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Abstract

Understanding the degradation behaviour of extracellular matrix (ECM)
scaffolds is essential for predicting and advancing wound healing. Spider-
silk based proteins are one type of biomaterial with the potential to be used
as a matrix to improve would healing. In addition to good biocompatibility
and low-pyrogenicity, silk-based biomaterials have displayed the capacity

for controlled degradation, a characteristic that is investigated in this study.

In silico studies took target sequences of human matrix
metalloproteinase 2 and 9 (MMP2 and MMP9) and compared them to
sequences of silk major ampullate spidroin 1 (MaSp1) termini of spider
genera: Araneus, Argiope, Cyrtophora, Dolomedes, Euprosthenops and
Nephila and the recombinant synthetic mini-spidroin 4RepCT to identify
locations for potential mutations to influence the protein’s degradation.
Proteolytic degradation has been carried out in vitro with dragline silk fibres
of a range of species from distantly related spider families namely
Cyrtophora citricola, Dolomedes fimbriatus, Pisaura mirabilis,

Pholcus phalangioides and Nephila madagascarensis to confirm the

predicted degradation seen from in silico studies.

Based on the MaSp1 of Euprosthenops australis, 4RepCT was
recombinantly expressed and degraded by human neutrophil elastase
(ELNE), MMP2 and MMP9. From the MMP profiles of 4RepCT, 14 mutation
sites were identified, with a final seven being carried forward to
experimentation due to location within the structured spidroin. Of these
seven, two mutations located near the thrombin cleavage site and within
the structured C-terminus were successfully expressed in DL41 and BL21

E. coli, respectively.

Successfully expressed mutant spidroins were subjected to MMP2
(>1000 pmol/min/pg protein) and MMP9 (>1300 pmol/min/ug protein)
concentrations that were approximately 10% of that typically seen in
chronic wounds. Spidroins with a mutation in the amorphous region of the
spidroin gene increased the degradation rate, degrading 1 mg/mL protein in
30 minutes with both proteases, whereas mutations within the structured
C-terminus did not degrade in the same way. This suggests that while
introducing target sites can influence the rate of degradation, the sites must
be accessible to the protease in question.
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Glossary of terms and abbreviations
Aggregation - The visible clumping of insoluble protein.

Araneidae (family) - ‘orb-weaving’ spiders containing 25 genera and
185 species. 12

Araneus (genus) - ‘round-shouldered orb-weaver’ spider, of the family
Araneidae. 3

Argiope (genus) - ‘garden orb-weaver’ spider, of the family Araneidae. #

Biocompatibility - the property of a (bio)material defined as fit for its
intended use, not harmful or toxic to living tissue.

Biomaterial - a biological or synthetic substance that can be introduced
into body tissue as part of a medical device or used to replace an organ
or bodily function. >

Birefringence - an optical property of a material having a refractive
index that depends on the polarization and direction of the light source. ©

Bright Field - an illumination technique used for subject illumination
during transmission light microscopy. ’

Cyrtophora (genus) - ‘tent-web’ spiders, of the family Araneidae. 8

Dark Field - a specialised illumination technique that uses oblique
illumination to enhance contrast in specimens that are not imaged well
under normal brightfield illumination conditions. °

Degradation - the breakdown of an object or material through physical
or enzymatic means resulting in the loss of mechanical properties or
material.

Degumming - the process by which the silkworm silk protein fibroin is
separated from its immunologically active auxiliary protein sericin.

Dolomedes (genus) - ‘fishing/raft’ spider, of the family Pisauridae. 1°

Ecribellate - a prey-capture technique that utilises multiple different
silks and their properties to capture prey.

Euprosthenops (genus) - 'Australian nursery-web’ spider, of the family
Pisauridae. 1!

Fibre - a macroscopic spidroin polymer with a significant longitudinal
axis.

Flowing fibre — a term used to describe where a silk fibre crosses the
microscope stage without overlapping itself.

MaSp - Major Ampullate Spidroin.
MMP - Matrix Metalloproteinase.
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Nephila (genus) - ‘golden silk orb-weaver’ spider, of the family
Araneidae. 12

Pholcidae (family) - ‘cellar’ spiders. 13

Pholcus (genus) — genus of spiders of the family Pholcidae. 4
Pisaura (genus) - genus of spiders of the family Pisauridae. °
Pisauridae (family) - ‘nursery-web’ spiders. 1617

Polymer - used to describe the polymeric nature by which fibres are
formed from the regular combination of monomeric units (e.g. spidroins).

Precipitation - the observable result of soluble proteins becoming
insoluble, often seen as white aggregated clumps.

Pyrogenicity - the ability to induce an inflammatory response.

Recombinant - a protein expression technique that uses components
from two or more different sources to express proteins. For example, a
gene from a spider introduced into bacterial E.coli and expressed with the
bacterial expression system.

RGD - arginine-glycine-aspartate peptide

SDS-PAGE - sodium dodecyl sulphate-polyacrylamide gel
electrophoresis
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1. General Introduction

1.1 An overview of silk, natural and recombinant

Silk is naturally spun fibre utilised by a large variety of arthropods
including spiders, silkworms and mites. The most utilised silk is that of
the Bombyx mori silkworm due to its ease of cultivation and use in
human clothing. The traditional practise of farming, harvesting and
spinning silkworm silk has been carried out in Ancient China since the
Neolithic era, 4000BC '8, The continued demand for silk as a commodity
has encouraged the automation and industrialisation of silk production,
contributing to predicted industry value of USD $16.94 billion in 2021

worldwide 1°,

1.1.1 Natural silk, its properties and uses in nature

The silk fibre is produced using spinning apparatus to convert the stored
liguid spinning dope to a linear fibre with immense tensile strength 2°.
Silk-producing spiders are either cribellate or ecribellate depending on
the method used to capture prey with their silk 21, While cribellate
spiders utilise a cribellum comb-like structure to produce extremely fine
fibres to increase the silk’s adhesion to prey, ecribellate spiders use a
combination of silks with different mechanical properties to enable prey

capture 21,

In addition to the major ampullate silk (dragline), ecribellate
spiders also produce flagelliform, aggregate, minor ampullate, aciniform,
pyriform and cylindriform silk as illustrated in Schematic 1 2223, Dragline
silk is used in the frame and radial spokes of a spider’s web, allowing the
web to maintain its shape and strength during high impact prey collisions
24, As its name suggests, dragline silk is also used as a safety line for the
spider when descending or escaping ?*. Despite the varieties of silk in
nature, most literature has focused on the more easily available and
abundant dragline (major ampullate) or flagelliform silks, resulting in a
lack of structural and mechanical data for the alternative silks. The
development of recombinant silk has therefore predominantly focused on
dragline silk for its desirable mechanical properties and available

information 2425,
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Major Ampullate Silk Pyriform Silk
dragline, frame, radii attachment cement

Flagelliform Silk
catching spiral

Minor Ampullate Silk

auxilary spiral
Aggregate Silk Aciniform Silk
glue soft egg case lining,
wrapping prey

Cylindriform Silk
tough egg case

]
Doblhofer 2015

Schematic 1. An overview of the different types of silk produced by female orb weaving
spiders (Araneae); each silk type (highlighted in red) is tailored for a specific purpose
as depicted. Image taken from ‘To spin or not to spin: spider silk fibers and more’,
Doblhofer 2015.

1.1.2 Organisation of silk fibres

Native dragline silk has been studied with a variety of techniques in order
to determine its internal structure. Although many theories exist around
the hierarchical organisation of silk fibres, the exact structure of silk

fibres is still under discussion 2>. A popular theory is that silk fibres
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consist of three distinct levels of molecular organisation 2°. The
macroscopic structure reveals a core-shell structure encompassing the
whole silk fibre bundle which protects the individual fibrils from damage,
maintaining the integrity of the fibre over time as shown in Figure 1 2°,
The shell structure is thought to attach biomolecules such as lipids and
glycoproteins, although the reason for this is not yet known. On a
mesoscopic scale the individual fibres appear to be aligned along the
horizontal fibre axis to form a core structure, similar to individual strands
of fibre in a rope. Within the individual fibres, crystals of repeated alanine
residues are intermixed with larger crystalline regions that contain
repeated glycine residues, although the size of these crystals is not
always agreed on 2%2°, The high percentage of crystalline regions
provides the silk fibril with extreme tensile strength, whilst the
interlinking amorphous regions contribute to the silk’s flexibility and

extensibility 2.

(@) (b)

‘ fibril
Eisoldt 2011

Figure 1. Illustration of the hierarchical spider silk structure demonstrating the fibre
skin-core structure with fibrils forming the core (a). At the nano-structural level the
fibrils comprise small tightly packed B-sheet crystals (red arrow) and larger crystalline
regions (black arrow) interconnected by an amorphous matrix (b). Image taken from
‘Decoding the secrets of spider silk’, Eisoldt 2011.

Dragline silk is comprised of two major classes of proteins from
which they receive their names: Major Ampullate Spidroin 1 and 2

(MaSp1/2). Each MaSp is comprised of a repetitive core with each repeat
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containing 40 - 100 amino acids, flanked by highly conserved non-
repetitive domains (NRDs) 2%27-31, The core can be repeated over 100
times within a single spidroin and varies depending on spidroin and
species, with some residues conserved throughout. MaSp1 contains the
highly conserved sequences - (Ala)s-14, (GlyAla),, GGX -, whilst MaSp2
contains the residue sequence GPGXX (where X can be Q, G orY),
greatly increasing the proline content of MASP2. The ratio of MaSp1 and
the more hydrophobic MaSp2 within a fibre enables the silk to undergo
supercontraction, maintaining the strength and structure of the web
when loaded with rain or dew 3932734, During supercontraction, the
secondary structure of the silk is proposed to re-arrange, causing a
rotation of the B-sheet crystals. This movement contracts the
poly(glycine) regions and the whole fibre is shortened dramatically in
length 35.

While the repetitive core provides strength, toughness and
elasticity to the silk fibre, the non-repetitive domains are involved in
spidroin storage and polymerisation 2°:3¢, Although both termini are
highly conserved, the N-termini is conserved across different silk types
and spider species 3’. Both termini are made up of five a-helices but
differences in charged and exposed residues within each domain enables

termini-specific roles 3841,

The N-termini acts as a pH-sensitive switch during storage to
enable the transition to polymeric spidroin in increasing acidic
conditions %42, Under these conditions, the termini exist as an
antiparallel dimer which, through the exposure of a single tryptophan,
enables dimerisation 3°43, As the pH continues to decrease in the silk
gland the spidroin dimerisation is further lineated by the gland tapering
and shear forces 2°. The N-termini also serve to solubilise the monomeric

spidroin which, when lost, quickly becomes insoluble.

The C-terminus exists as a parallel dimer and contains a single
disulphide bond 3!. Seen in Figure 2, the C-termini of A. diadematus,
N. madagascarensis and A. aurantia were modelled by Ittah et al.,

comparing the homology of the conserved domain #4. Ittah identified a
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single cysteine residue within the four a-helices through which the
homodimer is thought to form 44, The C-terminus is less pH-sensitive
than its amino counterpart, providing a stable dimer interface through
which subsequent fibre formation is possible #°. The C-terminus is also
highly conserved across spidroin termini, but to a lesser extent than

N-termini 46.

Ittah, 2007

Figure 2. A proposed structure for the C-terminal domain of MaSp silk proteins. (a)
Predicted tertiary structure for C-terminal domain of A. diadematus ADF-4. Inset: A
different angle of the structure showing the circular arrangement of the helices in the
imaginary barrel structure. The cysteine-containing loop that is N-terminal to helix III
is marked by an arrow, and the D and R residues that are involved in a salt bridge
between this loop and helix I are shown in a ball and stick format. (b) Model of N.
madagascarensis MaSpl. (c) Model of A. aurantia MaSp2. Notice that this protein has
no helix IV. (d) Superimposition of all three predicted structures. The conserved loop
mentioned in panel A is marked by an arrow. All tertiary structures were generated
using the ORCHESTRAR homology modelling program. Image taken from ‘A Model for
the Structure of the C-Terminal Domain of Dragline Spider Silk and the Role of Its
Conserved Cysteine’, Ittah et al. 2007.
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1.1.3 Diversity and breakdown of natural silk

Inhabiting every continent except Antarctica, spiders use their silks to
adapt to their different habitats. Under laboratory conditions spider silk is
considered non-degradable by US Pharmacopeia owing to its
conservation of mechanical properties in vivo 48, However, in the field,
webs must survive an onslaught of wind, debris, dust and wetting. A
number of these impacts result in physical damage, which the spider
must choose to repair or replace the web, both options resulting in a high

energy cost for the spider 4°:°9,

The degradation of native spider silk has been studied by
Agnarsson et al. over 4 years. Agharsson reported that whilst the
ultimate tensile strength of the aged silk fibres did not improve, the yield
strength increased by 217% as the silk fibres reduced in diameter. It was
therefore suggested that a rearrangement within the B-sheet crystals had

resulting in an increase of yield strength >,

However, the ability to withstand physical deterioration over time
does not determine a web’s degradation properties when exposed to
enzymatic proteolysis. As many spiders consume their own silk, it is
possible that those spidroins could be susceptible to proteolytic
degradation °2:°3, By comparing the protein sequence of silks from
different species it may enable us to consider them ‘naturally occurring
mutants’, selected to work by evolution over millions of years. Therefore,
variation between typical silk sequences will allow researchers to identify
adaptations between species, especially those that may originate from

differing ecosystems or habitats >34,

Unlike silkworms, spiders cannot be farmed because their
cannibalistic behaviour prevents the storage of numerous individuals in
one place °°. In addition, the process of obtaining silk from spiders,
force-reeling, is not able to be scaled, making it inappropriate for
industrial production. Therefore, recombinant silk production is required
to provide a cheap and readily available biomaterial. Recombinant silks
also allow for genetic manipulation, editing the spidroin gene sequence to

produce variations within the silk fibre, enhancing the silk’s mechanical
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and biocompatibility properties °¢. Although native-sized spidroins have
been expressed recombinantly by supplementing the bacterial tRNA pool
during expression, the majority of recombinant spidroin expression is

carried out with proteins between 30 - 90 kDa °7->°,

A recombinant protein, 4RepCT, was proposed by Stark et al.
based on the MASP1 of Euprosthenops australis, the African nursery web
spider 280, Stark discovered that a minimum of four poly(alanine) tracts
flanked by poly(glycine) tracts were required for successful
polymerisation and fibre formation as well as a conserved Asn-Arg-Asp
amino acid motif at its C-terminus required for dimerisation. However, a
recent study by Andersson et al. discovered that recombinant silk fibres
could be developed that contained only two repetitive tracts, suggesting
that the N- and C-termini were the most important domains required for
fibre formation 8. Stark showed that BL21 E. coli could overexpress the
4RepCT protein as a soluble protein %8, To aid purification and solubility,
hexa-histidine and thioredoxin tags were added respectively to form a
39 kDa fusion protein. 4RepCT was purified by Ni2* immobilised metal
affinity chromatography (IMAC) before the solubilisation tag was
removed by a thrombin protease that cleaves at the specific target
peptide sequence ‘-Lys-Val-Pro-Arg-Gly-Ser-' 61-64, A report by
Jastrzebska et al. found that introduction of purification tags resulted in
brittle fibres after polymerisation and suggested a new method of
purification was required ®°. They proposed the use of thermal or acidic
extraction as a means of purification, relying on the natural stability of
spider silk to ensure sufficient purification. However, because the tags of
4RepCT were removed during fibre formation, an additional purification

step was not required.

eADF4(C16) is another synthetic miniaturised spidroin based on
the dragline fibroin of Araneus diadematus . eADF4(C16) contains 16
repeated poly(alanine/glycine) tracts compared to 4RepCT’s four as seen
in Figure 3, and has demonstrated toughness, a combination of tensile
strength and elasticity, higher than that of most native spider silks 7.
eADF4(C16) was also recombinantly expressed in E. coli before

purification by thermal extraction. Heated to 80 °C, the recombinant silk
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proteins were not denatured, and subsequently extracted by 20% (w/v)
ammonium sulphate precipitation. 8, Unlike 4RepCT however,
eADF4(C16) does not form silk fibres spontaneously owing to its
insolubility, requiring its use in high concentrations of guanidinium
thiocyanate after expression. It must therefore be mechanically

electrospun 970,

ey NERNRNRRRERENRND —————

e

C-terminal
domain

Figure 3. Structural diagram of eADF4(C16) (left) and 4RepCT (right) demonstrating the
repeated poly(alanine/glycine) tracts and non-repetitive C terminus of 4RepCT. Images
adapted from ‘Cell adhesion and proliferation on RGD-modified recombinant spider silk
proteins’, Wohlrab 2012 and ‘Macroscopic fibres self-assembled from recombinant
miniature spider silk proteins’, Stark 2007.

Although the primary amino acid sequence of spider silk can be
replicated in vitro, synthetic silk fails to compare in tensile strength to
natural silk ?8. The difference in strength between native and synthetic
spidroins results from the vast difference in size leading to a reduction in
van der Waals interactions and possible intramolecular salt bridges that
occur within smaller synthetic silks. The ultimate tensile strength of
4RepCT fibres was recorded with an average yielding tensile stress of
150 MPa compared to 1.5 GPa of the native dragline silk of
Euprosthenops %8. Despite the reduction in ultimate tensile strengths
however, 4RepCT and eADF4(C16) are still extraordinarily strong for
their size and maintain incredible toughness, advertising their use in
biomaterial applications 28:2°7172, Most importantly, recombinant
production of both 4RepCT and eADF4(C16) is scalable, providing enough
material for future industrial uses and manufacture. Companies such as
SPIBER INC™ (www.spiber.jp/en) and AMSILK™
(www.amsilk.com/home) both produce recombinant silk on an industrial
scale while Bolt Threads™ (https://boltthreads.com/) uses recombinant
silk to produce fabrics that exhibit excellent mechanical performance but
are also biodegradable after use. To decrease the price of production
further, Kraig Labs (https://kraiglabs.com/) have combined with the

more prolific silkworm production technique, extracting the natural spider
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silk from silk cocoons in vast quantities, enabling production costs as low
as $300 / kg 73.

