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Summary

The cuticle of C. elegans is an extracellular matrix primarily composed of highly processed
collagens. It is the site of interaction with the environment, enables motility and controls
morphology. Animals with aberrant cuticles have altered body shapes, including dumpiness
and a twisted body shape or, exhibit blisters. During the life cycle, C. elegans progresses
through 4 moults during which a new cuticle is synthesised and the old cuticle is shed.
Synthesis of a new mulii-layered culicle occurs via the temporally-controlled secretion of
collagens. The processes by which secreted C. elegans collagens are incorporated into the
cuticle are believed fo be similar to those of vertebrate collagens, which are co-translationally
modified, folded into triple helices, and subsequently proteolytically cleaved at the C- and N-
termini. In the C. elegans cuticle, such processed collagen trimers are highly cross-linkcd by
an array of tyrosine-, glutamate, and cysteine-derived inter-chain cross-links in order to
produce a cuticle with flexibility and high tensile strength. A C. elegans enzyme, BLI-3,
originally termed Duox1 on the basis of the presence of a NADPH-oxidase and a peroxidase
domain, has been identified as being an important catalyst of tyrosine cross-links in the
cuticle. The H,0; required for the BLI-3 mediated cross-linking activity is supplied by the
NADPH-oxidase domain.

A COL-19::GFP marker strain, TP12, has been created and has enabled the visualisation of
the tagged collagen in regions and substructures of the cuticle including the annulae, seam
cell-derived cuticle and the alae. By creating a number of crossed TP12 strains, this marker
has been a useful tool in the analysis of the cuticle structure of many morphological mutants.
These studics have cnabled the roles of different collagens to be established and also have
demonstrated the different mutabilities of discrete cuticle subsiructures such as the struts,

fibrous layers, annular furrows and seam cell-derived cuticle.

TP12 has also functioned as a sensitive marker for cuticle disruptions resulting from
RNAi-treatment of a number of genes and has shown these disruptions even in the absence of
a gross morphological defect. This has identified at least one gene that has a role in cuticle

synthesis that previous RNAL screens classified as being wild type.

The potential of TIPX-1, a putative peroxidase, to mediate cross-linking functions within the
cuticle, has been investigated. The RNAi-induced blistered and body morphology defects, as

xvi




well as its exptession being hypodermal and coincident with the moult, are consistent with a
role in cuticle synthesis. The MIlt phenotype, which is especially apparent via SEM analysis,
additionally implicates ITPX-1 in being involved in the moulting process. The relationship
between BLI-3 and HPX-1 has also been investigated because BLI-3 possibly represents the
sole source of HyO, for HPX-1 mediated activity, HPX-1 is closely related to peroxidases in
other organisms and it has been suggested, based on the roles of these homologues and the
observations from these studies, that HPX-1 has synthetic and possibly degradative roles
within the C. elegans cuticle, '

Xvii
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Chapter 1; General Introduction

1.1 C. elegans as a model organism

Caenorhabditis elegans is a free-living nematode belonging to the Rhabditidae family of the
phylum Nematoda. It is typical of nematlodes in having a vermiform body shape and life cycle
that involves the progression through a number of larval stages. In conditions where there is an
abundance of food, C. elegans develops through four larval stages (1.1-L4) before maturation
into an adulf, a slage in which it remains for up to 15 days. However, there is also a specialised
and resilient alternative L3 larval form, termed ‘dauver’, that is induced during conditions of low
food and/or high population density. Dauer animals do not age until nourishment is
re-cstablished, when the life cycle can be re-entered. Transitions between larval stages are
marked by moults, which are again characteristic features of all nematodes. Providing that
conditions, such as incubation temperature, are constant, the timings of the moulis are invariant,
the first L1-L2 moult occurring 12 hours after hatching, and subsequent moults occurring every 6

hours thereafter.

As a metozoan animal, C. elegans shares a number of complex biological systems with higher
cukaryotes, including a nervous system, defined developmental body plan and programmed cell
deaths. However, these highcr order processes are mediated by a limited number of cells that
retain the organism’s relative simplicity. This property of being the simplest known
differentialed organism led Sydney Brenner, in 1963, to deem it useful as a model organism for
the study of nctworks of development and their control mechanisms. C. elegans is ideal as a
research tool both in biological and in practical terms. With regard to its useful biological
characteristics, it has a limited and invariant number of cells (959 and 1031 somatic nuclei in
hermaphrodites and males respectively), defined cell lincage (Sulston and Horvitz, 1977), and
has many genes (~40%) that have high levels of homology to those of both parasitic nematodes
and humans (Hashmi et af., 2001; Kamath et al., 2003). Practically, useful properties of the
“wild type” Bristol lab strain (N2) include: its short 3-day life cycle; small size (Imm long);
large population that is self fertilising (males are not required to maintain a population and a
hermaphrodite lays ~300 cggs during a lifetime); transparent appearance; casc of maintenance,
by culturing in the laboratory on solid or liquid media using Escherichia coli as food; ability to
freeze stocks which can be thawed to retricve viable animals; ease of generating mutlanis via
treatment with chemicals or ionising radiation; ability to obtain transformed lincs via
microinjection (Mello ez al., 1991); and easc of genetic crossing (Brenner, 1974), Because of

these properties, C. elegans became an ideal candidate for being the first multicellular organism
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Chapter 1: General Introduction

to have its genome completely sequenced and in 1998 the entire sequence was published
(Consortium, 1998). The C. elegans genome sequence is approximately 100 million base pairs
long and 80% of the sequence encodes for approximately 20,000 protein coding genes. This is
in comparison with Drosophila that has a similar sized genome but only encodes for 12,000
genes.  The post-genomic era has brought about a wealth of resources including the entire
genome sequence being available in a library of cosmids and YACSs; a dense map of single
nucleotide polymorphisms (SNPs) (Swan er a/., 2002); an expressed sequence lag (EST)
database; a bank of multiple alleles of mutant strains (the multiple alleles increasing the extent of
analysis of gene function) (C. elegans genetics centre); two consortiums that are concerned with
the production of knock-out strains (The C. elegans gene knockout consortium and the National
Bioresource Project, Japan); and a freely accessible database (WormBase) that scrves as a central
resource to compile all gene and genomic data. These resources have facilitated the ability to
perform functional genomic microarray experiments (Kim et al., 2001), enabled members of
families, e.g. collagens, to be identified via sequence homology, and have opened the way for
comparative analyses with other organisms. Access fo the entire genome sequence also hugely

simplifics the design of primers for the cloning of genes.

An invaluable tool in C. elegans research has been the development of the RNA-interference
(RNAI) technique that allows for specific targeted gene disruption (Fire ef al., 1998).
High-throughput RNAi screens are possible due to the ease of administration via feeding,
soaking or injection (the details of this technique arc discussed in a later section (section 1.16).
A library of RINAi bacterial constructs, that covers approximately 86% of the total open reading
frames, is now available (Kamath et af., 2003) and has been used for a number of genome-wide
screens, using N2 or an RNAi-sensitive strain (the #f~3 mutant strain) (Simmer ef ol., 2002)
(Simmer er al., 2003). Screens have been non-specific, recording any of the resulting
phenotypes (Fraser et al., 2000) (Kamath et al., 2003) (Simmer ef al., 2003) or have specifically
sought for, for example, cell division defects (Gonezy et al., 2000), fat storage defecls (Ashrafl
et al., 2003), increased longevity (Lee ef al., 2003) or altered genome stability (Pothof et «l.,
2003).

In terms of this study, a number of morphologically mutant phenotypes arise when certain genes,
particularly those involved in the synthesis or composition of the cuticle, are targeted by RNAIi
or are mutated via mutagenic screens, This mutability of the genes that control the formation of

the C. elegans cuticle to dramatically alter body shape into definable and readily identifiable
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oulcomes is a key advantage for using this organism in the analysis of cuticle composition and
synthesis. This model organism is important because the cuticle of parasitic nematodes is a

potential target for anti-helminth drugs.

1.2 The C. elegans hypodermis

The characteristic vermiform shape of the animal first develops during embryogenesis, being
established by the rearrangement of a structure comprised of a thin layer of specialised epithelial
cells. Within this ‘hypodermis’, the epithelial cells are arranged in a regular manner in which
their apical surfaces face towards the exterior (White, 1988). Such an organisation results in a
tissue that is only a single layer of cells thick but has a large area that encloses the animal, A
properly formed hypodermis is an absolute requirement for embryogenesis because it is the main
mediator of morphogenesis during the transformation from a spheroid- to a vermiform- shape
(Sulston ef al., 1983). This process starts with contra-lateral migration and interdigitation of
hypodermal cells occurs in opposite directions. The two migrating sets of cells meet at a ventral
midline and are joined by adherin junctions, thereby establishing a cylindrical body shape (Priess
and Hirsh, 1986; Simske and Hardin, 2001). The hypodermal cells then fuse to form a number
of multinucleate syncytia, which arc increased in size by subsequenl embryonic and
post-embryonic cell fusions (Sulston and Horvitz, 1977; Sulston ez al., 1983). 23 hypodermal
cells [use at this stage to form the largest syncytium, hyp7, which covers ~90% of the surface of
the main body and comprises the ventral and dorsal hypodenmis (Sulston and Horvitz, 1977,
Sulston ez al., 1983). By the adult stage, contributions from continual cellular fusions increase
the nuclear content of hyp7 from 23 to 139 nuclei and increase its size so that it covers the larger
adult body and the openings of the excretory canal and anus (Sulston and Horvitz, 1977, Sulston
et al., 1983; White, 1988). There are ¢ head- (hypl- hyp6) and 4 tail- (5 in male)
(hyp8-hyp12/13) hypodermal cells (While, 1988). All but three of these are syacytia but have no
more than 6 nuclei, in contrast to hyp7 (White, 1988). Hyp6 fuses with the main body hyp7
during the mid L3 stage (Yochem ef al., 1998) while hyp8-hyp10 fuse in L4-adult moult in order
to form the tail (Nguyen ef al., 1999). There are additionally two lateral/longifudinal rows of
cells (IT0-112, V1-V6) which are termed the seam cells (Sulston and Horvitz, 1977) and which
are distinct from other hypodermal cells. These divide to produce progeny that fuse with hyp7
(Sulston and Horvitz, 1977; Sulston ef al., 1983). However, via the controlling action of the
GATA transcription faclors, eli-5 and elt-6 (Koh and Rothman, 2001), they are themselves not
fusegenic until the L4-adult moult, when they do fusc (Sulston and Horvitz, 1977) and lead lo

the formation of trilarninate structures on the cuticle surface called the alae (Sulston ef ¢f., 1983)
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(Cox ef al., 1981a). While most nuclei within syncylia are uniformly distributed and take up
defined positions (White, 1988), some cells do move passively during development (Sulston and
Horvitz, 1977).

1.3 Actin is required for elongation during embryogenesis

After the hypodermally-driven cstablishment of the basic cylindrical shape of the embryo, actin
microfilaments form circumferentially at regular intervals at the apical membrane of hypodermal
cells and, using their contractile forces, induce embryonic elongation. The contrel mechanisms
dictating the position and orientation of the actin bundles is, as yet, unknown (Mei et al., 2004).
Another consequence ol contraclion is that the hypodermis is patterned by a regular arrangement
of indentations that coincide with the position of the constricted actin bundles (Priess and Hirsh,
1986; Costa ef al., 1997).

Actin contraction also requires that the filaments be anchored to the adherin junctions. This
anchorage is mediated by «-catenins and cadherins (encoded by the Amp and fmr genes in C.
elegans) and these most likely act to transmit the actin-derived force to the rest of the epidermis
(Costa et al., 1998; Mei et al., 2004). Upon treatment of embryos with cytochalasin D, an
inhibitor of actin contraction, the elongation step of embryogenesis is prevented (Priess and
Hirsh, 1986). Seam cells also provide a significan( force of clongation; during development they
change shape and themselves become elongated. Failure of this non-muscle myosin-driven
morphogenesis to occur prevents embryonic longation. mic-4, a non muscle II regulatory light
chain has been implicated in this process on the basis thal mic-4 mutants fail to elongate (Sheiton

et al.,, 1999). In this way, myosins are implicated in the control of morphology.

The actin microfilaments required for embryonic elongation become disorganised after
elongation has terminated (Priess and Hirsh, 1986). However, they re-position circumferentially

prior to each larval stage transition (Costa et al., 1997).

1.4 The hypodermally secreted cuticle

The hypodermis, during late embryogenesis, is necessary for maintaining the vermiform shape of
the animal. However, following elongation and prior to hatching, the hypodermis produces and
secretes an extracellular matrix (ECM), which takes over this role (Priess and Hirsh, 1986).
ECMs ar¢ networks of macromoleculcs that are produced by all metazoans. In many

organisms, the common roles of these lattice matrices are holding cells and tissues together,
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tissue regeneration, macromolecule filtration, separating different tissuc types, providing
surfaces for cellular intcractions and migrations and, as described above, maintaining
morphology (Sibley et al., 1993; Prockop, 1998; Norman and Moerman, 2000). However, more
tissue-, developmental stage- and orpanismal- specific functions result from varied ECMs

composition and structures (Cox et al., 1981a; Kramer, 1994b).

C. elegans has two distinct ECMs (Kramer, 1994b): the aforcmentioned hypodermally-secreted
ECM, termed the cuticle, and the busement membrane, which is secreted by muscles and organs
(this is discussed in section 1.15). While the 20nm thick basement membrane lines the outside
of the pseudococlocmic cavity that contains the musculature, intestines and gonads, the cuticle
overlies the hypodermis and the nervous tissue and also lines the mouth, pharynx and rectom
(White, 1988; Kramer, 1994b). Together, these two ECMs dcfine the borders of the two

concentric tubes that make up the basic vermiform body structure.

Since it is the most external surface of the animal, the role of the cuticle is multifarious. Its
tough but flexible nature maintains body shape, provides a protective barrier against the
environment and permits motility (via its attachments fo nmscle) (Kramer, 1994b; Johnstone,
2000).

Seerction of enticle components from the hypodermis in sequential steps facilitates the lormation
of a complex and versatile tissue that is made up of multiple layers, each of which has distinct
componcnts and Tevels of structural integrity (Johnstone, 2000, McMahon e af., 2003). By
altering the combination of layers within a cuticle, even further specialisations can be produced.
This is key in the ability of C. elegans to adapt to changing envirommnents, alter its interactions
with cxternal influences, or to cater for changing developing needs (Cox ef al., 1981a). While
this is a relatively defunct mechanism for C. elegans, which is a free living organism, it is likely
to be an evolutionary vestige from parasitic ancestors. Parasitcs require stage specific cuticles in
order to adapt to differing host environments (Cox ef al., 1981a). Thc most mportant
consequence for C. elegans, however, of producing new and progressively larger cuticles as the
life cycle progresses, is that the growth during each larval stage can be accommodated for
(Knight et al., 2002).

At each larval stage, a new distinct and stage-specific cuticle is synthesised beneath the existing

one and afterwards, the old defunct one is degradcd and shed in a process called moulting, In
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order to maintain a continual barrier between the worm and its environment, the ncw culicle
must be synthesised beneath the old one, a process that requires the prior proteolytic severing of
connections between the old cuticle and the hypodermis. This process is termed apolysis or
Iethargus, the latter term being derived by the inactivity of the animal during this time due to the
loss of connections between the musculalure and the ECM (Singh and Sulston, 1978). The
second event of the moult is characterised by an intense period of synthesis in which components
of the new cuticle are deposited (Cox and Hirsh, 1985). The most external layers of the cuticle
are laid down first, followed by the subsequent deposition of the underlying layers. The third
and final event, termed ecdysis, requires the old cuticle to be shed, a process that is also
proteolytically mediated. Moulting is observed in all nematode species and follows the same

basic principles.

In terms of cuticle composition, adults have the most layets, numbering six in total. These are,
from external to internal: the epicuticle, the cortical-, the medial-, the fibrous- (two of them) and
the basal- layers (figure 1.1) (Cox et al., 1981a). The resulting cuticle is approximately 0.5um
thick, which is refatively thick compared to other larval cuticles (Cox et al., 1981a; Cox et al.,
1981b). This may be an adult-specific specialisation to enable it to withstand the increasing
hydrostatic pressure of the adult body. As mentioned above, each of the cuticle layers has
individual properties and is also ultra-structurally distinguishable. The larval stages possess
different numbers and combinations of these layers, for example, L1 cuticles are composed of
only the basal, cortical and epicuticle layers (Cox ef al., 1981a), Both the fibrous and medial
layers are highly structured: the fibrous layer is composed of two rows of tightly organised
fibres, each of which is positioned at approximately 60° in relation to the longitudinal axis of the
animal, This results in the two layers spiralling around the animal in opposite directions. The
medial layer, which is unique to the adult cuticle, is composed of fibrous columns, termed struts,
that connect the cortical and fibrous layers (Cox ef al., 1981a). In contrast to these highly
structured luyers, the basal and cortical layers are generally amorphous and have less defined
regularity and structure. However, stage-specific differences, including thickness, are observed
in individual layers. For example, the basal layer in L1 larvae, instead of appearing

predominantly amorphous, as it does in adults, exhibits L1-specific striations (Cox ef al., 1981a).

The epicuticle and the cortical layers exhibit patterns that are discernible on the surface of the

worm as circumferential indentations (figure 1.1); these are termed annular furrows. The regions
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Figure 1.1: Diagrammatic representation of the C. elegans cuticle. Figure A depicts a
section of a transverse section of an adult cuticle (grey), overlying the hypodermis (yellow)
from which it is secreted. The distinct hypodermal “seam cells” are shown in green. The
L1- dauer- and adult-specific trilaminate alae, that run over most of the length of the worm,
are synthesised above the seam cells. Circumferential indentations are also observed at
regular intervals (these are termed the annular furrows). Figure B pictorially depicts the
layers of the adult cuticle, again overlying the hypodermis (yellow). The position of the actin
filaments in the hypodermis are indicated and it can be seen that the placement of the annular
furrows and the struts coincide. However, these are only transiently positioned at the time of
cuticle synthesis.
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between these fiurows are termed the annulae. The furrows are derived becausc the cuticle is
secreted by the hypodermis which, al the time prior to the synthesis of a new culicle, is
transiently patterned, in an identical manner, by circumferential (repolymerised) actin filaments
spaced at ~ 1 pm intervals (Costa ef al., 1997). As described in section 1.3, these are responsible
for elongation during embryogenesis and, once this step has been completed become
disorganised. However they reassemble prior to cach larval moult. Because of the way that the
cuticle is synthesised, in order that a cuticle is always present, the requirement for the actin
filaments in these post-embryonic stages, is not to maintain body morphology, as it was duﬁng
the embryo stage (Priess and Hirsh, 1986). Instead, the ability of the actin microtubules to bias
the formation of what is essentially a creased cuticle, means that the surface area of the new
cuticle is maximised, thereby accommodating for the growth of the animal (Costa et al., 1997).
A physical attachment between the cell membrane and the actin is likely to allow for the position
of the actin bundles to be translated into the cuticle furrows (McMahon ef al., 2003).

The other discernible cuticle features are the alae, which, as stated previously, are seam
cell-derived. These irilaminate ridges (figure 1.1) that run almost (he entire length of the animal

are only present in L1, dauer and adult stage cuticles (Cox et al., 1981a).

1.5 Components of the C. elegans cuticle

The distinct property of each layer is dependent on its variable composition of collagens and
cuticulins. For example, the struts, and the basal, fibrous and cortical layers are composed of
cuticle collagens while the cortical layer also has cuticulin components (Cox ef al., 1981b).
Further, dauer cuticles have high cuticulin content (e.g. the alae specific CUT-1 and CUT-6)
(Sebastiano et al., 1991; Muriel ef al., 2003). Because they are highly cross-linked, cuticulins
are highly resistant to strong reducing agents and detergents (Lassandro et af., 1994) and such a

high content may facilitate the resilience of daver larvae to adverse conditions.

C. elegans collagens are the primary cuticle components since they constitute >80% of the
soluble cuticle proteins (Cox et al., 1981b). There is a large repertoire of collagens: 175
collagens are encoded by the genome of which most (between 154 and 173 (Myllyharju and
Kivirikko, 2004)) function as components of the cuticle. The large number of different collagens
increase the complexity and the variability of the cuticle (Johnstone et al., 1992). This is in
contrast to vertebrates and other nematode species since humans encode for only 27 collagen

types (Myllyhatju and Kivirikko, 2004) while Ascaris suum and Haemonchus contortus encode
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~ 20 collagens (Kingston, 1991). Even morc dramatically different is Drosophila melanogaster,
whose genome contains only three collagen genes (Myllyharju and Kivirikko, 2004). C. elegans
cuticle collagens are similar to those found in other nematodes but arc smaller and somewhat
distinct from vertebrate collagens. While some vertebrate collagens are over 150 kDa in size, C.
elegans cuticle collagens are between 26-35 kDa (Cox, 1992). C. elegans cuticle collagen genes
are generally dispersed throughout the genome (Kramer, 1994a). However, some cases of closely
related genes have been ideutified as being only 1-3 kb apart (Kramer, 1994b). Collagen genes

represent almost 1% of all C. elegans genes.

The processing of cuticle collagens into an extensively folded and cross-linked network is key in
harvesting their structural properties and must be under precise control due to the unique folding
properties that collagens exhibit. One example of such a constraint that must be overcome is the
fact that single polypeptide chains of collagen cannot fold by themselves; they require the
presence of two other collagen chains (Engel and Prockop, 1991). The step-wise events
involved in collagen processing have been widely studied in vertebrate systems (Engel and
Prockop, 1991) and serve as a model for the steps involved in C. elegans cuticle synthesis.
There is some degree of type-specific processing of C. elegans collagens, which introduces yet
another means of increasing the diversity of cuticle forms (Cox, 1992). The following sections
will therefore describe how vertebrate collagens are folded and processed into functional higher
order structures and the features of their sequences that facilitate this processing. The
consequences of improper collagen processing are also discussed in the context of the resulting

human disorders.

1.6 Vertebrate collagens

Vertebrate collagens form the fibrils that compose bones, skin and cartilage. In fact, collagen is
the most abundant protein in mammals, constituting 30% of protein mass in humans (Myllyhatju
and Kivirikko, 2004). Different vertebrate collagens have distinct functions. While some
collagens are fibril forming (e.g. type [ and type 1I), other collagens form networks (e.g. IV, VIII
and X) (Hulmes, 2002) or regulate fibril properties such as the fibril diameter {e.g. type V)
Kypreos ef al., 2000). Another class of collagens, the FACIT collagens (fibril-associated
collagens with interrupted triple helices), modify the surface properties and stabilise fibrils
{Reichenberger and Olsen, 1996).
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Chapter 1: General Introduction

1.6.1 Vertebrate collagen processing

The initial processing steps of vertebrate collagen biosynthesis take place in the endoplasmic
reticulum (ER) and, as reviewed by Pagc and Winter (2003), include: 1) the co-translational
hydroxylation of proline and lysine residues (catalysed by prolyl 4-hydroxylasc (PHY) and lysyl
hydroxylase (LHY)) and the glycosylation of hydroxylated- or asparagine residues, 2) the
association of three monomers at the C-terminal domain, 3) the cis-frans isomerisation of
peptidyl prolinc bonds (which is rate limiting and catalysed by peptidyl prolyl cis-trans
isomerase (PPI)) and 4) the propagation of a triple helix in a C- to N-terminal direction int order
to form a left-handed helix (Kivirikko and Myllyld, 1982; Engel and Prockop, 1991; Prockop
and Kivirikko, 1995). Subsequently, trimeric helical collagens are secrcted but conlinue to be
processed via protcolytic cleavage to remove the globular N- and C - terminal domains. The
extensively processed trimers are cross-linked by an array of inter-chain bonds. The steps are

depicted in figure 1.2.

The sequence of events that occurs prior to the propagation of the helix varies between collagen
types. This is exemplificd by the fact that the formation of C-terminal disulphide inter-chain
bonds is the prerequisite for the initial association of type I collagens (Fessler and Fessler, 1974,
McLaughlin and Bulleid, 1998b) bat is not required in type III and FACIT coliagens (Mazzorana
et al., 1993; Bulleid, 1996; Mazzorana et «f., 2001). Instead, in the latter collagens, the
minimwm requirement is a small section of spontaneously-folded triple helix (a minimum of two
Gly-Pro-Hyp sequences) which, via lateral interactions, brings the C-termini in close proximity
in order that disulphide bridges can subsequently form (McLaughlin and Bulleid, 1998a). The
initial helix must be hydroxylated and thcrefore the presence of an active hydroxylating enzyme
is essential for the trimerisation of type TH and FACIT collagens (Shaw and Olsen, 1991)
(Mazzorana et al., 1993; Bulleid, 1996). Ablating the ability to form disulphide bonds (via
mutation) in these collagens has no impact on helix formation (Bulleid, 1996). In contrast, typc I
collagens, do require disulphide bond formation but can trimerise (but not fold into helices) in

the absence ol hydroxylation (Fessler and Fessler, 1974; Doege and Fessler, 1986).

The processing steps listed above are facilitated by the protein sequence of collagens. Most
vertebrate collagens encode N- and C-terminal proteolytic clcavage sitcs as well as a number of
cysteines, which are invelved in stabilising intra- and inter- disulphide bonds, the formation of
which are catalysed by protein disulphide isomerase (PDI) (Bulleid and Freedman, 1988).

However, not all collagens, for example the FACIT collagens, are proteolytically cleaved: this is
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Figure 1.2. An outline view of some of the key steps involved in
collagen biosynthesis. The initial steps are carried out in the
endoplasmic reticulum (ER) and include the hydroxylation of proline
and lysine residues, the nucleation of three collagen monomers and the
propagation of the triple helix in a C- to N- terminal direction. Trimcrs
are then secreted and their globular ends are proteolytically removed.
The soluble trimers are extensively cross-linked by an array of bonds
into a flexible and strong network. The enzymes of each of the steps in
the ER arc depicted: PHY = prolyl 4-hydroxylase, PDI= protein
disulphide isomerase, LHY = lysyl hydroxylase, PPI = peptidy! prolyl
cis-trans 1somerase,
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reflected by the absence of propeptides in these collagens (Mazzorana et al., 1993; Mazzorana et
al., 2001). Another collagen-specific folding charactcristic is that that the triple helices of the
transmembrane type XIII and XVII collagens may fold in the opposite direction from all others,

i.e. in a N- to C- terminal direction (Myllyharju and Kivirikko, 2001).

The most distinguishing and invarianily encoded feature of collagens is the presence of one or
more series of Gly-X-Y repeats which arc essential for the formation and stability of the triple
helical conformation. Helices, in turn, are vital for the structural integrity of collagens in the
cuticle. Within this motif the most invariant constraint is the requirement for a Gly residuc at
every third position. Gly residues have the smailest side chain compared to other amino acids
and thus imposc the least sterical hindrance to the helix. Upon formation of a triple helix, the
three chains are staggered by one residue in order that the Gly restdues from each chain are
buried in the central axis of the helix. Staggering of the three molecules also optimises the
inter-chain backbone-to-backbone hydrogen bond formation (Melacini ef «l., 2000; Xu ef af.,
2002). Once a helix has formed, modifying enzymes, such as PHY (Kivirikko and Myllyharju,
1998), and proteases, such as trypsin (Cox et af., 1981b), are not able to access the individual

chains. This reflects the tightly folded nature of the helix.

Replacement of a Gly in the repeat region is extremely disruptive to the tightly folded tertiary
structure since i non-Gly-X-Y regions, the helix unfolds (Jenkins and Raines, 2002).
Renucleation of the helix is possible and is dependent on lhe sequence N-terminal to the Gly
substitution (Xu et «l., 2002). In FACIT collagens there are numerous interruptions to the
Gly-X-Y domain, which may be functional, imparting fexibility and “kinks” inlo the normally
rod-like triple helix (Myers ¢f af,, 2003) (Kassner et «l,, 2004). Thesc collagens arc positioned
on the surface of the fibrils and consequently, the terminal domains of FACIT collagens are able
to project into the perifibrillar space (Kapyla es al,, 2004). In type XIX vertebrate collagens,
molecules assume a “zig-zag” conformation and can even fold back on themselves (Myers ef al.,
2003). The [lexible nature of the collagens and the multiple conformations that can result have
been allributed to facilitating interactions between collagen fibrils and other matrix components
such as fibronectin and integrin, anchoring microfibrils to basement membranes and being a
mechanism of altering the surface properties of individual fibrils in response to the
microenvironment (Myers et al., 2003) (Kapyla et al., 2004). Type IX FACIT collagens, by
interacting via covalent cross-links, form molecular bridges between cartilage collagen fibrils

and other matrix components such as proteoglycans {Chou and Li, 2002).
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Proline (Pro) and hydroxyproline (Hyp) frequently occur at the X and Y of the Gly-X-Y moiety
respectively. In vertebrate type I collagens, of all Gly-X-Y triplets, 10% are Gly-Pro-Hyp, 22%
are Gly-Pro-Y, 22% are Gly-X-Hyp, and 44% are Gly-X-Y (Brodsky and Ramshaw, 1997,
Holmgren ef al., 1999). A Gly-Pro-Iyp sequence optimises the stabilisation of the triple helix
(Sakakibara et af., 1973) and this is illustrated by the increased melting temperature exhibited by
collagens upon increased hydroxylation activily (Fessler and Fessler, 1974). In vertebrates,
hydroxylation is required in order to raise the melting temperature of the helix above bbdy
temperature (Fessler and Fessler, 1974). The stabilising effect of Hyp and Pro is thought to be
derived from their imide bonds which are more likely than amide bonds to adopt a cis
conlormation. This consequently reduces the number of conformations available and stabilises
the helix (Vitagliano et al., 2001; Xu ef al., 2002).

The processing of collagens into the cuticle requires chaperones such as the prolyl 4-hydoxylase
complex {(P4H), PDls and Hsp47 (Walmsley et al., 1999; Nagai et al., 2000), Observations from
proteolytic studies in vertebrate systems showed that the Hsp47 was specifically limited to triple
helix formation (Nagai et al., 2000). The necessary role of the chaperone is demonsirated by the
lethality that Hsp47 null mutants causc in mice (Nagai ef al., 2000). However, no Hspd7
homologue has been identified in C. elegans so P4H may function as a collagen specific

chaperone (Norman and Moerman, 2000).

1.7 Human collagen diseases

The absolute dependence on collagens to fold in the manner described above to attain proper
function is demonstrated by the fact that a number of diseases are caused when these processes
go awry. Because of the multifarious structures that are collagenous and the fact that collagen is
the most abundant protein in vertebrates, collagen biosynthesis is one of the most vulnerable and
mutation-sensitive systems in biology (Kuivaniemi et al., 1991), Consequently, collagens are
highly mutable to a number of human hereditary connective tissue disorders. While a handful of
diseases have been attributed to mutations in catalysing enzymes for the above steps, the
majority of them are the result of lesions in collagens, at sites necessary for their processing via
the above steps or at sites required for folding. Tor most of the above steps, mutations (in
collagen processing sites or in the processing enzyme) have been identified that are potent
enough to lead to human disorders such as Osteogenesis Imperfccta (OI), Ehlers Danlos

Syndrome (EDS) Sticker syndrome and Alport’s syndrome. In addition, some forms of

15




Chapter 1: General Introduction

osteoporosis and osteoarthritis are associated with collagen mutations. These diseases will be

described in the context of the genetic lesions.

