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Abstract

Tardigrades are an extremophile invertebrate phylum increasingly popular in
astrobiological research and science journalism on account of their extreme
resilience. Ramazzottius varieornatus possesses three intermediate filament
proteins; orthologs of an A-type lamin 2, a B-type lamin 1 and a cytoplasmic
intermediate filament called cytotardin found in H. dujardini. This project
aims to investigate to what extent the molecular similarities between the novel
cytoplasmic intermediate filament and its lamin counterparts leads to similar
in vitro properties. To this end, this protein, mutants thereof and a novel eye
lens intermediate filament protein in Todarodes pacificus possessing
molecular structural similarities to the tardigrade proteins, were produced and
examined. Sequence and simulated biochemical analysis, as well as the nature
of the rapid in vitro assembly of multiple superstructures indicates the lamin-
like behaviour of the tardigrade cytoplasmic intermediate filament, whose
central rod domain has the proportions of a Type V intermediate filament.
Cytotardin is shown by electron microscopy, quantified by sedimentation
assay, to be able to form paracrystalline structures across a wide range of pH
and ionic strengths with a 24-25nm banding pattern characteristic of lamins.
Substitution of an a-helix arginine residue for cysteine in the conserved
LNTR motif mimics the keratin-14 mutation first associated with
Epidermolysis Bullosa, causing partial loss of function. Deletion of the tail
segment of cytotardin removes the ability to form sustainable paracrystals, let
alone do so withoutdivalent cations, supporting current models for
intermediate filament assembly. Cytotardin and the A-type lamin appear
closely related, based on their sequence identity and Western blot analysis
and are capable of forming complex paracrystals with mobile structures. The
in vitro networks of cytotardin and the A-Type lamin create viscous reticuli
and gels in the solutions they inhabit. Western blot analysis shows both
cytotardin and to a lesser extent the two R. varieornatus lamins are recognised

by rabbit serum antibodies against T. pacificus eye lens protein.
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“Cute fat bugs with eight legs and sloth-like claws, that don’t die when dry and like moss
have strange Type V cell strings. They look to be in the smart part of cells but are not. Why?
Why are they different from other Type V cell strings?”

- Myself, tasked to explain this Thesis in words of one syllable by Prof. J Bothwell, Durham



Part | - Literature Review

|.1 - Intermediate Filaments

Intermediate filament proteins are cytoskeletal components of intermediate width between the
5-7nm wide actin filaments and the 25nm wide microtubules, identifiable through their
distinctive a-helical rods and tendency to form filaments (Parry and Steinert, 1999). Alongside
actin and microtubules, IFs make up the basic cytoskeletal components of metazoan cells;
unlike microtubules, IF distribution in cells is not associated directly with the distribution of
the endoplasmic reticulum or mitochondria (Bohdan et al., 1992). Microtubules are vulnerable
to collapse under pressure, filamentous actin networks need constant reassembly via
treadmilling to stay stable, let alone cope with pressures such as osmotic swelling, and both
require energy input via nucleoside triphosphates to do so. IF proteins which do neither
(Herrmann and Aebi, 2000) and need no energy input, keep steady to ensure critical structural
stability in extreme osmotic scenarios like anhydrobiosis, resilience against which tardigrades
are known to display in the extreme (Hengherr et al., 2007; Mabjerg et al., 2011). Over 75
human diseases have been linked to various mutations in IF proteins (Omary et al., 2004;
Godsel et al., 2008). However, incomplete understanding of filament structure limits

understanding of IF-related genetic conditions.

All IFs share two major molecular characteristics: first, their capacity to self-assemble, at least
in physiological pH buffers in the absence of macromolecular cofactors (Godsel et al., 2008;
Kelemen, 2017); second, the three section structure, consisting of a conserved a-helix rod
domain (itself 3-4 parts with non-coiled coil linker domains) flanked by non—a helical head
and tail domains of different size, sequence, and function (Herrmann and Aebi., 2000;
Kelemen, 2017). The a-helical rod domain of IF proteins forms coiled-coil units that
polymerize into non-polar filaments. It contains a characteristic heptad repeat pattern, denoted
a, b, c,d e, f and g, with hydrophobic residues usually being in positions a and d, polar residues
elsewhere, and positions e and g usually being charged (Parry et al., 1977; Quinlan et al., 1986).
This leads to an a-helical structure with a long hydrophobic region on its surface which is
flanked by charged residues and thus suitable for binding to a similar a-helix. This leads to
them wrapping around each other in parallel with the hydrophobic side chains of one a-helix
interacting with those of the second one, while the more hydrophilic amino acid (a.a.) side



chains are left exposed to the aqueous environment, thus yielding a two-stranded a-helical
coiled-coil structure (Herrmann et al., 2009). The basic building block of common to all IF
proteins is a dimer, prone to itself dimerising in an antiparallel manner to a create a tetramer
(Giesler et al., 1985), which is itself a basic building block for many vertebrate cytoplasmic
IFs (Soellner et al., 1985). The driving force of assembly for the resultant dimers involves both
the rod and the terminal domains. Chemical cross-linking studies on assembled cytoplasmic
IFs show three types of dimer lateral association: this begins with Ai1 interaction between the
“knob” and “pocket” regions (Fig. 1.1) of 1B coiled coil segments of opposing dimers (best
characterised in canonical IF types II-1V (Eldirany et al., 2019, 2021), and the A; interaction
between the coil 2B segments of opposing dimers. These interactions have been linked to the
conserved LNDR and TYRKLLEGE at coils 1a and 2 respectively in chicken lamins, although
less so in lamin-like chicken eye lens IF CP49 (Quinlan et al., 1996; 1999). What follows in
the mature filament is an unstaggered A2 interaction between the two coils in a mature filament
(Quinlan and Franke, 1982, Steinert et al., 1993b).

A —HIRC— B -
&

Pocket Knob

Half staggered pattern

E Filament |

Unit Length Filament

|

Paracrystal

1=
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s B = = =

Fig. 1.1: IF Assembly in A: Vertebrate Cytoplasmic IFs and B: Lamins

ot

IF polymerization is a hierarchical process using a combination of lateral and longitudinal, cis
and trans associations of IF monomers (Herrmann and Aebi, 2004; Block et al, 2015).



Filamentation of vertebrate cytoplasmic IFs such as vimentin, keratin and desmin is has been
extensively characterised in three steps: the first step initiates with rapid (within a matter of
seconds) lateral association of circa 50nm monomers (for example 50.9nm for keratin; Steinert
et al., 1993a) into circa 45nm hydrophobically bound dimers (for example 46.2nm for keratin
and 43.9 nm for vimentin; Steinert et al., 1993b). These form longer non-polar overlapping
tetramers via salt bridge interactions (Ahn et al., 2019), with eight tetrameric subunits forming
60—65 nm Unit Length Filaments (ULFs; Herrmann et al, 1999); in the second step, filaments
grow longer by end-to-end attachment of ULFs (Portet et al, 2009); and the third step consists
of compaction, resulting in approximately 10 nm thick filaments (Fig. 1.1, Stromer et al, 1987).
This process does not require a chemical energy source like ATP and does not depend on any
co-factors, as evidenced by how in vitro it can be induced by simple increases to the ionic
strength (Lilina et al., 2020).

Lamins also follow a hierarchical polymerization process, but their filament assembly differs
from cytoplasmic IFs. Initially, two lamin polypeptide monomers associate laterally into
dimers with their domains being parallel. Here, the tetramers are about 75nm long and 3.5nm
in diameter (Turgay et al., 2017), and instead of lateral assembly from ULFs, (Fig. 1.1) they
first form of thinner, highly flexible filaments, which are known as protofilaments (Min et al.,
1996, Strelkov et al., 2004). Head-to-tail attachment, or the Acn interaction, of dimers results
in thin protofilaments with a “beaded” appearance because of the immunoglobulin-like tail
domain (Ben-Harush et al., 2009). Subsequent lateral association of protofilaments is modelled
as happening via dynamic grooves within the ends of coil dimers 1B, rather than the knobs and
pockets (Eldirany et al., 2019) of cytoplasmic IFs leads to thick bundles which compact as a
result (Ahn et al., 2019). With the addition of cations to promote charge based adhesion
between the tail domains, the lamins self-assemble into characteristic paracrystal with a 25 nm
striation pattern (Stuurman et al, 1998; Karabinos et al., 2003; Herrmann and Aebi, 2004). In
vivo, however, they stay at a 3.5nm diameter and instead form a lattice structure called the
nuclear lamina (Goldberg et al., 2008; Turgay et al., 2017).

1.1.1 - Structural Evolution

The IF molecular structure shows significant conservation of sequence, but an even more

striking conservation of molecular structure, in the central rod domain. IFs have been



documented in arthropods and other invertebrates, these have extensively diverged from the
evolutionary path taken by Chordata and do not usually include cytoplasmic IFs (Steinert and
Roop, 1988; Weber et al., 1989; Kollmar, 2015). The fact that some did challenged the existing
assumption that cytoplasmic IFs were only found in vertebrates, as for example as
collembolans and copepods may also have cytoplasmic IFs, as well as the basal chordate
Branchiostoma (Karabinos et al., 1998). The difference between vertebrate and invertebrate
cytoplasmic IFs lies in a characteristic 42 a.a. deletion found in vertebrate cytoplasmic IFs on
the end of coil 1b. This seems to have occurred entirely in line with the development of the
phylum Chordata as while the urochordates such as Ciona and Styela (Wang et al., 2000)
possesses a lamin much resembling cytotardin, even their cytoplasmic IFs possess the
vertebrate-like deletion. Meanwhile, in comparatively close evolutionary distance, the
cytoplasmic IFs of the hemichordate Saccoglossus kowalevskii and the priapulid Priapulus
caudatus both retain the full length coil 1B segment characteristic for cytoplasmic IF proteins
across protostomic phyla. The hemichordate cytoplasmic IF follows in domain organisation
much more closely protostomic IF proteins than true vertebrate IF proteins. This, and the lack
of tail motifs also exhibiting homology to lamins is a molecular phenotype of cytoplasmic IFs
only so far found in Chordata, indicating a single evolutionary event. As such, the canonical
IF families | to IV identified in vertebrates almost certainly arose by gene duplications and
sequence drift post-deletion in coil 1b very shortly after Chordata became a distinct clade
(Zimek et al., 2002). Invertebrate IFs with lamin-like sequences include the T. pacificus squid
eye lens protein L10112.1 (Tomarev et al., 1993) and cytotardin (Hering et al., 2016). Lamins
in general, even in vertebrates, are more similar to invertebrate cytoplasmic IF proteins than
they are to vertebrate cytoplasmic IF proteins or many invertebrate lamins (Lin and Worman,
1993), implying that an ancestral lamin gave rise to the first cytoplasmic IF proteins in separate
events in invertebrates, which retained the 42 a.a. signature (Kaufmann et al., 1983;
Blumenberg, 1989; Heitlinger et al., 1992; Erber et al., 1999; Galiova et al., 2008). An example
of this is the nematodes C. elegans and Ascaris lumbricoides, in the latter case specialised into
forming muscle-like fibres; as has become a characteristic feature of invertebrate IFs, they
retained the full-length coil 1b from their lamin ancestor (Weber et al., 1989; Karabinos et al.,
2001). Consequently, the evolutionary history of IFs backs the hypothesis that lamins are the
best model for cytotardin behaviour.

Almost all invertebrate lamins are highly similar to lamin B, often more similar to vertebrate

lamin B than any lamin A equivalents they may have, and when there is only one lamin, it is
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always a B-type lamin. This, and the intron-exon structure of lamins, for example in Hydra
(Erber et al., 1999) and Priapulus, leads current research to believe B-type lamin was the
original IF, as all IF proteins share their distinct intron patterns apart from type 1Vs and VIs;
which are believed to have originated from an intron-less RNA intermediate undergoing
retrotransposition (Lewis et al., 1986; Dahlstrand et al., 1992; Lin and Worman, 1993; Riemer
and Weber, 1994). C. elegans and Drosophila Dm0 genes do not share the intron positions of
Lamin A, suggesting separate origins for their own developmentally expressed lamin
(Blumenberg, 1989). Studies using Xenopus lamin and invertebrate cytoplasmic IFs show
conserved intron patterns between them and suggest that the nuclear to cytoplasmic evolution
of IFs in vertebrates occurred due to loss of nuclear localization and isoprenylation signals
(Dodemont et al., 1990; Doéring and Stick, 1990).

The intron positions in human lamin B1 (LMNB1) are conserved in the lamin A (LMNA) and
lamin B2 (LMNB2) genes; whereas LMNB2 contains an intron between coil 1A and coil 1B
code that is not present in other IFs (including LMNA), implying that LMNB2 and LMNA
both evolved from an LMNB1-like ancestor. This is reflected in the relative importance of
lamins in development, where in organisms with both A and B lamins, e.g., mammals, and in
very different forms, Drosophila (Riemer and Weber, 1994; Lin and Worman, 1993), lamin B
is constitutively expressed in all somatic cells, while lamin A is expressed primarily in
differentiated tissues, dependent on developmental pathway (Riemer and Weber, 1998; Stick,
1992; Lin and Worman, 1995). This hierarchy is reflected in the structure of the nuclear
membranes by Field Emission SEM studies conducted by Goldberg et al., in 2008. Here B-
type lamins are shown to be the base of the nuclear lamina, on top of which the exogenously
expressed A-type lamins formed thicker filaments.

1.1.2 - Lamins

Lamins were first characterized as 60 to 80 kDa major proteins which form the nuclear lamina
(Aebi et al., 1986) in metazoans, divided into A/C (alternatively spliced mRNA variants, the
latter lacking codons for the final 82 a.a., leading to a 62.9kDa (in humans) protein called lamin
C, Fisher et al., 1986) and B types; eventually identified as IF proteins by sequence homology
(McKeon et al., 1986). Lamins follow the main order of IF structure, e.g. a central rod domain
comprising three a-helical coiled-coil domains, a short amino-terminal globular head domain

and a varyingly longer, carboxyl terminal globular tail domain. The ahelical N-terminal end
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domain is small compared with most other IF proteins (about 30 residues long), whereas the
C-terminal end domain is relatively large; between 187 to 277 residues. Relative to vertebrate
cytoplasmic IF proteins, such as vimentin, the central rod domain of lamins has a longer coil
1b, and the non-helical C-terminal tail region contains an additional immunoglobulin-like
domain: monomeric lamin is at also its most elementary supramolecular level a dimer rather
than a tetramer. Latest research implies the basic lamin structural unit consists of anti-parallel
pairs of parallel dimers, leading to the a-helical conformations forming a ~38-nm-long
structure, and cryo-electron tomography suggests that lamins can form functioning 3.5-nm-
thick protofilaments as well as 10-nm thick IF proteins used as lamin models (Riemer et al.,
1994; Herrmann et al., 2007; Buxboim et al., 2014; Ahn et al., 2019).

Lamin A, a 70kDa protein has an expanded carboxy-terminal tail domain that is only expressed
in differentiated animal cells, and contains a unique 90 a.a. segment relative to Lamin B, which
is found in all tissues and has a molecular weight of 65kDa. Generally, lamin A resembles
lamin B, which was originally identified in connection with the nuclear envelope, as a potential
docking site for vimentin (Aaronson and Blobel, 1975; Georgatos and Blobel, 1987), with a
similar amino-terminal head domain, central rod domain and nuclear localisation sequence
motif in the tail domain (Loewinger and McKeon, 1988; Stick, 1988; Meier et al., 1991). The
tail domain CaaX box (C = cysteine, a = aliphatic amino acid, X = any a.a.), which tardigrade
lamin-2 also possesses (Hering et al., 2016), serves as a localiser for the protein to surface and
endomembrane sites, such as the nuclear membrane. This is where the cysteine is farnesylated
and the final “-aaX” residues are removed before further methylation and for lamin A,
additional 15 residue cleavage after that (Hutchison et al., 1994) so as to control membrane
binding. Removal of farnesylated and methylated cysteine residues from lamin A, during
interphase, is linked to dissociation from the nuclear envelope (NE) at mitosis as soluble dimers
and tetramers, whereas lamin B, which retains its modified cysteine residues, remains with NE
vesicles upon breakdown, caused by phosphorylation of multiple sites leading to breakdown

of filamentation (Torvaldson et al., 2015).

[.1.3 - Lamin Assembly

Lamins polymerize into higher order insoluble structures in vitro observably in concentrations
as little as 5ug/mL (Glass and Gerace, 1990). Lamins are capable of polymerising

spontaneously in vitro to form short filaments, starting with elongation by head-to-tail
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assembly. When this occurs, they initially form 3.5-nm-thick proto-filaments, as implied by
cryo-ET studies (Turgay et al., 2017), and will later associate laterally to form paracrystals
(Aebi et al., 1986). Models of lamin assembly have been recently much enhanced by the
increased efficacy of partial crystallisation (Ahn et al., 2019), allowing enhanced modelling of
molecular interactions following divide-and-conquer approach first put forward by Strelkov et
al., in 2001. Partial crystallisation-based modelling of lamins is supplements studies showing
comparison of lamin behaviour with assembly models established in cytoplasmic IFs such as
vimentin (Moir et al., 1991; Heitlinger et al., 1992; Foisner and Gerace 1993; Herrmann et al.,
2004; Ben-Harush et al., 2009; Taimen et al., 2009). Direct head-to-tail association is unique
to lamins, contrasting with the overlapping, half-staggered, anti-parallel side-by-side
association of dimers observed for cytoplasmic IF proteins. Sedimentation equilibrium
methods show that in vitro, lamin dimers can associate into tetramers in a concentration-
dependent manner, and the protofilaments thicken. The amino-terminal head domain is
important for the formation of head-to-tail polymers in vitro and full filaments in vivo. When
in vitro and membranes are absent most lamins form paracrystalline arrays with a distinctive
axial repeat pattern, which can in some circumstances also be observed in vivo, such as in
circumstances of overexpression. Scanning Electron Microscopy, due to recent advances in the
imaging techniques of scanning tunnelling microscopy using field emission techniques, has
advanced to stage in which this method can be deployed on the insides of the nuclear
membrane. Here, in vivo assembly, both of endogenous and exogenous lamins can be examined
(Goldberg et al., 2008) showing significant differences in A-type and B-type lamin assembly
in vivo (Min et al., 1996).

I.1.4 - Laminopathies and IF Interactions

Mutations in Lamin A cause 17 distinct diseases and include forms of cardiomyopathy,
muscular dystrophy, lipodystrophy and a premature aging disease called progeria via the
progerin mutant protein (Dittmer and Misteli, 2011), comprising at least 400 distinct mutations
(Kang et al., 2018). Lamin B mutations in contrast have been linked to only two genetic
diseases, a rarity linked to how Lamin B mutations are almost always embryonic (Liu et al.,
2000) or shortly afterwards (Vergnes et al., 2004) lethal. Many are located in the a-helical
central rod domain required for lamin polymerization and assembly. Cells with mutations here,
show lobulated nuclei, a separation of lamins A and B, abnormally clustered centromeres,

mislocalised telomeres and heterochromatin (Taimen et al., 2009). Lamin A mutations have
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been directly connected to chromatin misregulation by studies of cardiomyocytes and mouse
embryonic fibroblasts (Nikolova et al., 2004; Sullivan et al., 1999; Worman, 2012). Altered
levels of lamins are also indicative of various cancers, as well as the stage of tumour
development and can be used in analysing cancer biopsy (Zhou et al., 2014). A-type lamins are
also phosphorylated outside of mitosis, with up to 20 sites linked to lamin dynamics and
location (Torvaldson et al., 2015). Mutation-induced deficiencies are a common problem in
cytoplasmic IFs as well (Binkley et al., 2002), and as with lamins, particularly within the
conserved LNDR and TYRKLLEGE motifs first characterised in keratin-14 (Steinert et al.,
1983), and CP49 (Sawada et al., 1995). This investigation hypothesises that mutations in
cytotardin, both in terms of tail deletion and substitution mutation in these regions could have

similarly significant effects and which would also be visible in vitro.

Chaperone proteins are also critical to the cryptobiotic properties of tardigrades. Heat Shock
Proteins (HSPs) have a long history of expression in all corners of the tree of life, from insects
(Li et al., 2009) to grapes (Ji et al., 2019) even down to the scale of small HSPs in the marine
viruses Synechococcus and Prochlorococcus (Maaroufi and Tanguay, 2013). Novel members
of the Hsp family have been observed, as have elevated levels of recognised Heat Shock
Proteins like Hsp70, in tardigrades exposed to extreme environmental stresses such as high
heat environments. Some cytoskeletal IF proteins can be solubilised with HSPs: in eye lenses
they can prevent assembly of vimentin and GFAP. R. varieornatus has a large number of 20kDa
Heat Shock Proteins, which present an excellent opportunity to study ways in which the novel
IFs of tardigrades interact with the rest of the proteome (FitzGerald et al., 1991; Nicholl and
Quinlan, 1994; Willsie and Clegg, 2002; Basha et al., 2003; Reuner et al., 2010; Boothby,
2018).

