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Mechanisms of Native and Artificial Spinning of Spider Silk

Abstract

Spider silk is tougher than all other known natural and man-made fibers, and represents
an environmentally friendly material that could potentially be used for many different
purposes, ranging from biomaterials to construction materials. However, for large-scale
production of silk, methods to produce artificial silk fibers must be developed. In this
thesis, the molecular mechanisms of silk spinning were studied with the aim of
developing a biomimetic method for production of artificial spider silk fibers.

Major ampullate glands of spiders were studied using light and transmission electron
microscopy. Three different epithelial cell types were identified in the tail and sac, two
of which produce spider silk proteins (spidroins) that make up the silk and one of which
produces carbonic anhydrase that maintains a pH gradient along the gland. The pH
gradient was determined to go from pH 7.6 in the tail to pH 5.7 halfway along the duct.
Silkworm silk glands were also shown to contain several different epithelial cell types
and it was determined that carbonic anhydrase maintains a pH gradient from 8.2 to 6.2
along the gland.

Spidroins consist of a repetitive region with alternating poly-alanine blocks and
glycine-rich repeats, flanked by highly conserved globular domains, the N-terminal
(NT) and C-terminal (CT) domain. Recombinant versions of NT and CT were studied
under the conditions found in the major ampullate gland, and were shown to regulate
fiber formation by responding to pH in coordinated but opposite ways, following a lock
and trigger mechanism. While NT gets more stable and dimerizes as pH is lowered, and
thereby interconnects the spidroins into large networks (lock), CT is destabilized,
unfolds and turns into -sheet amyloid-like fibrils in response to low pH and high
pCO,, which may nucleate further 3-sheet formation of the repetitive region (trigger).

Based on the knowledge generated on native silk spinning, a biomimetic method to
spin artificial spider silk fibers was developed. A chimeric recombinant spidroin was
designed by combining a highly soluble NT and CT with a short repetitive region. The
extremely soluble spidroin could be concentrated to unprecedented levels, and formed
tough, kilometer-long fibers upon spinning into a low pH aqueous buffer.
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1 Introduction

Spiders and silkworms spin silk fibers with remarkable properties. Not only are
they exceptionally tough (Omenetto & Kaplan, 2010), but spider silk fibers are
also well tolerated when implanted in living tissues (Vollrath et al., 2002;
Allmeling et al., 2008; Radtke et al., 2011). Furthermore, native silks represent
an environmentally friendly material since they are produced from renewable
sources at ambient temperatures. Thus, silk is an attractive material for many
different areas, ranging from regenerative medicine to the construction
industry. The amazing properties of silk were discussed already in the
beginning of the 18" century, when it was suggested that spider silk could be
used to stop bleeding (Bon, 1710).

Silkworms are easy to house and produce large amounts of silk that is used
as a suture material and in the textile industry. However, biomedical
applications of silkworm silk require removal of sericin (a protein that coats
the silk fiber) that may otherwise cause an allergic response (Altman et al.,
2003). In contrast, spider silk fibers do not contain sericin and may be a better
biomaterial, but spiders are difficult to house and produce small amounts of
silk (Winkler & Kaplan, 2000). Thus, successful large-scale production of
spider silk fibers requires expression and purification of silk proteins from
heterologous hosts, followed by spinning into fibers.

Despite significant efforts to produce artificial spider silk, the outstanding
mechanical properties of native silk have not yet been possible to mimic, partly
as a result of poor understanding of native silk production mechanisms. In this
thesis, the silk glands and molecular mechanisms of silk spinning were studied
in silkworms and spiders in order to develop a biomimetic method for
production of artificial spider silk.
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1.1 Spider silk

Spiders spin their silk from spider silk proteins (spidroins) that are produced in
abdominal glands. There are several different types of glands, each responsible
for producing a specific type of silk with unique mechanical properties. Some
spiders have up to seven different glands, including the major ampullate, minor
ampullate, flagelliform, aggregate, pyriform, tubuliform (also referred to as
cylindriform), and aciniform glands (Figure 1) (Peakall, 1969). The histology
of these glands was studied thoroughly during the 1980s and 1990s (Kovoor,
1987; Kovoor, 1990; Tillinghast, 1994). Since then, most studies (including
this thesis) have been focused on the major ampullate gland (Vollrath &
Knight, 1999; Casem et al., 2002; Davies et al., 2013).

Major ampullate: dragline and structural silk
® Minor ampullate: temporary scaffolding
® Flagelliform: core fibers of capture spiral
@ Aggregate: aqueous coating of capture spiral

@ Pyriform: cement for joints and attachments

@ Tubuliform: outer silk of egg sac

e Aciniform: soft inner silk of egg sac, prey
wrapping and sperm webs

Figure 1. Illustration of the seven silk glands present in a female orbweaver and their respective
primary use. Adapted with permission from Macmillan Publishers Ltd: Nature Chemical Biology,
(Rising & Johansson), copyright (2015).

Spidroins are stored in the gland as a concentrated aqueous solution, called the
spinning dope (Hijirida et al., 1996; Chen et al., 2002). Upon spinning, the
dope travels through the gland and experiences changes in the
microenvironment that cause the spidroins to go from a soluble state to a solid
fiber in fractions of a second. Spidroins share an overall architecture with two
highly conserved hydrophilic terminal domains, the N-terminal (NT) (Rising et
al., 2006) and C-terminal (CT) domain (Garb et al., 2010), flanking a large and
repetitive region (Ayoub et al., 2007). The NT and CT are likely contributing
to the extreme solubility of native spidroins in the spinning dope of spiders
(Askarieh et al., 2010; Hagn et al., 2010), while the repetitive region confers
the mechanical properties to the silk fiber (Hayashi et al., 1999).

1.1.1 The major ampullate gland

The paired major ampullate gland can be divided into three distinct parts: a tail,
a sac, and an s-shaped duct (Bell & Peakall, 1969) (Figure 2). Spidroins are
produced in the tail and proximal part of the sac, and are secreted into the
lumen where they are stored. The dope then flows through the duct that leads
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to the spinneret where the fiber is pulled out by the spider’s leg or by other
means such as gravity, wind, or movement of the spider in the web (Vollrath &
Knight, 2001).

Funnel

o>

Spidroin synthesis Storage at 30-50% w/v Assembly into a solid fiber

Figure 2. The major ampullate gland consists of a long tail where spidroins are produced, a sac
where they are stored, and a duct along which the spidroins are assembled into a solid fiber. The
sac and duct are connected to each other by the funnel. Adapted with permission from Elsevier:
Acta Biomaterialia (Rising), copyright (2014).

Both the tail and sac consist of a single layer of columnar epithelial cells
(Kovoor, 1987). The spidroin expression capacity is high in the tail and
proximal part of the sac, as indicated by the abundant rough endoplasmic
reticulum and the large number of secretory granules within the cells (Bell &
Peakall, 1969; Casem et al., 2002). Early on, a few studies reported the
presence of three different cell types in major ampullate glands, but their
respective functions were not examined (Kovoor, 1987; Kovoor, 1990;
Tillinghast, 1994). Since then, the common opinion has been that there are two
different epithelial cell types in the major ampullate tail and sac, referred to as
the A and B zones (Knight & Vollrath, 1999; Knight & Vollrath, 2001; Dicko
et al., 2004; Sponner et al., 2007). The A zone is responsible for expression
and secretion of spidroins (Sponner et al., 2004), while the B zone produces
either non-spidroin components such as lipids and carbohydrates or another
type of spidroin (Vollrath & Knight, 2001; Sponner et al., 2007).

The funnel connects the sac to the duct (Figure 2) (Bell & Peakall, 1969),
but the functions of the funnel have not been determined. The duct is folded
into an s-shape, ending in a spigot on the anterior spinneret (Bell & Peakall,
1969; Kovoor, 1987). A single epithelial cell layer with microvilli at the apical
cell membrane lines the duct, which suggests that the duct is involved in
dehydration of the spidroins upon spinning (Casem et al., 2002). There is a
layer between the lumen and the apical cell membrane referred to as the
cuticular intima, which is hypothesized to protect the underlying cells during
fiber formation (Davies et al., 2013). The cuticular intima has also been
proposed to act as a dialysis membrane allowing for dehydration of the
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spinning dope (Vollrath & Knight, 1999). The diameter of the duct lumen is
progressively narrowing, and goes from around 100 um to <10 um (Knight &
Vollrath, 1999; Davies et al., 2013).

1.1.2 Dragline silk

The major ampullate gland is the source of dragline silk, which is made up of
at least two different major ampullate spidroins (MaSp), MaSp 1 and 2
(Hinman & Lewis, 1992; Ayoub et al., 2007). Dragline silk fibers are 1-6 um
in diameter (Perez-Rigueiro et al., 2001; Sampath et al., 2012; Xu et al., 2015)
and have a core-skin architecture with spidroins in the core and carbohydrates,
lipids or non-spidroin proteins in the skin. The skin and core have, in some
studies, been further divided in up to five layers but the composition and
number of these layers have been debated (Li ef al., 1994; Vollrath et al., 1996;
Frische et al., 1998; Augsten et al., 2000; Sponner et al., 2007). Studies on
fiber architecture have involved extensive treatment such as dehydration,
embedding in plastic, sectioning and staining (Frische et al., 1998; Augsten et
al., 2000), dipping silk fibers in urea (Vollrath et al., 1996) or treating fibers
using ether, triton x-100 and freeze-thaw cycles (Sponner et al., 2007), which
makes it difficult to draw conclusions about the native structure of dragline
silk. While some studies have not identified subfibrillar structures in the fiber
(Thiel et al., 1994; Thiel et al., 1997), others show that the core is composed of
micro- and nanofibrils parallel to the fiber axis which may contribute to the
mechanical properties of dragline silk (Li et al., 1994; Vollrath et al., 1996;
Gould et al., 1999; Miller et al., 1999; Augsten et al., 2000; Sponner et al.,
2007).

The localization and distribution of MaSp 1 and 2 in the fiber was studied
by Sponner and coauthors, using antibodies directed against the MaSp 1 or 2
repetitive region (Sponner et al., 2005a; Sponner et al., 2005b; Sponner et al.,
2007). They concluded that MaSp1 is more abundant in the dragline silk fiber
than MaSp2 and that MaSpl1 is present throughout the core region of the fiber
but not in the skin layers, while MaSp2 is present only in certain areas in the
inner core of the fiber (Sponner et al., 2005a; Sponner et al., 2005b). It was
further shown that CT is present in the core but not in the skin of the fiber
(Sponner et al., 2004). The distribution of NT has not been studied in major
ampullate glands or in dragline silk.

1.1.3 Silk formation in the major ampullate gland

Major ampullate spidroins are stored in a soluble state at 30-50% w/v, i.e. 300-
500 mg/ml in the sac (Figure 2) (Hijirida et al., 1996; Chen et al., 2002). A
long-standing question has been how the spider manages to keep the proteins
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in solution at such high concentrations, yet rapidly turns them into a solid fiber
at the spinneret. The high solubility of spidroins could in part be mediated by
the spidroins forming micelles where hydrophobic regions are shielded in the
core, while hydrophilic regions such as the terminal domains form the outer
shell (Lin et al., 2009). The micelles are suggested to elongate and fuse in
response to increased shear forces and lowered pH (Eisoldt et al., 2011). The
spidroins have also been suggested to be stored as a liquid crystalline feedstock
(Kerkam et al., 1991; Willcox & Gido, 1996; Knight & Vollrath, 1999),
meaning that the spidroins order in a regular manner as in a crystal, but flow
like a liquid. This allows the dope to flow through the sac and the first limb of
the duct before forming a fiber at the end of the duct (Knight & Vollrath, 1999;
Vollrath & Knight, 2001). The two models are not mutually exclusive, and
further experimental studies are warranted to fully elucidate the storage
mechanism of the spinning dope in the gland.