To date, over 1100 collagen gene lesions have been identified within a small subset of collagen
genes. By far the most common lesions that lead to disorders are ones in typc I collagens that
result in Gly substitutions within the helical domain (Cabral et al., 2001). These are particularly
potent because the majority of the disease-associated lesions occur in loci encoding type I
collagens which associate into heterotrimers consisting of two distinct collagen polypcpﬁde
chains in a 2:1 ratio (Prockop and Kivirikko, 1984). Consequently, mutation of a single gene will
have wider implications than if all mutant collagens were sequestered to the same homotrimer
and will alter chains containing wild type collagen polypeptides. Mutations in type I collagens
have been found in OI, a disease associated with fragility of bones, and in severe cases prenatal
Jethality (Prockop and Kivirikko, 1984; Kuivaniemi et al., 1991; Cabral et al., 2001; Pace ef al.,
2002) and in EDS, characterised by skin abnormalities and abnormal joints (Prockop and
Kivirikko, 1984) (Kuivaniemi ef al., 1991). Similar mutations in type II and type TV collagens
result in Sticker’s syndrome, which is associated with myopia, vitreoretinal degeneration, retinal
detachment or 2 lethal disorder of cartilage, and Alport’s syndrome, associated with glomerular
nephritis in which there is a progressive loss of kidney function, respectively (Kuivaniemi ef af.,
1991). As discussed above in section 1.6.1, Gly substitutions are extremely potent due to the
disruption to the tightly folded helix that they elicit. In addition, unfolded collagen monomers
are the substrate of hydroxylating and glycosylating enzymes, and glycine substitution-induced
prevention or delay of trimer formation rcsuits in collagens that are over modified and

consequently destabilised (Prockop and Kivirikko, 1984).

Abnormal N- and C- terminal processing of collagens, whether as a consequence of lesions in
enzymes or to the proteolytic site of collagens, have also been implicated in diseases such as
EDS (Prockop and Kivirikko, 1984; Kuivaniemi et al., 1991, Colige et al., 1999) and Schmid
Metaphyseal Chondrodysplasia (SMCD) (Wilson ¢t al., 2002). The latter disorder has also been
attributed to improper signal peptide cleavage (Wilson ef al., 2002). A lethal form of Ol has
been found to be the result of collagens exhibiting mutations in the C-terminal propeptide, a
motif that is required for correct chain recognition and assembly (Pace et al., 2002). EDS is also
caused by loss of activity of lysyl hydroxlyases, which are required for the proper higher order

cross-linking of trimers. Aberrant cross-linking via the loss of lysyl oxidases has also been
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predicied to be the cause of Marvin’s syndrome which is characlerised by long, thin extremities,

redundant ligaments and ruptured aorta (Prockop and Kivirikko, 1984).

Many null mutants for collagens are less disruptive than other lesions, consistent with the fact
that many of the problems stem from integrating an aberrantly processed collagen into higher
order structures (Prockop and Kivirikko, 1995). For example, the region of unfolded and
flexible helix in Gly-substituted collagens may form kinks in helices that have implications on
the stability of higher order structures, such as fibrils (Prockop and Kivirikko, 1995). However
some lesions, such as a number of C- terminal processing lesions, are believed to provent the
incorporation of the mutant collagen into the cuticle. In this case, the resulting OT is a lethal
variant (Pace ef al., 2002).

1.8 C. efegans cuticle collagens

While vertebrate collagens are found in many structures, C. elegans collagens are restricted to
the cuticle and to the basement membrane. As stated previously, a new cuticle is synthesised at
the transition between each moult in order 10 accommodate for changing requirements and the
necessity for growth (Cox ef al., 1981a). Consequently, secretion of the components from the
hypodermis is only required during these periods. As a result, collagen expression is cyclical
and coincident with the larval moults. The limited synthetic period of each moult is further
subdivided into distinct peaks, lasting less than two hours, of collagen expression (e.g. 4 hours
prior to, 2 hours prior to, and coincident with the moult) with each peak representing the
expression of distinct sets of collagens (Johnstone et «l., 1992; Gilleard et al., 1997). Collagens
whose temporal expressions coincide are believed to interact with each other and in turn form
distinct cuticle substructures {e.g. the annular furrows or the annulae) (McMahon et al., 2003).
However, not all collagens are expressed in cvery larval moult; for cxamplc, some are expressed
predominantly in embryonic and early larval stages only (e.g. sqt-3) (Kramer ef al., 1985a) while
others are adult-specific (¢.g. col-19) (Liu et al., 1995). Precisc regulation of collagen temporal
expression patterns facilitates the production of distinct stage-specific cuticles, cuticle
substructures and layer compositions (Kingston, 1991). For example, it is hypothesised that the
layers destined to become the most external are secreted first, and are therefore expressed first,
while underlying layers are sequentially produced. Further cuticle specialisation is achieved by
the limiting of expression of some cuticle components to subsets of hypodermal nuclei (Kramer,
1997).
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Chapter 1: General Introduction

Tight temporal control of hypodermal collagen expression is paramount to ensure that collagens
are able to form correct substructures. This is carried out by the heterochronic pathway (Liu ef
al., 1995), which also has a role in the control of stage specific events in post-embryonic cell
division, cell cycle progression and developmental arrest (Ambros, 2000). Hetcrochronic genes
are categorised as being early (hatching to beginning of 1.3) or late (1.3-L4) and include /in-29,
lin-4, lin-14 and lin-28 whose mutation lead to precocious or retarded collagen transcription
(Ambros, 2000). LIN-29, a putative zinc finger transcription factor, is the downsircam
component of the pathway that targets 5' regulatory sequences (promoters) of collagens (Liu et
al., 1995; Rougvie and Ambros, 1995; Liu ef ¢/, 1999). Cuticle collagen promoters are small;
for example, ~125 bp of the 5’ sequences of the cuticle collagen dpy-7 is sufficient to drive tissue
specific expression (Gilleard ef @l., 1997) while 235 bp of col-19 5’ sequence is sulficient for
adult-specific expression (Liu ef al., 1995). However, this expression is weak and it is likely that
further upstream 5' sequences may contain elements that affect levels of transcription (Liu et «l.,
1995).

1.8.1 Structure of C. elegans cuticle collagens

Like vertebrate collagens, C. elegans cuticle collagens encodc for N- and C-terminal domains
and Gly-X-Y rcpeats. However, there are some C. elegans-specific featurcs (Cox, 1992). It is
therefore predicfed that these hypodermally expressed collagens are processed in a similar, but
not identical, manner as their vertebrate counterparts., It has not been conclusively established
whether C. elegans cuticle collagens form heterotrinters or homoirimers despite the fact that

genetic interactions between distinct molecules do occur.

The typical structure of C. elegans cuticle collagens is depicted in figure 1.3. In each of the
~175 cuticle collagens encoded by the C. elegans genome {(Johnstone, 2000), there are two
blocks of Gly-X-Y repeat sequences, the most N-termiinal of which is comprised of 8-10 repeats.
The second block of repeats is longer, being made up of 40-42 repeats, and has 1-2 small
non-Gly-X-Y interruptions (Kingston, 1991). The presence of lwo distinguishable Gly-X-Y
repeat regions makes the closest vertebrate relatives of these C. elegans cuticles the FACIT
collagens (Kramer, 1994b), which are the only vertebrate collagens not 1o have a single, long
Gly-X-Y region. However, the vertebrate FACIT collagens are over twice the size of their C.
elegans countcrparts. The interruptions exhibited in C. elegans collagens may facilitate more

flexible helices and consequently will favour more complex malrix interactions.
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Figure 1.3: The structure of a typical C. elegans cuticle collagen. There are two
stretches of Gly-X-Y repeats which are flanked by N- and C- termini (of varying
length according to the collagen). The N-terminus has a number of conserved
regions that are required for the proteolytic cleavage of the signal peptide (which
functions to direct the collagen to the ER) and the subsequent removal of the
collagen propeptide. The second repeat region is longer than the first and
additionally has 1-2 short interruptions in the sequence. The vertical lines represent
the regions of conserved cysteine residue clusters.
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The N-terminal and C-terminal domains of C. elegans cuticle collagens are non-Gly-X-Y and are
variable in size. The N-terminal containg a series of homology blocks (HB) (HBA-HBD) which,
as well as including the signal peptide (HBD) that directs the proteins to the ER for secretion, are
required for the proper proteolytic processing of the molecule at a subtilisin-like cleavage moiety
(HBA): C. elegans collagens are cleaved at this site (Yang and Kramer, 1994). The C-terminal
ranges from 14 — 400 residues in length in COL-19 and BLI-1 respectively (Page and Winter,
2003) (Crew and Kramer, personal communication). While it has been firmly established that
vertebrate fibrillar collagens are cleaved within this domain, only recently has a protmlﬁic
cleavage site been identified in a subset of collagens that is targeted by a C. elegans homologue
of the BMP-1 astacin metalloprotease (DPY-31/NAS-35) (Novelli e al., 2004). These N- and
C- terminal proteolytic processing events of C. elegans cuticle collagens make them distinct
from the FACIT collagens, which are not cleaved (Shaw and Olsen, 1991; Mazzorana ef al.,
1993; Mazzorana ef al., 2001).

In a similar manner to vertebrate collagens, cysteine residues within the sequence of C. elegans
collagens enable the formation of stabilising cross-links. Proof of these cross-links comes from
the requirement for thiol reducing agents for solubilisation of the cuticle (Cox e aof., 1981a).
Cross-links are formed between cysteines of the same single polypeptide chain, between chains
of the same triple helix, or are formed in order to cross-link separate trimers. There are typically
three clusters of highly conserved cysteine residues, which flank the Gly-X-Y regions. The
number and position of cysteines are conserved in subsets of C. elegans collagens and have
provided a means of classifying the members of the multigene family into one of six groups:
group 1, 1A, 2, 3, dpy-7 and dpy-2 (Johnstone, 2000). These groupings can be viewed at
bitp://www.worms.gla.ac.uk/collagen/cecolpenes.htm.  The conservation among different
nematode species argucs for their functional importance (Kingston, 1991).

1.9 C. elegans morphological mutants

Barly random mutagenic screens {using EMS) (Brenner, 1974) produced a variely of mutants
including worms displaying gross morphological defects that deviated from wild type in terms of
body shape and size. Body shape appears to be controlled by a precise system of collagen
processing, collagen interactions and cuticle construction. Mutations within genes encoding for
cuticle collagens and collagen processing machinery lead to dumpy (Dpy), blistered (Bli), roller
{Rol) and moult defect (Mlt) phenotypes (figure 1.4). Body size, on the other hand, is under the

influence of a TGF-B-related signalling pathway within which lesions lead to long
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Figure 1.4: Typical gross morphological phenotypes resulting from cuticle
defects. A) Comparison of Sma, WT and Lon animals ((sma-2(e502), N2 and
lon-3(e2175)). B) Dpy morphology (dpy-17(el64)). C) There can be differing
levels of dumpiness, exemplified by this extreme Dpy (dpy-14(el188)). D) A Bli
mutant. The fluid-filled blister is indicated with an arrow. Scale bars = 100um.
(Notice the different scale in figure D.)
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(Lon) and small (Sma) worms (Padgell e al., 1998). These two systems do not appear to be
completely independent of each other as complex genetic interactions between components of

both systems have been described.

1.10 Body shape mutants

45 loci have been identified in the C. elegans gonome that affect body shape (Johnstone, 2000),
Body shape mutants (Bli, Dpy, Sqt and Rol) are indicative of an aberrant culicle. These mutants
also often exhibit decreased mobility due to altered interactions betwcen thc ECM and the
muscles (Eschenlauver and Page, 2003). In general, Dpy is epistatic to Rol, and Rol is epistatic to
Bli (Higgins and Hirsh, 1977). Loci that have been attributed to body shape phenotypes include
those of cuticle collagens (e.g. dpy-3, bli-2 and sqt-3) and those that encode for enzymes with
roles in cuticle biosynthesis (e.g. dpy-717, dpy-18 which are a thioredoxin and a PHY
respectively) (Page and Winter, 2003). A small proportion of Dpy genes (dpy-21, dpy-26,
dpy-27 and dpy-28) are X chromosome dosage compensation-related genes (Page, 2001).

Collagen gencs arc described in the next section.

1.10.1 Collagen gene mutants

dpy-2, dpy-3, dpy-4, dpy-5, dpy-7, dpy-8, dpy-9, dpy-10, dpy-13, dpy-17, sqi-1, sqt-2, sqt-3,
rol-6, bli-1 and bli-2 are the only known mutation-sensitive cuticle collagens genes and these
represent less than 10% of the 173 cuticle collagen genes in the C. elegans genome (refer to table
1.1). This implies that while these collagens are intcgral to the wild type cuticle morphology,
there may be a level of redundancy between the others. Cuticle collagens are mutable to an array
of phenotypes (Dpy, Bli, Rol, Lon and Sqt) all of which reflect aberrant cuticle structures
(Kramer, 1994b; Johnstonc, 2000). The collagens that are phenotypically mutable vary
according to size and which collagen gene family they are in, This illustrates that there is no
correlation between the molecular strueture of a collagen and the resulting mutant phenotype
(Johnstone, 2000). Some collagens display complex interactions (such as intergenic suppression
or enhancement between genes) and this might reflect interactions between their gene products,
e.g. between rol-6 and sg¢-1 and between dpy-2 and sqi-1 (Levy et al., 1993);(Kramer, 1994b).
Table 1.1 lists the mutable collagens and describes any distinguishing features and notable

phenotypes observed in different allelcs.

Despite the complex genetic interactions that occur between alleles of multiple collagens, il has

not yet been determined whether homotrimers or heterotrimers form during C. elegans cuticle
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Chapter 1: General Introduction

biosynthesis. The genetic intcractions may indicate that the collagens involved associate
together in a trimer. However, it is also possible that they represent interactions at a higher level,
for example, associations between triple helices or larger complexes. To date, only SQT-3 has

been shown to be able to homotrimerise (A. Page, unpublished data).

Multiple alleles have been described for many of these genes, and for the majority of them, ail
the known morphological mutant alleles exhibit the same gross morphological phenotype. On
the other hand, some collagen genes, such as sgt-I, have alleles with differing phenotypes
(Kramer and Johnson, 1993). In both cascs, the location of the genetic lesion dictates the
severity of the resulting phenotype and in the latter cases, the lesion regulates the nature and
scverity of the overall phenotype. Some alleles elicit a temperatore sensitivity, the timing of
which coincides with the time of the moults (Higgins and Hirsh, 1977). This is further evidence

that these alleles exhibit aberrant cuticle siructures.

A study carried out by McMahon ez al. (2003) analysed the cuticles of different collagen mutants
using scanning electron microscopy (SEM) and immunoclocalisation using monoclonal antibodies
raised against the unique 40 residue C-terminus of the cuticle collagen, DPY-7 (McMahon et «l.,
2003). Thesc investigations revealed the cuticles of Dpy mutants can exhibit a wild type pattern
of annular furrows or can be bald (i.e. devoid of discernible annulac). Mutant loci were grouped
into two subsets accordingly (McMahon et «l., 2003). The collagens within each subset are
expressed simultaneously in relation to each larval moult, interact with each other, and localise
to distinct substructures, The collagens of one subset (DPY-7, DPY-2, DPY-3, DPY-8 and
DPY-10) are integral components of the annular furrows, They must form complex interactions
with cach other since removal of any one of them prevents the incorporation of the rest into the
culicle with the consequential loss of the annular furrows. The collagens of the other subset
(DPY-5/DPY-13) require the annular furrows in order to be properly incorporated inio the
cuticle in the annular cortex; in the absence of furrows, their localisation is disorganised.
Consequently, these collagens are dependent on the proper localisation of the set of DPY-7
collagens. The relationship is not reciprocal however, since the DPY-7 collagens localise
independently of DPY-5/DPY-13 (McMahon et af., 2003).

1.10.1.1 Blistered collagen mutants

The Bli phenotype is only manifested in adults and is characterised by: fluid filled swellings in

the cuticle; a slightly reduced body length (700-800um long as opposed to 1mm long wild type
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Chapter 1: General Introduction

animals); an expanded body circumference (5001um excluding blisters) wide versus 300pm wide
wild type); slow movement; aberrant alae (multiple and discontinuous); shorter lifc span (3-4
days) (dc Melo et al., 2003) and possible slower development (#/i-4 animals take 30% longer to
reach the adult moult) (Peters e al., 1991). Of the six bli genes, two (bli-1 and bli-2) are cuticle
collagens and, consistent with the adult specific appcarance of blisters, these are expressed in the
L4-adult moult only (Crew and Kramer, personal conununication), This is characteristic of all
Bli phenotypes. Young adults have a normal cuticle with blisters appearing about 2 hours after
this moult (Peters ef al., 1991). Although the severity of the Bli phenotype is allele-dependent,
the general pattern is that the blistering becomes more severe as the worm ages. The less severe
Bli phenotypes are usually characterised by relatively small blisters located on either side of the
head of the worm. As most Bli worms age (or in severc alleles), the number and size of blisters
increase and a corresponding decrease in movement and mating ability is observed (de Melo ef
al., 2003);Crew and Kramer, personal communication). However, a phenomenon in which
blisters can “heal” and the worm reverts to wild type has been noted in about 10% of blistered

animals, although the pereentage varies according to the allele.

Blisters result from the separation of the hasal and cortical layers of the cuticle (Peters ef al.,
1991). This was confirmed by the finding that struts are aberrant or absent in bli-1(n361)
mutants after ultra~structural analyses, immunocytochemical, freeze fracture and transmission
electron microscopy (TEM) (de Molo e/ al., 2003). These also showed actual degradation of the
fibrous and basal layers resulting in the degraded material accumulating inside the intermediate
layer, which is normally empty space in wild type animals (de Mclo ef af., 2003);Crew and
Kramer, personal communication). An altered mechanism of osmoregulation is also thought to

be involved (de Melo ef al., 2003).

The fact that b/i-7 mutants exhibit aberrant struts and that BLI-1::GFP Jocaliscs to struts in wild
type worms {Crew and Kramer, personal communication) illustrates the necessity of BLI-1 for
the asscmbly of these structures, BLI-2 is also thought to compose them (Crew and Kramer,
persaonal communication). Struts are only observed in the adult cuticle and crosses between
bli-1/Bli-2 and different heterochronic mutants, which either fail to make the L4-adult switch or
produce the adult cuticle prematurely, showed the presence of an adult cuticle is necessary for
the manifestation of the Bli phenotype (Peters er al., 1991). bli-] was identified using

transformation rescue and encodes for an unusual cuticle collagen with greatly extended N- and
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Chapter 1: General Introduction

C- lexmini, each roughly 400 residues (Crew and Kramer, personal communication). Through
interaclions with other cuticle components, BLI-1 may use these long extensions to connect the
layers flanking the medial layers. Some alleles displaying the Bli phenotype are results of
lesions in the N- and C- terminal domains, illustrating their fonctional importance (Crew, 1999)).
bli-1 and bli-2 have been shown to genetically interact (Crew and Kramer, personal

communication).

1.10.1.2 Roller coliagen mutants

Roller mutants are characterised by an abnormal crawling behaviour in which worms rotate with
a left- or right- handed pitch (LRol and RRol) around their longitudinal axis (Cox e al.,
1980);(Higgins and Hirsh, 1977). The cuticle structure of these worms is twisted and exhibits
aberrant alae. In wild type worms, alae extend straight down the body, parallel to the side of the
worm, but in roller mutants they wrap around the body of the worm in a manner that reflects the
pitch of the crawling (Cox e/ al., 1980). The twisting is observed in the body musculature, the
internal organs, the ectodermal cells and in the ventral nerve cord (Higgins and Hirsh, 1977).
Even when the contents of the worm are removed through sonication, the cuticle remains twisted
and illustrates that the phenotype is brought about by an aberrant cuticle structure rather than
being a result of altered internal body mutations. In fact, sometimes the helical twisting is even
increased, suggesting that the turgor pressure of the animal acts to partially unwind the twist
(Cox et al., 1980). Worms that exhibit LRol phenotypes normally exhibit a pitch of helix of a
1/2 turn along the length of the worm while those exhibiting RRol have a more severe helical

twisting whereby a full turn is completed along ihe body length (Cox ez al., 1980).

rol-6 is a mutation-sensitive cuticle collagen which exhibits a LRol or RRol according to the
genetic lesion while null alleles exhibit a wild type body morphology (Kramer and Johnson,
1993). rol-6 and sqt-1, additional cuticle collagens, have sequence similarity, and equivalent
mutations in both genes result in the same phenotype (Kramer and Johnson, 1993). Therefore,
the genetic lesions responsible for the LRol and RRol phenotypes will be discussed in the

context of sg¢-1 in the next section.

1.10.1.3 Squat collagen mutants

Three sgf genes exist to date (sqi-1, sqt-2 and sqt-3) and each encode cuticle collagens (Kramer
et al., 1988). sgt-1 is by far the most characterised. Sqt mutants were historically defined by the
fact that they are Rol as heterozygotes and Dpy/DpyRol as homozygotes. However, further
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analysis has revealed that these are a complex class of genes and accordingly exhibit a range of
allele-specific phenotypes that include Dpy, dominant and recessive LRol and RRol, wild type
and one Lon allele (Kusch and Edgar, 1986). As stated, heterozygotes normally exhibit Rol
phenotypes. Certain alleles even exhibit different phenotypes according to different larval stages
(Cox et al., 1980) e.g. sgt-1(sci) are Rol in L3 and Dpy in L4/Adult (Kramer and Johnson, 1993;
Park and Kramer, 1994). Some alleles, in particular sgi-3 alleles, exhibit temperature sensitivity
(van der Keyl et al., 1994).

These varied phenotypes and the complex genetic interactions suggest that the overall
morphology of the cuticle is dependent on the sgf gene products. In addition, it is interesting to
note that the instance of a gene having a high frequency of dominant alleles (found for sqgs-/ and
sq¢-3) (Cox et al., 1980} is a common attribuic for C. e¢legans genes, such as actin, that encode
for proteins that form multimeric structures (Park and Kramer, 1994). Certain mutations in these
collagens can also result in abnormal alae which are beaded (i.e. they have minor interruptions)

or display loops (Kramer, 1994b).

sgt-1 was identified through Tcl transposon inscrtion and the subsequent chromosome walking
and deficiency mapping and it was the first gene to show the ability of mutant collagens to be
sufficient to induce an altered phenotype (Kramer ef a/., 1988). Its structure is that of a typical
C. elegans cuticle collagen, and contains a 126 residue N-terminus, 150 Gly-X-Y rcpeats and a

25 residue C-terminus.

Worms that have a RRol phenotype sqt-{(ef350) and sqt-1(scl) result when the conserved
N-terminal arginine residues within the proposed ArgXXArg subtilisin-like cleavage site are
rcplaced, thus preventing proteolytic processing at this site (Kramer and Johnson, 1993; Yang
and Kramer, 1994; Yang and Kramer, 1999). These mutants show extremely aberrant cuticles
that exhibit severe branching alae and annulae. The LRol phenotype of sqi-I(scl3) is caused by
mutations that prevent cross-linking, such as substitutions of either, or both, of the two
C-terminal cysteines (Kramer and Johnson, 1993; Yang and Kramer, 1994). Ablation of these
residues allows trimer formation but prevents the formation of tyrosine cross-links sincc a
prerequisite of tyrosine-associated cross-links between collagen monomers is the formation of
disulphide bonds at a site adjacent to the tyrosine. Western blots probing for sqz-1(sci3) cuticle

extracis show an accumulation of single collagen trimers in these mutants compared to wild type
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Chapter I: General Introduction

in which SQT-1 trimer moieties are in dimer, lettamer and higher oligomer forms (Yang and
Kramer, 1999).

Glycine substitutions in SQT-1 collagens lead to a mild phenotype in which body length is
slightly reduced without an accompanying increase in body width (Kramer and Johnson, 1993).
This is interesting since in many other collagens these lesions are associated with the most severe
morphological dcfects (Kramer, 1994b; Page and Winter, 2003). Null alleles of all the SQT-1
collagens are the lcast potent lesions, resulting in almost wild type morphology, being only
slightly Dpy with small abnormalities in the tail (Kramer and Johnson, 1993; Yang and Kramer,
1999) . RNAI targeting of these gencs also produces animals with only subtle morphological
changes. The observations for the diffcrent allele lesions of sq-7 imply that the phenotype
observed in non-null mutations is due, not to the removal of an essential collagen from the
cuticle, but to a consequence of the insertion of an aberrant and disrupting “structural poison™
(Kramer et al., 1988). Based on its wild type null phenotype, the presence of SQT-1 in the

cuticle is not essential.

Ultra-structural analysis of the LRol cross-linking mutant, sg¢-1(sci3), (Kramer and Johnson,
1893) revcals cuticle aberrations in the fibrous and intermediate layers of these mutants (Peixoto
et al., 2000). Compared to the wild type fibrous layers which has two layers of fibres arranged at
60° to one another to form a herring bone pattern (Cox et af., 1981a), sgt-1(sci3) mutants exhibit
only one fibrous layer that runs latcrally. These mutants also display aberrant struts and an
intermediate layer that is filled with electron-dense material, as opposed o being transhicent in
wild type animals (Peixoto et al.,, 2000). This material completely fills the layer, extending
between the cortical and basal regions, and is organised in a honeycomb fashion (Peixoto et al.,
2000). sgf-1(sc103) null worms have relatively wild type gross morphology but exhibit
aberrations in the cuticle at the ultra~structural level since only one fibrous layer exists and struts
are looscly organised (Peixoto ef al., 2000). However, unlike the Rol sq#-7{sc13) mutants, and
more similar to wild type worms, the intermediate layer is empty. These observations suggest
that a fibrous layer composed of just one parallel layer is not sufficient to induce a Rol
morphology. It appears that these aberrations in the fibrous layer do not affect the overlying
cuticle. It is likely that the distinguishing property between the LRol and RRol phenotypes is
which of the two fibrous layers is lost since each one is in contact with different layers and

non-fibre portions of the euticle (Peixoto ef al., 2000). However, it may not be so simple
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Chapter 1: General Introduction

because rol-6(sul 006} animals are observed to contain both fibrous layers yet still manifest the

RRol phenotype (Peixoto et al., 1998).

sqt-1 and rol-6 exhibit complex genetic interactions and this might illustrate the interaction of
their gene products (Park and Kramer, 1994). This is further strengthened by the fact that, as
mentioned above, equivalent mutants in rol-¢ and sq¢-7/ have similar but not identical
phenotypes. sgf-7 phenotypes are generally stronger than the ro/-6 phenotypes (Park and
Kramer, 1994).

SQT-3 is uniquc since it is the only collagen that is required for viability (Novelli ef af., 2004).
The cssential role of this collagen is restricted to embryogenesis. This is illustrated by a number
of observations: firstly, it is expressed most abundantly in cmbryonic and L1 stages (Kramer et
al., 1985b) and secondly, many of its alleles arc cmbryonic lcthal when incubated at >15°C (van
der Keyl ef al., 1994). Thirdly, incubation at sub-optimal tcmperaturcs is only required for
embryonic stages; once past L1, animals can be incubated at 25°C and maintain a wild type body
morphology (van der Keyl et al,, 1994). Finally, some alleles such as sgi-3(sc63), a glycine
substitution, are Dpy at L1 but reverl towards wild type as they progress towards the adult stage.
On the other hand, somc allcles (c.g. sq#-3(e24)) remain Dpy throughout all larval stages and
become DpyRol in adults (van der Keyl et al., 1994). This rcficets that there is low-level

expression of this collagen during post L1-larval and adult stages (van der Keyl ¢f ol., 1994).

SQT-3 glycine substitutions exhibit larval lethal, Dpy or DpyRol phenotypes (c.g. in
sqt-3(e2117), sqt-3(sc64) Lis and sgqr-3(e24) adults respectively) (van der Keyl ef al., 1994).
The severity of phenotype is determined by the position of thc substitution; the closer the
substitution is to the N-terminal, the more severe the phenotype. This is because being closer to
the N-terminus reduces the ability for the helix to renucleate (Xu ef al., 2002). Inability to
renucleate reduces the thermal stability and/or affects the N-proteinase cleavage site (van der
Keyl et al., 1994). More recently, mutant alleles have been isolated that contain lesions in a
C-terminal region that is the site of proteolytic cleavage by a BMP-1 homologue
(DPY-31/NAS-35) (Novelli ef al,, 2004). C-texminal processing site mutants exhibit LRol or
weak Dpy phenotypes below 15°C (e.g. sqt-3(e2809) and sqt-3(e2911) respectively) but are
lethal above the critical temperature. A temperature-sensitive null mutant has also been

identified: sqi-37e2924) (J. Novelli, personal conmmunication).
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Chapter 1: General Introduction

1.10.1.4 Dumpy collagen mutants

The Dpy phenotype, characterised by a short wide body, is a conscquence of an aberrant cuticle
that allows greater radial cxtensibility when subjected (o high intermal hydrostatic pressure
(Kramer et al., 1988). 10 of the 27 Dpy-causing genes dpy-2 (Levy et al., 1993), dpy-3
(McMahon et al., 2003), dpy-4 (Simmer et al., 2003), dpy-5 (Thacker and Rose, personal
communication), dpy-7 (Johnstone et al., 1992), dpy-8§ (McMahon et al., 2003}, dpy-9 (Simmer
el al., 2003), dpy-10 (Levy et al., 1993), dpy-13 (von Mende ef al., 1988) and dpy-17 (A.
Smardon, personal communication) are cuticle collagens. The genetic loci responsible for these
collagen mutations were discovered through a variety of mcthods including low siringency

hybridisation using a collagen, Te msertion analysis, cosmid mapping, and rescues.

Unlike the Bli phenotype, which is only observed in adults (Peters et al., 1991), the Dpy
phenotype has been observed at all post-cmbryonic stages (e.g. all stages of dpy-13(el84)
mutants have morphological defects). However, in some cascs, therc is gene- and
allele-specificity in the extent of phenotype severity at different stages (e.g. dpy-2(e8) animals

are non-Dpy during larval stages).

All the loci that are mutable to the Dpy morphology have null/RNA1 phenotypes that are Dpy or
DpyRol, indicating that, in contrast to sg#-1, whosc cxclugion from the cuticle has little effect on
morphology, the presence of this subset of collagens in the cuticle is necessary for proper cuticle
formation. DpyRol is assumed to be a more severe manifestation of Dpy and is associated with a
significant reduction in the collagens within the cuticle, hence the many null mutants exhibiting
this phenotype (Levy et al,, 1993).  Glycine substitution mutants, identified to date, for the
‘Dpy’ loci are also Dpy or DpyRol but there is allele specificity in terms of the severity of the
phenotype. Some loci (e.g. dpy-7 and dpy-5) have null- and glycine substitution- alleles that
exhibit equivalent degrees of dumpiness while other loci, such as dpy-10 (Levy et al., 1993),
have null/RNAIi phenotypes which are less severe than certain lesions. In the former case,
equivalent phenotypes arise when the aberrant glycine-substituted collagens are excluded from
the cuticle, making them effective nulls (McMahon ef @f., 2003). In the latter casc, the aberrant
collagen is acting as a “structural poison” (Levy ef al, 1993) in a similar manner to the

aberrantly processed SQ1-1 collagens.

