ARDS) is a life-threatening respiratory failure syndrome 

that is characterised by increased permeability of the alveolar-capillary membrane, pulmonary 

oedema and the acute onset of hypoxemia. In healthy individuals, an oxidant-antioxidant 

equilibrium is maintained by antioxidants such as superoxide dismutase enzymes. During the 

acute phase of ARDS, however, neutrophil infiltration into the alveolar space results in 



 x 

uncontrolled release of reactive oxygen species and proteases, overwhelming the antioxidant 

defences and leading to alveolar epithelial and lung endothelial injury. Several fusion proteins 

incorporating human Cu-Zn-superoxide dismutase protein (hSOD1) were designed for aerosol 

delivery by nebulisation. Expression of the hSOD1 fusion proteins in E. coli BL21 was 

optimised using co-overproduction of GroEL-GroES chaperones. The fusion proteins 

exhibited high superoxide dismutase activity in fused and unfused formats, and protected 

human bronchial epithelial cells from oxidative damage. The hSOD1 protein retained its 

activity post-nebulisation and demonstrated a satisfactory lung deposition profile for delivery 

to the lower respiratory tract. The recombinant hSOD1 exhibited no adverse effects in an in 

vivo rat model. The results provide a strong basis for further investigation of the therapeutic 

potential of non-fused hSOD1 protein in the treatment of ARDS. 
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1.1 Recombinant protein expression for biomedical applications 

Traditionally proteins for biomedical applications were isolated and purified from their native 

sources. However, native proteins typically have limited availability, are expensive to produce 

and there may be a risk of transmissible disease or immunogenicity in those derived from 

human or animal sources (1). Advances in recombinant protein expression resulted in the 

development of systems which could produce large quantities of highly pure proteins via a 

simple, reproducible, sustainable and cost-effective approach (2). Since the first recombinant 

protein, human insulin, was approved in 1982, the number of approved recombinant proteins 

have expanded to include monoclonal antibodies, blood products, hormones, growth factors, 

cytokines, vaccines and fusion proteins (3, 4). Proteins have emerged as a major class of 

therapeutics and account for seven of the top ten best selling drugs world-wide (Table 1.1) (5). 
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Table 1.1 The top ten best-selling drugs worldwide in 2016. mAb: monoclonal antibody 
Reproduced from (5).  

 Drug (generic name) -
manufacturer  
 

Class Manufacturer Primary indication  
  

1 Humira® (adalimumab) -  
 

mAb Abbvie Rheumatoid arthritis, 
psoriasis, intestinal 
bowel disease, others 
 

2 Harvoni® (ledipasvir/ 
sofosbuvir) 
 
 

Small 
molecule 

Gilead 
Sciences 

Hepatitis C virus  

3 Enbrel® (etanercept) –  
 
 

Fc fusion Amgen, Pfizer Rheumatoid arthritis, 
psoriasis, others 
 
 

4 Rituxan® (rituximab) –  
 
 

mAb Roche, Biogen B cell malignancies, 
Rheumatoid arthritis 
 
 

5 Remicade® (infliximab)  
 

mAb Johnson & 
Johnson, 
Merck 

Rheumatoid arthritis, 
psoriasis, intestinal 
bowel disease, others 
 

6 Revlimid®  
(lenalidomide)  
 
 

Small 
molecule 

Celgene Multiple myeloma 

7 Avastin® (bevacizumab)  
 

mAb Roche Metastatic colorectal 
cancer, Metastatic renal 
cell carcinoma, others 
 

8 Herceptin® (trastuzumab)  
 

mAb Roche Human epidermal 
growth factor receptor-
2+ breast cancer, gastric 
cancer, others 

9 Lantus®  
(insulin glargine)  
 
 

Protein Sanofi Type- I diabetes, type-2 
diabetes 

10 Prevnar13®   
(pneumococcal 13-valent 
conjugate vaccine; 
CRM197) 

Vaccine 
(conjugated) 

-Pfizer Pneumonia prophylaxis  
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Living organisms express an impressive variety of peptide and protein molecules with diverse 

biological roles, and represent a limitless source of inspiration for use as protein therapeutics 

and biomaterials (6, 7). Even venoms, which contain a mixture of enzymes, non-enzymatic 

proteins and peptides, have attracted attention for use in biomedical applications (8). These 

include Leucurogin, a recombinant disintegrin-like protein from the venom gland of Bothrops 

leucurus, which exhibits potent inhibition of platelet aggregation (9) and anti-

angiogenic/metastatic potential (10), and a serine protease from Bothrops pauloensis snake 

venom with thrombin-like activity (11). Silk, particularly from spiders (12-14) but also from 

marine organisms such as the sea anemone Nematostella vectensis (15), and humboldt squid 

Dosidicus gigas (16), has also attracted considerable attention as a drug carrier and scaffold 

due to its remarkable biomechanical properties, biocompatibility and biodegradability (7). 

Proteins involved in wet adhesion of marine organisms are also of particular interest in 

biomedicine. Increasing focus is being placed on understanding the mechanisms of adhesion 

of diverse organisms such as mussels (17), sandcastle worms (18), starfish (19, 20) and 

barnacles (21) in order to inform design of novel recombinant bioadhesives that mimic 

properties of natural glue-like molecules. 

While first generation recombinant proteins were designed to replicate precisely the properties 

of their native homologues (22), advances in DNA technology, and in understanding of protein 

structure and function, have led to the production of “unnatural” molecules with improved or 

new properties compared to natural proteins. Fusion proteins combine separate proteins or 

protein components to produce a single polypeptide which contains attributes from both parent 

molecules (23). The first therapeutic fusion protein, Etanercept (Enbrel®), was marketed in 

1998 for the treatment of autoimmune diseases and in 2017 remained the second highest 

grossing protein therapeutic (3). By 2016, 16 therapeutic fusion proteins had gained regulatory 

approval for medical use, with at least 70 more in clinical trials (24). Often one fusion partner 

confers a recognition function while the other provides a therapeutic functionality (25). 

However, the technology has the potential to combine different properties such as improved 

pharmacokinetics, reduced toxicity and novel delivery and targeting routes into a single protein 

(24).  
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1.2 Platforms for the expression of recombinant proteins 

Recombinant proteins are most commonly expressed in bacteria, yeasts, mammalian, plant or 

insect cells, as well as transgenic plants and animals. Escherichia coli, yeast and mammalian 

(Chinese Hamster Ovary) hosts represent the most frequently used expression systems for 

biopharmaceuticals (26). As well as host laboratory expertise, the choice of expression 

platform is dictated largely by the properties of the target protein (27), with posttranslational 

modifications (PTM) that can influence the stability, activity or pharmacokinetics of proteins 

amongst the most important determinant of host system (28). Many proteins, particularly those 

from eukaryotic sources, undergo PTMs either during or after ribosomal synthesis. Over 100 

potential PTMs of proteins exist but the most relevant to therapeutic proteins include 

glycosylation, disulfide bond formation, proteolytic cleavage, carboxylation, hydroxylation, 

amidation and sulfation (29). The most complex PTM is glycosylation – which occurs in 60% 

of recombinant proteins approved for therapeutic use (30).  

E. coli was the first microorganism to be utilised for the expression of heterologous proteins 

and it remains the preferred prokaryotic expression system (31) due to being well characterised, 

its ease of genetic manipulation, relatively inexpensive and fast growth, and ability to achieve 

high biomass and high recombinant protein yields (32). While the Gram positive Bacillus 

subtilis exhibits advantageous protein secretion, its use as an expression host is limited by a 

lower number of suitable vectors, plasmid instability and its complement of proteases (33). The 

major constraints of E. coli lie in producing proteins with multiple disulfide bonds (34), in 

folding large, multimeric proteins, and in carrying out complex PTMs (32), particularly 

glycosylation (35). Efforts to overcome some of these constraints by strain engineering have 

resulted in some successes, such as the glycosylation of proteins in E. coli (36), but 

considerable differences still remain between glycosylation patterns of human proteins 

produced using prokaryotic and eukaryotic host systems (37). Therefore, eukaryotic hosts, and 

mammalian cells in particular, are preferred for the production of complex recombinant 

proteins that require the addition of PTMs such as glycosylation (30). This glycosylation is 

required for the pharmacokinetic and pharmacodynamic properties of many glycoprotein 

biopharmaceuticals, with human-like glycan sequences and chain-terminating sialic acid 

residues frequently critical to ensuring optimal efficacy and the in vivo half-life of recombinant 

proteins (26, 38). 
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Yeasts combine the ease of manipulation of a unicellular organism and simple nutritional 

demands with the advantage, as a eukaryote, of being able to carry out many PTMs, including 

N-linked glycosylation of proteins. The ability of yeast cells to efficiently secrete expressed 

proteins is also advantageous as it simplifies purification (30) while improved understanding 

of their array of chaperones and foldases has led to improved folding and disulfide bond 

formation of many proteins (39). Therefore yeasts such as the most commonly used 

Saccharomyces cerevisiae and Pichia pastoris species have been used for successful 

production of a large number of approved biopharmaceuticals, such as human granulocyte 

macrophage-colony stimulating factor, Leukine®; human platelet-derived growth factor, 

Regranex®; human papillomavirus subunit vaccine, Gardasil®; and a kallikrein inhibitor, 

Kalbitor® (26). Although yeasts are capable of performing N-linked glycosylation, N-linked 

glycans in yeast-derived proteins differ greatly from those of mammalian cells and humans, 

with their characteristic hypermannosylation in particular unsuitable for clinical use due to its 

immunogenicity and poor pharmacokinetics through interaction with C-type lectins of the 

innate immune system (26). Advances in engineering of yeast O- and N-glycosylation 

pathways have resulted in the production of fully humanised sialylated glycoproteins in P. 

pastoris (40-44), leading to reduced immunogenicity and improved therapeutic potential (44). 

Humanised N-glycosylation was also achieved in S. cerevisiae, though with some 

heterogeneity of the N-linked glycans (45). This research has resulted in commercialisation of 

humanised N-glycosylation pathways in P. pastoris (GlycoSwitchTM, VTU/RCT; GlycoFi, 

Merek) and S. cerevisiae (GlycodExpressTM, Glycode) (46). While achieving N-glycosylation, 

however, these systems do not resolve the issue of non-human type O-glycosylation in yeasts 

(47) and further work is needed on simultaneously humanising both O- and N- pathways in 

yeast and maintaining the uniformity of glycosylation (48).  

Cultured insect cells, particularly lepidopteran cells, infected with a baculovirus expression 

vector, are an attractive alternative to mammalian cell culture for the production of therapeutic 

proteins, particularly those with complex PTMs (49). Autographa californica multiple nuclear 

polyhedrosis virus (AcMNPV) was used to develop the original baculovirus vectors (50, 51) 

and remains the most commonly used isolate for recombinant expression in baculovirus 

expression vector systems (BEVS) (52, 53). BEVS such as the Bac-to-BacTM (ThermoFisher 

Scientific; (54) provide a scalable, robust system which can deliver high yields of recombinant 

protein and perform complex PTMs (49). BEVS can also express multimeric or multiple 

proteins using the same vector with systems such as MultiBacTM (55, 56). The most frequently 



 7 

used cell lines are Sf-9 and Sf-21 derived from the fall armyworm moth Spodoptera frugiperda, 

and High FiveTM derived from the cabbage looper moth Trichoplusia ni (57). 

Insect systems initially found greatest application in the expression of eukaryotic proteins for 

structural studies (2). However, since Cervarix®, a human papillomavirus vaccine produced 

using High FiveTM, became the first insect cell-derived protein therapeutic approved for human 

use in 2009 (3, 58), therapeutics from insect cell lines now constitute approximately 1% of 

approved protein therapeutics for human use (59). These include Flublok®, a subunit vaccine 

for influenza; and Provenge®, an immunotherapy for advanced prostate cancer (60), although 

as of 2015 Provenge® has been withdrawn from the European Union market (3). 

The shortcomings of the baculovirus-infected insect cell system include the release of host cell 

and viral proteins (including proteases) and debris during the lytic infection process, which 

may affect protein quality and require extensive downstream purification (59). New insect cells 

must also be infected for each round of protein synthesis. To date, no stable insect line for the 

expression of recombinant proteins in a non-lytic system has been successfully developed that 

meets industry requirements of protein yields, the time required to establish a stable cell line 

and cost or production relative to mammalian cells (49). Glycosylation is also a  limitation of 

BEVS as insect cells produce different and less complex glycan structures than mammalian 

cells (61) and some cell lines produce distinctive, highly immunogenic core α1,3-fucosylated 

N-glycans (62). Similar to yeasts, there has been much interest in recent years in producing an 

insect-baculovirus system capable of producing humanised N-linked glycoproteins (63-65). 

These efforts have yielded SweerBacTM (Geneva Biotech) that is capable of producing 

humanised patterns of N-glycosylation (65, 66), though reduced protein yields and 

heterogenous glycosylation remains an issue (59, 65). 

Cell-free systems involve using the protein synthesis machinery, either in the form of purified 

components or crude cellular extracts, in a buffer system supplemented with energy sources, 

cofactors, amino acids and a genetic template (DNA or mRNA) for recombinant protein 

synthesis (67). E. coli- (68), rabbit reticulocyte- (69) and wheat germ- (70) derived systems 

were described several decades ago and have emerged in recent years as a powerful tool for 

the production of recombinant proteins. Therapeutic targets produced from diverse cellular 

extracts include granulocyte-macrophage colony-stimulating factor using E. coli (71), 

candidates for malaria vaccines in wheat germ (72, 73), a streptokinase (74) and glycosylated 
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human erythropoietin (EPO) (75) from CHO cells, a variant of tissue type plasminogen 

activator (vtPa) from insect cells (76) and granulocyte-colony stimulating factor and EPO from 

human blood (77) but E. coli- and wheat germ-derived cell-free systems remain the most 

popular systems (67). Although traditionally performed in batch mode (78), the adaptation of 

continuous nutrient exchange systems (dialysis methods) and controlled bioreactors have led 

to improved protein yields (74). These in vitro systems also have the advantage of being able 

to make difficult-to-produce toxic or membrane proteins (79, 80) and of being easily 

manipulated by the addition of chaperones, microsomes, nanodiscs and radioscopic labels (79). 

The PUREexpress system (New England Biolabs), based on the “protein synthesis using 

recombinant elements” (PURE) system (81), contains all necessary translational and 

transcriptional machinery purified from E. coli – rather than using cell extracts – and as a result 

benefits from the absence of proteases and nucleases (82). Most of the components are also 

his-tagged for ease of target purification (81). Despite its ease of use, the system is expensive 

and yields lower amounts of protein than extract based systems (83). Cell-free systems have 

not been widely adopted to date due to their high costs and difficulties with scale-up (84). 

However, recent reductions in production costs may lead to an increase in their future adoption 

in the field (67). 

In spite of their high production costs, mammalian cells such as Chinese hamster ovary (CHO), 

human embryonic kidney (HEK) and murine myeloma and hybridoma (NS0, SP2/0) cells 

remain the preferred expression platform for many recombinant proteins for clinical 

applications due to their capacity for correct protein folding and formation of PTMs (33, 85). 

This is reflected in the recent surge of approved proteins manufactured in mammalian systems. 

From 2014-2018, 84% of protein therapeutics approved were produced in mammalian cell 

lines, a trend driven by the increase in approvals of monoclonal antibodies (mAb) and clotting 

factors that contained PTMs (3). CHO-derived cells are the dominant production system for 

products on the market and in clinical development (3)  due to their ability to grow as adherent 

cells or in suspension, their extensive characterisation and their ease of genetic manipulation. 

They also have a long regulatory track record for expression of therapeutic proteins and, 

importantly, can produce proteins with complex, human-compatible PTMs (86).  

The main drawbacks for mammalian cell culture are their high production cost, the need for 

complex and expensive media, the potential for viral contamination of expressing cultures and 
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the introduction of non-human glycoforms such as galactose-α1,3-galactose (α-Gal) and N-

glycolylneuraminic acid (Neu5Gc) into glycoproteins (61). While mammalian cell culture can 

produce human-like glycoproteins, most mammalian glycoproteins contain α-Gal and Neu5Gc, 

which are absent in humans and may be immunogenic in recombinant proteins in vivo (87-89). 

1.3 E. coli as a host for the expression of recombinant proteins 

E. coli remains the “workhorse” for the expression of non-glycosylated recombinant proteins, 

and has been used in the production of a third of all approved therapeutic proteins (90). 

Although there has been an increasing preference for CHO cells in recent years,  E. coli remains 

the second most commonly used host (3). Its popularity can be attributed to its low cost, ability 

to achieve high cell densities, potentially high yields of target protein and variety of available 

molecular tools for its genetic manipulation (33, 91). Its long history as a recombinant 

expression platform has led to the development of a variety of strains for recombinant 

expression (90). A range of  commercial and researcher-generated expression plasmids are also 

available with different origins of replication, promoters, selection markers, multiple cloning 

sites and fusion protein tags (92). A repertoire of affinity tags exist for ease of purification and 

detection (93), which can be fused to either the N- or C-terminus of a target protein and, due 

to their small size, typically with no detectable effect on the structure or activity of the protein 

(94). The hexahistidine (6xHis) tag is a popular label for the purification of proteins on nickel-

affinity columns (95), though FLAG, Strep II and CBP tags, amongst others, are also used (96-

98). For aggregation-prone proteins, solubility enhancing fusion partners (99) such as maltose-

binding protein (MBP), glutathione S-transferase (GST), N-utilising substance A (NsuA), 

thioredoxin (Trx) and small ubiquitin-like modifier protein (SUMO) are most commonly used 

(100). Some tags function both as a solubility partner and an affinity tag (99, 100), such as 

amylose resin-binding MBP (101) and glutathione resin-binding GST (102). Tags are typically 

removed from the purified protein using a protease cleavage site between the tag and the target 

protein (99), with TEV protease from tobacco etch virus and Factor Xa, a trypsin like serine 

protease, commonly used (103). 

Despite its numerous advantages, inclusion body formation and the occurrence of low levels 

of soluble protein are typical occurrences upon initial production of a heterologous protein in 

E. coli (104). The expression of heterologous proteins imposes a “metabolic burden” upon the 

host cells, which can lead to the accumulation of denatured or misfolded proteins in inclusion 
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bodies. Commonly used strategies to reduce this burden and improve protein solubility (105) 

include altering parameters such as growth temperature, inducer concentration, promoter 

strength and plasmid copy number to reduce the rate or yield of expression, thereby  improving 

solubility (2). Insoluble protein aggregates, which can occur in inclusion bodies in the 

cytoplasm or periplasm  as the normal protein synthesis or folding machinery become saturated 

upon high level protein expression, also limits the functional yields of many heterologous 

proteins in E. coli (106). Though industrial production settings frequently express recombinant 

targets in inclusion bodies to reduce proteolytic degradation and facilitate purification (106), 

the approach is typically not favoured by most academic R&D labs due to the time and 

economic costs associated with solubilisation, refolding and purification to extract bioactive 

protein from inclusion bodies (107, 108). Combined with the highly variable yields obtainable 

(106), this has led most groups to focus instead on optimising the production of soluble protein 

(105) through approaches such as the use of specially adapted strains, solubility-enhancing 

fusion partners and coproduction of molecular chaperones and foldases (99). 

A variety of bacterial strains have been developed for the expression of heterologous proteins. 

Of these, E. coli BL21 and its derivatives are the most commonly used (90) due to their 

deficiencies in Lon and OmpT proteases, which have been found to degrade numerous 

heterologous proteins (109, 110). E. coli BL21 (DE3), used in combination with T7-promoter 

based expression vectors, contains a λDE3 lysogen to express a T7 RNA polymerase under the 

control of an inducible lacUV5 promoter.  “Leaky” expression, which can be problematic with 

toxic gene products can be controlled by co-expression of T7 lysozyme in strains such as E. 

coli BL21 (DE3) pLysS that carry a plasmid encoding for T7 lysozyme (92, 111, 112). 

Additional variants that overcome particular expression bottlenecks (113) include E. coli BL21 

Star with reduced RNase activity to increase mRNA stability (113), E. coli BL21 codon plus 

(114) and Rosetta to overcome codon bias differences by coexpression of rare tRNAs (115). 

E. coli Origami (Novagen) and SHuffle (New England Biolabs) which have mutations in 

thioredoxin reductase B (trxB) and/or glutathione reductase (gor) promote the formation of 

disulfide bonds in the reducing cytoplasmic environment (34, 116). The SHuffle strain 

additionally expresses the normally periplasmic disulfide bond isomerase DsbC in the 

cytoplasm for improved disulfide bond formation and isomerisation (34). E. coli C41 (DE3) 

and C43 (DE3) strains have found particular use in the expression of membrane proteins (105). 

The ArcticExpress (DE3) strain, which co-expresses the cold-adapted chaperones Cpn10 and 
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Cpn60, has been developed to express aggregation-prone proteins at reduced temperatures for 

improved folding (117). 

Over-production of a variety of molecular chaperones and foldases has emerged as a common 

approach to improve the folding and solubility of aggregation-prone proteins (118, 119). The 

most commonly over-expressed chaperone groups are the cytoplasmic heat shock protein 

Hsp70 (DnaK-DnaJ-GrpE) and Hsp60 (GroEL-GroES) family members, as well as ribosome-

associated trigger factor (TF), ClpB that is particularly involved in recovering protein 

aggregates, and cytoplasmic and periplasmic peptidyl-prolyl-cis-trans-isomerases (120). 

Disulfide bond catalysing enzymes are also commonly investigated with multiply disulfide 

bond-linked targets (121, 122). While hundreds of publications now attest to the success of this 

strategy (121, 123-125), the approach is complicated by the difficulty of predicting the effects 

of supplementation of a particular chaperone on a recombinant protein as this depends on 

chaperone affinity for the target and the folding kinetics of the recombinant protein (126). Trial 

and error of molecular chaperones is facilitated, however, by the availability of commercial 

systems for co-overproduction of multiple chaperones, notably the Takara panel of chaperones 

(Takara Bio), which is conveniently expressed from plasmids designed to be compatible with 

common recombinant protein expression setups. 

Secretion to the oxidising environment of the periplasm to allow stable disulfide bond 

formation has long been a staple of expressing disulfide-linked proteins in E. coli (106). 

Increasingly, however, E. coli strains such as Origami and SHuffle (see above) can be used to 

form stable disulfide bonds in the cytoplasm. The SHuffle strain has the added advantage of 

producing a cytoplasmic DsbC to further assist in disulfide bond formation (34, 116). Disulfide 

bond formation can be further enhanced by the use of a thioredoxin tag in strains lacking trxB 

(105). Alternatively, the CyDisCo system, which co-expresses a sulfhydryl oxidase Erv1p from 

S. cerevisiae and a human protein disulfide bond isomerase, has also been demonstrated to 

catalyse cytoplasmic disulfide bond formation in the presence of intact reducing pathways (34). 

Expression of recombinant targets in the periplasmic space combines disulfide bond formation 

in this oxidative environment (116) with fewer proteases and contaminating proteins to 

increase yields and ease downstream purification – though at the cost of incorporating a 

secretion step into the protein expression procedure. Secretion to the periplasm is achieved by 

incorporating a native E. coli signal peptide at the N-terminus of the protein, with its removal 
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by the signal peptidase upon passing through the membrane translocase restoring the 

authenticity of the N-terminus (127). In E. coli three protein secretion pathways have been 

described for periplasmic translocation: the Sec- and SRP- dependent pathways which handle 

proteins that have not already reached their native conformation (109) and the twin arginine 

translocation (TAT) system (128) which secretes proteins folded in the cytoplasm (127). The 

Sec pathway is the most widely used and a number of different signal sequences exist that 

mediate translocation of recombinant proteins via this pathway, including OmpA, PelB and 

PhoA (129). As in the cytoplasm, over-expression of molecular chaperones is frequently used 

to improve expression of recombinant proteins in the E. coli periplasm. This may take the form 

of overcoming expression bottlenecks in the cytoplasm using chaperones such as DnaK-DnaJ-

GrpE and/or GroEL-GroES (130-132) or improving protein secretion using components of the 

secretory pathways (133, 134). Alternatively, expression can be improved by co-producing 

periplasmic chaperones, such as Skp, or folding catalysts, such as disulfide bond enzymes 

DsbA, DsbB, DsbC and DsbD and peptidyl-prolyl isomerases SurA, RotA, FklB and FkpA 

(128, 135). This approach has met with considerable success with Dsb proteins and disulfide 

bond-containing targets (121, 136, 137); Skp (138) and FlkpA (139). While increased yields 

have also been reported for chaperone combinations such as of Skp-FlkpA (140) with single 

chain variable fragments; and combinations such as FkpA-SurA-DsbA-DsbC with a multiple 

disulfide bond-linked single domain antibody (141). 

The main cited shortcoming of E. coli in production of recombinant therapeutics is its inability 

to perform N-glycosylation, which is abundant in mammalian proteins (35). While an N-

glycosylation pathway from the Gram negative Campylobacter jejuni has been successfully 

transferred to E. coli to enable the production of glycosylated proteins in E. coli (36), the 

resultant bacterial glycosylation pattern differs considerably from human glycans (142). 