A combination of several factors such as lowered pH, shear forces and ion
exchange alters the conformation of spidroins, causing them to go from a
soluble spinning dope to a solid fiber. A pH gradient going from 6.9 in the sac
to around 6.3 in the end of the duct (Knight & Vollrath, 2001) or from 7.2 in
the sac to 6.3 in the funnel (Dicko et al., 2004) has been determined. The
generation of a pH gradient has been attributed to the presence of ATPase-
driven proton pumps along the duct. Inhibition of these pumps results in halted
acidification in the duct, indicating that they are vital for the pH gradient
(Vollrath et al., 1998).

As the spinning dope flows through the duct, it eventually pulls away from
the walls of the duct, and forms a solid fiber through a pH- and shear-induced
phase transition (Knight & Vollrath, 1999; Knight et al., 2000). The phase-
transition is likely due to a structural conversion into -sheets of the spidroins
in response to shear forces (Giesa et al., 2016) and pH. The spinning dope is
dehydrated along the duct (Vollrath & Knight, 1999; Casem et al., 2002). The
water uptake by the epithelial cells in the duct may be associated with sodium
and chloride reabsorption since levels of sodium and chloride in the lumen
decrease along the duct, while potassium, phosphorus and sulphur levels
increase (Knight & Vollrath, 2001).

1.1.4 Major ampullate spidroins

Although dragline silk is considered to be composed mainly of MaSp1 and 2
(Hinman & Lewis, 1992; Ayoub et al, 2007), recent whole genome
sequencing of a velvet spider (Stegodyphus mimosarum) identified up to ten
putative MaSp genes. In addition, more than 100 other, non-spidroin proteins
have been identified in the dragline silk fiber (Sanggaard et al., 2014). Since
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the proteins that are encoded by these putative genes have not been
characterized, the focus herein will be on the relatively well characterized
MaSp1 and 2. They both consist of an NT (Rising et al., 2006), a CT (Hagn et
al., 2010), and a large repetitive region (Ayoub et al., 2007) (Figure 3).

Repetitive region CT

_'((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((

Figure 3. Schematic illustration of a MaSp consisting of an N-terminal domain (NT), a repetitive
region and a C-terminal domain (CT). Adapted with permission from Macmillan Publishers Ltd:
Nature Chemical Biology, (Rising & Johansson), copyright (2015).

The N-terminal domain

The NT is around 130 amino acid residues long and is evolutionary conserved
both between spider silk types and spider species (Rising et al., 2006). It folds
into a five-helix bundle monomer with a dipolar charge distribution at neutral
pH (Askarieh et al., 2010; Gaines et al., 2010; Hagn et al., 2011; Jaudzems et
al., 2012; Kronqvist et al., 2014). Upon a lowering of pH, NT assembles into
an antiparallel dimer, thereby interconnecting the spidroins (Hedhammar et al.,
2008; Askarieh et al., 2010; Gaines et al., 2010; Hagn et al., 2011; Schwarze et
al., 2013; Otikovs et al., 2015; Atkison et al, 2016). The structural
rearrangements that are required for the interconversion from monomer to
dimer include relocation of the only tryptophan residue present in MaSp1 NT,
which allows for repositioning of helix 3, thereby leading to formation of the
dimer interface (Askarieh et al., 2010; Gaines et al., 2010; Jaudzems et al.,
2012; Atkison et al., 2016). The tryptophan sidechain goes from being buried
in the center of the helix bundle in the monomer to a more solvent-exposed
location in the dimer (Figure 4), thereby offering the possibility to use
tryptophan fluorescence spectroscopy to follow the monomer to dimer
conversion (Gaines et al., 2010; Jaudzems et al., 2012). The ratio between the
fluorescence at 339 and 351 nm at a specific pH represents the ratio between
monomeric and dimeric NT (Krongqvist et al., 2014).
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Figure 4. (A) The tryptophan side chain is buried in the core of the protein in the N-terminal
monomer. (B) In a subunit of the N-terminal dimer, the tryptophan side chain is more solvent
exposed. (C) Helix 3 (H3) is relocated in the dimer structure, as seen by superimposing the
nuclear magnetic resonance (NMR) structure of the N-terminal monomer (pale green) and crystal
structure of the N-terminal dimer (yellow). (D) Upon going from pH 7 to pH 6, NT dimerizes, the
tryptophan side chain changes its location and a red-shift in emission occurs. AU: arbitrary units.
Arrows point to the tryptophan side-chain. W10: tryptophan residue 10. Crystal and NMR
structures determined in (Askarieh ef al., 2010; Jaudzems et al., 2012).

According to tryptophan fluorescence spectroscopy, NT dimerization is
completed around pH 6 (black curve in Figure 5). Stability studies by urea
denaturation show that full NT stabilization occurs after dimerization is
completed, as NT continues to stabilize all the way down to pH 5 (blue curve
in Figure 5).

17



5,00 T T T T 1,15
p ° Monomer

4,50

4,00 1,05

onel njj dip

3,50 1,00

3,00

Half denaturation point ((UREA] M)

2,50
5

Figure 5. Dimerization and stabilization of the N-terminal domain (NT) are decoupled events as
illustrated by plotting half denaturation point in molar urea (blue, left axis) and the ratio of
tryptophan fluorescence between 339 and 351 nm (black, right axis) against pH. High tryptophan
fluorescence (Trp flu) ratio indicates presence of NT monomers, while low flu ratio indicates
presence of NT dimers. Data from Kronqvist et al., (2014).

Detailed analysis of the dimerization and stabilization of recombinant MaSp1
NT from Euprosthenops australis led to the description of a three step
mechanism (Figure 6) (Kronqvist et al., 2014). The NT monomer subunits are
weakly associated at neutral pH due to electrostatic interactions between amino
acid residues D40, K65 and R60 (and possibly E84). Next, at around pH 6.5
residues E79 and E119 are becoming protonated. This leads to association and
pre-alignment of the subunits and subsequently to formation of loosely
connected dimers in which the structural rearrangements of the tryptophan
residue side-chain and helix 3 occur (measured by tryptophan fluorescence
spectroscopy, Figure 5). This state still permits movements of NT subunits in
respect to each other (Kronqvist et al., 2014; Atkison et al., 2016). The weakly
associated dimers may have a dual role: (i) to permit structural rearrangements
of the spidroins which may protect against retrograde propagation of the
pulling forces, and (ii) to enable stable NT dimers to form very rapidly, since it
would be independent of diffusion rate. When pH drops to 5.7 or below, E84
is becoming protonated thereby allowing the formation of a fully stable dimer
(measured by urea stability studies, Figure 5) (Kronqvist et al., 2014). Stable
dimerization of NT interconnects the spidroins, which may allow the pulling
forces in the fiber to be propagated via the protein chains, thereby facilitating
the structural conversion of the repetitive parts.
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Figure 6. At high pH, NT is present in monomer conformation. Electrostatic interactions mediated
by D40, K65, R60 and possibly E84 lead to a weak association of NT monomer subunits. Around
pH 6.5, E79 and E119 are protonated, leading to the formation of a weakly associated dimer
conformation in which the tryptophan side chain (Trp) becomes exposed to a more polar
environment. Finally, at around pH 5.7, strongly associated and fully stable NT dimers are formed
when E84 is protonated. Reproduced with permission from Macmillan Publishers Ltd: Nature
Communications, (Kronqvist et al.) copyright (2014).

The C-terminal domain

The CT is around 110 amino acid residues long (Chen et al., 2012) and folds
into a five-helix bundle, but with a different topology than NT. It is a
constitutive parallel dimer stabilized via a disulfide bond in the case of MaSps
(Hagn et al., 2010) or held together only by hydrophobic and other non-
covalent interactions as in minor ampullate spidroin (MiSp) CTs (Gao et al.,
2013). The CT is conserved between spidroin types, but to a lesser extent than
NT (Chen et al., 2012). For example, a conserved salt bridge between an
arginine residue (helix 2) and a glutamic acid residue (helix 4) has been
identified in CT. Shear forces and high salt conditions causes CT to unfold and
aggregate (Hagn et al., 2010; Gao et al., 2013), but it is essentially pH
insensitive down to pH 6 (Askarieh et al.,, 2010; Hagn et al, 2010).
Recombinant spidroins that include CT form well-defined fibrous aggregates,
while spidroins expressed without CT are prone to unspecific aggregation
(Ittah et al., 2006; Hedhammar et al., 2008; Hagn et al., 2010).

The repetitive region

The MaSp repetitive region can be up to 3000 amino acid residues long and
contains up to 100 ensemble repeats with alternating motifs of poly-alanine
blocks (4-12 amino acid residues) and glycine-rich repeats of different lengths
(Table 1) (Ayoub et al., 2007). The glycine-rich repeats of MaSp2 contain
prolines, but is otherwise similar to MaSp1 (Hinman & Lewis, 1992).
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Secondary structures of major ampullate spidroins in solution and fiber

Numerous studies have determined the secondary structure of MaSps in the
dope (i.e. in solution), by studying native spinning dopes using nuclear
magnetic resonance (NMR), Fourier transform infrared spectroscopy (FTIR),
circular dichroism (CD), and Raman spectroscopy. Although it has been
difficult to conclusively assign structures, soluble MaSps have been shown to
contain mostly random coils, a-helices and helices with three amino acid
residues per turn (referred to in the table and the text from now on as 3
helices) (Hijirida et al., 1996, Hronska et al., 2004; Lawrence et al., 2004;
Lefevre et al., 2008; Lefevre et al., 2011a; Lefevre et al., 2011Db).

The MaSps changes into [-sheet fibrils at the end of the duct, as
demonstrated by CD spectroscopy, transmission electron microscopy (TEM)
and Congo red staining (Knight et al., 2000; Kenney et al., 2002; Dicko et al.,
2004; Plaza et al., 2006). The dragline silk fiber is composed of highly
organized [-sheets embedded in an amorphous matrix (that despite its name
contains ordered secondary structures). X-ray diffraction and solid state NMR
show that the B-strands are oriented parallel to the fiber axis and that -sheets
make up 35-40% of the fiber (Table 1). The p-sheets are dominated by poly-
alanine blocks (van Beek et al., 2002; Jenkins et al., 2010; Jenkins et al., 2013;
Xu et al., 2015). The amorphous region is partially oriented, contains f3-turns
and 3, helices, and is composed mainly of glycine residues (van Beek et al.,
2002; Holland et al., 2008; Jenkins et al., 2013; Xu et al., 2015).
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1.1.5 Additional silk types and their corresponding spidroins

The spidroins discussed herein have an overall architecture with an NT, a CT
and a repetitive region which contains ensemble repeats that are specific and
characteristic for each spider silk type (Table 1). The MiSps also contain two
identical non-repetitive spacer regions, and the ensemble repeat of flagelliform
spidroins includes small negatively charged spacer regions that separate the
iterated glycine motifs (Hayashi et al., 1999; Chen et al., 2012; Lefevre &
Pezolet, 2012; Adrianos et al., 2013).

The MiSps are quite similar to MaSps in terms of secondary structure, both
in solution and in fibers. In contrast to MaSps and MiSps, poly-alanine blocks
are not common in aciniform, flagelliform or tubuliform spidroins (Hayashi et
al., 2004). Instead, aciniform and tubuliform spidroins contain poly-serine
blocks and glycine-rich repeats while flagelliform spidroins contain glycine-
rich repeats with and without proline (Table 1). The percentage of -sheet is
somewhat lower in aciniform silk than in dragline, minor ampullate and
tubuliform silk, but p-sheet is still the dominating structure, closely followed
by a-helices (Table 1) (Rousseau et al., 2009). The p-sheet content in
flagelliform silk is very low, but there is a high -turn content that likely leads
to formation of -spirals (Hayashi et al., 1999; Ohgo et al., 2006).

Despite having very different amino acid residue composition of their
ensemble repeats, the different spider silk types contain the same types of
secondary structure elements, but there is a difference in the relative amount of
each element, which probably influences mechanical properties, as discussed
below.