1.2 - Tardigrades

Tardigrades, named in 1777 by Lazzaro Spallanzani from the Latin for “slow steppers” are also
known colloquially as water bears or moss piglets, having first observed and given the latter
nickname by Johann A.E Goeze in 1773. Organisms of this bilaterian phylum, ranging from
approximately 0.05-1.2 millimetres in body length, are known for their extremophile
tendencies including such as survival of freezing, desiccation, osmotic stress (Welnicz et al.,

2011), high pressure, temperature (Doyére, 1842, Westh and Ramlgv, 1991), radiation
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(Horikawa et al., 2008) and even vacuum conditions (Greven, 2018, Jagadeesh et al., 2018).
The phylum Tardigrada, traditionally placed within Ecdysozoa, has two major clades:
Eutardigrada and the more diverse Heterotardigrada (Kamilari et al., 2019), and are found in
various habitats around the world including fresh water, marine and limno-terrestrial domains,
such as the moss from which they are nicknamed (Nelson, 2002). Their extraordinary stress-
tolerance is a consequence of their ability to transform into a reversible ametabolic state within
extreme environments, a process known as cryptobiosis, or a “tun” state, describing the
compact, desiccated state specific to tardigrades. Unlike during diapause, the state of
minimalised metabolic activity often observed in arthropods (Tauber et al., 1986; Chapman,
1998), some mammalian embryos (Fenelon et al., 2017) and the Daf signalling-triggered
“Dauer” state found in Caenorhabditis elegans (Lamitina and Strange, 2005), during the tun
state tardigrades are completely inactive and retain as little as 2-3% of their body water (Crowe,
1972; Welnicz et al., 2011). As water is fundamental to all living organisms anhydrobiosis
induced by desiccation is one of the most common and well-studied forms of cryptobiosis.
Anhydrobiosis can be achieved by many extremotolerant tardigrade species and other
metazoans such as rotifers and nematodes. This phenomenon was first discovered in the 17th
century due to the studies of Antonie van Leeuwenhoek (Wright, 2001). In experiments he
revived inactive rotifers by introducing them to water, thus opening up the possibility that some
form of survival without water is possible for specialised organisms (Boothby, 2019). For most
organisms, desiccation results in severe and fatal cellular and organ damage. The ability of
tardigrades to survive extreme conditions has led to their increasing use as a model organism
for astrobiologists (Goldstein, 2018, Jagadeesh et al., 2018).

Tardigrades possess novel intermediate filament proteins unlike those explored in Chordata,
instead expressing two lamins and a third, unexplored lamin-like protein localised in the
cytoplasm (Hering et al., 2016). Origins of the latter lie in divergence, in form and function,
for example following duplication mutations, of nuclear IF proteins. Given that IFs form some
of the most resilient cellular structures in vertebrates, have strain hardening properties and are
commonly linked to stress responses, they form an important avenue of research into any
organism which commonly encounters environmental stress. Tardigrades are capable of
surviving intense external pressure from sources such as deep underwater environments, as
well as the internal pressures inherent to desiccation during anhydrobiosis, so the study of
tardigrade IFs is highly pertinent to the overall properties of the organism. Cytotardin is the

name given to the novel protein discovered in 2016 with characteristically lamin-like

15



morphology has been observed in the cytoplasm of tardigrades. It was specifically located
forming structural bands reinforcing the cell membrane (Hering et al., 2016), indicating the
common IF function of a stress fibre (Denais et al., 2016; Ahn et al., 2019). First observed in
H. dujardini, cytotardin appears as a belt around the cell, and occurs exclusively in ectodermal

tissues such as the epidermis and gut (Hering et al., 2016).

|.3 — R. varieornatus

The tardigrade species R. varieornatus is one of the most stress-resistant tardigrade Species,
capable of entering the tun state much more rapidly than more commonly studies tardigrade
species such as H. dujardini (Hering et al., 2016) so comparative genomics between tardigrade
species is of great scientific interest (Hashimoto et al., 2016) in order to reveal potential
mechanisms underlying their tolerance. R. varieornatus can tolerate even rapid desiccation,
requiring as little as an hour to transition completely to the tun state, whereas H. dujardini can
require as much as 24 hours to prepare for complete desiccation (Neves et al., 2020). While
the visual changes caused by the tun state are well documented, many of the underlying
metabolic mechanisms remain poorly explored. Transcriptional profiling of this species
revealed only minor differences in gene expression during dehydration indicating that non-
transcriptional genetic differences may be responsible for the disparity in tardigrade
survivability. As well as possessing constitutively high levels of the unique tardigrade
chaperone proteins Cytoplasmic Abundant Heat Soluble (CAHS) and Secretory Abundant Heat
Soluble (SAHS), R. varieornatus also possesses a cytotardin significantly different from that
of H. dujardini, as well as an A-type “lamin 1” and a B-type “lamin 2” (Hashimoto et al., 2016;
Yoshida et al., 2017). All of these proteins have been linked to tardigrade-specific paths of
evolution from more mainstream proteins such as lamins in the case of cytotardin, and FABPs
in the case of SAHS (Yamaguchi et al., 2012; Fukuda et al., 2017). R. varieornatus’s lack of
dependence on transcriptional regulation for surviving desiccation may be the reason their
ability to enter the tun state is much less time-sensitive compared to H. dujardini and P.
richtersi (Hashimoto et al., 2016). As cytotardin occurs exclusively in ectodermal tissue, this
is one of many stress bearing structures found in tardigrades. The muscle attachments in
tardigrade limbs themselves superficially resemble basal lamina-reinforced ‘double
hemidesmosome”’ structures (Listgarten, 1974; Gross and Mayer, 2019). Interestingly, such

structures have also been described from the cycliophoran symbion pandora (Gerace et al.,
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1978). It is important to note that desmosomes and hemidesmosomes are typically associated
with cytoplasmic IFs, which are almost entirely missing in panarthropods (Hutchison et al.,
1994; Gullmets et al., 2017). This fits with growing evidence that tardigrades may not fit in
this group, including both Hox gene composition (Hashimoto et al., 2016) and wider shotgun-

sequencing based models (Laumer et al., 2019).

Genome sequencing extremotolerant tardigrade species shows an expansion of multiple stress-
related genes, including six more superoxide dismutases than in most other phyla, often
additional DNA repair and a novel intermediate filament (IF) protein, the presence, and
evolution of which are strongly associated with stress tolerance. With the recent gene
sequencing of the tardigrade species R. varieornatus and H. dujardini, tardigrade research is
becoming an increasingly promising area for the discovery and study of novel proteins,
including those not directly related to extremophile behaviour, such as a new cytochrome B5
(Pekny and Lane, 2007; Hashimoto et al., 2016; Fukuda et al., 2020). Tardigrades are also
notable for their lack reliance in many species on common desiccation survival agents like
trehalose (Elbein et al., 2003), used commonly to create “bioglass” self-preservation in
desiccated organisms (Hengherr et al., 2008). Varying from none to at most 2.9% body mass,
(generally less than 1%) this cannot be the sum of the anhydrobiotic factors and thus the
presence of these novel intermediate filament proteins in tardigrades leads to immediate
questions of the potential impacts their variation, and degree of variation, in each individual
species may have upon tardigrade survivability (Westh and Ramlgv, 1991; Hengherr et al.,
2008; Jonsson and Persson, 2010).

1.4 —T. pacificus

Omnastrophes solanii pacificus, also known as Ommastrephes pacificus (Steenstrup, 1880),
Ommastrephes sloani pacificus (Sasaki, 1929), Todarodes sloanei pacificus (Steenstrup, 1880)
or simply Todarodes pacificus, is the squid species whose eye proteins are also investigated
here. Colloquially called the Japanese flying squid, Japanese common squid or Pacific flying
squid (Thermo Scientific, 2013), is a squid of the family Ommastrephidae. This animal lives
in the northern Pacific Ocean, from the entire coast of China up to Russia, across the Bering
Strait east towards the southern coast of Alaska. The Japanese squid can live in water from 5

to 27 °C and tend to inhabit surface waters of 100 m but can go as deep as 500m (Seafood
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Watch. 2016). As organisms that produce advanced structural proteins, especially for use in
their advanced optical and nervous systems, squid have become an area of interest in IF
research (Tomarev and Zinovieva, 1990). T. pacificus possesses a novel IF with the same 42
a.a. extension in the coil 1B region, as with cytotardin. The protein was found in the eye lens
(Tomarev et al., 1993), which in cephalopods as in spiders forms from neighbouring tissue,
contiguous to the retina. As with the tardigrade cytoplasmic IF, this lens protein displays a high
degree of divergence from its vertebrate lens counterparts, which are produced by cells from
the sensory pre-placodal ectoderm (Koenig and Gross, 2020). Since the cellular concentration
of actin appears lower in the lens of squids than in other animals such as cattle, this gives rise
to the theory that IF proteins are the major constituents of the squid lens cytoskeleton (Siezen,
1982). Novel eye lens IFs are highly important to eye development, for example the chicken
beaded filament CP49, orthologous to Bsfp2. This protein, like cytotardin and the eye lens IF
also carries an extension to coil 1b, albeit a longer one at 49 a.a. than that commonly associated
with invertebrate cytoplasmic IFs (Sawada et al., 1995). Eyes, like cytoplasmic IFs, are a
feature that has evolved repeatedly and independently in different phyla of metazoans, (Koenig
and Gross, 2020) and are required to produce stable, long lasting lenses which in the event of
unfitness incurs strong selective pressure. This project investigates if these lamin-like features

the lens IF shares with cytotardin result in similar behaviour.

1.5 — Aims and Objectives

Cytotardin, as a highly lamin-like IF protein could represent an alternate “missing link” in IF
protein evolution, with giving indications as to the possibilities of paths taken, or not taken by
other cytoplasmic IF evolution events. Differing structural performance in similar
environments may provide still more examples to help characterise the proteins. Thus the
characterisation of cytotardin provides an insightful window not just into the mechanisms of
cellular location peculiar to the protein itself, but as an opportunity to explore existing theory

with regards to the evolution of IF proteins as a whole.

The speed, strength and structural complexity of R. varieornatus IF structures may give clues
to the roles played, and the molecular evolutionary roles made, by novel tardigrade IFs. In vitro
dynamics of filamentous proteins may be useful in illustrating the catalytic properties of IF

associated proteins such as chaperones, which are important to extremophiles, but also in
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human-relevant processes such as aging. Additional questions presented are the effect of
cytotardin on the physical properties of its solvents, and to what degree it can replicate the gel
forming off viscosity augmenting abilities of other, better characterised IFs. It is also of interest
to discern whether structural commonalities with the T. pacificus lens IF translate to similar in

vitro behaviour.

This study aims to explore the structure, behaviour and research potential of R. varieornatus
IFs (hypothesised as orthologs to cytotardin, lamin-2 and lamin-1 respectively from Hering et
al., 2016). These three have each highly different end terminal domains, the molecular effects
of which may be indicative of the features needed by IFs to form and be restricted to formation
in multi-filament bodies. Whilst the theory of recent cytoplasmic adaptations of duplicated
lamin proteins leading to intermediate filament diversification is well supported in the
literature, the biomolecular mechanisms for them have not been so well characterised. BLAST
shows cytotardin is significantly shorter than the lamins in non-rod domain areas, which
presents a wealth of potential sites where differentiating factors may be found, as well as the
specifics of how cytotardin mutated to stay in the cytoplasm. The Hering et al. study in 2016
raises extensive questions as to the in vitro assembly properties of R. varieornatus IFs, and
whilst their filament characteristics were demonstrated by light microscopy, molecular
biological characterisation by TEM is yet to be performed. Neither has there been any attempt
to analyse the biophysical and molecular properties of R. varieornatus IFs, and we aim to

change this.
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Part Il — Materials and Methods

The IF genes, in pET23 plasmids, were cloned in DH5a bacteria, then transferred to BL21
bacteria for expression which as induced with IPTG on the T7 promoter within lac operon.
pET23 were used with ampicillin resistance and the replication origin first explored in pBR322
(Zaner et al., 1982).

[1.1 Major Materials List

e BL21 (for example pLysSE “One Shot”, the more precise “Origami” B or, as used in
this study: pLysS “Rosetta”) competent cells with DE3 lysogen containing T7
polymerase attached to the lac operon

e Luria Bertani (LB) media: Lennox, including plates: 10g tryptone, 5g Bacto yeast
extract, 5g NaCl/L)

e Antibiotics (1000x stocks: carbenicillin 50mg/ml, chloramphenicol 34mg/ml),

e |IPTG 1M stock solution

e TEN buffer (50mM Tris-HCI pH 8.0, ImM EDTA, 100mM NaCl, 10mM MgCly).

e A+N Buffer (50mM Tris-HCI pH 6.8; 1ImM EDTA 1% (w/v) SDS

e 5X Laemmli Sample buffer (100mM Tris-HCI, 5mM EDTA, 5% (w/v) SDS, 10mM
DTT, 50% (v/v) glycerol plus bromophenol blue to colour (Laemmli, 1970)

e High Salt Buffer (1.5 M KCI, 10mM Tris-HCI, 5mM EDTA, 1% Triton X-100)

e 10X SDS PAGE Running Buffer (3% Tris-HCI pH 8.8, 14.4% glycine, 1% SDS, w/v)

e Medicell Membranes Ltd. DTV12000.01.15 visking tubing — Size 1 Inf Diameter
8/32” 6.3 mm: 15M. MWCO - 12-14000 Daltons

[1.2 Bioinformatics Analysis

DeepCoil, EXPASy, Uniprot and JPred 4 have also proved important in making molecular
models of the target protein. DeepCoil and DeepCoil 2 estimates probabilities of coiled coil
formation (Zimmerman et al., 2018; Ludwiczak et al., 2019; Gabler et al., 2020) combined
with JPred 4 a-helix and beta sheet predictions were used to produce consensus maps of each
protein (Lupas et al., 1991; Drozdetskiy et al., 2015; MacGowan et al. 2019). Hidden Markov
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Model-based coiled coil prediction was also used (Delorenzi and Speed, 2002). These models
were cross-referenced with existing Uniprot models. Models were fed a.a. sequences in FASTA
format. Links are available here for DeepCoil:

https://toolkit.tuebingen.mpg.de/tools/

JPred4:

http://www.compbio.dundee.ac.uk/jpred/index.html

I1.2.1 Nuclear Sequence Prediction.

For determining nuclear location sequences, the 100 sequence predictors-based ensemble,
NucPred was used. The program aggregates the positive and negative evaluations of whether
the protein spends some proportion of its life in the nucleus, and returns the fraction that
responds positively along with probabilistic analysis based on the programs giving said identity
(Bramier et al., 2007).

The individual predictors are evolved using an evolutionary machine learning approach, AKA
genetic programming on a set of known proteins. The predictors use regular expression pattern
matching to make the yes/no decision and the regular expressions are themselves evolved using

the open source PerlGP system available here:

http://bioinf.cs.ucl.ac.uk/psipred/&uuid=39¢915bc-fob3-11ea-8d55-00163e100d53
http://bioinf.cs.ucl.ac.uk/psipred/&uuid=387e3036-f9b1-11ea-b80f-00163e100d53

PredictNLS was used to determine Nuclear Location Sequence location (Murat Cokol, Rajesh
Nair and Burkhard Rost) and the source code is available here:

https://rostlab.org/owiki/index.php/Packages

11.3 Making Competent Cells

The DHS5a cells were cultured in LB-Lennox media, then harvested and repeatedly washed in
ice cold (referring to as near as possible to 0°C without initiation of freezing) sterile 0.1M
CaClz. When adding 0.5 ml of the overnight culture into 50 ml of LB in a 200-ml flask, the
broth is prewarmed to 37 °C and put on an adhesive coated 60+rpm shaker until ODsgo 0f 0.6

is reached, which will be approximately four hours later. The culture is then chilled on ice and
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transferred to a sterile centrifuge tube and pelleted by centrifugation at 13,300 rpm for 5
minutes at 4 °C using a Micro Star 17R centrifuge. Cells are then resuspended in 20 ml of ice-
cold, sterile 0.1M CacCl;, and incubated on ice for 20 minutes. After at least another round of
resuspension, they are collected in the same manner as before, mixed to 20% (w/v) glycerol
(also ice cold) and flash frozen using liquid nitrogen, then transferred to -80°C storage.
Aliquots of 100-200 pl at a time of competent cells were then used for each set of

transformation preparations.

Procedure went as according to the methods detailed in (Dagert and Ehrlich, 1979) when
modified for broad range performance at the expense of super-efficient transformation by
Chang et al., 2017 and Shiraishi, n.d., ret. 2020. This was useful was this study used B-strain
BL21 which has significant metabolic differences compared to the K-12 strain (Marisch et al.,
2013) used by Dagert and Ehrlich.

1.4 PCR, Ligation & Transformation

Sequence 3’ restriction site 5 restriction site | Buffer
Cytotardin Ndel BamHI NEB3.1
Cytotardin Tail-less “CTD” | Ndel Sall Tango Orange
CytotardinLNTRA31C Ndel Xhol CutSmart

Head Section

CytotardinLNTRA31C Tail | Xhol BamHI CutSmart
Section

T. pacificus Eye Lens IF Ndel BamHI NEB3.1
L10112.1

Table 1: Restriction Enzymes used in POI Engineering and Expression

Point mutations and deletions were engineered by PCR cloning of the wild type cytotardin

plasmid using as primers bespoke oligonucleotides ordered from Integrated DNA
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Technologies. After digestion of the PCR product ends and cleaning with a Sigma Gel Cleanup
Kit as according to the manufacturer’s instructions, they were inserted into pET23 plasmids
with T4 DNA ligase, using a Golden Gate ligation for LNTC cytotardin. The eye lens IF
sequences were subcloned from pcDNA3.1 and the cytotardin was subcloned from pGEM-T
Easy plasmids supplied by Prof. Roy Quinlan. The resultant plasmids were cloned using DH5a.
E. coli with 50uL of E. coli to 1uL of miniprep plasmid DNA. After plasmid mini-preparations
using Sigma Miniprep Kits according to manufacturer’s instructions and checked for 260/280
ratio to confirm purity (Wilfinger et al., 1997), digests were performed to confirm presence of
restriction sites, the absence of the wrong restriction sites, and the correct size of insert. This
was performed using restriction enzymes and buffers detailed in Table 1, and run on 1%
agarose gel alongside Thermo Fisher GeneRuler 100 bp Plus DNA Ladder (Thermo Fisher,
2021).

Sanger sequencing to confirm the DNA electrophoresis results was performed by DBS
Genomics at the Durham University Biosciences Department. Big Dye Terminator v3.1 was
used to prepare samples for an Applied Biosystems (ABI) 3730 DNA Analyser. Plasmids
showing the incorrect sequence were then re-digested using Sigma Gel Extraction Kits to

produce more pET23 plasmid material for the next ligation.

Once the plasmid sequence was confirmed to match that of its IF template, a sample of the

it was harvested from were sample is combined with sterile glycerol at a ratio of 0.2ml Glycerol
to 0.8ml overnight culture and flash-frozen with liquid nitrogen for -80°C storage. The plasmid
is then used to transfect competent BL21 Rosetta cells by heat shock. The agar plates on which
they transformants were spread were prepared by melting sterile agar (standard LB Lennox

mix + 1.5% agar, 0.05% (w/v) glucose and carbenicillin at 50ug/ml).

[1.5 Expression

Three colonies were harvested per plasmid, and used to inoculate 2ml of LB with carbenicillin
(and depending on the vector chloramphenicol as well) and 0.05% w/v glucose to suppress
transfected protein expression for short amounts of time without inhibiting induction (Marisch
et al., 2013). After confirmation of expression by IPTG induction, an uninduced culture is

frozen down in liquid nitrogen as previously described. Induction then occurred with 0.5mM
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IPTG and rotary shakers on 500ml culture for protein production and purification when the
OD600nm reaches 0.6. The resultant stocks that can be reduced to 50ml by centrifugation and
resuspension with 1L bottles at 8000rpm, 15 minutes at 4°C and a JLA-8.1000 rotor.

11.6 Purification

Purification of cytotardin occurred in two stages. Firstly, the isolation of inclusion bodies,

then chromatography.