Nevertheless, this has paved the way for intensive ongoing research which aims to humanise 

bacterial N-glycosylation pathways and produce human-like glycoproteins in the organism 

(143), including recent successful production of a terminally sialylated recombinant human 

tenth fibronectin type III domain (Xuejun Hu, pers. comm.). 

1.4 Scope of this thesis 

The objective of this study was to use recombinant expression technology to produce proteins 

for use in biomedical applications. To demonstrate the application of recombinant proteins two 
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biomedical challenges were selected: (i) a novel biomimetic bioadhesive, and (ii) a fusion 

protein in targeted drug delivery. In the former case, the barnacle cement protein cp19k from 

Pollicipes pollicipes was expressed and investigated as a biomimetic adhesive. Chapter 3 

details this work in a comprehensive overview of adhesion in barnacles and description of the 

cloning, expression and characterisation of the cement protein. In the latter case, a panel of 

human Cu,Zn superoxide dismutase (hSOD1) fusion protein variants was developed for 

targeted pulmonary delivery to treat acute respiratory distress syndrome (ARDS). Chapter 4 

provides an overview of the state-of-the-art of lung delivery of therapeutics and describes the 

expression of the fusion proteins, assessment of their ability to protect cells from oxidative 

damage and the potential for their delivery by nebulisation. Finally, Chapter 5 discusses the 

main findings of the thesis, provides the main conclusions of this research and considers 

potential future directions.  
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Chapter 2 

Materials and Methods 
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2.1 Materials  

2.1.1 Chemicals  

All chemicals used were of analytical grade and were obtained from Sigma-Aldrich (Arklow, 

Ireland), VWR (Ballycoolin, Ireland), Thermo Fisher Scientific (Ballycoolin, Ireland) or GE 

Healthcare Life Sciences (Little Chalfont, UK), unless otherwise stated. All solutions were 

prepared using dH2O or Milli-Q purified water (Millipore; Billerica, MA, USA) and where 

appropriate, autoclaved prior to use.  

2.1.2 E. coli strains and plasmids 

E. coli Top10 (F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74 deoR recA1 araD139 

Δ (ara-leu) 7697 galU galK rpsL (StrR) endA1 nupG); Invitrogen) was used for DNA 

manipulation and E. coli BL21 (DE3) (F– ompT gal dcm lon hsdSB(rB- mB-) λ(DE3 [lacI 

lacUV5-T7 gene 1 ind1 sam7 nin5]); Invitrogen) for expression of recombinant proteins. The 

plasmid pIG6 (144) was used for the expression of recombinant proteins in E. coli. Molecular 

chaperones were co-expressed from plasmids pG-KJE8, pGro7, pKJE7, pG-Tf2 and pTf16 

(Takara Corp; (145). The disulfide bond isomerase DsbC was expressed from plasmid 

pACYC-DsbC (host laboratory). 

2.1.3 PCR oligonucleotides 

Oligonucleotides were prepared by Eurofins Genomics. Sequences are listed in Table 2.1. 
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Table 2.1 Oligonucleotides used in generation of pep1-hSOD1 construct by overlap PCR  

Primer  Name Sequence Function 

I OmpAmpfor 5’ TAC GAA TTT CTA GAT 
AAC GAG GGC AA 3’ 

Forward primer designed to  
amplify pIG6 vector, XbaI site 
and ompA leader 

II G_S_SOD_R 5’ CTT TGG TTG CCG AAC 
CGC CAC C 3’ 

Reverse primer designed to 
amplify GS-rich linker with 
hsod1 overhang 

III G_S_SOD_F 5’ GTG GCG GTT CGG CAA 
CCA AAG 3’ 

Forward primer designed to 
amplify GS-rich linker with 
hsod1 overhang 

IV pIG6rev 5’ GTC TGC CGT TTA CCG 
CTA CTG C 3’ 

Reverse primer designed to 
amplify pIG6 vector 
downstream of HindIII 

2.1.4 Expression constructs  

Table 2.2 Expression constructs used in this study 

Name Description Source/Reference 
 

Ppolcp19k-his Contains cp19k from P. pollicipes, C-terminal 
cleavable polyhistidine tag and N-terminal OmpA 
leader peptide 

This study 

hsod1-his Contains human sod1 (hsod1), N-terminal OmpA 
leader peptide and C-terminal cleavable polyhistidine 
tag 

Internal lab vector 

Pep1-mmp2-
hsod1-his  

Contains  hsod1 gene, MMP2 metalloprotease 
cleavage site (146), HA-binding peptide (Pep1) (147), 
N-terminal OmpA leader peptide and C-terminal 
cleavable polyhistidine tag 

Commercial 
synthesis 

Pep-hsod1-his  Contains  hsod1 gene, HA-binding Pep1 peptide 
(147), N-terminal OmpA leader peptide and C-
terminal cleavable polyhistidine tag 

This study 

hsod1-MMP2-
pep1-his 

Contains hSOD1 gene, MMP2 metalloprotease 
cleavage site (148), HA-binding Pep1 peptide (147), 
N-terminal OmpA leader peptide and C-terminal 
cleavable polyhistidine tag 

Commercial 
synthesis 
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2.1.5 Culture media  

All culture media were prepared according to Sambrook and Russel (149) using dH2O and 

autoclaved at 121°C for 15 min in a Sanyo Labo autoclave unless otherwise specified. 

2.1.6 Buffers and reagents 

Buffers and reagents used throughout this study are presented in Table 2.3. All solutions were 

prepared using dH2O and autoclaved before use unless otherwise stated.  

Table 2.3 Buffers and reagents 

1x Phosphate buffered saline (PBS) 137 mM NaCl, 2.7 mM KCl, 1.4 mM 
NaH2PO4, 4.3 mM Na2HPO4, pH 7.4  

PBS-Tween 1x PBS containing 0.1% Tween-20 
1x TBS 20 mM Tris, 100 mM NaCl, pH 7.4 

2.1.7 Antibiotics  

Antibiotics used for selection of E. coli strains were ampicillin (100 µg/ml in dH2O) and 

chloramphenicol (34 µg/ml in 100% ethanol).  

2.1.8 Antibodies 

Murine monoclonal anti-polyhistidine peroxidase-conjugated antibody (Sigma-Aldrich) was 

used in Western blotting.  

2.1.9 Protein molecular weight markers 

PageRuler Plus Prestained Protein Ladder (Thermo Fisher Scientific) was used in SDS-PAGE 

and Hyperladders I & IV (Bioline) in agarose gel electrophoresis. 

2.1.10 Tissue culture reagents and cell lines  

All sterile plasticware used for tissue culture was obtained from Sarstedt.  Dulbecco’s modified 

eagle medium (DMEM) and Roswell Park Memorial Institute medium (RPMI) 1640 were 
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obtained from Sigma-Aldrich. Trypsin, fetal bovine serum (FBS), penicillin and streptomycin 

(pen/strep) were purchased from Thermo Fisher Scientific. BEAS-2B human bronchial 

epithelial cells were obtained from American Type Culture Collection (ATCC; CRL-9609) and 

propagated in RPMI supplemented with 10% FBS and 1% pen/strep.  

2.2 Methods 

2.2.1 Glycerol stocks 

Glycerol stocks of bacterial strains were prepared by mixing 500 µl of overnight cultures with 

an equal volume of 50% glycerol in 2 ml cryovials. Stocks were snap frozen in liquid nitrogen 

and stored at -80°C. To recover bacteria, cells were streaked directly onto LB agar and cultured 

overnight at 37°C.  

2.2.2 Competent cell preparation  

2.2.2.1 Electrocompetent cells  

Cells were streaked from glycerol stocks onto LB agar plates and incubated overnight at 37°C. 

A single colony was used to inoculate 10 ml LB medium and grown overnight at 37°C with 

shaking at 225 rpm. The overnight culture was diluted 40-fold into 400 ml LB and grown at 

37°C and 225 rpm shaking until an OD600 of 0.4-0.5 was reached. Cells were harvested by 

chilling on ice for 20 min and centrifuging at 4000 g, 4°C for 15 min using a Beckman Avanti 

J-20 XP centrifuge with a JLA-16.250 rotor. The cells were washed in 400 ml ice-cold 1 mM 

HEPES, pH 7.0, followed by two washes with 400 ml ice-cold 10% glycerol and centrifugation 

as before. The cell pellet was resuspended in 1 ml 10% glycerol and stored at -80°C in 55 µl 

aliquots after snap freezing in liquid nitrogen. 

2.2.2.2 Chemically competent cells 

An overnight culture, generated as in 2.2.2.1, was diluted 100-fold into 200 ml LB, followed 

by further culturing at 37°C and 225 rpm. Upon reaching an OD600 of 0.2, cells were harvested 

by chilling on ice for 30 min and centrifuging at 5000 g, 4°C for 15 min. The cells were 

resuspended in 20 ml of ice cold 100 mM CaCl2 and incubated on ice for 1 h. Cells were 

centrifuged as above, and the cell pellet resuspended in 1 ml CaCl2 containing 10% glycerol. 

Cells were snap frozen in liquid nitrogen in 55 µl aliquots and stored at -80°C. 
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2.2.3 DNA manipulation methods  

DNA manipulations were carried out according to Sambrook and Russell (149) unless 

otherwise specified. Restriction digestions were carried out using FastDigest Restriction 

Enzymes (Thermo Fisher Scientific), vector dephosphorylation using FastAP™ 

Thermosensitive Alkaline Phosphatase (Thermo Fisher Scientific) and DNA ligations using T4 

DNA Ligase (Thermo Fisher Scientific). 

2.2.3.1 Plasmid DNA preparation  

Plasmid DNA was isolated using the Isolate II Plasmid Mini Kit (Bioline) and stored at -20°C. 

DNA concentrations were determined using a NanoDrop 2000c Spectrophotometer (Thermo 

Fisher Scientific). 

2.2.3.2 Polymerase chain reaction 

Polymerase chain reaction (PCR) was carried out using a Techne Prime thermal cycler. 

Annealing temperatures were calculated using an online oligo analysis tool 

(https://www.eurofinsgenomics.eu/en/ecom/tools/oligo-analysis.aspx). Reactions were carried 

out using 1 U of Phusion High Fidelity DNA polymerase (Thermo Fisher Scientific) in 50 µl 

reactions containing 1x Phusion HF buffer, 200 µM dNTPs, 10 pmol each of forward and 

reverse primers and 1 µl of the template (> 250 ng). 

2.2.3.3 Generation of pep1-hSOD1 construct by PCR 

A DNA sequence, designated pep1-hSOD1, containing human SOD1 (hSOD1) and a 

hyaluronic acid (HA)-binding peptide (Pep1) (147), was generated by overlap PCR. Initial 

fragments were amplified from the plasmid encoding pep1-MMP2-hSOD1 (Table 2.2) using 

primers I and II, and III and IV, respectively (Table 2.1). Fragment 1 (primers I and II) was 

amplified using an initial 30-sec denaturation at 98°C, followed by 30 cycles of denaturation 

98°C, 10 sec; annealing at 64°C, 30 sec; extension 72°C, 30 sec, and a final extension at 72°C 

for 10 min. Fragment 2 (primers III and IV) was generated using similar parameters but with 

annealing at 67.7°C. After purification by agarose gel electrophoresis, the two fragments were 

used to generate the overlap product using primers I and IV and the same parameters as above 

but with annealing at 64.5°C. The final product was purified using a GeneJetTM PCR 



 20 

purification kit (Thermo Fisher Scientific) and digested using XbaI/HindIII enzymes prior to 

ligation into the pIG6 expression vector. 

2.2.3.4 Agarose gel electrophoresis 

DNA was resolved on 1-2% agarose gels at 90 V for 1 h in an Apollo Horizontal Gel 

Electrophoresis Device 75.1214. Midori Green Advance (Nippon Genetics) was used for 

visualisation using an Azure C200 UV transilluminator (Azure Biosystems).  

2.2.3.5 DNA purification  

DNA excised from agarose gels was purified using an Agarose Gel DNA Extraction Kit (Roche 

Life Science). PCR products were purified using a GeneJetTM purification kit (Thermo Fisher 

Scientific). 

2.2.3.6 Colony PCR 

Colony PCR was used to verify the presence of insert DNA of the expected size in 

transformants. Each 20 µl reaction containing 2x Dream Taq master mix (Thermo Fisher 

Scientific) and 1 µl (10 pmol) each of forward and reverse primers was inoculated with a colony 

from a transformation plate. The reaction was then analysed by electrophoresis on a 1% agarose 

gel (Section 2.2.3.4). 

2.2.3.7 DNA sequencing  

DNA samples were sequenced by Eurofins MWG (Ebersberg, Germany), using 50-100 ng 

DNA and 10 pM primers. 
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2.2.4 Bacterial transformation  

2.2.4.1 Electroporation  

Electrocompetent cells (Section 2.2.2.1) were thawed on ice. Plasmid DNA (1-5 µl) was added 

to 55 µl of cells and gently mixed. After incubation on ice for 1 min, the cell/DNA mixture 

was transferred into pre-chilled 1 mm electroporation cuvettes and pulsed at 1.8 kV in an 

Eppendorf Electroporator 2510. Cells were immediately recovered by the addition of 950 µl 

LB and transferred to a sterile 1.5 ml microcentrifuge tube for incubation at 37°C with 250 rpm 

shaking for 1 h. After recovery, 100 µl of transformed cells were plated on LB agar containing 

the appropriate antibiotics and incubated at 37°C overnight. 

2.2.4.2 Heat shock 

Chemically competent cells (Section 2.2.2.2) were thawed on ice and 1-5 µl of plasmid DNA 

was added to 55 µl of cells, followed by gentle mixing and incubation on ice for 30 min. The 

cell/DNA mixture was incubated at 42°C in a water bath for 45 sec followed by storage on ice 

for 2 min. Cells were recovered by the addition of 950 µl LB and incubation at 37°C with 250 

rpm shaking for 1 h after which the suspension was plated on LB agar containing appropriate 

antibiotics and incubated at 37°C overnight. 

2.2.5 Protein expression 

2.2.5.1 Standard expression procedure 

For IPTG induction, overnight cultures were used to inoculate, to an OD600 of 0.05, 50-200 ml 

LB broth containing relevant antibiotics in baffled Erlenmeyer flasks. Cultures were incubated 

at 37°C and shaking at 225 rpm until an OD600 of 0.7-0.9 was reached, following which 

expression was induced using 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for 3-16 h 

at 25°C. 

2.2.5.2 Co-expression with chaperones  

A single E. coli BL21 colony containing the relevant expression vector and a chaperone-

expressing plasmid (Table 2.4) was grown in 5 ml LB containing 100 µg/ml ampicillin and 34 

µg/ml chloramphenicol. Overnight cultures were used to inoculate, to an OD600 of 0.05, 50-
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200 ml LB broth containing the same antibiotics and 0.5-4 mg/ml L-arabinose and/or 5 ng/ml 

of tetracycline was added to induce chaperone expression. Cultures were incubated at 37°C, 

with shaking at 225 rpm until an OD600 of 0.7-0.9 was reached, following which expression of 

the target protein was induced for 3-16 h at 25°C by the addition of 1 mM IPTG. 

Table 2.4 Panel of commercially available chaperone-expressing plasmids 

Plasmid name Encoded 
chaperone(s) 
 

Promoter  Inducer  Resistance 
Marker  

pG-KJE8  dnaK-dnaJ-
grpE  
groES-groEL  

araB  
 
Pzt-1  

L-Arabinose  
 
Tetracycline  

Cm  

pGro7  
 

groES-groEL  
 

araB  L-Arabinose  Cm  

pKJE7  dnaK-dnaJ-
grpE  

araB  L-Arabinose  Cm  

pGTf2  groES-groEL-
tig  

Pzt-1  Tetracycline  Cm  

pTf16  tig  araB  L-Arabinose  Cm  
 

2.2.6 Protein extraction by osmotic shock 

Cells from a 200 ml expression culture were harvested by centrifugation at 6000 g, 4°C for 15 

min. The periplasmic fraction was prepared by resuspending the cell pellet in 4 ml of ice-cold 

Tris-Sucrose EDTA buffer (0.5 M Sucrose, 1 mM EDTA, 0.2 M Tris-HCL, pH 8.0) and 

incubating on ice for 30 min. An equal volume of ice cold dH2O was added to the suspension 

with 1x complete protease inhibitor cocktail (Roche) where required, followed by incubation 

for 60 min on ice prior to centrifugation at 6000 g for 15 min at 4°C. The supernatant was 

passed through a 0.45 µm filter (Sarstedt) to yield the soluble protein fraction. The periplasmic 

proteins were dialysed overnight against the relevant purification buffer using a 14 kDa 

Molecular Weight cut off (MWCO) pre-soaked cellulose dialysis membrane (Sigma-Aldrich). 

The remaining pellet was resuspended in an equivalent volume of PBS to prepare the insoluble 

protein fraction. 
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2.2.7 SDS-PAGE and Western blotting 

SDS-PAGE was carried out according to the method of Laemmli (150), using 12-15% Tris-

glycine polyacrylamide gels under reducing conditions and a dual mini slab electrophoresis 

system (ATTO Corporation). Protein samples were reduced by incubating in an equal volume 

of 2x sample reducing buffer containing 15% 2-mercaptoethanol at 95°C for 5 min prior to 

electrophoresis. After electrophoresis, gels were stained with 5 ml of InstantBlueTM Coomassie 

stain (Expedeon) or proteins were transferred onto Amersham ProtranTM 0.2 µm nitrocellulose 

blotting membrane (GE Healthcare) in a semi-dry transfer apparatus at 60 mA for 45 min. 

Immunodetection of hexahistidine-tagged proteins was carried out using a monoclonal anti-

polyhistidine-peroxidase antibody (Sigma-Aldrich) diluted 1:1000 in TBS (10 mM Tris, 150 

mM NaCl, pH 8.0) and colour was developed using 3,3’,5,5’-Tetramethylbenzidine (TMB). 

2.2.8 Protein purification 

2.2.8.1 Affinity chromatography using Cobalt-IDA Agarose 

Following dialysis against PBS, 5 mM imidazole and 2% Tween 20 were added to samples 

before being applied to a column containing Cobalt-IDA Agarose resin (Jena Bioscience) 

equilibrated with PBS containing 5 mM imidazole. To remove non-specifically adsorbed 

materials, the column was washed with 30 resin volumes of PBS containing 20 mM imidazole. 

Proteins were eluted in 0.5-1 ml volumes of purification buffer containing 300 mM imidazole. 

2.2.8.2 Affinity chromatography using immobilised metal affinity chromatography (IMAC) 

After dialysis against purification buffer (20 mM phosphate, 500 mM NaCl, pH 7.4), 2% 

Tween 20 (v/v) and 30 mM imidazole were added to protein samples. Purification was carried 

out using a 1 ml HisTrap™ HP column (GE Healthcare Life Sciences) prepacked with Ni-

Sepharose™ resin, with a flow rate of 1 ml/min. To remove non-specifically adsorbed 

materials, the column was washed with 20 ml each of purification buffer containing 30 mM 

and 40 mM imidazole, and 10 ml containing 50 mM imidazole. Proteins were eluted in 0.5-1.0 

ml volumes of purification buffer containing 500 mM imidazole.  
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For purification under denaturing conditions, samples were firstly dialysed against denaturing 

buffer (20 mM phosphate, 500 mM NaCl, 8 M Urea, pH 7.4), followed by the addition of 5 

mM imidazole. To remove non-specifically adsorbed materials, the column was washed with 

20 ml of denaturing buffer containing 20 mM imidazole. Refolding of column-bound proteins 

was performed using a linear urea gradient from 8 M to 0 M and proteins were eluted in 1 ml 

volumes of purification buffer containing 300 mM imidazole. 

2.2.8.3 Ion Exchange Chromatography 

Following buffer exchange into 50 mM phosphate buffer (pH 7.4) using a PD-10 desalting 

column (Sigma Aldrich), protein samples were applied to an equilibrated HiTrapTM SP HP 

cation exchange column at a flow rate of 1 ml/min. Proteins were eluted using a 0-500 mM 

NaCl gradient. 

2.2.9 Hexahistidine tag removal 

Purified proteins were buffer-exchanged into 50 mM Tris-HCl, 0.5 mM EDTA, pH 8 using 

Zeba™ Spin Desalting Columns 7 MWCO (Thermo Fisher Scientific). The hexahistidine tag 

was cleaved by incubating with 1 U AcTev™ protease (Invitrogen) per 3 µg of protein for 16 

h at 4°C with gentle agitation. Digestion products were loaded onto a HisPur™ Ni-NTA Spin 

Column (Thermo Fisher Scientific) to remove the His-tagged TEV protease, with the tag-free 

protein collected in the flow through.  

2.2.10 Endotoxin removal 

PierceTM High Capacity Endotoxin Removal Spin Columns (Thermo Fisher Scientific) were 

used for the removal of endotoxin from purified protein samples. The storage buffer was 

removed by centrifuging at 500 g for 1 min using a Beckman Avanti J-20 XP centrifuge with 

a JLA-16.250 rotor. The 0.5 mL column was regenerated with 3.5 ml of 0.2 N NaOH overnight 

at room temperature. After centrifugation at 500 g for 1 min, the resin was resuspended in 3.5 

ml of 2 M NaCl, followed by centrifuging as above. The resin was then washed in 3.5 ml of 

endotoxin-free H2O (Sigma), followed by centrifugation and three washes in 3.5 ml endotoxin-

free PBS and centrifugation. The sample was added to the column and incubated for 1 h at 4°C 

with gentle agitation. The sample was collected by centrifugation at 500 g for 1 min.  
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2.2.11 Protein quantification  

Protein concentrations were measured using the bicinchoninic acid (BCA) assay (Thermo 

Fisher Scientific) with bovine serum albumin (BSA) as standard. Briefly, a standard curve was 

prepared by making serial dilutions (0–2000 µg /ml) of the BSA standard. The standards and 

samples were added to a 96 well microplate in triplicate (25 µl per well), mixed with 200 µl of 

the BCA working reagent and incubated at 37°C. The absorbance was read at 550 nm using a 

Tecan GENios microplate reader, and the protein standards were quantified against the 

standard curve.   

2.2.12 Characterisation of hSOD1 fusion proteins  

2.2.12.1 hSOD1 activity assay 

The activity of SOD proteins was measured using the SOD Determination Kit (Sigma-Aldrich) 

according to the manufacturer’s instructions. WST-1 (2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-

(2,4-disulfophenyl)-2H-tetrazolium monosodium salt can be reduced by superoxide anions to 

a water-soluble formazan dye with an absorbance at 440 nm. The presence of a superoxide 

scavenger such as SOD inhibits the reduction of WST-1 to WST-1 formazan. Therefore, SOD 

activity is based on the inhibition of superoxide anions and can be quantified by measuring the 

decrease in the colour development at 440 nm. WST-1 solution was prepared by adding 1 mL 

of WST solution to 19 mL of buffer solution. Enzyme solution is prepared by adding 15 µl of 

enzyme solution to 2.5 ml of dilution buffer. Samples and reagents were added to a 96 well 

microplate as described in (Table 2.5). 
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 Table 2.5 SOD activity assay  

 Sample Blank1 Blank 2 Blank 3 

Sample solution  20 µl --- 20 µl --- 

ddH2O --- 20 µl --- 20 µl 

WST-1 solution 200 µl 200 µl 200 µl 200 µl 

Enzyme working solution  20 µl 20 µl --- --- 

Dilution buffer --- --- 20 µl 20 µl 

The 96 well microplate was then incubated at 37°C for 20 minutes and read at 450 nm with a 

spectrophotometer and SOD activity was calculated using the following equation: 

% inhibition= (ABlank 1 – ABlank 3) – (ASample – ABlank 2) x 100 
 (ABlank 1 – ABlank 3) 

2.2.12.2 Binding of hyaluronic nanoparticles  

To test hyaluronic acid binding, 250 µl of Pep-hsod1-his and hsod1-his proteins (50 µg/ml in 

PBS) were incubated with 5 mg hyaluronic acid (HA)-functionalised poly(lactic-co-glycolic 

acid) (PLGA) nanoparticles (provided by Dr.Yury Rochev; NUI, Galway), for 3-36 h at 37°C 

with gentle agitation. Nanoparticles were then washed three times in PBS and tested for SOD 

activity (Section 2.2.12.1). 

2.2.12.3 MMP2 cleavage assay 

Matrix metalloproteinase-2 cleavage was assessed as previously described (151) with the 

following modifications: 2.5 µg/ml MMP-2 (Sigma-Aldrich) was added to Pep1-MMP2-

hSOD1-his (100 µg/ml) in 500 µl of 50 mM Tris, pH 7.4 containing 150 mM NaCl and 5 mM 

CaCl2. Pep1-MMP2-hSOD1 incubated under the same conditions in the absence of MMP-2 

served as a control. Following incubation at 37°C with gentle agitation, samples were harvested 
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after 0, 1, 4 and 5 days and analysed by SDS-PAGE and Western blotting to detect protein 

cleavage. 

2.2.13 Nebulisation of hSOD1 fusion proteins 

2.2.13.1 Effect of nebulisation on SOD protein 

Aerosol analysis was carried out at Aerogen Ltd (Galway, Ireland). To assess the effect of 

nebulisation on SOD protein stability, 50 µg/ml hSOD1 fusion protein was nebulised using a 

vibrating mesh nebuliser (Aerogen Solo, Aerogen) and the SOD activity of the resultant aerosol 

was measured as described above (Section 2.2.12.1).  