1.1.6 Mechanical properties of native spider silks

Spider silks are the toughest fibers known to man, outcompeting all known
natural and manmade fibers, including for example tendons, silkworm silk,
rubber, nylon, steel and Kevlar (Gosline et al., 1999; Omenetto & Kaplan,
2010). Stress-strain curves can be used to study the tensile behavior of a silk
fiber. The stress (i.e. strength of the fiber) is calculated from the force that the
fiber can withstand divided by the initial cross-sectional area of the fiber, while
strain is a measure of the extensibility of the fiber. The maximum stress before
breaking of the fiber is referred to as the ultimate tensile strength, and the
stiffness is referred to as elastic modulus. The elastic modulus can be
calculated from the slope of the initial part of the stress/strain curve (during
elastic deformation, before the yielding point, Figure 7). Toughness is a
measure of how much energy is required to break a fiber and is equal to the
area under the stress-strain curve, shaded in Figure 7. All spider silk types
described herein, except flagelliform silk, display an initial elastic deformation
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up to a yielding point, after which plastic deformation occurs until rupture
(Figure 8) (Blackledge & Hayashi, 2006). Elastic deformation is a reversible
deformation that occurs when a material is subjected to minor stress, while
higher stresses lead to plastic deformation, which is irreversible (Hosford et al.,
2004). Although Kevlar and high-tensile steel have higher ultimate tensile
strength and stiffness than spider silk, they do not reach the same toughness
since they are not nearly as extendible (Gosline et al., 1999; Omenetto &
Kaplan, 2010).

Ultimate tensile strength\q

Figure 7. Representative stress/strain curve of native
dragline silk. Fibers display an initial elastic modulus
(the slope of the curve until the yielding point,
arrow), after which plastic deformation occurs until
breaking point (ultimate tensile strength, arrow). The
area under the curve (shaded in grey) represents the
toughness. Modified from Plaza et al. (2012).
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The toughness differs between silk types and spider species, and also depends
on environmental factors such as temperature, humidity, and spinning speed
(Madsen et al., 1999; Plaza et al., 2006). The environmental factors cause high
variability in tensile measurements, thereby making it difficult to say that one
specific spider silk type is the toughest. Tensile properties obtained from only
one spider species obtained under the same settings are displayed in Figure 8,
to enable comparative analysis of tensile properties (Blackledge & Hayashi,
2006). These values are not to be seen as representative values of toughness for
each spider silk type, but merely serve as a comparison of the different silk
types within one species. In the study by Blackledge & Hayashi (2006),
aciniform silk was determined the toughest silk type, due to a combination of
high ultimate tensile strength and high extensibility.
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Mechanical properties of spider silks are likely conferred by the secondary
structures formed by the repetitive region. In dragline silk, poly-alanine blocks
confer strength by forming strong p-sheets, and the glycine-rich repeats confer
extensibility by forming 3;-helices (MaSpl) or B-turns (MaSp2) (Table 1)
(Hayashi et al., 1999). The variability in length and properties of the repetitive
regions in different spider silk types and spider species is likely to explain
some of the differences seen in mechanical properties (Gosline et al., 1999).
Aciniform silk is tougher than both dragline and minor ampullate silk, likely
because it has a relatively high p-sheet content (giving high ultimate tensile
strength) in combination with the presence of f-turns in the amorphous region
(giving high extensibility) (Hayashi et al., 2004; Blackledge & Hayashi, 2006).
The outstanding extensibility of flagelliform silk is attributed to the abundance
of proline-containing glycine-rich repeats in flagelliform spidroins that form -
turns and -spirals (Table 1) (Blackledge & Hayashi, 2006).

1.2 Silkkworm silk

Silkworms produce large amounts of silk for cocoons used during their
metamorphosis from larvae to moths. Silkworm silk is studied for
biotechnological and biomedical applications as reviewed by Omenetto and
Kaplan (2010), and Altman et al., (2003). When silkworm silk is to be used as
a biomaterial, the silk is commonly regenerated from cocoons by processes
involving boiling cocoons in water and dissolving the fibers in lithium
bromide. Regeneration enables formulation of other formats for biomedical
applications, such as films, foams, microcapsules, and hydrogels (Rockwood et
al., 2011). However, the regeneration process renders materials that are not
similar to native silk in mechanical properties or structure (Hossain et al.,
2003; Plaza et al., 2008; Koebley et al., 2015). Further studies on the native
silk formation process are therefore needed in order to realize more biomimetic
spinning of silkworm silk fibers. The silkworm silk proteins (fibroins) and the
spinning mechanisms in silkworms are introduced in the following paragraphs
with main focus on the domesticated silkworm, Bombyx mori, as this is the
most studied species and is also the species studied in Paper III.

1.2.1 Silkworm silk glands

Fibroins are produced and stored in silkworm silk glands that are believed to
originate from salivary glands. The glands increase in size during five larval
molts, reaching up to 15 cm in length in the fifth instar when the silk cocoons
are spun (Perdrix-Gillot, 1979). The glands are paired, but their ducts fuse
close to a pore on the lower lip, and one single fiber consisting of two fiber
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filaments surrounded by a common outer sericin coat exits through the pore
upon spinning (Magoshi et al., 1993; Asakura et al., 2007). The B. mori silk
gland can be divided into three macroscopic parts: the posterior silk gland
(PSG), the middle silk gland (MSG) and the anterior silk gland (ASG) (Figure
9) (Asakura et al., 2007).

Figure 9. Schematic image of a B. mori silk
gland, with posterior silk gland (PSG),
middle silk gland (MSG), and anterior silk
gland (ASG) denoted. Modified with
permission from Paper I1I.

The cells in the PSG produce fibroins (Gamo et al., 1977) that are stored in a
soluble state at around 25% (w/v) in the MSG lumen (Laity et al., 2015). The
silk proteins are then transported through the ASG, and upon spinning, the
fiber is pulled out by the motion of the silkworm’s head (Vollrath & Knight,
2001).

The PSG and MSG of B. mori silk glands consist of a single columnar
epithelial cell layer. Cells in the PSG and proximal part of the MSG are
responsible for secreting fibroins (Magoshi ef al., 1993) while cells in the distal
part of the MSG secrete different types of sericin. A cuticular intima, similar to
the one described in major ampullate glands, lines the cuboidal epithelial cells
in the ASG all the way to the lip pore (Asakura et al., 2007). The diameter of
the lumen in the ASG starts at around 400 um, and after a sudden drop to 100
um there is a slow decrease in diameter until it ends at around 50 um (Asakura
et al., 2007).

1.2.2 Silk formation in Bombyx mori

In analogy to spidroins, fibroins have been suggested to be stored as micelles
(Jin & Kaplan, 2003; He et al., 2012) or liquid crystals (Asakura et al., 2007).
A pH gradient along the gland is important for fiber formation, and has been
proposed to go from 6.9 in the PSG, to around 5 in the MSG and down to 4.9
in the ASG. However, no details of the underlying experiments were described
(Magoshi ef al., 1993). Another study showed that pH was 7-8 in the PSG and
5-6 in the MSG, while values of pH in the ASG were not determined (Miyake
& Azuma, 2008). The pH gradient is dependent on ATPase-driven proton
pumps in the silk gland epithelium (Azuma & Ohta, 1998).

Ion concentration gradients likely play a role in fiber formation in
silkworms. Copper concentrations increase from the PSG to the ASG, and are
significantly higher in the silk fiber compared to the end of the ASG (Zhou et
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al., 2003). Furthermore, levels of sodium, potassium, magnesium and zinc
increase from PSG to ASG, while calcium levels decrease significantly (Zhou et
al., 2005). In analogy to spider silk glands, water reabsorption and shear forces in
the ASG are important for the formation of a solid fiber and a stress-induced
phase transition of the liquid spinning dope in the ASG leads to fiber formation
(Asakura et al., 2007).

1.2.3 Fibroins

Silkworm silk consists of several different proteins, the fibroin heavy (ca 350
kDa) and light chain (ca 25 kDa), and a polypeptide (P25) that associates to the
heavy and light chain by hydrophobic interactions (Inoue et al., 2000; Zhou et
al., 2000). The fibroin heavy chain is the main constituent of the silk, and
consists of a hydrophilic N-terminal domain (FibNT) and a C-terminal segment
(FibCT) flanking a repetitive region rich in glycine and alanine residues. The
repetitive region contains twelve poly-glycine-alanine segments with short
conserved linker sequences in between. The FibNT is 151 amino acid residues
long (Zhou et al., 2000) and adopts a random coil conformation at neutral pH,
while a crystal structure solved at pH 4.7 reveals a dimer with anti-parallel -
sheets (He et al., 2012). A cluster of acidic residues are probably protonated
around pH 6, thereby inducing conformational changes in FibNT (He et al.,
2012). The FibCT is 58 residues long and links to the fibroin light chain via a
disulfide bond. The secondary structure of FibCT has not been characterized
but it has been suggested not to have a globular fold (Zhou et al., 2001a). The
fibroin light chain is non-repetitive and rich in arginine and lysine. Its function
and importance has been debated but findings by Chen et al., (2010) indicate
that it plays an important role in lysine-mediated cross links in silk which
might affect mechanical properties, while earlier studies have claimed that the
fibroin light chain plays only a marginal role for the mechanical properties of
the fiber (Zhou et al., 2001a).

Soluble fibroins in the spinning dope contain repeated f-turns and random
coils (Asakura et al., 2001a; Asakura et al., 2001b; Suzuki et al., 2014). In the
fiber state, the glycine-alanine-rich regions form p-sheets, while the linker
regions form a more amorphous and flexible structure based on B-turns and
random coils (Hayashi et al., 1999; Asakura & Yao, 2002; Asakura et al.,
2002). The p-sheets in the silkworm silk fibers are mostly antiparallel (Zhou et
al., 2001a; Yao et al., 2004), and the B-strands run parallel to the fiber axis
(Zhou et al., 2000).
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1.2.4 Mechanical properties of native silkworm silk

Forcibly reeled silk fibers from B. mori have an ultimate tensile strength of 0.6
GPa, a strain before breaking of 20%, and a toughness of around 70 MJ/m’. It
is thus less tough than the spider silk types discussed herein (Figure 8) but is
still tougher than Kevlar, and in the same range of toughness as Nylon (Gosline
et al., 1999). Shear forces are known to influence the structural transition from
soluble proteins to solid fibers in both silkworms and spiders, but modelling
suggests that the shear forces are much lower in the silkworm silk gland
(Breslauer et al., 2009), which might be one explanation to the inferior
mechanical properties of silkworm silk compared to dragline silk. Another
reason for why silkworm silk exhibits lower toughness levels than spider silk is
that the primary structure of their repetitive regions is rather different (Xu &
Lewis, 1990; Hinman & Lewis, 1992; Zhou et al., 2001a). Silks with poly-
glycine-alanine blocks are likely to have lower tensile strengths than those with
poly-alanine blocks due to a difference in packing of the side chains in the -
sheet (Hayashi et al., 1999).

1.3 Artificial spider silk

Since spiders cannot be used for large-scale production of spider silk, partial or
full-length spidroins have to be expressed in heterologous hosts (Scheibel,
2004; Rising et al., 2011; Chung et al., 2012; Tokareva et al., 2014). These
recombinant proteins must then be purified, concentrated, and spun to obtain
fibers. A highly concentrated spinning dope is needed to enable spinning of
artificial spider silk, similar to the high spidroin concentration in the major
ampullate gland (Hijirida et al., 1996; Chen et al., 2002). This means that the
recombinant spidroin must not only have a high solubility, but there must also
be substantial yields for the production to be economically feasible.

1.3.1 Recombinant spidroins: purification and spinning

Recombinant spidroins can be produced in for example bacteria (Stark et al.,
2007; Teule et al., 2009; Xia et al., 2010; Albertson et al., 2014; Heidebrecht
et al., 2015), yeast (Fahnestock et al., 2000; Jansson, 2016), insect cells (Ittah
et al., 2006; Miao et al., 2006), plants (Yang et al., 2005; Peng et al., 2016), or
transgenic animals (Copeland et al., 2015). The most widely used host is
Escherichia coli, which is fairly easy to genetically modify, and represents a
relatively cheap production system.