In addition to differences in size, spinning is crucial for the
strength and performance of natural silks 74. Unlike 4RepCT, which forms
fibres spontaneously after purification, eADF4(C16) requires
electrospinning for fibre formation. In an attempt to replicate the silk
gland, a series of ionic gradients were used with increased tapering shear
forces to encourage fibre formation. Passed through an electrically
charged needle-tip, the silk is attracted to an electrode placed a
determined distance away, polymerising as it does so 7>~78, Despite
attempts to replicate natural spinning apparatus, eADF4(C16) fibres fail

to display the same tensile capabilities as natural silks 727479,

1.2 Silk in therapeutic use

1.2.1 Why spider silk?

A biomaterial is a biological or synthetic substance that can be introduced
into body tissue as part of a medical device or used to replace an organ
or bodily function °. The term biocompatibility includes several different
properties including host response upon implantation, host and
biomaterial response during the time the biomaterial is present, and the
mechanism of degradation or deterioration at the end of a biomaterial’s
use. In addition to high tensile strength and toughness, recombinant
spider silk has excellent biocompatibility properties, including low
immunogenicity and pyrogenicity while displaying biodegradability,

making it an attractive candidate for use in biomaterials 2°8°,

Silk from the commercial silkworm Bombyx mori has also been
utilised as a biomaterial, resulting in the silk-based material Mersilk™
produced by Ethicon™ (Johnson & Johnson) 8. However, the presence of
the auxiliary protein sericin in silkworm silk caused an immune response
forcing companies to remove it before the silk could be utilised medically,
greatly increasing the cost of production 82, Like eADF, Mersilk™ could
not be functionalised after production, further identifying 4RepCT as an

attractive alternative for silk-based biomaterials 83.
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Silkworm film degradation has been investigated in vitro by
Brown et al., subjecting 3% (w/v) films to several digestive serine
proteases such as a-chymotrypsin and proteinase K, as well as MMP1 and
MMP2 84, By standardising the observed rate of degradation, it may be

possible to make a direct comparison between both kinds of silk.

Silkworm silk also possesses the ability to be processed into a wide
range of morphologies. Reviewed in a paper by Jao et al., silkworm silk is
an attractive option for drug delivery, utilising two methods of drug
delivery: diffusion of payload and degradation of the delivery vesicle 887,
Unlike silkworm silk, which generates an immune response upon
implantation due to the presence of the auxiliary protein sericin, spider
silk is non-pyrogenic eliciting no increased host immune inflammation
upon implantation #8880 Before silkworm silk can be incorporated into
in vivo studies, the silk must first be subjected to severe ‘degumming’
process to remove the aggravating sericin protein 828%°1, This additional
step consequently favours the use of spider silk over silkworm silk for the
development of biomedical applications. While the development of
enzymatic degumming techniques have reduced the price of this
necessary procedure, the absence of this step during spider silk

production highlights the latter for biomaterial use 2.

1.2.2 Drug delivery

In the development of improved drug delivery routes, silk of both
silkworm and spider has been investigated by many groups .
eADF4(C16) particles and microspheres less than 10 yum have also been
used to transport drug molecules to target sites 71°3°4, The lipophilicity of
the silk particle allows it to be loaded with the drug molecule before RGD
(arginine-glycine-aspartate) peptides fused to the silk particle interact
with the cell surface to allow drug release. However, due to limiting
charge or lipophilicity, only small drug molecules are capable of being

loaded onto the silk particles, preventing wide-spread application ©6.

One solution to this is to ensure that drug release occurs as close
to its target as possible. The expression of recombinant fusion proteins

containing site-specific substrate tags at one terminus could allow for
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selective drug delivery systems. This hypothesis was investigated by
Florczak et al. using recombinant Her2 recognising peptide-fused MaSp1
and MaSp2 proteins from N. clavipes °°. Florczak demonstrated that
hybrid silk spheres could be produced that increased uptake of charged

drug molecules and released them at specific target locations.

Drug uptake and release can also be influenced during the
formation of the microspheres, shown by a study by Brim et al.
Produced with eADF4, Blum identified a link between cross-linking in
sphere production with resulting drug uptake and release °°. This was
developed further by Kucharczyk et al. who developed microspheres from
recombinant modified MaSp2 protein from N. clavipes. Glutamic acid
residues were introduced in to the recombinant protein to introduce an
overall negative charge, ultimately increasing drug uptake in the
presence of the positively charge mitoxantrone. However, although the
drug uptake was improved, the release of the charged drug was too rapid

for therapeutic use °’.

Recombinant silk particles have also been proposed for gene
therapy and delivery by Numata et al °8. Acting as a transfection vector
silk particles containing multiple RGD peptides and cationic poly(L-lysine)
residues on its opposite face were shown to complex both
luciferase-containing plasmid DNA (pDNA) and integrin receptors
simultaneously. RGD-integrin binding enabled the cellular uptake of silk
particle-pDNA complexes by endocytosis. Upon reaching the interior of
the cell, the pDNA was released allowing transfection to occur, assessed

by the presence of the luciferase reporter gene °°.

Anti-microbial peptides have also been successfully fused to spider
silk proteins, suggesting an application in drug delivery or wound healing.
In 2011, Gomes successfully expressed three recombinant silk fusion
proteins containing different antimicrobial peptides in E. coli: human
neutrophil defensin 2 (HNP-2), human neutrophil defensin 4 (HNP-4) and
hepcidin. Antimicrobial activity was assessed visually by zone of inhibition
assays before dynamic light scattering was used to analyse protein

aggregation. Gomes confirmed that the fusion of these peptides to the
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silk fibres had no effect on the secondary structure, whilst the B-sheet
conformations interacted with the antimicrobial peptides, enabling
activity without the introduction of chemical cross-linking 1°°, The area of
inhibition was also relatively small as the active molecules are fused
directly to the silk protein, a significant downside to genetic
functionalisation. The ability to release drug moieties upon arrival at
target sites would greatly increase the effectiveness of drug delivery

applications.

1.2.3 Spider silk in wound healing

Native silk fibres have been used to guide nerve regeneration in vivo.
Implanted into rats containing sciatic nerve defects, spider silk vein
grafts were compared to isogenic grafts and left to regenerate over 6
months 1%, A similar study by Radtke et al. was conducted using
decellularised vein grafts of adult sheep, evaluated after 6 - 10 months
implantation, Radtke concluded that spider silk enhanced Schwann cell
migration, axonal regrowth and remyelination over a 6 cm tibial nerve
defect 192, As neuronal cell growth was similar across all grafts and axons
were aligned regularly with a healthy appearance, the studies concluded
that spider silk was a suitable biomaterial for tissue engineering and
guidance, supporting cell proliferation and migration during neuronal

regeneration.

In addition to fibres and particles, recombinant silks can also be
processed into films, hydrogels and non-woven meshes, each with
distinct biomedical applications 25193104 Films can be obtained by gradual
evaporation of solvent, whilst spheres and particles can be formed from
nucleation at low silk concentrations in the presence of kosmotrophic ions
6571, A recent review by Schacht and Scheibel presented several possible
applications for the recombinant spidroin eADF4(C16), proposing that
hydrogels and non-woven meshes could be self-assembled before being
incorporated into an in vivo tissue scaffold to enable invasive fibroblast
cell growth 3°. Non-differentiated neuronal embryonic stem cells have
also been grown on recombinant 4RepCT films in vitro by Lewicka et al.

When compared to positive controls of fibronectin and poly-L-ornithine,
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4RepCT films facilitated similar levels of cell growth and supported stem

cell differentiation when induced 19,

To promote cell migration and adhesion, arginine-glycine-aspartic
acid (RGD) amino acid peptides have been attached to eADF4(C16) by
genetic modification or by post-translational chemical conjugation of
cysteine side chains as shown in Schematic 2. Interacting with the
naturally present integrin receptors on cell surfaces, migrating cells used
spider silk as guidance scaffolds, providing positive contact signals
required for sustained cell growth 6717276 However, genetically
functionalising the protein primary sequence of silk proteins prevented

further adaptation, suggesting a limit to their overall use.
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Schematic 2. Chemical structure of the synthetic cyclic RGD peptide c(RGDfK)
employed for chemical modification of ntagCysC16 a). eADF4(C16) and the RGD-
containing variant ntagCysC16-c(RGDfK) (chemically modified) b). For ntagCysC16-
c(RGDfK), c(RGDfK) was covalently coupled to the thiol group of a cysteine residue of
ntagCysC16. Image adapted from ‘Cell adhesion and proliferation on RGD-modified
recombinant spider silk proteins’ Wohlrab 2012.
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Antibiotic functionalisation has also been developed by
Harvey et al. by conjugating levofloxacin via copper catalysed
azide-alkyne cycloaddition (CuAAC) or ‘click chemistry’. Expressing
4RepCT in the methionine auxotrophic E. coli (DL41) to enable uptake of
unnatural amino acids, Harvey proceeded to conjugate the
broad-spectrum antibiotic to methionine analogue L-azidohomoalanine
(L-Aha). To demonstrate that the antibiotic had not just been absorbed
by the fibres, each fibre was washed intensely to ensure only covalently
conjugated antibiotic remained. Once washed, 4RepCT fibres were
transferred to zone-inhibition agar plates before exhibiting antimicrobial
activity for up to 5 days. The labile ester linker allowed the antibiotic to
be released to the surrounding environment over the course of the
experiment, demonstrating the potential for wound dressing applications
and as tissue regeneration scaffolds 3. As the name suggests, ‘click’
chemistry conjugation is an efficient, high yielding process, enabling the
conjugation of numerous antibiotic compounds with relative ease. The
flexibility of this conjugation method provides further applications if
incorporated into biomaterials. Unlike chemically synthesised materials
such as nylon, 4RepCT fibres can be functionalised with the conjugation
of medically relevant antibiotics whilst remaining non-toxic to
eukaryotes 8. The chemical modification approach investigated with
4RepCT ensured that repeated functionalisation could be possible even

after protein expression 106,

The role of silk in the application of wound healing has been
identified by many researchers. Both silkworm fibroin and native spider
silk have been investigated as a result of attractive biocompatibility in
the form of macrophagic cytokine release and recruitment of migrating
fibroblasts 1°7:198  Artificial skin alternatives for burn wound healing were
attempted with silkworm fibroin and native spider silk by
Gholipourmalekabadi and Liebsch, respectively. Gholipourmalekabadi
produced 3 dimensional bilayer of decellularised human amniotic
membrane and electrospun nanofibers from silk fibroin 7. Seeded with
adipose-tissue derived mesenchymal stem cells (MSCs),

Gholipourmalekabadi reported recruitment of inflammatory cells and
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upregulation of angiogenic factors such as vascular endothelial growth
factor and basic fibroblast growth factor as the wound returned to the
remodelling phase of repair 1%°, Unlike silkworm fibroin, native spider silk
induced minimal release of inflammatory cytokine release from
macrophages and neutrophil granulocytes. Critically for wound healing
the presence of spider silk encouraged the ingrowth of single capillaries
and migration of keratinocytes and fibroblasts, presenting itself as highly

biocompatible 18,

Use in wound healing has also been investigated with recombinant
silk or both silkworm and spider silk (4RepCT) 110113, By incorporating
cell binding motifs as fusion proteins or additional functionalised
attachments, recombinant silk structures can be used to develop
biocompatible skin substitutes, reproducing the basil membrane for cell
migration. This was investigated by Chouham et al. with silk scaffold
bilayers consisting of a keratinised epidermal layer fixed with bulk
silkworm scaffold material *°. While the functionalised 4RepCT layer
enabled cellular interaction, binding and proliferation, the inactive
silkworm base provided a strong and malleable base to be introduced
into the wound site 1%, Crucially, it is the ability to choose the function of
recombinant silk that highlights its flexibility of use as a biomaterial 11~
113 The breadth of this research mentioned in this summary is
summarised in Table 1. The potential of recombinant spider silk in
therapeutic use has been highlighted and the research into its medical

role will continue to develop.
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1.3 How polymers break down

1.3.1 Polymer degradation

Put simply, polymers are molecules of repeating units and are often
classified by their original material 411>, Understanding the internal
structure and properties of various polymers allows us to better predict
the properties of future polymeric materials. Whilst many naturally
occurring polymers can now be synthetically crafted, synthetic polymers
typically refers to materials from which their respective monomers were
produced through the petrochemical industry. Polymers in this family
include polypropylene (PP), polyvinylchloride (PVC), polybutadiene
(PBD), polysulfone (PES, PSU), polyetherketones (PEEK) and
polysiloxanes (silicones). Naturally occurring polymers include
deoxyribonucleic acid (DNA) and proteins as silk and hair that exhibit an
overall increase in mechanical performance compared to their monomeric
units 116, Naturally, the internal structure of these polymers influences

their subsequent breakdown and deterioration.

The process of natural fibre and polymer breakdown is often
regarded in three stages: biodeterioration, biofragmentation and
assimilation, illustrated in Figure 4 7. Although these stages do not
have to follow in order, all three are observed as a fibre degrades.
Biodeterioration refers to the change in mechanical, physical and
chemical properties that materials may undergo as a result of exposure
to abiotic factors such as compression, light, temperature and
chemicals 117:*18 Depending on the conditions and rate of deterioration,

this is sometimes paralleled with biofragmentation °,

Biofragmentation sees the beginning of the lytic process within the
polymer chains. Cleaving of the polymer bonds to generate oligomers
and monomers may be achieved by either abiotic factors or enzymatic
processing. Fragmentation is usually influenced by the presence or
absence of oxygen as microorganisms allow further enzymatic
degradation to take place !'°. A lack of oxygen forces anaerobic
degradation, releasing methane as a by-product in addition to carbon

dioxide, water and new biomass. As a result, anaerobic biofragmentation
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is often slower but more thorough than aerobic degradation where no

methane is produced 29,

[ Other Dead biomass
decc?mpo.sers Biodegradable B|odeter|orat|on
Microbial materials
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Hydrolytic }
Mineralisation ] Depolymerlsatlon

Released
organics

Oligomers

[ Growth and
Monomers

development Soil ]
microorganisms |

Figure 4. Polymer biodegradation diagram illustrating the complex pathways that
polymers undertake in the process of biodegradation. Image recreated from ‘Polymer
degradation: Mechanisms and estimation techniques’, Lucas 2008.

Assimilation describes the process of by-products of the original
polymer being taken up into surrounding cells. For smaller chemical
products this process can be achieved using membrane carriers while
larger material undergoes further biotransformation reactions to reduce
the size of waste products to allow cellular assimilation 7. Once inside,
many chemicals enter catabolic pathways to be used in the production of
adenosine triphosphate (ATP) or become integral to cell structure. The
rate of biodegradation varies greatly between materials, although nearly
all chemical compounds will biodegrade with enough time, often relying
on the accumulation of bioavailability to allow significant degradation to

take place 118,

Natural molecules such as protein and hydrolysable starch can also
be included to increase the rate of synthetic polymers breakdown 121, The
presence of enzymes within the cell and organism, causes the natural
material to degrade first, increasing the available surface area for further
biofragmentation. Utilising the cell’s need to repair and grow, materials
can be designed to integrate protein fibres within their structures. Using

the high processivity of bacterial proteases, the materials are degraded
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faster than the synthetic material would be alone. Cellulose is often
combined with synthetic compounds like acetate or nitrate to give highly

biodegradable materials.

However, the presence of proteolytic enzymes within the body can
cause issues for the medical profession 122. A break in the protective
barrier of skin, whether by the surgeon’s knife or by trauma, causes an
immediate immunological response by the host organism 23, During this
time, the expressed levels of proteases increased rapidly to remove
broken and damaged tissue and to allow repair of the new ECM. Materials
introduced into the wound site are immediately surrounded by highly
processive proteases. These proteases often have a broader range of
substrates than typical cellular proteases as they are required to degrade
multiple different objects. As a result, proteinaceous materials introduced
by surgeons often undergo severe degradation, reducing their medical

effectiveness and increasing their cost.

For this reason, it is important to first attempt to understand the
wound environment and allow it to influence the way we design our
materials %2, Similar to biodegradation of synthetic materials, medical
textiles undergo the same three stages of breakdown namely:
biodeterioration, biofragmentation and assimilation or waste product

release.

1.3.2 Natural polymer degradation

Collagen
The most prominent protein component of animal connective tissues is

that of collagen 24, Composed of approximately 33% glycine, 25%
proline and 25% hydroxyproline, collagen polypeptides form triple helices
as large as 300 kDa and 300 nm in length 25, In addition to connective
tissues, collagen is also present in the ECM, alongside other fibrous
proteins such as fibrinogen, to produce the basal membrane, facilitating

cell migration and remodelling 124,

The ability to be enzymatically degraded has given rise to interest
in using collagen as a biodegradable biomaterial. A number of studies

have identified the degradation behaviour of the protein in the presence
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of specific collagenases and metalloproteinases 12°-128, The degradation
rate of collagen can also be prolonged by chemical or enzymatic
crosslinking, shown by Rothamel et al. when five different collagens with
different crosslinking were degraded in vivo over a course of 24 week
healing period 1?7, Rothamel reported a decrease in biodegradation and
vascularisation in the presence of glutaraldehyde cross-linked collagen

compared to non-cross-linked porcine collagen type I and type III 1?7,

The tuneable degradation exhibited by collagen coupled with its
ability to be functionalised and cross-linked makes it an attractive tool in
sustained drug delivery and tissue engineering. Many biomaterials have
been developed that utilise the protein’s excellent biocompatibility and
are currently in or have recently passed FDA clinical trials %>, These uses
include skin substitutes such as Integra® Dermal Regeneration Template,
Biobrane® and Alloderm® 129130 ECM replacements such as TransCyte®
125 and wound dressings for use in chronic wounds such as Orcel® and
Apligraf® 131,

Unfortunately collagen-based materials are limited by mild
immunogenicity that is produced from the release of its terminal regions
and antigenic regions within its triple helix as a result of being animal-
derived 12>, Therefore much investigation is currently ongoing to develop
recombinant human collagen to overcome this limitation 132,

Cellulose

The plant-derived cellulose protein may provide a solution to the
immunogenicity caused by animal-derived proteins. Cellulose is a
polysaccharide made up of repeating units of cellobiose, illustrated in

Schematic 3.