2.2.13.2 Droplet size characterisation by laser diffraction  

The particle size of the nebulised hSOD1 protein was measured using laser diffraction 

(Spraytec; Malvern Panalytical) (152). A vacuum of 5 L/min was used and 1 ml of the test 

protein was applied at 50 µg/ml. The flow rate was calculated as the time taken to aerosolise 1 

ml of sample. 

2.2.13.3 Droplet size characterisation by cascade impaction 

Droplet size distribution described by median aerodynamic diameter (MMAD) was measured 

by cascade impaction (Next Generation Impactor (NGI), Copley Scientific) (153). The cascade 

impactor was operated at 15 L/min and the droplet size cut-off points were set to 0.98, 1.36, 

2.08, 3.30, 5.39, 8.61 and 14.10 µm for each of the stages of the cascade impactor. Following 

nebulisation, each of the seven stages of the NGI apparatus was rinsed with PBS to collect the 

impacted protein for analysis by BCA assay (Section 2.2.11) and for SOD activity (Section 

2.2.12.1).   

2.2.13.4 Delivery to a model lung 

Delivery to a model lung was carried out in a model of a spontaneously-breathing patient, using 

an ASL 5000 (IngMar Medical) breathing simulator, and a mechanically-ventilated patient, 

using the Servo-1 ventilator (Maquet) (154). The ASL 5000 was used to simulate healthy adult 

breathing patterns and to test the dose delivered to a patient in a clinical setting, while the Servo 
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I was used to mimic adult settings during mechanical ventilation (15 breaths/min, an inhalation 

expiration ratio of 1:1 and a tidal volume of 500 ml). 80 µg/ml of the hSOD1 protein was 

nebulised by the Aerogen Solo and a capture filter collected the nebulised proteins which were 

retrieved by washing the filter in PBS. Protein concentrations were determined by BCA assay 

and the percentage of the original dose and the dosing time frame (time taken to deliver a 1 ml 

sample) were calculated.  

2.2.14 Cell culture 

2.2.14.1 Passaging cells 

Cell lines were grown at 37°C, 5% CO2 in a BINDER humidified incubator and cell 

manipulations were performed in a class II laminar flow hood. For maintenance of adherent 

cells, cultures were passaged at 80% confluence. Cells were washed with Dulbecco’s 

phosphate buffered saline (DPBS) and detached by incubation with 3 ml pre-warmed trypsin-

EDTA (0.25%) (Thermo Fisher Scientific) at 37°C for 2-5 min, following which 7 ml of media 

was added. Viable cells were stained using trypan blue (Sigma-Aldrich) and counted using a 

Neubauer haemocytometer. Cells were seeded into new T75 flasks at a concentration of 10,000 

cells/cm2 and fed with RPMI supplemented with 10% FBS and 1% pen/strep. 

2.2.15 Characterisation of hSOD1 fusion proteins in vitro 

2.2.15.1 Xanthine oxidase assay 

A 96 well cell culture plate was seeded with 50,000 BEAS-2B cells per well and incubated for 

24 h at 37°C.  A 20 µl-aliquot of hSOD1 proteins at 5-50 µg/ml was added to the cells, followed 

by incubation for 3 h at 37°C. The media was removed and replaced with 100 µl of 70% Hanks 

solution (Sigma-Aldrich), 30% RPMI (Sigma-Aldrich) and 1 mM hypoxanthine solution 

(Sigma-Aldrich), and the appropriate xanthine oxidase concentrations for superoxide radical 

generation. Cells were incubated at 37°C for 24 h after which an MTT (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide) assay was carried out to assess cell viability. For this 

assay, cells were incubated for 1-2 h in RPMI containing 100 µg/ml MTT, after which the 

resulting purple formazan crystals were dissolved in 100 µl methanol and the absorbance read 

at 570 nm. 



 29 

2.2.15.2 Pro-inflammatory cytokine assay 

A 96 well cell culture plate was seeded with 50,000 BEAS-2B cells per well and incubated for 

24 h at 37°C. After addition of 20 µl of hSOD1 proteins at 5-50 µg/ml and incubation for a 

further 24-48 h, the medium was assayed by DuoSet enzyme-linked immunosorbent assay 

(ELISA; R&D System) for the presence of proinflammatory cytokines interleukin 6 (IL-6) and 

interleukin 8 (IL-8). The capture antibody, diluted in PBS to a working concentration, was used 

to coat a 96 well microplate with 100 µl/well and incubated overnight at 4°C. The plate was 

washed three times with 300 µl of PBS containing 1% Tween-20 and plates were blocked with 

100 µl PBS containing 1% BSA and incubated for 1 hour at room temperature. After washing 

three times, 100 µl of the standards (prepared according to the manufactures instructions) and 

samples were added to the plate in duplicate and incubated for 2 h at room temperature. The 

wash step was repeated and 100 µl of the detection antibody was added to each well and 

incubated for 2 h at room temperature. After washing, 100 µl of the streptavidin-HRP (diluted 

1:200 to give a final concentration of 50 ng/ml) was added to the plate and incubated for 30 

min at room temperature. A final wash step was carried out and 100 µl of TMB substrate was 

added to each well. Colour development was stopped with 50 µl of 2N H2SO4 and the optical 

density of the samples were read using a VICTOR Microplate reader at 450 nm with a 

wavelength correction of 550 nm.  

2.2.16 In vivo characterisation of hSOD1 proteins  

Assessment of the in vivo response of a rat model to the Pep1-hSOD1-his and hSOD1-his 

proteins was carried out by Dr. Sean McCarthy, College of Medicine, at the Biosciences 

Research Building, NUI Galway. All animal work was approved by the Animal Care Research 

Ethics Committee of NUI Galway and Health Products Regulatory Authority. Experiments 

were performed using Sprague–Dawley rats of 350-400 g purchased from Envigo RMS (UK). 

Animals were divided into three treatment groups of two animals each: Group 1 received 300 

µl of Pep1-hSOD1-his protein (34 µg/ml) in PBS; Group 2 received 300 µl of hSOD1-his 

protein (34 µg/ml) in PBS; and the control Group 3 received no protein. Animals were 

anaesthetised under isoflurane gas (5% in 100% O2 at 2 L/min) and instilled with the relevant 

treatment. Control animals underwent a sham procedure which included gas anaesthesia and 

instillation with PBS. Animals were allowed a 48 h recovery period before their in vivo 

response was assessed. 
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2.2.16.1 In vivo assessment 

After 48 h, the in vivo assessment was carried out as previously described (155-157). Briefly, 

animals were anaesthetised with a 0.3 ml intraperitoneal injection of 80 mg/kg ketamine 

(Ketalar; Pfizer) and 8 mg/kg xylazine (Xylapan; Vétoquinol) and anaesthesia was maintained 

by intravenous administration of alfaxalone (Alfaxan; Jurox) into the dorsal tail vein. 

Following insertion of a tracheostomy tube, intra-arterial access was secured via the carotid 

artery and 400 U/kg of Heparin (CP Pharmaceuticals) was administered. Cisatracurium 

besylate (0.5 mg Nimbex; GlaxoSmithKline) was administered intravenously to induce muscle 

relaxation and the animal was placed on mechanical ventilation. After baseline stability was 

confirmed for 10 min, an arterial blood sample was collected using a capillary tube. Gas 

analysis was performed using an ABL90 Flex PLUS gas analyser (Radiometer) and lung 

compliance was measured using the Biopac (Biopac Systems, Inc.). At the end of the treatment, 

the animals were sacrificed by exsanguination during anaesthesia. 

2.2.16.2 Measurement of wet-dry lung weight ratio 

The lung wet-to-dry weight ratio (W/D) was determined by tying off and removing the right 

superior lobe and recording the lung weight immediately after its excision. The lung tissue was 

then dried at 37°C for 72 h before re-weighing. The W/D was calculated by dividing the wet 

weight by the dry weight. 

2.2.16.3  BAL fluid collection 

Bronchoalveolar lavage (BAL) was performed as previously described (158). 1 mL of the BAL 

fluid was utilised for total and differential cell counts and the remainder was centrifuged at 

4000 g for 10 min and the supernatant retained for cytokine analysis 
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2.2.16.4  Tissue collection  

The right lobes and the small left lobe of the lung were removed from each animal and stored 

at -80°C for further analysis. 

2.2.16.5 Homogenisation of tissue  

A 500 µl aliquot of PBS containing 1% Triton was added to a right caudal lung lobe before 

homogenisation using an Ultra-Turaex T25 basic IKA-werke homogeniser. Samples were 

centrifuged at 4000 g for 15 min and the supernatant was collected and stored for analysis by 

western blotting.  

2.2.16.6 Total and differential cell counts 

To determine total cell counts, the BAL cell suspension was diluted 1:1 with Tryphan Blue 

(Sigma-Aldrich) and total cell numbers per ml of BAL fluid were counted using a 

haemocytometer. For differential cell counts, 100 µl of the suspension was added to a cytospin 

cartridge containing a Superfrost Plus microscope side (ThermoFisher Scientific) and 

centrifuged at 200 rpm for 10 min. The slide was then stained with Diff-Quick Hemacolor stain 

(Sigma-Aldrich) and cells were counted under a light microscope.  

2.2.16.7 Measurement of interleukin-8 (IL-8) 

The concentration of IL-8 in collected BAL and serum samples was determined by Rat 

CXCL1/CINC-1 ELISA (DuoSet; R&D systems). Absorbance values were read at 450 nm 

using a VICTOR Microplate reader and corrected by subtracting background absorbance 

measured at 595 nm. The Goat Anti-Rat CINC-1 Capture Antibody, diluted in PBS, was used 

to coat a 96 well microplate with 100 µl/well and incubated overnight at 4°C. The plate was 

washed three times with 300 µl of PBS containing 1% Tween-20 and plates were blocked with 

100 µl PBS containing 1% BSA and incubated for 1 hour at room temperature. After washing 

three times, 100 µl of the standards (prepared according to the manufactures instructions) and 

samples were added to the plate in duplicate and incubated for 2 h at room temperature. The 

wash step was repeated and 100 µl of the Biotinylated Goat Anti-Rat Detection Antibody was 

added to each well and incubated for 2 h at room temperature. After washing, 100 µl of the 

streptavidin-HRP (diluted 1:200 to give a final concentration of 50 ng/ml) was added to the 

plate and incubated for 30 min at room temperature. A final wash step was carried out and 100 
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µl of TMB substrate was added to each well. Colour development was stopped with 50 µl of 

2N H2SO4 and the optical density of the samples were read using a VICTOR Microplate reader 

at 450 nm with a wavelength correction of 550 nm. 

2.2.17 Characterisation of rPpolcp19k 

2.2.17.1 Adhesion assay  

The ability of cp19k protein to adhere to hydrophobic tissue culture polystyrene plates 

(Corning) and hydrophilic glass slides (Thermo Fisher Scientific) was investigated as 

previously described (159, 160). Plates were used without pre-treatment while slides were 

soaked in 5% (v/v) hydrochloric acid overnight, rinsed with water and dried in air prior to 

analysis. A 20 µl drop of 500 µg/ml protein was added to the surfaces and incubated for 6-12 

h, followed by washing with water and visualisation of adsorbed proteins by Coomassie 

brilliant blue staining. Cell-Tak (Thermo Fisher Scientific) was used as a positive control, and 

lysozyme and BSA as negative controls.  

2.2.17.2 Surface Plasmon Resonance 

Five types of self-assembled monolayers (SAMs) with surfaces exposing homogeneous methyl 

(CH3), hydroxyl (OH), carboxyl (COO-), trimethylamine (N(CH3)3+) and oligo(ethylene 

glycol) (OEG) chemistries were prepared by Dr. Thomas Ederth, Linköping University, 

Sweden. SPR experiments were performed using a Biacore 3000 (GE Healthcare) with a flow 

rate of 10 µl/min at 25°C. To examine the effect of pH on the adhesion ability of rPpolcp19k, 

two different running buffers were used: 10 mM sodium acetate buffer (pH 4.0) containing 150 

mM NaCl to represent the pH of the barnacle cement gland, and 10 mM sodium phosphate 

buffer (pH 8.0) containing 600 mM NaCl to represent seawater (161). After running the 

relevant buffer through the flow cell for 5 min, protein samples were injected for 3 min, 

followed by a 2 min dissociation phase with the same running buffer. The adsorption of 

rPpolcp19k was compared with trigger factor as well as fibrinogen and BSA controls at pH 

8.0, and Cell-Tak and BSA controls at pH 4.0. Fibrinogen and Cell-Tak were used as positive 

controls and BSA as a negative control. Adsorption in resonance units (ΔRU) was converted 

to adsorbed mass (m) via the relation (151): 
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m = ΔRU x 6.5 × 10−2 ng/cm2 

where the constant CSPR is 6.5 ´ 10-2 ng/cm2 and corresponds to the adsorption of proteins to 
flat surfaces . 

2.2.17.3 Self-assembly assay 

Following buffer exchange using Zeba™ Spin Desalting Columns, 500 µg/ml rPpolcp19k was 

re-constituted in 10 mM sodium acetate buffer (pH 4.0) containing 150 mM NaCl, or 10 mM 

sodium phosphate buffer (pH 8.0) containing 600 mM NaCl, and incubated at 25°C for up to 

11 days. Hen egg white lysozyme (HEWL; Sigma-Aldrich), incubated at 2 mg/ml in 10 mM 

glycine buffer (pH 2.0) at 65°C, was used as a positive control (162, 163). rPpolcp19k samples 

were removed at intervals, snap frozen in liquid nitrogen and stored at -80°C for further 

analysis.  

2.2.17.4 Thioflavin T (ThT) assay 

To investigate the self-assembly of rPpolcp19k into amyloid fibres, rPpolcp19k (0.5 mg/ml) 

was incubated at 25°C in conditions designed to mimic the barnacle cement gland (150 mM 

NaCl, pH 4.0) or the seawater environment (600 mM NaCl, pH 8.0). Samples taken after 0, 5, 

7 and 11 days were assessed for the presence of amyloid using Thioflavin T (ThT), which 

displays enhanced fluorescence and a red-shift in its emission spectra upon binding to the β-

sheet-rich regions of amyloid fibrils (164, 165). cp19k samples (100 µl) were mixed with 1 

mM ThT to give a final concentration of 20 µM ThT and incubated at room temperature for 5 

min. The fluorescence emission at 482 nm was measured in a black polystyrene 96 well plate 

in a Varioskan Flash spectrofluorometer (Thermo Fisher Scientific), with excitation at 440 nm 

and the bandwidth set at 12 nm. After subtraction of buffer spectra, fluorescence emission 

spectra were recorded and plotted. 

2.2.17.5 TEM Sample Processing 

5-10 µl of protein samples (500 µg/ml) were loaded onto a 200 mesh Cu formvar/carbon grid 

(Agar Scientific) and allowed to settle for 5 min. Samples were washed three times in buffer 

for 5 minutes, followed by 3 washes in dH2O. Samples were negatively stained by incubating 

5 µl of 2% (w/v) uranyl acetate solution on the grid for 3 mins. After removal of excess stain, 

grids were washed 5 times with dH2O and allowed to dry overnight. Bright-field TEM images 
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at different magnifications were collected on a Hitachi H7000 Transmission Electron 

Microscope operated at an accelerating voltage of 80 kV. 

2.2.17.6 Atomic Force Microscopy  

The nanoscale morphology of rPpolcp19k protein in the presence of 150 mM NaCl, pH 4 and 

600 mM NaCl, pH 8 was examined by Atomic Force Microscope (AFM) to investigate its self-

assembly properties. A 40 µl aliquot of 500 µg/ml protein samples was pipetted onto a glass 

slide and allowed to adsorb overnight at room temperature under humid conditions. Excess 

protein solution was rinsed away with Milli-Q water. After drying in air, AFM analysis was 

conducted in air with a Dimension icon AFM (Bruker) using a NCHV tip (Non-coated; f0: 320 

kHz; k: 42 N/m) in intermittent contact (tapping) mode operation. AFM images were analysed 

using Nanoscope 9.7 (Bruker), Nanoscope Analysis 2.0 (Bruker) and Gwyddion-2.55  

(http://gwyddion.net/). 

2.2.18 Bioinformatic analyses 

Codon usage analysis was carried out using E. coli Codon Usage Analzyer 2.1 provided by the 

Maduro Lab, University of California, Riverside (166), and GenScript Rare Codon Analysis 

Tool (167) (https://www.genscript.com/tools/rare-codon-analysis). Multiple sequence 

alignments were carried out using the Clustal Omega Multiple Sequence Alignment tool (168) 

(https://www.ebi.ac.uk/Tools/msa/clustalo/). Protein sequence analysis was carried out using 

the ProtParam tool (Expasy) to predict the physiochemical properties of protein variants (169) 

(https://web.expasy.org/protparam/). 
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3.1 Introduction 

Mechanical fixation such as suturing and stapling are the oldest and most common methods of 

wound closure. They can, however, cause trauma to the surrounding tissue and complications 

such as bleeding, air and fluid leakage and, occasionally, wound infection (170). Although 

highly successful in wound closure, their use is ineffective in tissues with low cohesion energy 

such as the liver, lung and kidney (171) and in invasive diagnostic and therapeutic fetal 

surgeries (172). There has been considerable research into alternative materials which can 

provide reliable, practical and faster methods for wound closure and prevention of leakage 

while protecting the surrounding tissue (173). Surgical glues can be divided into adhesives 

based on synthetic polymers such as cyanoacrylates, polyurethane, polyethylene glycol and 

polyester; and natural-based adhesives based on proteins such as fibrin, gelatine and albumin 

or polysaccharides such as chitin and dextran (174). Fibrin-based sealants and cyanoacrylates 

are widely used adhesives in clinical applications (175) and are the only agents approved for 

commercial use as hemostats, sealants and adhesives (176). They are also frequently used in 

conjunction with sutures or staples to prevent leakages in surgical applications (177). However, 

poor bond strength and a risk of transmission of blood borne infections are a concern with 

fibrin-based sealants (174). While the latter can be overcome through the use of fibrinogen 

from autologous blood (178), this is time consuming and expensive (176). Cyanoacrylates, 

meanwhile, provide excellent shear and tensile strengths but degrade in aqueous media to form 

formaldehyde, which causes inflammation and is a potential carcinogen (179). A variety of 

other adhesives have also been investigated but each exhibits limitations such as toxicity of 

degradation products, biodegradability, induction of inflammation and poor mechanical 

properties (180). 

Medical adhesives must provide strong ‘wet’ adhesion in the presence of saline fluids such as 

blood, plasma and lymph (181) while also meeting conditions of biocompatibility, toxicity and 

performance (182). Adhesion in wet environments is a complex and notoriously difficult 

problem as water, and particularly saline, creates a weak boundary layer at the bond interface 

and greatly reduces performance (181). Bioadhesion at the liquid-solid boundary is commonly 

achieved by aquatic invertebrates such as molluscs, tubeworms, barnacles and echinoderms, 

which can adhere to a diverse range of natural and man-made materials (183). Understanding 

these natural mechanisms of adhesion has huge potential to guide design of new materials for 
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use in biomedical applications (184), in cell adhesion for tissue culture (185) or as 

environmentally friendly anti-fouling agents (186).  

To date, study of catechol-containing adhesives of mussels and sandcastle worms has led to 

the development of 3,4-dihydroxyphenylalanine (DOPA)- and catechol-inspired polymers 

which have demonstrated strong adhesive and cohesive strength as well as tissue 

biocompatibility in vivo (181, 187-189). Common approaches to crosslinking of polymers in 

these species include the use of NaIO4 (190-192) and metal-DOPA coordination using Fe3+ 

(193-196). These approaches have several drawbacks, however, including aldehyde formation 

via oxidative carbohydrate opening (189) and enhanced bacterial contamination through the 

presence of iron salts (197, 198).   

Barnacles are known for their adhesive abilities and are the only sessile members of the 

Crustacea who commit as larvae to ‘settling’ on one spot, which will become their permanent 

home (199). They use ‘cement’, comprised mainly of proteins, to permanently bind their base 

to an underwater substrate. The multi-protein complex is synthesised in a unicellular cement 

gland within the animal, followed by secretion as an insoluble protein complex and curing into 

cement within hours (199-201). This underwater adhesion process involves surface functions 

such as displacement of the water layer and coupling of the adhesive to the surface, as well as 

bulk functions such as curing to provide stiffness and protect from microbial degradation (202). 

Six barnacle cement proteins (cp) have been characterised to date: cp16k (202), cp19k (203), 

cp20k (204, 205), cp52k (206), cp68k (202) and cp100k (207). Of these, the insoluble cp100k 

and cp52k are thought to provide bulk properties in the barnacle cement whereas cp19k, cp20k 

and cp68k have been proposed to be more adhesive and provide surface functions (201). Cp16k 

is a minor constituent of the barnacle cement and has been suggested to be a lysozyme-like 

enzyme involved in surface preparation (201), while a further, recently described 43 kD protein 

undergoes possible oxidase activity that may be moult-related (208). The cp19k and cp68k 

proteins are characterised by heavily biased amino acid compositions (206), with serine, 

threonine, glycine, alanine, valine and lysine contributing up to 70% of their residues (201, 

203), whereas the calcite-specific cp20k contains a high abundance of cysteine residues and 

charged amino acids (201, 205). While the hydrophobicity of the cp100k and cp52k proteins 

suggests an involvement of hydrophobic interactions in their adhesion (201), no clear 

functional motifs also present in other marine adhesive proteins have been identified in 
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barnacles to date and no generic covalent bonding mechanism has been identified (206, 209). 

Furthermore, unlike mussel adhesive proteins which are characterised by the presence of 

DOPA (159, 185), the only post-translational modification that has been identified to date in 

barnacle adhesive proteins is glycosylation of the cp52k protein (206, 207, 210). The absence 

of known PTMs offers the possibility of using prokaryotic recombinant expression of bulk 

cement proteins for structure-function investigations.  

Pollicipes pollicipes is a large stalked barnacle with a membranous base, which cements to 

intertidal rocks on extremely wave-exposed coasts (Figure 3.1). The adhesive, formed within 

the cement gland of the animal, passes through a pair of principal canals in liquid form (200) 

and hardens on the rocky substratum (Figure 3.1). P. pollicipes grows to a larger size than 

many acorn barnacles (Figure 3.1(a)) and is somewhat unusual because, instead of permanently 

sticking to one spot, its cyprids settle heavily on conspecific adults and the juveniles move 

down along the stalk of the adult, towards the primary substratum (211). Unusually for 

barnacles, adults of this species can also move slightly (212). 

 

Figure 3.1 Pollicipes pollicipes attached to rocks. (a) Juvenile P. pollicipes (blue arrows) possess the 
capability to move along the adult stalk; (b) P. pollicipes in situ on an exposed rocky shore, with acorn 
barnacles indicated by an arrow; (c) Membranous base (inset, orange arrow) of P. pollicipes and 
hardened cement (inset, white arrow). 
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Cp19k (160, 161, 203) and cp20k (205) from acorn barnacles with calcareous bases have been 

successfully expressed in E. coli. Species with membranous bases and larger, stalked barnacles 

have been comparatively under-studied, however, even though they are likely to possess 

different properties as balanomorph (Crustacea, Cirripedia, Thoracica) and stalked barnacles 

diverged 200-250 million years ago (213). By studying cement proteins from evolutionarily 

distant barnacles with different substratum preferences, e.g. opportunistic adhesion to man-

made substrates versus obligate attachment to rocks or conspecifics, it is hoped to uncover 

commonalities in adhesives produced by these specialised organisms. 

In the present study, the cp19k cement protein of P. pollicipes (Ppolcp19k) was expressed in 

E. coli to examine its potential role in the adhesion of this stalked barnacle species. The 

adhesion of the recombinant protein was examined on a series of chemically diverse model 

surfaces using surface plasmon resonance (SPR). Furthermore, as cp19k is particularly rich in 

glycine residues and has a large area of low complexity, both of which have been linked to 

amyloid formation (214), the ability of rPpolcp19k to self-assemble into amyloid fibrils was 

assessed using amyloid specific thioflavin T (ThT) staining, transmission electron microscopy 

(TEM) and atomic force microscopy (AFM).  

3.2 Cloning of cp19k for recombinant expression 

The rPpolcp19k-his construct containing the cp19k gene from P. pollicipes with an N-terminal 

OmpA leader peptide for periplasmic targeting and a C-terminal cleavable polyhistidine tag 

for affinity purification was cloned into the pIG6 expression vector (Appendix 1) (144) to 

generate pIG6-rPpolcp19k-his (Figure 3.2). Expression of the recombinant gene in this pUC-

based ampicillin resistance plasmid is under the control of the lac promoter (Plac). Cloning was 

confirmed by restriction digest (Figure 3.3) and DNA sequencing (Appendix 2). 
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Figure 3.2 rPpolcp19k-his construct. Schematic of the Ppolcp19k-his construct containing an N-
terminal OmpA leader peptide for periplasmic targeting, cp19k gene from P. pollicipes, a C-terminal 
hexahistidine tag for product detection and purification, and a TEV protease cleavage site for 
hexahistidine tag removal. Flanking XbaI and HindIII restriction sites were used for cloning into the 
pIG6 expression vector.  