30

i i

4
z
H
H

SIPLCES S RN T TORupoN S




Chapter 1: General Introduction

Some alleles of the Dpy collagen mutants are temperature-sensitive that exhibit either
wild type—2>mutant or Dpy->DpyRol transitions when exposed o conditions over a critical
temperature (e.g.dpy-8(sc44) and dpy-2(sc28) respectively). This temperature-sensitivity is
presumably caused by temperature-induced destabilisation of the mutant collagens (Levy ef al.,
1993).

In contrast to Bli-inducing collagens which are associated with the underlying struts, Dpy loci
gene products localise to the annular cortex and furrows (McMahon et af., 2003). This illustrates
that the localisation of a mutant collagen within the cuticle dictates the resulting morphological

phenotype.

1.11 Mutants in collagen biosynthesis

A number of morphological mutants have been identified as having lesions in genes encoding
cuticle processing enzymes. Thesc include the hli-3, bli-4, bli-5, dpy-11, dpy-14, dpy-18 and
dpy-31 loci. These will be discussed in the context of their functions below. It is interesting to
note that all the alleles for each locus result in the same phenotype. Therefore, whether Bli or
Dpy phenotypes result as a consequence of lesions to the enzymes, may be indicalive of the
enzymes having different substrates. To recap, the processing of collagens requires
hydroxylation of proline and lysine residues, cis-frans isomerisation, proteolytic processing of
the pro-collagen N- and C- termini, and numerous cross-linking steps. Morphological mutants
have been found for all the enzymes neccssary for these steps apart from PPIs, which are thought
to be important but not to lead to defects due to high levels of redundancy (Page and Winter,
2003).

1.11.1 PHY-1 (DPY-18) and its PDI subunit

Hydroxylation of proline residues, calalysed by prolyl 4-hydroxylase (PHY), occwrs
co-translationally and results in the necessary hydroxylation of approximately halt the Y position
prolyl residues in the Gly-X-Y repeat region in both nematode and vertebrate collagens (Cox et
al., 1981b; Kivirikko et al., 1992; Kivirikko and Myllyharju, 1998). This process is key for the
thermal stability of the [final triple helix structure (Sakakibara ef al., 1973). In both svslems,
PHY activity requires that it be in a complex with a protein disulphide isomerase (PDI) subunit
(the 3 subunit) whose enzyme activity is not rcquired for the hydroxylation step in collagen
synthesis but which is vital in the complex for maintaining thc PHY subunit (the o subunit) in a

non-aggregated, catalytically active conformation as well as sequestering it to the ER via a
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KDEIL (vertebrate) or H/K-E/T-C/E-L (nematode) motif region (Kivirikko and Pihlajaniemi,
1998; Eschenlauer and Page, 2003). The PDI subunit, which is effectively acting as a chapcrone,
cannol be substituted with another chaperone molecule, such as BiP, and therefore the ahility to
maintain PHY activity is PDI-specific (Kivirikke 1998). Collagen molecules that are monomeric
or unfolded are the only substrates for PHY activily because once folded into a helix, the enzyme
can no longer access the proline residues. Unfolded or monomeric collagens are actually
necessary for the PHY complex since the subunits of the enzyme dissociate in their absence
(Kivirikko, 1998). This necessity for monomeric collagens is the reason that hydroxylation of

prolincs occurs as one of the first steps in collagen processing.

The C. elegans genome encodes two PHY genes, pay-1 and phy-2, that have cuticular roles.
phy-3 (Riihimaa et al., 2002} and phy-4 do not (Winter and Page, 2000). phy-7 was identified as
the locus responsible for dpy-18: microinjection of the genc is able to rescue the Dpy phenoiype
of these mutants while microinjection of a mutated form of the gene does not enhance the null
phenotype mutants (Friedman et a/., 2000; Hill ef al., 2000; Winter and Page, 2000). In addition,
RNAI of the pAy-1 genc phenocopies dpy-18 alleles (Friedman et al., 2000; Hill ef al., 2000,
Winter and Page, 2000). Three C. elegans PDIs (PDI-1, PDI-2 and PDI-3) exist, however, both
PDI-1 and PDI-3 have roles distinct from the PHY-PDI complex (refer to sections 1.11.2 and
1.11.5.4).

Active PHY/PD] complexes exist as either a DPY-18/PHY-2/(PDI-2), mixed tetramer or as
DPY-18/PDI-2 (or PHY-2/PDI-2) dimers. The mixed tetramer is by far the most abundant form
{Winter and Page, 2000). Due to the presence of the PDI-2 subunits in all of thcse complexes, it
is not surprising that RNAI of pdi-2 produces a more severe effect than when either of the PHY
subunits is eliminated alone. Interference of PDI-2 results in embryonic lethality while dpy-18
RNAI (as described above) produces Dpy animals and RNAI of pAy-2 does not affect the gross
morphology. However, combined interference of hoth PHY subunits (through RNAI of phy-2 in
dpy-18 mull background) is embryonic lethal. The viable RNAI phenotypes of the single phy
interferences is explained by the fact lhat despite the elimination of the mixed tctramer, the
dimer forms of the enzyme still exist and, are actually upregulated in the absence of one of the «
subunits (Myllyharju et al., 2002). All RNAi-treated worms exhibit reduced hydroxyproline
content (Winter and Page, 2000}.
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Chapter 1: General Introduction

The human forms of PHY complexes differ from their C. elegans counterparts in that neither
dimers (DPY-18/PDI-2 or PHY-2/PDI-2) nor mixed tetramers (i.e. containing two different PHY
subunits (PHY-PDI), exist; only tetramers containing two molecules of the same PHY subunit
are obscrved (Kivirikko and Myllyharju, 1998). The formation of either a dimer or tetramer
depends on the PHY subunit since an active dimer is formed when C. elegans phy-1 is expressed
with human PDI while an aclive tetramer is formed between two C. elegans PDI-2 subunits and

two human PHY subunits (Myllyharju et al., 2002).

1.11.2 A cis-frans isomerase (PPI]) and additional roles of PDI-2 and PHYs

PDI-1 lies on an operon with cyp-9, a peptidyl prolyl cis-frans isomerase (PPI) (Page, 1997)
which catalyses the cis-frans isomerisation of Hyp and Pro residues, a step that is necessary for,
and another rate limiting step of, collagen ftriple helix propagation (Bichinger, 1987).
Expression of these enzymes is hypodermal and peaks coincident with the larval moulis (Page,
1997). 26 members of the PPIs family are encoded in the C. elegans genome (Page ef al., 1996;
Page and Winter, 2003). This includes the FK506-binding proteins and the cyclophilins of
which ¢yp-9 is one (WormBase). This level of redundancy may explain the fact that targeted

RNAi of cyp-9 does not produce observable morphelogical or cuticular defects (Page and
Winter, 2003).

In addition to its role in maintaining PHY in an active conformation, PDI-2 acts as a chaperone,
both with and without PHY, that retains non-helical and non-hydroxylated collagens in the ER
(Walmsley et al., 1999) and also catalyses the formation of inter- and intrachain- disulphide
bonds through iis thioredoxin-like activity (Eschenlauer and Page, 2003). PDI-1 and PDI-3 (the
latter of which is discussed in section 1.11.5.4) share these additional functions. The
thioredoxin-like activity of these enzymes is involved in the breaking, rearrangement and
formation of disulphide bonds (Blasco 2003); this is a rale-limiting step in coliagen biosynthesis
(Page 1997).

Prolyl hydroxylating enzymes have important roles in addition 1o collagen-synthesis: BEGL-9, a
PHY-related enzyme, has already been demonstrated to hydroxylate the o subunit of a
hypoxia-inducible transcription factor (HIF) (Epstein e al., 2001). On the basis of egl-9 null
mutants being eggless (Bgl) (Trent ef al., 1983) and resistant to the cyanide in Pseudomonas
aeruginosq toxin (Gallagher and Manoil, 2001), it appears that this enzyme may have broader

roles (Epstein et al., 2001; Freeman et al., 2003). The HIF-pathway is conserved in nematodes
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Chapter 1: General Introduction

and higher vertebrates but the nematode system represents a less complex version, having only a
single HIF-hydoxylating enzyme compared to the three in humans (Myllyharju, 2003). In these
sytems, the hydroxylating activity of the PHY-like enzymes at a Leu-X-X-Leu-Ala-Pro motif
maintains HIF in a state whereby it is targeted for ubiquitin-mediated degradation (Epstcin ef a/.,
2001; Freeman er al., 2003; Myllyharju, 2003). Loss of hydroxylating activity prevents
degradation and conscquently, HIF is transported {o the nucleus where it activates cell survival
mechanisms e.g. via the transcription of genes such as glucose transporter-1, and insulin-like
growth factor (Freeman ef a/., 2003). The HIF-hydroxylating enzymes constitute a distinct
family of PHY enzymes because phy-2 and dpy-18 mutants are not defective in the HIF system
(Epstein et al., 2001).

1.11.3 Proteases involved in collagen biosynthesis

Proteases ate required for the cleavage of the N- and C- termini of vertebrate collagen precursors
and this processing is an essential step for the proper folding of such collagens (Prockop, 1998;
Page and Winter, 2003). A vast number of proteases exist, not all of which are involved in
collagen proccssing, and are classified via a complex grouping system into families and
subfamilies according to their active site metals, binding site sequences and functional domains.
The metalloproteinase group is one category of proteases and these are implicated in the
regulation, synthesis, remodelling and degradation of the ECM in a variety of organisms.
Subdivisions of metalloproteinases include the M12 type proteases, adamalysins (ADAMs) and
mafrixins. Further subgroups of the M12 proteases include the reprolysins and astacins while a
subgroup of the matrixing are the matrix metalloproteinases (MMPs). As will be explained in
section 1.13.1.1, astacins are required for morphogenesis and for collagen processing. The
proteascs described in this section are only those associated with collagen processing during
cuticle synthesis. Here, the defective N- and C-terminal processing of collagens in 5/-4 and
dpy-31 mutants (respectively) is discussed in terms of the necessary roles that the encoded

enzymes have in cuticle synthesis.

1.11.3.1 An N-terminal collagen protease: BLI-4

BLI-4 was identified as the C. elegans homologue of a family of calcium-dependent
subtilisin-like serine endoproteases (also termed proprotein convertase proteinase (PCPs))
(Thacker and Rose, 2000; Thacker ef al., 2000a). This family of proleases cleaves a wide range
of proteins (such as pro-c-mating factor in ycast, prohormones, proneuropeptides, growth factors

and adhesion molecules in humans, bacterial toxins and viral glycoproteins) (Thacker et al.,
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2000b) in order to convert them from inactive precursors to active mature peptides. Although
related to the bacterial subtilisins, eukaryote homologues are much more specific in their
cleavage, recognising only C-terminal sites containing dibasic residues, Arg-X-X-Arg (Thacker
and Rose, 2000).

Despite being most similar to vertebrate FACIT collagens, which are not subjected to N-terminal
proteolytic cleavage (Mazzorana et al., 1993), all of the characteriscd C. elegans collagens do
contain the characteristic subtilisin-like (R/K)XX(R/K) cleavage recognition site at their
N-terminus (HBA) (Kramer, 1994b). In experiments analysing ROL-6 and SQT-1 collagens
(e.g. from the strains rol-6(sul006), sqit-1(scl) and sqé-1(ei350)), cleavage at this recognition
site was found to be necessary for normal collagen function and for efficient incorporation of the
collagens into the cuticle (Yang and Kramer, 1994). All C. elegans collagens contain this
recognition site, which may be targeted by the proteolytic activity of BLI-4 (Thacker and Rosc,
2000). Four subtilisin-likc gencs exist in the C. e¢legans genome (kpe-1, kpc-2legl-3,
kpc-3/aex-3, kpc-4/bli-4) and of these only the &4i-4 gene product has been imptlicated in cuticle
processing due to its Bli phenotype, a phenotype associated with cuticle defects (Thacker and
Rose, 2000).

All but one of the ipc-4/bli-4 alleles tested to date are non-viable, being embryonic or larval
Icthal (Thacker ef al., 2000a). The viable bli-4(e937) mutanis exhibit adult specific cuticular
blistering (Peters er af., 1991), The lethality of most b/i-4 alleles indicates that the encoded
protease is essential in carly development (including late embryogenesis) (Peters ef al., 1991)
while the Bli phenotype illustrates its importance to the adult cuticle. Its role in early
development could be in the maintenance of the larval cuticle or processing of another substrate
not associated with the ECM (Peters ef al., 1991) (Thacker and Rose, 2000). Since bli-4{e937)
worms appear wild type at larval stages, it scems that the larval and adult cuticle requircments
are independently mutable (Peters ef al., 1991). As well as being hypodermally expressed, bli-4
expression is also observed in neural tissue (Thacker and Rose, 2000), strengthening the idea that

this enzyme has distinct roles outside of the cuticle.

The b/i-4 locus is complex and, through alternative splicing of 12 exons, encodes for at least nine
different gene products (A-I) cach of which differs in their substrate-determining C-terminal
{which can range in length from nine to 286 residues) (Thacker and Rose, 2000). The

conplexity of the gene and the consequential varied substrate specificities of the resulting
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Chapter 1: General Introduction

isoforms have been proposed to facilitate the differing cuticle compositions at each stage of the
life cycle (Thacker and Rose, 2000). While all of the isoforms are affeeted in lethal mutants, it is
the isoforms A, E, F, G and H which are climinated (via a 3325 bp deletion) in the viable
bli-4(e937) mutant and which therefore must be specifically involved in the construction of the
adult cuticle (Thacker and Rose, personal communication). The argument for adult-specific
processing being affected in this mutant strain is strengthened by the fact that an adult cuticle is a
prerequisite (but not sufficient) for the formation of blisters, This was shown by crosses with
bli-4 and heterochronic mutants, Zin-29 and lin-14 (Peters et al.,, 1991). The observations abdve,
in addition to the fact that the Bli phenotype is a result of aberrant struts and that b/i-4(e937)
mutants fail to secrete BLI-1::GFP (Crew and Kramer, personal communication), suggest that
the targets of the mutant isoform/s of the bli-4(¢937) strain are the adult-specific and
strut-localised BLI~1 and BLI-2 collagens (Crew and Kramer, personal communication), It is
probable that collagens whose molecular lesions lead to Dpy and St phenotypes are processed
normally since these phenotypes are both epistatic to Bli (Higgins and Hirsh, 1977). Thus, if
collagens that produced these phenotypes were mutant, the Bli phenotype would not be
obscrved. This is exemplified by the fact that sg¢-3, dpy-10, dpy-13 and dpy-5 morphological
mutants suppress the bli-4 Bli phenotype (Peters ez al., 1991). Typical for the subltilisin-like
family, all isoforms of BILI-4 arc themselves synthesized as inactive precursors that contain a
signal peptide, a prodomain domain, a catalytic domain, a conserved middle (or P) domain
(which directs folding and catalytic activity), and a variable C-terminal domain (Thacker and
Rose, 2000).

A BLI-4 homologue (termed ‘blisterase’} has recently been identified in Onchorcerca voivulus.
Its cleavage site is RRKR. Seven subtilisin-like homologues exist in humans (Poole et al.,
2003).

1.11.3.2 Collagen C-terminal proteases: Astacins

While BLI-4 processes the N-terminal of collagens, a metalloprotease of the astacin family can

target the C-terminal pro-collagen domain (Novelli et al., 2004).

The first collagen C-terminal protease to be identified was in a vertebrate system. Protease
activity was attributed to a bone morphogenic protease-1 (BMP-1), a member of the astacin
family of zinc-dependent M12 mctalloproteases (Li et al, 1996; Prockop et al, 1998).
Pro-collagen C proteinase (PCP) activity is exhibited by both BMP-1 and its longer splice
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Chapter 1. General Introduction

variant TOLLOID (T1d) (Takahara ez al., 1994). The latter functions in the establishment of the
dorsoventral axis of Drosophila melangoster embryos (Hishida et al., 1996; Li et al., 1996;
Wardle ef al., 1999). Vertebrate BMP-1/Tld astacin proteases have a wide range of substrates
and consequently have many roles in both developmental and mature systems (Hartigan er al.,
2003). In a variety of organisms, roles include hatching (Hartigan et al., 2003), morphogenesis
and pattern formation (Wardle ef @l., 1999). In terms of the aforementioned morphogenesis, in
addition to clcavage of collagen, astacin activity targets other ECM molecules including prolysyl
oxidase, laminin 5, probiglycan and chordin (Suzuki et al., 1996; Wardle et al., 1999; Rattenhol
et al., 2002).

Astacins are distinguished from other zinc-dependent metalloproteases (metzincins) by a typical
HEXXHXXGFXHEXXRXDR protease domain sequence (HEXXH within this sequence is the
zin¢ binding motif) (Bond and Beynon, 1995). In addition to this protease domain, they usually
have 1) a signal sequence, 2) a prodomain that mediates furin-mediated activation, and 3) a
substrate-determining C-terminal extension that can include different combinations of the
following domains: SXC, epidermal growth factor- (CGF)-like, CUB (domains that are similar
to- and named after their presence in complement components C1r/Cls, embryonic sea urchin
proleins Uegf and in BMP-1) and thrombospondin-like (TSP) domains (Mohrlen et af., 2003)
{Bond and Beynon, 1995).

A publication by Novelli er al. (2004) has attributed a C. elegans BMP-1 homologue to the
dpy-31/nas-35 locus, and has implicated it in the C-terminal processing of at least a subset of C.
elegans collagens (Novelli er al., 2004). Loss-of-function mutants exhibit cuticle defects (e.g.
Dpy phenotype) as well as larval- and embryonic- lethality, particularly at temperatures above
15°C. Embryonic and L1 slages are particularly susceptible to lesions within this locus, and this
is consistent with the fact that the only proven substrate of this protease is SQT-3, a collagen that
is expressed in embryo and L1 stages. SQT-3 encodes a YCALD muotif that is believed to be the
protease recognition site. All members of the SQT-3 collagen family invariantly encode this
motif and it is therefore likely that these collagens are targets of C-terminal proteolysis by
DPY-31/NAS-35 (Novelli et al, 2004). DPY-31/NAS-35 shares 43% similarity to human
BMP-1 and contains: a signal peptide, a prodomain, an astacin catalytic domain, an EGF motif,
a CUB domain and a TSP-typc-1 repeat (Novelli ef al., 2004).
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There are more astacins encoded by the C. elegans genone than in any previously studied
organisms; 40 active astacins have been identified in C. elegans compared to 2-3 in organisms
with larger genomes (Mohrlen ef al., 2003). There appears to be a Icvel of redundancy in these
genes since very few of these have visible RNAI phenotypes. Each C. elegans astacin has been
assigned into one of six subgroup according to their domain structures (Mohrlen et al., 2003)
DPY-31/NAS-35 falls into subgroup V. Other members of this family are discussed in a later

section as their roles are not directly related to collagen processing.
1.11.4 Regulators of protease activity

1.11.4.1 BLI-5 is a serine protease inhibitor

The locus responsible for 5/i-5 morphological mutants was recently confirmed to encode for a
serine protease inhibitor (Simmer et al., 2003). It is interesting to note the apparent contradiction
in the fact that disruption of a serine protease such as BLI-4 (described above) results in a similar
phenotype to a protease inhibitor such as BLI-5. How BLI-5 activity contributes o cuticle
synthesis is as yet unknown, However, it is likely that its role is in the control of proteolysis.
Again, due to the Bli phenotype, it appears that the b/i-5 lesion may only affect the cuticle
associated with the struts. bli-5(e518) is a Ser-Lys mutation (Simmer et al., 2003} that occurs
outside of the defined irypsin inhibitor active site and it is not known how, or if, such a mutation

affects the inhibitory activity of the enzyme.

1.11.5 Collagen cross-links and their catalytic enzymes

During cuticle biogenesis, trimer processing is followed by the formation of higher order
structures. In C. elegans and other nematodes, these are mediated through intermolecular
disulphide-(Schofield et al., 1974), tyrosine-derived-(Fujimoto, 1975; Fujimoto ef «l., 1981) and
glutamine-derived bonds (Mehta e¢ al., 1990). While disulphide bonds, which are formed by
thioredoxins, are soluble in detergent or 2-B-mercaptoethanol (2-ME)-containing buffers, (Cox et
al., 1981b; Cox, 1992), the latter two covalent bonds are non-reducible as 25% of the adult
cuticle remains insolublc after B-ME treatment (Cox ef al, 1981b). Differing extents of
solubility are observed in different larval stages, suggesting stage-specific cross-linking. Dauer
cuticles, in particular, are highly cross-linked and this extent of cross-linking must contribute to
the resilience of this stage to adverse conditions (Cox ef al., 1981h). While tyrosine-derived
bonds are formed by the catalytic action of animal haem peroxidases, transglutaminases (T'Gase)
catalyse the formation of glutamate-derived bonds (Cariello ez al., 1990; Greenberg ef al., 1991).

As well as the non-reducible nature of these bonds, the lattcr of these bonds is additionally
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resistant to proteolysis, only being dcstroyed upon the complete degradation of the peptide
chains (Greenberg ef of., 1991). An additional cross-linking bond is observed in C. efegans
cuticles and is hydroxylysine derived. However, it is restricted to dauer cuticles (Cox et l.,
1981a). This is interesting since these are the predominant intermolecular bonds in vertebrate
collagens (Bornstein, 2003), with disulphide and glutamate-derived cross-links being less
abundant, but necessary. Tyrosine-derived cross-linking is not observed in vertebrate collagens;
however, they have been identified in the {cataract) veriebrate lens (Garcia Castineiras ef al.,
1978; Fetterer and Rhoads, 1990). The different types of bonds observed in vertebrates and
nematodes presumably alters the properties of the distinct collagens and this may refleet the
differing structures that thcy form; the majority of vertebrate collagens form fibrils unlike the

non-fibrillar, cuticular C. elegans collagens.

The necessity of cross-linking bonds in nematodes and other organisms has been detnonstrated
by the mutant/lethal phenotypes observed upon disruption of cross-linking enzyme activity;
TGase deficiency in mice, for example, results in nconatal death (Matsuki ez al., 1998) while
phenotypes that range from mild blister to lethal are observed in C. elegans when certain animal
haem peroxidase enzymes are mutatcd or are ablated (Duox) (Edens er el, 2001), Dpy
phenotypcs arc also associated with the absence of, or lesions in, thioredoxins (Ko and Chow,
2002). Further demonstration for the necessity of collagen cross-linking in C. elegans comes
from collagen mutants with lesions in covalent bond-forming residues. For example, mutations
that remove a conserved C-terminal domain cysteine residue in SQT-1 collagens prevent the
formation of tyrosine-derived cross-links and result in a severely disrupted cuticle (Yang and
Kramer, 1999).

1.11.5.1 DPY-11 is a thioredoxin

Thioredoxing are found in invertebrates and vertebrates and are cellular redox cofactors that
catalyse various thiodisulphide exchange reactions which resuit in disulphide bond formation
¢.g. during antioxidant defense, modulation of apoptosis and immune responses in verlebrates
(Sadek et al., 2003). The reducing activity of this important family of enzymes, thal includes
PDI along with other ER proteins in the C. elegans genome, is driven by one or more essential
CXXC motif(s) within the redox aclive site (Martin, 1995). Thioredoxins have an essential role
in development (Baird and Emunons, 1990); knock-out mice for a thioredoxin gene are
embryonic lethal (Matsui ef al,, 1996). They are also implicated in the control of C. elegans

body morphology. The latter function, which includes regulation of the male tail, was
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demonstrated by the identification of the locus responsible for the morphological mutant,
DPY-11, as being a novel and active thioredoxin in the C. elegans genome (Ko and Chow,
2002). It represents one of 38 that are potentially encoded. Despite its substrate being as yet
unidentiflicd, its hypodermal expression and Dpy mutant phenotype implicate it in the formation
of the cuticle (Ko and Chow, 2002). It has been proposed that its ECM target may be cuticular
collagens that may be subjected to cross-linking or disulphide bridge formation (Ko 2002),
However, another potential way that thioredoxin activity could mediate the cuticle morphology
is through acting on signalling molecules (Ko and Chow, 2002). This was proposed when
dpy-11 was implicated as one of the ram (ray morphology abnormal) gencs, whose products
were shown o mediate interactions between the rays and the cuticle (Baird and Emumons, 1990).
These signalling-molecule-targets were proposed lo be deposited in the ECM to facilitate
interactions between the ray and the cells (Baird and Emmons, 1990). Thus, modification of the
cuticle by these thioredoxins may not be through their direct action on the collagen moleccules

themselves.

The DPY-11 protein comprises 256 amino acids and contains signal peptide-, thioredoxin-,
transmembrane- and C-terminal- domains, all of which are essential. Membrane anchorage and
the C-terminus KKTK retention signal are both important to DPY-11’s biological function (Ko
and Chow, 2002).

The partial loss-of-function mutant, dpy-71(e224), which arises through a glycine substitution,
exhibits a Dpy phenotype at the mid-body and tail regions and bifurcated and branched alae (as
indicated by SEM imaging) (Thein ef ¢l., 2003). The null mutant (dpy-11(e!180)) results in a
more severe Dpy and slow growing phenotype and is phenocopied by RNA-treatment. Both
alleles have malc tails which are abnormal in morphology but which are functional {Ko and
Chow, 2002).

1.11.5.2 Tyrosine-derived cross-links are catalysed by peroxidases

The di-, tri- and isotri-tyrosine cross-links in the C. elegans cuticle are biphenyl linkages of
tyrosine molecules (Fujimoto, 1975). The former two have been identified in a number of
structural proteins in at least three phyla (arthropoda, nematoda and vertebrate) (Fujimoto, 1975}
while isotri-tyrosine cross-links to date, have only been associated with cuticles of nematodes
(Fetterer and Rhoads, 1990). Tyrosine cross-linkages are present in the cuticle of Ascaris suum

(Fetterer and Hill, 1993), in the cuticle of Ascaris lumbricoides (Sakura and Fujimoto, 1984)
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(Tujimoto ef al., 1981), in the sheath of infective Haemoncus contortus (Fetterer and Rhoads,
1990) and in cuticulin of Ascaris lumbricoides (Fujimoto, 1975). As stated above, ablation of
these tyrosine-derived cross-links in the C. elegans cuticle is highly disruplive to morphology

and can be lethal.

Tyrosine-derived cross-links are catalysed by peroxidases and this was first demonstrated in
mhibitor studies in Adscaris (Fetterer et al., 1993) and since then, focus has been on the
(predominantly alae-residing) cuticulins which are highly cross-linked via tyrosine residues
(Parise and Bazzicalupo, 1997) (M. Sapio, personal communication). Lassandro et a/., 1994,
were able to demonstrate that CUT-2 can be cross-linked in vitro by horse radish peroxidase
(Lassandro et af., 1994).

1.11.5.3 Duox: a dual oxidase that catalyses the formation of tyrosine cross- links

Dual oxidase (Duox} enzymes, identified in humans and in C. elegans, have two catalytic
domains: an N-terminal NADPH-oxidase domain (homologuc of gp91 phox) and a C-terminal
domain with homology to animal haem peroxidases (they were first characterised for their role
as NADPH-oxidascs). By aclivity assays using recombinant isolated domains, the latter domain
was identified as being responsible and sufficient for the catalysis of tyrosine-derived cross-links
{(in a synthetic substrate) while the NADPH-oxidase domain is thought to provide the hydrogen
peroxide substrate (H,O;) for this reaction (Edens ef al., 2001). There are two C. elegans Duox
genes, £53gl2.3 and £56¢11.1, whose encoded protcins sharc 94% similarity and which in
addition to their two catalytic domains, encode signal peptide and transmembrane motifs.
However, £53g12.3 is slightly truncated at its C-terminus and this is believed to abolish its
NADPH-oxidative activity (Edens et al.,, 2001). No other NADPH-oxidase homologues are
encoded in the C. elegans genome and thus f56¢11.1 probably represents the only H20;z-donating
species.  Disruption of these genes by RNAI, both singly and doubly produces severe
morphological defects and lethality. Morphologically mutant phenotypes include mild BIj,
severe Bli, Dpy, movement defects, a translucent body, or a combination of these phenotypes
(Edens ef al., 2001) (these will be discussed in chapter 5). Electron microscopy confirmed that
the medial strut regions of RNAi-treated cuticles are disrupted (Edens et al., 2001).

f56¢11.1 has recently been attributed to the £/i-3 locus (Simmer ef ¢/, 2003). The lesions in the
twao available b/i-3 alleles (bli-3(e767) and bli-3(r529), which are mild and medium Dpy/Bli

respectively, are positioned in the peroxidase domain (Simmer et al., 2003).
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The sulfation of tyrosine, catalyscd by a tyrosyl protein sulfotransferase enzyme, may be a
prerequisite for the cross-linking of nematode collagens since RNAi-treatment to target the
enzyme results in moult defects and belted worms (Kim et @l., 2005). Similar O-sulfation bas
been shown to be a common modification of secreted proteins (Bundgaard ef «/., 1997), and has
been found to occur in coagulalion factors and in proteins involved in inflammation and
leukocyte adhesion (Kim ef al., 2005).

1.11.5.4 Transglutaminases and PDls

Transglutaminases (TGases) catalyse the formation of non-reducible e-(y-glutamyl)lysine
cross-links between substrates that include fibrinogen, actin, myosin, fibronectin, laminin and
collagen in many vertebrate and non-vertebrate systems (Griffin ef «f., 2002). TGases are
involved in a diverse number of systems including cell death in C. elegans (Madi ef al., 1998),
blood clot formation (Murthy ef al., 1991) and the early development of {ilarial parasitcs (Mchta
et al., 1992). Abcrrant TGase activity is associated with many human diseases (including thosc
related to the epidermis of the skin) and the inability to rclease microfilaria in filarial parasites.
The role of these enzymes in the cuticle was demonstrated by the thinner L4 cuticles of fifarial

parasites when treated with TGase inhibitors (Chandrashekar ef af., 2002).

In Dirofilaria immits, TGase activity was found in a protein exhibiting sequence similarity, not
to the previously characterised TGases, but to PDIs of the thioredoxin family (Chandrashekar et
al., 1998). Subsequently, a C. elegans orthologue of this gene was identified and termed PDI-3
(Eschenlauer and Page, 2003). Eschenlauer ef @/ (2003} confirmed that PDI1-3 has TGase-,
isomerase- and chaperonc- activily and the thioredoxin motif of the protein was fmplicated in
mediating the TGase activity (Blasko e# a/,, 2003; Eschenlauer and Page, 2003). Subsequently,
analysis of PDI-1 and PDI-2 confirmed similar activity in these two enzymes (but they have less
TGase aclivity than PDI-3) (Eschenlauer and Page, 2003). Thus, the funclions of PDIs (PDI-1,
PDI-2, and PD1-3) in the cuticle are multifarious: they catalyse the formation of disulphide bonds
via their isomerase activity, they (potentially) form e-(y-glutamyllysine cross-links and have
chaperone activitics. In addition, PDI-2 is the f§ subunit of a collagen hydroxylase. Howcver,

PDI-2 is the only PDI that can act as the § subunit in PHY compiexes (Winter and Page, 2000).