Insoluble and crystalline in all organic solvents, cellulose must be
first transformed before it is processable '33. Once processed however,
cellulose-associated products are biodegradable through enzymatic
oxidation by fungal oxidases and bacteria 34135, By increasing the
number of hydroxyl groups within each repeating unit ethers, ester and
acetal derivatives are possible. From these, many cellulose-based

polymers have been produced, Tenite® (Eastman, USA), Bioceta®
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(Mazzuchelli, Italy), Fasal® (IFA, Austria) and Natureflx® (UCB, Germany)

to name a few 124,

cellobiose

Schematic 3. Cellobiose, the monomeric unit of cellulose can be hydrolysed
enzymatically or in the presence of acid to form two glucose molecules.

Cellulose acetate (CA) is amongst the most common
cellulose-derivative, with strength similar to that of polystyrene. CA is
used in a variety of consumer products such as textiles, cigarette filters
and plastic films. Its biodegradability was assessed by Puls et al.,
investigating its biological, chemical and photochemical degradation
mechanisms 136, Puls reports that CA must undergo deacetylation before
the polymer backbone undergoes rapid and significant breakdown in the
presence of enzymes or chemical hydrolysis 13¢. However, it is still
unclear how cellulose-derived biomaterials would function in complex
wound environments.

Fibrin and fibrinogen

Other natural polymers include fibrinogen and its derived protein fibrin as
well as keratin and B-amyloid fibrils. Similar to collagen, fibrin is involved
in natural blood clotting after cleavage by the protease thrombin 124,
Composed of three pairs of polypeptide chains, the 360 kDa protein
forms fibrin clots that are subsequently degraded by additional thrombin

proteolysis 37,
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Due to its excellent biocompatibility, biodegradability and ability to
be injected, fibrin was one of the earliest biopolymers used in
biomaterials 1?4138, Developed as a sealant, fibrin was used as a
haemostasis and tissue sealant for surgery. Growth factors have also
been incorporated into fibrin matrices, enabling prolonged release over
time 13°, Products have also been developed to aid the recovery of
chronic wounds. Bioseeds® is a fibrin-based treatment that utilises a
combination of keratinocytes and fibrin to allow remodelling of the lost
ECM 140, Fibrin has also been shown to undergo degradation in the
presence of some bacterial proteases, namely two cysteine proteases
from Staphylococcus aureus which cleaved the C-terminus of fibrin while

also displaying collagenase activity 41.

Not all biopolymers readily undergo enzymatic proteolysis,
however. The predominant structural protein in hair, horns, nails and
feathers, keratin is resistant to most proteases. However, in the presence
of specific keratinases, keratin does undergo enzymatic proteolysis. The
strength of keratin resides in the repetitive a-helical structure,
maintained by multiple disulphide bridges. A report by Navone et al.
suggested that the degradation rate of keratin could be increased by
90% in the presence of reducing agents, disrupting the disulphide bond
formation within the proteins 42, The reduction of the disulphide bonds is
also the method utilised by two keratinolytic serine proteases isolated

from Stenotrophomonas sp. strain D1 in deer fur 43,

As extraction of keratin from natural sources requires harsh
chemical treatment, much interest has been had in enzymatic extraction
techniques 44-146, However, the limited enzymes with high efficiency with

diverse substrates prevents commercialisation 1%/,
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1.4 Acute and chronic wound environments

1.4.1 Acute wound site behaviour

During normal or acute wound healing, the surrounding tissue responds
in a balanced and controlled process, during which many cellular
activities are conducted. These include phagocytosis, chemotaxis,
mitogenesis, collagen synthesis and the synthesis of other ECM
components. These processes are grouped into four well defined stages:
haemostasis, inflammation, proliferation and remodelling to return the

tissue to its normal anatomical structure, illustrated in Figure 5 148149,

Tissue damage

!

Haemostasis

Acute inflammation
/ 24 - 48 hrs, up to 2 weeks\

Neutrophils Macrophages
—— p—— \/ : \___‘

Secretion of proteases = Debridement/cleaning 4-}— Clearance of infection
1

(including elastase)
1
¥

Secretion of cytokines
and growth factors

Cellular proliferation (including
—> fibroblasts, endothelial cells

and keratinocytes

I
h 4

Epithelialisation, matrix deposition, ¢ Secretion of
angiogenesis, remodelling MMPs/TIMPs

Figure 5. Following initial tissue injury, haemostasis occurs resulting a fibrin clot formation.
Inflammation then proceeds and leads to debridement and cleaning of the wound area
before cellular proliferation and migration. Macrophages and neutrophils act to further
debride and clean the wound area by removing contaminating microorganism and foreign
material. Proteases aid in the remodelling of the ECM. ECM deposition and degradation are
delicately balanced by maintaining the secretion of both MMPs and their TIMPs. Image
recreated from ‘Proteases and Delayed wound healing’ McCarty and Percival, 2012.
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When designing biomaterials involved in wound repair, the
evolving environment of wound conditions must be taken into
consideration. Understanding the complexities of these processes allows
researchers to design effective tools whilst reducing the likelihood of
serious side effects, as seen in Figure 6 1°%!>!, This is especially
important where loss of material could result in life-threatening
complications such as thrombus or stroke 2. After wound healing
however, the role of the implant may become superfluous, at which point
the material may be designed to undergo predictable degradation into
harmless by-products at a controlled rate. As a result, it is increasingly
common for biomaterials to be left inside a patient to reduce the need for

a further operation and risking wound recovery complications.

Debridement Superficial
Surgical, bio-surgical, mechanical, [ WOUND I Gauze + cover, topical drug (spray,
autolytic, chemical and enzymatic ointment etc), films, thin hydrogel
More than dressings, decellularised matrices
3 months

Deep
N?c E_[ CHRONIC WOUND ] Hydrogel dressings + second dressing
tiss (films, tapes etc)

Infection? Il No | Exudate? | Non/low [ DRY CHRONIC
G—— WOUND

Superficial Moderate/Large
Topical antibiotics/antiseptics, Superficial
antibiotic/antiseptic loaded WET CHRONIC Thin biopolymeric porous
dressings WOUND scaffolds, decellularised
metrices, nanofiber meshes
Deep
Debridement, evaluation Deep

for systemic antibjotic High-absorbent biopolymeric porous
administration scaffolds, nanofiber meshes + second

dressing (films, tapes etc.)

Figure 6. Wound assessment and dressing selection criteria. Image recreated from
Chronic wounds: Current status, available strategies and emerging therapeutic solutions’
Las Heras et al. 2020.

Considered a foreign body, the material will undergo granulation
as part of the natural wound inflammatory response 3154, During this
stage, platelet aggregation recruits granulocytes and polymorphonuclear
leucocytes (PMNLs). When present, PMNLs release a vast array of

degrading enzymes and free-radical species in an attempt to remove the

41



offending object. As the presence of bacteria is reduced, PMNLs are
replaced with macrophages as regulators of the wound healing process,
releasing cytokines and growth factors to recruit fibroblasts,
keratinocytes and endothelial cells 1°°. At this point, the surrounding
environment begins to be dismantled and rebuilt through the careful
expression and secretion of structural proteins such as collagen and
proteolytic MMPs. Biomaterials that have survived to this stage would
then allow fibroblast infiltration, integrating the non-self with self 11,
Controlled degradation at this point allows the resulting ECM to maintain
the local environment while the biomaterial is removed in the presence of

macrophages.

1.4.2 Pressure ulcers and chronic wounds

In chronic wounds, the process of healing is disrupted during one or
more of the four healing stages (haemostasis, inflammation, proliferation
or remodelling) *>1%¢, This is most common in the inflammatory or
proliferative phases due to the high level of cytokine and signalling
molecules present and interacting with each other, as shown in Figure 7.
Impaired healing can be contributed to a change in activity of one of
many ECM elements, such as growth factors, cytokines, proteases and
cellular elements. Wound healing can also be compromised in the
presence of oxidative damage or neuropathy of the tissue, preventing the
cells responsible for removing debris from reaching their targets, the
build-up of which further accelerates both oxidative damage and
neuropathy of the surround tissue. Diseases that result in the restriction
of mobility often lead to the development of chronic wounds as blood
flow becomes limited to the affected area, resulting in the death of the
tissue. Eventually, breakage in the skin leads to sores and the
development of severe pressure ulcers /-39, It is suspected that up to
15% of Type 2 diabetic sufferers may be affected. As a result, national
expenditure associated with chronic pressure ulcers for the year of 2012
was reported as £11.7 billion according to NHS England, increasing

annually 160-162,
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[ Tissue damage ]

!
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(eg. Repeated trauma, infection)
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Increased Increased
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J
- \
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Figure 7. Stages of chronic cutaneous wound development. After the initial tissue injury,
prolonged and augmented inflammatory response is caused by external stimuli, including
bacterial contamination and infection. This can lead to elevation of inflammatory cytokine
and protease release. As the deposition and degradation of the ECM is unbalanced, the
wound enters a state of chronicity. Figure recreated from ‘Protease and Delayed wound
healing’ McCarty and Percival 2012.

For many chronic wounds, the concentrations of matrix
metalloproteinases (MMPs) are sustained at an elevated level and
prevent wound closure 163164 Substrates of MMPs include the collagen
bundles, produced during the remodelling phase of acute wound healing.
In the presence of elevated MMPs however, the collagen is degraded
rapidly, preventing the wound from closing. In acute wound healing, the
formation of the new ECM allows an influx of migrating epithelial cells
and a reduction in MMP production. Paired with an increased release of
tissue inhibitors of metalloproteinases (TIMPs), the concentration of

active MMPs are further reduced.

TIMP release and expression is thought to be mediated by the
growth factor TGF-3. However, if the level of TGF-f is reduced, whether
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by elevated MMPs or lack of angiogenesis from poor circulation, the
release of essential TIMPs into the environment is reduced and wound
remodelling is slowed. This is especially problematic if the wound is in a
location on the body that poses a high risk of introducing infecting
bacteria. While invading bacteria may be removed by host macrophages,
the wound is returned to the inflammation phase of recovery, preventing
further wound remodelling and subsequent healing. As a result, the
repair of chronic wounds are unable to progress as the time required for
inflammation and remodelling phases allows bacteria to invade multiple

times and the elevated concentrations of MMPs is never reduced.

For biomaterials to function in these conditions, they must provide
solutions to these issues. The introduction of MMP target sites to an
implant material may act as a diluting effect at the wound site, allowing
adequate collagen synthesis to facilitate the migration of epithelial cells
and expression of TIMPs to reduce the MMP concentration. The presence
of materials with antibacterial properties could speed up the phase of
inflammation, in turn reducing the release of inflammatory cytokines,

enabling the subsequent recovery of the wound 11,165,

Chronic wounds are often characterised by high free iron
concentrations, a significant contributor to hyperactivation of MMP9 165, It
is possible that functionalising 4RepCT with an iron-chelating ligand
would reduce the free iron concentration, reducing the level of MMP9
activation and relieving the chronic wound environment. However, the
large quantity of chelates required to noticeably reduce the iron
concentration prevents silk from being utilised in this way. As a result,

this route was not explored further during the course of this project.

Critically, recombinant silks have the potential to be degraded by
host proteases present in the ECM 2°>1, However, before a silk-based
biomaterial can be manufactured, its degradation over time must be
investigated, specifically when subjected to proteases expressed at

chronic wound sites 149,163,167,
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1.4.3 Replication of wound conditions in vitro
If recombinant silks are to be incorporated into tissue engineering

scaffolds and accelerated wound healing scenarios, the performance of
these materials must be studied in representative physiological
conditions. Although previous work has been performed to recreate
accurate wound conditions, it is difficult to reproduce exact
concentrations of the relevant enzymes present in a wound. As
laboratory concentrations of enzymes are often in great excess of that
present biologically, in vivo studies would provide the most accurate data
regarding silk implant activity at an active wound site 18, However, in
vivo results are often complex to interpret, providing information on
every protein. To study individual enzymes, knockout mice are required,

increasing the expense of the investigation.

Two studies have taken different approaches when investigating
the degradation of recombinant silks in the presence of enzymes found at
sites of trauma. An in vitro study by Susanne Miller-Herrmann and
Thomas Scheibel attempted to recreate concentrations at normal and
wound conditions of various MMPs (MMP2, MMP8, MMP9, MMP13) and
PMN elastase in the presence of eADF4(C16) 72. Collagenase IA and
digestive enzyme Protease type XIV were also investigated to compare to
natural collagen breakdown as a positive control. To simulate a trauma
cascade response, the enzyme concentration was increased by around
five times its resting value for its ‘wound value’ (total enzyme mass was
increased from 351 ng/ml to 1050 ng/ml). Mdller-Herrmann and Scheibel
agree that although the concentrations were in excess of realistic wound
conditions, the elevated protein was essential for quantifiable data 69179,
As a result, their data should be treated with caution. Each enzyme was
also investigated in isolation, unlike the environment found at a wound
site. Despite this, Mlller-Herrmann and Scheibel observed that
eADF4(C16) showed no degradation when exposed to MMP8 or MMP9,
whilst complete degradation was noticed when introduced to MMP2 and
PMN elastase overnight. Miller-Herrmann and Scheibel also proposed the
introduction of MMP9 active sites into the recombinant silk’s peptide
sequence, increasing the rate of protein degradation. Interestingly, a

35 kDa intermediate was observed after MMP2 and PMN elastase mixture
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degradation but was subsequently degraded when exposed to

Protease XIV suggesting that eADF(C16) was suspectable to digestive
protease degradation. This is thought to occur because some spiders
consume their own silk during repair, resulting in rapid breakdown when

exposed to Protease XIV 72171,

In comparison, Camilla Fredriksson et al. investigated the
degradation of 4RepCT in vivo, by observing the histological changes in
tissue surrounding recombinant silk implants in rats as shown in
Figure 8 °°. Degradation was analysed seven days after implantation,
revealing little to no increased immune response, whilst the implant itself
appeared intact of proteolytic degradation. Fredriksson compared six
different implants, each with different preparation steps, a commercial
degummed silkworm silk implant (Mersilk™) as a positive control and
‘sham’ cut as a negative control. Histological results were compared to
that of a normal injury and foreign body response, concluding that no
significant increase in leukocyte activity could be observed, a typical
indication of aggravated immune response. At a macroscopic evaluation,
a third of the implants showed slight reddening, although two of these
were later associated with small capillary haemorrhage. A second
histological evaluation suggested that partial degradation of the 4RepCT
fibres had occurred, indicated by the increase of multinucleated giant
cells displaying fibre remnants. Throughout all implants, fibroblast-like
elongated cells were seen in close proximity to the implants indicating
that fibroblast infiltration had occurred. Interestingly, Mersilk™ fibres did
not appear to have undergone degradation, occupying less space in the
tissue. However, the surrounding fibrotic capsule (indicating an
aggregation of macrophage cells) was denser for the Mersilk™ implant,

whilst newly formed capillaries were clearly visible for 4RepCT.

Fredricksson goes on to suggest that silk fibres may encourage
angiogenesis as new capillary formation was observed surrounding all
4RepCT implants. If controlled, angiogenesis is a favourable property in
tissue engineering, ensuring a constant supply of oxygen, nutrients and

biochemical cues to the growing cells. The ability to stimulate
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angiogenesis without amplifying inflammation is essential for successful
wound healing. This demonstrated that 4RepCT was therefore superior to
Mersilk™ in supporting and promoting physiological fibroblast and

angioblast migration and growth.