11.6.1 Inclusion Body Preparation

Following protocols outlined in Perng et al., 2004, the sample was suspended in TEN buffer
with added sigma protease inhibitor (0.5 ml to a 25 ml tube), and transferred to homogeniser
with added lysozyme at 0.25 mg/ml to facilitate bacterial lysis. After Dounce homogenisation,
Benzonase nuclease was added 10ul/25ml extract to a final concentration of 10 units/ml) to
digest the E. coli chromatin and reduce viscosity. Pefabloc, an irreversible serine protease
inhibitor was added to the inclusion body preparations at 4uM to prevent degradation of target
protein (Gold and Fahrney, 1964; Powers et al., 2002). The inclusion body preparation then
proceeded as according to Quinlan et al., 1989, resuspending the pellet repeatedly in the High
Salt Buffer in the materials list followed by TEN/TE buffer, then re-pelleting using a Beckman-
Avanti J20 | centrifuge at 4°C with a JA20 rotor at 16,000 rpm. The final pellet was dissolved
in 20mM Tris-HCI, with 8M Urea and 2mM EDTA and solid components were removed by a
Beckman-Coulter Optima ultracentrifuge at 55,000rpm.

11.6.2 Chromatography

Over the course of an hour a MERCK Hitachi L-6210, L-4000, L-4250, D-6000, L-6000, L-
6200A complex was used to flush out a TMAE ion exchange column with an increasing
concentration from OM to 1M NaCl at pH 8.8 from 20mM Tris-HCI, with 8M Urea and 2mM
EDTA. The cleaning cycle used followed a cycle of pH10, 0.5M NaOH solution, 18.2 MQ.cm
deionised water, then a mixed 1M NaCl and 0.02% w/v Na-azide solution; all for 10 minutes

each after which the system is flushed with low pressure ddH20.
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When impurities remained in the fractions, the HPLC purification was repeated with the
substitution of 1M NaCl for 1M Guanidinium hydrochloride, which required a less rapid
gradient of increase to fractionate and purify the protein more effectively. All Urea and salts
were filtered through 0.2 micron nitrocellulose membranes with a VMR vacuum pump after

dissolution.

Reverse-phase HPLC was also used to bind protein stocks to a Bio-Rad Hi-Pore RP-304
column for purification and separation, during the attempted TIPS-EBX modification. Under
the HPLC conditions, where cytotardin and Lamin A elute at 40% acetonitrile to 0.1%
trifluoroacetic acid solution, a fraction of the Lamin A still presents itself as a dimer due to

disulphide crosslinking.

11.6.3 BCA Assay

Spectrophotometry using a BioTek ELx800 at 570nm confirmed all protein concentrations
mentioned in this thesis. Samples were each tested twice using Cu+/Bicinchoninic Acid-based
solution (Smith et al., 1985) against several sets of predetermined BSA measures with 562nm
absorbance being the optimum wavelength for the materials. The tests were performed with a
Thermo Scientific Pierce BCA kit using BSA standards provided therein.

11.7 IF Assembly in vitro

IFs were stored solubilised in 8M Urea (Herrmann et al., 2004) and dialysed into target
solutions using dialysis tubing. Concentrations of 0.2 and 0.1 mg/ml were used for most
assemblies of IFs, based off the HelLa cells vimentin concentration average, which is
0.15mg/ml (Luby-Phelps, 2000). This is however significantly lower than the concentrations
observed in situ for the assembly of proteins like keratin, which can be expressed at as high as
up to 40mg/ml in dedicated epithelial proteins such as keratinocytes (Feng et al., 2013). All
solutions not containing divalent cations had 1mM EDTA added to chelate trace metal ions
and deactivate metalloproteases (Thompson et al., 2012), and those with cysteine-containing
proteins had 1mM DTT added to reduce cysteine residues to prevent covalent interactions. To
bind one-per-molecule cysteine residues as molecular markers (Aryal et al., 2006; Majzik et

al., 2010; Caprile et al., 2012), 5nm diameter gold beads were added in a saturated colloid at a
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1:20 ratio to the dialysis bag 30 minutes before, and to the container after (for 10 minutes) the

sample was isolated for negative stain in preparation for electron microscopy.

Dialysis tubing was prepared by boiling repeatedly in deionised water with EDTA and
transferred to a suitable vessel containing 20% ethanol at 4°C. When filled with dialysis
substrate, the tubes were placed in solution and stirred with a magnetic bar above a 1KA C-
Mag MS7 stirrer.

11.8 SDS-PAGE

For the analytical gels in this study, 11% and 12% SDS-PAGE gels used with 4.5% stacking
gel and run at 25mA. Staining was done with Coomassie Blue R250, with the destain solution
150% diluted with water so as to reduce mechanical impact on the gel from dehydration.
Sedimentation assays were conducted after dialysis using Medicell Membranes Ltd.
DTV12000.01.15 visking tubing and a 30% sucrose cushion at 1:1 volume with the sample.
Sucrose cushions are commonly used to separate out low-density material such as viral
membranes (Boroujeni et al., 2018) and exosomes, lipid-protein complexes between 30 and
150nm in diameter (Pol et al., 2012; Gupta et al., 2018). The percentage of protein drawn down
into the pellet serves as a way of quantifying the amount of protein aggregated into structures
above the size dictated by the centrifugation force and time. When the supernatant had to be
concentrated for SDS-PAGE, the Wessel & Flugge method was used (Wessel and Flugge,
1984).

Immunoblotting was performed using the Bio-Rad semi-dry blotting method according to the
manufacturer’s specifications. The lysates used as negative controls for the Western blots were
MDA-MB-231 is a human breast epithelial cancer cell line established using samples taken
from a 51-year-old caucasian female with a mammary adenocarcinoma (Cailleau et al., 1978).
Gel and Western blot imaging were performed using the Thermo Fisher iBright 1500 using

proprietary BrightEyes software.
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[1.9 Electron Microscopy

Electron microscopy samples were negatively stained following the methods laid out in Smith
and Seegan, 1984 and Perng et al., 1999, following off concepts developed by Valentine et al.,
1968. Samples were caught between mica and 5nm carbon sheets, then immersed to 2% uranyl
acetate solution and bound to 3.05mm copper grids. Specimens were observed using a Hitachi

7600 transmission electron microscope.

11.10 Viscometric Procedures

Initial experimentation used cytotardin solution in 2mM pH 8.8 Tris-HCI buffer. Glass
microscope slides were coated in dichloromethylsilane as per established methods for cleaning
and coating (Hua et al., 2014). Ten drops of 0.2mg/ml protein solution were placed on the
slides and left to adjust for 15 minutes before imaging with the iBright. Continuous shear
viscosity was tested using an AR2000 microrheometer using 0.5ml volumes, all measurements
repeated twice, at 25 degrees centigrade. Further experimentation was done using a Netszch
Kinexus Pro+ using 50ul volumes at 25 degrees centigrade. For all but the first of the large
volumes, a vapour trap was used in order to minimise the effects of evaporation on the fluid
body. Dioleoylphosphatidylcholine or DOPC, as well as mineral oil and a vapour trap was also
used for this purpose and to examine interactions between cytotardin, phase barriers and lipid

membranes.

11.11 Chemical Modification of Cytotardin

11.11.1 TIPS-EBX Moadification of Cytotardin

The protein and TIPS-EBX were dissolved in MeCN/water (3:1, 250 mL) with TFA (2%; it
could be omitted at the expense of the yield) producing a clear solution. Then [AuCI(SMe2)]
(52.3 mg, 117 mmol) was added and the reaction was stirred overnight at room temperature.
Next day, solid Nal was added to the yellow solution followed by a few drops of 1M sodium
ascorbate. The former being added to dissolve protein-Au-TIPS-ethynyl complexes, and the

latter were added to reduce any iodine formed. MeCN was removed in vacuo, causing the
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cytotardin to precipitate in entirety. The ratios of these ingredients followed those used in
Hansen et al., 2016.

The suspension was centrifuged for 5 min at 13,300 rpm on a Micro Star 17R centrifuge
producing a gold precipitate and clear supernatant, which was redissolved in 6M guanidine
hydrochloride with 50mM Tris-HCI 7.0, and purified by reverse phase HPLC, after several
repeated centrifugations at 13,300 rpm to sediment any remaining large particles that might
disrupt the chromatography. The pure fractions were pooled and lyophilized to produce the

desired TIPS-ethynyl protein.

11.11.2 Cu-Phenanthroline catalysed Crosslinking of Cytotardin

The crosslinker used was copper bound to 1, 10 Phenanthroline, which catalyses the air
oxidation of sulfhydryl groups (Kobashi, 1968). Stock solutions (1.8 and 3.6 mM) were
prepared just before use (due to the several hour long half-life of phenanthroline in solution)
by mixing copper sulphate with the phenanthroline at a mole to mole ratio of 1:2. Copper can
also form a complex with Tris-HCI, even when EDTA and 1, 10-phenanthroline are present,
and catalyse oxidation of sulfhydryl groups (Takahashi et al., 1981). Crosslinking was
terminated by addition of iodoacetamide or DTT (final concentrations, 50 mM). Stock
solutions were diluted 1:50 with target solution (Quinlan and Franke, 1982, 1983).
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Part 111: Main Data & Results

[11.1 Bioinformatic Analysis

Lamins are Type V IF proteins, which are characterized by a long (i.e., 352 a.a. compared to
310 a.a. of vertebrate cytoplasmic IF proteins) central a-helical coiled-coil rod domain with a
long coil 1b that they share with invertebrate cytoplasmic IFs (Lin and Worman, 1993; Zimek
et al., 2002), and a complex carboxy-terminal tail domain harbouring a nuclear localization
signal (NLS) and a globular Immunoglobin-like fold (Dhe-Paganon et al., 2002, Krimm et al.,
2002, Strelkov et al., 2004). These features from IF evolution represent targets to look for in

the sequence analysis of R. varieornatus IFs.

The relatively low similarity between the cytotardin with the A-type lamin 2, and even more
so with the B-type lamin 1, whilst still sharing the hallmark features of a Type V IF suggests
that the cytoplasmic IF of tardigrades is not a recent evolution. Especially since R. varieornatus
and H. dujardini IFs are highly divergent in sequence, with only 74.3% sequence identity
between cytotardins from that of fellow Hypsibiinae subfamily member H. dujardini (Fig. 2.2),
compared to 100%, 97.4% and 98% sequence identity between human vimentin and that of
Gorilla gorilla (gorilla), Mus musculus and Sus scrofa respectively. This does not necessarily
translate to divergence of structure and the two cytotardins still share higher sequence identity
with each other than any other proteins (Fig 2.2, 2.1). The two species are closely related,
although discerning the relationship between H. dujardini and R. varieornatus within the

subfamily level has proved difficult (Pilato et al., 2011; Tumanov et al., 2020).

111.1.1; Overview

Cytotardin in Ramazzottius varieornatus is 484 a.a. long protein we would expect to feature
the 40 a.a.-long coil 1a, 140 a.a. coils 1b and 2, a characteristic of Type V IFs, although shared
with cytoplasmic IFs in invertebrates (Lin and Worman, 1993). These coils appear to begin
with coil 1a at the 24" a.a. and end on the 59'". Coil 1b is predicted to begin on the 70" residue,
and ends on the 205", while coil 2 runs from 230" to 370" (Fig. 2.1). There is nonetheless clear
disruption in these coils relative to the structures of their fellow type V IFs in this species as

DeepCaoil analysis shows relatively reduced likelihood of coiled coil
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Fig. 2.1: Modelling and Comparison of POI
(A) Structural diagram of the IFs in this study. (B) Table comparing predicted physical properties of the R.
varieornatus IF proteins, with the aid of Benchling's in-built chemistry predictor (https://www.benchling.com/).

Uniprot phylogenetic (C) sequence analysis of IF proteins across Chordata, Euarthropoda, Nematoda, and

Tardigrades.
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formation in the rod region. It has a large motif not present at what would be position 398 its
counterpart in fellow tardigrade H. dujardini. The tail region of R. varieornatus cytotardin is
vestigial in comparison to even its H. dujardini counterpart, let alone the more beta-sheet prone

tail of its lamin ancestor.

Lamin 2 in R. varieornatus is a 612 residue long protein. Of the three cytotardin IF proteins, it
bears the highest sequence homology to the lamin 2 of H. dujardini, and is an A-type lamin.
Whilst it contains almost all the hallmark features of a lamin, the sequence homology and CaaX
box to constitute an A-type lamin at that. It has an acidic isoelectric point as does its B-type
counterpart. The CaaX box is a motif that has been shown in other A-type lamins to be essential
for binding enzymes used to prenylate and carboxyl methylate the lamin, ensuring effective
nuclear membrane binding (Kitten and Nigg, 1991).

[11.1.2 Sequence analysis of T. pacificus Lens IF

L10112.1 is a novel cytoplasmic IF protein found in the lens of the squid T. pacificus which
also possess lamin-like morphology with a 42 a.a. extension on coil 1b, like that of cytotardin,
in line with current hypothesis about the lamin-like features of invertebrate IFs. The two species
also exist at similar temperature ranges, from 5-15 degrees Celsius, and both can survive the
high pressures of deep ocean. As an invertebrate IF it also represents a novel evolution of
cytoplasmic IFs. Longer than cytotardin but shorter than the lamins at 614 a.a. long, it is one
of the three IFs found in T. pacificus, the other two being a lamin and a neurofilament (Tomarev
et al.,, 1993). As with the tardigrade proteins, L10112.1 is not without comparisons to
nematodes, as it is analysed by Uniprot to have the highest E-value based sequence identity
with the nematode Diploscapter pachys. L10112.1 is primarily comparable to cytotardin in
how it is also a lamin-length coiled-coil cytoplasmic IF, with the same 42 a.a. coil 1B extension,
which evolved independently. This is strongly indicated by both the evolutionary history of
their associated species and the relative sequence identity of L10112.1, which is comparably
different to that of cytotardin when compared against most of the over two dozen IFs compared
(Table 2, 3). Like cytotardin and the R. varieornatus lamins, it is predicted to have an acidic
isoelectric point, and show sequence homology with the LNDR and TYRKLLEGE motifs in
similar locations. This, as well as some similar environmental pressures shaping the evolution

of the protein leads to the question of whether there is similar behaviour in vitro in terms of
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assembly patterns of aggregation rates, as well as whether this would occur under similar buffer

conditions.
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Fig. 2.2: POI Sequence Identity

RAMVA Cytotardin sequence submitted into Uniprot sequence comparison and compared against the whole
database of sequences by three metrics. Combined Uniprot Score (A), Raw Sequence Identity (B) and sequence
similarity probability, or “E value” (C) Uniprot phylogenetic analysis (D) of lamin-1. Comparative genomics

(E) of the tardigrades Hypsibius dujardini and Ramazzottius varieornatus.
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[11.1.3: Comparison and Predicted Properties of Cytotardin

It is hypothesised in Hering et al., 2016 that the B-type lamin 1 is the closest ancestor of
cytotardin in H. dujardini, while this conclusion is not apparent in R. varieornatus. The next
most similar protein to R. varieornatus cytotardin, after its H. dujardini counterpart, are from
vertebrates (Fig. 2.2). Those of which that are identified are all A-lamins (Fig. 2.2). Cytotardin
bears greater sequence identity with the A-type lamin 2 than to the B-type lamin 1 (Fig. 2.2,
2.1), with a 21.85% vs 15.25% sequence identity in each of them respectively shared with
cytotardin. That said, this phenomenon only occurs in the tardigrades, whereas when compared
to other lamins, regardless of whether A-type, B-type or not yet differentiated by the literature,
cytotardin shares an approximately 20% shared identity with other lamins but a closer to 15%
identity with other cytoplasmic IFs. Consequently lamins, not cytoplasmic IFs may be the

better models for cytotardin assembly, and this study aims to explore this.

Cytotardin R31C or “LNTC” is a mutant featuring an Arginine to Cysteine mutation, similar
to that found in many keratin-related skin disorders (Coulombe et al., 1991; Wood et al., 2003),
as the changes in the boundary regions of the central rod domain are among the most damaging
mutations to Kkeratin function (Irvine and Mclean, 1999). The LNDR site, analogous to the
LNTR site on cytotardin, is extremely well conserved (Fig. 2.3B being an example), with the
Mycetozoan amoeba D. discoideum being the most closely related organism to express IF-like
proteins without the canonical LNXR sequence (Kriiger et al., 2012), instead using isoleucine
instead of leucine and histidine instead of asparagine. Here the amphipathic arginine residue,
R is replaced by a more hydrophobic but still somewhat polar cysteine residue (lyer and
Mahalakshmi, 2019), which also has a much more acidic isoelectric point. This will likely
disrupt the structure of the heptad repeat surrounding the beginning of coil 1A, as well as the

conserved LNDR motif, leading to difficulty self-assembling.

Cytotardin CTD, standing for C - Terminal Deleted is a mutant cytotardin variant created to
examine the effects of a completely truncated tail domain on cytotardin assembly. The mutation
comes from a stop codon placed at position 1174 in the DNA sequence, or after the 390" a.a..
The break is placed shortly after the end of the coiled coil region and completely removes the
tail, including almost entirely removing the predicted beta sheet forming regions essential for

Ig-like Lamin Tail Domain regions to develop (Ruan et al., 2012). Together the proteins
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introduced, along with the aforementioned mutants, in section 111.1.1 represent the proteins of
interest (POI) in this study.

CytotardinRAMVA LNTC MLSSMASSVRGSTAYLDRVHSKDELQALNTCLAKYIDKIRNLENENVALQRQLNTAEQHT 60
CytotardinRAMVA AOA1D1VDNS MLSSMASSVRGSTAYLDRVHSKDELQALNTRLAKYIDKIRNLENENVALQRQLNTAEQHT 60
CytotardinRAMVA CTD MLSSMASSVRGSTAYLDRVHSKDELQALNTRLAKYIDKIRNLENENVALQRQLNTAEQHT 60
KKKk kx kKK **k*k*kgbcdefgrrabecdefgabedefgabedefgabedefgabedefg*
CytotardinRAMVA LNTC VTEVHRVSKSYDEELVKLRKQLEDVLRDNARLQMERNSMENENKQYQQRQSQLEKQVQONL 120
CytotardinRAMVA AOA1D1VDNS VTEVHRVSKSYDEELVKLRKQLEDVLRDNARLQMERNSMENENKQYQQRQSQLEKQVQONL 120
CytotardinRAMVA CTD VTEVHRVSKSYDEELVKLRKQLEDVLRDNARLQMERNSMENENKQYQQRQSQLEKQVQONL 120
***abcdefghijkabcdefgabecdefgabedefgabecdefgabedefgabedefgabed
CytotardinRAMVAiLNTC EAKLRQAEDLIADLQHRLSQSLDARQQLESDIKDLKTQINTLKTQENTLOQHDYDNERVRT 180
CytotardinRAMVA AOA1D1VDNS EAKLRQAEDLIADLQHRLSQSLDARQQLESDIKDLKTQINTLKTQFNTLQHDYDNERVRT 180
CytotardinRAMVA7CTD EAKLRQAEDLIADLQHRLSQSLDARQQLESDIKDLKTQINTLKTQEFNTLOHDYDNERVRT 180
efgabcdefgabcecdefgabecdefgabecdefgabedefgabedefgabedefg*****abc
CytotardinRAMVAiLNTC ADLENKLQTKEEEYEFEKNALHESLREEKSQRQYLMNDLORGLODEFESKLVQQLQOELRN 240
CytotardinRAMVA AOA1D1VDNS ADLENKLQTKEEEYEFEKNALHESLREEKSQRQYLMNDLQRGLQODEFESKLVQQLQELRN 240
CytotardinRAMVA CTD ADLENKLQTKEEEYEFEKNALHESLREEKSQRQYLMNDLORGLODEFESKLVQQLQOELRN 240
- defo—**abcdefq*************************abcdefq*****hijkabcdef
CytotardinRAMVA LNTC EYEDMIKNVRAEVEGKSDDRIRALMQLSDQHTDTITRLONEIDEWRTRSTQTQADLDRLR 300
CytotardinRAMVA AOA1D1VDNS EYEDMIKNVRAEVEGKSDDRIRALMQLSDQHTDTITRLONEIDEWRTRSTQTQADLDRLR 300
CytotardinRAMVA CTD EYEDMIKNVRAEVEGKSDDRIRALMQLSDQHTDTITRLONEIDEWRTRSTQTQADLDRLR 300
g****abcdefghijk******gbcdefg*****abcdefgabcdefgabcdefgabcde
CytotardinRAMVA LNTC KENADLSSKLSDAQRTKDEQIRALQKQIQQLOESLQRVHEDLGDLTRQYQDLLYVKLALD 360
CytotardinRAMVA AOA1D1VDNS KENADLSSKLSDAQRTKDEQIRALQKQIQQLOESLQRVHEDLGDLTRQYQDLLYVKLALD 360
CytotardinRAMVA CTD KENADLSSKLSDAQRTKDEQIRALQKQIQQLOESLQRVHEDLGDLTRQYQDLLYVKLALD 360
fgabcdefgabcdefg****abcdefgabcdefgabcdefgabecdefg*abecdefg****
CytotardinRAMVA LNTC AELATYNKLLSGEEQRLGMDGSSRVTTTRTTATTPYTTGGTSSTIKSTYTQRPTYTYTPV 420
CytotardinRAMVA AOA1D1VDNS AELATYNKLLSGEEQRLGMDGSSRVTTTRTTATTPYTTGGTSSTIKSTYTQRPTYTYTPV 420
CytotardinRAMVA CTD AELATYNKLLSGEEQRLGMDGSSRVTTTRT - ————————————————————————————— 390
abcdefgr*x*xrkxsxghcdefghijk**
CytotardinRAMVAiLNTC ITTPTDARSTTGRYTPIGSTSIINRQPSPGATSVGRERDVPILREQKITETFKATGRVGP 480
CytotardinRAMVAiAOA1D1VDN8 ITTPTDARSTTGRYTPIGSTSIINRQPSPGATSVGRERDVPILREQKITETFKATGRVGP 480
CytotardinRAMVA CTD oo oo oo 390
CytotardinRAMVAiLNTC RTDW 484
CytotardinRAMVAiAOA1D1VDN8 RTDW 484
CytotardinRAMVA CTD == 390
Cytotardin 13 TAYLDRVHSKDELQALNTRLAKY IDKIRNLENENVALORQLNTAEQHTVTEVHRVSKSYD 72
GFAP HUMAN 61 GEKETRASERAEMMETINDRFASYIEKVRFLEQONKALAAFLNQLRAK-—-EPTKLADVYQ 117
* - * ... * .