Many different recombinant spidroins have been expressed in E. coli, most
of which have a marginal resemblance to their natural counterparts — lacking
either one or both terminal domains and having a small repetitive region that
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consists of iterated ensemble repeats (Table 2). Reasons for not expressing
native-sized spidroins mostly lie in the fact that they are hard to produce in
heterologous hosts because of their repetitive nature, size, and inherent
propensity to assemble into fibers. Even when engineered smaller versions of
recombinant miniature spider silk proteins (minispidroins) have been
expressed, low yields (Stark et al., 2007; Rammensee et al., 2008; Gnesa et al.,
2012; Xu et al., 2012) and low solubility (Bini et al., 2006; Stark et al., 2007,
Rammensee et al., 2008; Xu et al., 2012; Zhang et al., 2015) have been major
obstacles.

Recombinant spidroins ranging from 24-285 kDa have been produced in F.
coli, purified, and subsequently spun into fibers that have been characterized
by tensile tests (Table 2). The highest specified yield from shake-flask cultures
is 40 mg protein/L culture (Table 2) (Stark et al., 2007; Lin et al., 2013) while
fermentor cultures have given up to 1500 mg protein/L culture (of a very small,
18 kDa protein) (Zhang et al., 2015). One way to increase expression levels of
spidroins in E. coli is to use bacterial strains that are modified to contain higher
numbers of certain t-RNAs to account for the extreme abundance of some
amino acid residues in the spidroin sequences. This enables improved
expression of nearly native-sized recombinant spidroins (Xia et al., 2010), but
does not solve the problem with low solubility. To get soluble recombinant
spidroins at a high concentration for spinning, recombinant spidroins are
commonly dissolved in hexafluoroisopropanol (HFIP). However, even when
dissolved in HFIP, spidroins display lower solubility levels than native
spidroins, with concentrations of around 8-25% (Table 2) (Xia et al., 2010; Lin
et al., 2013; Copeland et al., 2015; Zhang et al., 2015). Fusion to a non-
spidroin solubility-enhancing partner is another way to increase solubility.
Although it improves solubility of certain constructs (Stark et al., 2007,
Heidebrecht et al., 2015), it has so far not been enough to reach the solubility
of native spidroins. Moreover, the fusion partner often has to be removed,
which may cause problems such as aggregation after cleaving off the fusion
partner.

Currently, there are two main ways by which recombinant spidroins from F.
coli are purified: (i) precipitation of E. coli proteins from a cell lysate using
heat denaturation, followed by precipitation of the spidroins with ammonium
sulfate. Next, precipitated spidroins are dissolved in guanidinium thiocyanate
or guanidinium chloride, after which the sample is dialyzed, and the purified
spidroin is freeze-dried (Fahnestock et al., 2000; Huemmerich et al., 2004),
and (i1) centrifugation of the cell lysate followed by loading the supernatant
containing the soluble recombinant spidroins (equipped with a polyhistidine
tag) on an immobilized metal ion affinity chromatography (IMAC) column.
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The histidine tag will bind to the matrix in the IMAC column, unwanted
proteins are washed off, and the recombinant spidroin is eluted with an
aqueous buffer (Stark et al., 2007; Grip et al., 2009; Heidebrecht et al., 2015).
The sample is dialyzed, possibly followed by freeze-drying (Teule et al., 2009;
Hsia et al., 2012). To prepare concentrated spinning dopes, the freeze-dried
spidroins from (i) or (ii) are commonly solubilized in for example HFIP (Teule
et al.,2009; Xia et al., 2010; Hsia et al., 2012; Adrianos et al., 2013; Albertson
et al., 2014; Copeland et al., 2015) or guanidinium-thiocyanate (Heidebrecht et
al., 2015). A few examples exist where aqueous buffers have been used for
fiber formation, generally with very low protein concentration (Stark et al.,
2007; Xu et al., 2012; Lin et al., 2016).

Current methods to produce artificial fibers include electrospinning (Zhang
et al., 2015), hand-drawing (Teule et al., 2007; Xu et al., 2012; Lin et al.,
2016), wet spinning into coagulation baths (Xia et al, 2010; Gnesa et al.,
2012; Hsia et al., 2012; Adrianos et al., 2013; Lin et al., 2013; Albertson et al.,
2014; Copeland et al., 2015; Heidebrecht et al., 2015), gentle tilting in glass
tubes (Stark et al, 2007) or spinning through microfluidic devices
(Rammensee et al., 2008; Renberg et al., 2014). As-spun fibers (fibers that
have not been subjected to post-spinning manipulations) have normally been
post-stretched to improve mechanical properties (Table 2). To post-stretch, as-
spun fibers are cut into smaller pieces, after which they are stretched in
different baths containing for example water and methanol (Xia et al., 2010;
Copeland et al., 2015), isopropanol (Gnesa et al., 2012; Albertson et al., 2014;
Copeland et al., 2015; Heidebrecht et al., 2015), or ethanol (Lin et al., 2013).
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1.3.2 Mechanical properties of artificial fibers

Most methods to produce artificial fibers have not yet produced fibers with
mechanical properties equal to those of native spider silk. In fact, as-spun
fibers commonly have toughness levels of only 5 MJ/m® or less, which can be
compared to levels of >100 MJ/m’ for native dragline silk (Table 2, Figure 8)
or >200 MJ/m” for aciniform silk (Figure 8). A hand-drawn fiber formed from
recombinant aciniform spidroins reached an impressive toughness of 34 MJ/m’
(Table 2) without post-stretching. However, hand-drawing is not a suitable
large-scale production method since only 10 cm long fibers could be produced
(Xu et al., 2012). In two studies where post-stretching of fibers in organic
solvents was employed (Xia et al., 2010; Heidebrecht et al., 2015), fibers with
toughness levels similar to native dragline silk were obtained. In Xia et al.,
(2010) a native-sized recombinant MaSp (285 kDa) lacking terminal domains
was expressed and purified under denaturing conditions, after which it was
spun and post-stretched 500% in isopropanol. The stress/strain profile of the
resulting fibers was very different from that of native spider silk (Xia et al.,
2010). In 2015, Heidebrecht and co-authors designed a 76 kDa recombinant
spidroin (152 kDa dimer) containing both terminal domains and a short
repetitive region from MaSp2. The spidroin was expressed in E. coli, purified
under denaturing conditions, spun, and post-stretched 600% in isopropanol.
Toughness levels were similar to native dragline silk, but the tensile behavior
of the artificial fibers was quite different from native dragline silk with less
strong and more extendible fibers (Heidebrecht et al., 2015).

In all cases tested, post-stretching results in tougher fibers (Table 2) and
smaller diameters of fibers, which may be associated with rearrangement of the
molecules in the fiber (Copeland et al., 2015; Heidebrecht ef al., 2015). This is
presumed to be in analogy to native spidroins which are believed to change
secondary structure not only due to the pH gradient, but also in response to
shear forces that arise when the spinning dope flows through the duct upon
pulling of the fiber (Knight et al, 2000). However, it is unclear if the
secondary structure of recombinant spidroins is altered upon post-stretching. In
two recent studies, an increase in 3-sheet content has been shown to occur after
post-stretching (Copeland et al., 2015; Heidebrecht et al., 2015), while
Albertson and coauthors (2014) did not see an increase in -sheet content in
their post-stretched fibers.

Considering the differences in mechanical properties of different native
spider silks (Figure 8), it is likely that the use of ensemble repeats from
different spidroin types in recombinant minispidroins will lead to differences in
mechanical properties. However, from the studies outlined in Table 2, it is
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difficult to conclude if this is true. Difficulties in drawing such conclusions
mainly depend on large differences in purification and spinning strategies, and
artificial fibers from different spidroins or spider species have not been spun
using the exact same setup (Table 2).

1.4 Carbonic anhydrase

Carbonic anhydrases (CA) constitute an enzyme family that is active in many
physiological processes, such as acid-base balance, respiration, bone resorption
and calcification, as reviewed by Chegwidden & Carter (2000). The enzyme
regulates intra- and extracellular concentrations of CO,, HCO;5 and H' by
catalyzing the reversible reaction CO, + H,O «<!HCO;3" 1+ H' and was first
discovered by Stadie & O’Brien (1933) and Meldrum & Roughton (1933). In
humans, CA-mediated movement of bicarbonate and bicarbonate-related
species is important in for example regulation of blood pH and regulation of
intracellular pH (Boron, 2010). Sixteen different CA isoforms have been
described in humans, some of which are catalytically inactive (Frost &
McKenna, 2014). The different isoforms have very low sequence similarity,
but all catalytically active isoforms have an active site with a bound zinc ion.
Carbonic anhydrases can also be grouped into different subtypes depending on
the localization of the enzyme. The subtypes include cytosolic, mitochondrial,
secreted, glycosyl-phosphatidylinositol-(GPI)-anchored, and transmembrane
(Frost & McKenna, 2014).

Carbonic anhydrase is present extracellularly in the haemolymph of spiders
(Stratakis & Linzen, 1984), but silk glands have never been analyzed for the
presence of CA.

1.5 Amyloid

It has been suggested that the conversion from soluble spinning dope into a
solid fiber in spiders and silkworms is similar to the formation of amyloid
fibrils (Kenney et al., 2002). Amyloids are fibrillar aggregates of proteins that
form in vivo under physiological conditions (Sipe et al., 2014). Amyloid
formation is linked to more than 30 human diseases, such as Alzheimer’s
disease, Parkinson’s disease, and type 2 diabetes, but there are also a growing
number of examples of functional amyloid. Examples include antimicrobial
human defensins that form amyloid-like fibril nano-nets at the gut mucosa, or
bacteria being able to produce amyloid (curli) (Chapman et al., 2002; Chu et
al.,2012; Bergman et al., 2016).
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Amyloid fibrils exhibit a characteristic cross-f3 diffraction pattern, because
the B-strands run perpendicular to the fiber axis (Nelson et al., 2005; Sipe et
al., 2014; Landreh et al., 2016). The definition of an amyloid fibril states that it
is a rigid, non-branching fibril formed in vivo, which is around 10 nm in
diameter, binds Congo red, and exhibits green, yellow or orange birefringence
when viewed by polarization microscopy (Sipe et al., 2014). Furthermore,
amyloid fibrils bind Thioflavin T (ThT). The fluorescence of ThT changes
upon binding to B-sheets, and a characteristic red-shift in wavelength of
emission maximum can be detected, making it possible to follow the kinetics
of amyloid fibril formation by ThT fluorescence spectroscopy (LeVine, 1993).
Another hallmark of amyloid fibrils is that the addition of preformed fibrils
(seeds) accelerates the kinetics of amyloid fibril formation which occurs
through nucleation-dependent polymerization (Jucker & Walker, 2011). Fibrils
that exhibit these properties but are formed in vitro are referred to as amyloid-
like (Sipe et al., 2014).