PDI-3 RNAI has no obvious effcet on wild type animals and may reflect a Ievel of redundancy in

the cross-linking enzymes (Eschenlaver and Page, 2003). However, in backgrounds of
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dpy-18(e364, bx26 and ok162) and sqt-3(e2117), dpy-18 RNAI produces Dpy morphology,
egg-laying defects (Egl), tail defects (in male and hermaphrodite), bulging vulva defects and
scam ccll aberrations. Additionally, larval lethality is observed in sqf-3¢(21717) backgrounds
(Eschenlaner and Page, 2003). Inhibition of the D. immitis orthologue produces moulting
defects (Chandrashckar ef af., 2002},

1.12 Body length mutants

The body shape mutants described above elicit gross morphological ahnormalities by disrupting
the normal cuticle structure but do not directly or actively regulate body length (Nystrom ef af.,
2002). Body length is under the influence of a T'Gl-B-like signalling pathway, the components
of which are described below. Mutations to these components can result in long (Lon) and smail

(Sma) phenotypes.

1.12.1 The TGF-p pathways

The family that includes transforming growth factor-p (TGF-B) and TGF-f-like molecules is a
group of multifunctional hormones that elicit concentration-dependent responses (Heldin et al.,
1997, Padgett et al., 1998) by stimulating a signalling pathway. The TGF-B-like signalling
pathway is a relatively simple one that includes a ligand, two transmembrane receptors (type I
and type II) and primary downstrcam components (termed Smads/Smas) which translocate to the

nucleus and act as transcriptional activators (Padgett ez al., 1998).

A number of distinct TGE-B-related pathways exist which utilise different TGI*-B-like ligands,
TGF-pB, the activins, and bone morphogenic proteins (BMPs) in addition to other
pathway-specific components. The various roles of these different TGF-p-like pathways include
many developmental processes such as the inhibition of cell proliferation (Yingling et al., 1996),
regulating growth, and patterning of many tissue types (Padgett ef a/l., 1998; Inoue and Thomias,
2000). In vertebrates and insects, BMPs act in a pathway that regulates carly dorsoventral
patterning of embryos. In C. elegans, there are at least two pathways: one controls the {ransilion
to the alternative third-stage dauer (Savage et al., 1996; Savage-Dunn et ¢l., 2000} in response to
various environmental factors (Inoue and Thomas, 2000), and another controls body length and
male tail ray pattern formation (Morita ef af, 1999). As would be expected, mutation to
components of the pathways that regulate these process result in abervant dauer formation (daf)

and altered body size (long or small worms with male tail defects) respectively.
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1.12.2 The DBL-1 pathway is branched and controls male tail patterning and body
length.

The components of the pathway responsible for body Iength and male tail patterning include: the
pathway-specific ligand, DBL-1; the type I receptor (SMA-6); the type II receptor (DAF-4); and
the downstream Dwarfin components (SMA-2, SMA-3 and SMA-4) (Heldin ef al., 1997). Other
components include: the negative regulator, LON-2 (T. Gumienny, personal communication), a
collagen (L.ON-3) (Nystrom ef al., 2002) and a regulator of ploidy (LON-1) (Morita ¢ al., 2002).
All but DA¥-4 are unique components of the body size and male tail-patterning pathway. The
DBL-1 pathway has several independent gene targets and consequently, there are separate
regulatory pathways for carly larval elongation, late larval elongation, ploidy, and male tail
patterning. Al of the pathway components were identified: through mutagenesis screens
searching for new Lon and Sma phenotypes (Savage et al., 1996; Nystrom et al., 2002) and
suppressors of Sma phenotypes (Savage e af., 1996), and through differential hybridisation on
arrayed cDNAs (Mochii ez al., 1999).

Type I (SMA-6) (Yoshida ef al., 2001} and type II (DAY-4) receptors, to the latter of which the
DBL-1 ligand binds, are serine/threonine kinases. Upon ligand binding, they form a
heterototramer in order to facilitate the type II-mediated phosphorylation of the type I receptor at
a region rich in glycines and serines (Heldin ef af., 1997). Consistent with the global role of
DAF-4 in all TGF-$-like pathways, it is ubiquitously expressed in neurons, the intestine,
pharynx, hypodermis and body wall muscle (Yoshida ef al., 2001). In contrast, SMA-6 is only
associated with body sizc and conscquently, its expression is restricted to the hypodermis
(Yoshida et al., 2001).

Directly downstream of the receptors are the related yet non-redundant dwarfins, SMA-2,
SMA-3 and SMA-4, which are phosphorylated at a C-terminal SSXS motif by the kinase activity
of the activated receptor complex. Activated SMAs oligomerise with other SMAs in various
combinations, translocate to the nucleus, recruit transeription factors and finally bind DNA in
order to modulate transcription of downsiream target genes. SMAs can also act negatively and

prevent action of positively acting groups (Padgett ez al., 1998).

Downstream of SMAs, there are numerous independent branches of the pathway that all result in

the alteration of body size. Each branch is mediated by separate SMA targets and rcgulates late
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larval elongation, carly larval elongation or ploidy (figure 1.5). One branch involves the cuticle
collagen LON-3 and regulates late larval elongation. LON-3 itself is regulated by the DBL-1
pathway at a post-transcriptional level through modulation of the processing, degradation or
synthesis of either its mRNA or protein. A separate branch downstream of the SMAs is
mediated by the pathogenesis-related (PR)-protein homologue, LON-1, a protein that regulates
hypodenmal ploidy. The fact that these two pathways are distinct or have limited cross talk is
illustrated {irstly, by the fact that Jon-7 mutants exhibit altered ploidy whilst Jon-3 mutants have
normal ploidy and secondly, that lon-3 and lon-I body size mutants have an addilive effect
(Maduzia et al., 2002). LON-2, a heparan sulfate proteoglycan, is assumed to function upstream
of the DBL-1 ligand as a negative regulator of the pathway (T. Gumienny, personal

communication).

Hyperactivation of the signalling pathway occurs through the over-expression of dbi-I ligand
(Nystrom et al., 2002; Suzuki ef al., 2002), loss of function of the LON-2 negative regulator
(Nystrom et al., 2002), or loss of function of the LON-3 collagen, and results in a Lon
phenotype. Conversely a small phenotype is observed when there is over-expression of the Jon-1
negative regulator, loss of function of the ligand, or over-expression of lon-3. In this respect,
lon-3 is unique as no other collagen has the reciprocal property whereby it can produce long or

small phenotypes according to whether it is under or over-expressed (Nystrom ef al., 2002).

Control of body length by DBL-1 is not mediated by dictating the mumber of somatic cells since
Lon and Sma mutants appear to have wild type cell numbers (Morita ez al., 1999; Nystrom ef al.,
2002) and consequently, there is no correlation between cell number and body size. Size,
therefore, is thought to be altered by a relative increase or decrease in cell size and cell ploidy
(Morita ef al., 1999, Suzuki et al., 2002). Ploidy is determined by the number of rounds of
endoreduplication that occurs, that is, the number of repetitive nuclear DNA synthesis cycles that

occur without division (Flemming et al., 2000).

1.12.3 Interaction between components controlling body size and the cuticle

There is some “cross talk™ between the processes that determine body size via the TGF-B-like
pathway and those involved in cuticle composition and body shape. This is illustrated by the
complex genetic interactions between the genes of the TGF-B-controlled collagen, LON-3, and
the cuticle collagens, SQT-1 and ROL-6 (Suzuki et al., 2002). sqi-1 null mutants are able to

suppress both the Lon (loss-of-function) and the Sma (over-expression) phenotypes of lon-3,
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which suggests that the presencc of SQT-1 is required for the manifestation of the Lon
phenotype. 7ol-6 null mutants, on the other hand, are able to suppress only the Lon phenotypc,
and actually incrcase the expressivity of the Sma phenotype of lor-3 over-expressing worms,
Further, /on-3 nulls are able to suppress the phenotypes of sgf-f and #0/-6 morphological
mutants. The conclusion of thesc observations is that not only is SQT-1 required for the Lon
phenotype, but that SQT-1 also requires the expression of lon-3. This interdependency is
mediated in a direct or indirect manner (Nystrom ef al., 2002). Thus, functional SQT-1 and
ROL-6 are required for DBL-1 to regulate body Iength (Nystrom ef ¢l., 2002), It is also possible
that DBL-1 may regulate other cuticular components (Suzuki ez al., 2002).

1.13 Other factors involved in C. elegans morphogenesis and moulting
Morphological, organogenesis and moulting defects can arise as a result of mutations to, or
ablation of, enzymges that are not directly involved in the steps of collagen biosynthesis. In the

last few sections about morphology, these enzymes are discussed.

1.13.1 Proteases

The N- and C- terminal collagen propeptidases, BLI-4 and DPY-31/NAS-35, described above,
are non-viable when null, and are therefore essential components in collagen processing
(Thacker et al., 1995; Novelli et af., 2004). Despite being unablc to fully compensate for the
loss of these proteases, other proteases do exist that have roles in cuticle biogenesis as
demonstrated by their mutant morphological phenotypes. The substrates of these proteases have
not been identified but are known to be ECM components, However, this is probably a
reflection that they have multiple substrates and accordingly, multiple roles. As will be
described below, many of the protecases can mediate paralle! roles in cuticle biogenesis, moulting
and ECM remodelling. The proteases identified to date that are of importance to morphology,
fall into one of three metalloproicase families: the astacins (also termed M12A), the adamolysins
(ADAMSs) (M12B) or the cysteine proteases (M14).

ADAMs are zinc proteascs characicrised by a catalytic sequence HEXGHXXGXXHD. They
also contain a prodomain, an adhesion-mediating distintegrin-like domain, a cysteine-rich
domain, an EGF-repeat region, a transmembrane domain and a cytoplamic tail. Some members
of thc family contain three thrombospondin type I-like (TSP) motifs instcad of the
fransmembrane regions and are termed ADAMTS (Black and White, 1998). ADT-1 (Kuno ef
al., 2002), SUP-17 (Wen et al., 1997) and GON-1 (Blelloch ef al., 1999) are ADAMTS that have
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been assigned roles in organogenesis and ECM morphogenesis on the basis of the respective
abnormal male tail, vulva and gonadal structures of null mutants. Rather than mediating the
actual organogenesis or forward migration of their respective structures (of the distal tips of the
gonad, for example), the main function of the latter two proteases appears to be in remodelling of
the ECM in front of the migrating structures, However, ADT-1 is conversely thought to actually
remodel ray cuticle (Kuno ef al., 2002). Tt has also been suggested that these ADAMTS may
also be involved in the proteolytic modification or activation of tramseription factors and
signalling components of their respective processes (Porter ef af, 2005). Important for the
subject matter of this thesis that focuses on the cuticle, mammalian ADAMTS-2 has bcen
identified as having pro-collagen N-proteinase activity (Colige et al., 1997). Thus at least some
ADAMSs may be directly involved in collagen proccssing/degradation. In addition, mammalian
ADAMTS-2 has a role in development, illustrating the multifarious functions that ADAMSs may

have.

1.13.1.1 Moulting defects as a consequence of aberrant protease activity

While the ADAMTS mutants display abnormal organ morphology, the consequences of altered
astacin {(e.g. NAS-37) and cysteine protease (CPL-1 and CPZ-1) activities can be moulting
defects and embryonic lethality.

As stated previously, the family of astacins (containing 40 genes) are sub-grouped according to
domains (Mohrlen ef al., 2003). Extensive RINAi analysis of these genes identified only a subset
of these having mutanl phenotypes and indicated a level of redundancy between them (Mahrlen
et al., 2003). The only identified mutable astacins were DPY-31/NAS-35 (which has been
previously described), NAS-37 and HCH-1. [t is important to note, when analysing such data,
that investigation of DPY-31 demonstrated a significant insusceptibility to RNAI due to the fact
that RNAi-treated animals are only mildly Dpy while null mutants arc cmbryonic lethal
(Novelli). It was suggested by Mdohrlen ef al. (2003) that RNAI of astacins has reduced

penetrance.

NAS-37 and HCH-1 both fall into the same subgroup as DPY-31/NAS-35 due to the presence of
TSP domains. Thus the TSP domains, for which this subgroup is characteristic, appears to
specialise these enzymes for cuticle/matrix degradation. TSP-1 has previously been implicated
in ECM binding (Kuno and Matsushima, 1998). The degradative activity of HCH-1 is required
for the proper degradation of the eggshell (Hishida ef al., 1996) while NAS-37 is necessary for
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moulting (Davis ef al., 2004). The latter enzyme is expressed in the head hypodermal cells and
is thus believed to degrade a specific substrate collagen set at the anterior end of the worm.
NAS-37 null and RNAi mutants fail to complete ecdysis. A constriction along their mid-body is
the site of continued attachment of the old cuticle, which can be seen being dragged behind the
worm as it moves. This is a typical moult defect. NAS-37 is also thought to participate in the

synthesis of the new cuticle us mutants exhibit cuticle aberrations (Davis et al., 2004).

Another group of collagens that are involved in moulting and cuticle synthesis are cysteine
proteases which were first linked to mouiting in D. immifts on the basis of assays using specific
protease inhibitors (Richer et al., 1993). Cathepsin-1. (CPL) and Z-like (CPZ) proteins of the
cystcine protease family have now been characterised and their activities attributed to
embryogenesis and moulling. CPLs have been cloned in C. elegans and characterised in
Onchocerca volvulus, Brugia malayi and Brugia pahangi and all have localisations, temporal
expression patterns, and RNAi/inhibitor phenotypes consistent with their role in moulting
(Hashmi er al., 2002; Guiliano et al., 2004). ceCPL-1 (the only C. elegans CPL) is expresscd
cyclically, peaking 4 hours prior to the moult, and is hypodermally expressed. Its native protein
accumulates in gut cclls of lale stage embryos and in the lumen of the yolk vesiclcs,
Localisation here has been linked to the essential role that this protease plays in embryonic
development (yolk processing) (Britton and Murray, 2002; Hashmi ef af., 2002), This is its
primary rolc and RNAI of ¢pl-/ is embryonic lethal (Britton and Murray, 2002). By limiting
RNAi-treatment to L3 larvae that have completed embryogenesis, other phenotypes became
apparent. Animals thus treated arc slow to develop into adults and additionally have reduced egg
production (Hashmi et al., 2002). These results, complemented with the fact that ¢p/-/, when
expressed 4 hours prior to the moult, becomes localised to both the old and new cuticles, indicate
that CPL-1 has an additional role in moulting (Hashmi ez /., 2002).

Two CPZs are encoded in C. elegans, and cpz-1 is expressed at the time of each moult (Hashmi
et al., 2004). c¢pz-1 RNAi-treated animals have moult defects and some degree of embryonic
lethality and additionally have abnormal head, tail and gonad morphology. The latter
observations implicate CPZ-1 in having a role in cuticle synthesis. Such a role, distinct from the
moult, is consistent with the adult expression of a Toxocara canis homologue and the role that

human forms of this proteasc have in tumour progression (Hashimi ef al., 2004).
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1.14 Regulators of moulting

Ablating cerlain non-enzymatic factors can also induce moulting defects. This includes the
nuclear hormone receptors, rnhr-23 and nhr-25 (whose ligands are yet unidenlified) as well as the
megalin receptor, /rp-/. NHR-23/CHR3 is a ligand-dependent transcription factor whose
homologue, Drosophila DHR3, responds to ecdysone during Drosophila metamorphosis where
it 1s thought to “reset” the hormone signalling pathway (Lam et al., 1997; Kostrouchova et al.,
1998). Due to the cyclical expression pattern of ceNHR-23/CHR3 (peaking 2 hours prior to each
larval moult), its epidermal-specific localisation and an RNAi-induced moulling defect, it must
play a role in the moulting process (Kostrouchova ef al., 2001). Interestingly, RNAi-treatment
results in Dpy phenotypes and & 5- to 11- fold decrease in levels of dpy-7 expression
(Kostrouchova ef al,, 2001). These observations imply that NHR-23/CHR3-derived disruption
of ecdysis may be linked to cuticle defects. Mutation of NHR-25 has also been associated with
moulting defects as well as altered cuticular structures and accumulation of vesicles in the cuticle
layers. From these observations, it was suggested that among the roles of this nuclear hormone
receptor is the secretion of cuticular components (Silhankova et al, 2005). About 270 C.
elegans NHRs have been identified, several times the number found in other organisms but the

roles of most of them have yet to be elucidated (Asahinu et al., 2000).

The C. elegans megalin receptor, LRP-1, like its mammalian homologue, is thought to mediate
the essential process of cholesterol endocytosis since the frp-I1(RNAi) moulting phenotypes
phenocopy those of carbohydrate starvation (media induced) (Yochem ef @/, 1999). In insects,
cholesterol has been proven to be necessary for the synthesis of ecdysteroid. However, no
homologues of ecdysteroid receptors have been identified in C. elegans, nor has there been any

evidence for synthesis of this hormone (Yochem et al., 1999).

1.15 Basement membrane collagens

The basement membrane, a complex collagenous polygonal network, is the second C. elegans
ECM. It underlies the hypodermis and surrounds the pharynx, gonad, intestine and body walil
muscle (Kramer, 1997). It is composed of only two collagens, namcly LET-2 and EMB-9 (Guo
and Kramer, 1989; Gupta et af,, 1997; Norman and Moerman, 2000) and on account of the
cncoded Gly-X-Y domain being interrupted by ~20 small interruptions and 4 conserved
N-terminal cysteine residues, these basement membranc-specific collagens are homologous to
the vertebrate type IV collagens (Graham ef al., 1997). As would be expected for an ECM

composed of a repertoire of only two collagens, both LET-2 and EMB-9 are essential, being
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embryonic lethal when mutated or ablated (Guo ef af., 1991b; Gupta et al., 1997). This shows
they have essential functions during embryonic development (Guo er af, 1991b). The
composition of the C. elegans basement membrane can, to a certain extent, be aitered by the
ability of ler-2 to Dbe alternatively spliced to form two isoforms (J. Kramer, personal
communication) which are expressed in either the embryonic or larval/adult basement
membranes (Sibley et al., 1993). Thus there is developmental stage diversity in the comyposition
of this structure (Sibley ef al.,, 1993; Graham ef al., 1997). Accordingly there appear to be
specific enmbryonic and larval/adult roles for the basement membrane, The LET-2 and EMB-9
collagens, akin to their cuticle collagen counterparts, exist as trimers that are cross-linked to
form higher order structures. Disruption of the triple helix via Gly substitution is potent and is
more so than null mutations (embryos arresting in a temperature-sensitive fashion in the two-fold
rather than the three-fold embryo) (Guo ez al., 1991a). Higher order structures are maintained by
lysyl-derived cross-links which require lysyl residue hydroxylation. The importance of such
cross-linking is indicated by the cmbryonic lethality observed upon inhibiting LET-268, a lysyl

hydroxlylase which is specific for basement membrane collagens (Norman and Moerman, 2000).

1.16 RNA-mediated interference (RNAi})

RNAI is a technique, first described in C. elegans by Fire ef al. (1998), that uses exogenous
double-stranded RNA to temporarily interfere with the function of an endogenous gene. Cognate
cytoplasmic mRNAs are targeted for degradation, which effectively results in the silencing of
full gene expression at the post-transcriptional level. It is an invaluable reverse genetic tool for
determining the functions of specific genes (Kamath er al, 2000). Three methods of
administering RNA corresponding to the gene under investigation exist, including microinjection
of a solution of double-stranded (ds) RNA into the syncytial gonad of adults, soaking L4 larvae
in a similar solution, and feeding worms on a lawn of bacteria expressing target gene dsRNA.
Each of thesc are facilifated by the surprising ability of the RNAI effect to cross cellular
boundaries including movement into the germlinc (Timmons ef af., 2003). Early experiments
investigating the validity and effectiveness of RNAI in C. elegans used the two former methods
and showed that interference mediated by dsRNAI is several orders of magnitude more efficient
at producing an effect than any single stranded procedurcs; it was suggested that single strands
may be degraded (Fire et al., 1998). The feeding method usually involves the cloning of a 0.5 —
2 kb fragment of the gene of interest into the vector L4440 although no precise size limit has
been determined to be optimally efficienf.  The construct is transformed into an

RNaselll-deficient bacterial strain on which worms are fed. Feeding has been shown to have a
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similar potency to RNAI by injection although the F1 generation afier feeding exhibits a wider
range of phenotypes (Kamath e ¢l., 2000). This is a particularly useful method as it is less
labour-intensive and it facilitates the widespread screening of genes by RNAi. Conscquently, it
was the method used to carry out a systematic functional analysis of the C. elegans genome by
RNAI in which 86% of the 19,427 predicted genes were specifically targeted (Fraser et al., 2000)
(Kamath et al., 2003) (Simmer et af., 2003). Other RNAI] screens have been previously

described in this chapter.

Small quantities of RNA (only a few molecules of dsRNA per cell) are required in order to elicit
an effect (Fire ef al., 1998; Montgomery ef ¢/., 1998), and it was therefore suggested that there is
some amplification of RNAI signal, instead of simple stochiometric interference by the foreign
RNA with endogenous mRINA. Indeed, in the current model that explains how RNAI elicits its
potent effect, there are two ways in which amplification can take place. Figure 1.6 illustrates the
key steps that occur during RNAi. The administered dsRNA is initially processed into short
fragments (20-25 bp) termed short interfering (si) RNAs via the proteolytic activity of DICER.
They then become single stranded. These fragments are highly unstable and while sense strands
are immediately degraded, antisense strands only become stabilised in the presence of
complementary sequences of native mRINA. (Plasterk 2002), to which they bind (Baulcombe,
2002). At this position on a native mRINA strand, siRNAs recruit a complex termed the RNA
interfering specificity complex (RISC), which degrades the target mRNA. The activity of
DICER acts as the initial amplification step because it increases the number of recruiting RNAs
by 10 to 20 fold (Baulcombe, 2002). Further amplification comes from the fact that siRNAs,
once hybridised to native mRNA, can function as primers and initiate the polymerase-mediated
synthesis of more RNA from the template to which they are bound. The RNA-directed RNA
polymerases that function in this step are tissue specific, for example, being EGO-1 in germline
cells and RRF-1 in somatic cells (Plasterk, 2002). In turn, this so-called secondary RNAI is
converted into siRNA, thus amplifying the signal. This not only incrcascs the quantity of siRNA
that is present, but also enables “spreading”. This occurs because these secondary siRNAs are
derived from polymeration in a 5' direction from the initial site of binding of the primary siRNA.
They represent sequences not present in the original administered dose. IHowever, this effect

does not spread more than a few hundred bases from the original site of binding (Plasterk, 2002).

Via these steps, the RNAI technique exerts its potent effects. However, RNAI is not 100%

cffeetive for all genes, in particular, genes with neural function (Timmons ef al., 2001), and
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Figure 1.6: Mechanism of dsRNA mediated mRNA silencing. The
administered dsRNAI is processed into primary siRNAs by the activity of
DICER. siRNAs may undergo an amplification step in which they act as
primers on native mRNA sequences, producing secondary dsRNAs which are
processed by DICER. Primary and secondary siRNAs recruit the RISC
complexes to native (homologous) mRNAs, thereby targeting them for RISC-
mediated degradation. Figure modified from Plasterk (2002), and Novina
and Sharp (2004).
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consequently not all of the RNAI phenotypes observed to date correlate with the null phenotype
of the gene in question. The technique is very specific in that, unless there is a gene (or multiple
gencs) that share more than 85% homology, the resulting phenotype can almost always be
attributed to the targeted locus. In cases where homologies are over the 85% threshold, it must
be considered that the phenotype may be the result of the targeting of more than one gene (Fire
et al., 1998).

There are over 10 gene products in the C. elegans genome thal are involved in mediating
ds-dcrived mRNA sileneing, indicating the requirement of a natural gene-silencing phenomenon.
In C. elegans, this is likely to be a system of genome prolection which reduces the mobility of
transposable DNA elements. Evidence for such a role comes from the fact that mutants,
defective in RNAI silencing, have high a frequency of mutation (Baulcombe, 2002). This is an
ancient system that has been observed in plants, insects, fungi, protozoa and other nematode
species. Interestingly, the potency of the RNAI technique in the laboratory is facilitated by
another C. elegans system. It is believed that thc ability to take up RNAI administered by
feeding uscs a natural function used by the organism to extract from food the nucleic acids
required for replication and transcription (Plasterk, 2002). Vertebrates also have specific
responses to the presence of foreign dsRNA. However, in mammalian cells, this is in the form of
a global panic response that results in the cessation of all (as opposed to homologous) mRNAs
(Montgomery ef al., 1998). This vertebrate response is believed to be involved in reducing the
genomic invasion of viral and transposable elements (Baulcombe, 2002). However, even with
such control systems in place, 45% of the human genome is derived {rom ancient invasion of
these elements (Plasterk, 2002).
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1.17 Project Aims
This study is based on the use of a strain carrying a COL-19::GFP reporter construct

The aims of the project are five-fold:

1)

2)
3

4)
5)

To analyse the rolc of COL-19 in the cuticle and to chavacterise the wild type expression
pattern of this collagen fn the culicle.

To establish which properties of COL-19 allow it to form a functional GFP-fusion.

To compare the patterns of COL-19::GFP in wild-type animals {(the TP12 strain) and in
morphological mutants in order establish the molecular basis of gross morphological
phenotypes. This information will also be invaluable in elucidating the roles of different
cuticular collagens,

To utilise the sensitivity of TP12 to detect cuticle defects in an RNAI screen,

To characterise the putative animal haem peroxidase, HPX-1, and establish whether it has

arole in C. elegans culicle synthesis,
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2.1 Chemical abbreviations

2-ME
P-gal
Amp
BSA
cDNA
CIP
CPD
DABCO
DIC
DEPC
DMF
dNTP
dH0
EDTA
FITC
IPTG
IDA
Kan
Klenow
LB
LDS
Mab
MES
MOPS
NGM
PBS
PMSF
Pfi
INTP
SDS
Taq
TEMED

2-mercaptoethanol
B-galactosidase

ampicillin

bovine serum albumin
copy/complementary DNA

calf alkaline phosphatasc

critical point dryer

1, 4-Diazbicyclo[2.2.2]octane
differential interference contrast
diethyl pyrocarbonate

N, N-Dimethylformamide
dioxynucleoside triphosphate
deionised water
cthylenediaminetetraacetate disodium salt
fluorescein isothiocyanate
isopropyl B-D-thiogalactoside
iminodiacetic acid

kanamycin

DNA Polymerase I, Large (Kienow) Fragment
Lucia — Bectani

lithium dodecyl sulphate
monoclonal antibody
2-Morpholinoethanesulfonic acid
3-(N-morpholino)propanesulfonic acid
nematode growth medium
phosphate buffered saline

phenyl methane sulfonyl fluoride
Pyrococeus furiosus
ribonucleoside triphosphate
sodium dodecyl sulphate
Thermus aquaticus

N, N, N’, N’-teiramethyl ethylene diaminide
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Tet/tetracycline tetracycline hydrochloride

TMB 3,5, 3", S-tetramethylhenzidine

Tris-HC1 2-amino-2-(hydroxymethyl)-1,3-propanediol-hdrochloride
Tween 20® polyoxoethylene sorbitan monolaureate

X-Gal 5-bromo-4-chloro-3-indoyl-B-D-galactopyranoside

2.2 Reagents
Sigma-Aldrich:

Tisher Scientific:

Promega:

Invitrogen:

Riedle de Haén:

BDH:

BD Difco:

New England Biolabs:
Roche:

ICN Biomedical:
Stratagene:

Applied Biosystems:

Pierce:

2.3 Standard media

Ampicillin (1000X):

BSA:

ampicillin, tetracycline, kanamycin, DEPC, ethidimm bromide,
2-mercaptocthanol, PBS tablets, SDS, boric acid, Tween® 20
bromophenol blue, coomassie blue, phenol,
chloroform:isoamylalcohol ~ (24:1), poly-L-lysine  (Sigma
diagnostics).

EDTA, ethanol, CaCl,, Tris-HCl, NaH;PQ,, KTILPOs MgCl,
glucose.

PTG, X-gal, ANTPs.

agarose (electrophoresis grade), NuPAGE sample buffer (4X),
oligonucleotides.

NaCl, MgSQq, glycerol, acetone.

Na,HPO4, NaOH, methanol, acetic acid.

bacto tryptone, yeast extract, bacto agar, agar, peptone.

BSA, 1 kb ladder mw markers, Ventzg® polymerase.

proteinase K

urca

Pfu DNA polymerase

Tag DNA polymerase

Coomassie Reagent protein assay system

100 mg/ml stock in sterile dH;O. Filter sterilised and stored at —
20°C.
10 mg/ml stock. Stored at —20°C.
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Coomassie blue solution:

DEPC H,O:

Destain solution:

DNA sample buffer (10X):

DTT:
EDTA:
EBthidium bromide:

Freezing solution:

IPTG:
Kanamyecin:

Lucia —Bectani-(1.)-broth:

1.B-agar:

M9 buffer (10X):

2-mercaptoethanol:

MES (20X)

MOPS (20X):

NGM-agar:

0.25 g of Coomassie brilliant blue R-250, 45% methanol, 10%
glacial acetic acid. The solution was filtered though a Whatman
no. 1 filter to remove particles.

0.1% DEPC (v/v) in sterile dH,O mixed overnight and
autoclaved. Stored at room temperature.

45% (v/v) methanol, 10 % (v/v) glacial acetic acid.

50% (v/v) glycerol, 0.25% (w/v) bromophenol blue.

1 M stock. Stored at -20°C.

0.5 M stock, pH 8.0. Auioclaved and stored at room temperature.
8 mg/ml stock in dH,Q. Stored at room temperature.

5.85 g NaCl, 6.8 g KH;PQ4, 300 g glycerol, 5.6 ml of 1 M NaOH
in 1 L dI;0. Autoclaved and 3 ml of 0.1 M MgSO, added.

1 M stock. Filter sterilised and stored at — 20°C.

30 mg/ml stock in dH>O. Stored at —20°C,

1% (w/v) bacto tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v)
NaCl in dH,O, pH 7.0.

L-broth + 15 g/L bacto-agar. Autoclaved and stored at room
temperature. To make LB-agar plates, solid agar was made
molten by heating, allowed to coo! slightly, had the appropriate
antibiotic added and was poured (using sterile techniques) into 9
cm diameter plates. Allowed to set. Unuscd plates could be
stored for short periods at 4°C.

3% (w/v) KHoPOy , 6% (w/v) NayHPO,, 5% (w/v) NaCl, 10 mM
MgSO,; in dH,0. 10X stock autoclaved and stored at room
temperature,

14.3 M stock.

1 M MES, 1 M Tris base, 68.3 mM SDS (2% w/v), 20 mM
EDTA. pH 7.3. Purchascd from Invitrogen.

1 M MOPS, 1 M Tris base, 69.3 mM SDS (2% w/v), 20mM
EDTA. Purchased from Invitrogen.

0.3% (w/v) NaCl, 1.7% (w/v) agar, 0.25% (w/v) pepione,
0.0005% (w/v) cholesterol (1 ml/L of 5 mg/ml stock in ethanol),
in dH,O. Autoclaved and 1 mI/L 1 M CaCl,, 1 M MgSQ, and 25
ml/L. KPOy (pH 6.0) added.
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NGM-agarose:
PBS:

PBST:
ProteinaseK:
Recovery buffer:
SDS:

SOB medium:
SOC medium:
TBE (10X):

TE buffer:

Tetracycline (1000X):

X-gal:

Same as above but with agar substituted by agarose.

purchased as tablets. Dissolved 1 tablet in 200 ml dH,O to obtain
a 137 mM NaCl, 2.7 mM KCI, and 10 mM phosphate buffer
solution (pH 7.4). Stored at room temperature,

Same as the above with Tween® added to a final concentration of
0.2% (v/v). Stored at room temperature.