Fig. 2.3: Potential a-helix Positions in Cytotardin and Mutants Thereof

(A) Whole sequence comparison with rod region underlined. Hydrophobic residues highlighted in yellow,
including both heptad (Parry et al., 1977) repeat domains abcdefg and potential extensions creating hendecad
(Parry, 2006) repeat domains a,b,c,d,e,f,g,h,i,j,k. Heptad positions annotated manually, and remaining data
extrapolated from JPred4 (Drozdetskiy et al., 2015) (B) Alignment of the LNTR region in cytotardin with the

LNDR region in GFAP.
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I11.1.4 Head Regions

Strelkov et al., 2004 links regions within coil 1a to the head to tail assembly step, also known
as the Acn interaction (Eldirany et al., 2021) first reported by Quinlan et al., 1989, postulating
that that the head-to-tail linkage of two lamin dimers involves strong electrostatic attractions
of distinct clusters of negative charge located on the opposite ends of the rod domain with
arginine clusters in the head domain and the first segment of the tail domain. Given the
conservation of arginine residues in the head, 1a and tail regions, this raises the question of

whether head to tail assembly modes may be found in cytotardin.

Heitlinger et al., 1992 links the loss of head region in chicken lamin B to loss of head to tail
assembly capacity. Since cytotardin is significantly reduced in the size of its head region
compared to lamins, this raises the implication that the head to tail, or Acn assembly mode may
not be available to it. The TRITRLQ motif is shown to promote head to tail binding stage in
mouse lamins, but cytotardin does not appear to possess an equivalent sequence (Kazuhiro et
al., 2007). However Kreplak et al., 2004 links hydrophilic RRATR and RITR regions in the
lamin head domain to the distinct head to tail assembly process of lamins and cytotardin

possesses an alignable sequence of this kind in the first a-helix leading into the coil 1a region.

111.1.5: Coil 1a

The coil 1a region of cytotardin begins at least 22 residues in, as predicted by DeepCaoil, though
DeepCoil 2 (Zimmermann et al., 2018; Ludwiczak et al., 2019; Gabler et al., 2020) makes a
more conservative estimate of 27 residues in as the start site. Uniprot’s own predictor predicts
the coil 1a region beginning as residue 20. However, there is a potential a-helix unit starting at
residue 15 as predicted by JPred. The lamin 1 also has a potential a-helix shortly before the
main la region. As seen in Fig. 2.3, this prediction does have a basis in an unambiguous
HPPHCPC a-helix beginning at residue 15, whereby H is a hydrophobic residue, P is a polar
residue and C is another charged residue. This region may serve some functions for the head
domain however, as lamin assembly models in Kreplak et al., 2004 link it to the head to tail

assembly pathway associated with lamins as this initial a-helix carries a pocket of positively
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IF Head la 1b 2 Tail
RAMVA 20 35 135 140 114
Cytotardin

RAMVA Lamin 1 | 94 40 140 140 116
RAMVA Lamin 2 | 75 40 140 140 156
HDJD 18 40 143 139 81
Cytotardin

HDJD 85 40 143 139 207
Lamin 1

HDJD 76 41 140 140 188
Lamin 2

E. rowelli Lamin | 43 34 132 137 122
C. elegans Lamin | 44 34 133 140 184
DROME Dm0 55 37 138 143 213
DROME 47 39 138 146 218
Lamin C

TPAC Eye IF 76 42 142 139 179
L10112.1

Ciona intestinalis | 23 44 145 139 86
Lamin

Human Lamin B1 | 33 35 134 143 200
Human 33 37 138 141 281
Lamin A

Human 94 32 92 139 59
Vimentin

D. discoideum 130 40 140 140 124
Lamin NE81

Table 2: IF Rod Domain Proportions Comparison
Comparison by number of residues of the major regions and proportions of IF proteins in tardigrades,
invertebrates and vertebrates. Protein analysis from Uniprot (white) or the authors analytics (shaded, see

Methodology). D. discoideum lamin NEB81 is explored in Krlger et al., 2012, Batsios et al., 2019
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charged residues linked with the head to tail interaction in lamin head regions. All estimates,
however, are unanimous in locating the end of coil 1a within residues 56-59. DeepCaoil
predicted residue 56 as the endpoint, while JPred 4 projected a-helix ending at position 58.
Uniprot predicts the end of coil 1a at residue 59, which is where the a-helix depicted in Fig.

2.3 ends, again with an unambiguous HPPHCPC sequence.

The linkage of cytotardin to the molecular basis of head to tail lamin-style assembly is further
supported by how cytotardin possesses conserved negatively charged LENE regions near the
beginning of coil 1a, which are of the kind predicted by Kreplak et al., 2004 to bind positive
pockets within the beginning of tail regions to complete the Acn interaction. The LEXE pattern
is conserved in many lamins, as well as both R. varieornatus and H. dujardini cytotardin, but
not those of tardigrades, where both lamins from both species possess two glutamine residues

consecutively.

111.1.6: Coil 1b

Coil 1b shows regions linked with the A1z interaction, these may have implications for the
assembly of cytotardin at the lateral alignment level of structural organisation. Coil 1b is
estimated in cytotardin to start at residue 70 by JPred 4°s estimations, as do DeepCoil2’s, while
the original DeepCoil program returns residue 64. The most obvious a-helix candidates sit at
positions 64 and 74, albeit not with perfect charged residue components to their sequences.
There then exists the implication, that going by Ahn et al., 2019’s use of hendecad repeats in
the L1 linker region, residues 70-74 may form a hendecad repeat region extension to the

beginning of coil 1b.

The end of coil 1b is estimated to end at residue 213 by JPred 4’s estimations, 255 by DeepCoil
and 210 by DeepCoil 2. Uniprot’s own sequence analysis is also not explicitly clear about
which point coil 1b ends at, with the coil ending at 207 and then a second coil running from
228 to 259, appearing to coincide with DeepCoil’s estimation. However since Uniprot already
assigns the second coil a length of 140 a.a., it agrees best with existing models that the first coil
endpoint, 207 a.a. be the implied endpoint for coil 1b. This is supported by Fig. 2.3, where the
seven a.a. region beyond residue 205 is lacking in the hydrophobic residues required for a-

helix formation.

37



IF Post CC Recognised | NLS NucPred CaaX Box
Length LTD region Score

RAMVA 100 No NO 0.56 NO

Cytotardin

RAMVA 156 No KRRL 0.92 CVIM

Lamin 2

RAMVA 116 No KRRDL 0.76 NO

Lamin 1

HDJD 81 No Incidental - | 0.87 NO

Cytotardin RKR

HDJD 207 115 NO 0.93 CVIM

Lamin 1

HDJD 188 120 KKRK 0.91 NO

Lamin 2

E rowelli 122 No KRKR 0.93 CAIM

Lamin

C elegans 184 116 KRRR 0.75 CSIM

Lamin

DROME Dm0 | 213 127 KRKR 0.95 CAIM

DROME 218 No KRRR 0.89 NO

Lamin C

TPAC 143 No NO 0.65 NO

L10112.1

Eye IF

Ciona 86 No KRRSRRK | 0.96 CSIM

intestinalis RKR

Lamin

Human Lamin | 200 117 GKRKR 0.86 CAIM

Bl

Human 281 118 KKRK 0.93 CSIM

Lamin A

Human 59 No NO 0.58 NO

Vimentin

D discoideum | 201 123 RKRKR 0.96 CLIM

Lamin NE81

Table 3: IF Tail Region Features Comparison

Comparison of the major regions and proportions of IF proteins in tardigrades, invertebrates and vertebrates,

analytics as detailed in Materials and Methods.
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111.1.7: Coil 2

Cytotardin shares the conserved LLxXEE pattern at the end of coil 2. This region has been
linked to head to tail assembly and the A2, binding by Ahn et al., 2019, and this motif could
potentially serve as a negatively charged region required for head to tail interaction as
according to the models proposed by Kreplak et al., in 2004. Uniprot estimates this coiled coil
region comes in two parts, the first part beginning at residue 228 and the second part ending at
residue 348. JPred 4 estimates that this region extends to residue 370, with the combined fit of
heptad repeats matched to the HPPHCPC pattern leading to the conclusion that a 230-370 total
length for the domain is most likely.

111.1.8: Tail

The tail region of R. varieornatus cytotardin when compared to that of H. dujardini has a 17
residue long divergent region, followed by a 14 residue long deleted region beginning at the
end of coil 2 at residue 384 in H. dujardini, corresponding to residue 383 in R. varieornatus.
The C- terminal deleted mutant variant of cytotardin was produced so as to both study the
effects on filamentation, which can be quite significant, of lacking the tail region (Kaufmann
et al., 1985; Heitlinger et al., 1992). This truncation also to allows measurements to detect
whether the loss of the tail domain leads to altered banding patterns in paracrystal, thus
giving clues to the proportions of the cytotardin molecule. Prolines, amino acids strongly
incompatible with a-helix formation, are entirely absent in all but the tail of cytotardin
(Conway and Parry, 1988). The tail of cytotardin also possesses conserved arginine residues
of the kind linked in Strelkov et al., 2004 to the head to tail assembly mode, albeit fewer of
them than its lamin counterparts. As per the models postulated in Kreplak et al., 2004, these
positively charged arginine residues, conserved in the tail region attract to the conserved
negatively charged region in the LENE sequence in the coil 1a region and enable head to tail
assembly. This was shown in experiments on GFAP and vimentin by Quinlan et al., in 1989,
where the Acn interaction enabling residues are shown to present on the root of the tail. As
such, only complete deletion of the tail region prevented assembly, while desmin remained
assembly competent after losing only the second half of its tail. The fact that the proteins
used in that experiment, desmin and GFAP are both also cytoplasmic IF proteins with even
shorter tails than cytotardin means this is potentially a useful model for tail region

interactions, though not so much coiled coil interactions as they possess a different length
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coil 1b. Given this sequence and the position of all these charged residues is near identically
conserved in the H. dujardini cytotardin, this and the previous sections similar identification
of critical regions in every component conserved in cytotardin, presents a compelling
argument for the use of the Acn assembly mode and thus lamin-type assembly in cytotardin.
The lamin-1 has its NLS at residue 486, the A-type lamin at 443, with KRRDL and KRRL
sequences more similar to human lamins than those of E. rowelli or C. elegans, though it
shares the essential KRR part of the motif with C. elegans and thus may be considered more
similar in the nature of its NLS. Cytotardin in R. varieornatus, unlike in H dujardini with
several vestigial RKR regions, does not have anything resembling an NLS. NucPred gave
cytotardin a score of 0.56, Lamin 2 0.92 and Lamin 1 0.76. In comparison the respective
scores for H. dujardini cytotardin, Lamin 2 and Lamin 1 were 0.87, 0.93 and 0.91, implying a
high degree of adaptation to cytoplasmic IF function between the two tardigrade species.
However, given that immunofluorescence labelling in Hering et al., 2016 shows H. dujardini
cytotardin to be localised outside the cytoplasm and the fact that the RKR sites in H.
dujardini cytotardin did not align with those in the paralogous lamins implies the NucPred
score of H. dujardini cytotardin is inaccurately high. In order to verify the modelling data so

far discussed, in vitro experimentation is required.

As shown in Table. 0.2, both cytotardins lack any CaaX box, and R. varieornatus cytotardin
lacks residues 389-402 found in H. dujardini cytotardin, reflected both in total peptide length
and size of sequences similar to immunoglobulin-like tail domains (Krimm et al., 2002),
implying greater divergence from their respective lamin ancestor. Notably, the 14 a.a. deletion
region does not likely - by JPred 4 prediction of prospective beta sheet regions essential for the
creation of anything approaching an Immunoglobin-like lamin tail - constitute part of a Lamin
Tail Domain (LTD) proper, may indeed be a linker region as backed up by Uniprot structural
predictions citing the region as a disordered one. This is further supported by how the deleted
region is glycine-rich, a motif connected by Almagor et al., 2013 to high peptide flexibility.
Whilst the R. varieornatus cytotardin does in fact have significant differences in its tail domain
and less in the way of beta sheets required for a LTD, having 6, its H. dujardini counterpart 7
beta sheet domains compared to 14 detected in JPred analysis of human Lamin Bl. R.
varieornatus’s own lamins 1 and 2 do both have 14 of these beta sheet domains also. The
reduced size and number of R. varieornatus cytotardin’s beta sheet domains may instead come
from the various mutations, including an insertion at residue 461. Despite cytotardin’s

divergence from its lamin ancestors, it has still conserved some lamin-like elements of its

40



morphology such as the proportions of the rod region and potential self-binding sites that will

be discussed later in this section.
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111.2: Cytotardin

111.2.1: Expression and Purification of Cytotardin

Our first goal was to establish whether the proteins of interest (POI) could be acquired in
quantity for testing. To produce the Cytotardin (abbreviated “CYTT” when necessary) and the
other POls, bioproduction by expression in E. coli was required due to the low biomass of
tardigrades as harvest of material from whole organisms such as in Quinlan et al., 1984, or
Herrmann et al., 2004 was impractical. Instead, transgenic expression in bacteria was
attempted. A plasmid carrying the required sequence were cloned in DH5a and the plasmids
were screened first by digests with the restriction enzymes used to engineer them (Table 1),
and then the presence in the plasmids of the cytotardin DNA sequence was confirmed by
Sanger sequencing. The plasmids were then subcloned into BL21 E. coli, and overexpression
was induced with IPTG (Fig. 3.1), all as detailed in Materials and Methods Parts 4 and 5, while
induction with IPTG was monitored by SDS-PAGE as described in Part 8.

kDa Stage kDa Stage
L TO 1 P2 L H TEN HSB IBP IECW NaCl

kDa NaCl (mM) kDa GuHCI (mM)
I 320 340 360 380 400 420 440 460 I 0 200 250 300 330 360

100
70

100
70

55 e

40

35

25

Fig. 3.1: Induction and Purification of Cytotardin in E. coli
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(A) Cytotardin induction at Oh, 1h and 2h, on 6h grown 20ml culture (B) Summary of purification steps, lanes
from left to right: molecular ladder “L”, washed and homogenised BL21 E. coli “H”, impurities washed off in
TEN buffer (“TEN”), non-cytotardin material washed off with High Salt Buffer (“HSB), the resultant inclusion
body preparation (“IBP”), impurities removed by IEC (“IECW”), cytotardin purified using NaCl based IEC
(“NaClI”), and that purified using GUHCI based IEC (“GuHCI”). (C) SDS-PAGE gel of IEC fractions from TMAE
column with calculated NaCl concentration shown horizontally across the top. (D) GuHCI mediated IEC marked
the with the calculated concentration of GUHCI on the horizontal annotation. Lanes “L” are MWt markers

indicated in kDa on the left, concentrations marked in mM on top.

Cytotardin, and the other POI formed insoluble inclusion bodies, the sedimentation of which,
was used as a way to purify the material by washing off more soluble bacterial proteins, with
the remaining impurities being removed via lon Exchange Chromatography (IEC). Here the
cytotardin was dissolved in 8M urea buffered by 20mM Tris-HCI pH8.8 and bound to a TMAE
column. Initially NaCl was used to elute the bound cytotardin in a gradient from 0 to 1M NaCl.
Due to the presence of lower molecular weight material in the cytotardin-containing fractions,
attempts were made to elute with guanidine hydrochloride, which yielded better results, as
evidenced in (Fig. 3.1). Here, cytotardin was eluted from the column at a NaCl concentration
of 0.36M and over, whereas when exposed to the same concentration of guanidine

hydrochloride it was eluted from the column more purely.

111.2.2: In Vitro Assembly of Cytotardin

To study the in vitro assembly properties of cytotardin, Tris-HCI buffer was used to control
solution pH and ionic strength, though cytotardin has shown capacity to form aggregates and
networks in NaH2POs, Triethylammonium bicarbonate (TEAB) and 2-(N-morpholino)-ethane
sulphonic acid (MES) buffered solutions as well. When dialysed out of the 8M into lower molar
urea solution, the cytotardin forms disordered aggregates (Fig. 3.2), as a preliminary stage
before more complex in vitro assembly before moving on to reticulated structures. The first
assembly method attempted was assuming an in vitro assembly speed comparable to well-
studied vertebrate IFs such as vimentin and desmin (Karabinos et al., 2003). Here cytotardin
would be first dialysed out of the 8M urea solution, into 2M urea solution and then into OM
urea, 2mM Tris-HCI 8.8 for 30 minutes at which point disordered networks form. When
negatively stained the cytotardin will display reticulated structures as a preliminary stage
before more complex in vitro assembly, and it behaves similarly during an additional 30
minutes in 2mM Tris-HCI 8.0 or 7.4. Following this, dialysis into 2mM Tris-HCI pH 7.4 for
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30 to 60 minutes leads to the formation of reticulated networks of filament-like structures
averaging 5-10nm in width begin to form, evocative of those characterised by cryo-electron
tomography in Turgay et al., 2017. These show visible bulges along ~25nm intervals, as
marked by arrows in Fig. 3.3 B and C. Fig. 3.3C shows cytotardin assembling from compacted,

just as it can from uncompacted cytotardin material.

8M 6M 4M 2M oM

Urea Molarity

Fig. 3.2: Cytotardin restricted to low length aggregates in 4M Urea and above
Cytotardin under electron microscopy imaged at 6M Urea (A); quantified with exploratory sedimentation assay

at 77,100g for 1h (B). Scale Bars 100nm, error bars are standard error.

Then, after another hour of dialysis in 15mM Tris-HCI pH 7.4, fibre-like structures appear,
often with non-compacted material (Fig. 3.3B) or smaller filament structures (Fig. 3.3C) visibly
connected to the fibre. The final stage of this in vitro assembly occurs when the ionic strength
of the concentration is increased to 15mM Tris-HCI, leading to extensive assembly and
aggregation of the structures. This type of structure can also be seen by rapid, heavily stirred
dialysis directly to a pH of 7.4 at a lower ionic strength concentration such as 2mM. Similar
reticulated structures are visible, though the reticulated networks appear more stable and
persistent in the solution, showing head to tail tetrameric/protofilament-like structures with an
average width of 7.4nm +2nm, fitting loosely with the observed widths of C. elegans lamins in
(Tenga and Medalia, 2020). IF thickness can vary by a ratio of up to three times along a
filament, as in vimentin (Herrmann et al., 1996).

To measure the efficiency of cytotardin assembly, sedimentation assays were performed, in

which cytotardin left to assemble for a given time was centrifuged so that the supernatant and
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pellet could be compared to see which contained what proportion of the original protein (Fig.

3.3D-E). For the first sedimentation assay solutions of cytotardin were dialysed from 8M to

2M Urea, into a sequence of buffers as set out by Fig. 3.3. In the case of this cytotardin in vitro

1.2

0.8

0.6

0.4

0.2

Average Supernatant to Pellet Ratio of Cytotardin

2MU

Solutions

i =5 - win .

2mM pH8.8 10mMpH8.8 2mMpH8.0 10mMpHS.0 15mM pH7.4

Fig. 3.3: Cytotardin Assembly in vitro

Oh

1h

2h

3h

10mM Tiis 8.0

8M Urea, 2mM
Tris 8.8 >
2mM Tns 8.8

2mM Tris 8 8

2mM Tris 8.0

15mM Tris 7.4

10mM Tris 8.8

EM of negatively stained cytotardin after 30m in 2mM Tris-HCI 7.4 (A). Cytotardin after dialysis for 30 minutes
in 2mM Tris-HCI pH 8.8 and 2mM Tris-HCI pH 8.0 each, now dialysed for 1h in 15mM Tris-HCI pH 7.4 (B, C),
transition from forms found in (A) marked with arrows. (D) Data shown from analysis of pelleting of cytotardin
at RCFs of 2.14 x 10°, 1.37 x 10°, and 7.71 x 10* g for 30 minutes with a TLS-55 rotor. Alongside, a chart to the

with dialysis time labelled on the left. Scale bars are 100nm, error bars are standard error.
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assembly procedure, pelleting of cytotardin occurred at RCFs of 2.14 x 10°, 1.37 x 10°, and
7.71 x 10* g for 30 minutes with a TLS-55 rotor. The k factors of the centrifugations were 60.5,
94.5, and 168 respectively, leading to the sedimentation of bodies over 121S, 189S and 336S
respectively. That the overwhelming majority of cytotardin is found in the pellet, in these

structures provides a biophysical demonstration of the efficiency with which it assembles.