In analogy to amyloid formation, the secondary structure of spidroins and
fibroins changes from a-helical and random coil conformation to mainly (-
sheet conformation under physiological conditions (Kenney et al., 2002; Slotta
et al., 2007). Amyloid-like fibrils have been found in the lumen of the third
limb of the s-shaped duct of the major ampullate gland, as visualized by TEM
(Kenney et al., 2002). Furthermore, B. mori silk acts as a seeding agent in the
development of experimental amyloid protein A amyloidosis in mice
(Lundmark et al., 2005). There are no reports on the seeding capacity of native
spider silk, but a minispidroin based on the repetitive region of the A.
diadematus version of MaSp2 forms fibrils that are of similar size as amyloid
fibrils, contains cross-f3 structures (Slotta et al., 2007), and is able to seed
amyloid-like fibril assembly in vitro (Humenik et al., 2015). Another
minispidroin, based on the repetitive region and CT of E. australis MaSp1 was,
however, not able to seed experimental amyloid protein A amyloidosis in mice
(Tjernberg et al., 2016). There are a few substantial differences between silk
fibers and amyloid fibrils, including a difference in size (5-10 nm fibrils versus
1-6 um silk fibers) and the -strands being parallel to the fiber axis in silk (van
Beek et al., 2002) while amyloids have a cross-f structure (Nelson et al.,
2005).
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2 Present investigation

2.1 Aims of this thesis

The overall aim of this thesis was to study the physiological conditions and
molecular mechanisms that govern silk formation, to enable biomimetic
spinning of artificial spider silk fibers. More specific aims were to:

» Study the cellular structures in major ampullate glands and localize NT in
major ampullate glands and dragline silk (Paper I)

» Elucidate the mechanisms of native spider silk formation by determination
of the pH and ion composition, as well as localization of CA activity, in
major ampullate glands. Study the stability, fold, and interactions of the
terminal domains of recombinant spidroins under the conditions found in
the glands (Paper II)

» Study the cellular structures, determine the localization of CA activity and
pH in B. mori silk glands (Paper III)

» Based on Papers I-111, design a miniature spidroin and a spinning device for
biomimetic spinning of artificial spider silk fibers (Paper IV)

2.2 Materials and methods
Materials and methods used in this thesis that can benefit from clarification are

described in more detail in this section. Detailed descriptions of all
experimental procedures are presented in the respective papers.
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2.2.1 Histochemical localization of carbonic anhydrase activity

Immunohistochemical studies of CA in spiders would be problematic because
of the presence of many different CA isoforms, in combination with the fact
that they have not been characterized in spiders. Ridderstrale has developed an
elegant histochemical method that circumwents such problems, in that the
activity of CA is detected irrespective of isoform (Ridderstrale, 1976;
Ridderstrale, 1991).

Whole opisthosomas and isolated spider silk glands were embedded in
Historesin, a water-soluble glycol methacrylate that allows for thinner sections
than cryo- or paraffin-sections. For detection of CA activity, 2 um sections
were incubated in a medium containing NaHCO;, CoSO,4, KH,PO4/Na,HPO,4
and H,SO,4. The CO; produced due to the catalytic activity of CA (dehydration
of HCOy) leaves the floating sections and thereby causes a local increase in pH
at sites with CA activity, leading to formation of a cobolt-phosphate-carbonate
complex. Next, sections were rinsed in phosphate buffer after which they were
transferred to a blackening solution containing (NH4),S which caused the
cobolt-phosphate-carbonate complex to be converted into a black cobalt-
sulfide precipitate (Ridderstrale, 1991). The sections were washed in distilled
water and finally put on glass slides and counter-stained with Azure blue. For
control of unspecific staining, some sections were incubated in the medium in
presence of the CA inhibitor acetazolamide.

2.2.2 Determination of ion concentrations in silk glands

Concentric ion-selective microelectrodes (ISMs) were used to determine the
concentrations of hydrogen, carbonate, sodium, potassium, and chloride ions in
major ampullate glands (Paper II) and hydrogen ion concentration in silkworm
silk glands (Paper III). For a detailed description of the construction of ISMs,
see methods in Paper II. In short, the concentric microelectrodes consisted of
two glass capillaries of different sizes, with the smaller capillary inserted into
the larger capillary. The outer capillary had a tip diameter of 2-4 um and was
filled with a 200 wm column of liquid ion-selective cocktail. The inner
capillary had a tip diameter of 1 wm, was filled with KCI (3 M) and was
inserted into the outer capillary with the tip positioned 4-6 um from the outer
capillary tip (Figure 10). A silver wire coated with silver chloride was inserted
in the inner capillary and connected to a voltage meter.
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To illustrate how an electrode works, a hydrogen ion-selective microelectrode
(i.e. a pH-electrode) is used as an example. When the electrode is submersed
into a bath of known [H'], hydrogen ions will diffuse from the bath into the
surface of the ion-selective cocktail. This will create a Nernst diffusion
potential between the cocktail and the outside of the electrode, i.e. the bath,
which can be recorded. Upon going from the bath to a solution of a different
[H'], the diffusion potential will change (AV), according to the Nernst equation
(Equation 1), and therefore the (AV) can be used to calculate the [H'] of the
unknown solution, knowing the pH of the bath and the slope response (m) of
the electrode. Subscripts 1 and 2 (in Equation 1) denote concentrations in
starting and final solutions, respectively.
AV = mx log(@] (1)
[ion],

In Paper II and III, silk glands were dissected in a modified Spider Ringer
solution (Schartau & Leidescher, 1983) buffered with 26 mM HCO; and 5%
CO,, after which the glands were mounted in a submersion-style chamber and
superfused with modified Spider Ringer solution. A concentric ISM was
lowered into the bath and a base line potential was recorded. Next, the ISM
was inserted into the glandular lumen, and the potential was recorded. The shift
in potential between the bath and glandular lumen was translated into change
in ion concentration using the Nernst equation (Equation 1) (in the case of
[H], [Na'], [K'], [CI']). To determine bicarbonate concentrations, a carbonate-
selective ion cocktail was used. The reason for not using a bicarbonate-
selective cocktail is that it in general has low selectivity for bicarbonate over
carbonate. Instead, in combination with pH measurements, a carbonate-
selective ion cocktail can be used, and the [COs>] can be calculated from the
AV between the bath and the lumen of the gland using a modified Nikolsky
equation (Chesler et al., 1994). The value of [HCO;] in the gland lumen could
then be calculated from the value of [CO5>] and [H'] using the equilibrium
equation between carbonate and bicarbonate (Equation 2), where K, is the
bicarbonate dissociation constant.

[co3 ) - [COZ])[H*] @
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Knowing the pH and [HCOs'], the partial pressure of CO, (pCO,, in torr) in
the tissue can be calculated using the Henderson-Hasselbalch equation
(Equation 3), where Kc is a constant combining the apparent dissociation
constant for carbonic acid and the solubility constant for CO,, a value which
was empirically determined in Chesler ef al, (1994) to 10.52 at 22°C.

(pCO,) =[HCO3 | x 107k 3)

Since the pCO; in the lumen of the major ampullate gland was calculated to be
very high, we questioned how such a high pCO, could be maintained in the
lumen, when carbon dioxide is generally considered able to diffuse freely
across the cell membrane (Jacobs, 1920). To investigate this further, some
glands were subjected to CO: permeability studies. Glands were dissected,
mounted, and superfused with Spider Ringer as described above. A pH
electrode was inserted into the gland, after which the surrounding solution was
exchanged to Spider Ringer buffered with 26 mM HCO;™ and 100% CO,. pH
measurements within the lumen of the gland were continued up to one hour to
see if intraluminal pH changed in response to the elevated pCO, of the Ringer.
To elucidate if it was the epithelium or the spinning dope that was
impermeable to CO,, two major ampullate glands were dissected as described
previously, after which the epithelium was peeled off, leaving only the highly
viscous spinning dope in the submersion-style chamber. A pH electrode was
inserted into the dope, after which the dope was superfused with modified
Spider Ringer (26 mM HCO; and 100% CO,) and pH was monitored for 30
minutes, to see if the pH of the dope changed in response to the elevated pCOs,.

To study the influence of CA activity on the pH gradient, some glands were
incubated in a membrane-permeable inhibitor of CA (methazolamide) for 30
minutes, after which the pH was measured. Next, the glands were incubated in
Spider Ringer for 30 minutes to wash off the methazolamide, and pH
measurements were repeated, to make sure that any change in pH upon
treatment with methazolamide was not due to the cells dying, but only to the
inhibition of CA.

2.2.3 Studies of recombinant NT and CT

In Paper II, a range of methods were used to study changes in stability and
secondary structure of recombinant versions of Araneus ventricosus MiSp NT
and A4. ventricosus MiSp CT, some of which are outlined below.
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Urea denaturation

At a certain concentration, urea will unfold proteins to different extents
depending on their stability. The higher the concentration of urea needed to
denature a protein, the more stable the protein (Bennion & Daggett, 2003). In
Paper II, urea denaturation was used as a tool to study the stability of
recombinant NT and CT between pH 7.5 and 5.0. At each pH, urea
denaturation curves were obtained by tryptophan fluorescence spectroscopy
(for NT, which has one tryptophan residue, see further below) or CD
spectroscopy (for CT).

Tryptophan fluorescence spectroscopy

The amino acid residue tryptophan changes its fluorescence depending on its
environment, as reviewed by Beechem & Brand (1985). Upon going from a
hydrophobic to a more polar environment, there is a change in wavelength
maximum seen as a red-shift in fluorescence. Tryptophan fluorescence
spectroscopy can be used to study the dimerization of NT, since the tryptophan
side chain goes from being buried in the monomer to being more solvent-
exposed in the dimer. Since the environment of the tryptophan side-chain will
change also upon denaturation of the protein, tryptophan fluorescence
spectroscopy can also be used to study the stability of NT in presence of
different concentrations of urea at different pHs. Data was analyzed by a two-
state unfolding equation. For each measured pH, the transition point between
the native and denatured state ([den]50%) was determined from plots of the
tryptophan fluorescence ratio against the urea concentration. The transition
points were then plotted as a function of pH.

Circular dichroism spectroscopy

Circular dichroism spectroscopy can be used to study the secondary structure
content of proteins. The technique is based on the difference in absorption of
left- or right-handed circularly polarized light by chiral molecules such as
proteins. The CD spectrum in the far-UV region (below 260 nm) is influenced
by the conformation of the protein, and can be used to identify secondary
structure contents. Using left- and right-handed circularly polarized light, a CD
spectrometer measures the difference in absorption at the different
wavelengths, from which the molar or mean residue ellipticity can be
calculated. When the ellipticity is plotted against wavelengths ~190-260 nm,
secondary structures such as a-helices, B-sheets, and random coils will give
rise to curves with characteristic minima and maxima (Greenfield & Fasman,
1969). Full CD spectra between 190 and 260 nm were recorded for NT and CT
to study the shift in secondary structure upon lowering of pH. The residual
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molar ellipticity was measured at 25, 45, 65, 85, and 95°C at pH 7.5, 6.5 or 5.5
respectively.

Circular dichroism spectroscopy can also be used to monitor the stability of
a protein at different concentrations of urea, as well as to study thermal
denaturation. In Paper II, CD spectroscopy was used to study urea denaturation
of CT. At each pH, and different urea concentrations, the average ellipticity at
222 nm was obtained. The ellipticities at 222 nm for each pH was plotted
against the urea concentration and fitted to a two-state unfolding model in
order to determine the transition point between the native and denatured state
([den]50%) for each pH. The transition points were then plotted against pH. To
study thermal denaturation, the temperature of the sample (recombinant NT or
CT at pH 7.5, 6.5, or 5.5 respectively) was gradually increased and the signal at
222 nm was monitored, and later converted into mean residue ellipticity in deg
x cm’/dmol and plotted against temperature for each pH value tested.

CO; analog interactions with the terminal domains

In Paper II, the pCO, was calculated to be very high in the duct of major
ampullate glands. The CT has previously been shown to wundergo
conformational changes in response to shear, resulting in increased exposure of
non-polar surfaces (Hagn et al., 2010). This, in combination with the fact that
CO; interacts mainly with non-polar regions in proteins (van Lun, 2013), led us
to study CO; interactions with NT and CT. A CO, analog (CS,) that is similar
to CO; in size and shape (Wright et al., 1992) was used to identify potential
interaction sites in NT and CT. The rationale for using an analog was that CO,
will affect the pH of the system, which is problematic since both the NT and
CT used herein are pH-sensitive. The NT and CT were *N-labelled, and 2D
15N—lH—HSQC spectra were recorded upon adding 0, 50, 100, and 200 mM CS,
to the NMR sample, after which CS,-induced chemical shift perturbations were
calculated.