 

Figure 3.3 rPpolcp19k-his construct generation. Agarose gel electrophoresis analysis of (a) purified 
pIG6 vector (lane 1) and rPpolcp19k-his (lane 2) after digestion with XbaI and HindIII, with expected 
sizes of 4313 bp and 658 bp, respectively. (b) Restriction analysis of rPpolcp19k-his clone digested 
with XbaI (lane 1), HindIII (lane 2) and XbaI/HindIII (lane 3). 

DNA sequencing identified seven nucleotide differences from the P. pollicipes cp19k 

expressed sequence tag (EST) (215), of which five were silent mutations and two resulted in 

H73Q and G85D amino acid substitutions (Figure 3.4). These substitutions were also reported 

recently in P. pollicipes (211) and are likely due to polymorphisms that occur in different 

individuals from the P. pollicipes population. 

 
   rPpolcp19k  1   ATPNCNISSESSLGQSGRTAGNAAVSGTTSTSGSASGLCGFQSPIAKLKDNGAVNSGVTG  60 
   FN244142    1   ATPNCNISSESSLGQSGRTAGNAAVSGTTSTSGSASGLCGFQSPIAKLKDNGAVNSGVTG  60 

 
   rPpolcp19k  61  TVVSAGFGSAGQQANSKGAVGTTPDGTTVTTTSGGSGGSNGGGGVSQGGGANAGATKKKV  120 
   FN244142    61  TVVSAGFGSAGQHANSKGAVGTTPGGTTVTTTSGGSGGSNGGGGVSQGGGANAGATKKKV  120 
                       *             * 
 

   rPpolcp19k  121 VVVVLANGHKVVKLEDQAEGSGTSSSGHKASSTHNGVFNIQQGGETKIKLPPPLTG      176 
   FN244142    121 VVVVLANGHKVVKLEDQAEGSGTSSSGHKASSTHNGVFNIQQGGETKIKLPPPLTG      176 

Figure 3.4 Alignment of predicted rPpolcp19k amino acid sequence and P. pollicipes cp19k EST 
(GenBank accession number FN244142; (215)). Amino acid substitutions are indicated by an asterisk. 
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3.3 Recombinant production of rPpolcp19k-his 

Initial production of rPpolcp19k-his in E. coli BL21(DE3) for 16 h at 25°C using 1 mM IPTG 

induction resulted in a protein product with the expected molecular mass of 19 kDa however, 

with low yields of soluble protein (Figure 3.5(b)). In order to improve protein folding and 

solubility, a panel of E. coli molecular chaperones was co-overproduced with rPpolcp19k-his 

(Figure 3.5) using commercial plasmids carrying a pACYC ori, chloramphenicol resistance 

(Cmr) and chaperone genes under the control of araB or Pzt-1 (tet) promoters (145). E. coli 

BL21(DE3) cells were cultured overnight at 37°C in LB with appropriate antibiotics. After 

inoculation of 50 ml LB containing antibiotics and 2 mg/ml L-arabinose and/or 5 ng/ml 

tetracycline for chaperone induction, greatly increased amounts of total cellular rPpolcp19k-

his protein were identified in cultures co-producing GroEL-GroES, DnaK-DnaJ-GrpE, GroEL-

GroES-trigger factor (TF) and TF combinations compared to those expressing the target protein 

alone (Figure 3.5(a)). Analysis of protein solubility revealed higher soluble rPpolcp19k-his 

yields (Figure 3.5(b)) in cultures over-producing GroEL-GroES, GroEL-GroES-TF and TF. 

GroEL-GroES and TF chaperone combinations were selected for rPpolcp19k-his expression 

and purification scale-up. 

 

Figure 3.5 Analysis of rPpolcp19k-his expression in E. coli. Western blot analysis of (a) whole cell 
extract and (b) soluble protein extract from E. coli cells expressing rPpolcp19k-his alone (lane 1) or 
with co-expression of GroEL-GroES-DnaK-DnaJ-GrpE (lane 2), GroEL-GroES (lane 3), DnaK-DnaJ-
GrpE (lane 4), GroEL-GroES-TF (lane 5) or TF (lane 6). M: prestained molecular weight markers. 
Arrows indicate protein product of the expected size of rPpolcp19k-his. The larger molecular weight 
products represent the unprocessed rPpolcp19k protein that retains the OmpA leader peptide. Murine 
monoclonal anti-polyhistidine peroxidase conjugated antibody was used in western blotting.  

After extraction from the periplasm, the resulting soluble protein fraction was purified by 

immobilised metal affinity chromatography (IMAC), based on the affinity of the transitional 

metals Ni2+ and Co2+ for the polyhistidine tag (216). Initial purification was carried out on a 

HisTrapTM HP Nickel column in the presence of 20 mM imidazole and 2% Tween 20. Washes 
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were carried out with 20 mM, 30 mM and 50 mM imidazole, followed by elution at 500 mM 

imidazole. In order to increase the purity of the eluted protein, a second purification step was 

carried out using cobalt IDA resin (Figure 3.6(b)). In TF co-production experiments, a protein 

product with an apparent mass of 24 kDa was detected by immunoblotting (Figure 3.6), with a 

yield of 6 mg per 1 L of E. coli culture. This molecular weight differed significantly from the 

predicted molecular mass of rPpolcp19k-his of 19 kDa, while an additional protein of 

approximately 56 kDa, corresponding to the size of TF and not detectable by immunoblotting, 

consistently co-eluted with this protein (Figure 3.6(b)). Inclusion of 20% glycerol in the wash 

buffer (217) or manipulation of imidazole concentration was unsuccessful in separating the 

two proteins (results not shown). 

 

Figure 3.6 Two-step purification of rPpolcp19k-his co-overexpressed with TF in E. coli cells. (a) 
SDS-PAGE stained with Coomassie and (b) Western blot analysis of HisTrap™ HP Nickel purification. 
Lane 1: soluble protein fraction pre-purification; lane 2: column flow through; lane 3: 50 mM imidazole 
wash; lanes 4-7: 500 mM imidazole elution fractions. (c) SDS-PAGE stained with Coomassie and (d) 
Western blot analysis of subsequent Cobalt IDA resin purification. Lane 1: protein fractions from 
HisTrap™ purification; lane 2: column flow through; lane 3: 5 mM imidazole wash; lane 4-6: 500 mM 
imidazole elution fractions. M: prestained molecular weight markers. Red arrows indicate rPpolcp19k-
his protein of 24 kDa. Blue arrows indicate co-purifying proteins of approximately 56 kDa 
corresponding to size of TF. Murine monoclonal anti-polyhistidine peroxidase conjugated antibody was 
used in western blotting 

A cation exchange chromatography step was also unsuccessful in separating the rPpolcp19k-

his protein from its co-eluting partner (results not shown). Therefore, a denaturing IMAC 
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purification procedure was used (217) in which 8 M urea was included during purification. The 

denatured rPpolcp19k-his protein was subjected to a urea gradient to remove the denaturant 

and initiate refolding while bound to the column (218). This procedure led to elution of a single 

band of approximately 24 kDa (Figure 3.7). 

 

Figure 3.7 SDS-PAGE stained with Coomassie analysis of denaturing HisTrap™ HP Nickel 
purification of rPpolcp19k-his co-overexpressed with TF. Lane 1: protein fraction pre-purification; 
lane 2: column flow through; lane 3: 20 mM imidazole wash; lanes 4-6: 300 mM imidazole elution 
fractions. M: prestained molecular weight markers. Arrow indicates  rPpolcp19k-his protein 
approximately 24 kDa in size.  

Co-expression of rPpolcp19k-his in the presence of overproduced Hsp60 family members 

GroEL and GroES, meanwhile, yielded a single band with the expected molecular mass of 19 

kDa (Figure 3.5, lane 3), albeit with low yields of soluble protein. Titration of the L-arabinose 

inducer to alter cellular GroEL-GroES levels during expression yielded maximal rPpolcp19k- 

levels at 4 mg/ml L-arabinose (Figure 3.8). 

 

Figure 3.8. Western blot analysis of rPpolcp19k-his expression during co-overproduction of 
GroEL-GroES in E. coli. Lanes 1-3: Whole cell extract of E. coli cells producing rPpolcp19k co-
expressed with GroEL-GroES induced with 4 mg/ml L-arabinose (lane 1), 2 mg/ml L-arabinose (lane 
2) or 0.5 mg/ml L-arabinose (lane 3). Lanes 4-6 and 7-9: soluble and insoluble extracts, respectively, 
corresponding to lanes 1-3. M: prestained molecular weight markers. Arrow indicates protein of the 
expected size of 19 kDa . Murine monoclonal anti-polyhistidine peroxidase conjugated antibody was 
used in western blotting 
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Purification of rPpolcp19k-his on cobalt IDA resin followed by HisTrap™ HP Nickel yielded 

a single band with an estimated molecular mass of 19 kDa (Figure 3.9), as predicted for the 

product, and at greater than 95% purity, though with some apparent degradation. Proteins were 

eluted in 500 mM imidazole at a yield of 1-2 mg of purified protein per 1 L of E. coli culture.  

 

Figure 3.9 Analysis of two-step purification of rPpolcp19k-his co--expressed with GroEL-GroES. 
(a) SDS-PAGE stained with Coomassie and (b) Western blot analysis of Cobalt IDA resin purification. 
Lane 1: whole extract of cells producing Ppolcp19k; lane 2: soluble protein pre-purification; lane 3: 
column flow through fraction; lane 4: 30 mM imidazole wash; lanes 5-7: 500 mM imidazole elutions. 
(c) SDS-PAGE stained with Coomassie and (d) Western blot analysis of subsequent HisTrap™ HP 
Nickel purification. Lanes 1-2: 500 mM imidazole elutions. M: prestained molecular weight markers. 
Arrows indicate proteins of the expected size of 19 kDa. Murine monoclonal anti-polyhistidine 
peroxidase conjugated antibody was used in western blotting 

Following buffer exchange into 50 mM Tris-HCl (pH 8), the hexahistidine tag was cleaved 

from the recombinant protein using AcTev™ protease and the tag-free rPpolcp19k was re-

purified (Figure 3.10). 
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Figure 3.10 SDS-PAGE analysis of removal of the hexahistidine tag from purified rPpolcp19k-
his. Lane 1: rPpolcp19k-his (red arrow) and TEV protease (blue arrow) pre-purification; lane 2: column 
flow through containing rPpolcp19k; lanes 3-4: wash fractions containing rPpolcp19k; lane 5: TEV 
protease eluted using 500 mM imidazole. M: prestained molecular weight markers. 

3.4 Surface coat analysis  

Surface coat analysis was carried out to assess the adsorption of the rPpolcp19k-his protein 

onto hydrophilic (glass slide) and hydrophobic (polystyrene tissue culture plate) surfaces. The 

TF-Ppolcp19k-his complex demonstrated high adsorption after only 8 h on both the hydrophilic 

(Figure 3.11(a,c)) and the hydrophobic (Figure 3.11(b,d)) surfaces compared to controls 

whereas the purified rPpolcp19k-his, in the absence of complexed TF, washed away (Figure 

3.11(c,d)). To further investigate the basis for the strong adsorption of the TF-Ppolcp19k-his 

extract, purified recombinant E. coli TF (219) was assessed and found to demonstrate similar 

levels of adsorption to the Cell-Tak positive control on both hydrophilic (Figure 3.11(c)) and 

hydrophobic surfaces (Figure 3.11(d)). Cell-Tak is a commercially available mussel foot 

protein adhesive extracted from Mytilus edulis (159). Meanwhile, rPpolcp19k-his adhesion 

was not detectable on either surface even after extended incubations of up to 24 h. 
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Figure 3.11 Surface coat analysis of protein binding. Analysis of protein binding to (a, b) hydrophilic 
glass slide or (c, d) hydrophobic polystyrene plate. Lyso: lysozyme; BSA: bovine serum albumin; TF-
rPpolcp19k-his: rPpolcp19k with co-purified TF; Cell-Tak: commercial M. edulis mussel foot protein; 
TF: E. coli trigger factor. 

3.5 Surface Plasmon Resonance  

To investigate the adhesion of rPpolcp19k at a nanoscale, SPR was used to evaluate its binding 

on a number of self-assembled monolayers (SAM) with hydrophobic, neutral hydrophilic, 

negatively charged and positively charged chemistries. Experiments were carried out in 

conditions designed to mimic either the barnacle cement gland (150 mM NaCl, pH 4.0) or the 

seawater environment (600 mM NaCl, pH 8.0). 

Analysis of the surface adsorption of rPpolcp19k under simulated seawater conditions revealed 

that the barnacle protein exhibited minimal adsorption on all surface chemistries investigated 

(Figure 3.12(a)), with the highest adsorption (45.3  ± 15.1 ng/cm2) achieved on a methyl (CH3) 

SAM (Table 3.1). This compares to maximal adsorptions of TF and the fibrinogen positive 

control of 139 and 210 ng/cm2 on carboxylate (COO-) and CH3 SAMs, respectively. E. coli TF 

adsorbed relatively highly to all surfaces with the exception of the very fouling-resistant 

oligo(ethylene glycol) (OEG) surface, to which no proteins were found to adsorb. Meanwhile, 

the fibrinogen positive control also adsorbed highly to all other surfaces and the BSA negative 

control exhibited levels of surface adsorption very similar to rPpolcp19k. 

(a) (c)

(b) (d)

+ Lyso + BSA      +TF-rPpolcp19k-his + Lyso + BSA             +TF-rPpolcp19k-his

+ BSA              +Cell-Tak +rPpolcp19k-his + TF+ BSA     +Cell-Tak +rPpolcp19k-his     + TF
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Under conditions designed to mimic the environment of the barnacle gland cell, rPpolcp19k 

again exhibited the lowest adsorption of the three proteins investigated across all SAMs, with 

a maximum protein adsorption of 39.4 ± 26.6 ng/cm2 on the CH3 surface (Figure 3.12(b); Table 

3.2). In this case, the positive control Cell-Tak exhibited the highest adsorption on 

trimethylamine (N(CH3)3+) and CH3 surfaces, at 130.5 ng/cm2 and 71 ng/cm2, respectively. 

BSA adsorbed most strongly on the COO- SAM (131.3 ng/cm2) while the fouling-resistant 

OEG SAM again exhibited the lowest values for all proteins. 

 

Figure 3.12 SPR analysis of protein adsorption on self-assembled monolayers under conditions 
designed to mimic (a) seawater and (b) the barnacle gland cell. Data are in absolute changes in 
resonance units (ΔRU) after a 3 min injection of (a) 0.5 mg/ml protein in 600 mM NaCl, pH 8.0, or (b) 
0.4 mg/ml protein in 150 mM NaCl, pH 4.0 at 10 µl/min and 25°C, followed by 2 min wash with 
relevant buffer. Standard error of mean is shown from two replicate SPR experiments. 
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Figure 3.13 SPR sensorgrams for the adsorption of protein in seawater conditions. Sensorgrams 
for the adsorption of rPpolcp19k, TF, BSA and fibrinogen onto CH3, OH, N(CH3)3

+, COO- and OEG 
SAMs under seawater-like conditions, i.e. 600 mM NaCl pH 8.0, at 10 µl/min flow rate and 25°C. A 3-
min protein injection was followed by a 2-min dissociation phase using 0.01 M sodium phosphate buffer 
containing 600 mM NaCl (pH 8.0). 

 
 

Figure 3.14 SPR sensorgrams for the adsorption protein in cement gland conditions. Sensorgrams 
for the adsorption of rPpolcp19k, TF, BSA and Fibrinogen onto CH3, OH, N(CH3)3

+, COO- and OEG 
SAMs under cement gland-like conditions, i.e. 150 mM NaCl pH 4.0, at 10 µl/min flow rate and 25°C. 

A 3-min protein injection phase was followed by a 2-min dissociation phase using 0.01 M sodium 
acetate buffer containing 150 mM NaCl (pH 4.0) 
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Table 3.1 Amounts of protein (ng/cm2) adsorbed onto SAMs in 600 mM NaCl, pH 8.0 

 pI COO- N(CH3)3
+ CH3 OEG OH 

BSA 4.7 
 

1.22 ± 0.4 15.27 ± 11.5 44.23 ± 7.1 0.34  ± 0.0 11.51 ± 3.6 

Fibrinogen 5.3-6.1 
 

7.62 ± 1.4 
 

93.70 ± 79.2 
 

210.55 ± 9.4 
 

6.89 ± 9.0 
 

73.45 ± 5.8 
 

TF 
 

4.8 
 

139.75 ± 2.7 50.63 ± 31.6 80.12 ± 15.8 
 

1.10 ± 0.6 
 

28.22 ± 9.7 
 

rPpolcp19k 9.3 1.71 ± 0.4 
 

14.05 ± 4.7 45.31 ± 15.1 1.27 ± 0.5 5.36 ± 2.3 

Table 3.2 Amounts of protein (ng/cm2) adsorbed onto SAMs in 150 mM NaCl, pH 4. Cell-
Tak: commercial M. edulis mussel foot protein (mfp) containing mfp1 and mfp2. 

 pI COO- N(CH3)3+ CH3 OEG OH 
BSA 4.7 

 
131.27 ± 0.0 
 

26.03 ± 0.0 
 

57.67 ± 2.7 
 

1.66 ± 0.0 
 

23.84 ± 1.2 
 

Cell-Tak mfp1: 9.99 
mfp2: 9.14 

53.10 ± 15.3 
 

130.49 ± 0.0 
 

71.61 ± 7.7 
 

0.70 ± 0.9 
 

20.30 ± 4.9 
 

rPpolcp19k 9.26 
 

24.17 ± 2.4 17.65 ± 0.0 39.35 ± 26.6 2.80 ± 2.0 4.84 ± 1.1 

3.6 Thioflavin T Assay 

Functional amyloids are fibrillar proteins with a cross β-sheet structure which have been shown 

to play a role in bioadhesion in many organisms (220, 221). It has previously been 

demonstrated that cp19k from Balanus albicostatus can self-assemble into nanofibrils (21, 

161). To investigate the ability of rPpolcp19k to self-assemble into amyloid fibres, rPpolcp19k-

his (0.5 mg/ml) was incubated in cement gland conditons (150 mM NaCl, pH 4.0) or seawater 

conditions (600 mM NaCl, pH 8.0) at 25°C and a Thioflavin T (ThT) binding assay was 

performed to monitor amyloid fibril formation. The fluorescent dye ThT identifies amyloid 

fibres by displaying enhanced fluorescence intensity at 482 nm (excitation at 450 nm) when 

bound to the β-rich structure of amyloid fibres (164, 165). Following an initial 5-day lag, ThT 

fluorescence intensity increased over 7-11 days under conditions that mimicked the cement 

gland (Figure 3.15), indicating self-assembly of the rPpolcp19k-his protein into amyloid fibres. 

This initial lag time followed by a growth phase is characteristic of amyloid formation (222). 

In contrast, no increase in fluorescence intensity occurred when rPpolcp19k-his was incubated 

in seawater conditions, suggesting that rPpolcp19k-his does not self-assemble into amyloid 

under these conditions. 
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Figure 3.15 Monitoring amyloid formation by rPpolcp19k-his using a Thioflavin T assay. 
rPpolcp19k-his protein (0.5 mg/ml) was incubated in cement gland (150 mM NaCl, pH 4.0) or seawater 
(600 mM NaCl, pH 8.0)-like conditions at 25°C. Data, in arbitrary units (AU) are presented as mean 
+/- standard deviation; n=2. 

3.7 Transmission Electron Microscope analysis of rPpolcp19k-his nanofibres 

To further investigate the self-assembly of rPpolcp19k-his protein into amyloid nanofibres, 

TEM images were captured at different time points during the assembly process. Under cement 

gland conditions, fibres were visible after 5 days of incubation (Figure 3.16) while after 7 days, 

fibres with lengths of up to 1.5 µm were observed to have self-assembled into large intertwined 

fibrils 10 µm in length. 

  

-10

0

10

20

30

40

50

Day 0 Day 5 Day 7 Day 11

AU

150 mM NaCl pH 4.0
600 mM NaCl pH 8.0



 51 

 

Figure 3.16 TEM images of rPpolcp19k-his fibrils. Negatively stained TEM images of rPpolcp19k-
his protein incubated under cement gland (150 mM NaCl, pH 4.0) and seawater (600 mM NaCl, pH 
8.0)-like conditions at 25°C. Images were taken after 0, 5, 7 and 11 days. The scale bar represents 500 
nm. 

In contrast to the dense rPpolcp19k-his fibrils observed after 11 days under cement gland 

conditions, only single rPpolcp19k-his nanofibres (up to 3 µm in length) were observed after 

incubation in seawater conditions (Figure 3.17). 

 
Figure 3.17 TEM images of rPpolcp19k-his fibrils taken on day 11. Negatively stained TEM images 
of rPpolcp19k-his protein incubated under (a) cement gland- (150 mM NaCl, pH 4.0) and (b) seawater 
(600 mM NaCl, pH 8.0)-like conditions at 25°C. The scale bar represents 500 nm. 

3.8 Atomic Force Microscopy of rPpolcp19k-his nanofibres 

Atomic force microscopy (AFM) was used to further understand the structural and 

morphological characteristics of the rPpolcp19k-his amyloid fibrils. In agreement with TEM 
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imaging, rPpolcp19k-his protein demonstrated visible self-assembly into amyloid fibrils under 

cement gland conditions after 7 days at 25°C. On day 0, the majority of protein was deposited 

as a film on the substrate, with few fibres and some aggregation evident (Figure 3.18). After 7 

days incubation under cement gland conditions, the rPpolcp19k-his protein had self-assembled 

into a highly dense mesh of fibrils ranging from 100 nm to 1000 nm in length and up to 13 nm 

in height, with an average height of 5 nm. Fibrils with similar lengths were observed after 11 

days, ranging from 200 nm to 1 µm in length and with an average height of 7 nm but, with 

heights of up to 41 nm observed.  

 

Figure 3.18 AFM images of rPpolcp19k-his fibril formation. rPpolcp19k-his fibril formation after 
incubation under cement gland-like conditions (150 mM NaCl, pH 4.0) at 25°C for 0, 7 and 11 days. 
(A) AFM height images with a scan size of 5x5 µm; red squares indicate areas shown in (B) panels; (B) 
Corresponding height images with a scan size of 1x1 µm.  

Under seawater conditions rPpolcp19k-his failed to self-assemble into amyloid fibrils, with 

only a few isolated fibres present. In addition to the large protein aggregates present on day 11, 

however, protein incubated under these conditions showed evidence of deposition on the 
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substrate, which was also visible in phase images from days 7 and 11 (Figure 3.19). 

 

Figure 3.19 AFM analysis of rPpolcp19k-his protein. rPpolcp19k-his protein was incubated under 
cement gland- and seawater- like conditions at 25°C for 7 and 11 days. AFM height (A) and 
corresponding phase images (B) are shown for cement gland (150 mM NaCl, pH 4.0) and seawater (600 
mM NaCl, pH 8.0) conditions on days 7 and 11.  

3.9. Discussion 

Medical adhesives which can work in the types of wet conditions encountered in surgery have 

huge potential for application as minimally invasive fasteners. In addition to the trauma caused 

to surrounding tissues by current mechanical fixation approaches such as staples and sutures 

(189), these techniques are poorly suited to complicated procedures in which leakage of fluids 

or air must be prevented, or in the adhesion of tissues with low cohesive energies, such as the 

liver, kidney and lung (171). 

A major challenge in designing a new adhesive for medical use is that it must rapidly adhere 

in the presence of biological fluids. Numerous marine organisms have evolved to carry out 

underwater adhesion and researchers are increasingly investigating these processes to develop 

adhesive materials for use in clinical tissue adhesion (182). Critical to the development of such 

bioadhesives is an understanding of the science underlying these natural marine processes 

(189), which to date has focused mainly on mussel and sandcastle worm proteins. Investigation 

of the mechanisms of adhesion in mussels led to the discovery of DOPA, the key functional 

group for wet adhesion that has been incorporated into synthetic polymers to mimic wet 

bioadhesion (223). Mussel inspired DOPA- and catechol-modified PEG-based adhesives were 

150 mM NaCl, pH4.0 150 mM NaCl, pH4.0600 mM NaCl, pH8.0 600 mM NaCl, pH8.0

Day 7 Day 11
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amongst the earliest synthetic bioadhesives (181, 191) and have demonstrated good 

biocompatibility and integrity in murine pancreatic islet transplantation (224) and rabbit fetal 

surgery models (172). In sandcastle worms, the presence of oppositely charged adhesive 

polyanions (polyphosphoserine-rich proteins), polycations (lysine-rich proteins) and divalent 

cations leads to condensation into a nanoparticulate fluid phase through complex coacervation 

(223). The oppositely-charged adhesive proteins from the complex coacervate of 

Phragmatopoma californica have been used to develop a wet adhesive (225, 226) which has 

shown good results in a rat model of craniofacial reconstruction (227).  