[11.2.3: Cytotardin can form Paracrystals

Divalent cations, such as the used in Heitlinger et al., 1992 and Karabinos et al., 2003 have
been shown to induce paracrystal formation in lamins, whilst monovalent cation presence is
both useful for paracrystal and filament growth (Aebi et al., 1986). This presented the

hypothesis of whether cytotardin would act similarly.

Cytotardin forms paracrystalline bodies after 1 hour’s exposure at a 2mM Tris-HCI pH of 8.8
to 20mM MgSOs (Fig. 3.4A). These bodies are flexible enough to regularly form splits and
loops, and are often found with pre-compaction stage material visible alongside. Cytotardin
paracrystals develop further after overnight exposure to the MgSOs solution, producing a
triple banded system (Fig 1.4B), as fitting with the predictions in the IF assembly model
posited in Ahn et al., 2019 and the X ray crystallographic studies of vimentin fragments in
Guzenko et al., 2017. This also suggests that the paracrystal subunits are dynamic. Various
stages of the paracrystallisation process are available in paracrystals formed by cytotardin
after exposure to CaCl,. After long term exposure to the CaCl, solution, the cytotardin
displays similar paracrystalline properties and banding patterns to the truncated B1 lamins
featured in (Heitlinger et al., 1992). Protofilament sized bundles are observed laterally
associating (Fig. 3.4D), clustering together at certain sections (Fig. 3.4E) and finally forming
large paracrystals (Fig. 3.4F). The banding pattern in the CaCl, buffer bears some
resemblance to models of lamin assembly and paracrystallisation earlier described in the
literature, such as Min et al., 1996 and Ben-Harush et al., 2009. Though there is significant
variation in individual bands across small widths of the paracrystal, the banding pattern in

initial MgSO4 cytotardin paracrystals averages at 24nm.
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Fig. 3.4: Cytotardin forms Paracrystals across a Range of Divalent Cations

(A) Cytotardin after 1h dialysis into 2mM Tris-HCI pH of 8.8 to 20mM MgSO.. Segmentation in loop marked
with arrows. Cytotardin after 20h dialysis into 2mM Tris-HCI pH of 8.8 to 20mM MgSQ, (B), with close up and
measurements (C). Triple banding pattern marked with arrows. (D-F) Montage of paracrystal formation by

cytotardin after exposure to 2mM Tris-HCI 8.8, 20mM CaCl,. Scale bars 100nm.

I11.2.4: Cytotardin can form Paracrystals without Divalent Cations

Given the assembly efficiency of cytotardin, attempts were made at inducing in vitro assembly
by single step dialysis into 15mM Tris-HCI 7.4, equivalent pH to a well oxygenated cell, and
15mM Tris-HCI 7.6, just above the limit of cellular pH in non-extremophiles. A less forceful
sedimentation assay was attempted, using an RCF of 2400g, for 10 minutes (minimum
3.17x10°S bodies), in which over 90% of the material sedimented in all samples taken, the first

being after 10 minutes of dialysis. In order to show a rate of aggregation for the material, the
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sedimentation assay was repeated using both a lower centrifugation time of five minutes and a
lower cytotardin concentration — the latter showing differing sedimentation rates as would be
expected (Fig. 3.5D). Cytotardin displayed the capacity to rapidly assemble with over 90% of
the resultant bodies having minimum Svedberg coefficients of 6.04x10°S (Fig. 3.5D) at pH 7.4
within 15 minutes of initiating dialysis out of 8M urea. The paracrystals produced are capable
of interconnecting both with each other and with the pre-compaction reticulum (indicated by

arrows, Fig. 3.5C) to produce large networks tens of micrometres across.
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Fig. 3.5: Cytotardin can form Paracrystals without Divalent Cations

Structures produced by cytotardin after dialysis directly into 15mM Tris-HCI 7.4 buffer, after 15 minutes (A),
after 1h (B). Structures produced by cytotardin after 1h dialysis into the 15mM Tris-HCI 7.6 buffer (C).
Sedimentation of cytotardin 2400g for 5 minutes, over time during dialysis directly into 15mM Tris-HCI pH 7.4
solution (D). All buffers had 1mM EDTA. Scale bars 100nm, Error bars are standard error.
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111.2.5: Cytotardin Paracrystallisation can occur Across Diverse lonic
Conditions

The paracrystals created at 2mM Tris-HCI pH 8.0 averaged 25nm in banding pattern, as did
those formed at 2mM Tris-HCI pH 8.8 (Fig 3.6). Cytotardin was then tested for
paracrystallisation capacity in other buffer conditions. To test whether cytotardin could form
paracrystals at both weaker and less alkaline cellular pH than 15mM Tris-HCI pH 7.4,
cytotardin was dialysed at 0.5mM Tris-HCI pH7.1, forming 25nm banding pattern
paracrystals. To test whether cytotardin could form paracrystals at cellular pH with a cellular
molarity of monovalent cations (Milo et al., 2010), modelled here with 100mM NacCl, the
cytotardin not just formed paracrystals with a 25nm + 0.9nm banding pattern (Fig. 3.6A), but

Fig. 3.6: Cytotardin can form Paracrystals at High pH without Divalent Cations

Paracrystallisation stages in cytotardin at pH 8.0 in Tris-HCI Buffer. Images taken 15 minutes after dialysis into
2mM Tris-HCI 8.0 (A, B) Samples taken 45 minutes after dialysis in 2mM Tris-HCI pH 8.0 (C) Samples taken
1h after dialysis in 0.5mM Tris-HCI pH 8.0 (D). Paracrystallisation stages in cytotardin at pH 8.8 in 2mM Tris-
HCI Buffer, taken 15 minutes in (E), taken 45 minutes in (F), taken 1h in at 10mM Tris-HCI 8.8 (G). Scale bars
100nm.
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the resultant bodies were heavily interlinked on a scale covering many tens of um. In order to
test whether cytotardin could form paracrystals under the influence of divalent cations whilst
also potentially affected by other ionic solutes, cytotardin was dialysed into a combined
20mM NaCl, 20mM MgSO4, 20mM Tris-HCI 8.8 solution, which was negatively stained
showing extensive in vitro assembly, but current estimates on banding pattern length reach
24.3nm £ 0.6nm. This was accompanied by sedimentation assay to pellet all structures
produced over 6.04x10°S.

To test if cytotardin could be observed forming complex structures in the absence of any ions
whatsoever, cytotardin was negatively stained following dialysis into 18.2 MQ.cm deionised
water and subject to the same strength sedimentation assay as that in the 20mM Tris-HClI,
20mM NaCl, 20mM MgSOs4 buffer. While paracrystals were found, and similar rates of
aggregation were found in the sedimentation assay to those in the aforementioned high ionic
strength buffer, the paracrystals in the dH>O (Fig. 3.7E) showed far greater morphological
similarity with those of the OM NaCl Tris-HCI pH 7.1 buffer (Fig. 3.7A) than with those grown
in NaCl-containing solutions (rest of Fig. 3.7). This, and the implications from the lower width
that imply faster paracrystal formation (Javadi et al., 2019) than for the NaCl-free paracrystals
leads to the conclusion that monovalent cation concentration helps promote cytotardin
paracrystal assembly. Judging by the significant reduction in large cytotardin bodies after 10
minutes dialysis in the dH20 not seen elsewhere, it would support the possibility illustrated in
the micrographs that cytotardin paracrystals have a far greater flexibility and stability (Fig 1.6).

As a result of these experiments, it was concluded that cytotardin possessed an unparalleled
ability to self-assemble into paracrystals both without the requirement for cations in the

solution, and at an extreme range of pH and ionic strength.
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Fig. 3.7: Cytotardin can form Paracrystals regardless of ion levels

Cytotardin dialysed into 0.5mM Tris-HCI 7.1, OM NaCl after 1h (A) and 15mM Tris-HCI 7.0, 0.1M NaCl after
30m (B). Cytotardin dialysed into Tris-HCI 8.8, NaCl, MgSOy4; all 20mM (C) and pellet ratio vs time in minutes
from sedimentation assay thereof conducted at 2400g for 5 minutes (D). Cytotardin dialysed into deionised water

(E) and sedimentation assay thereof conducted at 2400g for 5 minutes (F). Scale bars 100nm, error bars are
standard error.
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111.2.6 Cytotardin can increase Solution Viscosity and form Gels

Solutions of assembled IFs cannot just increase the viscosity of a solution, but induce gel
formation. This is physically defined as a solution with a higher elastic than viscous modulus.
IF based gels exhibit strain stiffening; that is, they stiffen under strain, avoiding the large
deformations which could damage or disrupt the network (Kornreich et al., 2015). This of
course does not occur when the onset of strain is too rapid for the gel to withstand, as in this

case the network simply ruptures.

In order to test the mechanical capacity of cytotardin solutions, the first experiments performed
were simple continuous shear rate tables (Fig. 3.8A) performed on cytotardin solutions at
0.2mg/ml compared well to equivalent concentrations of BSA included as a control, peaking
at viscosities measured at 4cP and predicted to be lower (Monkos, 1996) and to water at 0.89cP.
Whilst some data has been excluded due to the predominant influence of the measurement
device’s internal friction, some of which, specifically the sample’s viscosity and internal strain
at over 1000Hz, were re-included as they raise the question of interactions between the
cytotardin networks and the internal currents that affect the kinematic component of the
viscosity, in rapid-flow situations. The oscillatory viscometric sample data also raises questions
over whether the silicone oil or DOPC used to prevent evaporation may have had any effect on
measurements sue to interaction of cytotardin with the water-fluid interface (Traub et al., 1986)
or the materials having mixed with the fluid body. As the impact of cytotardin at these
concentrations failed to increase viscosity sufficiently to achieve gel formation, 1mg/ml
solutions were then tried (Figure 1B), which were then shown by time sweeps to persistently
exceed 1000cP, or 10 Pa.s. The 2mM pH 8.8 cytotardin solutions were weaker as the previous
data suggested, weakening under the strain from an order of 10*to 10° Pa.s. The cytotardin in
15mM Tris-HCI pH 7.1 is most viscous, with the 0.1M NaCl buffer samples persisting at 10*
Pa.s and the OM NaCl sample peaking at 102 Pa.s. In order to ascertain the ability of these
cytotardin solutions to act as a gel, frequency sweeps were conducted in order to compare the
viscous and elastic moduli, in which all both samples “Sample 6, “Sample 7" and “Sample
97, and their respective repeats, all showed significantly higher elastic than viscous moduli
(Fig. 3.8C). A longer, time sweep rheological examination was also performed and again
confirmed the same result, with the error rate for viscous moduli calculated to be 0.004Pa.
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Fig. 3.8: Viscosity and Shear Moduli for Cytotardin Solutions

(A) Comparative viscometry of 0.2mg/ml cytotardin solutions in 2mM Tris-HCI pH 8.8: A variety of 0.2mg/ml
cytotardin solutions. (B) Viscometry via 0.5Hz Time Sweep of 1mg/ml cytotardin solutions. For the reader,
viscosity n 1 cP = 10-Pa.s. (C) Comparative viscometry and analysis of 1mg/ml cytotardin solution via Frequency
Sweep. Elastic Moduli in blue, Viscous Moduli in red/orange. Error bars are negligeable unless shown otherwise
on all measurements, the viscosity values shown in A(i) are error barred by standard deviation.
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[11.3: Cytotardin Mutants

[11.3.1: C-Terminal-Deleted (CTD) mutant cytotardin

Once the CTD-cytotardin plasmid was produced as described in Materials and Methods, it was
screened by restriction endonuclease (Ndel-Sall, plus Ndel-BamHI as a control) digest,
followed by Sanger sequencing. The CTD mutant was engineered by placing a stop codon at
position 1171 in the cytotardin DNA sequence, producing a 390 a.a. molecule all but

completely lacking in a tail region.

111.3.2: Expression and Purification of CTD mutant Cytotardin

Inclusion Body Preparation (IBP) went as described in Materials and Methods, and similarly
to section I111.1.1 with minor differences (Fig 4.1). TE buffer was used instead to TEN buffer
for the final step so the NaCl from the TEN buffers previously used for the final suspension
and centrifugation cycle of the IBP did not interfere with binding to the TMAE column, where
the CTD cytotardin eluted between 0.2 and 0.23M guanidine hydrochloride. Pure fractions
were stored for further use and samples were added to a montage of the purification process
(Fig. 4.1B).
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Fig. 4.1: Expression and Purification of CTD Cytotardin

(A) Inclusion Body Preparation: lane “W” with material washed off the BL21 pre-lysis, bacterial homogenate
“H”, distinct lighter material “PE” mechanically removed off the edge of the pellet during centrifugation,
material washed off with “TEN” buffer, both high salt buffer washes “HSB”, the pellet core “Core”, the main
pellet body “Pel” and the finished IBP “IBP” (B) Summary of purification: uninduced BL21 “T0”, induced
BL21 “T4”, homogenate thereof “H”, the final pellet from which the inclusion body prep was extracted (“Pel”),
the darker pellet core (“Core”), the finished IBP (“IBP”), fraction purified via IEC (“IEC”). (C) Fractions from
IEC of the IBP, fractions labelled by molarity of GUHCI at which they eluted. (D) Chromatogram of CTD IEC.
Lanes “L” carry the MWt markers, annotated to the left in kDa, GuHCI concentration marked in mM.
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[11.3.3 In Vitro Assembly of CTD mutant Cytotardin

CTD cytotardin, like its wild type counterpart, tends to aggregate rapidly when not solubilised
in 8M Urea solutions, albeit not as rapidly and densely as the wild type (Fig. 4.2). Initial
experiments followed the procedures successful for wild type cytotardin in Fig. 3.3. Self-
associating less efficiently than the wild type, CTD formed uneven reticula at most pH, only
producing reticulated filaments of similar uniformity at pH 8-7.4. Similar experiments in

0.5mM Tris-HCI were also tried, and the filaments showed reduced reticulation above pH 7.1.

The initial sedimentation assays conducted, shown in Fig. 4.2, at 77,1009 to bring down
anything above 336S, showed the 8.2% sedimentation for CTD mutant within the first hour,
13.5% after two hours and 14.5% after four. Additional exploration implied approximately
12.1% of this was in bodies over 672S, which combined with the significantly reduced rate of
aggregation over the last two hours of the main experiment supports the hypothesis that
aggregation was limited rather than just delayed. Additional sedimentation assays were
performed on CTD cytotardin in 15mM Tris-HCI pH 7.6 at 24009 for 10 minutes and the rate
of at which the cytotardin bodies reach a minimum of 3.17x10°S, this experiment being
performed for both wild type and CTD mutant cytotardin (Fig. 4.2). The CTD mutant displayed
considerably lesser capacity to assemble into comparably dense networks to the wild type

(averaging 6.4% sedimentation over the first 30 minutes compared to 90.4% in cytotardin,
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Fig. 4.2: In vitro Assembly of CTD Mutant Cytotardin

(A) CTD-cytotardin in 2mM Tris-HCI pH 8.8. (B) CTD-cytotardin in 2mM Tris-HCI pH 8.0 (C) At 15mM Tris-
HCI, pH7.4 these reticulated networks. (D) Sedimentation Assay at 771009 for 30 minutes of wild type cytotardin
and CTD mutant, showing percentage of the protein assembled into centrifugable bodies upon dialysis into 15mM
Tris-HCI pH 7.6. All buffers with ImM EDTA. Scale bars are 100nm, error bars are standard error.

during 2400g-10 minute centrifugation), and took over an hour to form structures visible with
the naked eye compared to its wild type counterpart which could do so in as little as 15 minutes.
More powerful sedimentation, for 30 minutes at 137,000g - and thus constructs over 189S in
size - managed to sediment approximately 50% of the CTD-cytotardin after the first hour of
assembly, though from four to eight hours only 40% of the CTD cytotardin was sedimented.
As such these experiments indicated that the CTD mutation not just inhibits the ability of

cytotardin to form large constructs, but the long term stability of reticulum it produces.

[11.3.4: Paracrystal formation is inhibited in CTD-cytotardin

Paracrystal formation was not completely achieved when exposing CTD cytotardin to Caz+
ions, shown here with 0.2mg/ml CTD-cytotardin in 20mM CaCl,, buffered by 2mM Tris-HCI,
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beginning to assemble into paracrystals after 1h (Fig. 4.3A). However, this paracrystalline
pattern disappears as the filaments develop and by at least 20h they completely lose the banding
pattern (Fig. 4.3B), rather than develop it as the wild type does under long term exposure to
divalent cations (Fig. 3.4).

Though divalent cations are usually associated with the development of paracrystalline
structures (Heitlinger et al., 1992; Karabinos et al., 2003), here 2mM Tris-HCI pH 8.8, 20mM
MgSOs solution induces the formation of 10nm filament sized structures (Fig. 4.3C). After 4
hours, this process has further progressed, forming extensive but less ordered filament reticula
capable of covering tens of um across. At 0.2mg/ml, little above the concentration of vimentin
in a Hela cell (Luby-Phelps, 2000), this filament protein is capable of creating reticulated

networks of IF-width filaments despite lacking all but the first 20 residues of its tail domain.

This impaired ability to form paracrystalline bodies with a consistent banding pattern between
filaments in the presence of divalent cations confirms established literature surrounding the
importance of the tail domain in the response of IFs to divalent cations (Lin et al., 2010
Aufderhorst-Roberts and Koenderink, 2019; Brennich et al., 2014). A range of CTD cytotardin
solutions were negatively stained, including the low ionic strength solutions tried on wild type
cytotardin, and whilst the wild type was able to form paracrystals across a range of pH 7.1-8.8
Tris-HCI solutions at as little as 0.5mM Tris-HCI, the CTD mutant was unable to form

sustainable paracrystals in any of them.
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Fig. 4.3: Response of CTD Mutant Cytotardin to Divalent Cations

TEM of negatively stained sample of 0.2mg/ml CTD-cytotardin in 20mM CaCl,, buffered by 2mM Tris-HCI pH
8.8 after 1h (A), after 20h (B). CTD-cytotardin in 2mM Tris-HCI pH 8.8, 20mM MgSOQ; solution after 1h (C),
after 4h (D), in 2mM Tris-HCI pH 8.8, 20mM MgSO. solution. Scale bars 100nm.
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111.3.5: Cytotardin R31C mutant cytotardin “LNTC”

Arginine to cysteine mutations in the LNDR motif of coil 1A are linked to multiple genetic
conditions such as the first causative genetic factor documented for Epidermolysis Bullosa
Simplex in keratin-14. To investigate whether cytotardin functions similarly enough to this
well-characterised protein for such a mutation to be disruptive, as well as to support chemical
modification and cross-linking (Ahn et al., 2019) capabilities, this arginine-to-cysteine
cytotardin mutant was created. Once the LNTC-cytotardin plasmid was produced by Golden
Gate ligation as described in Materials and Methods, it was screened by restriction
endonuclease (Xhol-a site shared by both insert and vector, plus Ndel-BamHI as a control)
digest, whereby LNTC-carrying vector would cut in both digests, wild-type just with Ndel-
BamHI. Followed by Sanger sequencing confirming CGG Arginine codon to a TGC Cysteine
codon and Xhol site presence. In order to optimise induction, cultures were tested for the time
taken to enter a stationary phase of growth, and exhaust their glucose supply leading to “leaky”
expression of the T7 RNA polymerase within the lacUV5 promoter leading to spontaneous
expression of the target protein without the addition of IPTG (Fig. 4.4A; Oh et al., 2009; Zhang
et al., 2015). As premature expression can be deleterious to bacterial growth, especially as
these proteins are highly insoluble and form inclusion bodies, the overexpression study here
also factored in the propensity for the BL21 cultures to exhibit this phenomenon, and to recover

from it once regrown in a glucose-replenished medium.