Mass spectrometry

Mass spectrometry (MS) was used in Paper II and IV to study changes in the
structure of recombinant NT and CT, and the minispidroin NT2RepCT, upon
lowering the pH.

Hydrogen-deuterium exchange (HDX) MS can be used to study protein
structural dynamics in solution by monitoring the exchange of backbone amide
protons for deuterium from the solvent. The rate of exchange is dependent on
solvent accessibility and local secondary structure, as reviewed by Englander
(2006). In Paper II, we used HDX-MS to monitor the secondary structural
changes of CT upon a lowering of pH. Time-dependent deuterium labelling of
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CT was performed at pH 7.5, 6.5 or 5.5. Labelled protein was subsequently
digested with pepsin and the resulting peptides were desalted and separated in
a high-pressure liquid chromatography system and eluted directly into the mass
spectrometer to quantify deuterium incorporation. Peptides were identified
based on a map of undeuterated CT that had been acquired using liquid
chromatography-tandem MS (LC-MS/MS).

Electrospray ionization (ESI) MS may be used to study intact protein
molecules in the gas phase. In ESI-MS, drops of a protein solution are ionized
and evaporated, leaving a charged species without solvent for intact mass
analysis (Breuker & McLafferty, 2008). This approach, termed native MS,
provides direct insights into the stoichiometries and dynamics of non-covalent
protein complexes. In Paper IV we used ESI-MS to study the time-dependent
assembly of recombinant NT, CT and NT2RepCT at pH 7.5 and 5.5. In
addition, we used ESI-MS to study the stability of NT2RepCT fibrils in formic
acid and acetonitrile to see if they behaved as amyloid-like fibrils, which are
resistant to acetonitrile but readily dissociate in formic acid (Shen & Murphy,
1995).

2.2.4 Tensile tests of artificial spider silk fibers

To perform tensile tests of artificial spider silk fibers, a fiber was mounted in a
plastic frame with a gauge length of 20 mm. Accurate assessment of fiber
diameter is very important, as this is used for calculation of stress (which is
equal to force/surface area) (Hosford et al., 2004). Traditionally, the diameter
of spider silk fibers has been measured using scanning electron microscopy
(Madsen et al., 1999). In Paper 1V, after being glued to the plastic frame, the
diameter of individual fibers was measured in a light microscope, to avoid
possible artefacts of the vacuum normally applied in scanning electron
microscopy. The frames were mounted in a tensile tester, the sides of the
plastic frame were cut and the stress and strain were measured. The
stress/strain curves were used to calculate elastic modulus and toughness using
the software Testwoks (MTS Systems Corporation Eden Prairie, USA).
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2.3 Results

2.3.1 Paper |: Morphology and composition of the major ampullate gland
and dragline silk

The tail and sac of the major ampullate gland were determined to consist of
three different cell types, confined to three sharply demarcated zones, A-C
(Figure 11). The cell types differed in epithelial cell height, position and shape
of nuclei, as well as size, electron density, and affinity for haematoxylin-eosin

and Azure blue of intracellular granules.

Lu o

ZONEA ZONEB ZONEC

TAIL SAC FUNNEL DUCT

Figure 11. Schematic image of major ampullate gland, showing, from left to right, the tail,
sac, funnel, and s-shaped duct. The three different zones (A—C) are indicated, and
haematoxylin-eosin stained longitudinal sections of each zone are shown above the
schematic image. Lu: lumen. I, II, and III represents three different layers added by the three
different cell types. Arrow heads points to nuclei. Scale bar: 20 wm. Modified with
permission from Paper I.

The location of NT in E. australis major ampullate glands and dragline silk
was analyzed by immuno-TEM using antibodies directed against recombinant
E. australis MaSp1 NT. Immuno-staining of NT was found in the granules of
the A and B zones, while the C zone granules did not stain for NT. This likely
means that the A and B zone produce spidroins, while the C zone does not (at
least not classical spidroins that include an NT). Two different layers were
found in E. australis dragline silk, both likely containing spidroins, as
indicated by the presence of NT in both layers.
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2.3.2 Paper lI: Carbonic anhydrase generates CO, and H" that drive spider
silk formation via opposite effects on the terminal domains

By using a histochemical method, we showed that granules and the apical cell
membrane of cells in the C zone of major ampullate glands contained active
CA (Figure 12). Furthermore, the epithelial cells of all three limbs of the duct
as well as the apical cell membrane and granules of epithelial cells in minor
ampullate, aggregate and tubuliform glands, showed intense staining for CA

activity.
. -

Figure 12. Carbonic anhydrase-activity (black precipitates, arrow heads) and Azure blue staining
of major ampullate glands. (A) Longitudinal section of the sac, showing a sharp border between
the B and C zone. The dotted arrow points towards the duct. (B) Cross-section of the third limb of
the s-shaped duct. Lu: glandular lumen. N: nuclei. Scale bar (A) 50 um, (B) 20 wm. Modified
with permission from Paper II.

Next, the pH of major ampullate glands was measured using ion-selective
microelectrodes. pH was determined to be 7.6 in the tail, 7.0 in the sac, and
gradually lowered to 5.7 in the second limb of the major ampullate gland duct
(Figure 13). The pH gradient reversibly collapsed upon treatment with the CA
inhibitor methazolamide. A bicarbonate concentration gradient was also found
along the tail and sac, going from 5 mM proximally to 21 mM distally (Figure
13). Assuming equilibrium conditions, an increasing bicarbonate level in
combination with a decreasing pH imply an increasing pCO, from the tail to
the sac. Furthermore, the epithelium was determined to be impermeable for
CO,;. At location 6 in Figure 13, ion concentrations of sodium, potassium and
chloride were determined to be 192 mM, 6 mM and 164 mM respectively.
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Figure 13. (A) Photograph of a major ampullate gland in which measured pH and [HCO5] values
and calculated pCO, values at different locations are indicated. Scale bar: 1 mm. (B) Stability of
N-terminal domain (NT) and C-terminal domain (CT) in 20 mM Hepes/Mes buffer in the
presence of 154 mM NaCl, measured with tryptophan fluorescence spectroscopy (NT) and CD
spectroscopy (CT), presented as the molar urea concentration for apparent half-denaturation
([den]") as a function of pH. The pH region in which CA activity is found in the gland is
indicated by the shaded area. Modified with permission from Paper II.

Studies of NT and CT in isolation showed that the stability of NT was
significantly increased while CT was destabilized when pH was changed from
7.5 to 5 (Figure 13). Thermal denaturation further showed that NT underwent a
reversible transition from o-helical conformation to being mainly unordered at
all pH values studied, while CT irreversibly went from a-helical to -sheet
conformation at pH 5.5, but not at pH 6.5 or 7.5. The HDX-MS analysis of CT
showed increased HDX of helices 2, 3 and 5 at pH 5.5 compared to at pH 6.5
and pH 7.5, indicating an increased structural flexibility at lower pH.

A solution state NMR structure of 4. ventricosus MiSp CT was determined
and showed that CT folds into a five helix bundle and forms a constitutive
parallel dimer at neutral pH. The fold is very similar to previously determined
structures of A. diadematus MaSp CT (Hagn et al., 2010) and N. antipodiana
MiSp CT (Gao et al., 2013) (Figure 14). When the pH is lowered, CT is
gradually unfolded. The CO, analog CS, was found to interact specifically with
a few, mainly hydrophobic CT residues distributed in helices 2-4, of which
many are partially buried (Figure 14), which might promote unfolding of CT.
No specific interactions between NT and CS, were observed at low pH.

44



108

o g, :
.f A .?A H13

5,("*N)
a ppm

118
123

128

7.0 5,('H) / ppm

Figure 14. (A) Superposition of MiSp C-terminal domain (CT) structures from A. ventricosus
(yellow), N. antipodiana (blue) and MaSp CT from A. diadematus (pink). Helices are shown as
ribbons and labelled H1-H5. The letter A/B indicates the subunit. (B) Surface view of 4.
ventricosus MiSp CT, color-coded to reflect the backbone amide chemical shift perturbations
upon addition of CS,, (red and green color corresponds to the most perturbed residues). (C)
Overlay of 2D N-'"H-HSQC NMR spectra of MiSp CT with CS, added to concentrations of 0
mM (magenta), 50 mM (blue), 100 mM (cyan) and 200 mM (black). Reproduced with permission
from Paper II.

Since CT converted to f-sheet structure at low pH, we further studied if CT
formed amyloid-like fibrils at low pH. The CT converted to a ThT-positive
state at pH 5.5 and below, which was not observed at a higher pH or for NT at
any pH tested. Amyloid fibrils (5-10 nm in diameter) of CT were also observed
by TEM, and they stained with Congo red and showed green birefringence
under polarized light. From these studies it was proposed that NT dimerizes
and gets more stable as pH is lowered, thereby interconnecting the spidroins
(lock), while CT gets less stable and unfolds in response to low pH and high
pCO; and turns into amyloid-like B-sheet nuclei from which further B-sheet
formation of the spidroin repetitive region can take off (trigger). These features
likely ensure that spidroins go from being soluble to forming insoluble fibers at
the exact right time and place, thereby allowing rapid silk formation and
avoiding precocious fiber assembly.
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2.3.3 Paper lll: Carbonic anhydrase generates a pH gradient in Bombyx
mori silk glands

Four different epithelial cell types (I-IV) were found in B. mori silk glands,
differing by the width and height of the columnar epithelial cells, as well as by
their affinity for Azure blue and haematoxylin-eosin. Carbonic anhydrase
activity was found in cell type IV which is present all along the ASG, and a pH
gradient from 8.2 in the PSG to 6.2 in the beginning of the ASG was found
(Figure 15). The pH gradient was dependent on the activity of CA, as indicated
by the collapse of the pH gradient upon treatment with a CA inhibitor.

A PSG MSG Funnel ASG

Location 1 2 3 4 5 6 7 8 9 10 1"

82 77 72 72 71 741 70 68 65 65 62

PH£SD .01 402 £01 203 £02 %02 201 +01 %01 0.1
n 5 10 5 6 12 10 9 M1 7 4 1
+MTZ 7.2 7.1
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Figure 15. (A) Intraluminal pH of the silk gland was recorded at eleven locations (see schematic
below Table) (B) Schematic image of a silk gland with locations for pH measurements and the
different cell types I-IV indicated. Carbonic anhydrase (CA) activity was found in cell type IV.
(C) In a longitudinal section of the ASG stained with Azure blue and stained for CA activity,
black precipitates representing CA activity can be seen in intracellular granules and in microvilli
at the apical cell membrane (arrow heads). PSG: posterior silk gland, MSG: middle silk gland,
ASG: anterior silk gland, SD: standard deviation, n: number of glands measured, MTZ:
methazolamide, CI: cuticular intima, Lu: lumen, N: nucleus. Modified with permission from
Paper II1.1t
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2.3.4 Paper IV: Biomimetic spinning of artificial spider silk from an extremely
concentrated chimeric minispidroin

The design of a chimeric recombinant minispidroin consisting of an NT and
two ensemble repeats from E. australis MaSpl and a CT derived from A.
ventricosus MiSp (NT2RepCT) resulted in high expression in E. coli. Yields
from shake flask cultures were 125 mg purified protein/L culture. Furthermore,
NT2RepCT could be concentrated to >500 mg/ml in aqueous buffer (> 50%)
which equals or even exceeds the protein concentration in the major ampullate
gland. The high solubility was likely due to the presence of natively folded
terminal domains, and the formation of micelles, as seen by cryo-EM and
TEM. Upon a slight lowering of pH and induction of shear forces, NT2RepCT
micelles fused and elongated.