Barnacles with a membranous base, in particular P. pollicipes, are capable of detachment, post-

settlement locomotion and reattachment (212). Considering its ability to relocate, its different 

taxonomic order from previously studied species and its soft membranous rather than hard 

calcite basis, the putative adhesive protein cp19k from P. pollicipes exhibits a surprisingly 

similar amino acid bias and pI to its counterparts in other species (Table 3.3). The present study 

was designed to investigate the potential adhesive properties of Ppolcp19k in order to delineate 

its role in barnacle adhesion, particularly compared to recent studies on recombinant cp19k 

molecules from two acorn barnacle species (160, 161, 203). 
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Table 3.3 Amino acid compositions (%) of cp19k proteins from different barnacle species. 
Over-represented amino acids compared to normal protein distribution are indicated in bold. 
MW: indicates molecular mass. pI: indicates isoelectric point.   

 Pollicipes 
pollicipes 

Megabalanus 
rosa 
 

Balanus 
albicostatus 

Balanus 
amphitrite 

Balanus 
improvisus 

 MW: 16.56 
pI: 9.26  

MW: 19.51 
pI: 5.45 
 

MW: 17.35 
pI: 9.80 
 

MW: 20.16 
pI: 9.67 
 

MW: 16.85 
pI: 9.77 

Ala 9.7 12.1  10.4  10.3  12.1 
Arg 0.6  0.5  0.6  0.5  0 
Asn 6.2  4.0  3.5  2.5  4 
Asp 1.7  5.6  2.9  4.4  2.9 
Cys 1.1  1.5  1.2  1.0  1.2 
Gln 4.5  2.0  1.7  1.5  4.6 
Glu 2.3  4.5  4.6  3.4  1.7 
Gly 20.5  14.1  12.7  14.8  14.5 
His 1.7  0.5  1.2  1.5  1.2 
Ile 2.3 2.5  1.7  4.4  5.2 
Leu 4  6.6  7.5  7.4  8.1 
Lys 6.2  8.6  13.9  12.8  9.8 
Met 0 0.5  0 0.5  0 
Phe 1.7  3.0  2.3  1  1.2 
Pro 3.4  2.5  2.3  3.4  2.9 
Ser 14.2  10.6  8.7  6.4  9.8 
Thr 10.8  11.1  14.5  11.3  11.6 
Trp 0 0.5  0 0.5  0 
Tyr 0 0 0 0 0 
Val 9.1  9.1  10.4  12.3  9.2 

While E. coli is a popular and robust choice for the expression of recombinant proteins, many 

heterologous proteins are initially expressed in predominantly insoluble form and require 

significant troubleshooting in order to achieve soluble, functional expression in the bacterium 

(122, 228). One bottleneck in high-level production of many heterologous proteins is saturation 

of the native molecular chaperone machinery of the host cell (126, 229). Co-overproduction of 

Hsp60 chaperone family members GroEL and GroES, and trigger factor led to large increases 

in soluble rPpolcp19k-his yields in this work. This chaperone over-production approach has 

been widely used to improve expression of recombinant targets in E. coli (120, 145) though it 

is complicated somewhat by the inability to predict in advance productive chaperone-target 

protein combinations (230), as evidenced by the absence of a positive effect of Hsp70 family 

chaperones DnaK, DnaJ and GrpE in this study. 
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Purification of rPpolcp19k-his from E. coli cells co-producing TF yielded 6 mg of protein per 

litre of culture, though this included a co-purifying, non-hexahistidine-tagged protein, 

corresponding to the size of TF, that was not removed by repeated purification attempts. 

Additionally, the apparent electrophoretic mass of the rPpolcp19k-his product estimated from 

SDS-PAGE (24 kDa) differed significantly from its predicted molecular mass (19 kDa), a 

phenomenon which has previously been reported in TF co-expression with other proteins (120, 

219). This is possibly attributable to the high cytoplasmic TF levels leading to a bottleneck in 

translocation of the cytoplasm membrane by the target protein, resulting in failure to cleave its 

periplasm-targeting N-terminal leader peptide. Expression of rPpolcp19k-his in the presence 

of co-overproduced GroEL-GroES, however, yielded a single purified product of the expected 

molecular mass at a yield of 1-2 mg of protein per 1 litre E. coli culture. 

Initial surface coat analysis revealed high levels of adsorption of the TF-rPpolcp19k-his 

complex on both hydrophobic and hydrophilic surfaces. Separate evaluation of the two proteins 

identified that the purified E. coli TF demonstrated adsorption on a similar level to the 

commercial Cell-Tak mussel foot protein whereas no detectable adhesion to either surface was 

observed for native rPpolcp19k-his alone. As TF exposes both hydrophilic and hydrophobic 

amino acid residues in its role of interacting with a diverse range of nascent polypeptides as 

they emerge from the ribosome exit tunnel in E. coli (231, 232), it is unsurprising that it is 

capable of adsorbing to both surface types. The absence of any detectable adsorption by 

rPpolcp19k-his was surprising, however, given previous reports of the adhesive properties of 

cp19k proteins from Megabalanus rosa (203) and B. albicostatus (160), even though the latter 

study reported adhesion of a thioredoxin-tagged fusion rather than the native barnacle protein. 

SPR was used to measure the microscale adhesion of rPpolcp19k onto hydrophobic, neutral 

hydrophilic, negatively charged and positively charged surfaces under conditions imitating 

either the gland where the proteins are produced or those of the secretory surface (seawater). 

A low pH range has been reported in the adhesive gland of adult Lepas anatifera and P. 

pollicipes stalked barnacles (200, 233), as well as organisms such as mussels and sandworms 

(234). SPR revealed poor adsorption of rPpolcp19k on all surfaces at pH 4.0, however, at the 

level of the BSA negative control. Under seawater-like conditions, rPpolcp19k again 

demonstrated the lowest adsorption across all SAMs. 
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Interestingly, purified E. coli TF exhibited high adsorption across multiple SAM chemistries 

at pH 8.0, which may be an important consideration when investigating the adhesion of 

recombinant proteins to which low levels of the chaperone may remain bound after 

purification. In a previous demonstration of very strong adhesive properties of a recombinant 

B. albicostatus cp19k fusion protein, unidentified high molecular weight, co-purified E. coli 

proteins were evident in cp19k preparations (160). However, the presence of multiple 

recombinant moieties (thioredoxin fusion, hexahistidine and S-tags, and thrombin and 

enterokinase cleavage sites) makes it difficult to pinpoint the precise basis for the adhesion of 

the barnacle protein. In the present study, the adsorption of TF exceeded even that of the 

positive control fibrinogen (151) on the negatively charged COO- SAM at pH 8.0, despite its 

lower pI (4.8 versus 5.3-6.1 for fibrinogen). The increased ionic strength of seawater-like 

conditions can cause protein aggregation and increase surface adsorption (214), although the 

unique role of TF in binding diverse polypeptides as they emerge from the ribosome (231).  

This role may enable it to interact with the diverse surface layers under a broader range of 

conditions than would be feasible for most proteins. Cell-Tak, meanwhile, demonstrated 

activity typical of a marine adhesive protein, with high levels of adsorption on both N(CH3)3+ 

and CH3 surfaces evident at pH 4.0. The utility of Cell-Tak as a positive control was limited to 

pH 4.0, however, due to its susceptibility to oxidation at pH 8.0 (235). 

While rPpolcp19k exhibited negligible adsorption on any surface investigated in this work, it 

has previously been reported that recombinant cp19k from M. rosa adsorbed irreversibly to 

polycrystalline gold and hydrophobic alkylated gold in SPR experiments (203). It is worth 

noting that the amount of adsorbed M. rosa cp19k protein was 49 ng/cm2 on the alkylated gold 

surface (203) which is similar to the absolute levels at which rPpolcp19k adsorbed in the 

present study, ranging from negligible (OEG surface) up to 45 (Table 3.1) and 39 (Table 3.2) 

ng/cm2 on CH3 SAMs at pH 8.0 and 4.0, respectively. Much higher levels of adsorption have 

been reported for the larval temporary adhesive, with adsorption of the cyprid settlement-

inducing protein complex (SIPC) occurring at a level similar to fibrinogen (151), which 

supports the proposed specialised role of this glycoprotein in adhesion. The question therefore 

is: if cp19k from P. pollicipes is not specialised for adhesion, at least relative to proteins such 

as fibrinogen or SIPC, then what is its role in the barnacle cement? 

This question is all the more intriguing considering that six amino acids reported to be favoured 

in cement proteins of several species of acorn barnacles (203) account for 70.5% of residues in 



 58 

the P. pollicipes protein (Table 3.3). While overall sequence similarities across barnacle 

species are modest, typically in the range of 35% maximal similarity (209), the universally 

strong bias towards these amino acids (Ser, Thr, Ala, Gly, Val and Lys) may confer particular 

abilities to the cp19k protein even when the primary sequence differs. It is possible that 

hydroxyl groups on Ser and Thr residues in particular may be important in displacing water 

before surface coupling (201, 203). The basic amino acid Lys may play a similar role, acting 

as surface primer by displacing hydrated cations and allowing other side chains to interact with 

the surface (236). The only major difference between cp19k proteins across species appears to 

be the unusually low pI of the M. rosa protein (pI =5.8) compared to its homologues from P. 

pollicipes and the other species studied (pI = 9.26-9.80; Table 3.3). Of more significance may 

be the low amino acid complexity and high occurrence of Gly across all cp19k proteins, with 

glycine alone making up 20.5% of amino acids in Ppolcp19k (Table 3.3). This low amino acid 

complexity has previously been associated with nanofibre formation and Gly-rich regions, in 

particular, have been linked to amyloid formation (208). 

Functional amyloids were first suggested as a possible generic mechanism within bioadhesives 

when the sawtooth-like pattern formed from the unfolding of cross β-sheets was found to confer 

strength to adhesive materials (237). Since then, proteins with this type of secondary structure 

have been shown to play a role in bioadhesion in several organisms (220, 221). The E. coli 

curlin protein forms fibrils to colonise inert surfaces, form biofilm and bind to host proteins 

(220) while other examples of functional amyloids include chorion proteins in the eggshell of 

silkworms (238), and the major silk protein spidroin in the silk fibres of spider webs (239). 

Bulk barnacle cement has also been demonstrated to stain positively for amyloid which has 

been suggested to provide strength and stability to the cement in seawater (207, 221). 

Individual cement proteins with cross β-sheet structures, such as M. rosa cp100k and cp52k, 

have been suggested to be responsible for self-assembly and curing of the barnacle adhesive 

(207). Similar reports for the P. pollicipes cp52k protein (211) propose that the formation of 

barnacle cements could occur in a manner similar to that of amyloid plaques. The same 

mechanism could be at work in smaller proteins including Ppolcp19k, the predicted secondary 

structure of which includes β-sheets that encompass 26.4% of its amino acid residues (211), 

i.e. higher than all other known proteins in the bulk cement complex. Barnacle cement is 

secreted as a low viscosity liquid, which solidifies to become a rubbery substance and 

eventually hardens to a cement by an unknown ‘switch’ mechanism (199, 200). 
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To examine whether the conditions of the cement gland or local marine environment could 

trigger amyloid self-assembly, we studied the assembly of rPpolcp19k into amyloid fibrils over 

11 days in seawater or cement gland conditions. After a 5-day lag phase, an increase in ThT 

fluorescence intensity, indicating the occurrence of β-sheet-rich regions of amyloid fibrils 

(164), was observed after 7 and 11 days under cement gland conditions. Amyloid fibril 

formation typically begins in this manner with an entropically unfavourable lag phase during 

which soluble monomeric species associate to form nuclei, followed by an exponential phase 

characterised by the rapid formation of amyloid fibrils (240). 

As fibrils can range from nanometre to micrometre scale, TEM is often used to validate their 

presence (165). TEM imaging was used to confirm the presence of fibrils of up to 3 µm long, 

entangled into large aggregated amyloid fibrils, after 11 days incubation in cement gland 

conditions. Amyloid fibres typically have a diameter of 7-10 nm and are often up to several 

micrometres long, with highly ordered filaments composed of ladders of β-strands that occur 

perpendicular to the fibre axis (241). TEM also revealed the presence of isolated rPpolcp19k 

fibres and some aggregates after 5 days in cement gland conditions. No increase in ThT 

fluorescence intensity was observed under these conditions though the observed fibres may 

predominantly have been non-fibrillar intermediates or protofibrils in the late stages of fibril 

formation as ThT binds preferentially to mature fibrils (165, 242). The presence of amorphous 

aggregates, common to many proteins, was also observed by TEM (165, 243). These have a 

granular appearance under electron microscopy and consist of disordered polypeptide chains 

which may contain regions enriched in β-sheet structures (240). Amorphous aggregates often 

form more rapidly than amyloid fibrils and can form in highly amyloid-prone proteins which 

fail to form fibrils. It has been suggested that they can reconfigure to more stable amyloid 

species, in particular when amyloid fibrils and amorphous aggregates co-occur (243). 

AFM can provide a nanometre-scale resolution view of the structural and morphological 

characteristics of amyloid fibrils (244). It measures intermolecular forces between a sharp tip 

mounted at the end of a cantilever and the sample of interest, and constructs a three-

dimensional image corresponding to the surface topography (245) AFM analysis indicated that, 

in cement gland conditions, the rPpolcp19k-his protein self-assembled into a highly dense 

mesh of fibrils, averaging 7 nm in height and ranging from 200 nm to 1 µm in length, consistent 

with typical amyloid fibre morphology (241). Smaller and larger fibres were also observed, 

representing different stages of fibril formation (221). The fibres observed in the present study 
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were also consistent with fibres previously observed in the bulk cement (221, 246). Sullan and 

co-workers (246) observed a mesh morphology in the Balanus amphitrite bulk cement, 

composed of fibril structures of 11 nm in diameter and 300 nm in length, while the fibrils 

observed by Barlow et al. (221) ranged from 2-25 nm in diameter and 50-100 nm in length, 

with individual fibrils estimated at approximately 2 nm in diameter. In agreement with ThT 

assay and TEM analyses, rPpolp19k-his failed to self-assemble into amyloid fibrils under 

seawater-like conditions but AFM height and phase images revealed protein deposition on the 

substrate on days 7 and 11. The phase signal reports the delay in oscillation of the cantilever 

due to interaction with the surface and can detect variations in surface properties such as 

elasticity, adhesion or friction (247). Interpretation can be challenging, however, and in this 

case further analysis using specialised AFM methods such as peak force tapping is planned 

(244, 248) 

The self-assembly properties of barnacle cement proteins may indicate a new mechanism of 

adhesion in barnacles which differs from those reported to date in mussels and sandcastle 

worms. A peptide inspired by the calcite-specific cp20k was previously reported to self-

assemble upon exposure to seawater-like salt conditions (184). Liu et al. (161) further 

demonstrated self-assembly of a Cys-substituted recombinant Balcp19k protein under similar 

conditions (0.6 M NaCl, pH 8.0) though Liang et al. (21) reported rBalcp19k nanofibre 

formation in both acidic and alkaline conditions but without an associated increase in ThT 

fluorescence. In the former study, nanofibres assembled in a time-dependent manner over 24 

h and exhibited a high proportion of β-sheets, confirmed as amyloid fibrils by ThT staining. 

While the lag time for self-assembly of rPpolcp19k in the present work was considerably longer 

than the 24 hours required for the Balcp19k protein variant, the reaction rate is known to be 

protein concentration dependent (240) and so the present lag may relate to the 500 µg/ml 

protein concentration used in the present study compared to 5 mg/ml for the Balcp19k protein. 

Though no increase in ThT fluorescence intensity was observed after 11 days incubation of 

Ppolcp19k in seawater conditions, TEM imaging revealed the presence of individual fibres 

after 5 days which may be non-fibril intermediates or protofibrils resulting in a weak interaction 

with ThT (165, 242) 

As a protein undergoes partial denaturation due to changes in its environment, mutations, or 

even protein concentration, segments with a high propensity for fibrillation can become 

exposed, leading to nucleation or elongation of fibrils to become amyloids (249). Amyloid-
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forming proteins contain steric zipper segments that can form a tightly complementary 

interface with other identical segments to form the amyloid fibril (249). A six amino acid 

sequence is typically required for fibre formation but short sequence segments with low 

complexity may also form steric zippers (250). It is likely that the low complexity, glycine-rich 

region of cp19k drives self-assembly of Ppolcp19k as it is homologous to fibril-forming 

sequences in silk proteins (208). Even minor changes in pH, temperature or ionic strength of 

the local environment could lead to changes in the conformation of some amino acids, however, 

leading to a different secondary structure and propensity to aggregate (251). Therefore, further 

research into the ability of rPpolcp19k to form amyloid under varying pH, concentration and 

ionic strength conditions is needed to better understand the molecular process of amyloid 

formation in the protein. 

The ability of the cp19k protein to self-assemble into amyloid fibrils offers the possibility that 

it may play a cohesive role in the barnacle cement, contributing strength to the adhesive and 

resistance to degradation of the protein plaque. This is further supported by evidence that the 

bulk cement appears to be predominantly made up of fibrils, suggesting it may be a structural 

component of the cement (221). Although further characterisation is required, the ability of 

rPpolcp19k to self-assemble into amyloid could be exploited for bioadhesive development. 

Indeed, an effective adhesive require both adhesive and cohesive forces, with cohesion 

providing the internal strength of an adhesive and adhesion providing the bonding of one 

substrate to another (252). Amyloids have been demonstrated to have biotechnological 

potential as biomimetic materials for biomedical applications due to their high mechanical 

strength and durability (241, 253, 254) which gives the possibility of exciting new bioadhesives 

with these unique properties, e.g. CsgA from E. coli curli amyloid fibres combined with mussel 

foot protein has been used to engineer a bioinspired hybrid fibril-adhesive (255) Furthermore, 

the unique physical properties of amyloid fibrils and their ability to self-assemble into highly 

ordered nanostructures make them attractive for a range of other applications, including in drug 

delivery (71, 256, 257), nanowire assembly (258) and as scaffolds in  cell adhesion and tissue 

engineering (259-261). 
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Chapter 4 

The expression of hSOD1 fusion proteins 
for aerosol treatment of acute respiratory 

distress syndrome (ARDS) 
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4.1 Introduction 

Acute respiratory distress syndrome (ARDS) is a multifactorial syndrome of acute respiratory 

failure that is characterised by increased permeability of the alveolar-capillary membrane, 

pulmonary oedema, severe arterial hypoxemia and impaired excretion of carbon dioxide (262). 

ARDS occurs in 10% of all intensive care unit (ICU) patients and 23% of all mechanically 

ventilated patients. It accounts for 5.5 cases per ICU bed globally each year (263, 264) and has 

a mortality rate of 30-45% (254, 265, 266). Pneumonia, sepsis, aspiration of gastric contents, 

and major trauma are common risk factors in the development of ARDS, a risk which increases 

with the coexistence of two or more of these factors (262).  

ARDS was first described by Ashbaugh and co-workers (267) and since then has been re-

defined several times (268, 269). The 1994 American-European Consensus Conference 

(AECC) definition (268) defined ARDS as exhibiting acute onset of respiratory failure; 

hypoxemia, measured as an arterial partial pressure of oxygen to fraction of inspired oxygen 

(PaPO2/FiO2) ratio of <200 regardless of positive end-expiratory pressure (PEEP); bilateral 

pulmonary infiltrates on chest radiograph; and no clinical evidence of left arterial hypertension 

or a measurement of a pulmonary artery wedge pressure (PAWP) of ≤18 mm Hg (268). Acute 

lung injury (ALI) was also defined by the same criteria but with a PaO2/FiO2 ratio of ≤300 

(268).  

Although widely adopted by clinicians, the AECC definition had a number of shortcomings 

which were addressed in 2011 in the Berlin definition outlined in Table 4.1 (269). This 

eliminated the term ALI and classified ARDS patients based on degree of hypoxaemia and 

PEEP settings as “mild”, “moderate” or “severe”; clarified radiograph findings; clearly defined 

the timing of acute onset of respiratory failure; and removed PAWP as a criterion (Table 4.1)  

(269-271). 
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Table 4.1 The Berlin Definition of Acute Respiratory Distress Syndrome (269). 
Abbreviations: CPAP, continuous positive airway pressure; FiO2, fraction of inspired oxygen; 
PaO2, partial pressure of arterial oxygen; PEEP, positive end-expiratory pressure. 

 Description 

Timing  Acute onset (within one week of clinical 
insult or new/worsening symptoms)  

Chest Imaging (chest radiograph or 
computed tomography scan) 

Bilateral opacities not fully explained by 
effusions, lobar collapse or nodules 

Origin of oedema  Respiratory failure not fully explained by 
cardiac failure or fluid overload 

Oxygenation   

Mild 200  mm Hg < PaO2/FiO2 ≤ 300 mm Hg with 
PEEP or CPAP ≥5 cm H2O 
 

Moderate 100  mm Hg < PaO2/FiO2 ≤ 200 mm Hg with 
PEEP ≥ 5 cm H2O 

Severe PaO2/FiO2 ≤ 100 mm Hg with PEEP ≥ 5 cm 
H2O 

The acute phase of ARDS is characterised by inflammatory injury to the lung endothelium and 

epithelium cells, resulting in an increase in vascular permeability. This leads to flooding of 

alveolar spaces with protein-rich oedema and accumulation of neutrophils, macrophages and 

red blood cells, which compromises gas exchange and promotes respiratory failure (272-275). 

Interstitial and alveolar oedema and the presence of hyaline membranes are features of diffuse 

alveolar damage (DAD) which is a histological hallmark of the acute phase of ARDS (276, 

277). Inflammation develops as a result of the migration of neutrophils and macrophages into 

the alveolar space and, together with the production of proinflammatory interleukins (IL)-1β, 

IL-6, and IL-8 and tumour necrosis factor-alpha (TNF-α), contributes to disruption of the 

epithelial-endothelial barrier (273, 274, 278, 279). Injury of type I epithelial cells leads to 

impaired fluid transport and reduced production of surfactant which further exacerbates 

pulmonary oedema (280). Meanwhile damage to type II cells results in decreased surfactant 
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production and a reduction in compliance (the elastic properties of the lung) and alveolar 

collapse (281).  

Neutrophils are central to the inflammatory response and have been shown to occur in 

pulmonary oedema fluid and bronchoalveolar lavage (BAL)  fluid in ARDS patients (273, 282-

284). Activated neutrophils release excessive reactive oxygen species (ROS), proteases and 

large amounts of chemokines that enhance leukocyte recruitment, resulting in an exaggerated 

inflammatory response, increased vascular permeability, loss of normal endothelial and 

epithelial barrier functions and necrosis of type I and II alveolar epithelial cells (273, 285-287). 

Neutrophil-derived ROS, such as superoxide radicals, play a role in the pathophysiology of 

ARDS through oxidant damage to endothelial and epithelial cells (288-291). ROS are also 

generated by activated macrophages and lung endothelial and epithelial cells in response to 

inflammatory stimuli (292). 

Superoxide may cause tissue injury directly or via conversion to more damaging species such 

as the hydroxyl radical or hypochlorous acid (293). It can also react with nitric oxide (NO) to 

produce the highly reactive oxidant peroxynitrate (294). Patients with ARDS require 

immediate mechanical ventilation for survival, which may amplify the lung inflammatory 

response (295) and ultimately contribute to mortality (296). In the normal lung ROS are 

neutralised by antioxidant systems such as superoxide dismutase (SOD), glutathione 

peroxidase (GPx), catalase (CAT), and vitamins C and E (297). ARDs patients, however, have 

higher levels of ROS and lower levels of SOD, CAT, GPx and vitamins C and E, resulting in 

an oxidant-antioxidant imbalance (290, 298). 

Neutrophil-derived proteases that can contribute to lung injury in ARDS include neutrophil 

elastase, proteinase-3, cathepsin-G and several matrix metalloproteinases (MMPs) (273). 

MMPs are a family of zinc-dependent metalloproteinases which are involved in a wide variety 

of physiologically and pathological processes (299). In addition to neutrophils, they are 

expressed in several other cells of relevance to ARDS pathogenesis, including alveolar 

epithelial cells, macrophages and fibroblasts (300). MMPs are also implicated in the 

pathogenesis of ARDS due to the elevated concentrations of the gelatinases MMP-9 and MMP-

2 (278, 301, 302), collagenases MMP-1, -8, and -13, and stromelysin-1 (MMP-3) in BAL fluid 

of ARDS patients (300). 
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To date, no specific treatment for ARDS exists. The chances of survival are determined by the 

severity of lung damage, the extent of non-pulmonary organ dysfunction, the occurrence of 

pre-existing medical conditions and the quality of supportive care (262). Management of the 

condition by lung-protective ventilation strategies has reduced mortality and is accepted as the 

‘gold standard’ treatment (277, 286, 303, 304). Although these advances in supportive care 

have seen the mortality rate drop to below 40% (265), they do not reverse the underlying 

pathophysiological processes in ARDS patients (305) and the incidence of morbidity and 

mortality remains high (277). 

Due to the complexity of ARDS and its broad clinical phenotype, it is challenging to translate 

promising results from in vitro and in vivo animal studies into humans (262). To date, 

interventions such as the use of nitric oxide, exogenous surfactant, glucocorticosteroids and 

anti-oxidants have failed to reduce mortality rates in human trials (306, 307). Cell therapies, 

including the use of mesenchymal stromal cells (MSCs) which secrete anti-inflammatory 

cytokines, growth factors and antimicrobial peptides which can reverse major abnormalities in 

lung injury (262), have shown promise in in vivo models and preclinical studies of ARDS 

(279). However, issues surrounding scalability, manufacturing, cost, distribution and 

variability between cell batches need to be addressed for successful clinical translation (279). 