20 mg/ml stock in dH,0. Stored at -20°C.

2% (w/v) glucose in 1X M9 (made fresh each time).

10% (w/v) stock. Stored at room temperature.

20 g bacto-tryptone, 5 g bacto-yeast extract, 0.5 g NaCl, 10 m! of
250 mM KClin 1 L dH20 (pH 7.0). Stored at room temperature.
400 ul of filter sterilised solution of 1 M glucose added to 20 ml
SOB medium. Aliquots stored at —20°C,

0.9 M Tris-HCI, 0.9 M Boric acid, 25 mM EDTA in dH,0O (pH
8.0). Stored at room temperature.

10 mM Tris, 1 mM EDTA in dH,O (pH 8.0). Stored at room
temperature.

12.5 mg/ml stock dissolved in 50% (w/v) ethanol. Stored at
-20°C.

2% (w/v) stock dissolved in DMF and stored at -20°C. Kept out
of light.

Preparation of any standard reagents or media not detailed can be found in Sambrook ef @/,

Molecular cloning: a laboratory manuat (1989). Where stated, solutions were autoclaved using
the conditions:120°C, 151b/in’ for 15 minutes.
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Chapter 2: Materials and Methods

2.4 E. coli strains

Name Genotype Notes Use

OPs0 Variant of the Food source of
uracil-requiring OP50 strain | C. elegans
(Brenner, 1974) which was
transformed with a plamid
marker containing the Tet"
marker.
A gift from CGC.

HT115 (DE3) | F-, mcrd, merB, Tetracyline resistant, IPTG Used in RNA1

In(reD-rrE}, feeding

rncl4:: TnlQ(DE3
tysogen: lacUV5
promoter-T7
polymerase)

inducible promoter, T7
polymerase, RINAse 111
minus (Timmons ef al.,
2001).A gift from CGC.

X1 1{0-gold™

Tet" Afmerd) 183 A(me
rCB-hsdSMR-mmr)17
3 endAl supE44 thi-1
recAl gyrA96 reldl
lac Hie [F’ proAB
lacFZAMIS Tnil0

Ultra competenti cells, blue
white selection, recd and
endAl mutations (to give
greater stability to
transformed DNA and better
quality of purified plasmid,

Used in general
cloning

(Tet™) Amy Cam®] multiple genes (mcrd,
merCB, mmr, hsdR, mcrF)
that cleave cloned
methylatcd DNA have been
deleted.
Purchased from Stragene.
OneShot® F mecrA 4 Competent cells that are Used in general
TOP10 cells (mrr-hsdRMS-merB | derived from DH10B™ cloning
C)D 80lacZAMIS cells, blue white selection,
AlacX74 recAl recA and endA1 minus (as
araAl39 A above), mutations in mcr4,
(ara-leu)7697 galU | merB and mrr genes (as
galK rpsL (Str™) above), do not requite IPTG
endAl nupG during cloning.
Purchased from Invitrogen.
MI15(pREP4) | Nal®, St°, Rif°, Thi’, | Contains a repressor plasmid | Used for
Lac’, Ara', Gal', Mil", | (pREP4) that produces high | expression of
F', RecA*, Uvr', Lon" | levels of Jac repressor that is | recombinant
highly regulated in orderto | proteins

prevent leaky expression
prior to induction. pREP4
must be maintained by
selection for kanamycin
resistance.

Purchased from Qiagen and
made chemically competent.

Table 2.1: E. coli strains
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2.5 Vectors and clones

Name of vector

Notes and use

PCR-Script

A PCR fragment cloning system used for
cloning bilunt end PCR fragments.
Purchased from Stratagene,

PCR® 2.1 TOPO TA

A PCR fragment cloning system used for
cloning A-tail PCR fragments. Purchased
from Invitrogen.

pQE-3¢

A vector for high-fevel expression of
N-terminally His-tagged recombinant
proteins. Purchased from Qiagen.

pPD129.36 (L4440)

Vector with two T7 promoter regions
flanking the mulliple cloning site. Functions
as a template during in vitro RNA synthesis
for RNAI microinjection and soaking . Can
also be transformed into HT115(DE3) an E.
coli strain for RNAI by feeding (Timmons,
et al., 2001). A gift from A, Fire (Carnigie
Institution of Washingion, Baltimore,
USA).

pPD49.78

Was used in this study during the cloning of
a Ty-tagged COL-19. A gift [rom A, Fire

pPD96.04

Used to {use the promoter of a heterologous
gene in-frame to a GFPLacZ marker. A gift
from A. Fire.

pPAF207

Allows the in-frame fusion of a promoter
sequence of a heterologous gene to a
destabilised EGFP marker to allow the
kinetics of transient gene regulation to be
assayed. A gift from A, Frand
(Massachusetts General Hospital, Boston,
MA, USA).

Plasmid clone

BA7.1

Contains the promoter sequence and coding
region of col-19 fused in-frame o s GFP
marker. The col-79 sequence was excised
from this vector and replaced with promoter
and coding sequences of other collagens. A
gift from C. Shoemaker (AgResearch Lid.
Upper Hutt , New Zealand)

p76-16B

Contains 10.7kb Xba I wild type genomic
fragment of unc-76. Rescues the Unc
phenotype of DR96 in transformed lines
following microinjection of DNA. Used as a
marker. A gift from Laird Bloom (MIT
center for Cancer Research, Boston, MA,
USA).

Table 2.2: Vectors and cloues.
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2.6 Bacterial cultures
2.6.1 Antibiotic concentrations for bacterial culture

Antibiotics 1n bacterial cultures were used at the following final concenirations:

Ampicillin (Amp): 100 pg /ml
Tetracycline (Tet): 12.5 pg /ml
Kanamycin (Kan): 25 ug fml

Streptomycin (Strep): 12.5 pg /ml

2.6.2 Bacterial culture on solid media
All . coli strains were grown by incubation at 37°C for 16 hours on LB-agar plates (9 cm

diameter plates, Greiner Laboriechnik, Ltd) supplemented with the appropriate antibiotic.

2.6.3 Liquid cultures of bacteria
Using sterile techniques, single colonies were transferred to LB-broth supplemented with an
appropriate antibiotic (Amp, Kan, Tet or Strep, vsed singly or in combination as stated in

brackets where appropriate). Cultures werc grown for 16 hours at 37°C in an orbital shaker.

2.6.4 Making competent M15 cells

25 pl of a 10 ml L-broth cultures of M15 (non-competent) cells that had been grown overnight
were used to inoculate 25 mis of L-broth and cultures were grown in an orbital shaker until an
OD600nm of 0.4 was reached. Cultures were then centrifuged (10 minutes, 3000 rpm, 4°C) to
forn: a cell pellet, which was subsequently resuspended in 0.5 x volumes (of the original culture
volume) of cold CaCl;. This cell suspension was kept on ice for 30 minutes, centrifuged and
resuspended in 0.1 volumes of 0.1M CaCl.. Glycerol (sterile) was added to 10% (v/v), the cell

suspension was aliquoted and fast frozen on dry ice.

2.7 C, elegans culture

Maost strains and transgenic lines were maintained at 20°C on NGM agar plates (9 cm, 5.5 cm or
3.5 cm diameter plates (Greiner)) seeded with OPSG as a food source, according to standard
procedures (Sulston and Hodgkin, 1988). Starved plates (i.e. those devoid of bacteria and
containing dauer larvae) were stored at 15°C. Some strains are temperature-sensitive, and these

were maintained at 15°C. Worms were picked onto fresh plates when necessary.
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2.7.1 C. elegans strains

Strain Allele Source
N2 wild type CGC
CB769 bli-1(e769) CGC
CB768 bli-2(e768) CGC
MT1144 bli-3(ni29) CGC
CB767 bli-3(e767) CGC
CB937 bli-4(e937) CGC
CB518 bli-5(e518) CGC
BE38 dpy-2(s¢38) CGC
CB1359 dpy-2(ei359) CGC
CB489 dpy-2(e489) CGC
CB93 dpy-2(38) CGC
CB27 dpy-3(e27) CGC
CB1166 dpy-4(el166) CGC
CB61 dpy-5(e6l) CGC
CB14 dpy-6{el4) CGC
CB88 dpy-7(e88) CGC
MQ375 dpy-7(gm36) *
CB1281 dpy-8(el281) CGC
CB130 dpy-8(el30) CGC
BE44 dpy-8(sc44) CGC
CB12 dpy-9(el2) CGC
CB128 dpy-10(e128) CGC
TN64 dpy-10(cn64) CGC
CB224 dpy-10(e224) CGC
CB1180 dpy-11(e1180) CGC
CB458 dpy-13(e458) CGC
CB188 dpy-14(e188) CGC
CB164 dpy-17(el64) CGC
CB364 dpy-18(e304) CGC
TK2729% dpy-18(0k162) CGC
CB18S lon-1(e185) CGC
CB678 Jon-2(e678) CGC
MT3847 lon-2(nl630) CGC
CB4123 lon-3(e2175) CGC
DRS518 rol-6{sult006) CGC
CB502 sma-2(e502) CGC
CB491 sma-3(e491) CGC
BE1 sqt-1(scl) CGC
CB1350 sqi-1(el350) CGC
BE13 sqt-1(sci3) CGC
BE108 sqi-2(sc108) CGC
BE3 sqi-2(sc3) CGC
BEG3 sqt-3(sc¢63) CGC
CB4121 sqt-3(e2117) CGC

* gift from Jonathan Ewbank (Centre d'Tmmunologie de Marseille-Luminy, Marseille, France) and Siegiried
Hekimi (MeGill University, Montreal, PQ, Canada).

Table 2.3: C. elegans strains
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Chapter 2: Materials and Methods

2.7.2 Long term storage of nematodes

Large populations of C. elegans strains were washed from NGM agur plates into 15 ml tubes
using 1X M9 buffer. Worms were allowed to settle and form a pellet and were washed
thoroughly in the same buffer (3 x 15 ml washes). Worms were transferred to microlfuge tubes
in 400 pl 1X M9 and then a similar volume of freezing solution was added. After mixing well,
tubes were slowly frozen at —80°C using an insulated container. Worms were stored at —80°C
or in liquid nitrogen. Worm cultures could be recovered by thawing tubes and pipetting worms

onto an OP50 NGM agar plate and incubating at 20°C.

2.8 Agarose gel

Linear fragments of nucleic acids were separated according to size using agarose gel
electrophoresis. Agarose (Invitrogen) was dissolved in Ix TBE buffer to form gels with w/v
ratios ranging from 0.6% to 2%. Samples were loaded info gel wells with DNA sample buffer
at a final 1X concentration alongside a suitable DNA size standard {1kb ladder or 50kb ladder
(both from GibcoBRL) and gels were run in 1X TBE-filled electrophoresis tanks from
GibcoBRL with typical voltages of 100150V,

DNA was visualised by soaking gels in a bath of 0.2 pg/ml of ethidium bramide in H,O for 20
minutes (ethidium bromide, which is visible under UV light, chelates to the major groove of
nucleic acids), A UV tranilluminator (Biorad) was then used to visualise images which were
then captured using a QualityOne program (Biorad). Alternatively, ethidium bromide could be
added to the molten agarose (2 pl/100 ml),

2.9 Purification and synthesis of genomic DNA and cDNA

2.9.1 Phenol:chloroform extraction and ethanol precipitation of DNA and RNA

High purity DNA or RNA was obtained using phenolichloroform extraction. This involved the
addition of 1X volume of phenol:chloroform:iscamyl alcohol (24:25:1) (Sigma-Aldrich) to a
DNA/RNA solution. It was important that for DNA, phenol at pH 8.0 was utilised while
phenol at pH 4.5 was used for RNA purification. The mixture was vortexed for 1 minute and
then spun at 16,000 RCF in a bench top centrifuge for 2 minutes, The top layer was removed to
a fresh tube and an equal volume of chloroform:isoamyl alcohot (24:1) added to it. This was
vortexed, spun and separated as the previous step. DNA/RNA was precipitated using 100%
ice-cold cthanol (2 volumes) and either 1/25™ volume of 5 M NaCl or 1/10" volume of 3 M

Sodium acetate (C,H4O;Na) (pH 6.0). This mixture was stored for 15 minutes at —80°C and
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Chapter 2: Materials and Methods

then pelleted in a bench top centrifuge at full speed for 30 minutes. The pellet was washed
using 1 ml of 75% ice-cold ethanol (spun immediately for 10 minutes and then discarded). The

DNA/RNA pellet was air dried and resuspended in an appropriate volume of TE buffer.

2.9.2 Genomic DNA isolation

Mixed populations of the N2 strain of C. elegans were washed off NGM agarose OP50 plates
using 1X M9 buffer. After multiple washes with the same buffer, the worms were pelleted by
centrifugation and 6 volumes of 1X worm lysis buffer was added. Worm suspensions were
disrupted in a glass hand-held homogeniser and subsequently incubated at 65°C for 4 hours.
Dcbris was removed by centrifugation and multiple phenol:chloroform (pH 8.0) and chloroform
exiractions, followed by an ethanol precipitation. Purified DNA, resuspended in 500 ul of TE
buffer was treated with RNace-1t ™ Ribonclease Cocktail (Stratagene) (a cocktail of RNase A
and RNase T at a final concentration of 80 pg/ml (RnaseA) and 4 Units/ml (RNase T)) for 1
hour at 37°C. Finally, DNA was purified by phenol:chloroform extraction, chloroform
extraction and ethanol precipitation and the resulling pellet of genomic DNA was resuspended
in 150 pl of TE buffer. Throughout the process of genomic DNA extraction, extreme care was
taken to avoid the shearing of DNA. Thus, vortexing or vigorous pipetting was avoided.
100-500 ng of genomic DNA was used in 50ul PCR reactions.

5X worm lysis buffer: 0.25 M Tris-HCI (pH 8.0), 0.5 M NaCl, 0.25 M EDTA.
pH to 8.0, autoclave and store at 4°C,

1 X worm lysis buffer: The above 5X stock solution was used to make 1X solution
{reshly to resulf in the final concentrations:
50 mM Tris-HCI (pH 8.0), 100mM NaCl, 50 mM EDTA, 1%
SDS, 30mM 2-mercaploethanol, 100 pg/mit Proteinase K
(Roche).

2.9.3 Production of mixed stage cDNA
Production of cDNA required that mRNA be isolated from cultures, purified, and then used as a
template for synthesis of first strand cDNA.
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2.9.3.1 Total RNA isolation

100-1000 pl of mixed populations of C. elegans were pelleted and then lysed in a 4 x volume of
Trizol reagent (GibcoBRL Life Technologies) using vigorous intermittent vortexing over a
20-minute period (in a fume hood). Insoluble material was removed by centrifugation (at
16,000 RCF on a bench top centrifuge (Avanti™ 30- Beckman) for 10 minutes at 4°C ) and the
resulting supernatant was subjected to purification using 2 x volumes of chloroform:isoamyl
alcohol (24:1) (vortex 15 minutes, incubate at room temperature for 2 minutes and then
centrifuge 14,000 RCF for 15 minutes at 4°C). Isopropanol was used to precipitate the RNA
from the aqueous phase by mixing, incubating at room temperature for 10 minutes and
centrifugation at 16,000 RCF for 10 minutes to form a pellet. The RNA pellet was subsequentiy
washed in 75% (v/v) ethanol (which had been made up in DEPC-treated H,Q), pelleted by
centrifugation at 7,500 RCF for 10 minutes (4°C), and resuspended in 200 pl of DEPC-treated
H,0.

2.9.3.2 Purification of mMRNA

A Poly (A) Quik® mRNA isolation kit (Stratagene) column kit was used to purify the total
mRNA from the total RNA isolated above. Supplied oligo (dT) columns accommodate up to
500 pg of total RNA in volumes ranging from 200 pl to 1 ml and therefore the concentration of
the purified total RNA was calculated and the sample diluted and aliquoted accordingly.
Procedures, as detailed in the manufacturer’s instructions, were followed with the final pellet
being resuspended in 15 pl of DEPC-treated H,O. mRNA was quantified using a

spectrophotometer.

2.9.3.3 Synthesis of first strand cDNA

A heterogeneous population of cDNA molccules was generated via first-strand synthesis. In
this study, the Stratagene RT-PCR Kit was utilised and the manufacturer’s instructions
followed. In order to use the amounts of mRNA required in each reaction (50-100 ng), the
samples from above were aliquoted into an appropriate number of reactions. The primers

utilised were the oligo(dT)primers,
2.10 Polymerase chaln reaction {PCR})-based cloning procedures

2.10.1 PCR conditions and polymerases
All PCR reactions were carried out using a Robocycler Gradient 96 PCR machine (Stratagene)

in 50 pl volumes, unless otherwise stated, Conditions of the program were altered according to
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the requirements of the PCR product and were altered in single reactions in order to optimise
the purity and efficiency. In terms of the programme cycle, an initial denaluring step was
generally carried out for 5 minutes at 95°C. The cycling program typically consisted of 30
cycles with: denaturation step being 92-95°C for 1 minute, annealing step being 52-56°C for 1
minute and elongation step at 72°C. The length of the elongation step was adjusted according
to the length (in bp) of the amplified region and the identity of the DNA polymerase used: Tag
polymerase (Applied Biosystems) has an activity of approximately 2 kb/minute while Pfu
(Stratagene) and Vent (New England Biolabs) polymerases have extension times of roughly 0.5
kb/minute.

Each of these polymerases were used with suitable buffers at a final concentration of 1X in the
50 pl reaction: Pfu (used at 2.5-5 unit of enzyme per reaction) was used with the supplied Pfu
buffer (10X) while Vent (used at 2-4 units per reaction) was used with the supplied Thermopol
buffer (10X). Reactions in which Tag was the polymerase, uscd an 11.1X buffer (detailed
below) at a final 1X concentration. 5 units of Tag were typically used per reaction. In some
cases, the reaction was supplemented with additional MgCl, (increasing the final concentration
in 0.2 mM increments) in order to increase the enzyme efficiency, 50 ul reactions also
contained: 100 ng of each oligonucleotide primer (forward and reverse) (purchased from
Invitrogen), 100-500 ng of DNA and 90-250 pM of each dANTP (New England Biolabs). The
exact PCR conditions and primers used are detailed specifically where appropriate. Pfu and
Vent were utilised when the highest accuracy of amplification was required since these
enzymes can proof-read for nuclcotide mis-incorporations using their 3’ to 5-exonuclecasc

activity.

11.1X buffer: 45 mM Tris HCI (pH 8.8), 11 mM Ammonium sulphate, 4.5 mM MgCl; 6.7
mM 2-mercaptoethanol, 4.4 yM EDTA, | mM each dNTP and 113 pg/ml BSA.

2.10.2 Purification of PCR products

The PCR products resulting from the above reactions were run on agarose gels and, to separate
any unwanted amplification products and primers, the band of the required size was excised. A
QlAquick Gel extraction kit was used, following the instructions as directed for using a mini
spin column and microcenirifuge. 2 consecutive elutions were carried out in which 15 pl of
dH,0, that had been incubated at 50°C, was loaded onto the mini spin column and allowed to

stand for 1 minute before being centrifuged. The two elution fractions, containing the purified
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DNA were pooled. This protoco! was also used to separate out DNA fragments from restriction

digests (section 2.15).

2.11 DNA transfer vectors

All gel purified PCR products were first cloned into a transfer vector before being inserted into
the vector of specific function. This method was used because the efficiency of restriction
digestion is reduced when sequences flanking the recoguition sites are shorter in length. Thus,
in some cases, the efficiency of restriction digestion of pure PCR products would be low. The
use of transfer vectors is also useful because they provide a means of ligating a DNA insert in
to a vector, that is generally much more efficient than many other vectors in terms of ligation.
Thus, instead of repeating the PCR rcaction as a means of producing more product, the original
PCR product can be efficiently ligated into these vectors and can be replicated via

transformation into bacteria.

The two transfer vectors utilised were pCRScript (Stratagene) and TOPO T-A (Invitrogen).
These differ because the former requires inserted DNA to have blunt ends (for insertion into an
Srf 1 site) while the latter requires A-overhangs. Taq and other low fidelity polymerases
generate T-overhangs so were cloned into TOPO vectors immediately. However, polishing the
ends was required in order to prepare them for inscrtion in to pCRScript. Conversely, fragments
generated by Pfu and Vent are blunt ended and therefore, it was necessary for A-overhangs to
be generated for their insertion into TOPO. Protocols for both the polishing of PCR product or
the addition of 3’ A-overhangs are detailed in the pCRScript and TOPO TA cloning instruction
manuals, respectively. Similarly, the methods by which PCR products were ligated into each of
these vectors is detailed in the manufacturet’s instructions (the only variation is that 0.8 pl of

TOPO vector was used instead of the stated 1 pl).
2.12 Transformation of E. coli

2.12.1 Standard E. coli strains

pCRSeript ligations were ftransformed into 40 pl of XL10-Gold ultracompelent cells
(Stratagene) while TOPO-TA ligations were transformed into 50 pl of the supplied TOP10 One
Shot® cells (chemically competent). All transformations carried out in this thesis were carried
out in the same way, i.e. a heat shock method, unless otherwise stated. Approximately 5-10 ng
of plasmid DNA was added to competent cells (on ice). These were left on ice for 30 minutes

and then incubated in a water bath at 42°C for exactly 30 seconds. Cells were allowed to
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recover for 2 minutes on ice before 400 ul of pre-warmed SOC medium was added. Cells were
placed in an orbital shaker at 37°C for 1 hour (in which time the antibiotic resislance gene
product could be synthesised). Cell suspensions were spread on LB + antibiotic plates, dried
and grown overnight at 37°C. For blue/white colour selection, of transformants, plates were
supplemented with 100 ul of 0.1M IPTG and 100 pul of 2% X-Gal.

2.12.2 HT115(DE3) strains
The same method as described above was used to transform plasmid DNA into HT115(DE3)
cells (which are tetracyclin resistant), the strain used in the RNAi feeding method. However,

the heat shock step was carried out at 37°C for 1 minute.

2.13 Identification of bacterial transformants
In order to identify which transformants contained the desired insert, blue/white sereening, PCR

screening, or restriction digestion was utilised.

2.13.1 Blue/white selection

Plasmids designed for blue/white selection (such as pCRScript and TOPQ) greatly facilitate the
identification of positive colonies from transformations. The blue/white selection stems from
the multiple cloning site of the plasmid being located within a peplide (JacZ) that encodes for
the N-terminal region of f-galactosidase, an enzyme that mctabolises X-Gal
(5-bromo-4-chloro-3-indolyl-[ B]-D-galactopyranoside) from a colourless to a blue product. In
the presence of an insert within the multiple cloning site which interrupts the /acZ gene, a
functional $-galactosidase is unable to form which removes the ability to mediate a colour
change. Consequently, colonies containing successfully ligaled plasmids appear white while
blue colonies imply the failed ligation into the multiple cloning site of the transformed vector.
It must be taken into account that a white colour is not a guarantee that there is an insertion or
that, if there is an insertion, that it is the sequence of interest. Thus, this screening method
should be used in conjunction with the PCR screening or with a restriction digestion analysis

using appropriate enzymes (sections 2.13.2 and 2.15).

2.13.2 PCR screening

Transformants resulting from ligation into PCRScript, TOPO or other functionally specific
vectors were identified as to whether they contained the desired insert using a PCR method with
gene specific- or vector specific- primers. Alternatively a combination of one of each could be

used which allowed for screening of direction insertions. For each construct, typically 20
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colonies were screencd. A toothpick was used to pick a colony and streak some of the cells
onto a gridded LB + antibiotic agar master plate. The cells remaining on the toothpick were
transferred {o separate S0 ul aliguots of dH,O and lysed by boiling for 5 minutes. 5 pl of the
resulting cell lysate was then added to a 50 ul PCR reaction mixtute containing 1X PCR buffer
(from 11.1X stock detailed above), 1 unit of Tag polymerase and 100 ng of a forward and
reverse primer. A simple PCR program was used: 92°C 1 minute, 56°C 1 minute, 72°C 1
minule (30 cycles) and the products run on an agarose gel but, as stated previously, longer
extension times were used if the fragment was particularly long. Colonies amplifyiﬁg
fragments of the expected size were assumcd to be positive transformants and DNA
preparations were made from them by relurning to the gridded master plate to start L-broth

cultures.

2.14 Plasmid DNA preparation

The QIAGEN mini-spin columns and Midi purification techniques are based on the alkaline
lysis of cells in L-broth (+ antibiotic) cultures (5 ml for mini preps and 100 ml for Midi preps).
The protocols supplied by the manufacture were used apart from an adjustment to the Midi prep
protocol that introduced an additional DNA precipitation step subsequent to precipitation of
DNA with isopropanol. Instead of proceeding immediately with the 70% ethanol wash, the
isopropanol-derived pellet was rcsuspended in 200 ul TE buffer, ethanol precipitated (as
detailed in section 2.9.1) and washed in 70% cthanol. The dried pellet was resuspended in 200
pl of TE buffer. Mini preps were eluted in 100 ul elution buffer. MIDI preparation of DNA
was used when higher purity of DNA was required. Such preparation also results in higher
yields of DNA.

2.15 Restriction endonuclease digestion

Restriction cnzyme digestion was used to verify the inclusion of an insert within a plasmid.
However, the methods described here are relevant for all the restriction digestion reactions
carried out in this thesis apart from where otherwise stated. TFor analyses, 200-500 ng of
plasmid DNA and approximately 2-5 units of restriction enzyme were used in 50 pl reaction
volumes of 1X buffer supplied with the enzyme. Many enzymes are compalible with each
other and could be used simultaneously in the same reaction mixture, even if it entailed using
one of the enzymes at sub-optimal conditions (c.g. 50-75% efliciency). However, when this
was not possible, it was necessary to digest using the two enzymes in succession, using one

enzyme (2 hours 37°C and then heal inactivate it) and ethanol precipitating the linear DNA
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Chapter 2: Materials and Methods

before setting up the restriction digest with the second enzyme in its appropriate buffcr.
Incubations were typically carried out at 37 “C for 2 hours unless another temperature was

specified for the enzyme as recommended by the supplier.

These reaclions were scaled up for the production of large amounts of linear fragments
required, for example, for ligation reactions (described below), In such cases 5 ug of DNA were
used in similar 50 pl reactions. Even larger quantities of DNA could be digested by scaling up
the volume of the reaction and using MIDI prep DNA. For purification of specific products of
restriction digestion, the reaction mixture was run on an agarose gel (of an appropriate
percentage), the correct sized fragment was excised, and the DNA was extracted and purified as

described in section 2.10.2.

2.16 & end dephosphorylation of linearised vector DNA

In cases where restriction digestion of a vector had left blunt ends or two similar ends, prior to
ligation, it was necessary to prevent recircularisation of the plasmid (without an insert) by
dephosphorylation of the 5 end. 10-20 units of calf alkalinc phosphatase (CIP) (New England
Biolabs) were used in a 50 pl reaction volume that also contained 5 pg of linearised (and gel
purified) DNA aud any of the New England Biolab standard buffers (buffers 1-4) at a 1X
concentration. Reactions were incubated at 37°C for 1 hour, after which the dephosphorylated
DNA was purified using the standard phenol:chloroform exiraction method (including the

choloroform purification and ethanol precipitation steps).

217 Ligations into other vectors

Plasmid preparations oft the required vector and a (specific function) vector containing the
required insert, were restriction digested in separate reactions using similar or compatible
restriction enzymes. Typically, approximately 1 pg and 5 pg of vector and insert-containing
plasmid DNA respectively were digested. The products were run on an appropriate percentage
agarose gel and the correct bands excised and gel extracted. The ideal molar ratio of
insert:vector for cloning is considered to be 3:1 and thus, after determining the concentrations
of linearised DNA by the running 2 pl of gel extracted DNA on an agarose gel against a DNA
ladder of known concentration, the relative amounts of each component required was calculated

via the following equation:

ng vector x kb size ofinsert x 3 =ngofinsert
kb size of vector 1
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Chapter 2. Materials and Methods

Typically 100 ng of vector was used in a 10ul ligation reaction that also included 14 DNA
ligase (New England Biolabs) and its supplied T4 5X Buffer (added to a 1X concentration),
Ligations were incubated at 15°C overnight after which 2 pl of the mix was used to transform
XL10 E. coli cells as detailed in section 2.12.1. Prior to transformation, it was, in some cascs,
possible to carry out a restriction digestion step (37°C 30-60 minutes) using an enzyme specific
for vector sequences that had been incompletely digested and as a conscquence had relegated
back to its original form (i.e. not containing the desired insert). To optimise the efficiency of
this step, the ligation mixture (in 1X ligase buffer), could be supplemented in order to recreate

the conditions of the supplied restriction digestion buffer.

2,18 Seqguence analysis

The sequence of inserled DNA was verified by sequence analysis. Ethanol precipitated DNA
samples (2 ug) were sent to MWG sequencing along with appropriate oligonucleotide primers.
In some cases, primers were required that ensured the sequencing of the entire cloned sequence.
However, in other circumstances, the cloning junctions (ligation sitcs) were the only segments
that were required to be sequenced. Returned sequences were analysced using Vector NTi
(Informax) and its associated program, Contig Express, and compared against published gene

sequences in WormBase (http://www.wormbase.org).

2.19 Bioinformatic resources

The aforementioned WormBase site was an invaluable tool since it is a central resource of
sequence-, RNAi-, expression-, family- and functional- data. The “motif search” was also a key
tool in the construction of the list of RNAI targets described in chapter 4. Other bioinformatics
tools ufilised include the ClustalW tool from ‘Pole Bioinformatique Lyonnais Nctwork of
protein sequence analysis (NPS)” (http://npsa-pbil.ibep.fr). The prediction of ER signal peptide
cleave site of protcins {c.g. HPX-1 in chapter 5) was via the Signal P program through the
ExPASy molecular biology scrver (http://www.expasy.ch). Secondary structure prediction of
HPX-1 was performed by a Predict Protein tool through the EMBL Heidelberg setver
(http://www.embl-heidelberg.de).

2.20 Semi quantitative reverse transcriptase PCR (SQ RT-PCR)

A semi quantitative-reverse transcriptase PCR (SQ RT-PCR) approach was used in order to
examine the temporal expression patterns of col-79 and hpx-1. This method uses the premise
that ama-1, that encodes for & subunit of RNA polymerase 1I, is constitulively expressed

throughout the larval and adult stages and that the expression level of a gene of interest can be
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thus be expressed in relative terms of ama-I's constant level of expression. A set of staged
cDNA samples representative of the mRNA population at every two hours of development (a
gifi from lain Johnstone, WCMP, University of Glasgow, UK) (Johnstone and Barry, 1996)
was used to amplify up ama-I and the gene of interest using the sets of primers listed in table
2.4. It was only necessary that short fragments of cach be amplified. However, it was important
that the region between the primers contained an intron in genomic DNA that would not be
present in the ¢cDNA. This would enable that products amplified from any contaminating
genomic DNA in the cDNA fraction, whose levels would not alter temporally, could be

separated from products amplified {rom cDNA.