111.3.6: Expression and Purification of LNTC mutant Cytotardin

Inclusion Body Preparation went as described in Materials and Methods, and section 111.1.1,
minor differences detailed in Fig. 2.5. LNTC cytotardin was further purified with IEC using
guanidine hydrochloride, demarcated above each lane on Fig. 2.5B by their calculated
guanidine hydrochloride molarity (Fig. 2.5). The higher weight bands originating from
disulphide cross-linking were eliminated by the increase of DTT concentration, as first
demonstrated by Smithies, 1965, to 10-12mM (Fig. 2.5E).
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Fig. 4.4: Engineering of LNTC Cytotardin

(A) SDS-PAGE of BL21 cultivation and glucose depletion in stationary growth phase, where “Tx” marks the
number of hours since media replenishment and induction after regrowth in fresh media (B) at “T0”, where “Tx”
marks number of hours since induction. Lanes marked “L” carry the MWt markers, annotated in kDa to the left.
(C) IBP used to purify the LNTC cytotardin upon induction, with. IEC of LNTC with a rising GuHCI gradient,
demarcated above each lane by their GuHCI molarity (D), the absorption peak at 280nm wavelength is shown in
chromatogram (E). Summary of purification (F), with lanes from left to right: pre-induced BL21 “T0”, induced
BL21 “T2”, homogenate thereof “H”, the finished IBP “IBP”, the pellet from which it was extracted “Pel”, and
IEC purified fraction “IEC”. Lanes marked “L” carry the MWt markers, annotated in kDa to the left.

111.3.7: In Vitro Assembly of LNTC cytotardin

Assembly of LNTC mutant cytotardin after 1 hour in in 2mM Tris-HCI pH 8.8 buffer (Fig. 4.5)
led to an irregular reticulated network characteristic to that already observed in cytotardin in
this buffer. At a pH of 8.0 under 2mM Tris-HCI solution, the LNTC mutant behaved the same,
and kept to this pattern even at increased ionic strength from 20mM Tris-HCI solution and
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50mM NaCl was added. Though this latter solution produced ordered assembly in cytotardin
and has been used to equilibrate lamins before paracrystallisation (Karabinos et al., 2003), this
did not produce ordered assembly in the mutant. Assembly of LNTC mutant cytotardin in
following an additional hour 15mM Tris-HCI pH 7.4 buffer, with EDTA and DTT. This
structure also occurs when LNTC cytotardin is dialysed directly into this solution. However
unlike in the wild type, it is only in these conditions that paracrystallisation has occurred.
Sedimentation assays (Fig. 4.5C) showed that whilst there was qualitative restriction on the
ability of LNTC cytotardin to produce ordered structures such as paracrystals or filaments, for
example how the LNTC mutant has not been observed to do so at pH 7.6-7 (Fig. 4.5D), unlike
in wild type cytotardin, and the resultant changes did not produce an order of magnitude change
in sedimentation of the LNTC mutant. At 24009 for 10 minutes, after dialysis in 15mM Tris-
HCI pH 7.6, the LNTC mutant cytotardin is revealed to create at least 3.17x10°S bodies at a
not entirely dissimilar rate. Aggregation occurs at a slower rate for LNTC cytotardin than for
the wild type cytotardin, and appears not to be as uniform as implied by the larger error of the
mean. Unlike with the wild type, LNTC cytotardin does not seem to produce paracrystals in as
wide a variety of conditions. This implies some impairment in the ability of this mutant variety
to laterally associate. Given the relatedness of the LNTC mutation to some of those known to
cause Epidermolysis Bullosa Simplex, this gives the strong implication that the effects of the
LNTC mutation are disruptive, rather than a full knockout, as indicated by the smaller pH range
for assembly.

As was suspected due to the already disproportionate “random” crosslinking during
purification in the LNTC mutant (Section 111.2.6), experiments were run in order to confirm
the affinity between LNTC sites in the assembly of their eponymous cytotardin mutant. What
can be also noted is the presence of dimerization bands marked “D” in Fig 2.5 at much greater
intensity than in the much more cysteine rich T. pacificus IF proteins, indicating by proximity
that the LNTC site is indeed a binding site for the assembly of the protein. The multiple bands
can be speculated as due to the potential for either antiparallel or parallel disulphide bond
formation having different effects on the way the combined peptide travels through the SDS-
gel. Since deliberate disulphide crosslinking via catalysts has been used as a molecular tool in
other IFs (Rodgers et al., 1996), it was attempted in LNTC cytotardin as detailed in Materials
and Methods, as well as Fig. 4.5. Cysteine residues can also be bound by nanoscopic bodies of
gold, as detailed in Methods I1.7, with this providing insight into the molecular orientation and

position of LNTC cytotardin when forming large scale structures (Fig. 4.5F).
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Fig. 4.5: Capacity of LNTC Mutant to Assemble is Limited

(A) TEM of negative stain of LNTC mutant cytotardin after 1h in in 2mM Tris-HCI pH 8.8 buffer, showing a
characteristic reticulated, disordered network. (B) Assembly of LNTC mutant cytotardin in following an
additional 1h 15mM Tris-HCI pH 7.4 buffer. All buffers contain 1mM EDTA and DTT. (C) Sedimentation Assay
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of LNTC cytotardin dialysis in 15mM Tris-HCI pH 7.7, as compared to the wild type. Sedimentation occurred at
2400g for 10 minutes. (D) Ratio of Cu-P disulphide-crosslinked LNTC cytotardin to mono-molecular LNTC
cytotardin digitally analysed. Samples ordered by molarity of urea in solution. (E) LNTC paracrystal marked with
gold beads, positions analysed in histogram from the beginning of the dark band as position 0 (extending to 7.8nm
across) to the end of the light band of the 24.9+0.4nm (standard error) banding pattern (F). This indicated the 31
amino acid of LNTC cytotardin is squarely in the middle (16.0-9nm) of the pale band (7.8-24.9nm), similarly to

Ahn et al., 2019’s lamin model. Scale bars are 100nm, error bars are standard error.

64



[11.4: R. varieornatus Lamin-2 & T. pacificus Lens IF

[11.4.1: R. varieornatus Lamin 2 is capable of forming reticulum in vitro

The R. varieornatus paralog to the protein identified as lamin-2 by Hering et al., 2016 has
displayed assembly characteristics so far consistent with other Lamin paralogs. It also tends to
form CaaX box-to-CaaX box cysteine cross-links that can be removed with DTT. Lamin 2 at
2mM Tris-HCI pH 8.8 (Fig. 5.1A) produces the same uneven reticulum as found in other IFs

in this buffer (Fig. 4.5A). This behaviour continued when the samples were transferred to 2mM

Viscosity (cP)

04 0.5 0.6

o1 Shear Stress (Pa)

Fig. 5.1: Assembly of R. varieornatus Lamin 2

Lamin 2 at 2mM Tris-HCI pH 8.8 (A), Lamin 2 at 2mM Tris-HCI pH 7.6 (B), Lamin 2 at 15mM Tris-HCI pH 7.4
(C). Bulk viscometry of 250l Lamin A at 0.5mg/ml using an AR2000 viscometer (D). All solutions with ImM
EDTA, DTT. Scale bars are 100nm, error bars are standard error.
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Tris-HCI pH 8.0. When lamin 2 is dialysed into 2mM Tris-HCI pH 7.6, here one observes see
what average at 10.0nm +1.8nm width filament-like structures (Fig. 5.1C). At higher ionic
strength on this pH, the morphology resembles more the characteristics of Fig. 4.5A with less
even filament width, implying that this isn’t the best condition for lamin-2 assembly. At 15mM
Tris-HCI pH 7.4, it shows filament-like reticulated structures as well (Fig. 5.1). The Lamin 2
protein used here was produced recombinantly and purified by ion exchange chromatography

by Gemma Gordon.

Viscometry of the lamin 2 using continuous shear rate measurements of 0.5mg/ml solutions
was conducted with the AR2000 microrheometer when available. Here the solution displayed
low but significant viscosity across a range of pH corresponding to that of the high pH
disordered reticulum, and at lowest pH tested, the viscosity increased temporarily with

increasing strain and time, before breaking under the continuous shear rate test.

[11.4.2: R. varieornatus Lamin 2 can form Paracrystals

The R. varieornatus A-lamin forms paracrystals after a variety of assembly processes across a
wide pH range. Whereas cytotardin can form paracrystals after one-step dialysis into high pH
solutions of divalent cations, the lamin 2 requires an equilibration step, tested using
paracrystallisation methods from a range of different species’ lamins. Eventually, approaches
based on the paracrystallisation of a range of Chordate IFs were successful in causing
paracrystal formation. Lamin 2 after 1 hour’s exposure to 15mM Tris-HCI pH 7.4 (Fig. 5.1), is
shown, followed by an additional 2 hour exposure to 25mM Tris-HCI pH 9, 20mM CacCl; (Fig.
5.2). At this point paracrystals assemble and form extensive networks, and display dimensions
that can vary significantly relative to the position in reaction to stress placed upon them ,
implying some kind of internal mobility to the paracrystal. This protocol “a” was developed by
Karabinos et al., 2003 for C. elegans lamin. The sedimentation assay that accompanied these
experiments showed significantly increased aggregation upon the introduction of the protein to
the divalent cation buffer. The sedimentation assay differed slightly in that the first buffer had
a pH of 7.6 but otherwise had identical conditions. The A-type lamin of R. varieornatus can
also form paracrystals after extended equilibration. After 20 hours exposure to 15mM Tris-HCI
pH 7.4, followed by 5 hours at 25mM Tris-HCI pH 9, 20mM CaCl, paracrystal development
occurs in sufficient quantity to cover tens of um. This protocol “b” was developed by Karabinos

et al., 2003 for the domestic chicken Gallus gallus domesticus lamin B2. In both cases the A-
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lamin required significantly less time than either protocol described, as in comparison the with
the C. elegans protocol “a” requiring three hours and the chicken lamin protocol “b” requiring
25 hours, R. varieornatus has required only 1 hour in the equilibration buffer at 15mM Tris-
HCI pH 7.4 and as little as 30 minutes in the pH 9, 20mM CaCl; buffer. Here one observes that

the lamin when left unchecked can form structures sizing easily in excess of the tardigrade’s
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Fig. 5.2: High pH paracrystal formation in Lamin 2

Lamin A after 1h exposure to 15mM Tris-HCI pH 7.4, followed by 2h exposure to 25mM Tris-HCI pH 9, 20mM
CaCl; ends (A), and main body (B) of paracrystals, following protocol “a”. 20h exposure to 15mM Tris-HCI pH
7.4, followed by 5h at 25mM Tris-HCI pH 9, 20mM CaCl, (C). Sedimentation assay analysis (D) of the protein

when pelleted at 2400g for 10 minutes, following protocol “a”. Scale bars are 100nm, error bars are standard error.
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biological requirements for a lamin, despite the high pH. This, tied with the implications of
lamin 2 being the closest relative of cytotardin (Fig. 2.1-2), would provide some explanation
for the capacity of a highly lamin-like protein to become a rapidly assembling IF whilst still
keeping lamin like characteristics. Similar behaviour in how the lamin 1 of R. varieornatus
responds the divalent cations was not observed by TEM of negative stain, however given the
established limits of the negative stain procedure this is a subject that needs further exploration.
Methods used to assemble in vitro the lamin of Ciona, a tunicate whose lamin bears
morphological resemblance to cytotardin, were also successful on the lamin 2 of R.
varieornatus. These experiments also demonstrated that the addition of NaCl to lamin 2
solution induced small filament assembly as in the Ciona lamin the buffer was designed for
(Fig. 5.3).

- CYTT: 20mM: MgSO4,

NaCl, Tris 8.8 1h 243 0.6
60 CYTT: ": MgSO4 1h 23.9 0.5
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E‘: 0 CYTT: ": CaCI2 1h 26.3 0.8
B0 CYTT: 15mM Tris 7.6 242 04
g 30 CYTT: 0.5mM Tris 7.1 25.2 0.3
& LNTC: 15mM Tris 7.4 24.9 0.4
20 CTD: 2mM Tris8.8 20mM
- CaCl2 2.5h 18.0 0.5
LMNA: Karabinos CaCl2-a 48
0 LMNA: Karabinos CaCl2-b 32
LMNA: Karabinos CaCl2-c 50 4

Fig. 5.3: Lamin 2 Paracrystals and Comparison Thereof
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Lamin 2 after 1h exposure to 2mM Tris-HCI pH 8.0, 50mM NaCl (A), followed by 2h exposure to 20mM Tris-
HCI pH 7.2, 20mM CaCl, (B). These paracrystals display dimensions that can vary significantly relative to the
position and stress placed upon them. (C) Sedimentation assay analysis of the protein when pelleted at 2400g for
10 minutes. (D) Table of banding pattern lengths in aforementioned paracrystals, in comparison with those of

cytotardin. Scale bars are 100nm, error bars and column are standard error.

Sedimentation assay was also attempted using protocols in (Heitlinger et al., 1992), where both
R. varieornatus lamins were first put into a high pH buffer designed to produce head to tail, or
even protofilament assembly state, as occurred in the chicken lamins it was designed for. Both
were dialysed at 0.5mg/ml through 4M and 2M urea for an hour each, before transferring to a
high pH buffer for one hour (25mM Tris-HCI, 150mM NaCl; 1mM EDTA, DTT, pH 8.5).
After transfer to MES buffer (25mM MES, 150mM NaCl; 1mM EDTA, DTT, pH 6.5), for one
hour, samples were sedimented to produce the assays in Fig. 5.4. Here, both lamins of R.

varieornatus showed the ability to self-assemble, in 2 hours, large scale (3.17x10°S) bodies.
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Fig. 5.4: Assembly of R. varieornatus lamins

Sedimentation assay at 30krpm for 1h on a TL-55 rotor, for Lamins 2 (A) and 1 (B). Monomeric main band
marked M, disulphide-linked dimers marked D. Sedimentation assays of lamin 1 and 2 at 2400g for 10m, on
samples dialysed according to the protocols in Fig. 3.2 (C), 3.3 (D). comparing proportion of protein pelleted.

Error bars are standard error.
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111.4.3: Expression and Purification of T. pacificus Lens IF

The novel lens IF protein L10112.1 has a similar extended coil 1B in the rod domain to that of
cytotardin. Compared to the tardigrade IFs, it has both some differences in the coil domain,

and a significantly longer tail domain, so may assemble differently (Tomarev et al., 1993).

T pacificus lens IF DNA subcloned into pET23 from pGEM-T Easy samples as described in
Materials and Methods, screened by plasmid digest and submitted for Sanger sequencing

before subcloning and induction (Fig. 5.5).

Purification of L10112.1 began with IBPs (Fig3.5A) as described for (Fig. 4.1, 4.5), although
the L10112.1 protein appeared even less soluble than the rest of the BL21 cellular material,
and the resultant inclusion bodies aggregated much more tightly than the cytotardin, creating a
highly rigid “bran flake” material (Fig. 5.6C). lon Exchange Chromatography was conducted
on the inclusion body preparations of L10112, which eluted from TMAE column at guanidine
hydrochloride concentration of 0.21M. The L10112 samples were then treated with 10mM
DTT to remove the disulphide- created aggregated before weighing on SDS PAGE (Fig. 5.6
B, D).
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Fig. 5.5: Induction of L10112.1 and selection for reliable expression

BL21 E. coli induction of transformed BL21 cultures from each plasmid sample at “Tx” where x is the time in
hours after addition of IPTG (A), subsequent expression of clones from the successful culture (B), first sample
taken at stationary phase (“SP”); cultures were regrown in fresh media, induced at “T0” with samples taken
then, two and four hours later . Lanes marked “L” carry the MWt markers, annotated in kDa.
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Fig. 5.6: Purification of L10112.1

(A) IBP with lane labels meaning as in previous figures; initial bacterial wash detritus “W”, bacterial homogenate
“H”, TEN buffer wash detritus “TEN”, High Salt buffer wash detritus “HSB”, final was detritus “TE”, finished
IBP “IBP”, remaining pellet “IPel”. Summary Gel (B): lanes, from left to right: pre-induction culture “T0”,
induced culture after 4h “T4”, homogenate “H”, finished IBP “IBP”, and filtered IBP “IBP-F” ready for IEC.
Illustration (C). IEC of L10112.1 samples (D), eluted from TMAE column at GUHCI molarity labelled above,

after DTT treatment. The contents of lanes “L” are MWt markers with size indicated in kDa on the left.

[11.4.5 The Lens IF has a limited capacity to assemble In Vitro

Similar attempts were made to test the assembly capacities of L10112.1 as were done with the
cytotardins. After an initial 30 minute dialysis into 2mM Tris-HCI pH 8.8, some was then kept
dialysing into the solution for a full hour, and some was then placed into 2mM pH 8.0. At 2mM

pH 8.8 the initial morphology after 30 minutes (Fig. 5.7A) was a similar kind of aggregate seen
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Fig. 5.7: L10112.1 was Limited to forming short rod-like Structures in vitro

(A) L10112.1 after initial 30 minute dialysis into 2mM Tris-HCI pH 8. (B) L10112.1 after 1h in 2mM pH 8.15
(C) Final dialysis step into 15mM Tris-HCI pH 7.7 after steps A and B. L10112.1 in 2mM Tris-HCI pH 8.8-8.0
can make short filaments (D). Sedimentation Assay (E) of L10112.1 assembly at 2400g for 10 minutes, into
15mM Tris-HCI pH 7.6. Scale bars 100nm, error bars are standard error.

in other similar experiments, especially Fig. 4.5 at this buffer and time. After further 30 minutes
dialysis into 2mM Tris8.8 L10112.1 can achieve short filamentation, and after one hour in
2mM pH 8.15 (Fig. 5.7), there was little difference from the morphology and timescale from
that shown by L10112.1 in the pH 8.8 solution. After 30 minutes at 2mM pH 8.8 and 8.0, the

final dialysis step into 15mM Tris-HCI pH 7.7 showed some limited change as the resultant
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reticulum has clear filamentous morphology bearing some resemblance to ULFs or short,

unstable filaments (Fig. 5.7).

Approaching cellular pH, at 7.4-7.7, L10112.1 appears unable to achieve extensive or long
lasting linear assembly in vitro, whilst at higher pH the protein incurs difficulties with regular
lateral assembly. Like R. varieornatus IFs, it was able to form in vitro structures across a high
pH range, although the range of structures it formed were much more restricted. To
quantify this TEM data, sedimentation assay of L10112.1 assembly was performed at 2400g
for 10 minutes, into 15mM Tris-HCI pH 7.6, at which the sedimentation rate was significantly
lower than that found in cytotardin and the LNTC mutant, but higher than the CTD mutant.
The protocols from Fig. 3.2-7 appeared completely ineffective at producing paracrystals or any
form of coherent structure beyond those observed in Fig. 5.7. This led to experiments where
L10112.1 was dialysed directly into 2mM Tris-HCI pH 8.8, 20mM CaCly, and 2mM Tris-HCI
pH 8.8, 20mM MgSO; leading to extensive aggregates which could not be effectively imaged

due to their size and electron density.

[11.4.6: Anti-Lens IF Serum Antibodies effectively target Cytotardin
and other IFs

Among the experiments conducted by Slava Tomarev in the early 1990s, a serum antibody was
produced against L10112.1. Experiments were conducted in which the proteins of interest to
this study were blotted against the rabbit anti-L10112.1 serum antibody (Fig. 5.8). As a control
for the western blot, repeats occurred with the addition of two MBA cell lysates provided by
Drs Young, Papa and Hughes, (See Acknowledgements). These lysates, full expressions of
human protein served as a control to test the range of the serum antibody, and unusually given
the existing range of proteins tested, the rabbit anti-L10112.1 serum antibody showed
negligeable binding. Side by side comparison of Coomassie stained SDS-PAGE and western
blotted cytotardin of both wild type and mutant varieties led to the conclusion that the CTD
mutant, per weight having a significantly increased antibody binding indicated that the epitope
sites were not on the deleted tail region. Disruption of the LNTR region in cytotardin by the
LNTC mutation also led to a protein with reduced binding by the antibody serum. This leads
to the strong indication that the epitope site is near this region, as will be discussed further in
this thesis.
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Fig. 5.8: Rabbit anti-L10112.1 Serum Antibodies show Affinity for Cytotardin

Protein samples involved in this study, from left to right: Thermo Fisher Protein Ladder, L10112.1 [0], Cytotardin
[1], LNTC-Cytotardin [2], CTD-Cytotardin [3], Lamin 2 [4], Lamin 1 [5]. Coomassie stain of POl (A) MWt
markers in kDa on the left. All blotted against the Tomarev et al., 1993 rabbit anti-L10112.1 serum antibody (B).
Digital analysis of western blots, first a single instance of serum binding to protein volume ratio for the cytotardin
and variants thereof (C), and then for multiple repeats of all blotted proteins (D), standardised to L10112.1. Error
bars are standard error.
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Part 1V: Discussion and Future
Investigation

This study has characterised the in vitro assembly properties of cytotardin and lamin 2, as
well as those of a novel eye lens IF. The two cytotardins of R. varieornatus and H. dujardini
still relate to each other with significantly higher sequence homology than anything else, so
this does not support the possibility that they evolved separately. The intermediate filament
proteins of R. varieornatus all have this relationship to their H. dujardini counterparts first
documented by Hering et al., in 2016.