Fredricksson, 2009

Figure 8. Microscopic appearances of implants. The Mersilk™ implant from rat no. 3 is
shown in (a), (c) and (e). 4RepCT fibre implants are shown in (b), (d) and (f) (C3 from
rat no. 2), and in (g) and (h) (C2 from rat no. 2). Scale bars are 100 um in a-g, and 10
um in h. (a) A fibrous capsule surrounds bundles of regular refringent fibres of the
Mersilk™ implant. (b) A polar infiltrate surrounds the 4RepCT implant, where one side
evokes practically no response, at the bottom of the figure, while the opposite side, in the
upper part of the figure, shows a moderate foreign body reaction with macrophages and
multinucleated giant cells. (c) Capillaries are present in the fibrous capsule surrounding
Mersilk™ (*). Inside of the capsule, cells have populated the implant. (d) The side of the
4RepCT that evokes almost no inflammatory response is shown. The location of the
4RepCT implant is indicated by a double edged arrow. (e) The reaction in close contact
with the Mersilk™ implant displays macrophages (arrows) and multinucleated giant cells
(#). (f) The side of the 4RepCT implant that evokes a moderate foreign body response is
shown. The cell reaction adjacent the 4RepCT implant exhibit macrophages (arrows) and
multinucleated giant cells (#). (g) The centre of a 4RepCT fibre bundle displays delicate
septae with elongated cells, resembling fibroblasts, angioblasts and newly formed
capillaries. The square box (magnified in h) encloses capillaries in the 4RepCT fibre
bundle. (h) Magnification of square box in (g) shows erythrocytes in the lumen of tubular
structures indicating capillaries present (and newly developed) in the centre of a 4RepCT
fibre bundle. Image taken from 'Tissue response to subcutaneously implanted
recombinant spider silk: An In vivo study’, Fredricksson et al. 2009.
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1.5 ECM proteases
The ECM is comprised of numerous structural proteins, growth factors

and matrix remodelling proteases. These components work in balance to
grow, replace and repair the surrounding environment for cell migration
and to enable cytokine signalling. As the composition of the ECM is tissue
specific, biomaterials must be investigated in a variety of different
environments and enzyme concentrations. For the purpose of this study,
MMP2, MMP9 were used to reflect the overexpression of gelatinases
observed in chronic wound environments. As these enzymes are highly
cited in the literature, reliable proteomic data for each enzymatic

degradation profile could be utilised 164172173,

1.5.1 Serine proteases
Serine proteases are a super-family of endopeptidases, so called because

they utilise a serine residue within their active site. Found ubiquitously
across both eukaryotes and prokaryotes, they are categorised by
structure being either chymotrypsin-like or subtilisin-like. In addition to
extracellular remodelling, they also contribute to digestion, immune
response and blood coagulation. Serine proteases have a distinct
structure, consisting of two B-barrel domains that converge towards the
catalytic active site. These proteases can also be categorised by
substrate specificity as trypsin-like, chymotrypsin-like, thrombin-like,
elastase-like and subtilisin-like. Despite the various substrate
specificities, the catalytic mechanism and catalytic triad (His57, Ser195

and Asp102) remains similar regardless.

a-Chymotrypsin is a digestive enzyme found in pancreatic juice
and duodenum. It utilises its serine proteases activity to breakdown
proteins and polypeptides on the carboxyl side of relatively large
aromatic residues such as tyrosine, phenylalanine and tryptophan 174,
The large side chains fit into the specificity pocket of chymotrypsin and
provides the enzyme’s substrate specificity. Chymotrypsin is also capable
of hydrolysing other peptide bonds such as leucine and methionine, but
at a slower rate. Although not present at wound sites, investigations into

4RepCT degradation by high-specificity a-chymotrypsin would serve as a
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comparison to previous studies by Brown et al. with silkworm silk

films 84,

1.5.2 Catalytic mechanism
Located at the active site of the enzyme, the catalytic triad consisting of

His57, Ser195 and Asp102 residues, serves to activate, stabilise, and
cleave the incoming substrate peptide. As the substrate peptide comes
into proximity with the enzyme, an ordered 'ping-pong’ mechanism takes
place to generate a series of unstable intermediates and final cleavage

product, shown in Scheme 1.
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Scheme 1. Catalytic ‘ping pong’ mechanism of serine proteases. Image recreated from
‘Serine Protease Mechanism and Specificity’, Hedstrom 2002.
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By use of a nucleophilic serine (5§195) and tautomeric histidine
(H57), two tetrahedral intermediates are produced in the process of
peptide backbone cleavage. The movement of electrons to and from the
carbonyl oxygen double bond earns its name ‘ping-pong’. The imidazole
ring of the histidine is maintained in its tautomeric state by hydrogen
bonding with the aspartate (A102), enabling the histidine to accept an

additional hydrogen from the -OH of the serine 7>.

1.5.3 MMPs

MMPs are classified as calcium-dependent zinc-containing
endopeptidases. The majority of MMPs can be divided into four main
groups: the collagenases, stromelysins, gelatinases and membrane-type
MMPs (MT-MMPs) and refer to the substrate specificity of the enzymes.
Shown in Figure 9, MMPs are expressed as inactive zymogens before
catalytic cleavage of the inhibiting pro-domain is signalled by the release
of activating proteases at the onset of wound repair 1#°. MMP2
(gelatinase A) is also involved in the controlled breakdown of the ECM in

normal physiological processes.
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Figure 9. The simplified domain structure of MMPs involved in cutaneous wound healing.
The upper image represents simple hemopexin domain-containing MMPs (collagenases and
stromelysins). The lower image represents gelatinases (MMPs and MMP9). All MMPs consist
of a signal peptide (SP) and are expressed as a zymogen to prevent catalytic activity in
the presence of a pro-domain (Pro). Catalytic activity is carried out in the catalytic domain,
utilising zinc-binding site and hemopexin-like C terminal domains. The hemopexin-like
domain consists of four repeated subunits and is connected by a disulphide bridge. The
hemopexin-like C terminal and catalytic domains are connected by a hinge region. Three
fibronectin type II repeats (FN) within the catalytic domain differentiates gelatinases from
the rest of the MMP family. Figure recreated from ‘Proteases and Delayed wound healing’
McCarty & Percival 2012.
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Like many MMPs, MMP2 requires proteolytic processing before it is
activated. Activation occurs at the cell surface membrane by the
membrane-bound MMP1 (MT-MM1) and a MMP2-tissue inhibitor. MMP2 is
also activated in the presence of integrin clustering, indicating that cell
migration may be about to take place. Like other MMPs, MMP2 cleaves at
specific glycine residues, specifically: X-Gly-Ile, X-Gly-Leu, X-Gly-Val, X-
Gly-Phe, X-Gly-Asn and X-Gly-Ser where X is any neutral amino acid
176,177 The recognition sequence of MMP9 has been constructed from
cleavage alignments from a vast array of substrate proteins 178182, From
the substrate libraries produced by the literature, three subsets of target
sequences were compiled. The broadest contained a P-X-X-Hy-(Ser/Thr)
motif (where X is any residue and Hy is a hydrophobic residue) in
positions P3 — P2 18, This motif is recognised by many MMPs and is
thought to resemble that of structural collagen. The second substrate
group contained G-L-(K/R) motif at P1 - P2 183, Interestingly, the third
set of substrates is unique as it consists of Arg residues in both P1 and
P2 of the hexamer sequence. Together, these sequences can be
combined to produce substrate profiles that can be applied to known

peptide sequences to allow accurate predictions of protein cleavage.

Illustrated in Schematic 4, the MMP reaction mechanism occurs
when a catalytic water molecule is strongly polarized by the negatively
charged Glul116 residue, enabling the positively charged zinc cation to
act as a nucleophile. This then attacks the carbonyl carbon of the scissile
bond in the substrate. The Glu116 side chain then accepts a proton from
the water molecule to transfer it to the scissile-bond nitrogen atom.
Finally, the peptide C-N bond in the substrate is cleaved. The role of
Glul116 was found to be critical in facilitating this reaction, as replacing it

for an Ala removed the protease activity 184185,
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Schematic 4. General features of the proposed metalloprotease reaction mechanism.
Image recreated from ‘Mechanism of Proteolysis in Matrix Metalloproteinase-2 Revealed
by QM/MM Modeling’ Vasilevskaya, 2015.

1.5.4 Introduction of MMP target sequences into 4RepCT

In the literature, multiple MMP target sequences have been determined
by heat mapping which provided a library of possible substrate
sequences that individual MMPs recognised 172173, 4RepCT’s primary
amino acid sequence was then screened for any pre-existing substrate
sequences in addition to any that could be accessed within one or two
point mutations. However, conservation within the a-helical C-terminus
restricted the number of viable mutation sites, avoiding amino acids that
were thought to facilitate soluble expression and function 4>:186:187 Ag 3
result, this novel approach granted new insight into the potential

biocompatible properties of 4RepCT as a biomaterial.
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As the complex environment within the ECM is difficult to replicate
in vitro, it is therefore necessary to produce isolated 'snapshots’ of
protein behaviour when degraded in specific proteases. With this in mind,
profiles of predicted enzymatic coverage of 4RepCT can be produced to

better understand the protein’s degradation behaviour.

If synthetic spidroins are to be used for functional tissue
engineering, their functional life and subsequent rate of deterioration
must be determined and controlled %4188, While the introduction of MMP
target sequences into the spidroin amino acid sequence may increase the
rate of degradation, mutating the sequence may disrupt the material’s
biocompatibility or disrupt spidroin folding and prevent polymerisation
and fibre formation. For this reason, mutations should be located within
the repetitive domains of the sequence ensuring the conserved non-
repetitive domains (NRDs) are not disturbed. Miller-Herrmann and
Scheibel suggested introduction of specific MMP9 target sequences to
achieve controllable degradation 72. MMP9, also known as gelatinase B, is
expressed in leukocytes, macrophages, osteoclasts and other cell types
present in the surrounding wound environment &, Gelatinase B cleaves
collagen type I, II and III after triple helices at the target sequence
G/PA/-/G#L/-/G/- 47. The selective introduction of MMP9 cleavage sites
into 4RepCT or eADF4(C16) by site-directed mutagenesis could allow the

degradation of implants to be controlled, reducing the time of recovery.

1.5.5 Summarising developments to improve silk-based
biomaterials

While spider silk has begun to be incorporated into many medical
procedures and roles, there remains the ever-constant need to improve
the tools that are produced using this unique material. For this to
happen, the concept of ‘improvement’ must be considered for each
application, of which there may be several. Some aspects of
improvement may be similar for all applications, such as maintaining (or
further improving) desired physical properties, host responses, material
use and reducing the price of manufacture. However, the design of

biomaterials located within the ECM scaffolds must also consider how the
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biomaterial’s behaviour might be improved during breakdown in varying
environmental conditions.

For use in chronic wounds, the biomaterial should act to return the
host environment to that of an acute wound environment. At this point,
the multiple entities involved in wound repair would be balanced and
appropriate feedback within the system could be re-established. Once
achieved, the implant should undergo eventual breakdown and
assimilation into the surrounding cells. One advantage of using
proteinaceous material is that it can be degraded by proteases within the
wound environment and ECM.

By engineering a biomaterial such as 4RepCT with these
properties, it provides a platform that can be utilised for further tuneable
properties. In the development of ever-improved tissue scaffolds, the
opportunity for functionalised silk-inspired biomaterials with predictable

degradation rates may be achievable soon.
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2. General Methods
2.1 MASP sequence alignments

2.1.1 Gathering sequence data

Both MASP 1 coding gene sequences and subsequent translations were
collected from GenBank® database
(https://www.ncbi.nlm.nih.gov/genbank/) and compiled using
Notepad++. Only MASP1 sequences were collected and included entries
from the arachnid genera Argiope, Araneus, Cyrtophora, Dolomedes,

Euprosthenops and Nephila.

2.1.2 Aligning multiple sequences

Gathered sequences were first aligned using an online MAFFT algorithm
against sequences of the same species to identify amino termini,
carboxyl termini and repetitive regions %, All alignments were viewed
using JalView 2.11.0 and identified variation within spidroin termini
within a single species °!. A single consensus sequence was produced for
each species spidroin termini and used for subsequent in silico
investigations. Accession numbers are recorded in descending order in

the respective images.

2.1.3 In silico analysis of natural and recombinant spidroins
Proteolytic target sequences for MMP2 and MMP9 were gathered from the
literature and compiled to produce series of six amino acid sequences
that were expected to be cleaved by active MMP2 and MMP9 172,173,192,
These sequences were then cross examined against the protein
sequences of natural spidroin termini and TRX_4RepCT. Amino acid
residues that matched these target sequences across the cleavage point
were identified and highlighted to match the number of residues that the
cleavage site contained. To better identify protein sequences that
contained a higher coverage of proteolytic sites, the highlighted regions

were scored with increasing weighting towards 6-residue sequences.

The protein sequences were also submitted to the online prediction
software PROSPER to identify expected cleavage sites, complimenting the

manually conducted in silico studies.
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2.2 Preparation of enzyme solutions

a-Chymotrypsin

The assay concentration of a-chymotrypsin (Type II, bovine pancreas,
Sigma Aldrich) was prepared in line with a method developed by Brown
et al., dissolving the enzyme powder in dH,O with an activity of 40
units/mg protein 84,

Human neutrophil elastase (ELNE)

The activity of human neutrophil elastase was determined by FRET
fluorescence spectroscopy using an Amplite universal fluorometric
protease activity kit at Ex/Em = 490/525 nm. ELNE activity
(20 pmol/min/mg protein) was corrected to 160 RFU! as suggested by
Brown et al. to give comparable results 8 until concentrations were

reduced 34 nM to reflect concentrations observed in vivo 193.

2.2.1 Activating MMPs

Recombinant inactive MMP2 (gelatinase A, CHO-derived human MMP2
protein, specific activity >1000 pmol/min/ug protein) and MMP9
(gelatinase B, CHO-derived human MMP9 protein, specific activity
>1300 pmol/min/pg protein) were purchased from RnD systems
(Bio-techne, Minneapolis, MN) and activated as instructed upon
purchase. MMPs were resuspended to 100 pM in TCNB buffer

(50 mM Tris, 10 mM CaClz, 150 mM NaCl, 0.05% (v/v) Brij 35, pH 7.5)
and activated in the presence of 1 yM APMA (4-aminophenylmercuronic
acetate, Merck). MMP2 was incubated at 37 °C for 1 hour while MMP9
was incubated for 24 hours before both were diluted to a stock
concentration (563 uM MMP2, 251 uM MMP9). Aliquots of 10 uL were
prepared at this concentration to reduce the need for repeated freeze-
thaw cycles. All aliquots were flash frozen in liquid nitrogen and stored at
-80 °C until needed. When diluted to a final volume of 0.5 mL, the final
MMP concentration was 10% that reported by Ladwig et al. at 800 nM
MMP2 and 450 nM MMP9 respectively 164,
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2.2.2 Zymography

To confirm MMP activity, both MMP2 and MMP9 were analysed by gelatin
zymography. A protein concentration curve was produced at
concentrations of 500, 1000, 2000, 5000, 10000 and 15000 ng/mL were

produced by serial dilution in TNCB buffer used to activate the proteases.

Pre-made 10% gelatin zymography gels (Invitrogen™ Novex™,
Cat #ZY00100BOX) were prepared and run for 90 min at 125 V in
1X Tris-Glycine SDS Running Buffer (Invitrogen™ Novex™, LC2675) as
per kit instructions. Once run, gels were rinsed with dH,0 and transferred
to 100 mL 1X renaturing buffer (Invitrogen™ Novex™, LC2670) for
60 min at room temperature with gentle agitation. The gels were then
transferred into 100 mL 1X developing buffer (Invitrogen™ Novex™,
LC2671) and incubated for 30 min at room temperature with further

agitation before being transferred to a static 37 °C incubator for 24 hrs.

At this point, the buffer was removed, and the gel was stained for
72 hr in the presence of sufficient GelCode Blue Safe Protein Stain
reagent. All gels were imaged using a UV transilluminator (G:Box,

Syngene Geneflow).

2.3 Silk reeling of spiders for light microscopy

Dragline silk was directly reeled from adult female Argiope trifasciata,
Cyrtophora citricola, Dolomedes fimbriatus, Nephila madagascarensis and
Pisaura mirabilis. Spiders were encouraged to move along a corrugated
cardboard ‘walker’ behind which the spiders would leave dragline silk.
This silk was carefully wound directly onto the microscope slide. If
spiders refused to walk along the apparatus, they were handled carefully,
allowing them to descend from the handler and producing the dragline
silk behind it. This silk was also wound directly onto the microscope slide
before the spiders were returned to their tanks and webs. As no silk
could be reeled from an adult female Pholcus phalangioides, dragline silk

was collected directly from a freshly formed web.
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2.4 Enzymatic degradation of natural silk fibres

To ensure protease solution remained on the silk fibres, rings of silicon
grease were applied directly to the microscope slides. Slides were imaged
with a white light gel transilluminator to produce a map of the individual
ring locations as seen in Appendix 8.1. Protease solutions were diluted
to assay concentrations (see Table 4) before 50 pL of each protease
solution was placed in each grease ring. The microscope slides were then
transferred carefully to a storage container that contained a wetted cloth
to maintain humidity throughout the incubation period. The slides were
then incubated at room temperature for one week before being analysed

by bright field and birefringence microscopy.

2.5 Bright field and birefringence microscopy of natural silk
Natural fibres were imaged with both bright field and birefringence
objectives at 100X magnification with oil immersion using a Zeiss
Axioplan light microscope at 3200K light intensity with tungsten light
source. Birefringence images were captured with samples at 45° to the
light source to enable maximum visualisation. Images were captured and
processed using the Imagel to correct white balance and produce
appropriate scale bars. As the natural fibres were observed at very high
magnification, dark field microscopy images were not captured. The
method used to capture microscopy images of recombinant silk fibres is
described in Methods 2.18.

2.6 In silico mapping of MMP and protease target sites

The specific target sequences of all proteases determined by the
literature before they were compared to the amino acid sequence of
4RepCT, specifically those of chymotrypsin, neutrophil elastase and MMPs
1,2,3,7,8,9,10, 11, 12 and 13. As with the natural spidroin analysis,
target sequences that crossed the P1’ and P1 cleavage point were
highlighted and scored accordingly. As described earlier, the scores were
weighted to reflect the number of residues contained within a particular

target sequence and subsequent expected proteolytic degradation.
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2.7 Preparing electrocompetent E. coli

Under ultra-sterile conditions, overnight cultures of ‘empty’ E. coli
(XL1-blue, DL41, Neb5a and BL21) were prepared in 5 mL LB.
Tetracycline was added to the XL1-blue cultures to 10 ug/mL to take
advantage of its natural resistance to the antibiotic. Overnight cultures
first incubated at 37 °C for 15 hrs with agitation at 180 rpm before they
were added to 500 mL sterile LB. Tetracycline was again added to a final
concentration of 10 ug/mL and incubated at 37 °C with agitation at

200 rpm until the cell density reached an OD of 0.7. At this point cell
growth was halted by incubation at 4 °C for 30 min. The volume was
then divided into previously autoclaved and chilled 500 mL Oakridge
bottles and centrifuged for 17 min at 3500 x g at 10°C. The resulting
pellets were resuspended in 100 mL chilled dH,0 each and recombined
before being centrifuged at 4500 x g for a further 12 min at 10 °C. This
process was repeated six times before the pellet was twice resuspended
in 100 mL dH;0 and centrifuged as before. After a total of 1400 mL dH,O
wash, the pellet was resuspended in 20 mL H;O, centrifuged and finally
resuspended in 5 mL 30% v/v glycerol, aliquoted into 80 pL and flash

frozen in liquid nitrogen before being stored at -80 °C until use.

Electrocompetent DL41, Neb5a and BL21 E. coli were grown in the
same manner without the addition of the antibiotic tetracycline. For all
future antibiotic inoculations, kanamycin and ampicillin were introduced

at final concentrations of 50 pg/mL and 100 pg/mL, respectively.