The generation of excessive ROS, such as the superoxide anion, is central to the pathogenesis 

of ARDS (289). The SOD family of metalloenzymes plays a key role in the antioxidant 

defences of the lungs by catalysing the dismutation of superoxide radicals (O2-) to molecular 

oxygen and hydrogen peroxide (H2O2) (308, 309). In humans, three different forms of SOD 

exist (308): intracellular SOD1, or copper-zinc SOD (Cu,Zn-SOD) (310, 311), which is found 

mainly in the cytoplasm and nucleus of cells; SOD2, or  mitochondrial manganese SOD (Mn-

SOD) (312); and SOD3, or extracellular SOD (EC-SOD) (313), which is found in the 

extracellular matrix of tissues. Administration of exogenous SOD has previously demonstrated 

efficacy in preclinical models of hyperoxia-induced lung injury (309). Intrapulmonary delivery 

of a viral vector encoding EC-SOD has also been demonstrated to reduce the severity of 

endotoxin-induced ARDS but the study was limited in that the vector was administered prior 

to the onset of lung injury (314).   

Hyaluronic acid (HA) is a non-sulfated glycosaminoglycan (GAG) composed of repeating 

disaccharide units of D-glucuronic acid and N-acetyl glucosamine. It is an important 
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component of the extracellular matrix and plays a structural role in the lung, but it also has a 

role in homeostasis (315). Additionally, elevated levels of HA are associated with many forms 

of pulmonary disease, including ARDS (25, 316, 317).  

As few therapeutic interventions have proven effective in ARDS to date and intravenous 

treatments can result in systemic side effects, there has been a focus on delivery of therapeutics 

directly to the lungs by nebulisation, to increase efficacy and minimise systemic effects (305). 

Vibrating mesh nebulisers (VMNs) are aerosol generators that convert a liquid drug solution 

or suspension into an aerosol and offer a means of nebulising biomolecules without affecting 

their stability (318). Aerosolisation offers the potential to deposit therapeutics homogenously 

in the gas-exchanging smaller airways and alveolar region of the lung (319, 320) and is optimal 

for protein absorption due to the high accessibility of the lung epithelium (321).  

We hypothesised that a fusion protein containing a hSOD1 enzyme, linked via an MMP2 

cleavage site to a HA-binding peptide to increase residence time in the lungs, would enable 

localised release of the SOD enzyme and alleviate oxidative damage due to ROS accumulation. 

For effective administration, we examined the feasibility of aerosol delivery of the recombinant 

protein by determining the nebulisation profile of the enzyme and the effect of nebulisation on 

its activity, as well as tolerance of the recombinant protein in vivo. 

4.2 Recombinant production of hSOD1 fusion proteins 

Four fusion protein variants of the hSOD1 enzyme were constructed according to Figure 4.1. 

Three constructs contained a C-terminal cleavable hexahistidine tag for affinity purification of 

the protein and an N-terminal OmpA leader peptide for periplasmic targeting, while, one 

construct (Figure 4.1 (d)) contained an N-terminal hexahistidine tag. hSOD1-his (Figure 4.1(a)) 

contained only the hSOD1 enzyme in addition, which has shown potential as a therapeutic 

agent for diseases mediated by oxidative stress (322). Genes encoding two hSOD1 fusion 

proteins (Pep1-MMP2-hSOD1 and hSOD1-MMP2-Pep1) were commercially synthesised, 

each containing a HA-binding peptide (Pep1) (147) to increase residence time in the lungs and 

an MMP2 cleavage site (146, 148) to enable localised release of the hSOD1 enzyme. A third 

gene encoding fusion protein (pep1-hSOD1), containing Pep1 linked directly to the hSOD1 

enzyme, was generated by overlap PCR (Figure 4.2). Overlapping DNA fragments of ompA-

pep1 and hSOD1 with the expected sizes of 142 bp and 585 bp were linked by PCR to produce 
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a fragment with the expected size of 700 bp (Figure 4.2). Following XbaI/HindIII restriction 

digestion, the fragment was ligated into the pUC-based pIG6 expression vector and clones were 

confirmed by restriction analysis (Figure 4.2(d)) and sequencing (Appendix 4). 

 

 

Figure 4.1 Schematic representation of hSOD1 fusion proteins. (a) hSOD1-his containing human 
sod1 (hsod1); (b) Pep-hSOD1-his containing hsod1 and a HA-binding (Pep1) peptide; (c) Pep1-mmp2-
hSOD1-his containing hsod1 and a N-terminal Pep1 with an intermediate MMP2 cleavage site; (d) 
hSOD1-MMP2-pep1-his containing hsod1 and an C-terminal Pep1 with an intermediate MMP2 
cleavage site (148). OmpA: N-terminal leader peptide for periplasmic targeting of translated product. 
6-His: hexahistidine tag for product detection and purification. TEV: Tobacco Etch Virus protease 
cleavage site for polyhistidine tag removal. GGS: Glycine-Glycine-Serine linker. 
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Figure 4.2 Analysis by agarose gel electrophoresis of Pep1-hSOD1-his construct generation. (a) 
Lanes 1-2: OmpA-Pep1 PCR product with expected size of 142 bp; lane 3: negative control. (b) Lanes 
1-2: Pep1-hSOD1 PCR product with expected size of 585bp; lane 3: negative control. (c) Lanes 1-3: 
Overlap PCR product generated using templates from (a) and (b), with expected size of 700 bp; lane 4: 
negative control. (d) Lanes 1-4: pIG6-hSOD1-his clones digested with XbaI and HindIII to produce a 
3659 bp pIG6 vector and 631 bp fragment. MW: Molecular weight markers. Arrows indicate DNA 
fragments of the expected sizes. 

The pIG6 expression vector (Appendix 1) encoding the target proteins was transformed into E. 

coli BL21 (DE3) cells and protein expression was initiated using IPTG induction. Osmotic 

shock was used to isolate proteins from the periplasmic space and analysis revealed low yields 

of soluble protein for all constructs (not shown). To improve protein folding and solubility, a 

panel of E. coli molecular chaperones (145) was co-overexpressed with the hSOD1 fusion 

proteins. Cells harbouring the fusion protein plasmids alone or with a chaperone co-expression 

plasmid (Table 2.4) were cultured overnight at 37°C in LB containing 100 µg/ml ampicillin 

alone or with 34 µg/ml chloramphenicol. After inoculation of 50 ml LB containing antibiotics 

and 2 mg/ml L-arabinose and/or 5 ng/ml tetracycline for chaperone induction, cultures were 

incubated at 37°C until an OD600 of 0.7-0.9 was reached, followed by induction with 1 mM 

IPTG at 25°C overnight. All chaperone combinations except for GroEL-GroES-DnaK-DnaJ-

GrpE led to an increase in total hSOD1-his produced (Figure 4.3(a)), with increases in soluble 
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protein yields also observed (Figure 4.3(b)). Co-production of GroEL-GroES or DnaK-DnaJ-

GrpE chaperone combinations led to the highest yields of soluble protein. Of these, in the case 

of DnaK-DnaJ-GrpE coexpression, however, a second product, larger in size than the predicted 

molecular mass of the hSOD1-his protein, was present. This may result from inefficient 

translocation of the recombinant protein to the periplasmic space, resulting in the OmpA leader 

peptide not being cleaved. Therefore, co-expression of GroEL-GroES was selected for scale-

up of expression and purification of the hSOD1-his protein. 

 

Figure 4.3 Analysis of hSOD1-his expression in E. coli. Western blot analysis of (a) whole cell and 
(b) soluble protein extracts from E. coli cells expressing hSOD1-his alone (lane 1) or with co-expression 
of GroEL-GroES-DnaK-DnaJ-GrpE (lane 2), GroEL-GroES (lane 3), DnaK-DnaJ-GrpE (lane 4), 
GroEL-GroES-TF (lane 5) or TF (lane 6). M: prestained molecular weight markers. Red arrows indicate 
proteins of the expected size of hSOD1-his. Blue arrows indicate the unprocessed hSOD1-his protein 
that retains the OmpA leader peptide. Murine monoclonal anti-polyhistidine peroxidase conjugated 
antibody was used in western blotting. 

In the case of the Pep1-hSOD1-his protein, all chaperone combinations other than GroEL-

GroES-DnaK-DnaJ-GrpE resulted in increased solubility of the target protein (Figure 4.4(b)), 

but without evident increases in the total amounts of protein produced (Figure 4.4(a)). The 

highest yields of soluble protein were achieved with GroEL-GroES-TF or TF (Figure 4.4(b), 

lanes 5 and 6, respectively) but with most of the produced protein of a higher molecular mass 

than predicted. Therefore, the GroEL-GroES chaperone combination was again selected for 

scale-up of expression and purification of the Pep1-hSOD1-his protein. Titration of L-

arabinose, the GroEL-GroES inducer, from 0.5-4.0 mg/ml to vary the intracellular levels of the 

chaperones did not achieve any further improvements in total or soluble yields of the target 

protein (results not shown). 
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Figure 4.4 Analysis of Pep1-hSOD1-his expression in E. coli. Western blot analysis of (a) whole cell 
and (b) soluble protein extracts from E. coli cells expressing Pep1-hSOD1-his alone (lane 1) or with 
co-overproduction of GroEL-GroES-DnaK-DnaJ-GrpE (lane 2), GroEL-GroES (lane 3), DnaK-DnaJ-
GrpE (lane 4), GroEL-GroES-TF (lane 5) or TF (lane 6). M: prestained molecular weight markers. Red 
arrows indicate proteins of the expected size of Pep1-hSOD1-his. Blue arrows indicate the unprocessed 
Pep1-hSOD1-his protein containing the OmpA leader peptide. Murine monoclonal anti-polyhistidine 
peroxidase conjugated antibody was used in western blotting. 

For the Pep1-MMP2-hSOD1-his protein, co-expression of each of the chaperone 

combinations, and the periplasmic disulfide bond isomerase DsbC (results not shown), resulted 

in increased yields of soluble protein (Figure 4.5). As the GroEL-GroES combination resulted 

in the largest yields of soluble protein (Figure 4.5(b), lane 3), this was again selected for scale-

up of expression and purification of Pep1-MMP2-hSOD1-his. 

 

Figure 4.5 Analysis of Pep1-MMP2-hSOD1-his expression in E. coli. Western blot analysis of (a) 
whole cell and (b) soluble protein extracts from E. coli cells expressing Pep1-MMP2-hSOD1-his alone 
(lane 1) or with co-overproduction of GroEL-GroES-DnaK-DnaJ-GrpE (lane 2), GroEL-GroES (lane 
3), DnaK-DnaJ-GrpE (lane 4), GroEL-GroES-TF (lane 5) or TF (lane 6). M: prestained molecular 
weight markers. Red arrows indicate proteins of the expected size of Pep1-MMP2-hSOD1-his. Blue 
arrows indicate the unprocessed Pep1-MMP2-hSOD1-his protein that retains the OmpA leader peptide. 
Murine monoclonal anti-polyhistidine peroxidase conjugated antibody was used in western blotting. 
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All chaperone co-overproduction led to increased soluble yields of the hSOD1-MMP2-Pep1-

his protein (Figure 4.6), though without any observed increase in total protein yields. As the 

highest yields of soluble protein (with GroES-GroEL-TF and TF) were also associated with a 

product of higher molecular mass than expected (Figure 4.6(b), lanes 5-6), thought to be due 

to inefficient cleavage of the OmpA leader peptide, the GroEL-GroES-DnaK-DnaJ-GrpE and 

GroEL-GroES chaperone combinations were selected for further expression and scale-up of 

the hSOD1-MMP2-Pep1-his protein. 

 

Figure 4.6 Analysis of hSOD1-MMP2-pep1-his expression in E. coli. Western blot analysis of (a) 
whole cell and (b) soluble protein extracts from E. coli cells expressing hSOD1-MMP2-Pep1-his alone 
(lane 1) or with co-overproduction of GroEL-GroES-DnaK-DnaJ-GrpE (lane 2), GroEL-GroES (lane 
3), DnaK-DnaJ-GrpE (lane 4), GroEL-GroES-TF (lane 5) or TF (lane 6). M: prestained molecular 
weight markers. Red arrows indicate proteins of the expected size of hSOD1-MMP2-Pep1-his. Blue 
arrows indicate the unprocessed hSOD1-MMP2-Pep1-his protein which retains the OmpA leader 
peptide. Murine monoclonal anti-polyhistidine peroxidase conjugated antibody was used in western 
blotting 

After periplasmic extraction of soluble proteins, recombinant targets were purified by 

immobilised metal affinity chromatography (IMAC). IMAC can achieve high purity of target 

proteins from a single purification step due to the high affinity and specificity of immobilised 

Ni2+ and Co2+ transitional metals for the hexahistidine tag (323). Purification was carried out 

on cobalt IDA resin with 5 mM imidazole and 2% Tween 20 added to the protein solution 

before column loading, washing with 20 mM imidazole and elution with 500 mM imidazole. 

If sufficiently pure target protein was not obtained, the purification procedure was repeated 

with the column eluates. While initial scale-up of hSOD1-MMP2-Pep1-his expression was 

carried out in the presence of GroEL-GroES-DnaK-DnaJ-GrpE chaperones (Figure 4.6(b), lane 

2), multiple purification steps were required to purify the protein expressed under these 

conditions, resulting in a reduced protein yield. Therefore, coexpression of GroEL-GroES 

(Figure 4.6(b), lane 3) was instead adopted for scale-up of expression and purification of this 
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protein. Purification of all hSOD1 protein variants yielded 0.5-6 mg/L of E. coli culture (Figure 

4.7). 

 

Figure 4.7 SDS PAGE analysis of purification of hSOD1 proteins using Cobalt IDA resin. (a) 
hSOD1-his; (b) Pep-hSOD1-his; (c) Pep1-MMP2-hSOD1-his; (d) hSOD1-MMP2-Pep1-his. Lane 1: 
whole cell extract; lane 2: periplasmic fraction, pre-column; lane 3: column flow-through; lane 4: 
column wash; lanes 5-7: proteins eluted using 500 mM imidazole; (a) lanes 8-9: proteins eluted using 
500 mM imidazole after repeated purification step. MW: prestained molecular weight markers. Arrows 
indicate proteins of the expected molecular weight. 

4.3 Characterisation of superoxide dismutase activity 

A superoxide dismutase activity assay was carried out on the purified proteins. In this assay, 

superoxide anions generated by xanthine oxidase reduce soluble tetrazolium salt (WST-1) to a 

water-soluble WST-formazan dye with an absorbance at 440 nm (324).  SOD activity is based 

on the inhibition of superoxide anions and can be quantified by measuring the decrease in the 

colour development at 440 nm. SOD activity (calculated as % inhibition) is calculated using 

the following equation: 

% inhibition= (ABlank 1 – ABlank 3) – (ASample – ABlank 2) x 100 
 (ABlank 1 – ABlank 3) 

A 20-µl aliquot of each protein (0.05-50 µg/ml) was added to the reaction to give a final SOD 

protein concentration ranging from 7.14 ng/ml to 7.14 µg/ml. At the higher concentration, each 
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of the three hSOD1 fusion proteins reduced superoxide concentrations by 91-100% under assay 

conditions, while 99% reduction was achieved by the non-fused protein (Figure 4.8). High 

levels of inhibition (35-53%) were also measured at a hSOD1 protein concentration of 71 

ng/ml. 

 

Figure 4.8 Superoxide dismutase activity assay. Inhibition of superoxide anions by hSOD1 fusion 
proteins at 7.14 ng/ml-7.14 µg/ml of protein. Data are presented as means ± standard deviation; n=3. 

4.4 Characterisation of hSOD1 fusion proteins in vitro 

In order to further investigate the activity of the purified SOD proteins, their ability to protect 

BEAS2B human bronchial epithelial cells from superoxide radicals generated by the 

hypoxanthine/xanthine oxidase system was analysed. As shown in Figure 4.9, this 3-(4,5-

dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide (MTT) assay revealed a decrease in 

viability of BEAS2B cells in the presence of 1 mU/ml xanthine oxidase, whereas the viability 

of cells pre-treated with 12 µg/ml hSOD1-his, Pep1-hSOD1-his or Pep1-MMP2-hSOD1-his 

fusion proteins was significantly improved. The hSOD1-MMP2-Pep1-his protein had no 

significant effect (Figure 4.9(a)). Viability was also improved when cells were pre-incubated 

with 1.2 µg/ml hSOD1-his, Pep1-MMP2-hSOD1-his or hSOD1-MMP2-Pep1-his proteins, but 

Pep1-hSOD1-his failed to protect the cells against oxidant damage at this concentration. Higher 

concentrations of xanthine oxidase (10 mU/ml) resulted in cell death in all groups.   
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Figure 4.9 Cell viability assay demonstrating protection of BEAS2B cells from oxidant damage. 
Cells were incubated in the presence of (a) 12 µg/ml and (b) 1.2 µg/ml of recombinant SOD proteins. 
Naïve: untreated cells; PBS: cell pre-incubated with PBS. * p< 0.05 versus control; n=4. 

To assess the immunogenicity of the hSOD1 fusion proteins and determine whether E. coli-

derived lipopolysaccharide (LPS) had been adequately removed during purification, the 

cytokine response of BEAS2B cells was assessed by measuring their secretion of 

proinflammatory cytokines IL-8 and IL-6 upon incubation with the fusion proteins. LPS is a 
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known stimulator of IL-6 and IL-8 production and was used as a positive control. No significant 

increase in IL-6 or IL-8 production was observed upon cell exposure to any of the SOD proteins 

at 12 or 1.2 µg/ml (Figure 4.10). 
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Figure 4.10  Determination of immunogenicity of hSOD1 fusion proteins. Measurement of (a) IL-8 
and (b) IL-6 secretion by BEAS2B cells upon exposure to the indicated concentrations of recombinant 
proteins. LPS: cells incubated with lipopolysaccharide as a positive control (shown in yellow). PBS: 
cells preincubated with PBS (shown in green). Data are presented as means ± standard deviation; n=3. 
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4.5 Nebulisation of hSOD1 fusion proteins 

As delivery of the therapeutic proteins is anticipated to be via nebuliser, the effect of 

nebulisation on the activity of the hSOD1 fusion proteins was investigated using a 

commercially available vibrating mesh nebuliser (Aerogen, Galway, Ireland). Following 

nebulisation, the enzyme activity of the collected proteins was assessed using a SOD inhibition 

assay. This detected no reduction in enzyme activity post nebulisation (Figure 4.11), suggesting 

that nebulisation using the vibrating mesh technology does not exert a detrimental effect on the 

hSOD1 fusion proteins. 

 

Figure 4.11 Investigation of the effect of nebulisation on the enzymatic activity of hSOD1 fusion 
proteins. Data are presented as the means ± standard deviation for proteins pre- and post-nebulisation; 
n=3 for each group. 

Particle size is an important parameter in aerosol delivery as the properties of the aerosol 

determine the extent of their penetration into the lung (319, 320). The aerosol properties of the 

nebulised hSOD1 protein were measured by laser diffraction, which revealed a volume median 

diameter (VMD) of the hSOD1 fusion protein in PBS of 4.67 µm, similar to that of nebulised 

PBS (4.50 µm). The fine particle fraction (FPF), which is the proportion of droplets less than 

5 µm in size  (Figure 4.12; Table 3.2) and is an indicator of the fraction of the particles that can 

reach the small conducting airways and alveoli (325), was 55.25%. The mass median 

aerodynamic diameter (MMAD) and the geometric standard deviation (GSD) are further 

variables used to characterise aerosols. The MMAD reflects the size of at which 50% of the 

particles are larger and 50% of the particles are smaller (325), while the GSD reflects the degree 
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of variation in the size of the particles (305). The MMAD of the aerosol was measured by 

cascade impaction at 15 L/min (Figure 4.13 (a)) as 4.60 µm and the GSD calculated as 1.94, 

both of which are in agreement with the measured VMD and within the 1-5 µm range for 

optimal deposition in the peripheral airways (325). The fractions recovered from the different 

stages of the impactor indicated that the majority of the hSOD1 protein was found in stage 4, 

with a cut-off diameter of 3.30 µm (Figure 4.13(a)). To further assess the effect of nebulisation 

on the activity of the hSOD1 protein, protein was collected from each stage of the cascade 

impactor, and assessed in a SOD activity assay. The majority of hSOD1 activity was identified 

in stages 3-5 (Figure 4.13(b)), corresponding to aerosol diameters of 2.08 to 8.61 µm, and high 

levels of SOD activity were retained after nebulisation.   

Figure 4.12 Size distribution analysis of nebulised hSOD1 protein droplets, measured using laser 
diffraction. Volume-based particle size (blue column) and cumulative size (red curve) distribution 
obtained from the nebulisation of hSOD1 protein. 

Table 4.2 Aerosol properties of nebulised hSOD1 protein.  FPF: Fine particle fraction; FPF 
< 5: percentage of emitted particles less than 5 µm in size; FPF < 3: percentage of emitted 
particles less than 3 µm in size.  

Sample Droplet 

particle size 

Output rate 

(ml/min) 

FPF < 5 (%) FPF < 3 (%) 

PBS 4.50 0.40 55.00 37.67 

rhSOD1 4.67 0.43 55.25 35.00 
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Figure 4.13 Investigation of hSOD1 protein nebulisation using a next generation impactor (NGI). 
(a) Percentage of protein recovered from each stage of the NGI. Diameters (µm) are given in 
parentheses for each stage. The mean percentage hSOD1 recovered from the throat, stages 1 to 7 of the 
NGI and the micro-orifice collector (MOC) are shown. (b) SOD activities of samples from (a). Data are 
presented as means ± standard deviation; n = 3. 

The hSOD1 protein was applied to a model of a spontaneously breathing patient, based on an 

Ingmar ASL 5000 breathing simulator, and a mechanically-ventilated patient, using a Maquet 

Servo-I ventilator. This was followed by determination of the amount of protein collected on 

the inhalation capture filter compared to the initial dose and revealed that 35% of the applied 
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protein was delivered to the lung in the mechanically ventilated patient model, compared to 

19% in the model of a spontaneously-breathing patient (Figure 4.14). 

 

Figure 4.14 Analysis of efficacy of protein delivery in non-invasive spontaneously breathing- 
versus invasive-models of mechanical ventilation. The percentage of nebulised protein dose 
recovered from the inhalation capture filter in models of spontaneously-breathing and mechanically-
breathing patients was determined. 1 ml of 80 µg/ml hSOD1 protein was nebulised. Data are presented 
as means ± standard deviation; n = 3. 

4.6 Investigation of the in vivo response of hSOD1 fusion proteins 

To evaluate the in vivo response to the Pep1-hSOD1-his and hSOD1-his proteins, six model 

rats were entered into a study, with two animals each receiving (1) Pep1-hSOD1-his protein, 

(2) hSOD1-his protein, or (3) no protein. It is worth pointing out that this preliminary study 

was designed to look at tolerability rather than the function of the protein and is part of a larger 

planned study. One animal from the hSOD1-his group died before physiological assessment. 

No reduction in arterial oxygen (Figure 4.15(a)) was observed in the test versus control animals 

indicating no lung injury had occurred. No decrease in static lung compliance was observed 

for Pep1-hSOD1-his, while it was reduced by approximately 20% for hSOD1-his (Figure 

3.15(b)), the result should be treated with caution as there was only one animal in this group. 

Finally, no increase in wet:dry weight ratio (Figure 4.15(c)) was observed indicating no oedema 

formation. 
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Figure 4.15 Investigation of lung function in vivo after hSOD1 administration. (a) wet: dry weight 
ratio, (b) static lung compliance, and (c) arterial oxygenation were measured in a rat model 48 h after 
protein administration. Data are presented as means ± standard deviation; n=2 except for hSOD1-his 
group in (a) and (b), where n=1. 

Assessment of BAL fluid can provide an indication of cellular response to inflammatory 

stimuli within the lung (326, 327), with changes in total cell counts and leukocyte differential 

cell count indicating an inflammatory reaction (327). No difference in total cell number was 

observed in the hSOD1-his group compared to the PBS control. While the total cell count for 

the Pep-hSOD1-his group increased by approximately 30% (Figure 4.16 (a)), this was likely 

due to the lack of statistical power in the small-scale study as total counts were comparable to 

those reported for healthy animals (328). Microscopic analysis revealed that the cells present 

in BAL fluid were predominantly monocytes, most likely alveolar macrophages, with a small 

percentage of polymorphonuclear leukocytes (PMNs) (3-7%) also noted in all three groups and 

neutrophils (2%) observed in the Pep1-hSOD1-his group (Figure 4.16(b)). Western blot 

analysis of lung tissue homogenates to identify the hexahistidine-tagged SOD protein did not 

detect any protein 48 h after administration (results not shown). 
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Figure 4.16 The effect of hSOD1 administration on pulmonary inflammatory cell infiltrates. (a) 
Total cell count (b) Differential cell count in BAL fluid. Other PMN: other polymorphonuclear 
neutrophils. Data are presented as means ± standard deviation; n=2. 