The conditions of the PCR reaction are based on the protocol described in Johnstone and Barry,
1996 where the importance of not exhausting the reagents was emphasised. For each stage
represented by a ¢cDNA sample, a reaction was set up containing each of the four primers (a
forward and rcverse for both ama-I and the gene of inierest) in excess (100 pmoles per
reaction), appropriate amounts of the 11.1X buffer to give a final 1X concentration, 1-3 ul of
the mixed stage cDNA sample and 1 pl of Tag polymerase. Refer to tables 2.4 and 2.7 for
details of primers. 30 PCR cycles of 92 °C 1 minute, 56°C 1 minute and 72°C 1 minute were
used. 25 pl of each reaction mixture was run on a 200 mt 1% agarose gel. Afler soaking the
gel in a solution of ethidium bromide, the DNA fragments were visualised on a UV
transilluminator. In the Apx-7 RT PCR experiments, the image from the transilluminator was
saved as a TIFF file which was analysed using ImageQuant software (Amersham Bioscience).
However, for the col-19 RT PCR, a southern analysis method was utilised. For this, the gel was
first trimmed to leave the region containing the bands of interest (at this stage it was especially

useful fo remove the bands corresponding to the primers).

SQ RT PCR Primers and sequence cDNA fragment Genomic DNA
experiment (bp) fragment (bp)
col-19 ama 1a2 426 523
(cagtggetcatgtegagtttccaga)
ama 1b2
{gcgctggaaatitpacagattge)
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SQ RT PCR Primers and sequence ¢DNA fragment Genoniic DNA

experiment (bp) fragment (bp)
semiQ PCR col-19 fwd 300 353
(atgggcaagctcattgte)

semiQ PCR col-19 rev
(agctgggeaaccetcgga)
hpx-1 ama-1 (1228/744) fwd 744 1228
(gegetggaaattigacagattge)
ama-1 (1228/744) rev
gaatucaattgtccacaagagttgc)
zk430.8 (1831/853) rev 853 1831
(gctotgtgagotictgage)
zk430.8 (1831/853) fwd

(glccatctecegactaatcaace)

Table 2.4: Primers utilised for RT-PCR and the amplified fragment sizes. Sequences of
primers are detailed in table 2.7.

2.21 Southern blotting

DNA was transferred to a nylon membrane (Hybond™ N, Amersham Life Science) by first
treating the DNA by soaking the gel in the following solutions for 15 minutes each: 0.25 M
HCI, denaturing buffer (0.4 M NaQH, 0.8 M NaCl} and finally neutralising bufler (0.5 M Tris,
1.5 M NaCl, pH 7.6). The transfcr apparatus was set up with the following layers: 4 wicks cut
from 3MM paper soaked in 10X SSC (see below for 20X SSC); denatured gel; nylon
membrane; 6 filters cut from 3MM paper (not soaked). The nylon membrane and 3MM had
been cut to be the exact size of the gel. Cling {ilm was placed closely around the sides of the
gel in order to prevent the fransfer of fluid via any route other than through the ge! and
membrane. A stack of paper towels was placed on top of the blot and weighed down with a
heavy object and it was lefl to blot overnight at room temperature. The nylon membranc was
removed from the above blot and soaked briefly in 3X SSC. It was then air dried and the DNA
cross-linked using a UV Stratalinker 2400 (Stratagene).

20X SSC: 3 M NaCl, 0.3 M NaCitrate, pH 7.5
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2.21.1 Probing the membrane

The transferred DNA was visualised by hybridisation of the membrane using radioactive
probes. These were prepared nsing a Prime-It® II Random Primer labelling Kit (Stratagenc).
For synthesis of each probe (ama-1 and col-19), ~100 ng of iemplate DNA, that had digested
out of vectors (veetors that had been supplied by Gillian McCormack), was used according (o
the instructions stated by the manufacturer. A few modifications were made, including that 100
ng of DNA was used as a template (instead of the suggested 25 ng), 3 pl of **P adCTP labellcd
nucleotide was used and the mix containing the labelled nucleotides was incubated at 37°C for
30 minutes. The probes were purified on microspin S-200 HR columns (Amersham

Biosciences) following the instructions of the manufacturer.

The nylon membrane containing the {ransferred DNA was allowed to prchybridise for 10
minutes in a hybridisation bottle at 65°C in 50 ml of prehybridisation mix (in a rotating
hybridisation oven (Stuart Scientific)). Radiolabelled probes were boiled for 5 minutes (95 °C)
in order to denaturc them and 10 pl (approximately 12.5 ng of labelled DNA) of each probe
was added to the solution. Hybridisation was allowed to continue overnight at 65°C. The
membrane was washed with prewarmed 2X SSC/0.1% SDS in two 10 minute incubations
(65°C) and then quickly rinsed in 0.2X SSC. The membrane was allowed to air dry and then
exposed to a phosphoimage screen (Fuji) at room temperature for between 1 and 24 howrs. The
screen was then scanned using a Typhoon 8600 phosphoimager and the results were analysed

using ImageQuant software.

Church and Gilbert mix; 100 ml of 1 M NaPQy (71 g anhydrous Na;HPQ4 with 4
mls of 85% orhophosphoric acid in 1 L of HyO), 70 mi
20% SDS, 0.4 mi 0.5M EDTA (pH 8), 26.6 H;O.

Prehybridisation mix: 50 ml Church and Gilbert buffer with 200-500 pg herring
sperm DNA (denatured by incubation at 95°C for 5

minutes).

2,22 Standard C. elegans techniques

2.22.1 Generation of males
Males arise as a consequence of spontaneous X chromosome non-disjunction during meiosis

that results in animals having a nullo-X genoiype. In wild type populations, this occurs at a
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frequency of approximately 0.2%. To increase this frequency, a heat shock method was used.
This involved incubating a number of I.4 hermaphrodites (N2 or TP12) on NGM agar OP50
plates at 30°C for 8 hours, In order to maintain high populations of males, plates were
continually set up containing 6 1.4 males (from the F1 population of the heat-shocked worms)

and 2 L4 hermaphroditcs from the same strain.

2.22.2 Crosses

To obtain morphologically mutant strains expressing the COL-19::GFP construct, 6 TP12 malcs
woere placed ont a plate with 2 hermaphrodites of the morphologically mutant strain. Because
the COL~19::GFP is a dominant trait the F1 generation derived from a cross could be identified
based on the expression of the {luorescent marker. 6 such GFP positive Fi hermaphrodites
were placed onto a fresh plate with 2 TP12 malcs. Since most of the lesions of the
morphological mutants are recessive, successfully transformed animals could be selected for
based on the expression of the GFP marker and the mutant phenotype in the progeny of this
cross (‘F2” gencration). Such single animals were picked onto individual plates (1 worm per
plate) and allowed to sclf-fertilise. The progeny resulting form this self-fertilisation (‘F3’
generation) were checked for 100% of the progeny being morphological mutant. This was
especially necessary if the morphological mutant lesion was dominant. 100% of the progeny

from a self-fertilisation represented that a stable line had been created.

2.22.3 Synchronising populations

Large populations of worms were grown on at least five 9 cm NGM agar OP50 plates. It was
important that these populations contain a large percentage of adult animals. Such populations
were washed into falcon tubes (Grenier) (on ice) using 1X M9 buffer and washed with the same
buffer 3 times (cach time, allowing the worms to pellet by gravity, removing the supermnatant
and refilling the tube with fresh buffer). Subsequent to washing, 1ml of blcaching solution (1%
(v/v) bleach, 0.25 M KOH) was added to each 100 u! of packed worms. Bleaching was
allowed to continue for only 3-5 minutes and immedialely washed with 1X M9. The bleached
worms were washed 3 times with 1X M9 and then were transferred to a conical flask in 20 ml
final volume of 1X M9. The bleaching process killed all animals but the unhatched embryos
were still viable. Consequently, after being left overnight at 25°C, the embryos released from
dead adults were able to hatch but were arrested at the L1 larval stage due to the absence of
food. In order to reset the life cycle, aliquots of L1 arrested larvae could be transferred onto

NGM agar plates supplemented with QP50 bacteria. For synchronous populations of L1 larvae,
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animals could be washed off plates afier 2 hours of feeding. For L3 populations, plates were
incubated at 20°C overnight before being washed off, Such a method wuas used for transgenic
lines carrying the Apx-1 promoter-LacZ construct and the Apx-/-PEST construct. After the L3
stage, synchronous populations gonerated in such a manner lost some synchrony. An
alternative method to obtain synchronous populations of later larval stages was used that
involved allowing populations of animals to starve and rcvert to the essendially, arrested L3,
dauer stage. Re-establishment of a food source enabled these populations of worms (o re-enter
the life cycle as a synchronous population of L4s, which could be collected. At 25°C it took
approximately 8 hours for dauer animals to start feeding again and a further 4 hours to reach the
dauer-I.4 moult while it took longer at 15°Cand 20°C. In this way, synchronous populations of
adults could also be obtained. This was the method used to observe the COL-19::GFP pattern
as adults aged. The onset of the adult stage could be identified by the expression of the
adult-specific COL-19::GFP marker.

2.22.4 Transformation of C. efegans

2.22.5 Microinjection

Transformed lines of C. elegans were obtained via microinjection following a method described
by C. Mello and A. Fire, 1995 that details the use of co-injection of experimental DNA and a
selectable marker. Both plasmid DNA constructs were based on the pPD series of vectors
(supplied from the Fire lab). The selectable marker used was plasmid p76-16B (a gift from R.
Horvitz, MIT, Massachusetts, USA) that rescues the Unc phenotype of the unc-76 mutant strain
DRY96 (unc-76(2911)) because it encodes a wild-type copy of the gene (Bloom and Horvitz,
1997). DNA solutions were prepared using a standard Midi preparative (QIAGEN) method and
mixed to give a final concentration of 20 pg/ml of experimental plasmid and 100 pg/ml of
tescue plasmid (in dH,0). The mixture was centrifuged for 30 minutes to remove any debris
which might block the needle and the supernatant from this step centrifuged for a further 15
minutes as an cxira precaution. DNA was loaded into needles that had been pulled on a
computer-controlied electrode puller model 773 (Campden Instruments) using 1.2 mm O.D
(outside diameter) x 0.69 mm LD. (inside diameter) borosilicate glass capillaries with standard
wall and inner filament (Clark Electromedical Instruments). Young adult nematodes were
immobilised under a drop of liquid paraffin (BDH) on 2% (w/v) agarose pads (on 64 mm x 22
mm coverslips (Thickness 1, BDH)) that had been flattcned with a second coverslip and

subsequently thoroughly dried at 80°C. 'The gonads of hermaphrodites were injected using an
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Axiovert-100 inverted microscope (Zeiss) equipped with a flat, free-sliding glide stage with
centred rotation with DIC/Nomarski optics, a micromanipulator guided needle, and pressurised
nitrogen that was controlled via a foot pedal. In order to obtain transformed lines, it was
necessary that the DNA be injected inlo the gonad arms. Recovery buffer (2% glucose, 1X M9)
was used to remove worms from pads and a large pool of it was placed on a fresh NGM OP50
plate which provided an environment for the worms to recover in {(at 20°C). Transformed
progeny were identified from the F1 generation of injected animals by the Unc rescue
phenotype (essentially wild type). Plates containing 10 rescue phenotype worms from the Fl

generation were preparcd and the resulting F2 generation analysed.

2.22.5.1 Behaviour of injected DNA

Formation of stable transformed lines occurs because it is possible that in 1-10% of the 'l
population, the two pPD vectors can, due to regions of homology within the vector backbones,
recombine to form long tandem arrays. Arrays that atfain a large size can become heritable as

extrachromosomal elements which are transmitted at a frequency of between 5% and 95% in

subsequent generations,

2.22.6 Maintenance of transgenic strains carrying a free array
Lines of iransgenic animals were maintained by picking approximately 10 rescued

hermaphroditcs onto fresh plates,

2.22.7 TP12 integration of extrachromosomal arrays

Integrated lines carrying the COL-~19::GFP construct were obtained by subjecting a humber of
lines expressing the COL-19::GFP exftrachromosomal array (populations of >200 L4 animals on
4 x 9 cm NGM agar OP50 plates) to irradiation (38 Gy) from a ®Co source (25 minute cycles).
For each line, worms were allowed to recover for approximately 2 hours before being separated
onto 24 individual plates containing 7 irradiated young adults each. Thesc were allowed to
grow for 10-14 days, until starved, afterwhich a small section of the NGM agar was excised and
transferred onto fresh plates. From each of the 24 plates, 20 GFP expressing worms, escaping
from the dauer stage, were picked onto individual (3.5 cm) NGM agar plates. Those plates with
100% transgenics in the F1 generation were chosen and from these, individual animals were
picked and allowed to self. The generations produced as a result of the self cross were checked
in order to verify 100% cxpression of the integrated construct.  The best plates were picked for
each {ransgenic line and maintained, Animals from these lines were backcrossed 4 times

against wild type nematodes to remove deleterious mutations, This involved over the course of
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4 generations, taking animals derived from the integration and setting up a cross (as described
in section 2.22.2) with N2 males. A single worm PCR was performed in order to verify the

presence of the correctly integrated DNA.

2.23 Single Worm PCR

Single worms were transferred to 2.5 pl of single worm lysis buffer, placed on dry ice for > 15
minutes and then immediately incubated at 65°C for 90 minute. Finally, they were incubaled at
90°C for 20 minutes and allowed to cool. 22.5 pl of premix was added to each reaction and
used in the following PCR programme: 30 cycles at 94°C 30 seconds, $8°C 1 minute and 72°C
1 minute. Primers used for verification of the presence of the COL-19::GFP construct were

‘col~19 fwd’ and ‘gfpc3rev’ as described in table 2.7.

Lysis buffer: 100 pg/ml proteinascK, 10mM Tris (pHS), 50m KCl, 2.5mM MgCl,,
0.45% (v/v) Tween®20 (Sigma-Aldrich), 0.05% (w/v) gelatin.

Premix: 25-30 pmol of each primer, buffer (11.1X at a final concentration of

1X), 2.5 units of Tag polymerase.

2.24 Microscopy

Nematodes were viewed using an Axioskop 2 microscope (Carl Zeiss, Obrkochem, FRG) with
lenses: 10x/0.3 Plan-Neurofluor and 63x/1.4 and 100x/1.4 Plan-Apochromat. GFP fluorescence
was viewed with a mercury lamp (240V 100W, Osram) UV source and filter set 09. A
Hamamatsu C4742-95 monochrome digital camera (Hamamatsu photonics, Hamamatsu City,
Japan) and Openlab 2.2.0. software were used for image capture. Images were processed and
pseudocoloured, where appropriate, using Improvision Openlab software, This apparatus was
used for visualisation of live- and fixed- specimen (the latter of which is described in sections
2.29.2).

2.25 Preparation of whole worms

2% agarose + 0.1% sodium azide pads, which had been flattened with a coverslip, were made
on glass twin frosted microscope slides. Animals were picked onto pads which had been
supplemented with a small amount of 1X M9, A cover slip, whose edges had been coated with
a light film of soft paraffin BP, was carefully placed on the pad. The paraffin acted as a scal.
Prior to visualisation, slides were kept in 2 humid chamber at 4°C and in the dark. However,

best results were obtained when samples were analysed immediately.
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2.26 Preparation of freeze-cracked specimens for immunolocalisation

Specimen for immunoclocalisation assays were prepared using a freeze cracking method. Slides
were prepared by the application of 2 sequential coats (cach approximately 100 pl spread over
the whole surface) of poly-L-lysine (0.1% w/v in HyQ) (Sigma diagnostics, MO, USA) and
incubated at 80°C until dry. Poly-L-lysine is an adhesive solution for adhering tissue sections
to glass slides. Large populations of worms, prepared by washing either mixed or synchronous
populations from NGM OP50 plates, were washed three times with 1X M9 buffer and finally
allowed to scttlc and form a loose peliet. Enough buffer was left around the pellet to enable
that worms be pipetted using a glass Pasteur. Approximately 20 pl of worm pellet was spread
onto the dried poly-L-lysine slidcs. A 64 mm x 22 mm glass coverslip was placed on top.
Slides were immediately placed at —80°C for 20 minutes. Freeze cracking was than carried out
using a scalpel blade to prise the coverslip off. Slides were then transferred fo ice-cold 100%
methanol (20 minutes) and then to ice-cold 100 % acetone (20 minutes), after which they were

lefl to air dry at room temperature. Slides could be stored at —20°C.

2.27 Immunolocalisation procedure for whole worm staining

Immunolocalisation was carried out in microfuge tubes rather than on slides and therefore using
PBST (0.1% Tween), freeze cracked worms, prepared by the above method, were washed from
slides into fubes. Worms were allowed to settle by leaving on ice and the supernatant was
removed. The first blocking step was carried out in approximately 150 ul of 1% milk (Marvell)
in PBST or in 1% bovine serum albumin (BSA) (96% electrophoresis grade —Sigma-Aldrich) in
PBST for 2 hours at room temperature on a shaker, Blooking solution was removed by
allowing a loosc pellet 1o setltle and removing the supernatant and then the pellet was then
washed 3 times with 1 ml volumes of PBST. The washed pellet was resuspended in 150 pl to
200 pl of primary antibody (raised against COL-19, MH27, DPY-7 or Ty} that had been diluted
to the appropriate concentration in PBST and placed on a shaker for 2 hours at room
temperature or at 4°C overnight. The primary antibody was removed in a similar manner from
the previous step and the pellet was washed three times with PBST. The pellet was
resuspended in a volume of secondary antibody (150 ul — 200 pl) that had been diluted to the
correct concentration in PBST. For DPY-7, MH27 and TY staining, the secondary antibody
was AlexaFluor 594 goat anti mouse (Molecular probes). This was left at room temperature for
2 hours after which the pellet was washed 3 times. To put immunostained worms back onto
slides, the pellet, left in ~20 pi solution with a drop of mount solution (50% glycerol, 0.5X
PBS, 2.5% DABCO (Sigma-Aldrich)) added, was pipetted onto a fresh (non poly-L-lysine)
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slide using a glass Pasteur pipette. An even and fine spread of animals was achieved by using
the long flal side of the pipette. A 64 mm x 22 mm glass coverslip was placed on and the
excess liquid removed from underncath by using the capillary action of a piece of tissue placed
at the side of the coverslip. When as much liguid as possible had been removed the slide was
sealed using clear nail varnish. Slides were stored in humid chambers at 4°C and then viewed

via epifluorescence as described in section 2.24.

Antibody Block Primary Secondary
DPY-7 1% milk (PBST) 1:50 1:100 goat
anti-mouse
MH27 1% milk (PBST) 1:100, 1:100 goat
anti-mouse
Anti-Ty 1% milk/1% BSA 1:50 1:200 goat
anti-mouse
COL-19 Tried 1%, 2% milk Tried 1:50, 1:100, 1:200, Tried 1:100,
and 2%, 3% BSA 1:500, 1:5000, 1:10000 and 1:200
pre-absorbed sera goat anti-rabbit
On:
-methanol/acetone-fixed
wWorms
-methanol/acetone/
formaldehyde-fixed worms
-cuticle exiracts

Table 2.5: Conditions of antibody s¢aining,

2.28 Optimisation of antibody staining using anti COL-19 antibodies

COL-19 antibodies were raised against a 16-residue peptide (APGPDAGYCPCPSRAA)
corresponding to the C-terminal, non Gly-X-Y, region of COL-19 by using a standard
immunisation protocol in rabbits (Sigma). As described in table 2.5, a number of attempts were
made to make the immunolocalisation using this antibody as specific as possible. However no
technique proved successful. Initial trials uscd the standard protocol as detailed above trying
primary antibody concentrations of 1:50, 1:100, 1:200, 1:500, 1:1000, 1:5000. There was no
middle ground between samples that stained non-specifically and those that exhibited no

staining at all.
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The next stage attempted to use worms that had been fixed using the “heavy” formaldehyde
method described below. Such animals were treated with antibodics in standard fashion. A
final means of preparation was (o make cuficle extracts. Such cuticle extracts were ireated with
antibodies according to the standard procedures and were also treated with samples of
antibodies that had been pre-absorbed with acetone-exiracted preparations from populations of

worms that had been treated with col-79 RNAI. Details of these processes are described below,

2.28.1 ‘Heavy fixation’ of freeze-cracked slides for immunolocalisation

The ‘harder’ fixation protocel, using an additional formaldehyde fixation step, was aitempted
for antibody staining with COL-19 antibodies. Slides were fixed using the standard methanol
and acetone solutions as described above and were subsequently transferred to a chamber
containing 4% formaldehyde in PBS for 30 minutes at room temperature (an 8% formaldehyde
stock was made by heating and adding drops of NaOH until dissolved). Slides were washed
thoroughly 3 times in PBS buffer and then used as normal. This is a modified version of that by
Janet Duerr as described in WormAtlas (www.wormatlas.org). Worms prepared in such a way

werc treated with primary antibodies at the same concentrations of COL-19 antibodies as in
table 2.5,

2.28.2 Cuticle extraction

Worms from large mixed popuiations (from 8 x 9 cm diameter NGM plates that had relatively
high adult populations) were washed off NGM plates using 1X M9 buffer which was then
replaced with 1 ml of TBS + 0.1% NP4O and the following proteases at their final
concenirations: 100 mM PMSF (serine protease inhibiior), 100 mM EDTA (metalloprotease
inhibitor), 0.1 mM Pepstatin (acid protcase inhibitor) and 2 mM E64 (cysteine proteasc
inhibitor). A pestle and mortar (surrounded by a polystyrene insulator) were pre-cooied using
liquid nitrogen. The pestle was filled with liguid N2 and the 1 ml mixture of worms and TSB
soluttons was administered using a glass Pasteur. Worms were ground into a fine powder and
then transferred to a 1 ml homogeniser in which grinding was continucd (on ice for 10
minutes). The ground worms were incubated on ice for a further 30 minutes, Cuticle extracts
were pelleted by centrifugation at 10,000 g in a 1.5 mi microfuge on a Avanti (Beckman)
benchtop centifuge (for 20 minutes).

Cuticle extracts prepared in this manner were subjected to immunolocalisation using standard
methods (2% milk (PBST) block and primary antibody concentrations of 1:50, 1: 500, and
1:5000). They were also treated with pre-absorbed antisera (section 2.28.3).

83

.. i it ‘
e F e R R e



http://www.wormatlas.org

Chapter 2: Materials and Methods

2.28.3 Pre-absorption of antisera

The method of pre-absorption of antisera was used with the aim of reducing the background
staining pattcmn when using COL-19 auntibodies. Extracts containing all native protcins except
for COL-19 were used. These extracts were oblained from large populations of worms that had
been grown on cof-/9 RNAI plates in order to remove this protein from the pre-absorption
mixture. Worms were washed off 10 large NGM col-79 RNAI feeding plailes using 1X M9.
The pellet was washed with 0.1 M NaCl and thc worms lysed on ice by sonication (40 %
amplitude, 3 minutes: pulses of 5 minutes on, then 5 minutes off). 5 volumes of icc-cold
acetone were added to the sonicated liquid. A pellet was obtained by centrifugation for 15
minuies and was resuspended in a small amount of 100% acetone. This mixture was dropped
onto the centre of a Millipore disc (Millipore size 0.025 pM) that had been placed on a piece of
3MM filter paper, This was allowed to dry at 37°C. The region of the membrane to which the
protein extract had been applied was cut into (9) pieccs to cffectively aliquot it. One such
aliquot was soaked in S0 pl of PBS and agitated at room temperature overnight., For
pre-absorblion, a 1:3 ratio of volume of packed worms to volume of neat antibody was required
and appropriate volumes of antibody were added to the 50 pl of protein extract. Protein extract
and antibody were allowed to pre-absorb for 2 hours at room temperature (it was then
centrifuged for 10 minutes). This pre-absorbed antibody was used on cuticle extracts at
concentrations of 1:500, 1:1000, 1:5000, and 1:10000 (blocked with 1% milk}.

2,29 Promoter analyses

2.29.1 The hpx-1/ lacZ promoter/reporter gene construct

In order io characterise the spatial expression pattern of Apx-1 the reporter gene vector
pPD96.04 (A. Fire) was used. This allows cis-acting sequences of a gene of interest to be
inserted at a §' cloning site in order tc be fused in-frame to the JacZ coding region which
encodes for the enzyme [3-galactosidase (P-gal). Sites of promoter-driven expression are
visualised via an X-Gal staining method on the basis that X-Gal is the substrate for $-gal. At
sites of reporter expression, X-gal is converted into a clearly visible blue product. This is a
commonly used reporter mechanism that can be used for expression assays in many C. elegans
tissues. A variety of similar pUC19-derived reporters are available from the laboratory of A.

Fire.
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Chapter 2: Materials and Methods

The pPD96.04 vector used here has an eight amino acid SV40-derived nuclear localisation
signal (NLS) at the junction between the inserted promoter and the /uc¢ Z roporter. This is a
useful element to have in a reporter consiruct because it directs the synthetic transport of the
fusion molecule into the nucleus, thereby sequestering the reporter moiety into a limited and
punctate organelle and making the identification of the cell in which expression is occurring
easier. A number of synthetic introns are included in the vector sequence, one upstream of the
NLS and 12 within the lacZ, as the presence of introns has been demonstrated to improve the
level of expression. The lacZ coding sequence is followed by a 3' multiple cloning site
containing the C. elegans unc-54 gene. An additional means of visualisation is provided for in
the pPD96.04 vector by the inclusion of a GFP moiety 5' of, and in frame to, the facZ sequence.
The efficiency/sensitivity of both the GFP and lacZ reporter constructs is incrcased by the
addition of a 5' decoy sequence upstream of the 5' multiple cloning site whose encoded

termination codon effectively provents read-through from background expression.

A 2115 bp putative promoter region of the Apx-1 genc was amplified (30 cycles) from N2
genomic DNA using Vent polymerase and the primers ‘7k430.8 promoter fwd’ (Sph I) and
‘zk430.8 promoter rev’ (Xba I) (see table 2.7). The amplified sequence includes approximately
2000 bp of 5' promoter sequence as well as protein coding sequence encoding for the ATG start
site, the predicted signal peptide, the signal peptide cleavage site and 4 residues which lie 3' to
the cleavage site. An extra base was also included in order to keep the 5' lacZ gene sequence
in-frame. PCR products were ligated into a PCRScript transfer vector which was used as
source from which the amplification product could be excised using Sph I and Xba 1. The
excised fragment was ligated into a similarly restriction digested pPD96.04 vector and the
cloning junctions of the resulting construct were sequenced using the primers ‘M13 reverse’,

‘zk430.8 prom seq rev’, ‘zk430.8 prom seq fwd’ and ‘96.04 sequencing rev’.

After verification that the correct inert had been cloned, and most importantly that the lacZ had
been kept in-frame, transgenic lincs werc obtained by microinjection of the construct and the
unc-76 rescue plasmid into DR96 animals as detailed in section 2.12. Two transgenic lines were

obtained in this way.

2.29.2 Staining for p-galactosidase activity
Two synchronous populations of L1 and L3 worms for each of the transgenic lines were

obtained by the method described in section 2.22.5. These were washed from plates using 1X
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M9 buffer (3 washes of 1X M9). The volume after the final wash was reduced to 100 pl and
one volume of 2.5% gluteraldehyde (Sigma-Aldrich) was added. Suspensions were incubated
for 20 minutes at room temperature with geutle agitation and were subsequently washed 2 times
with 1X M9. The volume was reduced to 100 pl and pipetted onto a slide. The slide was dried
by allowing the liquid to evaporate at room temperature for 30 minutes and subsequently, the
worms were dehydrated by transferring the slide to ice cold acetone for 20 minutes, Slides
were air-dried and a reservoir was painted around worms using nail varnish. 30 pl of stain mix
was added to the reservoir, a coverslip was applied and secaled with nail varnish. Worms were

checked every hour for staining or left overnight.

Staining mix: 500 pl 0.4M NaPOy, 1 il 1 M MgCl,, 100 i Redox buffer
(50 mM potassium ferricyanide, S0 mM potassium
ferrocyanide), 4 pl 1% SDS, 400 pl dH0, 12 pl of 2%
(w/v) X-gal.

2.29.3 Cloning of the hpx-1 promoter sequence into a vector with a destabilised
EGFP

The vector, pPAF207 (a gilt from A. Frand, Massachusetts General Hospital, Boston) is a
modification of pPD95.81 from Andrew Fire’s lab that was designed in order to create a vector
tool with the capacity to assay the kinetics of transient gene regulation. This is facilitated by
the incorporation of pd1EGFP-N1, a destablised enhanced green fluorescent protein, between
the last coding codon and the stop codon of the pPD95.81 GFP. pdiEGFP-N1, originally from
mouse orthinine decarboxylase (Li e/ al., 1998), was obtained from Clonetech and has a
half-life of approximately 1 hour. Consequently the GFP reporter, under the influence of the
promoter in question, is degraded after an hour of being expressed, thus ensuring that no
residual reporter product remains. ‘The vector backbone, pPD95.81, is similar to pPD96.04 in
having synthetic introns incorporated into the coding sequence of the reporter gene (only 5 ST
arc inscrtcd info GFP instead of 12 in pPD96.04), a decoy 5' sequence and uznc-54 at the 3' end.

However it differs as reporter constructs are not sequestered to the nucleus by a synthetic NLS.

2089 bp of the putative promoter of spx-1 as well as 14 bases of coding sequence, encoding 4
residues plus two bases that keep the construct in frame, were cloned into pPAF207 using the
primers ‘zk430.8 prom fwd’(Sph I) and ‘pest vector rev zk430.8’ (BamH I). These were used
in a reaction containing 1 pl of 12.5 mM dNTPs, 1 ul genomic DNA (~200 ng), 1 pl of 25 mM

86

Pty MR g L L e et




Chapter 2: Materials and Methods

MgCl; and 2 units of Vent polymerase in a 50 ul volume at 1X concentration of ThermoPol
buffer. 25 cycles of PCR were utilised to amplify the [ragment which was then cloned info
TOPQO. Using the restriction enzymes BamH I and Sp#a I, the fragment was excised from this
vector and ligated into a similarly linearised pPAF207 vector with a 3:1 insert:vector ratio (100

ng of vector).