2.8 E. coli transformation by electroporation

Electrocompetent E. coli (XL1b, DL41) were transformed by
electroporation with a pJExpress401 plasmid vector containing
kanamycin selection marker, lac operon, T5 promoter and terminator and
inserted 4RepCT sequence using a Micropulser, (BioRad) at 2500 V in

0.2 cm electroporation cuvettes (Flowgen Bioscience). T7 controlled cells
(BL21 DE3, Rosetta 2011) were transformed with a pET22b (+) plasmid
vector containing ampicillin selection marker. Newly transformed cells

were then incubated in 1 mL LB broth at 37 °C with agitation at 180 rpm
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for 1 hr before 50 uL were plated onto appropriately selective LB agar
plates and incubated for 15 hrs at 37 °C in a static plate incubator (WTC
binder, gepriifte Sicherheit) until single colony growth was seen. The

plate was then sealed with parafilm and stored at 4 °C until future use.

Both pJExpress401 and pET22b(+) plasmids was isolated by
plasmid preparation using a Monarch Plasmid Miniprep kit (NEB) and
eluted in 30-40 pL of nuclease-free H,O. Plasmid quantity was
determined by nano-spectroscopy (ND-1000 Spectrophotometer, Labtech
international). All plasmid constructs were extracted by this method and

stored at -20 °C for future use.

2.9 Glycerol stocks of TRX_4RepCT

Appropriately selective LB agar plates were streaked with previously
transformed E. coli (DL41, BL21, XL1b or Neb5a) and incubated at 37 °C
overnight in a static plate incubator. An overnight culture containing

5 mL LB and antibiotic of choice was prepared under sterile conditions
with a single colony of expression (DL41 and BL21) or storage (XL1b and
Neb5a) strain E. coli and stored in 25% glycerol at -80 °C
(MDF-DU700VH-PE Ultra-low temperature freezer, Panasonic).

2.10 Recombinant expression of TRX_4RepCT in LB media
Overnight cultures were grown as described and used to inoculate a
sterile 1L solution of LB at 2% concentration. Prepared with dH,O, the LB
solution sterilised by autoclave (Ensign floor autoclave, Rodwell) at

120 °C for 20 min prior to inoculation.

1L broth was inoculated by an overnight culture supplemented
with antibiotic under sterile conditions before being incubated at 37 °C
until the optical density (OD600), analysed by spectrophotometry
(UV1101, Biotech Photometer, WPA), reached log phase (0.7 - 1).
Protein expression was induced by addition of IPTG to 1 mM and
incubated with shaking at 180 rpm for 15 hrs at 20 °C. Once expressed,

the cell suspension was centrifuged at 4,500 x g and supernatant
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discarded. The pellet was re-suspended in 15 mL/L binding buffer
('Buffer A’, 20 mM Tris, 300 mM NaCl, 15 mM imidazole, pH 7.5) and

stored at -80 °C until further lysis and purification.

Cell suspensions were lysed by sonication (MSE Soniprep 150) at
15 uym amplitude for 30 second bursts, followed by 30 second rest
intervals for a total of 10 minutes at 4 °C. Bacterial lysate was then
centrifuged at 35000 x g for 30 min at 4 °C. The soluble fraction was
collected and loaded onto a pre-equilibrated Ni?* affinity column (Hi-Trap
Chelating HP, GE) by peristaltic pump (Econo pump, BioRad) at room
temperature at a speed of 3 mL/min. Once loaded, the affinity column
was transferred to an AKTApure or AKTAstart for purification using
Buffer A and Elution buffer ('‘Buffer B’, 20 mM Tris, 300 mM NaCl,
700 mM imidazole, pH 7.5). The presence of protein was determined by
UV absorption at 280 nm. During preliminary purifications all wash and
elution steps were collected in 4 mL fractions. This is was altered to
10 mL and 5 mL fractions for the washes and elution, respectively. After
preliminary purifications, the UV absorbance trace was used to identify
fractions of high protein content and further analysed by
15% (w/v) SDS-PAGE. Purified 4RepCT was transferred to dialysis
membrane (6 — 8 kDa MWCO, Molecularporous membrane tubing,
Standar RC Tubing, Spectra/Por 1) and dialysed in 20 mM Tris pH 8.0
overnight at 4 °C. If required 4RepCT was purified further by gel filtration
in the same buffer (Superdex S200-pg75, GE).

After dialysis, the concentration of the protein solution was
determined by nanodrop spectroscopy (ND-1000 Spectrophotometer,
Labtech international) before and after transferral to spin columns
(10000 kba MWCO, VivaSpin 20, Ultrafiltration products, Sartorius) for

spin concentration.

In the 419 amino acid primary sequence, TRX_4RepCT contained
only 12 tryptophan and tyrosine residues (protein parameters from
http://web.expasy.org/protparam). The low number of aromatic residues
subsequently reduced the protein’s absorbance, underestimating the

recorded protein concentration. As a result, the absorption readings were
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adjusted with the protein’s extinction coefficient of 26025 M-icm to
ensure an accurate concentration was recorded. The effect of this
calculation can be seen with the worked example (A = 0.5 and a volume
of 20 ml):

A= ecl

( 05 20 >><3993996—15 365
26025 1000 70 = 10500 myg

=0.77 mg/ml
0.77mg/ml > 0.5mg/ml as suggested by initial A

Samples were spun at 5000 x g at 4 °C until a final volume of 5 mL
(approx.) was obtained. The concentrated protein was again assessed by
nanodrop spectroscopy before being transferred to 1 mL Eppendorf tubes

and flash frozen in liquid nitrogen and stored at -80 °C until future use.

2.11 Minimal media expression of TRX_4RepCT

Overnight colonies of auxotrophic DL41 E. coli were prepared and
incubated as described above. 2L Erlenmeyer flasks were autoclaved
containing 767 mL dH>0O before 5X M9 mineral media was added to make
a 1X final concentration (50 mM Na;HPO4.H;0, 22 mM KH;PO4, 8.5 mM
NaCl, 9 mM NH4Cl) in addition to 50 mg/mL kanamycin and trace
elements as shown in Table 2. 100 mg methionine (dissolved in 5 mL 1X
M9 salt solution) was added to allow methionine auxotrophic cell growth.
Cells were incubated at 37 °C and agitated at 180 rpm until OD = 1.0
and protein expression was induced with IPTG to 1 mM and incubated at
20 °C with agitation at 180 rpm for 15 hrs. A further 100 mg/L
methionine (dissolved as above) was also added to ensure protein
expression was possible in minimal nutrient conditions. Unlike nutrient

rich expression, no further purification was required after Ni>* IMAC using
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the same binding and elution buffers so TRX_4RepCT was dialysed
against 20 mM Tris pH 8.0 and assessed by nano-spectrophotometry to

give a corrected concentration.

Constituent | Concentration
Glucose 0.4 % (w/v)
MgSOg4 1 mM

CaCl; 0.3 mM
Biotin/thiamine 1 mM
EDTA 134 uM
FeCls 3.1 uM
ZnCl; 6.2 UM
CuCl>.H>0 0.76 UM
CoCl2.H0 0.42 uM
H3BO3 1.62 |JM
MnCl;.4H,0 81 nM

Table 2. Additional constituents of M9 media to provide a carbon
energy source, nitrogen and minerals required for cell growth.

2.12 Chemical cell lysis for test expressions

At the point of protein expression induction, the OD was recorded. To
ensure the same number of cells in all test samples, the cell density was
standardised. In an OD sample volume of 1000 uL, the correction factor
was calculated by dividing the volume by the optical density. For
example, an OD = 2.4 produced a sample volume of

1000 pyL / 2.4 = 417 pL final volume. The samples were then centrifuged
at 18000 x g for 1 min, supernatant removed and stored at -20 °C
overnight. For corrected volumes less than 25 pL, NaCl was added to a
final concentration of 0.72% (w/v) at make removal of the supernatant

possible.

Analysis of soluble and insoluble fraction of induced culture
Samples were thawed and resuspended in 200 pL CellLytic solution

(Sigma Aldrich), 1 pL lysozyme (50 mg/mL, Sigma Aldrich), 0.5 pL
Benzonase (250 units/pL, Sigma Aldrich), 3 yuL 1M MgCl,. Once
resuspended, the samples were centrifuged at 18000 x g for 10 minutes
at room temperature. The supernatant was then retained as the soluble
fraction while the insoluble pellet was resuspended in 20 mM Tris pH 8.0.

Both soluble and insoluble fractions were prepared with 6X reducing
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loading dye to give a final volume of 300 uL. The samples were then

prepared as described in Methods 2.13.

Total cell analysis for un-induced cultures
Samples were thawed and resuspended as described previously. Once

resuspended, 6X reducing loading buffer was added to a final volume of
300 pL and treated as described in Methods 2.13.

2.13 SDS-PAGE analysis

SDS-PAGE resolving gels (pH 8.8) at 12% (w/v) SDS and

15% (w/v) SDS and stacking gels (pH 6.8) at 5% (w/v) SDS were
prepared with 30% (w/v) bisacrylamide

(37.5:1 acrylamide:bisacrylamide, Alfa Aesar), 1.5 M Tris,

10% (w/v) SDS and polymerised by 10% (w/v) ammonium persulfate
and TEMED in a mini-PROTEAN Tetra cell gel kit (BioRad). When
required, 1L running buffer (25 mM Tris-HCI, 200 mM glycine,

0.1% (w/v) SDS) was prepared and poured into SDS-PAGE tanks
(BioRad). Protein samples were combined with 4X or 6X SDS loading
buffer to obtain 1X concentration (100 mM dithiothreitol, 50 mM Tris-HCI,
2% (w/v) SDS, 10% glycerol, 0.1% (w/v) bromophenol blue) and
denatured at 90 °C in a variable heat block (DB.2A Dri-Block, Techne).
Molecular weight markers (MWM) were loaded to visualise approximate
protein sizes of 10 kDa, 15 kDa, 25 kDa, 35 kDa, 55 kDa, 70 kDa,

100 kDa, 130 kDa and 250 kDa (Precision Plus Protein All Blue standards,
BIORAD and PageRuler™ Plus Prestained Protein Ladder, Thermofisher)
before the gel was electrophoresed using a Power Pac 200 (BIORAD) at
180 V for 10 minutes followed by 200 V for 45 minutes to allow full

protein migration.

2.14 Protein stain and de-stain buffers

Once the dye front had migrated the full length of the gel, the gel was
washed three times with H,O to remove excess SDS before being stained
with protein stain (GelCode Blue Safe Protein Stain, Thermo Scientific)
for 5 min. Staining and washes were sped up by microwaving (800W
NN-E28KBM, Panasonic) at 200 W for 150 seconds before being
de-stained in H,O overnight at room temperature. Gels were imaged by a

UV transilluminator.

64



2.15 4RepCT mutagenesis

Site-directed mutagenesis of pJExpress401 was carried out using Q5

mutagenesis kit (New England Biolabs) as per protocol instructions.

Polymerase chain reaction was carried out for each plasmid construct at

annealing temperatures (T.) suggested by NEB base changer

(https://nebasechanger.neb.com/ 1°4). Successful amplification of the

PCR products was determined by 0.75% (w/v) agarose gel

electrophoresis (10 cm x 10 cm x 1 ¢cm) using a 2-log nucleotide ladder

(NEB). Ethidium bromide was added to the gel at a final concentration of

125 ng/mL to allow visualisation of DNA products. Electrophoresis was

run for 30 min at 100 V. All successful PCR constructs were cleaned by

KLD reaction as per the kit instructions before electro-transformation was

carried out on electrocompetent E. coli as described above.

2.15.1 Mutagenic primer design
Forward (5" CGCTCACAATTCCACAACG 3’) and reverse

(5" CTTTCGCCCGGGCTAATTA 3’) primers were designed to read the T5
plasmid constructs while T7 forward (5" TAATACGACTCACTATAGGG 3’)
and reverse (5" GCTAGTTATTGCTCAGCGG 3') primers were supplied by
the Source Bioscience sequencing company. Forward and reverse

mutagenic primers were designed for Q5 mutagenesis and predicted by

NEB Q5 mutagenesis base changer, as shown in Table 3. Apart from the

company provided T7 forward and reverse primers, all primers were

supplied at 100 pM as ‘Pure and Simple’ primers by Sigma Aldrich before

being diluted to 10 uM with nuclease free water and stored at -20 °C

until use.
. . . , , Length Tm Ta
Mutation name | Direction Sequence (5’ - 3') (bp) c) | (°c)
N156P Forward CGGTTCTGGTCCCTCGGGTATCC 23 62 63
N156P Reverse GATCCACGCGGAACAAGC 18 66 63
320P_S321R Forward GAACAGCGTTCCGCGCCGTCTGTCCAGCCCG 31 71 72
320P_S321R Reverse GCAACGGTGCTCGCCGCA 18 75 72
A336P_S338del Forward GTCAGCCTGGTGAGCAATGGC 21 68 69
A336P_S338del Reverse AGGCGAGCTAACGCGGCTCAC 21 69 69
S338P_339L Forward | CTCGGCTGTCCCCCTGAGCCTGGTGAGCAATGGCC 35 68 69
S338P_339L Reverse CTAACGCGGCTCACGGCG 18 72 69
G344P Forward GGTGAGCAATCCCCAGGTCAATATGGCTG 29 67 68
G344P Reverse AGACTGCTGACAGCCGAG 18 62 68
S394P Forward CAGCTCTAGCCCCGTTGGTTACATTAAC 28 61 62
S394P Reverse ACAATCTGCACCAACGCC 18 66 62

Table 3. Mutagenic primers were designed using NEBase Changer for Q5 mutagenesis. Ta's
were adjusted to give optimal PCR amplification.

65




2.16 Degradation of TRX_4RepCT

2.16.1 Casting TRX_4RepCT films

TRX_4RepCT stocks were concentrated to 5 mg/mL by dialysis

(6 - 8 kba MWCO, Molecularporous membrane tubing, Standar RC
Tubing, Spectra/Por 1) against 20% (w/v) PEG20000 at 4 °C and
confirmed by spectrophotometry at 280 nm. Meanwhile, empty 1.5 mL
microfuge tubes were labelled and weighed with a high precision balance.
0.5 mL films were cast onto the side of 1.5 mL microfuge tubes and left
to dry by CaCl, desiccation. A control tube filled with a higher volume of
water (1 mL) was used to ensure full time had passed to allow complete
evaporation. After the films had dried, the tubes were reweighed to

calculate the mass of the resulting film (n=5).

2.16.2 Fibre formation

Fibre formation was induced by the cleavage of the thioredoxin solubility
tag by thrombin protease cleavage in the presence of KPO4 at 0.5 yL/mg
protein, releasing the 15 kDa thioredoxin solubilisation tag, visualised by
SDS-PAGE (see Section 5.3.6.1, Figure 49). During cleavage, the
fibres were agitated at 95 rpm, 37 °C for 4 hr to allow insoluble fibres to

form from solution spontaneously.

2.16.3 Soluble TRX_4RepCT and mutants

TRX_4RepCT was thawed and analysed by gradient SDS-PAGE between
5% and 15% (w/v) SDS. After the presence of 4RepCT was confirmed,
each aliquot was analysed by nanospectroscopy to determine soluble
protein concentration. Protein concentration was diluted to 1.0 mg/mL
with 20 mM Tris pH 8.0. To ensure an assay volume of 500 pl different
volumes of protein were added to protease solutions as shown in

Table 4. To assess the effect of Tris on TRX_4RepCT degradation,

0.6 mL protein was dialysed against Milli-Q water over night at 4 °C.
CaCl; was added to both MMP assay solutions to a final concentration of

2 UM to ensure MMP activity.

Protein samples were incubated at 37 °C and agitated at 180 rpm
for 24 hr. At designated time points (0, 10, 30, 60, 120, 240, 1440
minutes), 20 pL samples were taken and combined with SDS-PAGE
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loading dye to a final concentration of 1X and heated to 90 °C for 5 min
to disrupt enzymatic activity before being stored at 4 °C until analysis by
15% (w/v) SDS-PAGE.

In subsequent protocols, TRX_4RepCT and its mutants were
incubated at 25 °C and 37 °C without agitation to prevent the proteins

from becoming insoluble during incubation.

Protease Protease Final prote_ase 4RepCT Additions
volume (pL) | concentration | volume (pL)

MMP2 10 11.3 uM 489 2 uM CacClz

MMP9 10 5.84 uM 489 2 UM CacCly
ELNE 10 34 nM 490 -
a-chymotrypsin 25 120 mM 475 -
Tris - - 500 -

Water - - 500

Table 4. Assay volumes and final protease concentrations during 4RepCT and N156P
degradation.

2.16.4 Degrading TRX_4RepCT films

One aliquot of enzyme solution was transferred to each film and
incubated at 37 °C for 24 hrs with agitation at 180 rpm. Every 24 hrs the
enzyme solution was refreshed by sedimenting the film and removing the
resulting supernatant before transferring a new 40 pL aliquot to the
sample. This process was repeated five times for a total of 120 hrs total
incubation time. After each 24 hr incubation period, a sacrificial sample
was taken and sedimented by centrifugation at 18000 x g for 30 seconds.
The supernatant was then denatured at 90 °C before being flash frozen
in liquid nitrogen and stored at -20 °C until analysis. A dH>O wash of

100 yL was applied to the films to remove any residual enzyme solution
before being incubated at 37 °C with agitation. This wash was refreshed
every 12 hrs with fresh 100 pL dH;0. After a total wash incubation of

36 hrs, the micro Eppendorf lids were pierced and transferred to a
calcium chloride desiccator to dry. The samples were left for a minimum

of 3 days before being weighed.

Films were then subjected to 1 mL of protease solution and
incubated at 37 °C for 72 hr, after which they were centrifuged at

18000 x g for 5 min. The supernatants were removed, and flash frozen in
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liquid nitrogen and the films washed in Milli-Q water. The wash was
incubated for a further 72 hrs at 37 °C before the centrifugation and
supernatant removal was repeated. The degraded film was then dried by
desiccation as before to ensure all moisture was removed before final
weighing. Both protease and wash supernatants were analysed by

12% (w/v) SDS-PAGE to show any degradation that may have taken

place.