V.1 Cytotardin assembles in vitro faster than lamins
and in a wider variety of conditions.

Existing protocols for lamin assembly (Aebi et al., 1986; Heitlinger et al., 1991, 1992; Min et
al., 1996; Karabinos et al., 2003, Ben-Harush et al., 2009) require periods of several hours in
specific conditions and cations, after separate hour long chaotrope removal and equilibration
steps beforehand, to self-assemble into filaments or paracrystals. Cytotardin has the capacity
to do this in a matter of minutes, forming bodies of histological scale as shown by
sedimentation assay (Fig. 3.3,5,7) in across a wide range or ionic conditions shown in Section
[11.1. The sedimentation assay in Fig. 3.3 shows bodies of assembled cytotardin sedimenting
almost entirely at RCFs of 2.14 x 10°, 1.37 x 10°, and 7.71 x 10* g within 30 minutes. This is
calculated to have led to the sedimentation of bodies over 121S, 189S and 336S respectively,
which means these protein constructs are at minimum the size of viral protein coats such as
Tobacco Mosaic Virus at 175S (Freitas, 1999), and many times that of ribosomes at 70S and
80S (Slonczewski et al., 2009). Erickson, 2009 calculates the maximum possible Svedberg
coefficient for a 50kDa protein as being 4.9S, with the maximum Svedberg coefficient for a
1000kDa body of protein being 36.1S, implying that the cytotardin constructs are much larger,
denser or lower in surface area. In entering and leaving a desiccated state, the tardigrade and
its cells would be exposed to massive mechanical stress from the mass transfer of water.
Cytotardin has the capacity to rapidly assemble into large structures in a range of solutions

including pure water (Fig 1.7), an ability that would also help protect potentially embrittled
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cellular apparatus from hydrostatic pressure in the initial water influx. Sedimentation assays
(Fig. 3.5, 3.7) show that both cytotardin and the lamin 2 in Ramazzottius varieornatus has the

capacity to form networks of organelle-size that would be large enough to do so.

V.2 Cytotardin retains a lamin-like in vitro assembly
process

The possession by cytotardin of sequences capable of and linked to capacity for Acn binding
(used in the elongation phase of lamin assembly) is both theoretically predicted (Fig. 2.1) and
indicated by its in vitro assembly properties, beginning with simple networks and ending in
large paracrystals. Here major 10nm+ filaments are greatly outnumbered at the “root” by
smaller, protofilament type assemblies of the sub 5nm kind observed in Turgay et al., 2017.
The fact that some of the arginine residues linked to Acn binding still remain on the LNTC
mutant (Fig. 2.3) makes it possible that the mutation fails to inhibit head to tail assembly,
however given the vestigial nature of Acn binding sites in the wild type cytotardin tail
compared to those in the coil 2-to-head potential binding regions, this is may not be significant
as these would not be the primary regions for Acn binding as predicted in Section 111.0.7.
However electron microscopy consistently showed LNTC cytotardin incapable of any form of
proto-filamentation longer than 50nm, without lateral alignment, indicating that there is some
connection. Furthermore, as pointed out in the previous section, this would also be significantly
affected by the LNTC mutation where an acidic arginine residue is by a low polarity, weakly
acidic cysteine raising the total isoelectric point of the first 20 residues of coil 1A from 9.7 to
8.18, and the first seven residues from 9.75 to 5.52. This could severely weaken the Acn
interactions that allow the protofilaments to elongate and explain the results of Fig. 2.7 whereby
LNTC cytotardin requires significantly lower pH than the wild type to produce assemble in an
ordered manner. Stalmans et al., 2020 also models the Acn pathway assembly interaction with
a partial crystallisation model of lamin A fragments. The model was accompanied by chemical
crosslinks, linking regions of proximity in vitro, such as residues 27-76 in lamin A, which are
conserved in cytotardin, including over the LNDR motif. Particularly these regions in coil two
linked to the Acn interaction by Stalmans et al., around residues 359-383 are conserved in
cytotardin and cover the TYRKLLEGE motif.

76



Ahn et al., in 2019 postulates a 20nm per A11 or Az, lateral region banding pattern for lamins
in its assembly model of lateral alignment, with the length of the overlap regions uncertain.
This, with the Aii interaction regions forming tetramers with a linear lateral association
compared to the clustered lateral association in the Az, interaction. Based on their model it is
possible that the less compactly aligned A1z interaction-band would be more susceptible to the
ingress of heavy metal staining in TEM, with the overlap regions most exclusive towards the
stain due to having the highest (electron) density. However this is not reflected by the results
in Fig. 4.5F, where the cysteine binding gold beads primarily bind to the less stained region of
LNTC cytotardin paracrystals. Interestingly the less stained, but more gold bead sensitive
region does take up nearly 20nm of the 24.9nm banding pattern, while the gold beads, and thus
coil 1a domains themselves are centred in the middle of the less stained region. This implies
that the A11-A22 overlap region predicted that contains coil 1a may be at the basis for the less
stained region, with the centres of either A11 or Ax-only bands being more easily stained. This
tripartite model shown in that Ahn et al. also explains the double banding and triple banding
patterns in Fig. 3.4. In banding pattern length cytotardin fits the lamin models found in
(Heitlinger et al., 1991), whereby head-to-tail polymers associate laterally, in a near fully-
staggered antiparallel formation to create IF-like protofilament assemblies with a 24-25nm
banding pattern. In specific circumstances such as those illustrated in Fig. 3.3 where the
cytotardin instead forms reticulated, paracrystal-like super-filaments, a ‘‘beading’’ repeat
pattern can be observed. In existing in vitro type V IF models however, these beading lamin
proto-filaments are not stable but further associate laterally into fibres and in the presence of
cations, large paracrystals. Though cytotardin is capable of rapid assembly (Fig. 3.4) in a
manner reminiscent of cytoplasmic IFs, the medium to long term behaviour, from proto-
filamentation to paracrystallisation (Fig. 3.3-7) complete with the 25nm banding pattern (Fig.
5.3) confirms that cytotardin retains the assembly pathways intrinsic to lamins and thus

validates the description of cytotardin as a Type V IF.

Given that the sedimentation assay requires aggregates of at least 168S to sediment the
cytotardin, successful sedimentation of cytotardin in up to 8M urea (Fig. 3.3) leads to potential
investigation of whether cytotardin shares some characteristics of ULF-led cytoplasmic IF type
assembly as well as Acn-led Lamin-type assembly. Results of electron microscopy appear
similar to the ULF development montages shown in Strelkov et al., 2003, supporting the
hypothesis that cytotardin may in addition have some capacity to form ULF-like bodies in some

cases. Pace et al., 2010 shows that some proteins, particularly those with high hydrophobicity
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like IFs, not just retain solubility in solutions of close to 8M urea, but maintain a majority of
their secondary structure characteristics as well. The distribution of hydrophobic residues in
cytotardin, though overall thinner than those of its related lamins, is nonetheless concentrated
near the conserved LNDR and TYRKLLEGE motifs (Fig. 2.2). TEM data allows the possibility
that ULF-type bundles both proceed and exist alongside larger, more complex assembly (in
figures 1.4 and 1.2 especially). This fits the characterisation of A-type lamins in vivo in
Goldberg et al., 2008, as well as with the lesser morphological resemblance to embryonic lamin

LI11 of the Xenopus laevis embryos used to express them, although this is just a model.

V.3 R. varieornatus IF Tail Regions are Important for
Assembly

The A-lamin, lamin 2, carries all of the positive and negatively charged regions linked to the
Acn assembly mode in lamins by Kreplak et al., 2004 on homologous positions to those found
in cytotardin, with the main alteration being on the early tail where the sequence of positively
charged arginine and lysine residues is much denser. The locations and charges of many of
these residues are also shared with human lamin A, which was confirmed to associate them
with the Acn interaction by Stalmans et al., in 2020 as discussed in the previous section. This
suggests that like lamins, cytotardin also has an Acn-guided elongation phase as the first stage

of its assembly.

As for the lateral association phase of lamin assembly, cytotardin tails have relatively diffuse
electrostatic attractiveness compared to their lamin counterparts and lack of Ig-like domain
folds experienced by the tail region may allow it greater mobility compared to most lamins.
This may contribute to the ability of cytotardin to form extensive paracrystals without the
assistance of cations (Fig. 3.5-7) following models first laid out by Beck et al., 2012 in
neurofilaments. Charged, flexible IF tail domains of neurofilaments are known to display
abnormal behaviour at low salt concentrations, due to what polymer physics refer to as the
“osmotic brush” effect (Zhulina and Rubinstein, 2012). When applied to the context of large
scale organisation in a wider range of IFs (Kornreich et al., 2015) this has contributed to
biophysical models of noncovalent tail crosslinks supporting large scale IF assembly even
where the tail is less than 200 residues (Aufderhorst-Roberts and Koenderink, 2019).
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In the osmotic brush effect, increased salt concentration leads to expansion of the charged
“brush” tails and higher inter-filament adhesion. Originally applied from materials physics
specifically to neurofilaments (Beck et al., 2010, 2012), the theory has been also applied to a
range of other IFs (Kornreich et al., 2015). Furthermore, the tail domains of cytotardin are
indicated by ExPASy PROSITE to carry 9 potential phosphorylation sites, so there is the
possibility that these tail based interactions may be further augmented by phosphorylation in
vivo, as prescribed by the bottlebrush model. The influence of the tail domain is further
evidenced by how the CTD mutant appears unable to form lasting paracrystals, and those is
does form are very small with less clear banding patterns (Fig. 4.3). However in the context of
wild type cytotardin, where excessive aggregation has been shown as an issue with both
forming ordered structures and maintaining them, the sheer number of tail-tail interactions may
not be optimal for macroscopic structural integrity. When the strength of cytotardin gels was
tested the NaCl free buffer produced a more viscous solution than that of NaCl containing
solutions. On the other hand, were one to postulate that the low-salt conditions’ thicker
paracrystals (Fig. 3.7) were an indication of faster assembly speed and thus better recovery
ability of the large scale structure, they may react better to the low amplitude oscillations of
the time sweep in Fig. 3.8B. Alternatively, these results may be explained by Kornreich et al.
in 2015’s hypothesis that the salt conditions in the 0.1M salt buffers may have been sufficiently
high that that the usual trend of salt impact on IF tail entanglement ability is reversed, as
theorised to happen at relative extremes of salt concentration by Srinivasan et al., in 2014.

The C-Terminal Deleted mutants of cytotardin are notable as like C-Terminal deleted mutants
in lamins they are unable to form sustained paracrystals (Moir et al., 1991). Though it remains
to be seen how N-and-C-Terminal deleted cytotardin mutants would behave, cytotardin did
form remarkably similar paracrystals in Fig. 3.6 to N and C-terminal deleted lamin A mutants.
Purely by the length needed by the coiled coil region, cytotardin and its lamin counterparts
require at least 44.8nm going by a coiled coil length of 0.14nm per residue (Schwaiger et al.,
2002), or 48nm by a 0.15nm per residue distance (Ahn et al., 2019), significantly wider than
the widths of most paracrystal banding patterns. The in vitro assembly of the C-Terminal
Deleted mutant into 10nm filaments despite lacking a tail region could also be considered an
indication of lamin-type assembly in cytotardin, as experiments of lamins have shown that the
Acn pathway can in fact be enhanced by truncating, but not entirely removing, the tail domain
(Heitlinger et al., 1992).
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V.4 R. varieornatus Lamins are also adaptable to
diverse conditions

It is worth noting that the three approaches successfully used to create paracrystals with the
lamin 2 (Fig. 5.2, 3.2) were designed for three different species’ B-type lamins, and all of them
were successful. As such, the lamin 2 of R. varieornatus display the capacity to self-assemble
in diverse environmental conditions important for the survival of an extremophile.
Comparative sedimentation assay (Fig. 3.3) indicates a far greater rate of aggregation in the
lamin 1 under the conditions required to cause paracrystal assembly in the lamin 2. This implies
that like lamin 2, lamin 1 may also have the ability to self-assemble in a wide pH range. Lamin
2, under viscometric testing (Fig. 5.1) also exhibited an increase in viscosity in reaction to
increasing strain, or strain-stiffening, despite being in 2mM Tris-HCI solution with no cations

in solution to aid assembly.

V.5 Disruption of the LNDR site reduces cytotardin
self-assembly

Arginine to cysteine mutations in the head and coil 1a regions have been widely documented
in keratins, such as the first linked Epidermolysis Bullosa Simplex-linked keratin mutation,
R125C, or dbSNP:rs60399023 in UniProtKB, in keratin 14 (Coulombe et al., 1991). This
mutation is shown in cell culture to lead to poor structural integrity in the nuclear lamina and
the mutant protein as prone to unstructured aggregation (Letai et al., 1993). This arguably ties
in with results shown in Fig. 4.5 where the LNTC cytotardin aggregates in a disordered manner
outside cellular pH and does not produce as many large bodies capable of sedimentation in
equivalent conditions. The LNTC mutation in cytotardin is also resemblant in terms of relative
position, namely at the g position of the first a-helix at the beginning of coil 1a, to the Y45C
mutation in Lamin A. This mutation, linked to Emery-Dreyfuss muscular dystrophy (Bonne et
al., 2000; Scharner et al., 2011) disabled binding of lamin fragments to the C-terminal of coil
2 in Lamin fragments. In vivo, it led to blebbing and dissolution of the nuclear lamina without
the support of the chromatin. However, while the Y45C mutation inflicts a critical loss of
function on the lamin, the R31C mutation in cytotardin is neither confirmed in place of an
awkward interaction, nor occurs in the d amino acid of an a-helix. However, what the R31C

mutation does do is replace the charged arginine with the conditionally charged cysteine, which
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prefers a hydrophobic state (lyer and Mahalakshmi, 2019). This conditional aspect of function
is reflected in Fig. 4.5 where it can replicate the extensive paracrystallisation phenotype of wild
type cytotardin, but only under specific conditions, whilst in all other circumstance producing
disordered bodies with a quantifiably lower efficiency of aggregation than the wild type. What
kind of phenotype this would result in in vivo has yet to be determined, and may represent a
productive avenue for investigation. Point mutations producing cysteine residues in IFs are also
an established tool for examining IF binding (Ahn et al., 2019). The reactivity and capacity for
covalent bonding of the cysteine sulphuric side chain allows improved capacity for chemical
modification, particularly in the case of LNTC-cytotardin where there is only a single cysteine,
and this allows the residue itself to be used as a marker, for example for binding gold markers

capable of being imaged via negative stain.

V.6 Epitope sites for the rabbit Anti-Lens IF Serum

Multiple potential epitope sites exist for the polyclonal antibodies that make up the serum.
Identifying these sites can be aided by several conclusions that can be drawn from figure 3.7.
The relatively low affinity for L10112.1 possessed by the serum (Fig. 5.8) implies that the
epitope sites in question are many times more common in the other proteins examined. Fig. 6.1
aligns and examines the potential epitope sites in L10112.1, cytotardin and the lamins. Figure

4.4 details sites of high sequence identity between the proteins of interest.

A promising area to look concerns similarity between cytotardin and Lamin 2; reasons for this
include lamin 2 having a LNSR region exceedingly similar to cytotardin's LNTR. Comparing
cytotardin and lamin 2 there is also another conserved sequence of 8 residues at the end of helix
2. Sequence alignment showed potential epitope sites in what the wild type cytotardin and
lamin 2 shared in sequence homology on the coiled coil region. This homologous region around
the LNTR is almost six residues, with the exception of a serine to threonine substitution in the
third. In the less strongly bound B lamin there is an aspartate residue in this position, and this

substitution may also lead to weaker binding.
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V.7 Implications for the Evolution of Cytotardin

Lamins and cytoplasmic IFs play important roles in lending tensile strength to cellular
structures (Makarov et al., 2019). Cytotardin assembled in vitro at pH between 6.5 — 9, while
most organisms’ cellular pH falls between 7-7.4, though human endothelial cells can reach up
to pH 7.6 (Porcelli et al., 2005). In nematodes, revealed to be closely related to tardigrades than
other Ecdysozoa (Hashimoto et al., 2016), the 7-9 pH range also fits to many optimum enzyme
pH (Platzer et al., 1999), and the pH range explored may also have relevance when dealing
with states of oxidation that can result from environmental stress. The resilience of the
cytotardin was strongly implied to be important to the tardigrade’s capacity for extremophilia
when the protein was first characterised, as cytotardin filaments were noted to retain their
structural integrity even when the tardigrade was in its contracted “tun” state (Hering et al.,
2016). Given that the adaptations of the R. varieornatus cytoplasmic IF protein demonstrate
extremophilic capacity, this suggests the strong possibility that they contribute to the resilience
of the overall tardigrade. Ramazzottius varieornatus has been documented to have superior
anhydrobiotic faculties to the more extensively studied tardigrade species H. dujardini
(Horikawa et al., 2008), and stronger IF networks are a potential explanation for this. It is
reasonable to hypothesis that the relatively extreme environmental changes the species adapted
to also prompted the radical evolution away from their fellow Hypsibiidae (and indeed,
Hypsibiinae), H. dujardini (Yoshida et al., 2017; Fukuda et al., 2017).

1VV.8: Avenues for Further Experimentation

Having explored the in vitro properties of R. varieornatus IFs and identified a source of
antibodies to bind them, the next step is a repetition of the immunofluorescence studies in
Hering et al., 2016, to confirm their subcellular locations R. varieornatus IFs, especially that
of cytotardin. This would allow further insights into the physiological function of cytotardin,
the specifics roles of the two lamins, and the biochemical environment that the IFs are adapted
to. Since the MDA-MB-231 cell line lysate did not bind to the Anti-L10112.1 antibodies found
to target cytotardin (Fig. ), these would represent a useful vector to recreate the Hering et al.,
2016 exogenous expression of cytotardin. The cell lines are comparable as both MCF-7 and
MDA are both epithelial cell-based, although it may be better to use MCF-7 for a more direct
comparison to the original study. If further experimentation with the antibodies shows them to

83



be too wide-range for this line of experimentation, then there is another possibility.
Confirmation of a wide range serum antibody against all three R. varieornatus IFs (Fig. 5.8)
puts forward multiple avenues for molecular biological investigation based on which of the
polyclonal antibodies can be isolated or otherwise produced monoclonally. The main possible
epitope sites are common in IFs due to being near the conserved LNDR and TYRKLLEGE
sites on the rod domain. Even without separation of antibodies, the serum could serve as a wide

range detector of IFs for mixed protein samples and lysates.

The next most obvious avenue for further experimentation is the repetition of this study in H.
dujardini IFs, in which the proteins of interest were initially discovered. This would answer
many questions concerning the relatively high sequence divergence between the IFs of R.
varieornatus and H. dujardini, and how the relatively large differences between the proteins
a.a. sequences corresponds to differences in behaviour. Significant differences in behaviour, in
particular at extremes of and during rapid changes in ionic composition of the solution would
indicate whether the disparity in IF a.a. sequence correlates with the differences in
anhydrobiotic ability between the two organisms. For example, unlike H. dujardini, R.
varieornatus has the ability to enter tun state within a single hour, whereas H. dujardini requires
up to 24 (Neves et al., 2020). If the differences in IF assembly speed between the species reflect
this disparity, then it would support the hypothesis that the cytoplasmic IF is important for the
extremophilic behaviour of the tardigrade and that extremophilic evolutionary pressure is

responsible for the rapid divergence in sequence between them.

Investigation of effects on surface tension generated by cytotardin on fluid bodies it is
suspended is another question in this area, as lamins are known to influence viscosity even at
small concentrations (Banerjee et al., 2013), an effect repeatedly observed in cytotardin (Fig.
3.8). Given this effect occurs at concentrations below detectability in the bulk fluid, the surface
itself may somehow promote assembly of the protein. Whilst stalagmometer methods are
simplest, even in advanced forms, survismeter methods may also prove useful although this
could require a high degree of precision (Chichkanov et al., 2002; Singh, 2008) and current

survismeter technology generally does not allow for time-efficient testing.

Javadi et al., 2019, links concentration of IF in solution to the width of paracrystals. This could
be used as a way to track relative cytotardin assembly speed, which is otherwise difficult. The

speed of cytotardin assembly potentially explains the fact that significant numbers of sub-10nm
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protofilament-like bodies are visible on the tail ends of cytotardin assemblies (Fig. 3.3, 3.7).
The implication is that the speed of cytotardin assembly (Fig. 3.5) may restrict the supply of
cytotardin material such that earlier stage forms of assembled cytotardin will be
disproportionately present for lack of material to further develop them (as demonstrated
conceptually by Javadi et al., 2019). The fact that cytotardin can do this in extreme buffer
conditions (Fig. 3.7) means that could be used for a variety of such experiments without
becoming assembly incompetent and could be a useful experimental model for assembly on
nuclear lamins in conditions where it would not be possible to test the real thing.