Proinflammatory cytokines present in BAL fluid and serum can also be indicators of an 

inflammatory reaction (329). No difference was detected in IL-8 production in BAL fluid or 

serum of animals  (Figure 4.17) after receiving either of the SOD proteins compared to the PBS 

control, again indicating a lack of inflammatory effect of the hSOD1 proteins - and the adequate 

removal of bacterial LPS during their purification.  
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.  

Figure 4.17 The effect of hSOD1 administration on proinflammatory cytokine production. 
Detection of IL-8 levels in (a) BAL fluid and (b) serum samples in animals that had received either 
hSOD1-his, Pep1-hSOD1-his protein or PBS. Measurements were carried out 48 h after protein 
administration and data are presented as means ± standard deviation; n=2. 

4.7 Discussion 

The activation of neutrophils and their migration into the alveolar space is a key event in ARDS 

as it leads to the release of excess ROS, as well as large amounts of proinflammatory cytokines 

and proteases, resulting in tissue damage (273, 330). While production of ROS in a controlled 

manner by neutrophils is a fundamental reaction in the innate immune system (331, 332), this 

excessive production, coupled with additional ROS generated by macrophages and injured 

endothelial and epithelial cells, is central to the pathophysiology of ARDS as it overwhelms 

the normal balance between ROS production and its removal by antioxidants (290, 294, 330). 

Therefore, the ability of SOD to catalyse the dismutation of superoxide anions may be of 

particular therapeutic value during situations of oxidative stress (333) by reducing lung damage 

caused by ROS accumulation, peroxynitrite-mediated oxidative protein modification, and 

peroxidation of the lipid membrane of cells (294, 334).  

The therapeutic potential of SOD has previously been demonstrated in a range of clinical 

situations (335, 336). Preclinical models have demonstrated the efficacy of exogenously 
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administered SOD in increasing antioxidant defences in the lung (314, 337-343), inhibiting 

cytokine production (344), and preventing ventilator induced lung injury (VILI) in high tidal 

volume ventilation (345). In order to investigate the therapeutic usefulness of a recombinantly-

produced SOD, we designed and produced a number of hSOD1 fusion protein variants for 

pulmonary delivery via nebulisation. Two proteins contained a HA-binding peptide to increase 

lung residence time, linked to the therapeutic hSOD1 enzyme by an MMP2 cleavage site for 

localised release in the lung, while a third variant lacked the metalloprotease cleavage site and 

a control, non-fused hSOD1-his was also produced. 

hSOD1 is a 32 kDa homodimeric enzyme that catalyses the dismutaton of superoxide to less 

harmful molecular oxygen and hydrogen peroxide (311). Each monomer contains a copper and 

a zinc ion which are important for the activity and structural stability, respectively, of the 

enzyme, as well as a Cys57-Cys146 intramolecular disulfide bond (346). While hSOD1 has 

been successfully expressed in E. coli (347), yeast (348) and insect cells (349), supplementation 

of growth media with Cu2+ and Zn2+ (347, 350) – as was carried out in the present work – has 

been found necessary to avoid insolubility and loss of activity of the enzyme (351). 

Nevertheless, little or no soluble protein was detected upon initial expression of hSOD1 fusion 

proteins in this work. Screening of over-production of a panel of molecular chaperones 

identified TF and GroEL-GroES-TF combinations as yielding the greatest amounts of soluble 

hSOD1-his, Pep1-hSOD1-his and hSOD1-MMP2-Pep1-his proteins, but with a larger than 

predicted molecular mass of the dominant protein product. Other studies have reported a 

similar phenomenon upon co-expression of TF with recombinant proteins (120, 121, 230), 

which has been proposed to arise from saturation of the Sec protein secretion machinery in E. 

coli, leading to reduced protein translocation across the cytoplasmic membrane and a 

concomitant failure to cleave the 2.2 kDa OmpA leader peptide from recombinant 

polypeptides. Co-overproduction of GroEL and GroES led to increases in soluble yields for all 

hSOD1 variants, however, with polypeptides of the expected molecular weight, which is 

consistent with previous reports of GroEL-GroES favouring Cu2+ insertion in the SOD active 

site and stabilising its expression in E. coli (350). Therefore, the GroEL-GroES chaperone 

combination was selected for co-expression with all four hSOD1 proteins. Meanwhile, proteins 

were targeted to the E. coli periplasm using an N-terminal ompA signal sequence (128) to take 

advantage of periplasmic disulfide oxidoreductase DsbA and disulfide isomerase DsbC for 

protein folding and disulfide bond formation and isomerisation (127, 352), as well as the fewer 
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proteases present and the relative ease of purification from this compartment (128). Purification 

of all hSOD1 proteins from scaled-up (1 L) expression in cells co-expressing GroEL-GroES 

yielded 0.5-6.0 mg of protein per L of E. coli culture. 

All hSOD1 variants exhibited high SOD activity, demonstrating 99% inhibition of superoxide 

for the non-fused enzyme and over 91% inhibition for the fused formats at 7.14 µg/ml. The 

fusion proteins also protected lung epithelial cells from superoxide generated by xanthine 

oxidase. In the case of hSOD1-MMP2-Pep1-his, protection was greater at lower protein 

concentrations, in common with a previous report that the protective effect of exogenous SOD 

can be lost at higher dosage levels due to the accumulation of toxic H2O2 (353-355). 

Intravenous administration of SOD results in inefficient accumulation of the enzyme in target 

tissues due to its short half-life in the blood and rapid excretion by the kidneys (356). Therefore, 

aerosol therapy is typically used in the ICU to administer drugs to mechanically ventilated 

patients (357). This can achieve much higher drug concentrations at the therapeutic site, a more 

rapid onset of therapeutic action, fewer systemic side effects and reduced proteolytic activity 

(321, 358). While some nebulisers can negatively affect the efficacy or stability of therapeutic 

biomolecules (359-361). Vibrating mesh nebulisers (VMNs) typically nebulise biomolecules 

without affecting their stability (318). In this work, the activity of the recombinant SOD 

enzymes remained largely unaffected by vibrating mesh nebulisation, suggesting that the VMN 

is a suitable method of administration for therapeutic proteins such as the hSOD1 proteins. 

Successful aerosolisation of a therapeutic requires a satisfactory lung deposition profile, which 

is determined by the aerosol particle size (Figure 4.18) (362). Small particles may reach the 

lung alveoli where they can be retained for longer periods whereas larger particles are more 

proximally deposited (363). The ability of an aerosol particle to penetrate into the lungs 

depends on its aerodynamic diameter (dae), with diameters of 1-5 µm required to reach the 

lower respiratory tract (320, 364, 365). The lung deposition profile of an aerosol also has 

important implications for the adsorption and pharmacokinetics of administered therapeutics 

as deposition in the respiratory airways achieves greater adsorption than in the conducting 

airways (362). 
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Figure 4.18. Predicted aerosol deposition related to particle size. Reproduced from Artigas et al. 
(305). 

The volume mean diameter (VMD) of the protein aerosol in this work was determined as 4.67 

µm and the mass median aerodynamic diameter (MMAD) as 4.60 µm. This meets the 1-5 µm 

range requirement for optimal deposition in the lungs, with particles larger than 5 µm usually 

deposited in the oral cavity or pharynx and those smaller than 0.5 µm likely to be exhaled 

before deposition (362). Aerosol droplet size analysis also verified that VMN-produced hSOD1 

aerosols were appropriately sized for pulmonary delivery, with a geometric standard deviation 

(GSD) of 1.94 indicating a heterodispersed population (305). Importantly, high levels of 

superoxide dismutase enzyme activity were retained after nebulisation of the recombinant 

protein. 

The fine particle fraction (FPF) of a drug is the proportion that is likely to enter the lungs and 

consists of particles of less than 5 µm in diameter. This is an important consideration in the 

therapeutic potential of a drug (362). In this study, 55% of droplets met this criterion, indicating 

potential for good peripheral lung deposition of the recombinant SOD in a therapeutic setting. 

Similarly, simulated mechanical ventilation analysis, which was carried out to mimic the 

ventilation required by ARDS patients for immediate survival, demonstrated that 35% of 

administered protein was delivered to the lung. This meets current industry expectations, with 

reports of delivery of interferon-γ (154) and pro-antimicrobial peptides (366) using the same 

nebuliser achieving 18% and 32-41% deposition respectively in a mechanically ventilated 

patient (154). 
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Although ARDS patients typically require invasive mechanical intervention, non-invasive 

ventilatory support can be applied as an alternative to endotracheal intubation, as well as during 

withdrawal from invasive ventilation (367), and the beneficial effects of non-invasive 

spontaneous breathing have been demonstrated in ventilation trials with patients with acute 

lung failure (368, 369). Therefore, a spontaneous breathing model was also used in this study 

to assess the delivery of hSOD1 during non-invasive mechanical ventilation, revealing that 

19% of the protein dose was successfully delivered to the lung. While lower than the dose 

range of 22-25% reported for other therapeutic proteins (154, 366), it remains sufficiently 

similar to encourage further investigation of SOD1 delivery via this approach in a critical care 

setting. 

To test the in vivo response of a rat model to the Pep1-hSOD1-his and hSOD1-his proteins, 

groups of animals were treated with each protein and allowed to recover for 48 h, following 

which standard physiological parameters such as arterial oxygenation, compliance and wet: 

dry weight ratio, were found to be unchanged compared to control animals. A decrease in lung 

compliance, which represents the elastic properties of the lungs and arterial oxygenation are 

markers of lung injury (370), suggesting the absence of major injury. An increase in weight: 

dry weight ratio would suggest accumulation of extracellular fluid in epithelial cells of the 

respiratory wall and subsequent development of oedema (371). However, no significant 

increase suggested the absence oedema formation upon delivery of the hSOD1 proteins. 

Residual bacterial LPS in recombinant protein preparations could stimulate alveolar 

macrophages and epithelial cells to produce IL-8 (329), leading to neutrophil chemotaxis and 

airway inflammation (372). No increase in IL-8 levels was detected in plasma or BAL fluid 

from animals that received the SOD proteins, however, indicating sufficient removal of LPS 

during protein purification. Although a small increase in total cell count was noted in the BAL 

fluid of the Pep1-hSOD1-his protein animals, this was most likely due to the lack of statistical 

power of the study as the increase in total cells – with an accompanying increase in neutrophils 

not seen in this case – would be expected to be much greater in the case of LPS stimulation 

(373).  

No protein was detected by Western blot analysis 48 h after treatment. This may be due to the 

clearance mechanisms of the lung such as by alveolar macrophages. Pulmonary delivery of 

therapeutic proteins in vivo must avoid mucociliary or phagocytic clearance, as well as 
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proteolytic degradation, to achieve their therapeutic effect (320). Alveolar macrophages are the 

main clearance mechanism in the alveoli (374, 375) and can eliminate particles deposited in 

the alveoli within 6-12 h (320). In the present study, the SOD proteins were administered 

through intratracheal instillation which avoids deposition in the nasal passages and ensures the 

test material reaches the lower respiratory region. Intratracheal instillation is non-

physiological, however, meaning that particle distribution is not homogenous and differences 

in clearance exist between instillation and inhalation (376). Based on the reported results in 

this work, a time course to investigate protein retention in the lung would be beneficial to 

predict the therapeutic impact of the SOD proteins. 

A limitation of the present work was the lack of detectable binding of the Pep1-linked enzymes 

to HA, despite previous reports of binding of the same peptide sequence to HA (147). No 

binding of the Pep1-SOD1-his protein to HA nanoparticles was detected even after 36 h, which 

suggests that the protein would be cleared from lungs prior to attachment to HA in vivo. 

Furthermore, cleavage of the designed MMP recognition site by a commercial MMP2 enzyme 

could not be detected, though as the original project design had changed from enzyme delivery 

by release from HA nanoparticles in the lung to targeted delivery by nebulisation, this was not 

deemed critical to the success of the approach. Nevertheless, future work could focus on SOD1 

enzymes lacking the HA-binding and/or MMP sites due to their lack of functionality in the 

fusion proteins investigated to date. 

The panel of hSOD1 fusion proteins investigated has been demonstrated to protect cells from 

oxidant damage arising from ROS accumulation. The aerosolised protein produced by the 

commercial vibrating mesh nebuliser had a nebulisation profile that indicates potential for 

satisfactory lung deposition in vivo and its activity was unchanged by nebulisation. The work 

demonstrates the promise of nebulising the hSOD1 fusion proteins for therapeutic delivery. A 

rat in vivo model was used to establish that the proteins were well tolerated, with no adverse 

effects observed for up to 48 h post-administration. Further investigation of the SOD fusion 

proteins in an in vivo ARDS model is planned to evaluate their potential usefulness in the 

treatment of ARDS. 
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5. Discussion and future directions 

Many proteins of therapeutic value are difficult to obtain from their natural source in sufficient 

quantities for biomedical exploitation (1). Advances in recombinant DNA technology, which 

allow proteins to be obtained through heterologous expression in organisms like E. coli, offer 

a solution to producing diverse molecules for use in protein-based medicine (377). 

Furthermore, progress in protein engineering and recombinant technologies allow 

customisation of naturally-occurring proteins and the creation of novel proteins for clinical 

applications (378). Although the proteins in this study are eukaryotic proteins, E. coli was 

chosen as an expression host due to its advantages for heterologous expression including its 

fast growth rate, high cell density, cost effectiveness, extensive genetic characterisation and 

ease of manipulation (32). Although many heterologous proteins containing post translational 

modifications (PTMs) remain a significant challenge for the organism (92), in the present study 

the eukaryotic proteins did not contain PTM. Throughout this project we explored the use of 

recombinant protein production for biomedical applications, with particular focus on two 

candidate proteins for use as a biomimetic adhesive and as a lung-targeted therapeutic. 

Barnacle cement protein cp19k has been previously characterised in a number of acorn 

barnacle species (160, 161, 203). We undertook an investigation of cp19k from the stalked 

barnacle P. pollicipes to investigate potential differences between adhesives produced in acorn 

species with membranous bases and larger, stalked barnacles (213), and to explore its potential 

application as a biomedical adhesive or sealant. Cement proteins of barnacles are typically 

compatible with recombinant expression in E. coli as, unlike their counterparts in mussels 

which are characterised by post-translational modification of tyrosine to DOPA (159, 379), 

they lack known PTMs other than glycosylation of the cp52k protein (206, 207, 210). Despite 

this, optimisation of soluble cp19k yields was necessary upon initial expression in E. coli, 

which was achieved using a molecular chaperone co-expression approach. While the resultant 

yields of 1-2 mg per litre of bacterial culture were sufficient for the in vitro and in vivo studies 

carried out in this work, further scale-up would be necessary to facilitate more extensive 

characterisation and might be best achieved by switching to a high cell density expression set-

up (380). 

A previous model of barnacle adhesion suggested that cp19k, along with cp20k and cp68k, 

plays a role in surface adhesion, while cp52k and cp100k proteins provide the cohesiveness of 
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the complex (202). In the present study, however, the rPpolcp19k protein demonstrated poor 

adsorption onto hydrophobic and hydrophilic surfaces in surface coating experiments, and poor 

adhesion on all surface chemistries investigated by SPR under both cement gland and seawater 

conditions. While previous work reported that recombinant cp19k from M. rosa adsorbed onto 

polycrystalline gold and hydrophobic alkylated gold (203), the absolute levels of M. rosa cp19k 

detected on the alkylated gold surface (49 ng/cm2) were considerably lower than the adsorption 

of protein from the larval tempoary adhesive SIPC, which was comparable to fibrinogen in its 

adhesion (151), and similar to the amount of P. pollicipes cp19k measured on the CH3 SAM at 

pH 8.0 (45 ng/cm2) in the present study. This led us to investigate whether the cp19k protein 

had a role in the barnacle cement other than as a surface adhesive protein. 

Although amyloids are best known for their association with diseases such as Alzheimer’s 

disease (381) and transmissible spongiform encephalopathies (382), “functional amyloid” has 

been since observed in diverse biological systems, including bacteria (383, 384), fungi (385) 

and humans (386), and in the adhesion of several organisms (220, 221). Functional amyloid 

carries out diverse biological functions in numerous organisms (239, 387), including providing 

strength in natural adhesives (237, 388). As bulk barnacle cement has previously been 

demonstrated to stain positively for amyloid (207, 221, 246) and it was recently reported that 

Balcp19k can self-assemble into nanofibers (21, 161), we investigated the ability of P. 

pollicipes cp19k to similarly self-assemble. Sequence analysis of the protein revealed that, as 

well as the high occurrence of Ser, Thr, Ala, Gly, Val and Lys amino acids that is common 

across barnacle species, the protein exhibits low amino acid complexity and a very high 

occurrence of Gly, which may also indicate a predisposition towards nanofibre formation 

(208). 

The ability of the rPpolcp19k protein to self-assemble into amyloid fibrils when incubated 

under cement gland conditions was confirmed by its binding to the amyloid-specific probe 

thioflavin T (389). Importantly, ThT preferably binds to mature amyloid fibrils compared to 

their precursor protofibrils which it binds weakly (165) and may explain the lack of 

fluorescence detected in seawater-like conditions despite the observation of some isolated 

rPpolcp19k fibrils using TEM and AFM. Under cement gland-like conditions, however, TEM 

and AFM revealed an extensive mesh of amyloid fibrils of average 7 nm in height and 1 µm in 

length, as well as many larger, multi-fibre aggregates. AFM is particularly effective for 

obtaining nanoscale resolution views of the structural and morphological characteristics of 
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amyloid fibrils (244). As our AFM analysis was carried out on dried samples with 

measurements taken in air, it is planned to re-examine the fibril morphology of the rPpolcp19k 

protein under wet conditions in future work to investigate interactions between monomeric 

units of the amyloid fibrils in their native state (244). The ability of cp19k to self-assemble into 

amyloid fibres suggests that the protein may play a cohesive role in vivo, providing mechanical 

strength to the barnacle cement. Other researchers have proposed, based on its high lysine 

content, that cp19k may combine cohesive and surface coupling functions (390). To delineate 

these roles and better decipher the function of the self-assembled rPpolcp19k nanofibers in the 

barnacle cement, “tapping-mode AFM” will be carried out to characterise the adhesive strength 

and elasticity of the fibres (245). 

The observed ability of cp19k to self-assemble into amyloid fibrils has potential in the design 

of bioadhesives. Amyloids are fibrillar proteins with a common cross β-sheet quaternary 

structure and highly ordered filaments, composed of ladders of β-strands, that run 

perpendicular to the fibre axis (250). Recently there has been considerable interest in their role 

in bioadhesion (221), as well as their potential application in nanotechnology and biomaterials, 

due to their characteristic physical and mechanical properties (391): in particular, the fibril 

structure has been reported to have strength comparable to steel and mechanical stiffness 

comparable to that of silk (392, 393). The ability of rPpolcp19k to form amyloid therefore has 

potential to provide cohesive strength in natural – or engineered – bioadhesives, including in 

combination with other adhesive proteins (394), as strong adhesion requires both the ability to 

bind to external surfaces and cohesive strength within the adhesive (395). Future work, 

therefore, could involve creation of a hybrid protein which combines the robust cohesive 

attributes of rPpolcp19k amyloid with a surface coupling protein to confer adhesive properties. 

Fusion protein adhesives have previously been made by combining sequences from mussel 

foot proteins Mfp1 and Mfp5 (396) with Arg-Gly-Asp (RGD) peptides for enhanced cell 

attachment (379). Mfp has also been fused with the E. coli amyloid fibre-forming major curli 

subunit protein  CsgA to provide superior adhesion compared to the unfused forms (255), in a 

study that may indicate potential for use of P. pollicipes cp19k as a cohesive partner in a 

biomimetic glue.  

One of the major challenges in designing an adhesive for medical use is that it must quickly 

bond to tissue in the presence of biological fluids (397), a property that is particularly 

compatible with natural aquatic adhesives. Nevertheless, further study is needed to better 
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delineate the mechanisms of adhesion in barnacles, and the precise role of cp19k in forming 

and maintaining the barnacle cement, before the protein can be exploited in biomedicine. In 

particular, the nature of the “switch” that causes the cement to cure remains unidentified though 

recently proposed theories include enzymatic crosslinking by an oxidase or/and a peroxidase 

(390), or the possibility of non-covalent cation-π interactions between lysine-rich cp19k and 

cp68k and phenylalanine- and tyrosine-rich cp100k and cp52k in the presence of seawater 

(398). These models provide an initial focus for further in vitro work to understand curing 

within the cement, and the role of cp19k in that curing in particular, and potentially advance 

the design of novel biomimetic adhesives. 

The second objective of the project was to develop human Cu,Zn superoxide dismutase 

(hSOD1) fusion proteins for targeted pulmonary delivery to treat acute respiratory distress 

syndrome (ARDS). Fusion protein technology enables the production of “unnatural” proteins 

which combine two or more functional moieties from different sources (399). The classical 

fusion protein therapeutics combine a delivery module with a therapeutic activity (23), which 

was also the focus of this study, although the approach can also be used to reduce the toxicity 

of therapeutics or extend their plasma half-life by, e.g., fusion to Fc domains, albumin or 

transferrin (23, 400, 401). 

Previous work had demonstrated that extracellular SOD (EC-SOD) could reduce lung injury 

in an endotoxin model of ARDS (314). EC-SOD is a copper- and zinc-containing tetrameric 

glycoprotein (402) with an N-terminal region involved in formation and stability of the 

tetramer (403), a C-terminal region with an affinity for extracellular heparin (404) and a central 

region homologous to SOD1 (402). While EC-SOD has been previously expressed in E. coli, 

it was produced in inclusion bodies that required refolding to recover activity, and lacked 

glycosylation (405-407). The hSOD1 examined in this study had previously been successfully 

expressed in soluble form in E. coli (347).  

Poor pharmacokinetic properties have been reported for intravenous administration of hSOD1 

(408, 409). While previous attempts to improve its bioavailability have focused on liposome 

encapsulation (409, 410) and conjugation to PEG (356, 411), ARDS therapies often fail to 

translate from promising in vitro and in vivo results as patients may have multiple organ 

dysfunction and are less tolerant to off-target side effects (412). However, successful targeting 

of endothelial luminal proteins such as platelet-endothelial cell adhesion molecule-1 (PECAM-
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1) (408, 413, 414), intercellular cell adhesion molecule-1 (ICAM-1) and angiotensin-

converting enzyme (ACE) (415-417) have been successful in in vitro and in vivo ARDS 

models. Targeting the extracellular matrix with a fusion of SOD2 and the heparin-binding 

region of EC-SOD has also showed promise (418). In this study, we have targeted the 

extracellular matrix GAG hyaluronic acid (147) and designed a panel of hSOD1 fusion proteins 

for localised pulmonary delivery by nebulisation. Two of these proteins contained hSOD1 

enzyme linked to a HA-binding peptide, via an MMP2 cleavage site to effect pulmonary release 

of the hSOD1 enzyme; a third lacked the metalloprotease cleavage site; and the fourth lacked 

both the HA-binding and cleavage sites.  

Expression of the three fusion proteins again required overexpression of E. coli molecular 

chaperones to achieve yields of 0.5-6 mg of purified protein per litre of culture. Such screening 

is greatly facilitated by the use of commercial kits such as the Takara chaperone coexpression 

plasmid kit used in this work (419). While screening a wider variety of chaperones might 

further increase yields, such as human copper chaperone (hCCS) which was previously 

effective with hSOD1 (351), the balance of the additional cloning and screening work led us 

to choose to proceed with the yields achieved upon co-expression of the Hsp60 family members 

in the present work. All four proteins exhibited high levels of superoxide dismutase activity 

and protected human bronchial epithelial BEAS2B cells from oxidative damage upon 

purification, thereby demonstrating their therapeutic potential. Additionally, the bronchial 

epithelial cells exhibited no pro-inflammatory cytokine response to the proteins, indicating 

adequate removal of LPS during purification to allow progression into in vivo studies. 

Administration of a therapeutic by aerosol is an attractive option for pulmonary delivery due 

to the high localised concentration of the drug achievable, with minimal side effects compared 

to systemic delivery routes (321). The efficacy of aerosol therapy in mechanical ventilation 

depends on the particular delivery system, particle size, ventilator settings and patient-related 

factors (358, 420). Vibrating mesh nebulisers generate less heat and shear, making them more 

suitable for delivery of protein therapeutics (154, 366, 421). The stability of all hSOD1 protein 

variants was confirmed by SOD activity assay post-nebulisation in this work. However, protein 

aggregates have been reported to form during nebulisation (422, 423) which may lead to 

immunogenicity and elicit neutralising anti-drug antibodies (424). Aggregation can be reduced 

by formulation strategies, such as the addition of surfactants, to stabilise proteins (424) while 

the use of mesh nebulisers also appears to reduce protein instability (422). Further analysis of 
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any potential effects of nebulisation on hSOD1 structure or aggregate formation that could 

impact on its activity or immunogenicity, using approaches such as size exclusion 

chromatography or dynamic light scattering (423), will be required for development of this 

approach. 

The aerosolised protein produced by the commercial vibrating mesh nebuliser generated a 

droplet size (MMAD: 4.60 µm, VMD: 4.67 µm) within the 1-5 µm range that is optimal for 

deep lung deposition (362). Similar droplet sizes (MMAD: 4.30 µm, VMD: 4.39 µm) have 

been reported for nebulised interferon (154) and DNase (MMAD: 4.30 µm) (425), whereas 

antimicrobial peptides yielded smaller droplets (MMAD: 3.59 µm, VMD: 3.80 µm) (366). 