2.16.5 4RepCT and mutant fibre degradation

Both 4RepCT and the mutant N156P fibres were formed in reaction tubes
as described previously. The remaining solution was removed by pipette
and 500 pL 20mM Tris pH 8.0 was added as an assay buffer in the
presence of 2 uM CaCl,. Protease was then added to a previously stated
final assay concentration and incubated at 37 °C for up to 1 week. After
time points of 30, 60, 120, 240, 1440, 10080 minutes, EDTA was added
to the fibres at a final concentration of 40 mM to inhibit further protease
activity. Samples of 50 yL were taken for SDS-PAGE analysis and the

fibres were processed for imaging.

2.17 Densitometry of soluble degradation products

To estimate the degradation rate of TRX_4RepCT and its mutants,
densitometry was used to analyse the thickness and size of SDS-PAGE
protein bands. The protein concentration of the bands was also estimated

using a bovine serum albumin (BSA) standard curve.

2.17.1 BSA standard curve and straight-line equation

BSA protein concentrations of 0.1 mg/mL, 0.2 mg/mL, 0.5 mg/mL,

1 mg/mL and 2 mg/mL was prepared by serial dilution from a 10 mg/mL
stock solution (NEB) and run on 15% (w/v) SDS-PAGE. All concentrations
were run in triplicate. The gels were then imaged with the gel imager
using identical zoom, aperture and focus settings. The resulting images
were cropped in Imagel before the brightness and contrast values were

adjusted with the ‘auto’ function.

Each individual protein lane was then selected to generate
histogram of pixel density for each lane. The resulting peaks were

manually integrated from the same point of each peak to ensure accurate
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peak area readings. The average peak area for each concentration was
recorded and plotted against protein concentration in GraphPad Prism 8
(GraphPad Prism version 8.0.0 for Windows, GraphPad Software, San
Diego, California USA, www.graphpad.com). The linear regression of the
standard curve was also calculated to produce a straight-line equation,

enabling protein concentration to be approximated from gel band size.

2.17.2 TRX_4RepCT and mutant degradation kinetics
SDS-PAGE gels produced to analyse soluble TRX_4RepCT and mutant
degradation were also analysed by protein band densitometry. To adjust
brightness and contrast to the same level for each gel, the automatic
adjust function on Imagel was applied to each image before they were
cropped and analysed. The minimum and maximum values given to each

gel can be seen in Table 5 to ensure reproducibility if required.

As with the standard curve, histograms of each lane were
generated and peaks that corresponded to bands of interest were
manually integrated to give the peak area under each curve. To ensure
accuracy peaks were integrated at the same time and from the same
points, reducing subjective bias. When the peak areas were plotted over
time for a specific peak, the resulting graphs confirmed the formation

and degradation of degradation products.

TRX_4RepCT TRX_N156P
Gel name Minimum Maximum Gel name Minimum Maximum
MMP2 37°C 15 188 MMP2 37 °C 1 128
MMP2 25°C 10 151 MMP2 25 °C 2 135
MMP9 37 °C 2 154 MMP9 37 °C 1 106
MMP9 25 °C 2 151 MMP9 25 °C 1 104
ELNE 37 °C 3 147 ELNE 37 °C 9 169
ELNE 25 °C 2 149 ELNE 25 °C 16 154
Chymotrypsin Chymotrypsin
37 oC 5 147 37 oC 2 159
Chymotrypsin Chymotrypsin
25 oC 4 160 25 oC 2 168
Tris 37 °C 5 169 Tris 37 °C 7 146
Tris 25 °C 7 162 Tris 25 °C 7 120
Water 37 °C 4 141 Water 37 °C 10 130
Water 25 °C 3 154 Water 25 °C 11 151

Table 5. Brightness and contrast adjustments made using ImageJ] to reduce background
pixel density. Images were automatically corrected, and the values recorded for future
replication.
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2.18 4RepCT and N156P mutant fibre imaging

Once enzyme activity had been inhibited, fibres were transferred to
gelatinised glass slides by careful inversion. Once inverted, the reaction
tube was removed, and the remaining assay buffer was removed by
pipette aspiration. The resulting fibre was then allowed to dry on a hot
plate (IJES hotplate) before they were imaged using a Zeiss Axioplan
light microscope as before at 3200K light intensity. Fibres were imaged
at low (10x) and high (40x) magnification using bright field, dark field

and birefringence microscopy.

At the lower magnification, bright field was used to identify
locations on the fibre that showed ‘flowing fibre’, ‘crossing fibres’, and
other areas of interest. At each image location, images were captured
with bright field, dark field and birefringence lens filters. At high
magnification, only bright field and polarised light microscopy were used
at the previously identified points of interest. Exposure time and
magnification for each microscopy technique was as shown in Table 6.
As with the natural fibre microscopy, the generated images were
captured and processed using the Imagel] to correct image white balance

and to produce appropriate scale bars.

Filter Magnification Exposure (ms)
Bright field 10x 20
Bright field 40x 20
Dark field 10x 20
Birefringence 10x 300
Birefringence 40x 700

Table 6. Exposure times for different microscopy techniques were adjusted to allow
sufficient light required for image capture.
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3. Understanding the link between natural silk

sequence and observed enzymatic degradation

3.1 Introduction

The investigation into natural polymer biodegradation has been of
interest for many years. In this chapter, the degradation properties of
natural spider silk have been investigated from both a bioinformatics and

in vitro approach and compared to the recombinant spidroin 4RepCT.

3.1.1 Degradation of natural silk fibres
While natural silk aging has been investigated over a 4 year period by
Agnarsson et al. °!, many studies have focussed on recombinant silk as it

becomes increasingly popular for biomedical applications 19519,

The degradation of spider silk can be compared to the similar silk
of silkworms, a material whose abundance has provided material for
multiple studies °7/1°8, Silkworm silk degradation was investigated as a
3-dimensional scaffold by Zhang et al. demonstrating tuneable
degradation rates by chemically influencing the pore size within the silk
scaffold. During this experiment the scaffold degradation rate, measured
by % weight loss over time in the presence of Protease VIX, was 5-fold
higher with scaffolds produced with NaOH compared to LiBr or CaCl, 1°8.
In addition to this, in vivo studies by Liu et al. observed that both silk
fibroin and sericin implanted into rats began to undergo degradation after
7 days once the silk had been degummed to reduce the host immune
response. As some undegraded silk persisted after 146 days however, it
is clear that silkworm fibres require long periods of time before significant
degradation is seen in vivo 197198 As with spider silk, the morphology
greatly influences the rate of degradation, with porous 3-dimensional

scaffolds degrading at a faster rate than spun fibres .

With recombinant spider silk, it has been reported that the smaller
the monomeric spidroin, the faster the resulting degradation °°.
Dinjaski et al. reported that less folding occurred within smaller fibres
and allowed greater access to proteases. In addition to size, degradation

rates can also be influenced by treating fibres with antioxidants to
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suppress thermo-oxidation of fibres, reducing the formation of free
radical species from oxidative degradation °¢. While attempts to tune
synthetic fibre degradation by altering the spidroin size or fibre
functionalisation have been promising, no investigations have

approached it by changing the protein amino acid sequence.

3.1.2 Introduction to different spider genera

The spiders of interest in this chapter belonged to three different
families, namely Araneidae (orb weavers), Pisauridae (nursery-web
spiders) and Pholcidae (tangle web spiders), chosen to reflect a variety of
silk types, web styles and bioavailability. By comparing the spidroin
sequences and corresponding proteolytic degradation, predictions for

future silk biomaterials may be possible.

Araneidae
The family Araneidae contain the orb-weaving spiders alongside the

Tetragnathidae (‘long-jawed orb weavers’) and Uloboridae (*hackled orb
weavers’), of which Araneidae is the largest . With a total of 3122
species and 172 genera, this study focused of the genera of Araneus,
Argiope, Cyrtophora and Nephila with physical silks from C. citricola and
N. madagascarensis and protein sequences of A. diadematus,

A. argentata, A. bruennichi, A. trifasciata, C. moluccensis, N. clavipes,
N. pilipes and N. senegalensis being investigated. As many orb-weavers
consume the old web in the process of rebuilding °2:°3, the spidroins may
contain proteolytic target sequences within the protein sequence that

could be used to enable controlled enzymatic degradation.

Pisauridae
The common name for the Pisauridae family is ‘nursery-web spiders’ as

female Pisaura mirabilis carry their egg sacs in their jaws, rather than
with their spinnerets 6. The genera of interest in this study are that of
Dolomedes (fishing/raft spider), Euprosthenops (Australian nursery-web
spider) and Pisaura to reflect bioavailability and online sequence
information.

Pholcidae

Known colloquially as ‘daddy long-legs’ and ‘cellar spiders’, Pholcus

phalangioides belongs to the family Pholcidae. Unlike orb-weavers, the
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capture web of Pholcidae is that of a tangle web, utilising a complex
network of silk strands to snap, break and ensnare its prey !°° making it
an interesting comparison to orb-web silk. An abundance of Pholcidae

webs also allowed easy collection for in vitro silk degradation.

3.1.3 Evolution of the ability of consuming silk

The presence of proteolytic target sequences within spidroin sequences
may be explained by the arachnid phylogeny. Illustrated in Figure 10
and Figure 11, the phylogenetic tree of the order Araneae 2%

(Figure 10) and families of Araneidae °3 and Pisauridae ?°! (Figure 11)
have been highlighted to identify the relationship between genera within
this study.

Using these diagrams, it is possible to better understand and
predict phenotypic behaviours. For example, many spiders consume their
own silk during repair or during times of famine 52:171.202.203 ' Ag this
behaviour is not always conserved within a genera, it suggests that it
may have appeared many times during spider evolution but had not been
retained in some species. These phylogenetic relationships can then be
used to identify new silks from species that may be susceptible to greater

proteolytic degradation for biomedical applications.

For spiders to consume their silk, the protein must be susceptible
to digestive enzymatic degradation 294295, As digestive proteases such as
protease K have been shown to degrade silk rapidly 72, it posed the
question whether proteases with higher substrate specificity could also
degrade silk, specifically those found in wound sites. For this to occur,
the silk sequence would need to contain the enzymatic target sequences
required for proteolytic cleavage 172173206 If present, the proteinaceous
could be expected to undergo proteolytic degradation if the target

sequences are accessible by the relevant protease 72:172:173,

The ability to eat one’s silk has been observed across a number of
different species but rarely as direct neighbouring species 277299, While at
some time an ancestor of these species must have consumed its silk for
the ability to be retained, it appears that many silk-consuming species

have since lost the ability or have not survived to present day 2!°. It is
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therefore possible that those observed to consume their silk today may
at some point lose this behaviour. The presence of target sequences in
the conserved regions of spidroins also suggests that they were not

detrimental to the function of the silk fibre, to be lost by evolution.
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Figure 10. An overview of the phylogenetic tree of spiders with emphasis on the
Araneidae and Pisauridae families. Figure adapted from ‘Spider phylogenomics:
untangling the Spider Tree of life’, Garrison 2016.
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Figure 11. The genetic family trees of Araneidae (@) and Pisauridae (b). The genera Araneus, Argiope,
Cyrtophora, Dolomedes, Euprosthenops and Nephila have been highlighted as relevant to this study.
Figure adapted from ‘Phylogeny of the orb-weaving spider family Araneidae (Araneae: Araneoidea)’,
Scharff 2019 and ‘A phylogenetic analysis of the nursery-web spider family Pisauridae, with emphasis
on the genera Architis and Staberius (Araneae: Lycosoidea)’, Santos 2007.
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3.2 Aims of the chapter

The aim of this chapter was to establish a link between MaSp1 termini
sequence profiles and observed degradation of natural silk fibres. By
compiling target sequences for MMP2 and MMP9 from the literature and
online prediction software, profiles of each spidroin termini were

produced and compared to the predicted in vitro degradation.

By establishing a reliable method of in silico analysis, this method
could be applied to recombinant silk sequences and provide information
on subsequent mutation locations. Classic in silico prediction software
presents a limitation in the attempt to highlight locations for future
cleavage sites. While these techniques enable present target sequences
to be identified, the ability to identify future locations for mutation is
essential. In this work, this novel in silico approach is trialled on natural
spidroin sequences and the recombinant spidroin 4RepCT. Using the
profiles generated the degradation behaviour of 4RepCT is significantly

influenced with the introduction of identified potential target sequences.

An in silico approach can also be used for future spidroin
prospecting, identifying spidroin sequences with high protease coverage,
presenting them as a potential candidates for future recombinant

biomaterials.
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3.3 Results

3.3.1 Spidroin sequence alignment

Amino acid sequences of natural MASP1 gathered from Genbank® were
aligned against sequences of the same species and termini. From this
alignment, a consensus sequence was generated that could be compared
between species and used to compare against MMP target sequences to
generate enzymatic profiles. These profiles were then compared with

in vitro degradation of natural silks.

3.3.1.1 Generating consensus sequences for natural MaSp1

Amino termini
When multiple sequences for a single species were collected from

Genbank®, an alignment of sequences from a single species was carried
out, as shown in Figure 12. For the amino terminus, only E. australis
37,211-213 Figure 12a) and N. clavipes 2% Figure 12b) were found to
contain more than one sequence for MaSp1l N-termini. They were
therefore aligned using an online MAFFT algorithm and viewed with
JalView with Clustalx-assigned residue colours. Amino acid sequences for
the amino termini of A. diadematus ?'%, A. argentata ?'* and

C. moluccensis %'> were also gathered, but only single entries were

retrieved.

Seen in Figure 12c¢), the alignments were used to generate
consensus sequences for each species. These were used to create
enzymatic profiles and conservation studies between species.

Carboxyl termini

The same method was used to generate consensus sequences for the
carboxyl termini, seen in Figure 13. Multiple sequences were available
for Figure 13a) A. diadematus 24216, Figure 13b) C. moluccensis %7,
Figure 13c) E. australis 28212.218.219 Figure 13d) N. clavipes 26214220,221

and Figure 13e) N. pilipes %7.

Figure 13f) Single sequences were also available for A. argentata

214 " A, trifasciata ???, A. bruennichi %23, D. tenebrosus 2?2,
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N. madagascarensis ?*> and N. senegalensis ???> and were included in

subsequent studies.

The greatest variation within a species was seen from
A. diadematus with three unique sequences identified for the C-termini.
Variation within species was seen in all sequences except E. australis (c)

where sequences were identical.

Single sequences were retrieved for A. argentata, A. bruennichi,
A. trifasciata, D. tenebrosus, N. madagascarensis and N. senegalensis,

seen in Figure 13f), so no alignment was conducted.
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A. argentata
>MF955677.1

E. australis

no alignments were possible. All sequences were gathered from Genbank®, aligned and viewed
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using Jalview. The resulting consensus sequences were seen in (¢). The sequences were used for

terminal sequences for A. diadematus 214, A. argentata ?1* and C. moluccensis 25 were gathered,
subsequent in silico analysis and for inter-species conservation studies.

Figure 12. MAFFT alignments of (@) E. australis 37211 - 213 and (b) N. clavipes 2 MaSp1 amino
terminal sequences with the resulting (c) N-termini consensus sequences. As single amino



C terminus
a) >MF955762.1, >DL189450.1, >DI166778.1, >DI166498.1, >DL189449.1

10 60
C1/1-104 F 1 R
C1-99
C51-99
Cc¥1-103 ASAAASRLSSP,
C4/1-103 { P
S— 11 0
Consensus —

ASVAASRLSSPAASSRVSSAVSSLVSSGPTNGAAVSGALNSLVSQISASNPGLSGCDALVQALLELVSALVAILSSASIGQVNVSSVSQSTQMISQALS

b >AY666063.1, >AY666061.1, >AY666062.1, >AY666081.1, >AY666080.1, >AY666078.1,
>AY666079.1, >AY666060.1
10 20

C¥/1-115 ' GVGSAAASAAASRL
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ASTVANSVSRLSSPSAVSRVSSAVSSLVSNGQVNMAALPNIISNISSSVSASAPGASGCEVIVQALLEVITALYQIVSSSSVGYINPSAVNQITNVVANAMAQVMG

d >MF955766.1, >AY654292.1, >MF955765.1, >AY654291.1, >AY654290.1, >EU617338.1,
>AY061814.1, >AY654289.1, >AY654288.1, >U20329.1

C2/1-106 A /
C7/1-108 \.
C¥1-1056

C&/1-105
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SAASAAARLSSPQASSRVSSAVSNLVASGPTNSAALSSTISNVVSQIGASNPGLSGCDVLIQALLEVVSALIHILGSSSIGQVNYGSAGQATQIVGQSVYQALG

e) >AY666074.1, >AY666073.1, >AY666072.1, >AY666054.1, >AY666051.1, >AY666050.1, >AY666048.1,
>AY666056.1, >AY666053.1, >AY666052.1, >AY666049.1, >AY666055.1
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P1/1-949
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Consensus —
ASAAASRLSSPEASSRVSSAVSNLVSSGPTNSAALSNTISNVVSQISSSNPGLSGCDVLVQALLEVVSALIHILGSSSIGQVNYGSAGQATQIV

f) a. argentata: (>MF955761.1)
ASVAAASAAASRLSSPGAASRVSSAVTSLVSSGGPTNGAALSNTISNVVSQISASNPGLSGCDVLVQALLEIVSALVHILGSANIGQVNSNSAGRSASLVGQSVYQALS

A. trifasciata: (>AF350266.1)
ASVATASAAASRLSSPGAASRVSSAVTSLVSSGGPTNSAALSNTISNVVSQISSSNPGLSGCDVLVQALLEIVSALVHILGSANIGQVNSSGVGRSASIVGQSINQAFS

A. bruennichi: (>JX112871.1)
ASAAASRLSSPSAASRVSSAVTSLISGGGPTNPAALSNTFSNVVYQISVSSPGLSGCDVLIQALLELVSALVHILGSAIIGQVNSSAAGESASLVGQSVYQAFS

D. tenebrosus: (>AF350269.1)
AVSSLVSNGQVNVDALPSIISNLSSSISASATTASDCEVLVQVLLEVVSALVQIVCS

N. madagascarensis: (>AF350277.1)
ASAAASRLSSPQASSRVSSAVSNLVASGPTNSAALSSTISNAVSQIGASNPGLSGCDVLIQALLEVVSALIHILGSSSIGQVNYGSAGQATQ

N. senegalensis: (>AF350279.1)
ASAAASRLSSPEASSRVSSAVSNLVSSGPTNSAALSSTISNVVSQIGASNPGLSGCDVLIQALLEVVSALVHILGSSSIGQVNYGSAGQATQ

Figure 13. Multiple sequences were available for (a) A. diadematus 21 216, (b) C. moluccensis 217, (c)
E. australis 28 212,218,219 (d) N. clavipes 26 214 220, 221 and (e) N. pilipes %17. All sequences were gathered
from Genbank®, aligned and viewed using JalView to generate the consensus sequence shown below each
alignment. (f) The consensus sequence for the single A. argentata 24, A. trifasciata 222 A. bruennichi 223,
D. tenebrosus 222, N. madagascarensis 222 and N. senegalensis 222 entries were also recorded.
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3.3.1.2 Conservation of spidroin termini between species
The amino and carboxyl consensus sequences were aligned to identify

regions of conservation within them, seen in Figure 14.