Time-dependent assembly of NT, CT and NT2RepCT was studied with
nESI-MS at pH 7.5 and pH 5.5. When pH was lowered to approximately 5.5,
NT in isolation underwent rapid dimerization, while CT in isolation was
gradually unfolded and dissociated into monomers. The NT2RepCT
minispidroin was a dimer at neutral pH (as expected due to the constitutive
dimeric nature of CT). Upon lowering of pH, oligomers of NT2RepCT could
be seen for up to one minute, followed by the loss of signal indicating a pH-
dependent multimerization of the minispidroin (Figure 16). The higher-order
oligomers of NT2RepCT were amyloid-like, in the sense that they were not
dissolved in acetonitrile, but required formic acid to dissociate into monomers
(Figure 16) (Shen & Murphy, 1995).
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Figure 16. nESI-MS of, from top to bottom, NT2RepCT at pH 7.5, incubated at pH 5.5 for 3 min,
incubated at pH 5.5 for 30 min and then dissolved in formic acid, and incubated at pH 5.5 for 30
min and then dissolved in acetonitrile. Ubiqutin was used as internal standard. Inset, fraction of
NT2RepCT dimer over time at pH 7.5 (open symbols) and pH 5.5 (filled symbols).
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When pumped through a pulled glass capillary into a low pH bath (between pH
3 and 5.5), the highly concentrated minispidroin formed a continuous fiber.
Fibers could be collected in fiber nests in aqueous buffer or reeled up onto
frames (Figure 17). A kilometer-long fiber could be spun from protein purified
from one liter of shake flask bacterial culture. We further showed that
commonly used methods to spin recombinant spidroins (spinning into
coagulation baths with organic solvents) can generate fibers from proteins
completely different from spidroins, such as bovine serum albumin. These
fibers are not to be mistaken for being silk-like.

Figure 17. (A) Photo of a fiber as it is spun in a low pH aqueous collection bath. (B) Wet fiber
nest in low pH buffer. (C) Fibers rolled up onto a frame. Fiber diameter in (A-B, wet)
approximately 40 um. Fiber diameter in (C, dry) 15 wm. Scale bar in (A) 3 mm (B-C) 5 mm.

The secondary structure of NT2RepCT changed upon spinning, going from
mainly o-helical and random coil to containing more (-sheet structures as
determined by FTIR spectroscopy (Figure 18). As-spun NT2RepCT fibers
exhibited qualitatively the same tensile behavior as native dragline silk, and
they were highly reproducible (Figure 18). Fibers had an average ultimate
tensile strength of 162 MPa, extensibility of 37 %, and toughness of 45 MJ/m’.
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Figure 18. (A) Fourier transform infrared spectra of NT2RepCT in solution (dashed green)
NT2RepCT fibers (red), and native dragline silk from Nephila inaurata (black) (B) Stress/strain
curves of eight separate NT2RepCT fibers.
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2.4 Discussion

Different cell types in silk glands

Despite that the last common ancestor of spiders and silkworms existed more
than 500 million years ago (Sanggaard et al., 2014) there are remarkable
similarities between the two with regards to the structural and functional
properties of different parts of their glands. Both silkworm and spider silk
glands consist of a single epithelial cell layer with very sharp borders between
the different cell types in the epithelium. Studying the major ampullate glands
using both TEM and LM enabled high resolution and the possibility of staining
with different stains, respectively. Furthermore, the use of glutaraldehyde
fixation followed by plastic embedding for LM for both types of glands
resulted in improved preservation of the tissue and gave the possibility of
obtaining thinner sections for LM, compared to for example
paraformaldehyde-fixated and paraffin embedded tissue (Kovoor, 1987). These
factors may explain why it was possible to discriminate three cell types in
major ampullate glands (Paper I), as opposed to the previously seen two
(Sponner et al., 2007). In addition, NT was for the first time shown to be
present in major ampullate glands and dragline silk, something that has been
shown only for tubuliform spidroin NT previously (Hu ef al., 2006). The
epithelium in both the major ampullate gland and the B. mori silk gland was
shown to contain active CA, from the distal part of the sac/MSG and all along
the duct/ASG (Paper II and Paper III).

pH and pCO, gradients in silk glands

In Paper II we showed that CA supported a pH gradient along the major
ampullate gland that was broader than previously determined. Previous studies
have approximated pH, but measurements at precise locations have not been
possible (Knight & Vollrath, 2001; Dicko et al., 2004). Herein we used ion-
selective microelectrodes with a tip size of only 2-4 wm, which enabled reliable
pH measurements at precise locations from the tail to half-way through the
duct (Figure 19). The CA-supported pH gradient in silkworm silk glands was
also different than previously determined, and the pH was higher at all
locations measured than shown in a previous study (Magoshi et al., 1993). It is
difficult to speculate about the reasons for the discrepancy between our data
and the data of Magoshi et al., (1993) since the method to determine the pH
gradient was not disclosed. The measured pH values in silk glands in Paper III
did however correspond quite well to those approximated by phenol red
injection into the haemocoel of silkworms (Miyake & Azuma, 2008). Proton
pumps are vital for the generation of the pH gradient in both spiders and
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silkworms (Vollrath et al., 1998; Miyake & Azuma, 2008), and a combination
of proton pumps and CA is probably needed to generate the low pH in the
glands, since inhibition of proton pumps halts acidification, as does inhibition
of CA. It was not possible to measure luminal pH all along the duct and ASG
due to technical challenges, but pH is likely to drop further than determined
herein since both CA activity and proton pumps were found all along the duct
and ASG.
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Figure 19. Schematic description of a major ampullate gland, and the different features involved
in the transformation from soluble protein to a solid fiber. NT: N-terminal domain, CT: C-
terminal domain, Rep: repetitive region, pCO,: calculated partial pressure of CO,. Data from
Lefevre et al., 2008; Askarieh et al., 2010; Kronqvist et al., 2014; Paper 1I; and Paper IV. Figure
modified with permission from Macmillan Publishers Ltd: Nature Chemical Biology (Rising &
Johansson, 2015) and (Kronqvist ef al., unpublished).

The concentration of carbonate ions at different sites in the lumen of major
ampullate glands was also measured in Paper II. In combination with
determined pH, these values were then used to calculate bicarbonate
concentration and pCO,. Assuming equilibrium conditions within the lumen,
the pCO, was very high in the distal part of the gland (Figure 19), and the
epithelium was determined to be essentially impermeable to CO,. Carbon
dioxide was early considered to diffuse freely across the cell membrane
(Jacobs, 1920), but during the last decades, several studies have shown that this
is not the case in all cells. For example, aquaporins have been suggested to act
as CO; channels in the apical cell membrane of epithelial cells, as reviewed by
Boron (2006) and Endeward et al., (2014). A few documented examples of
tissues with very low CO, permeability exist, such as gastric glands (Waisbren
et al., 1994), rat colonic crypts (Hasselblatt et al., 2000) and guinea pig colon
(Endeward & Gros, 2005). The mechanisms that mediate CO, impermeability
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are not fully elucidated, but a high cholesterol content in the cell membrane
can reduce CO, permeability (Itel et al., 2012). How the epithelium of spider
silk glands maintains a low CO, permeability remains to be determined, as
does the putative existence of bicarbonate and pCO, gradients in silkworm silk
glands.

Lock and trigger model of spider silk formation

We analyzed the stability and conformation of recombinant terminal domains
upon lowering of pH from 7 to 5 and upon increasing the concentration of CS,
(a CO; analog, Paper II). Upon lowering of pH, NT forms stable dimers, which
interconnects the spidroins thereby allowing for the formation of large protein
networks. We established that MiSp NT exhibits the same pH-dependent
dimerization and stabilization (Paper II) as shown for MaSp NT (Kronqvist et
al., 2014), although it was later shown that the specific residues that are
involved in the pH-sensitive relay differ. For example, a non-conserved
glutamic acid residue (E73) is protonated instead of the conserved E84 in
MaSp, and although no equivalent of the R60-D39 interaction pair in MaSp NT
exists in MiSp NT there are three other inter-subunit charge interactions in that
region (Otikovs et al., 2015). The N. clavipes MaSp NT was recently
determined to undergo pH-dependent dimerization in a similar manner as F.
australis MaSp NT although the dimerization interface is somewhat different
(Atkison et al., 2016). Thus, the molecular mechanisms of NT seem to be
conserved among different spider silk types and spider species (Kronqvist et
al., 2014; Otikovs et al., 2015; Atkison et al., 2016).

Due to the documented pH-insensitivity of recombinant MaSp CT
(Askarieh et al., 2010; Hagn et al., 2010), we worked with MiSp CT for the
studies in Paper II. Therein we showed, for the first time, that CT is pH-
responsive under the conditions found in the gland, something which was
confirmed also for N. clavipes MaSp CT shortly thereafter (Gauthier et al.,
2014). In response to low pH and high CS,, CT was destabilized, unfolded, and
turned into -sheet amyloid-like fibrils that possibly nucleate further p-sheet
conversion of the repetitive region (Paper II). Structural rearrangement of CT
has previously been determined to be accomplished by shear forces (Hagn et
al., 2010), and it is likely that a combination of shear forces and low pH will
lead to unfolding of CT. The overall fold of MiSp CT determined by NMR was
very similar to the fold of the MaSp CT studied by Hagn et al., (2010), which
is surprising considering the very different pH-dependency between the two. It
is unclear if the insensitivity to pH observed for some CTs is due to a practical
problem with heterologous production, or if CT has diverse functions in
different silk types and spider species. It is still not fully elucidated which
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amino acid residues in CT are protonated at low pH, but protonation of a
glutamic acid in helix 4 (conserved among most MiSp CTs, Chen et al., 2012)
may be involved in pH-dependent unfolding of CT, by causing disruption of a
salt bridge. Specific and partially buried residues in CT interacted with CS,,
indicating that CO, might facilitate the unfolding of CT by interacting with
mainly non-polar parts of CT. No specific interactions between NT and CS,
were observed at low pH, suggesting that the formation of a stable NT dimer at
low pH protects its hydrophobic residues from interacting with CO,.

Based on these results, we proposed a lock and trigger mechanism of spider
silk formation in response to low pH and high pCO,, wherein NT dimerization
leads to interlocking of spidroins into multimers (lock), while CT unfolds and
turns into amyloid-like fibrils that can nucleate (-sheet formation of the
repetitive region (trigger) (Figure 19). If so, this is to the best of our
knowledge, the first example of where an increase in pCO, promotes unfolding
of a protein. There are no known homologs to NT and CT, and the lock and
trigger mechanism mediated by changes in pH and pCO, is therefore likely
unique for spider silk formation. The presence of active CA not only in major
ampullate glands but also in tubuliform and minor ampullate glands, in
combination with NT and CT being highly conserved between different
spidroins, indicate that the lock and trigger mechanism in response to a pH
gradient could be universal for spinning of all spider silk types. The terminal
domains of silkworm silk fibroins have not been studied as thoroughly as
spidroins, and it is unclear if a similar lock and trigger mechanism governs silk
formation also in silkworms.

Spinning of artificial fibers under denaturing conditions

To date, many different partial or full-length spidroins have been expressed in
a range of different hosts, and purified and spun into artificial fibers using
different routes as outlined in Table 2. Most spidroins are expressed with very
low yields, and none of the recombinant spidroins have fully replicated the
solubility of native spidroins. Furthermore, the resulting fibers have not
replicated the tensile behavior of native silk (Table 2). There are probably
several explanations for this. Most published protocols entail freeze-drying of
the recombinant spidroins, followed by solubilization in harsh solvents to
generate artificial spinning dopes (Teule et al., 2009; Xia et al., 2010; Hsia et
al., 2012; Adrianos et al., 2013; Lin et al., 2013; Albertson et al., 2014;
Copeland et al., 2015; Heidebrecht et al., 2015; Zhang et al., 2015). Next,
fibers are wet-spun into a coagulation bath, possibly followed by post-
stretching in an organic solvent. These processes denature the proteins,
rendering them unable to assemble in a native-like manner. This is likely to
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prevent spidroins from exhibiting a high solubility, folding into native
structures, and forming tough fibers. Silk-like fibers are not likely to be formed
under denaturing conditions, and in Paper IV we show that a protein
completely unrelated to silk proteins forms continuous fibers when spun into a
coagulation bath with organic solvents. Furthermore, most recombinant
spidroins used today lack one or both terminal domains, which prohibits the
possibility of native-like assembly into spidroin multimers. Considering the
fine-tuned functions of NT and CT in increasing solubility at high pH, and in
regulating fiber formation (as determined in Paper II), it is likely that silk-like
fibers are impossible to spin from (i) constructs lacking NT and/or CT or (ii)
denatured proteins.