IVV.8.1: Chemical modification and crosslinking of cytotardin, lamins

Chemical modification may be an important mechanism for regulating R. varieornatus IFs in
vivo. Phosphorylation has been demonstrated to cause IF unravelling in vitro (Aebi et al., 1988)
and in vivo (Torvaldson et al., 2015) across the IF protein family. All three R. varieornatus IFs
have large numbers of serine and threonine residues across their structures recognised by

ExXPASy PROSITE as potential phosphorylation sites for this purpose.

Limited chemical modification of cytotardin has already been achieved in the LNTC mutant
variant (Fig. 4.5) The situation is obscured somewhat by the evidence of breakdown products
in the LNTC cytotardin caused by some interaction of the 8M urea solution and the Cu-P. The
substitution of urea with guanidine hydrochloride as a chaotropes may avoid this problem. The
existence of four distinct high MWt bands on the SDS-PAGE gel carries the implication of
four different binding modes to the disulphide crosslinking between LNTC cytotardin
monomers. This could include binding positions in a dimer-style cis-conformation and an
antiparallel trans-conformation. The other two bands could be composed of either decay
products still possessing the LNTC region mimicking these conformations, or by further
variations in bond angles by which the disulphide cross-link could be achieved. This would

provide some explanation for the variable molecular weight displayed on the SDS-PAGE.

TIPS-EBX (1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one, or Waser’s reagent) -
based alkynation of cytotardin and mutant variants thereof, following the protocols in Hansen
et al., 2016, was also attempted. If successful, the alkyne group attached to either one
tryptophan/cysteine or both tryptophan would form the basis of molecular labelling leading to
more detailed information on the positions of cytotardin molecules within their super-

molecular structures. Preliminary testing showed that efficient modification of cytotardin
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requires modification of the general experimental protocol outlined in the paper, and some such
research has been done by Tolnai et al., 2016. A potential source of problems in this procedure
is potential for R. varieornatus proteins to retain some activity or aggregation capacity in the
acetonitrile used as a secondary solvent, as the tun state, in which the cytoskeleton remains
intact, is capable of protecting a tardigrade from up to 99.8% acetonitrile (Horikawa et al.,
2008). Potentially modified cytotardin, both wild type and mutant, was found to precipitate as
acetonitrile was removed from the reaction mix, though this proved useful for collecting the

material.

The cysteine-bearing nature of both lamins makes them both very suitable for chemical cross-
linking experiments such as in Fig. 4.5. This could even apply to a combination thereof, as
disulfide cross-linking has been successfully used on heteropolymers such as in GFAP
(Quinlan and Franke, 1983), vimentin and desmin (Quinlan and Franke, 1982; Quinlan et al.,
1986). C. elegans, of relatively close relation to tardigrades, also has heteropolymeric
cytoplasmic IFs (Karabinos et al., 2019). Because tardigrade lamin 2 does not have a cysteine
in the rod domain of the molecule, it was not yet possible to employ disulphide crosslinking to
demonstrate the presence of two-chain ‘'dimer' molecules as has been done for other IF proteins
(Quinlan et al., 1989). Given keratins 5 and 14 can be stable even in 9.5M Urea, the
achievement of at least dimer formation in cytotardin at as high as 8M urea is not entirely
unexpected. Given the differing mobility of crosslinked bands despite only having the
opportunity to for a single crosslink per molecule excluding tetrameric crosslinking, this
strongly indicates more than a single conformation in which the mutant cytotardin molecules
find themselves in such close proximity. Cysteine cross-linking has been used successfully to
characterise IF proteins such as keratin (Steinert et al., 1993a; Quinlan et al., 1986), GFAP
(Quinlan and Franke, 1983), vimentin and desmin (Quinlan and Franke, 1982; Quinlan et al.,
1986). This type of experiment shows the potential to provide further details on the assembly
Attempts at catalysis of crosslinking in Tris-HCI buffer solution without urea failed to affect
the rate of disulphide crosslinking, implying that the cysteine residues in LNTC cytotardin are
not accessible to each other, so Tris-urea solution was used. Disulphide crosslinks between
molecules can form in significant numbers from distances at most only as far as 2nm, such that
the ability for these bonds to form can be used to signify closeness of molecular arrangement
between the two cysteine residues. The relatively limited nature of the crosslinked cytotardin
volume implies not all configurations of interrelationship between two LNTC cytotardin may

be susceptible to crosslinking.
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IV.8.2: Chaperones required by Proteins of Interest

Cytotardin is a cytoplasmic IF protein that possesses the capacity for rapid organisation in
conditions otherwise unsuitable for self-assembly. First documented in H. dujardini, (Hering
et al., 2016), cytotardin also appears to share aspects with other IF proteins in its capacity to
form some structures whilst still exposed to urea. As in other IFs, assembly begins as before
the chaotrope is fully removed from the solution, implying a high level of affinity between

cytotardin at both dimer and tetramer stages typical of cytoplasmic IFs.

The capacity of cytotardin to produce globular, highly disordered reticulum in above-
physiological pH, gives some indication that in vivo, chaperone proteins play an important role
in at minimum conserving the proper shape of cytotardin for assembly, if not the assembly
process itself. This is trend is repeated by cytotardin behaviour when producing paracrystals,
which it forms without assistance and well in excess of the structural parameters required od
an IF. Cytotardin forms paracrystals in the presence of cations (Fig. 3.4), but does not need
them to do so and can form them in the presence of monovalent cations, high pH buffers or
neither (Fig. 3.7). At very least the R. varieornatus cells would need some way of restraining
the process. As with much of tardigrade biology (Neves et al., 2020) R. varieornatus IFs retain
their capacities effectively to assemble in vitro between 5 and 25 degrees centigrade. The most
complex structures and patterns can only form so long as the cytotardin is brought down in pH
from 9 to 7.4 over a course of hours pH, and not left at pH 8-9 for longer than an hour (Fig.
3.3). Moreover parallels could be made to the cytoplasmic IF IFB-1 in C elegans, which
requires Small Ubiquitin-like Modifier (or SUMO) proteins very tightly bound to its IF proteins
to ensure proper behaviour and solubility in its IFB-1 cytoplasmic IF. Excessive aggregation
at a um scale has been observed in as a problem with C. elegans IFB-1 (Kaminsky et al., 2009).
Potential for excessive aggregation is also abundantly clear in cytotardin, both in the form of
ordered paracrystals and the inclusion bodies it forms within the bacteria used to manufacture
it, so the fact that this problem in C. elegans only occurs upon the knockout of smo-1
responsible for SUMO chaperoning implies strongly that small chaperone proteins may have a
role in moderating IF behaviour in the closely related tardigrades (Hashimoto et al., 2016) The
lamin-like nature of cytotardin suggests that the Hsp family of chaperones might associate with
it (Willsie and Clegg, 2002).
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Hsp20.3 sedimented at 2400g for 5m both with cytotardin and alone (Fig. 6.2). The non-
negligeable drop in cytotardin construct sedimentation occurs alongside a relative drop in
Hsp20.3 sedimentation, implying that the growth of cytotardin structures may be checked by
Hsp20.3. R varieornatus has 7 chaperone proteins in this group, and more may have
preventative effects on the effects of thermal stress on cytotardin-containing structures. The
non-negligeable drop in cytotardin construct sedimentation occurs alongside a relative drop in
Hsp20.3 sedimentation, implying that the growth of cytotardin may be checked by Hsp20.3.
Limited experimentation with Hsp20.5 was also conducted. Experimental difficulties and lack
of material hampered results, but early experiments indicated that Hsp20.5 could rescue the
CTD mutant phenotype’s capacity to form large aggregates that it otherwise lacks compared to
the wild type. If this degree of interaction can be confirmed it presents a clear avenue for
investigating the role of Hsp20 chaperones in modulating the activity of cytotardin and other

20m 30m

10m
Cytotardin frozen for 1h at -20°C followed by thawing at room temperature (A). Hsp20.3 sedimented at 24009

tardigrade IFs.

M Cytotardin

W Hsp20.3

W Hsp20.3
Alone

Fig. 6.2: Cytotardin with environmental stress and Hsp20 proteins

for 5m both with cytotardin and alone (B). Scale bars 100nm, error bars are standard error.

The limited nature of L10112.1 structure formation (Section and Figure 3.6) also strongly
implies a need for chaperone proteins, though they would not be the only IF proteins to lack
the ability of self-assembly in vivo let alone in vitro (Herrmann and Aebi, 2000). The foremost
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reason for this implication is that L10112.1 is an eye lens protein. Chaperone proteins such as
a-crystallin, similar to small HSPs (Nicholl and Quinlan, 1994) are essential for the
development of the mammalian eye lens, most densely found there, and represent an important
area for further testing of L10112.1. It is a well-established capacity of chaperone proteins, for
example a-B crystallin, to solubilise IF proteins (Nicholl and Quinlan, 1994). Given the
tendency of suitable chaperones to solubilise IFs may lead to the effect of reducing inclusion
body formation, another line of inquiry remains in co-expression of tardigrade IF and
chaperone proteins (Hoffmann & Rinas, 2004) as it may prevent inclusion bodies forming to
some extent and allow the proteins to be extracted in a soluble fraction of the IBP that was used

in this study.

IV.8.3: In vivo experimentation on R. varieornatus IFs

Cytotardin, its mutants and the lamins form inclusion bodies when expressed in BL21 bacteria
(Fig. 3.1, 4.1, 4.4), and preventing such random protein aggregation is a major function of
chaperone proteins. Co-expression of R. varieornatus IFs alongside chaperone proteins, such
as an o-B crystallin control, or the tardigrade in question’s own Hsp20 chaperone proteins
could provide insights into the role of such proteins, as well as potentially preventing the
development of inclusion bodies (Hoffmann and Rinas, 2004).

Antibodies were purified from guinea pig and rabbit serum by Hering et al., in 2016 against
the C-terminal regions of H. dujardini IFs and used for immunofluorescence staining. If those
antibodies can bind R. varieornatus IFs, then it may show conservation of structural
characteristics despite the low sequence similarity between the two. Secondly there is the
possibility that similarly performing antibodies may be able to be produced from the equivalent
sequences in R. varieornatus IFs, which would imply a functional similarity in the domains.
By combining this structural and functional analysis, a more precise characterisation of the
physiological and evolutionary relationship between the IFs of R.varieornatus and H.

dujardini could be ascertained.

Having characterised the in vitro phenotypes of the two mutant varieties of R. varieornatus
cytotardin, the question of artificially inducing those mutations in tissue cultures and even
whole organisms inevitably follows. The lamins, being more widely expressed (Hering et al.,

2016) would be easily imageable in cell culture, so potentially would also be targets for
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engineering of mutations. Were these mutations to parallel those explored here, this would

present an opportunity to explore the effects with additional context.

IV.8.4: Exogenous expression of R. varieornatus IFs

Genomic and biochemical studies have revealed that the cytoplasmic IF proteins are present in
all bilaterians, with the exception of most arthropods (Bartnik and Weber, 1989; Goldstein and
Gunawardena, 2000; Erber et al., 1998). The apparent loss of cytoplasmic IF proteins in the
arthropod lineage might correlate with the acquisition of an exoskeleton (Herrmann and
Strelkov, 2011; Goldstein and Gunawardena, 2000; Erber et al., 1998), which provides
mechanical support to the arthropod epithelium in place of IFs. While isomin, the cytoplasmic
IF protein of the springtail Isotomurus maculatus might perform a similar function to cytotardin
as implied by its distribution in the intestinal epithelium in collembolans (Mencarelli et al.,
2011), similarly to how cytotardin is distributed around the midgut in tardigrades (Hering et
al., 2016), the localization and function of the putative lamin-derived cytoplasmic IF protein
in copepods has yet to be fully understood. This ties in with the proposed function of the
cytoplasmic lamins found in C. elegans, which have been located in potential stress sites like
the internal epithelium. The transgenic cells or organism could then be tested for improved
stress response. Expression of cytotardin in I. maculatus would serve to test cross-compatibility
at a metabolic level, and would be a much closer “fit” than already successful chimeric
expression experiments such as Gullmets et al., 2017, in which Drosophila displayed

competence to form networks with human vimentin.

Caenorhabditis elegans is a free-living, transparent nematode model organism with 959 cells,
a lifetime of 2-3 weeks, peaking about 1 mm in length. Well documented since 1974 by Sydney
Brenner, this type species of its genus provides a useful benchmark and many mutated strains
(Goldstein, 2018). This fellow Ecdysozoa to the tardigrade is the first multicellular organism
to have its whole genome sequenced (Sulston et al., 1992), its complete cellular fate mapped
(Sulston and Horvitz, 1977) and as of 2017, is the only organism to have its connectome
(structure map of nervous system) completed (Hendricks and Mylonakis, 2017). C. elegans has
cytoplasmic lamin-like proteins as well, at least four of which are vital for develop to adult
stage, and another for normal adult phenotype (Karabinos et al., 2001). Like tardigrades, in
some circumstances C. elegans can survive desiccation by entering dormancy (Crowe and

Madin, 1974), a capacity granted to it majorly by Late Embryogenesis Abundant (LEA)
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proteins (Tali et al., 2004; Mgbjerg et al., 2011). C. elegans has long been speculated as a good
comparator to tardigrade biology on account of similar sequence and insertion-deletion based
phylogeny (Borner et al., 2014), as well as relatedness implied by 18S ribosomal DNA
sequences (Aguinaldo et al., 1997). C. elegans lamin was arguably until recently the only lamin
to have been assembled into consistent 10 nm IF-like filaments in vitro (Karabinos et al., 2003;
Ben-Harush et al., 2009; Grafe et al., 2019). Its lamin has a relatively truncated C terminal tail
domain, though not quite to the extent of cytotardin or Ciona Lamin, and has assembly
properties which can be mimicked by the R. varieornatus A-type lamin in paracrystal formation
(Fig. 5.2). Although requiring specific pH conditions and ions unlike cytotardin, when rapidly
adjusted in those conditions in the absence of chaotropes, C. elegans lamin can also make rapid
developments in organisation. When instantaneously adjusted to 15 mM Tris-HCI, pH 7.4, the
C. elegans lamin assembled into short filament reticulum comparable to this in Fig. 3.3 within
5 minutes, as timescale demonstrated for cytotardin in Fig. 3.5. Addition of divalent cations
showed that C. elegans lamin was also capable of rapidly developing paracrystals (Karabinos
et al., 2003; Foeger et al., 2006). Furthermore, the Lamin of C. elegans has higher sequence
homology to the B-lamin of R. varieornatus than any other than its H dujardini counterpart,
and consequently may be a useful comparator and model to help more precisely characterise
its assembly properties. Transgenic expression of R. varieornatus lamins and cytotardin in C.
elegans would demonstrate of cross-compatibility between the IFs of two closely related
organisms, allowing fine detail to similarities already observed in vitro. Not just could the C.
elegans cells or organism be tested for altered stress response, but also improved ability to
survive desiccation. Immunofluorescence using the antibodies manufactured as according to
the methods of Hering et al., 2016 could be useful to track the locations of R. varieornatus IFs
within the C. elegans cells or organism. Whether the wide-range serum antibodies examined
in this study could do so, or whether they would also bind to native C. elegans IFs, is a line of

inquiry in itself.

IVV.8.5: Cryo-Electron Tomography of Cytotardin Filaments

Cryo-Electron Tomography plays an essential role in providing detailed images for IF function
in vivo (Goldberg et al., 2008, Turgay et al., 2017). Since the location of cytotardin in
tardigrades has been narrowed down to the inner epithelium by immunofluorescence when the
protein was first identified (Hering et al., 2016), it may be possible to use techniques

demonstrated in Goldberg et al., 2008 in order to examine the tardigrade lamin 2 in vivo. For

91



the R. varieornatus lamins, the Xenopus egg cell used in Goldberg et al. would be suitable,
pending immunofluorescent demonstrating the lamins are incorporated into the nuclear
membrane. It is not known if the structure of lamin 1 can be viewed this way, as Hering et al.,
shows lamin 1 is less tightly bound to the nuclear envelope than the lamins observed in said
study. Cytotardin, associated with the inside of the cell membrane may be easier to make
useable samples out of as the cell membrane may be easier to extract than nuclear envelope
sections and chromatin. As a secondary options, imaging of cytotardin in tardigrade cells, or
the MCF-7 cells shown in Hering et al. to express cytotardin could be attempted, but this would

be more difficult as the procedure would have to be adapted.

IVV.8.6: Partial Crystallisation of cytotardin, lamins

Crystallography is the most powerful tool for characterising the molecular structure of
materials. The long, flexible nature of IFs means this was not achievable with whole molecules,
but over the last 20 years a “divide and conquer” approach has been pursued in which fragments
of IF proteins can be characterised.

The recent breakthroughs in exploiting the partial crystallisation of IFs follow the application
of improved bioimaging and bioengineering technology (Guzenko et al., 2017) to principles
first explored nearly 20 years ago (Strelkov et al., 2001). The ability to map the binding sites
that enable IF assembly such as in Ahn et al., 2019, has led to increased understanding of the
assembly processes of IFs at a molecular level. Ahn et al, proposed a model of lamin assembly
where coiled coil formation in lamin is dictated by a combination the standard IF heptad repeat
structure, kinks by bending non-helical regions, interfaced in between by hendecad repeats, 11-
step extended versions of the familiar coiled-coil heptad (Parry, 2006). In Fig. 2.2 multiple
potential sites for these repeats are visible and correspond as described to ends of coiled coil

regions and the beginning of linker regions.

In terms of effects displayed in filament-type assembly there has been some debate about
whether the A11 or Az, interaction has the major impact, though Ahn et al., 2019 postulates
they happen near simultaneously in protofilament elongation. This interaction is postulated to
occur between antiparallel pairs of dimers in Type V filaments such as Cytotardin and Lamins.
Both share sequences highly similar with the 42aa sequence characteristic of IF proteins and
underlying the A1z interaction in Lamins characterised in Lilina et al., 2020. The A1 interaction

has recently been modelled by Eldirany et al., in 2019, using partial crystallisation of the
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Keratin 1-10 heterodimer. This suggests that the molecular mechanics of the Ai1 interaction
relies on hydrophobic interactions characterised by the nanoscopic morphology of the
heterodimer. As such, without the relevant cryo-electron tomography to characterise such a
level of structural detail in cytotardin in vivo, it is not yet possible to tell what exact relationship
cytotardin forms observed in vitro bear to the in situ use of the protein. Likewise without partial
crystallisation of cytotardin or lamin 2 fragments, the ability of the author to theorize on the
characteristics of the A1 interaction in cytotardin is thus limited. By analysis of the residues
implicated, residues 314-321 in keratin-1 forms the knob domain, 227-234 in forms the pocket
domain. Cytotardin neither possesses high sequence homology to keratin 1 in its closest
equivalents to the “pocket” sequence, nor in the “knob” sequence, nor generally due to the
previously mentioned differences in coil 1b size between the two proteins. This fits with a
contemporary model of lamin assembly in which the Az interaction there is characterised as
significantly weaker than in cytoplasmic IFs (Lilina et al., 2020). Given that guanidine
hydrochloride proved especially useful in denaturing cytotardin for purification, it is possible
that it may be so for the denaturation required to crystallise cytotardin fragments (Monera et
al., 1994).
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Part VV: Conclusions

Expression of the IF proteins of the tardigrade Ramazzottius varieornatus shows three proteins;
an A-type lamin 2, a B-type lamin 1 and a cytoplasmic IF discovered in 2016 called cytotardin.
This protein is capable of initiating assembly in a wide variety of buffer conditions, without
the need for an equilibration step to remove all chaotropes. It is shown by electron microscopy,
quantified by sedimentation assay and qualified by rheometric and viscometric methods to be
capable of forming multiple types of complex, mechanically impactful structure. The
morphology of structures formed by cytotardin demonstrate that it is lamin-like in behaviour
and self-assembly. Usually, cytotardin ultimately forms paracrystals regardless of whether
cations are present, in an extreme range of environmental conditions. Cytotardin lacking all but
the first 20 residues of the tail domain could not do the latter. Modification of an arginine
residues in the coil 1a domain also had deleterious effects on cytotardin function and assembly.
While still reliant on divalent cations for paracrystal formation, the R. varieornatus lamin 2 is
capable of self-assembling into primitive, mechanically significant networks and paracrystals
across a wide pH range. Western blot analysis shows both cytotardin and to a lesser extent the
two lamins can be effectively targeted by rabbit serum antibodies against the lens IF protein,
the T. pacificus eye lens IF L10112.1. This IF has lamin-like rod domain proportions and can
self-assemble simple filaments in vitro. Both mutant varieties of cytotardin display altered
binding to the serum, reflecting major epitope sites on the molecule. In future, the novel IFs
characterised here may be of use for further experimentation in the wider field of molecular
cell biology and mark further bounds as to what is possible to achieve with intermediate

filaments.
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