Figure 14a) The five sequences for the amino terminus contained
the species A. diadematus, A. argentata, C. moluccensis, E. australis and
N. clavipes. Figure 14b) The C-termini sequences contained amino acid
sequences from the above species in addition to A. bruennichi,

A. trifasciata, D. tenebrosus, N. madagascarensis, N. pilipes and

N. senegalensis.

a)
50 60 130
A. diadematus ARUAT Lvalqv PWKD A nﬂn; ALAR (G AF §spaupD g1 |> os iy GAMTIMA |AEG AVA I.'A AFL r| 1R/ Ci8uF V1088 .
A argentata I TRLALSILLVIC If F TSF ALGO O‘AF DEQMDD | DT | A IKM V Q N ASAVAEIAI 1Al HA AFLOTIG FI | GLI MF A S 18] -
C. moluccens:s TRLAL FLVVIG LFALﬁ A F va EA ). EQ ID IAS KLBV Q N J A KAVA I1MAFF I I I NI.I MF Af TIS LD
N. clavipes LAL un N ms ELA Au JLIE‘ 0 Js |d|> Lkum R8N ks |. ! u ‘r [QTTo rv | MFABASA: - - - - ..
E.qustrafis oo SHTEPWTNRG uam.‘ssmnz 4sBLDOMSI Ao VOS_[OSLAAD QALNMAF A s TREs AFLOTIG r.mnvl <A

Conservation
113323232312132211322307

'5||IH_| b, .
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A. diadematus
A. argentata 2
A. trifasciata P AA
A. bruennichi ASAAA

A. C. moluccensis
N. clavipes
N. madagascarensis
N. senegalensis
N. pifipes
D. tenebrosus
E. australis

Conservation

2212223233203133333

Figure 14. MAFFT alignments of natural MASP spidroin amino termini (@) and carboxyl termini (b). (a)
Amino termini alignments included sequences from A. diadematus, A. argentata, C. moluccensis, E. australis
and N. clavipes. (b) The carboxyl termini alignments displayed consensus sequences for A. diadematus,
A. argentata, A. bruennichi, A. trifasciata, C. moluccensis, D. tenebrosus, E. australis, N. clavipes,
N. madagascarensis, N. pilipes and N. senegalensis.

3.3.2 MMP profiles

The target sequences for MMP2 and MMP9 were gathered from the
literature as summarised in Tables 7 — 11 172173192 with The position of
each amino acid was denoted by ‘P#’ with residues after the cleavage
point described as prime (V). If multiple amino acids appeared for a single
position, each permutation was considered in the final profile. However,
only sequences that crossed the cleavage point, between P1 and P1’
were recorded. The largest variation was displayed in Chen’s summary of
MMP2 substrates, seen in Table 9 '°2, The higher scores seen from the
MMP2 profiles were attributed to this variation within substrate

specificity.
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Scissile bond

MMP2 ¢
P3 P2 P1 P1’ P2’ P3’ P4’
P Q G I A G Q
A A L \Y A

Table 7. The specific position of amino acids that made up MMP2’s target
motifs, as suggested by ‘Active site specificity profiling of the MMP family’ - U
Eckhard, 2016

P4 P3 P2 P1 P1’ P2’ P3’
I P \ S L R S
\Y \Y A G M Y A
I A I K G
E Y M
F I
\Y

Table 8. The specific position of amino acids that made up MMP2’s target motifs,
as suggested by ‘Determination of protease cleavage site motifs using mixture-
based oriented peptide libraries’ — Benjamin Turk, 2001

P3 P2 P1 P1’ P2’ P3’
P Y \ I W L
L M A K T A
Y \ W Y M S
S A R A \Y
\ G S L T
S D

Table 9. The specific position of amino acids that made up MMP2’s target motifs,
as suggested by ‘Substrate recognition by MMPs’ — Emily Chen, 2001

MMPO
P3 P2 P1 P1’ P2’ P3’
P A A L I G
S G I Y A
R R Q S
H
S/T
K/R

Table 10. The specific position of amino acids that made up MMP9’s target
motifs, as suggested From Active sites specificity profiling of the MMP family —
U Eckhard, 2006

P4 P3 P2 P1 P1’ P2’ P3’
\Y P L S L R S
\Y Y M T A
I Y G
Y \
F I

Table 11. The specific position of amino acids that made up MMP9’s target
motifs, as suggested by ‘Determination of protease cleavage site motifs using

mixture-based oriented peptide libraries’ — Benjamin Turk, 2001
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3.3.3 In silico analysis of spidroins
3.3.3.1 MMP2

Amino termini
The N-terminal consensus sequences were compared against the target

sequences and matching residues that crossed the cleavage point
(between P1 and P1’) were highlighted to reflect the number of amino
acids matched at a particular site, as seen in Figure 15. Scores were
also assigned to reflect the overall coverage and weighted to prioritise
longer matching sequences. For example, the sequence of A. diadematus
displayed 18 accounts of two residues crossing the cleavage point, 5 of

three residues, 7 of four and no five or higher. This gave a score of 79.

Where identified sequences overlapped, the sequence with highest
weighting or length was prioritised in the final score and profile. Amino
acids were highlighted to show the highest score attributed to a single

residue.

The score of each sequence were summarised in the table below.
The highest score (90) was achieved by the 17.6 kDa sequence of
A. argentata while the lowest (56) was scored by the 13.8 kDa sequence
of E. australis.
Carboxyl termini
The C-terminal profiles of A. diadematus, A. argentata, A. bruennichi,
A. trifasciata, C. moluccensis and D. tenebrosus are shown in Figure 16
while the termini profiles of E. australis, N. clavipes, N. madagascarensis,
N. pilipes and N. senegalensis are shown in Figure 17. As anticipated,
the shorter termini lengths produced lower scores than the N-termini as
the probability of encountering specific sequences was reduced. This was
more pronounced in the MMP9 profiles as lower variability further limited
acceptable amino acids. All profiles were scored by the same method,
summarised in the table below. In this case, the highest score (74) was
achieved by the 9.4 kDa protein of A. diadematus, while the lowest (46)

was scored by the 5.7 kDa D. tenebrosus protein.
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N termini, MMP2

-----

BRMERSGKTSQN KLQAMNMAFA_AISEGGGQSAQVKTNAIADA_FLQ‘I‘I’GVVNGQFIN-

) BESVFAQ
A. diadematus iz

3 hits |5

Score: 79

VURMERSGKTSAN KLQAMNMAFA_EIAIAEGGGQSAQVKTNA_FLQT]'GVVNTQFINE_IBT
LISMFAQANVIDSSSGEVSASAGGAGQGGAS

A. argentata |zhHt 14
9 2HE 10 Score: 90

Score

SMFAQTNTIBSSIHDS
C. moluccensis [&rE T
S Score: 83
| 5+ Hits | 0
83

SHTTPWTN PGLAENFMN§,EMQGIQSSMPGFFASQLDDMSTIAQS,M,\[QSIQSLAAQGRTSPNIgLQAL,‘NMA
FASSMAEIAASEEGGGSLSTKTSSIASAMSNAFLQTTGVVNQPFINEITQLVSMFAQAGMNDVSA

. PInGo| 12
E. australis HT g Score: 56
;5

MTWTARLALSI-CTQSLFAQGQNTPWSSTE_FINAFLN EAGRTGAFTADQLDDMSTIGDTLKTA
1ARSN KSSKSKLQALNMAFASSMAEIAAVEQGG-EKTNAIADSLNSAF!QWGAVNPQWN.

RSEISMFAQASA
N. clavipes
P Score: 71
Genus Species Spidroin 22 3 Score
size (kDa) | Hits | Hits
Araneus diadematus | 17.6 14 10 8 0 79
Argiope argentata 15.6 18 5 7 0 90
Cyrtophora moluccensis | 16.8 14 9 7 0 83
Euprosthenops | australis 13.8 12 9 0 1 56
Nephila clavipes 16.0 11 8 5 1 71

Figure 15. The enzymatic degradation profile of MMP2 of MaSp1 N-termini. The frequency
of matching sequence lengths is summarised in the table in addition to the final score for
each termini. The scores demonstrate the overall coverage and length of matching sequences
by MMP2 with the highest scores attributed to greatest likelihood of cleavage.
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A. diadematus

A. argentata

A. bruennichi

A. trifasciata

C. moluccensis

D. tenebrosus

C termini, MMP2
ASWS%VSSA GGGPTNEEBESNTFSNVVYQISVSSPGLSGCDVLIQAL L EINEEN
VN

VHI Q GE QSVYQAFS
2hits |2

S Score: 74

5 i 1
74
nkl.ss-sa“seePTNGAALSNTISNWSQ:SASNPGLSGCDVLVQALL

HI NIGQVNSNSAGR] QSVYQALS
2hits |5
3 hits | 4
0 Score: 67

=+ hits | 1

67

ASARASRLssESHASRUSSE\ TEIS G cGPTNEERISN TFSNVVYQISVSSPGLS GCDVLIQALL EINEEEV
HINGSANE Qv NESAAGEBASIVEQSVYQAFS

2 hits 3

3 hits fi Score: 73
i 1

73

ASVATASARASRLSSPGRASRUSSEy TEIESGGPTNSAALSNTISNVVSQISSSNPGLSGCDVLVQALL
ENSEIVHIEESANIGQVNSSGVGREESNIEQSINQAFS

2 hit
S Score: 63

5
4
9
1

| Score |63

BAAAAVGGAGQGGYGGGSARASEARSHLSSPEASSRUBSEVSNLYSSGSTNEBBEPNTISNVVSQISS
SNPGLSGCDVLVQALLEVNSARIHI GE88IGQVNEGEAGQATQIV
2 Hits
3 Hits

Score: 52

(=2 (TR - N}

52
AVSSINIEN GQVNVDALPEIISN LESSISASATTASDCEVLVQVLLENNSAEVQIVCS

2 Hits 3
3 Hits

Score: 46

Figure 16. The enzymatic profiles of A. diadematus, A. argentata, A. bruennichi, A. trifasciata,
C. moluccensis and D. tenebrosus MaSpl C-termini when compared to MMP2. The scores are were
generated to reflect the coverage of each sequence and the length of the matching sequences.
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BSTVANSVSRLSSPSAVSR ISSEUSSINE N GQVNMAALPNIISNISSSUSESHPGASGCEVIVQALLENER
BLVQIvssssH@NENPSAVNQITNVVANAMAQVL

.
E. australis Score: 58

SAABEEESRLSSPQASSRUESEYSNLVASGPTNERBESSTISNVVSQIGASNPGLSGCDVLIQALL ENNSE
BiHILGESSicQvNIEEREGQATQIVGQSVYQALG

N. clavipes i
Score: 54

ASERASRLSSPQASSRUBSHAYVSNLVASGPTNSAALSSTISNAVSQIGASNPGLSGCDVLIQALLENNSART

HILGESSIGQVNEESAGQATQ

N. madagascarensis Score: 50

AEERASRLSSPEASSRUEEEYVSNLYSSGPTNSAALSNTISNVVSQISSSNPGLSGCDVLVQALLERSEET
HILGEEBIGQVNIGBAGQATQIV

N. pilipes Score: 48

ASERASRLSSPEASSRUBSEVSNLYSSGPTNSAALSSTISNVVSQIGASNPGLSGCDVLIQALL ERISENV
HILGESBIGQVNIESAGQATQ

N. senegalensis Score: 48

Genus Species Spidroin 2 3 Score
size (kDa) | Hits | Hits
Araneus diadematus 9.4 2 7 11 1 74
argentata 10.4 5 4 10 1 67
Argiope bruennichi 10.1 3 6 11 1 73
trifasciata 10.4 5 4 9 1 63
Cyrtophora moluccensis 10.7 2 4 9 0 52
Dolomedes tenebrosus 5.7 3 2 6 2 46
Euprosthenops | australis 10.3 3 8 7 0 58
clavipes 10.1 4 6 7 0 54
Nephila quagascarensfs 8.8 4 6 6 0 50
pilipes 9.1 3 6 6 0 48
senegalensis 8.9 3 6 6 0 48

Figure 17. The enzymatic profiles of E. australis, N. clavipes, N. madagascarensis, N. pilipes and
N. senegalensis MaSp1l C-termini when compared to MMP2. A ‘hit’ was classified as matching amino acid
residues that crossed the cleavage point within the target sequence with the number of reflecting the length
of the matching sequence. The frequency of matching sequence lengths for all profiles are summarised in
the table in addition to the final score for each termini.
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3.3.3.2 MMP9

Amino termini
The N-terminal consensus sequences were then compared against the

target sequences for MMP9 shown in Figure 18. Only one 5-residue
sequence was identified across all amino termini, found in A. argentata.
All profiles were scored by the same method and summarised in the table
below. The highest score (31) was achieved by both the 17.6 kDa protein
of A. diadematus and the 15.6 kDa protein of A. argentata, while the
lowest (18) was scored by both the 16.8 kDa C. moluccensis protein and

the 16.0 kDa termini of N. clavipes.

Carboxyl termini
As with the MMP2 results, the termini profiles were separated into two

figures for clarity. The termini profiles of A. diadematus, A. argentata,

A. bruennichi, A. trifasciata, C. moluccensis and D. tenebrosus were
shown in Figure 19 while the termini profiles of E. australis, N. clavipes,
N. madagascarensis, N. pilipes and N. senegalensis were shown in

Figure 20.

The lowest scores of all the in silico analysis were seen from these
results, in correlation with termini size and the increased specificity
exhibited by MMP9. Despite this, seven 5-residue sequences were
identified across all C-termini, highlighted in pink. All profiles were scored
in the same way and summarised in the table found in Figure 20. The
highest score (37) was achieved by the 10.4 kDa termini of A. trifasciata

while the lowest (14) was scored by the 5.7 kDa D. tenebrosus protein.
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A. diadematus

A. argentata

C. moluccensis

E. australis

N termini, MMP9

MTWTARLALSLLVVICYQSVFALGQSPWKDASIAESFMNNFSNALARSGAFSSDQMDDIMSICDSIQEGIIRMERS
GKTSANKLQAMNMAFASAVAEIAIAEGGGQSAQVKTNAVADALASAFLQTTGVVNTQFINEIRTLISMFAQANVIDS
SSGSVSASAGGAGQGGAS

ZH!tS 9
S Score: 31
0
31

MIWTTRLALSILLVICSQSIFALGQSPWQSASMAESFMTSFSNALGQSQAFTDEQMDDIDTIAASIKMGYV
DKMERSGKTSQNKLQAMNMAFASAVAEIAISEGGGQSAQVKTNAIADALASAFLQTTGVVNGQFINEIR

GLISMFAQ

2H§ts 10
2o 2 Score: 31

MTWTTRLALSFLVVICSQSLFALCQSPWQSASMAESFMTYFSEALGQSGAFTKEQIDDIDTIASSIKLGVDKMERSG
KTSGSKLQAMNIAFASAVAEIATTEGGEQTAEVKTKAVADALAFAFFQTKGAVNINFINEIKNLISMFAQTNTISSSLD
S

2 Hits | 6
3H|ts 2

0
Bﬁ!ﬁl‘i‘@ 0
18

Score: 18

SHTTPWTNPGLAENFMNSEMQBESEMPGFTASQLDDMSTIAQSMVQSIQSLAAQGRTSPNKLQALNMA
FASSMAEIAASEEGGGSLSTKTSSIASAMSNAFLQTTGVVNQPFINEITQLVSMFAQAGMNDVSA

2 HITS |10
3 HITS |1

1 Score: 27
5+ HITS | 0
SCORE [ 27

MTWTARLALSILAVLCTQSLFAQGQNTPWSSTELADAFINAFLNEAGRTGAFTADQLDDMSTIGDTLKTA
MDKMARSNKSSKSKLQALNMAFASSMAEIAAVEQGGLSVAEKTNAIADSLNSAFYQTTGAVNPQFVNEI

REEESMFAQASA

N. clavipes [5iis >
. P e L Score: 18
5o Hits | o
18
Genus Species Spidroin 2 3 Score
size (kDa) | Hits | Hits
Araneus diadematus | 17.6 9 3 1 0 31
Argiope argentata 15.6 10 2 0 1 31
Cyrtophora moluccensis | 16.8 6 2 0 0 18
Euprosthenops | australis 13.8 10 1 1 0 27
Nephila clavipes 16.0 4 2 1 0 18