Nebulisation of the rhSOD1 protein also yielded a fine-particle, heterodisperse aerosol with an 

FPF (55%) higher than that of DNase (40%) (425) but again lower than the 67% reported for 

the antimicrobial peptides (366). Differences in VMD and FPF are expected due to differences 

in device and physiochemical properties (426): liposome-encapsulated Cu,Zn SOD exhibited 

a VMD of 3.62 µm and a FPF of 83% upon nebulisation whereas the mean VMD of a more 

dilute suspension of the enzyme increased to 4 µm as increases in viscosity or ion concentration 

lead to decreased VMD and increased FPF in VMN-generated aerosols (426, 427). 

In a simulation of mechanically ventilated patients, 35% of the administered hSOD1 dose was 

delivered to the lung, similar to delivery efficiencies (18-41%) reported for other recombinant 

proteins in in vitro mechanical ventilation models (154, 366). In a model of non-invasive 

ventilatory support, 19% of the protein dose was successfully delivered to the lung, while lower 

than the dose range of 22-25% reported for other therapeutic proteins (154, 366), it remains 

sufficiently similar to support further investigation of SOD1 delivery via this approach. 

Differences in aerosol delivery efficiencies may arise from differences in study parameters 

such as nebuliser type, position and bias flow during simulated mechanical ventilation (428, 

429), and direct comparisons should be made with caution (420, 430). Extensive in vivo 

validation is also required to complement in vitro analyses and truly assess the efficacy of an 

aerosol therapy. In vitro models, for example, fail to account for patient-related factors such as 

airway geometry and the type and severity of pulmonary disease (420), as well the protein-rich 

pulmonary oedema which can create a barrier to drug delivery in ARDS patients (417). 

The collection of BAL fluid is commonly used to monitor therapeutic efficacy and toxicity in 

laboratory animals and can provide valuable information about the reaction of the lung to 
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inhaled material. Common responses that can be measured include neutrophil influx, as they 

are so rare in the BAL of healthy animals, and proinflammatory cytokine secretion by activated 

macrophages and epithelial cells, as indicators of an inflammatory response (328, 329). Total 

and differential cell counts can be used to measure inflammation as macrophages make up a 

large majority (>90%) of cells in the BAL fluid of healthy animals. No differences in total cell 

number were observed in the hSOD1-his group in this study, whereas the total cell count for 

the Pep-hSOD1-his group was increased. This is likely to be attributable to the small study size 

(n=1 in this group), as total cell counts were comparable to those reported for healthy animals 

(328) and there was no increase in neutrophils in the differential cell counts. The presence of 

proinflammatory cytokines such as IL-8 and IL-6 in the alveoli is a further indicator of 

inflammation (329) and no increase was detected in the BAL fluid for either of the proteins, 

suggesting that the SOD proteins were well tolerated and no obvious inflammatory response 

occurred. Further in vivo work will be necessary of course to demonstrate the safety and 

efficacy of the treatment over multiple doses. 

Fusion proteins vary enormously in their ability to combine different properties in a single 

molecule successfully. Often there are no apparent consequences on protein folding or 

functional integrity (399), as seen with a hSOD1 fusion protein containing an N-terminal cell-

penetrating peptide (431). However, protein fusions may also result in reduced activity and 

binding (432, 433), seen in the case of a hSOD1 fusion with a C-fragment of tetanus toxin 

(434). No difference in activity between fused and non-fused constructs was noted in the 

present study, though the lack of detectable binding of the Pep1-linked enzymes to HA (147) 

calls into question the usefulness of the fused peptide. It is possible that the HA-binding peptide 

becomes obstructed by the folding of the protein or during dimerisation of the enzyme as this 

involves hydrophilic and hydrophobic interactions between the N- and C- termini (435). 

The choice of inter-molecular linker can also impact the activity and binding affinity of a fusion 

protein (436), leading to the use of a commonly used, flexible “GS” linker in this work (436, 

437), and a similar GGGS linker to flank the MMP2 cleavage sites. Nonetheless, no cleavage 

by a commercial MMP2 enzyme was observed under any conditions. Reduced protease binding 

and cleavage has been reported to be due to use of flexible or short linkers (433, 438), likely 

due to ineffective separation of the protein domains (433). Improved binding and cleavage 

affinities have resulted from the use of larger alpha helix-forming and cyclopeptide linkers 

(438-440) and further screening of alternative linkers might identify an improved linker 
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sequence to enable SOD1 release – though, as previously noted, enzyme release is unnecessary 

for the proposed nebuliser-mediated delivery approach. 

Despite some challenges in design, fusion proteins are an exciting area of research with 

potential to improve treatment for ARDS. Targeting the lung endothelium (417) using 

monoclonal antibodies against endothelial markers such as PECAM-1, conjugated to 

antioxidant enzymes, has shown promise in ARDS treatment (408, 413). However, conjugation 

of PECAM-1 antibodies to Cu, Zn-SOD has seen a reduction in SOD activity (441), whereas 

the use of an anti-PECAM1 scFv fused to anti-thrombotic/anti-inflammatory protein 

thrombomodulin (TM) achieved accumulation of the fusion protein in the mouse pulmonary 

vasculature after intravenous injection, resulting in attenuation of ARDS-related tissue 

damage. This strategy of using recombinant antibody fragments could be used in future work 

to target a hSOD1 cargo from the present study to the lung endothelium to attenuate oxygen 

damage from ROS accumulation. 

This work has established that hSOD1 appears to be a good candidate for pulmonary treatment 

of ARDS and that nebulisation of the hSOD1 fusion proteins generates an aerosol with 

aerodynamic properties suitable for lung deposition. Investigation of the protective and 

therapeutic efficacy of the fusion proteins in an in vivo model of ARDS is planned to further 

develop the therapeutic approach 
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Appendix 1 
 
Schematic representation of the pIG6 vector. 
 

  

Schematic representation of the pIG6 vector. Reproduced from (144). (i) The pIG-n plasmid. lac 
p/o: lac promoter operator.  lacl: lac repressor gene. lpp term: the terminator of the E. coli lipoprotein. 
f1-IG: the origin of replication of the f1 phage. AmpR: the ampicillin resistance. ori: origin of replication 
of the plasmid. (ii) Schematic of pIG6 cloning cassette corresponding to “A” and “B” shown in (i). 

  

A B

(i)

(iI)

gene fragment
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Appendix 2 
 
Clustal Omega alignments of Ppolcp19k with clone Ppolcp19k_7. 
 
(A) 
 
Ppolcp19k      AATTTCTAGATAACGAGGGCAAAAAATGAAAAAGACAGCTATCGCGATTGCAGTGGCACT 59 
Ppolcp19k_7    AATTTCTAGATAACGAGGGCAAAAAATGAAAAAGACAGCTATCGCGATTGCAGTGGCACT 60 
               ************************************************************ 
 
Ppolcp19k     GGCTGGTTTCGCTACCGTAGCGCAGGCCGCGACGCCGAACTGCAATATCTCGAGCGAATC 119 
Ppolcp19k_7   GGCTGGTTTCGCTACCGTAGCGCAGGCCGCGACGCCGAACTGCAATATCTCGAGCGAATC 120 
              ************************************************************ 
 
Ppolcp19k     GAGCCTGGGGCAGAGCGGCCGCACCGCCGGTAACGCCGCCGTGTCAGGCACCACCTCGAC 179 
Ppolcp19k_7   GAGCCTGGGGCAGAGCGGCCGCACCGCCGGTAACGCCGCCGTGTCAGGCACCACCTCGAC 180 
              ************************************************************ 
 
Ppolcp19k     CAGCGGCTCGGCCAGCGGCCTCTGCGGCTTCCAGAGCCCCATCGCCAAACTGAAGGACAA 239 
Ppolcp19k_7   CAGCGGGTCGGCCAGCGGCCTCTGCGGCTTCCAGAGCCCCATCGCCAAACTGAAGGACAA 240 
              ****** ***************************************************** 
 
Ppolcp19k     CGGCGCCGTCAACTCGGGCGTCACCGGCACTGTTGTCTCTGCCGGCTTCGGCAGTGCCGG 299 
Ppolcp19k_7   CGGCGCCGTCAACTCGGGCGTTACCGGCACTGTTGTCTCTGCCGGCTTCGGCAGTGCCGG 300 
              ********************* ************************************** 
 
Ppolcp19k     CCAGCATGCCAACTCCAAAGGAGCCGTGGGCACCACCCCGGGCGGCACCACCGTGACCAC 359 
Ppolcp19k_7   CCAGCAGGCCAACTCCAAAGGAGCCGTTGGCACCACCCCGGATGGCACCACCGTGACCAC 360 
              ****** ******************** *************. ***************** 
 
Ppolcp19k     AACGAGCGGAGGCAGCGGCGGGTCGAATGGCGGCGGCGGCGTCTCGCAGGGTGGCGGTGC 419 
Ppolcp19k_7   AACGAGCGGAGGCAGCGGCGGGTCGAATGGCGGCGGCGGCGTCTCGCAGGGTGGCGGTGC 420 
              ************************************************************ 
 
Ppolcp19k     CAACGCTGGCGCCACCAAGAAGAAGGTCGTCGTCGTCGTGCTCGCAAACGGCCATAAGGT 479 
Ppolcp19k_7   CAACGCTGGCGCCACCAAGAAGAAGGTCGTCGTCGTCGTGCTCGCAAACGGCCATAAGGT 480 
              ************************************************************ 
 
Ppolcp19k     GGTGAAGTTGGAGGACCAAGCAGAGGGCTCAGGCACCTCCTCCAGCGGCCACAAGGCCTC 539 
Ppolcp19k_7   GGTGAAGTTGGAGGACCAGGCAGAGGGCTCAGGCACCTCCTCCAGCGGCCACAAGGCCTC 540 
              ******************.***************************************** 
 
Ppolcp19k     CAGCACCCACAACGGTGTGTTCAACATCCAGCAAGGAGGCGAGACGAAGATCAAACTGCC 599 
Ppolcp19k_7   CAGCACCCACAACGGTGTGTTCAACATCCAGCAAGGAGGCGAGACGAAGATCAAACTGCC 600 
              ************************************************************ 
 
Ppolcp19k     GCCGCCGCTCACTGGCGAAAACCTGTATTTTCAGGGCCACCACCACCACCACCACTGAAA 659 
Ppolcp19k_7   GCCGCCGCTCACTGGCGAAAACCTGTATTTTCAGGGCCACCACCACCACCACCACTGAAA 660 
              ************************************************************ 
Ppolcp19k      GCTTAAA----------- 666 
Ppolcp19k_7    GCTTGACCTGTGAAGGAA 678 
               ****.*. 
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(B) 
 
Ppolcp19k      MKKTAIAIAVALAGFATVAQAATPNCNISSESSLGQSGRTAGNAAVSGTTSTSGSASGLC 60 
Ppolcp19k_7    MKKTAIAIAVALAGFATVAQAATPNCNISSESSLGQSGRTAGNAAVSGTTSTSGSASGLC 60 
               ************************************************************ 
 
Ppolcp19k      GFQSPIAKLKDNGAVNSGVTGTVVSAGFGSAGQHANSKGAVGTTPGGTTVTTTSGGSGGS 120 
Ppolcp19k_7    GFQSPIAKLKDNGAVNSGVTGTVVSAGFGSAGQQANSKGAVGTTPDGTTVTTTSGGSGGS 120 
               *********************************.***********.************** 
 
Ppolcp19k      NGGGGVSQGGGANAGATKKKVVVVVLANGHKVVKLEDQAEGSGTSSSGHKASSTHNGVFN 180 
Ppolcp19k_7    NGGGGVSQGGGANAGATKKKVVVVVLANGHKVVKLEDQAEGSGTSSSGHKASSTHNGVFN 180 
               ************************************************************ 
 
Ppolcp19k      IQQGGETKIKLPPPLTGENLYFQGHHHHHH------- 210 
Ppolcp19k_7    IQQGGETKIKLPPPLTGENLYFQGHHHHHH------- 210 
               *******************************    

Clustal Omega alignments of Ppolcp19k. (A) Nucleotide alignment of the predicted nucleotide 
sequence for Ppolcp19k with the sequenced Ppolcp19k_7 clone. DNA sequencing identified eight 
nucleotide differences which are highlighted in red, six of which were silent mutations and two resulted 
in the amino acid substitutions H73Q and G85D indicated in (B). Similarity is indicated by an asterisk. 
(B) Clustal Omega amino acid alignments of Ppolcp19k. Amino acid alignment of Ppolcp19k predicted 
sequence with sequenced Ppolcp19k_7 clone. Similarity is indicated by an asterisk. Amino acid 
substitutions H73Q and G85D are highlighted in yellow. 
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Appendix 3 
 
Nucleotide sequences for hSOD1 fusion protein constructs  
(A) Pep1-MMP2-hSOD1-his  
 
ATTTCTAGATAACGAGGGCAAAAAATGAAGAAAACGGCGATTGCGATTGCGGTTGCCTTGGC
TGGGTTTGCGACAGTTGCGCAAGCAGGGGCGCATTGGCAGTTTAACGCGCTGACTGTCCGTG
GTGGCGGTTCGCCTCAGGGTATTGCAGGCCAAGGTGGTGGCGCAACCAAAGCCGTATGCGTC
CTCAAAGGCGATGGTCCGGTACAGGGCATCATCAACTTCGAACAGAAAGAGAGCAATGGACC
CGTTAAGGTATGGGGTAGTATCAAAGGCCTGACTGAAGGGTTACATGGCTTTCATGTGCACG
AATTCGGTGACAATACCGCCGGTTGTACGTCTGCAGGCCCACACTTCAACCCGTTGTCGCGC
AAACATGGAGGCCCGAAAGACGAAGAACGCCATGTCGGTGATCTGGGCAATGTGACCGCTGA
TAAGGATGGCGTTGCGGATGTGAGCATCGAAGATTCCGTGATTAGCCTGTCAGGTGACCACT
GCATCATTGGCCGCACGTTAGTGGTGCATGAGAAAGCCGACGATCTGGGCAAAGGAGGTAAC
GAAGAATCCACCAAAACCGGAAATGCTGGCAGTCGTCTTGCCTGTGGCGTCATTGGGATTGC
CCAAGAGAACCTGTATTTTCAGGGGCATCATCACCACCACCATTAAGCTTGACCTGTGAAGT
GAAAAATGGCGCACAT 
 
(B) hSOD1-his  
 
AATTTCTAGATAACGAGGGCAAAAAATGAAGAAAACGGCGATTGCGATTGCGGTTGCCTTGG
CTGGGTTTGCGACAGTTGCGCAAGCAGCAACCAAAGCCGTATGCGTCCTCAAAGGCGATGGT
CCGGTACAGGGCATCATCAACTTCGAACAGAAAGAGAGCAATGGACCCGTTAAGGTATGGGG
TAGTATCAAAGGCCTGACTGAAGGGTTACATGGCTTTCATGTGCACGAATTCGGTGACAATA
CCGCCGGTTGTACGTCTGCAGGCCCACACTTCAACCCGTTGTCGCGCAAACATGGAGGCCCG
AAAGACGAAGAACGCCATGTCGGTGATCTGGGCAATGTGACCGCTGATAAGGATGGCGTTGC
GGATGTGAGCATCGAAGATTCCGTGATTAGCCTGTCAGGTGACCACTGCATCATTGGCCGCA
CGTTAGTGGTGCATGAGAAAGCCGACGATCTGGGCAAAGGAGGTAACGAAGAATCCACCAAA
ACCGGAAATGCTGGCAGTCGTCTTGCCTGTGGCGTCATTGGGATTGCCCAAGAGAACCTGTA
TTTTCAGGGGCATCATCACCACCACCATTAAGCTTGAC 
 
(C) hSOD1-MMP-Pep1-his  
 
TTACGAATTTCTAGATAACGAGGGCAAAAAATGAAAAAGACAGCTATCGCGATTGCAGTGGC
ACTGGCTGGTTTCGCTACCGTAGCGCAGGCCCATCATCACCACCACCATGAGAACCTGTATT
TTCAGGGGGCGACGAAGGCCGTGTGCGTCCTCAAAGGCGATGGTCCGGTACAGGGCATCATC
AACTTCGAACAGAAAGAGAGCAATGGACCCGTTAAGGTATGGGGTAGTATCAAAGGCCTGAC
TGAAGGGTTACATGGCTTTCATGTGCACGAATTCGGTGACAATACCGCCGGTTGTACGTCTG
CAGGCCCACACTTCAACCCGTTGTCGCGCAAACATGGAGGCCCGAAAGACGAAGAACGCCAT
GTCGGTGATCTGGGCAATGTGACCGCTGATAAGGATGGCGTTGCGGATGTGAGCATCGAAGA
TTCCGTGATTAGCCTGTCAGGTGACCACTGCATCATTGGCCGCACGTTAGTGGTGCATGAGA
AAGCCGACGATCTGGGCAAAGGAGGTAACGAAGAATCCACCAAAACCGGAAATGCTGGCAGT
CGTCTTGCCTGTGGCGTCATTGGGATTGCCCAAGGTGGAGGTCATCCGGTGGGCCTGCTGGC
GCGCGGCGGCGGTGGCGCACACTGGCAGTTCAACGCGTTAACCGTCCGTTAAGCTTGACCTG
TGAAG 
 
Nucleotide sequences of hSOD1-his construct. Confirmed nucleotide sequence of (A) Pep1-
MMP2-hSOD1-his, (B) hSOD1-his (C) hSOD1-MMP-Pep1-his. OmpA peptide: grey. HA 
binding peptide: yellow. MMP2 cleavage site: red. Glycine serine linker: cyan. Polyhistidine tag: 
green. Tev cleavage site: pink.  
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Appendix 4 
 
Generation of the pep1-hSOD1 construct  
 
(A) Desired nucleotide sequence 
 
AATTTCTAGATAACGAGGGCAAAAAATGAAGAAAACGGCGATTGCGATTGCGGTTGCCTTGG
CTGGGTTTGCGACAGTTGCGCAAGCAGGGGCGCATTGGCAGTTTAACGCGCTGACTGTCCGT
GGTGGCGGTTCGGCAACCAAAGCCGTATGCGTCCTCAAAGGCGATGGTCCGGTACAGGGCAT
CATCAACTTCGAACAGAAAGAGAGCAATGGACCCGTTAAGGTATGGGGTAGTATCAAAGGCC
TGACTGAAGGGTTACATGGCTTTCATGTGCACGAATTCGGTGACAATACCGCCGGTTGTACG
TCTGCAGGCCCACACTTCAACCCGTTGTCGCGCAAACATGGAGGCCCGAAAGACGAAGAACG
CCATGTCGGTGATCTGGGCAATGTGACCGCTGATAAGGATGGCGTTGCGGATGTGAGCATCG
AAGATTCCGTGATTAGCCTGTCAGGTGACCACTGCATCATTGGCCGCACGTTAGTGGTGCAT
GAGAAAGCCGACGATCTGGGCAAAGGAGGTAACGAAGAATCCACCAAAACCGGAAATGCTGG
CAGTCGTCTTGCCTGTGGCGTCATTGGGATTGCCCAAGAGAACCTGTATTTTCAGGGGCATC
ATCACCACCACCATTAAGCTTGAC 
 
(B) Amino acid sequence 
 
MKKTAIAIAVALAGFATVAQAGAHWQFNALTVRGGGSATKAVCVLKGDGPVQGIINFEQKES
NGPVKVWGSIKGLTEGLHGFHVHEFGDNTAGCTSAGPHFNPLSRKHGGPKDEERHVGDLGNV
TADKDGVADVSIEDSVISLSGDHCIIGRTLVVHEKADDLGKGGNEESTKTGNAGSRLACGVI
GIAQENLYFQGHHHHHH 
 
(C) Schematic of pep1-hSOD1-his generation by overlap PCR 

 
  

pIG6-pep1-MMP2-hSOD1-his

Pep1ompA GGS

Primer 2 Primer 4

pIG6-pep1-MMP2-hSOD1-his

Pep1 hSOD1GGSOmpA TEV 6-His

Pep1ompA GGS Partial hSOD1

XbaI

HindIII

PCR1 PCR2

PCR 3

hSOD1` TEV 6-HisGGS

hSOD1 TEV 6-His

Primer 3

GGS

Primer I

HindIII

XbaI

ompA-pep1 PCR product
pep1-hsod1 PCR product
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(D) Omega nucleotide alignment of pep1-hSOD1-his predicted sequence with clone 
pep1-hSOD1-his_4 
 
pep1-hSOD1    ------AATTTCTAGATAACGAGGGCAAAAAATGAAGAAAACGGCGATTGCGATTGCGGT 54 
pep1-hSOD1_4  ATTACGAATTTCTAGATAACGAGGGCAAAAAATGAAGAAAACGGCGATTGCGATTGCGGT 60 
                    ****************************************************** 
 
pep1-hSOD1    TGCCTTGGCTGGGTTTGCGACAGTTGCGCAAGCAGGGGCGCATTGGCAGTTTAACGCGCT 114 
pep1-hSOD1_4  TGCCTTGGCTGGGTTTGCGACAGTTGCGCAAGCAGGGGCGCATTGGCAGTTTAACGCGCT 120 
              ************************************************************ 
 
pep1-hSOD1    GACTGTCCGTGGTGGCGGTTCGGCAACCAAAGCCGTATGCGTCCTCAAAGGCGATGGTCC 174 
pep1-hSOD1_4  GACTGTCCGTGGTGGCGGTTCGGCAACCAAAGCCGTATGCGTCCTCAAAGGCGATGGTCC 180 
              ************************************************************ 
 
pep1-hSOD1    GGTACAGGGCATCATCAACTTCGAACAGAAAGAGAGCAATGGACCCGTTAAGGTATGGGG 234 
pep1-hSOD1_4  GGTACAGGGCATCATCAACTTCGAACAGAAAGAGAGCAATGGACCCGTTAAGGTATGGGG 240 
              ************************************************************ 
 
pep1-hSOD1    TAGTATCAAAGGCCTGACTGAAGGGTTACATGGCTTTCATGTGCACGAATTCGGTGACAA 294 
pep1-hSOD1_4  TAGTATCAAAGGCCTGACTGAAGGGTTACATGGCTTTCATGTGCACGAATTCGGTGACAA 300 
              ************************************************************ 
 
pep1-hSOD1    TACCGCCGGTTGTACGTCTGCAGGCCCACACTTCAACCCGTTGTCGCGCAAACATGGAGG 354 
pep1-hSOD1_4  TACCGCCGGTTGTACGTCTGCAGGCCCACACTTCAACCCGTTGTCGCGCAAACATGGAGG 360 
              ************************************************************ 
 
pep1-hSOD1    CCCGAAAGACGAAGAACGCCATGTCGGTGATCTGGGCAATGTGACCGCTGATAAGGATGG 414 
pep1-hSOD1_4  CCCGAAAGACGAAGAACGCCATGTCGGTGATCTGGGCAATGTGACCGCTGATAAGGATGG 420 
              ************************************************************ 
 
pep1-hSOD1    CGTTGCGGATGTGAGCATCGAAGATTCCGTGATTAGCCTGTCAGGTGACCACTGCATCAT 474 
pep1-hSOD1_4  CGTTGCGGATGTGAGCATCGAAGATTCCGTGATTAGCCTGTCAGGTGACCACTGCATCAT 480 
              ************************************************************ 
 
pep1-hSOD1    TGGCCGCACGTTAGTGGTGCATGAGAAAGCCGACGATCTGGGCAAAGGAGGTAACGAAGA 534 
pep1-hSOD1_4  TGGCCGCACGTTAGTGGTGCATGAGAAAGCCGACGATCTGGGCAAAGGAGGTAACGAAGA 540 
              ************************************************************ 
 
pep1-hSOD1    ATCCACCAAAACCGGAAATGCTGGCAGTCGTCTTGCCTGTGGCGTCATTGGGATTGCCCA 594 
pep1-hSOD1_4  ATCCACCAAAACCGGAAATGCTGGCAGTCGTCTTGCCTGTGGCGTCATTGGGATTGCCCA 600 
              ************************************************************ 
 
pep1-hSOD1    AGAGAACCTGTATTTTCAGGGGCATCATCACCACCACCATTAAGCTTGAC---------- 644 
pep1-hSOD1_4  AGAGAACCTGTATTTTCAGGGGCATCATCACCACCACCATTAAGCTTGACCTGTGAAGGA 660 
              **************************************************           

Generation of the pep1-hSOD1-his construct. Planned pep1-hSOD1-his (A) nucleotide and (B) 
amino acid sequence containing hsod1 and a HA binding peptide (yellow) joined by a glycine serine 
linker (cyan). The sequence also contains an N-terminal ompA leader peptide (grey), and a polyhistidine 
tag (green) which can be removed via the Tev cleavage site (pink). (C) Schematic of pep1-hSOD1-his 
generation by overlap PCR (D) Alignment of the predicted nucleotide sequence for pep1-hsod1-his  
with the sequenced pep1-hSOD1-his_4 clone. 

 
 