Positive clones were identified using a restriction digestion method with the Sp# 1 and BamH 1
enzymes and were subsequently sequenced using the primers:‘paf207 seq fwd’, ‘paf207 seq
rev’, © zk430 prom seq fwd2’ and ‘zk430. prom seq rev2’

This construct was co-injected into DR96 animals with the Unc rescue plasmid, p76-16B.
Successtully transformed animals were identified on their Unc rescue phenotype. Two lines
were obtained which were used in a time course analysis using synchronous populations as
described in section 2.22.3. A number of arrested L1 animals were placed onlo OQI’SQ in order
to induce their entry into the life cycle. Since only a percentage of worms in transformed lines
express the construct, the animals transferred to food-supplemented plates were chosen on the
based of their movement as L1 arrested larvae in 1X M9. Plates were incubated at 25°C and at
2-hour intervals, were monifored and the number of animals expressing the marker construct

was counted. This was continued until the animals reached the adult stage,
2.30 RNA interference (RNAI)

2.30.1 Construction of plasmids

Prior to the release of the RNA{ library (Kamath ef al,, 2003), plasmids required for RNAi
experiments had to be constructed. The primers, listed in table 2.6 and detailed in table 2.7,
were used to amplify fragments of the genes of interest from N2 ¢cDNA or genomic DNA using
Tag polymerase (30 cycles of the PCR programme). Amplified products, whose sizes are
detailed in table 2.6, were cloned into either TOPO or PCRScript. Fragments were excised
from their transfer vectors using restriction enzymes sites, situated within the vector and which
are specified in table 2.6. Fragments were ligated into a similarly restriction digested L4440
vector at a site between the 2 T7 promoters in the latter vector. During these standard cloning
procedures, transformation of E.coli strains was into XL10-gold cells. The col-79, sqi-1 and

sqt-3 RNAI confructs were contructed by Gillian McCormack (University of Glasgow).
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Gene Primers Fragment Size | Restriction TOPO/
(bp) sites used PCR Script

zk430.8 | zk430.8 fwd 781 (¢cDNA) Pst V/Not 1 PCRSecript
zk430.8 rev

sqt-1 sqt-1 fwd 975 (cDNA) Not I/ Xho | PCRScript
sqt-1 rev

sqgt-3 sqt-3 fwd 906 (cDNA) Not /Xho 1 PCRScript
sqt-3 rev

col-19 col-1rF 870 (cDNA) NotT/Neo 1 pGEM
col-19r

co5dll.1 | c05d11.2 fwd 1207 (cDNA) Pst 1/Not 1 PCRScript
c05d11.2 rov
dpy-7 twd 1590 (gDNA) Hind IIUNot 1 | PCRScript

apy-7 dpy-7 rev (no stop)
dpy-13 fwd 1084 (gDNA} Hind Il/Not I | PCRScript

dpy-13 dpy-13rev (no stop)

fS6g4.5 f56g4.5 fwd 1153 (cDNA) Pst I/Not 1 PCRScript
£56g4.5 rev

¢l7gl.6 | cl7gl.6 fwd 1220 (cDNA) Xho VKpn 1 TOPO
cl7gl.6 rev

¢33h5.9 {¢33h5.9 fiwd 898 (cDNA) Pst I/Not 1 PCRSecript
c33h5.9 rev

f08c6.1 f08¢6.1 fivd 1118 (cDNA) Hind Il/Not 1 | PCRScript
f08c6.1 rev

f45g2.5 f45g2.5 fwd 420 (cDNA) Hind l1I/Not 1 | PCRScript
f45g2.5 rev

Table 2.6: Primers used for amplification of RNAi constructs, For each gene, the pair of

primers utilised is given. In addition, the size of the amplification product, the transfer vector

utilised and the restriction sites used for ligation into the 14440 plasmid, are given

The dpy-5 RNAI construct (McMahon ez al., 2003), was obtained from I, Johnstone. All other
RNAi feeding clones were obtained from a library supplied by Julie Ahringer (Kamath et al.,
2003). This library contains 16, 757 bacterial clones that represent the RNAT feeding constructs
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of 86% of the C. elegans genome. Clones were retrieved from the library by streaking LB Agar
plates (Amp + Tet) with glycerol stock supplied in the feeding library. Plates were incubated at
37°C overnight.

2.30.2 RNAI by feeding

Purified plasmid DNA of the clones that were constructed were transformed into &.coli HT115
(DE3) cclls (Timmons et al., 2001) by the method described above 2.12.2 in section. Single
colonies from transformation plates (Tet and Amp) or from plates containing colonies from the
RNAi feeding library, were used to innoculate 10 ml liquid LB cultures (Amp) that were
incubated at 37°C overnight with shaking. Tt has been noted previously that, despite HT115
(DE3) cells being resistant to tetracycline, the addition of this antibiotic into cultures may be
detrimental to the subscquent RNAI effect. Approximately 200 pl of culture was pipelted onto
4.5 cra diameter NGM Agar plates that had been supplemented with ImM TPTG and 100 pg/mi
of ampicillin. These were incubated at room temperature overnight in order to induce T7 RNA
polymerase. The following day, typically 5 L4 animals were picked onto each plate. Plates
were incubated at 20°C and/or 25°C. However, sgf-3 targeted RNAI experiments were carried
out at 15°C. After 24 hours the PO worms had laid eggs, and they were obscrved for any
phenotypes and were then picked ofl. The plates containing the ¥1 larvae were monitored for

phenotypes. This method is based on the protocol described by Kamath et al. (2000).

2.30.3 In vitro transcription of RNA

In vitro synthesis of double stranded RNA was required in order to administer RNAi by
niicroinjection and soaking, techniques that wete used to specifically target col-19. A construct
containing col-19 within an L4440 vector (section 2.30.1)} was used as a templatc for RNA
synthesis by T7 RNA polymerase. As dcscribed above, the 14440 constract had been designed
in order that the 2 T7 promoter regions encoded by the vector flanked the inserted gene. 10 ul
of plasmid DNA was restriction digested in two separate reactions to create two populations of
linearised DNA (Not 1 digested and Neo I digested). Each had been digested appropriately in
order that T7 polymerase would transcribe the inserted gene from opposing directions. It was
important that complete digestion occurred. DNA was precipitated using the ethanol
precipitation technique described in section and was diluted in 40 ul of DEPC-treated dH,O.
RNA was synthesised using a RiboMAX™ TLarge Scale RNA production system from
Promega. The T7 reaction was set up and thc subsequent removal of the DNA template steps

were carricd out as deseribe in the manufacturer’s instruclions. The modifications to the
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directions were that ethanol precipitation was choscn over isopropanol precipitation and that 1
ul of RNAse inhibitor was added to the final elution fraction. RNA was quantified with a

spectrophotometer.

dsRINA was obtained by annealing thc 2 RNA products together. This was carried ocut by
incubating a mixture, containing 1 mg/ml of each RNA strand (in a 50 pl reaction
(DEPC-treated H,0)), at 37°C for 30 minutes. The RNA synthesis described in this thesis was
carried out by Gillian McCormack (WCMP, University of Glasgow, UK).

2.30.4 dsRNA microinjections

Double-stranded RNAi was administered by miroinjection at a concentration of ¢.4mg/ml.
Prior 1o injection, as described prcviously, samples were centrifugued to remove debris. A
microinjection technique identical to that described in section 2.22.5 was performed, However,
it was not essential (hat the gonads were injected with the RNA solution as the RNAI effect
spreads through the tissues. The niicroinjection of dsRNA described in this thesis was carried
out by Gillian McCormack (WCMP, University of Glasgow, UK).

2.30.5 RNAi by soaking {(co/-719)

RINA was annealed as previously described (section 2.30.3) and was used to perform RNA by
soaking. Two different RNAI mixtures were used, containing either spermidine or lipofectin.
For lipofectin reactions, 15-20 1.4 larvae were transferred to tubcs containing 10 ul of 2X M9,
0.4 mg/ml ds RNA, and lipofectin 0.067 g/ml. In spermidine reactions, the lipofectin was
substituted with 1 ul of 60 mM spermidinc. Tubes were set up so that each of the different
solutions was incubated at 20°C and 25°C. Worms were soaked for between 1-3 day before the
RNAi{ mixture was pipetted onto a fresh OP50 NGM agar plate, The adult animals were
allowed to recover for 6 hours before being transferred singly to a fresh plate. Adults were
allowed to egg lay and were then removed. The soaking reactions described in this thesis were
carried out by Gillian McCormack {WCMP, University of Glasgow, UK). Tl progeny on these

plates were examined for visible phenotypes.

2.31 Construction of a Ty-tagged COL-19

The initial step to produce a Ty-tagged COL-19, was to ligate the promoter and coding
sequences of col-719 into the vector pPD49.78 which is another in the series of vectors produced
by the laboratory of Andrew Fire. pPD49.78 is a vector traditionally used for heat-shock

inducible expression. However, the heat-shock function was not utilised in these experiments.
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The coi-19 promoter and coding sequences had previously been cloned into the BA7.1 vector to
form the COL-~19::GFP fusion construct (supplied by Shoemaker and described in Thein et al.
{2003). Howcver, the col-192 coding sequence did not include its stop codon in order to allow
read-through into the GFP marker moiety. Flanking Pst I and Kpn 1 restriction sites of the
col-19 promoter-coding region were used to excise this region from the co/-79::gfp encoding
vector. Similar restriction sites are present in pPD49.78 in multiple cloning sites (MCS) I and
IT respectively and restriction digestion of the vector removed the synthetic intron between (he
two multiple cloning sites. The col-19 promoter plus coding sequences was ligated betweén
these sites. Positioning the construct here meant that it was flanked at its 3' end by the unc54 3'
end cassette (755 bp).

The Ty-tag, derived from the major structural protein of the Sacchromyces cerevisiae Tyl
virus-like parlicle, is a 10-residue long epitope tag, encoded by a 30 bp sequence (Bastin e? al.,
1996). It is a useful marker because of its small size (less disruptive) and the fact that it has
been proven to be immunologically recognised in various enviromments (Bastin ef al., 1996),
The Ty-tag epitope in this case was designed to be inserted at the C-terminus of the co/-79
coding sequence at an identical site to where the GFP moicty attached. Because of the manner
in which the COL-19::GFP construct was formed originally in BA7.1, this site of attachment is
defined by a Kpn I recoguition site. A PCR amplification step was not utilised during the
construction, rather, the Ty-tag was ligated inlo the vector in the form of a blunt-ended, double
siranded (sense-strand and anti sense-strand) primer. Although, for such a ligation step,
restriction sites are not required, the primers were designed (o re-establish a Kpn I restriction
site at the 5' end (of the sense strand). In order that thc Ty-tag could be excised out at a later
stage, a 3' restriction site (Xba I) was also included. Further 3' to this Xba 1 site, a termination
codon was encoded. This ensured that when the Ty-tag was removed, the termination codon (in
frame) would be left. Primers were designed in order to maintain correct read-through by using

a combination of the choice of restriction sites and the addition of inserted bases (figure 2.1).

The sequence of the Ty-tag primers (‘ty-tag sense’ and ‘ty-tag antiscnse’ (HPLC grade) are
detailed in table 2.7 and show in figurc 2.1. These primers, each at 1pg/ml in TE buffer, were
annealed in & 100 pl volume at 55°C for 5 minutes and allowed to cool slowly. The final
concentration of annealed primers was therefore 1 yg/mil. This blunt ended insert was ligated
into the coi-19-containing pPD49:78 that had been prepared via the following steps: 10 pg of
plasmid DNA was restriction digested for 2 hours at 37°C using 20 units of 4cc 651, an
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Figure 2.1: Construction of a C-terminally Ty-tagged col-19. A)
Using the restriction enzymes Pst I and Kpn I, the promoter (light blue)
and genomic coding sequence (dark blue) of col-79 derived from BA7.1
(containing the full length sequence of col-79 minus 4 bp), were ligated
into the multiple cloning site of the pPD49.78 plasmid which contains a
3> UTR sequence from wnc54 of Schistosoma mansoni (grey). The
resulting construct is shown. B) The col/-19-containing vector was
restriction digested at the 3” end of col-12 by Ace65 1, an isoschizomer of
Kpn 1 that produces 5’ overhangs. Klenow treatment produced blunt ends
(pink) that could be ligated to blunt ended and annealed primers that
contained: 30 bp of the Ty moiely (green); two 5° end bases to ensure in-
frame read through into the Ty-tag and to re-establish the Adecc65 1 site
{(grey); an Xba 1 site (purple); and a 3’ end in-frame termination codon
(red). Restriction digest sites are in capital letters. Sequences derived
from the Ty-tag primers are bold and are boxed.
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isoschizomer of Kpn I, in a 50ul reaction volume of 1X buffer . After 2 hours, the reaction was
terminated by incubating the reaction at 65°C for 20 minutes and then 1 pl of 12.5 mM dNTPs
and 10 units of DNA Polymerase I, Large (Klenow) fragment (New England Biolabs) were
added to the mixture and incubated at 25°C for 15 minutcs. The reaction was tcrminated by
adding EDTA to a 10mM final concentration and heating at 75°C for 10 minutes. During such
treatment (figure 2.1), 5' overhangs were generated by the Acc 651 linearisalion step which were

subsequently blunt ended using the polymerase activity of Klenow, a proteolytic product of Z.

coli DNA Polymerase I which has lost its 5'-3' exonuclease. A ligation reaction was set up in h

X ligase buffer with 20 ng of treated vector, 1 ng of annealed Ty primers and 400 units of T4
DNA ligase enzyme (New England Biolabs). Ligations were then transformed into X1.10-Gold
cells following the method described in section, DNA preparations were made from individual
colonics and these were restriction digested with Pst I and Xba 1 to identify positive clones.
Subsequently, positive clones were subjected to a PCR method using the primers ‘antisense Ty’
and ‘col-19 prom fwd’ in order to identify into which of these clones, the Ty-lag insert had been
ligated in the correct orientation. Clones were sequenced using the primers ‘Seq col-19 minus
117 bp’ and HSPR1,

Transgenic lines containing this construct were obtained through microinjection. Purified
Ty-tag construct and the unc-76-rescue plasmid at 20 pg/ml and 100 pg/ml respectively were
injected into DR96 worms and transformants were selected on the basis of Unc rescue in the F1
population. Worms were then subjected to staining by anti-Ty antibodies which were a gift
from Keith Guil (University of Oxford, UK) (Bastin et al., 1996; McMahon et al., 2003). The

protocol for such immunolocalisation assays is detailed in section 2.27.

2.32 Re-ligation of the Ty-tag into the col-79 coding sequence

It was of interest to observe the effects that the Ty moiety had when inserted into the coding
sequence of the col-19. Thus, a scheme as depicted in figure 2.2 was carried out. During this
process, the Ty-tag coding sequence was removed from the original Ty construct and a new
Ty-tag moiety was ligated at a new position. The sequence of the original Ty-tag (which
encoded only a partial fragment of the Kpn 1 site) was designed in order that there was
re-establishment of the full recognition Kpn UAdecc 651 sequence in successful ligations.
Restriction digestion (2 hours 37°C ) at this site (using Ace 651) and at the 3' Xba I site, enabled
the excision of the Ty-tag (from a 2 pg sample of DNA). Similar Klenow treaiment as

described above was then carried out, the only difference being that this step was followed by

94

I
E
of
§




Figure 2.2: Ligation of a Ty-tag into the col-19 coding sequence.
A) To firstly remove the Ty-tag from the C-terminus of co/-19 but leave the
(synthetic) termination codon (red) the construct containing the C-
terminally tagged construct was restriction digested with Acc65 I and Xba 1
(the Xba 1 site had been included in the Ty-tag, 5° to the termination codon).
After treatment with Klenow made bluni ends, which were annealed,
leaving the termination codon in frame. B) In order to insert a Ty-tag in
frame into the col-19 coding sequence (blue) the plasmid resulting from part
1 was restriction digested with Nsi I Ty-tag primers were designed
containing the 30bp of the Ty moiety (green), Ns/ I sites at either end, and
three bases (grey) that ensured the correct frame. Restriction sites are in
capitals. Sequences from Ty-tag primers are bold.
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gel extraction to purify the veclor. Such treatment left a termination codon (which was encoded
by the initial Ty-tag primers) in-frame at the 3' end of the col-19 coding sequence. Clones were
sequenced using the primers ‘Seq col-19 minus 117 bp’ and “HSPR1’. This was an important
step because Klenow reactions, when incubated at longer than the suggested incubation time,
may result in exonuclease activity which would have resulted in the stop codon being out of

frame.

A pair of sense and anti sense primers ‘Ty-tag nsi-1 sense’ and ‘Ty-tag nsi-1 antisense’ (HPLC
grade) (table 2.7 and fignre 2.2) were designed which allowed the in-frame addition of the new
Ty-tag into an Nsi site within the Gly-X-Y regions. In order to generate the cobesive ends for
ligation into the construct, annealed primers were initially ligated into the intermediate vector,
pPCRScript. This circumvented the problem of (oo fow bases around the resiriction site for
efficient recognition by the restriction enzyme. Approximately 20 pg of pPCRScript DNA was
restriction digested using the cnzyme Nsil. It was not possible to extract the excising band from
standard agarose gels because of the sinall size (45 bp) of the fragment. Thus a polyacrylamide
gel was utilised to purify the Ty-tag insert. This is detailed below.

2.32.1 Polyacrylamide gel purification of small DNA fragments

A 5% w/v non-denaturing acrylamide gel was prepared. The glass plate sandwich was
assembled as per manufacturer’s instructions (using 1.5 mm spacers). A mixture was made
conlaining: 1.25ml of a 30% stock of 1:29 acrylamide:bisacrylamide, 6.68ml of H;O and 2ml of
SX TBE, and, prior to casting, 70 ul of 10% ammonimum persulphate and 7 pl of TEMED
were added (followed by mixing and administering the mixture into the plate sandwich). A 15
well comb was inserted and the gel was allowed to set. The entire restriction digest (from the
step in section 2.32), after being mixed with DNA sample buffer to a final volume of 1X, was
loaded in 2 wells and the gel was run in a mini-PROTEAN® electrophoresis cell system at
100y in 1X TBE until the dye front reached the bottom of the gel. DNA was visualiscd by
soaking the gel in 50mi of 1X TBE + 5 pul ethidium bromide.

‘The band was excised using a scalpel and translerred to a microfuge tube. A ‘crush and soak
method, as described in Sambrook ef al., 1989, was used to extract the Ty-tag DNA. The first
step of this process was to crush the gel fragment against the side of the tube using a pipctte tip.
1-2 volumes of elution buffer were added to the gel fragment and this was incubated at 37 °C on

a rotary platform for 4 hours. The remnants of the gel fragments were subsequently pelleted via
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centrifugation for 1 minutc at 12,000 g and the supcrnatant was transferred to a fresh tube, To
ensure that as much DNA as possible was extracted from the gel, an additional 500 ul of elution
buffer were added to the gel remmnants to wash it further {(vortex briefly, re-centrifuge). The
supernatant was pooled with the first elution volume. The DNA was precipitated by adding 2
volumes of ethanol, mixing well, and allowing DNA to precipitate on ice for 30 minutes, The
DNA was pelleted via centrifugation at 12,000 g for 10 minutes and the pellet was resuspended
in 200 pl of TE buffer. The DNA was precipitated for a second time and was washed with 1ml
of 70% ethanol. The DNA was resuspended in a final volume of 10 pl dH;0. The onlly
modifications from the protocol in Sambrook ef al., 1989, was that the suggested filiration step
was excluded and that the DNA was resuspended in dH,O rather than TE buffer since it was

possible that the TE may interfere with subsequent reactions.

Elution buffer: 0.5 M ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA (pH
8.0), 0.1% SDS.

2.32.2 Ligation of the Ty-tag into the Gly-X-Y sequence of COL-19

Prior to ligation of the Ty-tag into the Nsi I site of the col-19 sequence, the Nsi I cohesive ends
were treated with CIP in order to dephosphorylate the 5' end and prevent recircularisation of the
vector. ~10 pg of the plasmid DNA obtained as described in section 2.31 was digested (37°C 2
hours) with 20 units of Nsi [ and 0.5 ni BSA in a 50 pl volume of 1X buffer. After termination
of this reaction by heat inactivation {(65°C 20 minutes), 1 pul of CIP was added to 10 pl (~2 pg
DNA) of this reaction mixture. This was incubated at 37°C for 1 hour, after which the
dephosphorylated veclor was phenol:chloroform extracted, precipitated and resuspended in 10
ul of dH,O (section 2.9.1). A ligation reaction was set up with 10 pl of the acrylamide gel
purified DNA (insert extract), 1 ul of the dephosphorylated vector, 400 units of T4 ligase, in 13
ul total volume of 1X T4 ligase buffer. This ligation was lcfl at 15°C overnight before being
transformed into XL10 cells. A colony PCR technigue was used to confirm the presence of the
Ty-tag. This used the primers ‘Ty-tag col-19 rev seq’ and ‘M13 reverse’. Plasmid DNA
resulting from successful ligations was used to transform DR96 (unc-76) worms using the
standard microinjection procedure, Transformed lines were used in immunological assays

using an anti-Ty antibody and the methods described above (section 2.27).
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2.33 Promoter swap construction

2.33.1 GFP fusion collagens under the col-19 promoter

The scheme depicted in figure 2.3 (using the example of sgz-1) was used o create a consiruct,
in a BA7.1-derived backbone, in which the col-19 promoter was fused to the coding sequences
of a number of collagens, which in turn were fused in-frame to gfp-c¢3. To achieve the
read-through, it was necessary to design each of the reverse primers for amplification of coding,
sequences so that the termination codon was omitted. Additionally, the final coding basc was

omitted to maintain the reading frame.

A new col-19 promoter, flanked by Spk I and Kpn I sites, was amplified using the primers
‘prom col-19 fivd® and ‘prom col-19 rev’ (Tay polymerase, 30 cycles), and subsequently cloned
into pPCRSCript and then using standard ligation, transformalion and colony screening
protocols, the col-19 promoter was ligated into a linearised pCHUCK vector that had been
restriction digested with Sph I and Kpn I to excise the col-79 promoter and coding sequences
{figurc 2.3).

The resulting consiruct cncoded a Kpn [ site at the junction of the promoter and gfp moicty.
This vector was restriction digested at this Kpn I site and 1 pg of linearised vector was then
subjected to standard CIP treatment (refer to section 2,16). The coding sequences of the
collagens were ligated into this Kpr I-Kpn | sitc. The coding sequences were amplified (vent,
27 cycles, genomic DNA) using the primers: ‘sqt-1 code fwd” and ‘sqt-1 code rev (no stop)’;
‘dpy-5 fwwd’ and ‘dpy-5 rev (no stop)’; ‘dpy-7 fwd’ and ‘dpy-7 rev (no stop)’ and ‘dpy-13 fwd’
and ‘dpy-13 rev (no stop)’. All the primers were designed with engineered Kpn 1 sites and all
PCR reactions ulilised Vent polymerase, genomic DNA and 30 cycles. The amplification
products were cloned into ejther pPCRScripl or TOPO and were subsequently excised using
Kpn 1 and ligated into the dephosphorylated vector using standard ligation and transformation
methods. Postive clones were identified by colony PCR with the ‘prom col-19 fwd’ primer and
the gene-specific reverse primer. Transformed lines carrying these constructs were obtained by

microinjection of plasmid DNA and an Ung rescue marker (p76-16B) into DR96.

2.33.2 GFP fusion collagens under the sqi-7 promoter
A slight modification of the above proccdure was used to clone a construct containing the

col-19 coding sequence, [used in-frame to gfp, under the influence of the sgt-7 promoter (figure
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Figure 2.3: Creation of a promoter swap construct: sg¢-I1 coding
sequence under the influence of the col-1 promoter. The col-19
promoter and coding sequences were excised from BA7.1 using Kpn I
and Sph 1. The col-19 promoter sequence, flanked with synthetic Sp# I
and Kpn 1 sites, was amplified and ligated into empty BA7.1 vector.
This construct was then restriction digested with Kpn I (and
dephosphorylated). The coding sequence of sgr-1 was amplified by
PCR and ligated into the Kpn I site, using synthetic flanking restriction
sites. The last 4 bases of the sgt-I sequence were excluded during
amplification to remove the termination codon and to allow for in-
frame read through into gfp. Not to scale. Note that Sph I and Pst 1
sites are adjacent to each other in the vector but are separated in the
figure for ease of visualisation. Horizontal arrow denotes read-through
into gfp. The amplified col-19 product has been outlined in red to
distinguish it from the original BA7.1 col-19 coding sequence.
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2.4). An altemative means of construction was required duc to the fact that the sgz-7 promoter
contains an Sph I site. As an alternative, the Py I site that lies 5' to the start of the col-79
promoter in pCHMTUCK, was used as a site for cloning. However, because there is a second Pst |
site in the vector backbone, the restriction digestion step was required to be a partial digest.
This was carried out by first linearising 10 ug of the veclor using Kpr 1. Subsequently, the
DNA was purificd by phenol:choloroform extraction and cthanol precipitation. This DNA was
aliquoted belween three restriction digestion reactions each with different amounts of Psz T (1
unit, 0.5 unit, 0.1 unit). In addition 10 units of Nsi [ were added. The reactions were incubated
at 37°C for 30 minutes and the correctly sized product was excised from a gel and purified. The
sqt-1 promoter, which had been amplified (with primers ‘sqt-1 prom rev’(Sph ) and ‘sqt-1

prom [wd’ (Pst I) and Pfu polymerase, 27 cycles) with engineered Sp/ I and Ps¢ T ends (via a

TOPO transfer vector) was ligated into the vector using standard ligation methods.

The resulting plasmid was restriction digested with Kpsn 1. This was used in a ligation mixture
containing the cloned col-19 coding sequence that had been amplified using the primers ‘col-19
code fwd’ (Kpn 1) and ‘col-19 code rev (no stop)’ (Kpn 1) (Pfi polymerase, 27 cycles) and as an
intermediate step, had been cloned into TOPO (from which it was excised with Kpr I). The
constructs resulting from successful ligations were sequenced using the primers “sqt-1 prom seq
rev’, ‘sqt-1 seq prom fwd’, ‘col-19 code seq fwd’, co0l-19 code seq rev’, ‘seq col-19 minus
117bp’, ‘col-19 code seq rev 2’ and ‘gfpe3 rev’. Transformed lincs were obtained via

microinjection as described in section 2.22.5.

2,34 Fusing sqt-1 and its promoter to a GFP marker

The BA7.1 backbone was prepared in the same manner as described above (section 2.33.2), by
restriction digestion with Kpn I and partial digestion using Pst 1. This vector was used in a
ligation reaction with an amplification product containing the promoter and coding sequence of
sqt-1. This had been cloned (30 cycles, genomic DNA, Vent) using the primers ‘sqt-1 prom
fwd’ and ‘rev sqt-1 code’ which engineer the Kpn [ and Pst I sites at the 5' and 3' ends
respectively. Successfully ligated clones containing the sqi-/ promoter and coding sequences
were sequenced using the primers: ‘sqt-1 prom seq rev’, ‘sqi-1 prom seq fwd’, ‘gfpc3 rev’,
sqt-1 ISP F1°, “sat-1 TSP R2’, ‘sqt-1 ISP 1¥2°, and ‘gfpe3 rev’. Transformed lines were obtained
by microinjection of plasmid DNA as described previousiy (section 2.22.5),
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Figure 2.4: Creation of a promoter swap construct: col-19 coding
sequence under the influence of the sqi-1 promoter. The col-19
promoter and coding sequences were excised from BA7.1 using Kpn I
and Pst I (partial digestion to avoid cleavage 3’ of gfp). The sqt-1
promoter sequence, flanked with synthetic Pst 1 and Kpn 1 sites, was
amplified and ligated into empty BA7.1 vector. This construct was then
restriction digested with Kpn I (and dephosphorylated). The coding
sequence of col-19 was amplified by PCR and ligated into the Kpn 1
site, using synthetic flanking restriction sites. The last 4 bases of the
col-19 sequence were excluded to remove the termination codon and to
allow for in-frame read through into gfp. Not to scale. Note that Sph |
and Pst T sites are adjacent to each other in the vector but are separated
in the figure for ease of visualisation. Horizontal arrow denotes read-

through into gfp.
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2.35 Preparation of samples for scanning electron microscopy (SEM)

A mcthod of SEM sample preparation using the strong fixative, (204, is necessary for C.
elegans due to the cuticle of the animal slowing the diffusion of the reagents used in other
preparations. This work was carried out at the Integrated Microscopy Facility at the University
of Glasgow. 13 9-cm platcs were used to produce a large mixed population of zpx-/ (zk430.8)
RNAi-treated animals (section 2.30.2). Nematodes were washed off plates using 1X M9 buffer,
rinsed 3 (imes in the same buffer and transferred to a microfuge tube. 2.5% (w/v) gluteraldchyde
in PBS (pH 7.4) was added, the tube chilled on ice for 90 minutes with occasional disruption of
the pellet. The glutcraldehyde supernatant solution was discarded and the worms were washed 3
times in PBS + 2% (w/v) sucrose. After the final wash, the volume was reduced to 50 pl and an
equal volume of 2% (w/v) 0,04 was added. The tube was left at room temperature (in a fumec
hood) for 1 hour. Subsequently, the 0,04 was discarded and the pellet was thoroughly rinsed
with 3 x 10-minute washes of PBS and 3 x 10-minute washes with dI1;0. Supplementary
fixation to increase the stability of the tissues and incrcase the conductivity of the sample, was
carried oot using 0.5% (w/v) uranyl acetate (aqueous) (1 hour in loil in fume hood) after which
worms were washed 3 x 5-minute in dH;O. Worms were then dehydrated in a stepwise manner
using increasing concentrations of acetone: 30% (v/v) acetone, 50% (v/v) acetone and 70% (v/v)
acetone. At this stage, animals were transferred to a critical point dryer (CPD) filter chamber
containing 1 pm polycarbonatc filters, The dehydration step was continued by washing the
worms once in 90% (v/v} acetone (15 minutes}, twice in absolute acetone (15-minutes each) and
finally in dried absolute acetone. Samples were then processed in a critical point dryer (CPD).
Worms were mounted onto copper double-sided tape by picking individual worms with a
toothpick with an eyelash end and were viewed using a Phillips 500 scaming electron

microscope.
2.36 Protein techniques

2.36.1 SDS polyacrylamide gel electrophoresis (SDS PAGE)

A NuPage XCell Sure Lock system (Invitrogen), was set up as described in the manufacturer’s
instructions and was used with 4-12% gradient Bis-Tris high performance pre-cast gels to
separate proteins. In preparation for loading onto the gels, 4X LDS sample buffer (Invilrogen)
was added to samples for a final 1X conceniration. For reducing conditions, the 4X sample
buffer was made to 20% (v/v) final concentration of 2-ME. Broad range molecular weight

markers (not-prestained) (New England Biolabs) were run alongside samples. Gels were run at
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200 V in 1X MOPS buffer (Invitrogen) until the dye front reached the bottom of the gel. Gels
were removed from the gel cases and were rinsed in HoQ and were then transferred to a
Coomassie blue solution (0.25 g of Coomassie brilliant blue R-250, 45% methanol, 10% glacial
acctic acid) in order to visualise proteins. Gels were stained for 1 hour on a rocker, werce
transferred to detain solution (45% methanol, 10% glacial acetic acid) and left on a rocker

overnight at room temperature.

2.36.2 Transfer of protein to PVDF membranes

A NuPAGE XCell TI system (Invitrogen) was used for the transfer of proteins to a Hybond-P
PVDF membrane (Amersham Pharmacia Biotech). Thc membrane was briefly soaked in
methanol and 1X MES buffer and then the apparalus was set up as per manufacturer’s
instructions. The transfer was run for 1 hour at 25 volts using 1X MES buffer, which is
recommended for the transfer of small molecular weight proteins. Subsequently, the membranes
were washed briefly in H>O and then transferred to a milk + PBST blocking solution, washed in
PBST (3 x 10-minute washes) and then transferred to a solution containing primary antibody.
Membranes were washed again and then either (ransferred to a solution containing secondary
antibody or were immediately developed. The specific milk concentrations of the block
solutions, the primary and secondary antibody concentrations and the details of protein

visualisation are explained more specifically in the following sections.