Figure 18. The enzymatic profiles of MaSp1l N-termini when compared to MMP9. The frequency of matching
sequence lengths is summarised in the table in addition to the final score for each termini. As with MMP2
profiles, the scores demonstrate the overall coverage and length of matching sequences by MMP9 with the
highest scores attributed to greatest likelihood of cleavage.
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A. diadematus

A. argentata

A. bruennichi

A. trifasciata

C. moluccensis

D. tenebrosus

C termini, MMP9

ASVAABRISSPAASSRVSSAVSEBIIESGPTNGAAVSGALNBIBQISASNPEESECDALVQALLELVSAL
VAILSSASIGQVNVSSVSQSTQMISQALS|

2 Hits |3
e Score: 34
I ts | 2
34
ASVAAASAAASRIESSPGAASRVSSA SGGPTNGEAESNTISNVVSQISASNPEESBCDVLVQALL
EIVEABHILGSANIGQVNSNSAGRSA QSVYQALS
2 Hits [ 1
3 Hits | 1
5 Score: 31
1

[Score |31

ASVATASAAASRISSPGAASRVSSAVTEINESGGPTNSEABENTISNVVSQISSSNPEESECDVLVQALL
EIVEANHILGSANIGQVNSSGVGRSABIIBQSINQAFS

2 Hits 1

3 Hits g Score: 27
5+ | 1

27

ASAAASRESSPSAASRVSSAVTEIIEGGGPTNPAAESNTFSNVVYQISVSSPEESECDVLIQALLEL VERE
HILGSAHGQVNSSAAGESABIIBQSVYQAFS

ZHiEs |1
3 Hits | 0 Score: 37
4
5+ Hits | 3
37

AAAAAVGGAGQGGYGGVGSAAASAAASHLSSPEASSRVSSAVSNLYSSGSTNSAALPNTISNVVSQISS
SNPEESECDVLVQALLEVVEBEHILGSSSIGQVNYGSAGQATQIV

2 Hits | 2
3 Hits | 1 Score: 15
2
[0
1

5

AVSBINBNGQVNVDALPSHIBNLSSSISASATTASDCEVLVQVLLEVVERNIQIVCS

2 Hits 1
3 Hits Score: 14

Figure 19. The enzymatic profiles of A. diadematus, A. argentata, A. bruennichi, A. trifasciata,
C. moluccensis and D. tenebrosus MaSpl C-termini when compared to MMP9. The scores are were
generated to reflect the coverage of each sequence and the length of the matching sequences.
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ASTVANSVSRESSPSAVSRVSSAVSBIIENGPQVNMAALPNIISNISSSVSASAPGASGCEVIVQALLEVITALVQIVS
SSSVGYINPSAVNQITNVVANAMAQVL

: 2 HITS
E. australis [3ams Score: 17

SAASAAABRISEPQASSRVSSAVSNLVASGPTNSEAESS TISNVVSQIGASNPGLSGCDVLIQALLEVVER
EHILGSSSIGQVNYGSAGQATQIVGQSVYQALG

N. clavipes Score: 16

ASAAABRISSPQASSRVSSAVSNLVASGPTNSEAESS TISNAVSQIGASNPEESGECDVLIQALLEVVERN
HILGSSSIGQVNYGSAGQATQ

N. madagascarensis Score: 20

ASAAABRISSPEASSRVSSAVSNLYSSGPTNSEEEENTISNVVSQISSSNPEESGECDVLVQALLEYYEEN
HILGSSSIGQVNYGSAGQATQIV

N. pilipes Score: 19

ASAAASRISSPEASSRVSSAVSNLYSSGPTNSBAESSTISNVVSQIGASNPEESECDVLIQALLEYVEEIN
HILGSSSIGQVNYGSAGQATQ

| 3 Hits_|

N. senegalensis Score: 20

>+ its

Genus Species Spidroin 2 3 Score
size (kDa) | Hits | Hits
Araneus diadematus 9.4 3 2 3 2 34
argentata 10.4 1 1 5 1 31
Argiope bruennichi 10.1 1 0 5 1 27
trifasciata 10.4 1 0 4 3 37
Cyrtophora moluccensis 10.7 2 1 2 0 15
Dolomedes tenebrosus 5.7 1 0 3 0 14
Euprosthenops | australis 10.3 1 2 1 1 17
clavipes 10.1 1 0 1 2 16
Nephila madagascarensis | 8.8 1 0 2 2 20
pilipes 9.1 1 0 3 1 19
senegalensis 8.9 1 0 2 2 20

Figure 20. The enzymatic profiles of E. australis, N. clavipes, N. madagascarensis, N. pilipes and
N. senegalensis MaSp1l C-termini when compared to MMP9. As with MMP2 profiles, a ‘hit’ was classified as
matching amino acid residues that crossed the cleavage point within the target sequence with the number
reflecting the length of the matching sequence. The frequency of matching sequence lengths for all profiles
are summarised in the table in addition to the final score for each termini.
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3.3.4 PROSPER analysis of natural spidroins

The spidroin sequences were submitted to the online PROSPER analysis
tool to identify pre-determined MMP cleavage sites that existed within the
sequences 224, The likelihood of cleavage from MMP2 or MMP9 was

identified (final column), shown in Table 12 - 15.

MMP2
The total number of cuts for MMP2 was lower than that seen from MMP9,

with no cleavage expected from some N-terminal sequences (Table 12,
C. moluccensis and N. clavipes). However, the C-terminus of

C. moluccensis contained 4 cuts, the highest alongside A. diadematus,
seen in Table 13.

MMP9
The PROSPER predictions suggested that both termini contained multiple

cleavage sites in all species as seen in Table 14 and Table 15. The
highest number of predicted cleavage events was identified in both
termini of E. australis, with 9 and 13 cuts being predicted, respectively.
Conservation between spidroins meant that many of the same sequences
were identified across different sequences. For example, the sequence
‘AASH/R|LSSP’ (where | denotes the cleavage point) is seen in the
C-terminus of five species, while ‘AVSN/S|LVSS’ was seen eight termini
in Table 15.

MMP2, N termini PROSPER results
Genus Species Termini Number Position | Segment N fragment C fragment Score
size (kDa) | of cuts size (kDa) size (kDa)

Araneus diadematus 17.6 149 AQAN!VIDS 15.8 1.8 1.07

Argiope argentata 15.6 1 140 EIRG|LISM 14.8 0.8 1.01

Cyrtophora moluccensis 16.8 0 - - - - -

Euprosthenops australis 14.87 1 47 MVQSIIQSL 5.40 9.47 1.02

Nephila clavipes 16.79 0 - - - - -
Table 12. The amino terminal sequences of the natural spidroins were submitted to a

PROSPER database to identify MMP2 target sequences.
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MMP2, C termini PROSPER results
Genus Species Termini Number | Position | Segment N fragment | C fragment | Score
size (kDa) | of cuts size (kDa) size (kDa)
69 LVSAILVAL 6.5 2.9 1.11
. 23 AVSSILVSS [ 2.1 5.7 1.01
Araneus diadematus 9.4 4 a5 VSO'TSAS | 4.1 £ 3 100
S (Y [P U al_____ ALNSILVSQ 13.7_ ______| T A 0.98 _ |
47 TISNIVWSQ | 4.2 6.2 1.17
argentata 104 2 75 TVSAILVHT | 7.0 3.4 1.13
35 NPAAILSNT |3.2 6.9 1.12
Argiope bruennichi 10.1 3 70 LVSAILVHI |6.8 3.3 1.11
23 AVTSILISG | 2.1 8.0 1.03
. B 47 TISN!VVSQ [4.3 6.1 1.17
| |fifescata | AU Ko I SR TVSAILVAT [7.1______ | 33______ ] 113 |
90 VVSA!LIHI 8.2 2.5 1.28
. 62 TISN!VVSQ [5.5 5.2 1.17
Cyrtophora moluccensis 10.7 4 a4 AVSNILVSS | 2.8 50 110
IR (RN SRR MU 1 SR (AASHILSSP_[2.2______ [ 85 _____]¢ 0.97._
22 IISNILSSS | 2.2 3.5 1.05
Dolomedes tenebrosus 5.7 3 50 VVSAILVQI | 4.9 0.8 1.03
I Ry (NN MU F- S AVSSILVSN_[0.3______ [ 54______ 3 1.01 ]
, 16 SPSAIVSRV | 1.5 8.8 1.10
| Euprosthenops | australis | Gt KA TS CAVSSILVSN (25 _____ | 78| 101 |
71 VVSAILIHI 6.4 3.7 1.28
clavipes 10.1 3 43 TISN;VVSQ |4 6.1 1.17
25 AVSNILVAS | 2.3 7.8 i1.10
. 69 VVSA!ILIHI 6.6 2.2 1.28
. madagascarensis | 8.8 2 23 AVSNILVAS [ 2.2 66 1.10
Nephila 69 VVSAILIHI 6.7 2.4 1.28
pilipes 9.1 3 41 TISN}VVSQ | 3.9 5.2 1.17
23 AVSNILVSS [2.2 6.9 1.10
41 TISN;]VVSQ |3.9 5.0 1.17
senegalensis 8.9 3 23 AVSNILVSS | 2.2 6.7 1.10
69 VVSA!LVHI [ 6.6 2.3 1.03
Table 13. The carboxyl terminal sequences of the natural spidroins were submitted to a
PROSPER database to identify MMP2 target sequences.
MMP9, N termini PROSPER results
Genus Species Termini Number of | Position | Segment N fragment | C fragment |Score
size (kDa) |cuts size (kDa) size (kDa
88 QAMNIMAFA | 9.6 8.0 1.34
83 SANK]LQAM [9.1 8.5 1.25
72 GIVR|MERS |7.9 9.7 1.07
Araneus diadematus 17.6 7 37 AESFIMNNF | 4.1 13.5 1.07
150 QANV|IDSS |15.9 1.7 1.03
140 EIRT|LISM 14.8 2.8 1.01
ISR N S 118_____[VADAILASA [12.4 5.2 _______]09a __
88 QAMN!IMAFA | 9.6 6.0 1.34
. 140 EIRG|LISM 14.8 0.8 1.14
Argiope argentata 15.6 4 37 AESF'MTSE | 4.1 11.5 1.05
ISR N N 22 SIFAILGOS [2.5 31 ______[094
131 GAVN]INFI 14.0 2.8 1.17
88 QAMNIIAFA [9.6 7.2 1.14
140 EIKN{LISM 15.0 1.8 1.14
Cyrtophora moluccensis |16.8 7 83 SGSK|LQAM [9.0 7.8 1.12
37 AESFIMTYF [4.1 12.7 1.05
122 LAFA|FFQT 12.9 3.9 1.05
IR IS AV —— 118_ VADALAFA [12.5 4.3 -10:94
66 QALNIMAFA |7.1 6.7 1.28
14 LAENIFMNS [1.5 12.3 1.27
61 SPNKILQAL [6.5 7.3 1.26
33 TASQ|LDDM | 3.6 10.2 1.20
Euprosthenops | australis 13.8 9 19 MNSFIMQGL | 2.2 11.6 1.12
43 IAQSIMVQS | 4.6 9.2 1.12
72 FASSIMAEI [7.7 6.1 1.08
96 IASA|MSNA [9.9 3.9 1.03
IS R 121_____TOLVSIMFAQ [ 126 12 _______[T.01
89 QALV MAFA |9.6 6.4 1.28
135 NPQFVNEI 14.3 1.7 1.20
84 SKSKILQAL ]9.1 6.9 1.15
. . 95 FASS|MAEI 10.2 5.8 1.08
Nephila clavipes 16.0 8 70 LKTA!MDKM | 7.5 8.5 0.98
72 TAMD!KMAR | 7.7 8.3 0.97
124 NSAFIYQTT [13.1 2.9 0.96
73 AMDKIMARS | 7.9 8.1 0.96

Table 14. The amino terminal sequences
PROSPER database to identify MMP9 target sequences.

of the natural spidroins were submitted to a
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MMP9, C termini PROSPER results

Genus Species Termini Number Position |Segment N fragment |C fragment Score
size (kDa) |of cuts size (kDa) |size (kDa
7 AASR]LSSP 0.7 8.7 1.17
] 23 AVSSILVSS [2.1 7.3 1.12
Araneus diadematus 9.4 4 69 VSAILVAL 6.5 59 11
................................................. 92______losToiMisg fe.7 107 05 __]
12 AASRILSSP [1.0 9.4 .17
74 IVSAILVHI 7.0 3.4 1.11
argentata 104 4 50 NVVSIQISA |4.5 5.5 1.06
47 TISNIVVSQ |4.2 6.2 1.01
35 NPAAILSNT [3.2 6.9 1.36
o 7 AASR]LSSP 0.6 9.5 1.17
Argiope bruennichi 101 4 70 VSAILVAI 6.8 3.3 1.11
43 FSNVIVYQI [4.0 6.1 0.96
12 AASR]LSSP |1.0 9.4 1.12
75 IVSAILVHI 7.1 3.3 1.11
trifasciata 10.4 5 50 NVVSIQISS [4.6 5.8 1.06
40 NSAAILSNT (3.6 6.8 1.04
SRR NSRRI N R a7 _____] TISNVWSQ (4.3 | 61 _______|1.01__]
44 AVSN]LVSS |3.8 6.9 1.35
28 AASH|LSSP |2.2 8.5 1.26
. 90 VVSAILIHI 8.2 2.5 1.22
Cyrtophora moluccensis 10.7 6 3 NVVS 055 5.8 29 06
62 TISNIVVSQ |5.5 5.2 .01
I ISR (VSN P 113 oATQIIV __ 1105 ______I 9.2 410l __|
50 VVSAILVQI [4.9 0.8 1.24
22 IISN|LSSS 2.2 3.5 1.22
Dolomedes tenebrosus 5.7 4 2 AVSSILVSN (0.3 t 3 12
SRR NSRS N R 52____ ] SALVIQIVC [52_ T 05 _______]1.02__]
89 NPSAIVNQI [8.7 1.6 1.22
102 NAMAIQVL [10.0 0.3 1.19
95 QITN;VVAN (9.3 1.0 1.12
26 AVSSILVSN [2.5 7.8 1.12
91 SAVN!IQITN (8.9 1.4 1.12
72 VITA[LVQI 7.0 3.3 1.11
Euprosthenops |australis 10.3 13 74 TALVIQIVS |7.2 3.1 1.11
100 VANAIMAQV 9.8 0.5 1.10
104 MAQV!IL 10.2 0.1 1.10
99 VVANIAMAQ 9.7 0.6 1.06
10 SVSRILSSP [1.0 9.3 1.02
34 GQVN]MAAL (3.3 7.0 1.01
SRR NSRRI N R 37______] NMAAILPNL [3.6______ [ 67 _______]098__]
25 AVSNILVAS [2.3 7.8 1.35
71 VVSA!LIHI 6.7 3.4 1.22
9 AASRILSSP |0.8 9.3 1.17
clavipes 10.1 7 46 NVVSIQIGA (4.3 5.8 1.06
36 NSAAILSST (3.3 6.8 1.04
43 TISNIVVSQ |4.0 6.1 1.01
94 QATQIIVGQ [9.0 1.1 1.01
23 AVSN]LVAS |2.2 6.6 1.35
69 VVSALLIHI 6.6 2.2 1.22
madagascarensis |8.8 5 7 AASR]LSSP 0.6 8.2 1.17
44 NAVS!QIGA [4.1 4.7 1.12
34 NSAAILSST (3.2 5.6 1.04
Nephila 23 AVSNILVSS [2.2 6.9 1.35
69 VVSAILIHI 6.7 2.4 1.22
7 AASR|LSSP |0.6 8.5 1.17
pilipes 9.1 7 44 NVVSIQISS [4.2 4.9 1.06
34 NSAAILSNT (3.2 5.9 1.04
41 TISNIVVSQ [3.9 5.2 1.01
92 QATQITV 8.9 0.2 1.01
23 AVSNILVSS [2.2 6.7 1.35
69 VVSAILVHI 6.6 2.3 1.24
senegalensis 8.9 6 7 AASRILSSP |0.6 8.3 1.17
. 44 NVVSIQIGA [4.2 4.7 1.06
34 NSAAILSST (3.2 5.7 1.04
41 TISN]VVSQ |3.9 5.0 1.01

Table 15. The carboxyl terminal sequences of the natural spidroins were submitted to a
PROSPER database to identify MMP9 target sequences.
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3.3.5 The effect of sequence variance on in silico profiling
The sequence alignments conducted in Section 3.3.5 identified different
amino acid sequences for the termini of N. clavipes (N-terminal) and
A. diadematus (C-terminal). The variation within these sequences was
therefore investigated to identify the effect these differences had on
predicted protein cleavage.

N-termini

The four sequences of N. clavipes were compared against target motifs
and submitted to the PROSPER prediction software and seen in

Figure 21. As before, an in silico approach was taken for MMP2 and
MMP9, seen in Figure 21a) and Figure 21b) respectively. The
sequences were also submitted to a PROSPER prediction software to
identify cleavage sites for the same enzymes, seen in Figure 21c) and
Figure 21d) for MMP2 and MMP9 respectively.

Figure 21a) The in silico profiles scored between 70 (Sequence 4)
and 83 (Sequence 2) between the four sequences suggesting substantial
coverage by MMP2. A five-length matching sequence was identified in all
sequences except Sequence 3. Figure 21b) When compared to MMP9
target sequences, the scores ranged from 17 - 24. Only one 5-length

matching sequence was identified, located in Sequence 4.

When submitted to the PROSPER prediction software for MMP2
predictions, seen in Figure 21c), cleavage sites were only identified in
Sequences 1, 3, and 4. Of these 3 results, Sequence 4 was predicted to

undergo cleavage in 3 distinct locations.

PROSPER prediction for MMP9, seen in Figure 21d), identified 40
cleavage sites with 16 sites identified within Sequence 4. As with MMP2
(Figure 21c¢), the highest number of sequences were identified in
Sequence 4 while the lowest number was produced by Sequence 2 with
six. Although many of the cleavage locations were similar between the
proteins, the variation within Sequence 4 produced many unique

cleavage sites.

9