Biomimetic spinning of artificial spider silk

Spider and silkworm silk have many excellent properties: they are tough,
biodegradable, and relatively well-tolerated when implanted in living tissues
(Vollrath et al., 2002; Altman et al., 2003; Allmeling et al., 2008; Radtke et
al., 2011). For these reasons, silk has been claimed to be useful for many
different industrial applications, but there is a need for large-scale production
of biomimetic artificial silk fibers. It is apparent that spinning of native silks is
a highly regulated and complicated matter that leads to specific refolding of the
terminal domains and repetitive region. As a result, highly organized silk fibers
with specific architectures are formed. An optimal biomimetic spinning
approach is likely to depend on three main factors: (i) the design of a
recombinant spidroin that includes both terminal domains and the repetitive
region, exhibits high solubility, and is pH-sensitive; (ii) purification, storage
and spinning processes that keep spidroins natively folded to allow for NT and
CT to exert their functions in regulating fiber formation and (iii) the ability to
mimic the spinning process, with e.g. lowered pH, ion exchange, dehydration,
shearing and possibly a high pCO,.

The design of a chimeric minispidroin that can form silk fibers in a biomimetic
setup

We noticed that not all recombinant versions of NT and CT exhibit high
solubility and pH-sensitivity. For example, E. australis MaSpl NT is highly
soluble and pH-sensitive but E. australis MaSpl CT is not very soluble and
does not respond to pH (Askarieh et al., 2010). The A. ventricosus MiSp CT on
the other hand exhibits a very high solubility and is pH-sensitive (Paper II).
Knowing that terminal domains from different species and spidroin types
behave differently, we designed a chimeric minispidroin that included terminal
domains that exhibit high solubility and pH sensitivity in isolation, as well as a
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short repetitive region. The minispidroin in Paper IV multimerized upon
lowering of pH, as demonstrated by nESI-MS, which detected oligomer
formation during the first minute followed by the loss of signal (indicating
higher order multimers). Thus, it is likely that the recombinant minispidroin in
Paper IV is capable of native-like silk formation following the lock and trigger
mechanism. The use of chimeric spidroins was discussed by Hinman et al.,
(2000) and has been attempted a few times, but mainly to alter the mechanical
properties of the artificial silk fibers by using ensemble repeats or separate
motifs, from different spidroin types (Teule et al., 2007; Teule et al., 2012; Lin
et al., 2016). This is thus the first example of combining terminal domains
from different spidroin types.

The chimeric minispidroin described in Paper IV exhibited equally high
solubility as native spinning dopes, and could be spun into relatively tough
fibers only by lowering pH. The unprecedented high solubility in aqueous
buffer may be explained by the assembly of the minispidroin into micelles. The
micelles fused and elongated upon a slight lowering of pH and induction of
shear forces, similar to what has been shown for recombinant tubuliform
spidroins (Lin et al., 2009) and for fibroins in regenerated silkworm silk (Jin &
Kaplan, 2003). Considering that NT dimerizes in an anti-parallel fashion, it is
possible that NT subunits in different micelles pair up and dimerize upon
lowering of pH, leading to interconnection of the micelles. Micelles are then
likely to be elongated upon shearing (Paper II), ultimately leading to fiber
formation (Figure 19).

To the best of our knowledge, the as-spun fibers in Paper IV are tougher
than all other as-spun fibers, and are even tougher than some post-stretched
fibers (Table 2). There are probably several explanations for this, including the
high concentration of the spinning dope used, the biomimetic spinning as
opposed to the use of denaturing conditions, and induction of shear forces
along the spinning device. Most importantly, the inclusion of natively folded
pH-responsive NT and CT likely means that silk formation is native-like where
NT interconnects the spidroins and CT promotes re-folding of the repetitive
region, which might result in improved tensile properties in contrast to
recombinant spidroins that do not include the terminal domains.
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3 Conclusions and outlook

>

The single columnar epithelial cell layer in spider and silkworm silk glands
can be divided into several sharply demarcated zones, each with a distinct
epithelial cell type.

Carbonic anhydrase upholds a broad pH gradient along spider and silkworm
silk glands.

Lowered pH and increased bicarbonate concentrations along the major
ampullate gland, in combination with a CO, impermeable epithelium, imply
that pCO, may reach high levels at the end of the duct.

Spider silk formation is governed by a lock and trigger mechanism
mediated by synchronous but opposite structural changes of NT and CT in
response to lowering of pH.

The design of a chimeric minispidroin with a short repetitive region and
highly soluble and pH-responsive terminal domains from different spidroin
types enables high expression levels and high protein solubility.

The minispidroin assembles into fibers following the lock and trigger model
when spun using a biomimetic spinning device that recapitulates the pH
gradient and shear forces generated in spider silk glands.

Protein purified from one liter shake flask bacterial culture is enough to
spin a kilometer-long fiber that represents the hitherto toughest as-spun
artificial spider silk fiber.

The spinning method and chimeric minispidroins described herein represent a
breakthrough in the development of biomimetic spider silk fibers, and render
well-defined fibers with reproducible mechanical properties. Considering how
tough fibers we get herein with a very simple approach, it is highly likely that
development of the process and the design of alternative chimeric
minispidroins will enable us to spin even tougher fibers in the future. The
existence of a vast amount of spidroin repetitive sequences that can be utilized
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in chimeric minispidroins, means that opportunities to vary mechanical
properties are many. The use of chimeric minispidroins and the biomimetic
spinning process described herein offer a tool to: (i) spin fibers with tuneable
mechanical properties by combining ensemble repeats from different spidroin
types with highly soluble NT and CT, (ii) elucidate what mechanical properties
specific motifs in the ensemble repeats of different native spidroins confer by
including them in chimeric minispidroins and measuring tensile properties of
the resulting fibers, and (iii) study the secondary and tertiary structures of the
different motifs of the ensemble repeats in solution and in fiber state using
solution and solid state NMR respectively.

Although we have come closer to understanding how spiders and silkworms
spin their silk, there are still many unresolved questions. For example, how
important is the presence of several different spidroins and other components
in different types of spider silk, and is it a feature that is important to mimic in
order to obtain artificial fibers that are true replicas of spider silk? It is well
established that spidroins and fibroins are stored in secretory granula within
epithelial cells after which they are secreted into the lumen of their respective
gland. Silk proteins assemble in response to low pH, so how are they kept in
solution in the presumably acidic secretory granula? What chaperone systems
are involved in the secretory pathway, and can we use these so that native-
sized recombinant spidroins and fibroins can be more efficiently expressed and
purified under native conditions? Further fundamental studies of both spider
and silkworm silk glands, and their corresponding silk types, could radically
bring the field of silk biomimicry forward.
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4 Popularvetenskaplig sammanfattning

Spindeltrdd och silkesmasksilke &r nigra av naturens mest fascinerande
material - starka, men samtidigt ldtta och biologiskt nedbrytbara. Spindeltrad
tolereras ockséd vil av kroppens vdvnader, och mojliga anvindningsomraden
for spindeltrdd stricker sig frdn sjukvérd till byggnadsindustri. Eftersom
spindlar producerar smd mingder trdd sd maéste vi tillverka konstgjord
spindeltrad om den ska kunna anvéndas i stor skala. Man har kunnat tillverka
konstgjorda versioner av spindeltrad i ungefér ett decennium, men ingen har
lyckats efterlikna spindeltrddens otroliga egenskaper. Malet med den hér
avhandlingen var dérfor att studera hur spindlar och silkesmaskar spinner sin
trad, for att sedan hdrma detta och utveckla en metod for att spinna trdd som
liknar riktig spindeltrad.

Béde spindeltrad och silkesmasksilke dr gjort av proteiner som produceras i
kortlar. Till skillnad fran silkesmaskar som bara kan spinna en typ av trad sa
kan spindlar producera flera olika typer av spindeltrdd, alla med unika
mekaniska egenskaper. Proteinerna &r valdigt stora, och bestér generellt av tre
delar: de N- och C-terminala doménerna, och didremellan den repetitiva
regionen som bestdr av ett fital olika varianter av amino-syror som é&r
upprepade vildigt manga ganger. Proteinerna forvaras i sina respektive kortlar
vid hog koncentration i flytande form och spinns sedan till en trad som dras ut
genom en spinnvérta i spindelns bakdel, eller en por i silkesmaskens mun. Det
har linge spekulerats i hur proteinerna kan vara i flytande form i en del av
korteln, medan de véldigt snabbt kan bilda en trad i en annan del av korteln.

Vi fann att dessa kortlar producerar ett enzym som kan géra omgivningen
surare genom att omvandla koldioxid och vatten till bikarbonat och protoner.
Enzymet hjilper till att skapa en pH- och koldioxid-gradient lings med
kortlarna; det blir surare och hdgre tryck ju ldngre ut mot spinn-vartan man
kommer. Vidare studerade vi i detalj hur det ldga pH-virdet och hoga
koldioxidtrycket pdverkar spindeltradsproteiner och kom fram till en “lock and
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trigger’-modell. Den N-terminala doménen knyter ihop flera proteiner med
varandra och skapar ddrmed ett nédtverk av spindeltradsproteiner vid lagt pH
(lock), medan den C-terminala doménen bildar en struktur som kallas beta-
lakan. Denna strukturomvandling péverkar troligtvis den repetitiva regionen sa
att dven den édndrar struktur och bildar starka beta-lakan (trigger), vilket bidrar
till styrkan i spindeltrdden. Den vél kontrollerade pH-gradienten och “lock and
trigger”-funktionen ser till att trdden inte bildas inne i korteln, men dnd& kan
bildas valdigt snabbt nér spindeln spinner sin trad.

Nista méal med avhandlingen var att hdrma spindeln och silkesmasken och
utveckla en biomimetisk process for att spinna konstgjord spindeltrdd. Man har
kunnat tillverka konstgjorda spindeltradsproteiner ganska ldnge, men i sma
méngder, och for att spinna dem till trad har man anvént sig av starka
kemikalier. De konstgjorda tradar som har bildats liknar inte spindeltrad,
varken 1 styrka eller utseende. Problemet har legat i produktionen av
proteinerna och i en otillricklig forstéelse av den naturliga spinningsprocessen.
I och med anvindandet av starka kemikalier under rening och spinning sa
fungerar inte den naturliga “lock and trigger”’-regleringen och proteinerna
klumpar ihop sig snarare dn fogas samman pa det kontrollerade sitt som sker i
spindeln. Vi visade till exempel att man kan spinna trad fran proteiner som ar
valdigt olika spindeltradsproteiner genom att spinna ut dem i sddana starka
kemikalier.

I artikel IV beskriver vi tillverkandet av ett spindeltradsprotein som bestér
av de N- och C-terminala doménerna och en liten del av den repetitiva
regionen. Vi lirde oss av studierna i artikel II att terminala doméner fran vissa
spindeltradstyper dr mer 16sliga och pH-kénsliga &dn andra, och vi designade
darfor ett chimért protein dir vi kombinerade doméner fran olika
spindeltradstyper. Detta protein kunde tillverkas i stora méngder, och var
mycket 16sligt, stabilt, och pH-kénsligt. Genom att konstruera en biomimetisk
spinningsanordning, bestdende av en avsmalnande glaskapillar som slutar i en
sur vattenlosning, gick det att spinna kilometer-linga trddar av
spindeltraddsproteinet. Den konstgjorda spindeltraden liknade riktig spindeltréd,
och bildades genom en pH-reglerad “lock and trigger”-funktion. Detta
motsvarar den allra forsta biomimetiska spinningsanordningen for att spinna
starka tradar fran konstgjorda spindeltradsproteiner.
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