2.36.3 Construct preparation for expression of ¢o/-79 in a baculovirus system

The baculovirus system presents an approach in which high levels of a target gene can be
expressed and was therefore the system of choice for the production of recombinant COL-19
because the heterologous gene can be co-expressed with the o and § subunits of P4H in order
that the collagen be sufficiently hydroxylated for folding (Lamberg ef al., 1996). The primers
‘col-19BVF’ and ‘col-19BVR’ were used to amplify (Vent, 30 cycles) the full-length coding
sequence of col-19, from mixed stage ¢cDNA. The PCR product was first cloned into
pPCRSeript from which it was excised using the engineered Pst I and Xba I restriction sites. A
ligation was then set up containing a 3:1 molar ratio of this excised product and a similarly
restriction digested pPVL1392. The positive clones resulting from this ligation were sequenced

using the T3 and T7 primers.

These constructs were given to Alan Winter (WCMP, University of Glasgow) who uscd a

Pharmingen system to produce COL-19 recombinant protein extracts (this work was carried out
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at The Collagen Research Unit, Oulu, Finland). Recombinant protein expression was carried out
following the methods detailed in the instruction manual provided by the BV expression vector
system manual (Crossen and Gruenwald, 1998). In this system, the non-essential gene,
polyhedrin, of the baculovirus Autographa californica nuclear polyhedrous virus (AcNPV), is
replaced by a heterologous gene of interest via homologous recombination from the transfer
vector. This i3 performed by co-transfection of insect cells (Spodopiera frugiperda) with the
transfer vector in which the MCS is flanked by sequences that ditcct the homologous
recombination.  Subsequently, expressed protein was purified using a method described be
Lamberg, 1996.

2.36.4 Trypsin treatment of BV expression—-derived recombinant COL-19 protein
20 pl of Triton X-100 extracted recombinant protein samples were subjected to trypsin {reatment
in 22,2 pl reaction mixtures using trypsin buffer at 1X concentration. Reactions were carried out
at room temperature for 2-, 4- and 8- minutes, stopping the reaction by the addition of 5 ul of 4X
non-reducing buffer (NuPAGE 1.DS Sample buffer) and by immediately boiling the sample for 5
minutes. These samples were loaded on a 4-12% gradient gel alongside reduced (1X SDS
sample buffer with 5% 2-mercaptoehanol) and non-reduced (1X SDS sample buffer) samples
that had not been treated with trypsin (and that had been boiled for 5 minutes prior to loading).
A molecular weight marker (Broad Range, New England Biolab) was also loaded after
denaturation.

Trypsin buffer: 0.4 M NaCl, 0.1 M Tris pH 7.4, 0.1mg/ml trypsin,

Afler running the gel and blotting the protein onto a PVDF membrane via the methods described
in section 2.36.2, the membrane was treated with Ponceau S Staining solution in order to
visualise the molecular weight marker bands. This was carried out as per manufacturer’s
instructions. However, because the bands did not become immediately obvious upon such
treatment, the molecular marker band was cut off using a scalpel and left in the Ponceau S
Staining solution overnight while the rest of the membrane was transferred to 20 mi of blocking
solution (5% milk PBST) and left ovemight at 4°C on a rocker. The following morning, the
molecular weight markers had developed and could be permanently marked on the membrane
with a pencil. The blocking solution was replaced with a 10 ml solution of primary antibody (anti
COL-19) at a 1:250 dilution in 2.5% milk PBST (2 hours at room temperature, rocking). The

membrane was subsequently washed 3 times with 2.5% milk PBST and then a streptavidin
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alkaline phosphotase conjugate (Calbiochem) secondary antibody solution was added at a
1:15,000 dilution in 2.5% milk PBST. The membrane was left for 2 hours at room tempcrature,
was then washed twice in PBST and once in PBS and was finally developed in a solution

prepared by dissolving 2 Sigma Fast™ BCIP/NBT tablets (Sigma-Aldrich) in 20 ml of H,O.

2.36.5 Expression and purification of recomblnant His-tagged HPX-1 protein

Purified recombinant protein was made using a cloning sysiem (pQE30) that cnables high
expression of a N-terminal His-tagged heterologous gene product. A 1772 bp region of HPX-1
that encodes for the peroxidase domain was amplified using the primers ‘zk430 fed exon 5' and
‘zk430 pqe30 rev’ that bind to a region in exon 5 and the end of the gene respectively, This was
amplified from mixed stage ¢cDNA with Pfu polymerase using primers at 200 ng in PCR
reactions (this is more than in the standard PCR protocol). The resulting PCR product was
cloned into a TOPQ transfer vector which was subsequently restriction digested at Pst I and Hind
ITI sites that had been engineered into the PCR primers. This insert was cloned via the standard
ligation reaction into a similarly digested pQE30 vector (Qiagen). The restriction sites had been
engineered in order to maintain the reading frame in the His-tag encoding region. Afier
transformation into XL10 cells, positive clones were identified via a colony PCR method using
the primers ‘ml3’ and ‘pgm-1°. The identified clones were sequenced using the primers
‘pqe30r”, ‘zk430 perox domain seq £2°, ‘zk430 perox domain seq rev’, ‘zk430 peroxdomseqf3’,
‘zk430 perox dom scq 12’ and ‘zk430 perox domain seq fwd’, ‘pqe30R’. Finally, pure plasmid

preparations of positive clones were iransformed into chemically competent M15 cells.

2.36.6 Purification of recombinant HPX-1 protein

The colonies derived from the transformation of M15 cells with recombinant protein constructs
were used the same day to inoculate 20 ml liguid L-broth cultures plus antibiotics - ampicillin at
100 pg /ml and kanamycin at 25 pg/ml. Cultures wete incubated in a rotary shake overnight at
37°C. The following day all 25 ml of culture was used to inoculate a 500 ml liquid culture (Amp
100 pg/ml and Kan 25 ng/ml) and this was incubated at 37°C in a rotary shaker until an QD600
of 0.6 had been reached. At this stage, a 1 ml aliquot was removed and centrifuged for 1 minute
to form a cell pellet and the rest of the culture was inoculate with IPTG to a final 1mM
concentration. Cultures were grown for a further 2 hours before cells were pelleted in 250 mi
Nalgene flasks (1 ml of post-induction culturc was kept separate and pelleted in a microfuge tube

to be run on an SDS PAGE gel at a later stage). Pellets werc frozen at —20°C overnight.
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The buffers utilised in the next steps are those described in the manual for the pQE vectors. The
frozen pellet was allowed to thaw slowly and then was resuspended in 20 ml of ¢ buffer B”. This
was placed at —80°C for 30 minutes before again, being slowly thawed in H,Q. The ccll slurry
was sonicated (10 x 10 second pulses with 10 second pauses) using a wide tip probe. Great care
was taken during the sonication stcp to ensure that the slurry was on ice at all times and that
during sonication, foam did not form. The ccllular debris were pelleted by centrifugation (30
minutes at 10,000g) and afterwards the supernatant (containing soluble protein) was removed to
a fresh tube while the pellet (containing insoluble proteins) was resuspended in 5 ml of buffer B.
4 ml of ProBond resin (Invitrogen) that comes as a 50% slurry in 20% ethanol (to give a column
with a volume of 2 ml) was loaded into a disposable polypropylene 5 ml column (Pierce) as per
manufacturer’s instructions. This resin is a nickel-charged affinity resin that uses the chelating
ligand iminodiacetic acid ({DA) coupled to a highly cross-linked 6% agarose resin. The column
was equilibrated with 20 ml of buffer B before the soluble protein-fraction from the
centrifugation step was loaded onto it (20 pl of the soluble protein-fraction was kept to be run on
a SDS PAGE gel at a later stage). Proteins not binding to the column were washed out using 25
ml of ‘buffer C’ and finally, any proteins bound to the column were eluted into a fresh tube with
5 ml of “buffer E,

To prepare samples for the SDS PAGE gel, pre-induction and post-induction pellets were diluted
in 50 ul and 100 pi of 1X 2-ME sample buffer respectively while § pl of 2X SDS 2-ME sample
buffer was added to 5 pl of the crude exiracts (the pellet and the supernatant from the
cenfrifugation step). S pl of 4X 2-ME SDS buffer was added to 20ul of each of the flow
through, wash, and elution fractions. Samples were boiled for 5 minutes and centrifuged for 1
minute. 10 p! of the cell pellet fractions and the crude sample fractions and 20 pl of fraction
samples were loaded onto a gel alongside 15 pl of pre-boiled Broad Range marker. Two
additional lanes were loaded, one with a Broad Range marker and the other with the elution
fraction in preparation for Western analysis detection. The gel was run at 200 V after which the
lanes loaded for Western analysis were cut off using a scalpel. The proteins on the rest of the gel

were visualised using Coomassie blue and destained as described previously.

Buffers:

Buffer B: 100 mM NaH2PO4, 10 mM TrisClL, 8 M urea (pH 8.0)
Buffer C: same as above (pH 6.3)

Buffer E: same as above (pH 4.0)
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2.36.7 Determination of protein concentration

It was necessary to determine the yield of recombinant protein resulting from the purification
step. To do this, a Coomassic Reagent protcin assay system (Pierce) was used as per
manufaciurer’s instructions using the BSA standards at working ranges between 100 — 1,500
iLg/ml

2.36.8 Western Analysis of HPX-1 recombinant proteins

The proteins from the fragment of gel containing the clution fraction and the molecular weight
marker were transferred to a PVDF membrane using the NuPage protocol. Novex 25X Tris
Glycine buffer was used at a {X concentration. The PVDF membrane was subsequently blocked
using 2.5% milk PBST (2 hours at room temperature and was then replaced with Anti-His
(C-terminal) Horseradish Pcroxidase primary antibody (Invitrogen) at a 1:2000 concentration (2
hours at room temperature). A secondary antibody is not required in this protocol because of the
conjugated HRP that can be detected using an ECL plus detection system (Amersham). 2 ml of
the supplied ECL buffer A was mixed with 50 pl of the buffer B, the mixture was allowed to rest
for 2 minutes and then was transferred to the PBST-washed membrane that had been placed
protein-side-up on a piecc of Saran wrap. The reaction was allowed to continue for 10 minutes at
room temperature afier which the detection solution was removed, the membrane wrapped up

and exposed to X-ray film (Kodak) for between 1 and 4 minutes. The film was then developed.

2.36.9 Peroxidase activity detection

Since the eluted protein was in a buffer that was 8 M urea and pH4.5, both conditions that were
suspected to be unfavourable for enzymatic activity, I ml aliquots of elution fractions were
dialysed using a 10,000 kDa molecular weight cut off Slide-a-lyser (Pierce). The urca
concentration wus decreased incrementally, reducing the concentration by half in each step. It
was then atlempted (o increase the pH incrementally fo pH 6 but event at pH 5, the protein

precipitated.

The method used for peroxidase activity detection was described in Edens ez @/, 2001 which is
based on the use of 3, 5, 3', 5'-tetramethylbenzidinc (TMB) as a substrate (Holland, 1974, Edens,
2001). A volume of dialyscd protein solution containing 100 ug of protein was added to a 1 ml
aliquot of the TMB substrate system (Sigma-Aldrich) and mixed well. A similar volume of H;O
was added to 1 ml of TMB as a control reaction. Another reaction was set up containing 100 pug
of protein and a 30 pM final concentration of the peroxidase inhibitor aminobenzyhydrazide

(Sigma-Aldrich). The reactions, carried out al room temperaturc, werc initially allowed to
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continue for 2 minutes before the optical densily was read at 655 nm. However, when no

differences between the control, experimental and inhibited reactions were observed, the

reactions were allowed to continue overnight and again monitored at OD 655 nm.

Table 2.7: Primer list. Names and sequences of the primers utilised.

The experiment in which primers were used is noted. Sequences are given it a 5°-3 direction.
Engineered regions are denated with small case letters. Restriction site sequences are underlined
and are in lower case letters. In the “Use/s” column, each promoter swap experiment has becn

allocated a number: refer to key at the bottom of the tabie,

NN G PRI ST e )

Oligonflcleoﬁde Sequence (5'-3") Use/s
primer

96.04 scq rev TCTGAGCTCGGTACCCTCCAAGGG Sequencing (LacZ)

ama 1a2 CAGTGGCTCATGTCGAGTTTCCAGA SQRT-PCR

ama 1b2 CGACCTTCTTTCCATCATTCATCGG g.gi{g{)CR
{col-19)

ama-1 GCGCTGGAAATTTGACAGATTGC SQRT-PCR

(1228/744) fwd {Apx-1)

ama-1 GAATACAATTGTCCACAAGAGTTGC SQRT-PCR

(1228/744) rev (hpx-1)

c05d11.2 fwd ATGGGGGAGTCTCATGCTCC RNAI

c05d11.2 rev GGTTGCCACGTGTCACATGCAGTGG RNAi

c17g1.6 fwd CGGATTAGTCAGTATAGTATCTACAGCG RNAi

cl7gl.6rev CGGTAAACTACAACATAGTCGTGCG RNAI

¢33h5.9 fwd CTTGGTGATCAACTTGAATCCG RNAI

¢33h5.9 rev GTTTCTTGAAGAATCGAAATGGCG RNAi

col-19 codeseq | GAGCTATCACCCAAGACC Sequencing (2)

fwd 1

col-19 code seg | GCTCGAATCCAGCTTGACA Sequencing (2)

Tov 1

col-19 code seq | GTAAGCTGCACGAGATGG Sequencing (2)

rev 2

col-19 coding getaccATGGGCAAGCTCATTGQTGG (Kpn 1) Cloning {2}

fwd

col-19 coding 2etaccGCCTTGTAAGCTGCACG (Kpr 1) Cloning (2)

rev {no stop)

col-19 fwd ATGGCAAGCTCATTGTGGTTG SW PCR

col-19bvf gegetpeapaTGGGCAAGCTCATTGTGGTTGG (Pst 1) BVirypsin

col-19bvr goptetag ATTAAGCCTTGTAAGCTGCACGA (Xba 1) BV/irypsin

col-19f ATGGGCAAGCTCATTGTGGTTG RNAi
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Oligonfxcleoﬁdc Sequence {5'-3" Use/s
primer

SW PCR y
col-19r TTAAGCCTTGTAAGCTGCACG RNAj {
dpy-13 fwd cgepplaccATGGACA I TGACACTAAAATCAAG (Kpn 1) | RNAL

Cloning (6)
dpy-131ev(no | cgogptacccGUCGAGTTCCGTCCTCGAAGAAG (Kpn 1) | RNAT
stop) Cloning (6) e
dpy-3 twd 2opeataccATGGTAAAGGCCGTCGTCGGA (Kpn Iy RNAJ

Cloning (4)
dpy-5 rev (no 2cg22taccACGCGTCTGOGCTTTCTCTICTG (Kpn 1) RNAI
stop) Cloning (4)
dpy-7 {wd cgegptaccATGGAGAAGCCCAGTTCGGGGGCC (Kpn 1) | RNAI

Cloning (5)
dpy-7 rev (no cgeggtace TTCTTTCCATAACCACCACCAGAA (Kpn ) | RNAI
stop) Cloning (5) ;
f08c6.1 Twd AATGCAGATGCCTTTCTICCG RNAI
86,1 7ev ACGTGGCTTTTCCAGGACCE RNAI
45g2.5 fwd ATGTGTTCGTGGAAGATGCCG RNAi
45g2.5 rev AGTAATCCTCACAATGTGCG RNAi
£56g4.5 fwd ATGCCGGTAACGGAAGTTGGC RNAIi
156g4.5 rev CCATGAGCTCACAGACCCGGCGGACGGC RNAI
gfpcarev TICICCTTTGCTAGCCAT SWPCR

Sequencing (1, 2, 3)

HPSRI GGACTTAGAAGTCAGAGGCACGG Sequencing (Ty) _
M13 Reverse AACAGCTATGACCATGATTA Sequencing (LacZ) '
PAF 207 seq fwd | GCTCACTCATTAGGCAC Sequencing (Pest) Kk
PAF 207 seqrev | CATCACCTTCACCCTCICC Sequending (Pest)

pCHUCK seq CCGTCAGGGCGCGTCAGCGG Sequencing (3)

fwd

pest vector rev £ceeeatecc TGGAGTCTTCICATGGTGTTCC (Bamil) Cloning Pest
(zk430.8)

pQe30 fwd TTTGCTTTGTGAGCGGATAAC Sequencing (HPX-1
recombinant)
PQE30R AAGCTAGCTTGGATTCTCACC Sequencing (ITPX-1
recombinant}
promcol-19 fivd | cgepeatgcCATTTGAAAATTTGCACC (Sph I) Cloning (1, 4, 5, 6)
Sequencing (1)
promcol-19 rev | cggegtaccGTTGATGAACTGATGTCTTIC (Kpn 1) Cloning (1, 4, 5, 6}
semiQ PCR ATGGGCAAGCICATTGTG SQ RT-PCR (col-19)
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Oligon}lcleotide Sequence (5'-3Y Use/ls
primer

coi-19 fwd

semiQ PCR AGCTGGGCAACCCTCGGA SQ RT-PCR (col-19)

col-19 rev

Seq col-19 minus | GACCAGGACCACCAGGGCAT Sequencing (Ty-tag, 2)

117 bp

sqt-1 code fwd ogegetaccATGTCTGTAAAACTTGCGTG (Kpn 1) Cloning (1)

sqt-1 code 1ev cgegglaccATATTTCTGTATCCACGGTTGG (Kpn ) Cloning (1,3)

(no stop)

sqt-1 IPS R2 TCAAGTCCTGGAACTCCGTCG Sequencing (1, 3)

sqt-1 ISP F1 CCAAATGGAGCCAATGGAAATG Sequencing (3)

sqt-1 ISP F2 ATCCAATCGGAAGACCAGGAC Sequencing (1, 3)

sqt-1 prom fwd gogetpeagGAGAACACTTTCTACGTGTCC (Pse 1) Cloning (2, 3)

sqi-1 prom rev GetaccCTCTGAAATTATCAAATITTAGG (Sph 1) Cloning (2)

sqt-1 prom seq

CGCAAACTTCAGTGAGATACTTGCG

Sequencing (2, 3)

rev

sqt-1 rev gectegag T TAGATATTTCTGTATCCACG RNAi

sqt-3 fwd cgeoppccgcATGGGAAACIGACGGTAGGCTC RNAI

sqt-3 rev gectepapTTATCGTCIGGTTCCGTCC RNAi

sqt-fwd ccgegeecpcATGTCTGTAAAACTTGCGYG RNAI

T3 AATTAACCCTCACTAAAGGG Sequencing

(COL-19BV)
T7 GTAATAGACTCACTATAGGGC Seguencing
(COL-19BV)

Ty-tag antisense | tafctagagteaagtgpatcetggitagtatggacetcte (Xba (Kpn 1)) Ty-tag (C-terminus)
taa correspond to a gynthetic stop codon {HPLC grade)

Ty-tag col-19 rev | GAGAAAGAGCATGTAGGG Colony PCR (Ty-tag

seq (Gly-X-Y)

Ty-tag nsi-1 atgeatcegteaagtggateetggtiaptatggacetcgatgeat Ty-tag (Gly-X-Y)

antisense (HPL.C grade}

Ty-tag nsi-1 atgcatcgaggiccatactaaaacttgacccaggatggatgcat Ty-tag {Gly-X-Y)

sense {HPLC grade)

Ty-tag sense cagagptocatactaaccaggatccacttgactetapataa ((Kpn D/Xba 1) | Ty-tag (C-terminus)
taa is a synthetic stop codon (HPLC grade)

2k430.8 GCTCTGTGAGCTTCTGAGC SQRT-PCR

(183/1853) rev (hpx-1)

zk430.8 GTCCATCTCCCGACTAATCAACC SQRT-PCR

{1831/853) fwd (kpx-1)

113

Vet e Fethigmil b e R

a3
4
+

K +
4
4
4




Chapter 2: Materials and Methods

Otigonucleotide Sequence (5'-3" Usefs
primer

zk430.8 fwd TTGTAAGACTTGTGACCCGG RNAI

7k430.8 fivd geerteear TAATGTCCATCTCCCG (Pst I) Cloning (HPX-1

exon 5 recombinant)

zk430.8 perox TTCACCCGCTCGCAAATG Sequencing (HPX-1

dom seqfw recombinant)

zk430.8 CCGTCAAGAGTACGGTAC Sequencing (HPX-1

peroxdom seq recornbinant)

rev

zk430.8 GAAGTGTTCCAACTGG Sequencing (HPX.1

peroxdom seqf2 recombinant)

zk430.8 GCCGGAGATATTCGAGC Sequencing (HPX-1

peroxdom seqf3 recornbinant)

zk430.8 CTCTGTGAGCTTCTGAGC Sequencing (HPX-1

peroxdom seqR2 recombinant)

zk430.8 pqc30 gogaagctiCTAGAGAGCTCI'CC (HinD 1I) Cloning {HPX-1

rev recombinant)

zk430.8 prom cpegeatgcGGCAGGTGCAGGTAAAATGAAGG (Sph 1) | Cloning LacZ

twd Cloning Pest

zk430.8 prom gegtetagatGGAGTCTTCTCATGGTGTTCC (Xbu 1) Cloning LacZ

eV

zk430.8 promn GCCTCTCTCTCTCTTACTICTTGG Sequencing (LacZ)

seq fwd

zk430.8 prom CCCATATACTCITCIACA Sequencing {Pest)

seq fwd 2

zk430.8 prom GTCGATGCAATCGTGCTCTG Sequencing (LacZ)

seq rev

zk430.8 prom CACAGAACTCACTCGGTAG Sequencing (Pest)

seq rcv 2

zk430.8 rev ACGATGTGGTCGTTIGACGGC RNAI

Key to promoter swap clones: 1) col-19 promoter + sqi-/ coding, 2) sgé-J promoter + coding, 3) sqt-1

promoter + sqt-1 coding, 4 ) col-19 promoter + dpy-5 coding, 5 ) col-19 promoter + dpy-7 coding, 6)

col-19 promoter + dpy-13 coding.
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Chapter 3
The exoskeleton collagen, COL-19, as an adult-specific

marker in the C. elegans cuticle
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Chapter 3: Results 1

3.1 Introduction

The complexity of the ECM structure is illustrated by the fact that over 154 cuticle collagen
genes have been identified in the C. elegans genome, a number that [ar outweighs the number in
other organisms. Complex collagen interactions occur and the roles of individual collagens range
[rom being essential to redundant. Markers that aid in the examination of this complex FCM
structure as well as enable the dissection of the collagen synthesising machinery have long been
sought after. These markers will firstly, be useful in finding the wild type expression patterns of
individual collagens within the cuticle and sccondly, will be tools to give detailed
characterisation at the collagen level of the disruptions that occur in worms with abnormal
morphology. These include worms with the typical Dpy, Lon, Sqt, Sma and Bli phenotypes that
arc associated with mutation of, or RNAI targeting of, cerlain collagens and ECM-processing
genes. McMahon et al. (2003) characterised dpy-2, dpy-5, dpy-7, dpy-10 and dpy-13 mutants at
the cuticle level and showed that morphologically similar mutants, and cven alleles of the same
locus, can differ in terms of their cuticle structure. This will be discussed further in chapter 4.
Being able to describe phenotypes in terms of the cuticle structure and collagen expression rather
than simply overall phenotype will be useful to further understand the molecular basis of the
ECM and will complement and clarify data from the genome-wide RNAi screen (Kamath et al.,
2003).

To elucidate collagen expression patterns, it was initially allempted to raise antibodies against
individual collagens. However, due to the sequence similarily of collagens and their tightly
folded nature that prevents access by antibodies, to date, effective and specific antibodies have
only been raised against DPY-7 (McMahon ef af., 2003), SQT-1 (Yang and Kramer, 1999) and
SQT-3 collagens (A Page unpublished data). In light of this, epitope tagging of collagens at the
N- terminus was tried. During collagen processing, collagen trimers are cleaved by N- and C-
terminal proteases to remove (he propeptide domains and il was thought that such cleavage
would likely lead to the removal of any marker that was translationally fused. N-terminal
cleavage occurs in all C. elegans collagens at a highly conserved subtilisin-like cleavage site
while only SQT-3 has been proven to be proteolytically processed at its C-terminus (Novelli ef
al., 2004). In Ty-tag experiments, the ten amino acid Ty epitope tags derived from the major
structural protein of the Saccharomyces cerevisiae Tyl virus-like particle were fused to the
amino-termini of collagen genes, 3' to the proposed subtilisin-like cleavage site, and were

detected using antibodies raised against Ty (Bastin ef al., 1996) (McMahon er al, 2003).
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Chapter 3: Resulis {

Positioning of the Ty-tag 3' to the site of N-terminal clcavage ensured its presence in the mature
peptide even after N- and C- terminal processing. Both methods described above are useful yet
require fixation and immunolocalisation, which are extra steps in the protocol, and which
importantly mean that live worms camnot be observed. Troduction of fluorescently-tagged

collagen markers was therefore proposed as a way of circumventing these issues.

Although small Ty epitopes have success{ully been added to the N-terminal of collagens, 3' to
the cleavage site in order to avoid proteolytic cleavage, it was predicted that similar positioning
of a GFP epitope would not be possible because of the mutational sensitivity of this region;
mutations around this N-terminal subtilisin-like cleavage site typically lead to aberrant collagen
function (Johnstone, 1994). Consequently, it was predicted that the relatively large size of the
GFP epitope (240 residues) added at this position could lead to similar altered function or

aberrant collagen cleavage.

Since positioning of the marker at the N-terminus was deemed unlikely to be successful, the
C-terminus became a target. It was proposed that a short C-terminus could potentially reduce the
susceptibility of a collagen to proteolytic cleavage, thereby preventing the loss of the marker.
The collagens COL-19, ROL~6 and C39E9.9, which have short C-terminal domains (14, 25 and
15 residues respectively), were therefore chosen as potential candidates for forming GFP-tagged
collagen markers (Thein et al., 2003). The GFP variant, GFP-C3 (Crameri et al., 1996), was
cloned in-frame to the full-length coding and promoter sequences of these genes and transgenic
strains carrying the constructs were obfained through microinjection. These experiments
revealed that only COL-19 was able to form GFP-positive functional fusions. This is interesting
because COL~19 has the shortest C-terminal domain and is the only one of the three genes whose
expression is restricted to the L4-adult and L.2-dauer moults as determined by promoter/reporter
gene constructs (Liu ef al., 1995). This chapter will describe the spatial and temporal expression
pattern and trimer association of COL-19 as well as the effects when it is targeted by RNAI.

The col-19::gfp fusion construct, BA7-1, was supplied by C. Shoemaker (AgResearch, New
Zealand) and is depicted in figure 3.1. It includes 666 bp of promoter sequence and 919 bp of
the genomic sequence fused to the full-length scquence of gfp-c3. The 919 bp of genomic col-19
sequence is the full-length gene, minus 4 bp -the stop codon plus one extra- in order to allow

in-frame read through into the gfp. The vector also carries a 3' UTR from Schistosoma mansoni
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Vector backbone

Full length 3 (720 bp) pSP65
Kpn 1 Eco R1
Pst 1 atg atg taa Pst 1 Sph 1
" —
,,’ \\\
col-19 promoter col-19 genomic sequence \\\ 3’ UTR from
(666 bp) (919 bp of 923 bp) *_ Schistosoma mansoni
o “triose phosphate
/ isomerase (STPIpA)

’/’ col-19 (no \\

/ termination oo .y
/  codon) Kpn 1 ki
=

-...gca gct tac aag geg gta cca cat atg gct agc aaa

\

Flanking sequence from
previous vector backbone

Figure 3.1: col-19::GFP fusion construct of plasmid BA7.1 (not drawn to scale).
The promoter region (light grey) and coding sequence (dark grey) of col-19
(genomic) were cloned in-frame to a GFP marker (green) via Pst 1 and Kpn 1
restriction sites. The expansion of the fusion region shows how the in-frame read-
through from the C-terminus of col-19 to the gfp marker moiety was obtained by
omitting the termination codon as well as a fourth base. The pSP65 backbone
contains a 3° UTR from Schistosoma mansoni (white box).
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iriose phosphate isomerase (STPIpA), which may or may not be utilised in this construct. The
backbone is pSP65 (Promega).

The simple gene structure of col-19 (chromosome X) that contains only one 197 bp intron within
a small 1067 bp gene is typical of C. elegans cuticle collagens and is shown in figure 3.2A. The
encoded protein also contains featurcs characteristic of cuticle collagens (figures 3.2 B and C). Tt
consists of two siretches of Gly-X-Y repeats (10 and 41 repeats respectively), the second of
which contains two small (3 residue long) interruptions. The pattern of conserved cysteihes
places COL-19 into the same collagen group as COL-8 {group I) (Johnstone, 2000). The
N-termini of cuticle collagens typically have four short stretches of homology, termed homology
blocks (HBA-HBD) (Kramer, 1994b). The N-terminus of COL-19 contains the conserved
Arg-X-X-Arg motif in HBA at which proteolytic cleavage occurs and also contains the
conserved Trp restdue within [TBB, However, COL-19, like COL -8, COIL-35, COL-39 and
DPY-7, does not exhibit homology to HBD or HBC (Kramer, 1994b). COL-19 has the shortest
C-terminal non-Gly-X-Y regions of all cxamined C. elegans cuticle collagens, namely &
residues. As stated above, the site at which processing occurs in this C-terminal, if at all, is
unknown.

3.2 Results

3.2,1 The wild type pattern of COL-19::GFP in the strain TP12

Transgenic lines expressing COL-19::GFP were subjected to gamma irradiation (38 Gy) to form
the integrated strain TP12:kals(col-19::gfp) as well as two additional integrated lines. From here
onwards, the strain will be referred to as TP12. All lines are GFP-positive and exhibit wild type
morphology, suggesting that the addition of the GFP epitope does not cause severe disruption to

the cuticle or to gross body morphology.

As predicted from the adult specific expression of COL-19, the GFP-tagged form is only
expressed in the adult cuticle, COL-19::GFP localises to discrete circumferential bands (figure
3.3 A) and these rcflect the regularly spaced 1.2 pun wide annulae of wild type animals.
COL~19::GFP thereforc appears io be localised to the cortex of these structures whilst being
excluded from the annular furrows (figure 3.3 B). These bands appose the tri-laminate lateral
alae, which COL-19::GFP also localiscs to. Staining of both these structures suggests that
COL-19 1is expressed in both forms of hypodermally-derived cuticle, namely that overlying the
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Figure 3.2: Gene and protein structures of col-19/COL-19. A) Gene structure of col-19. Including
the one intron, the genomic DNA is 1067 bp in length. Excluding it, the two exons result in a cDNA
of 870 bp. B and C) Diagrammatic scheme (B) and amino acid sequence (C) of the COL-19 protein.
Similar to other cuticle collagens, there are two blocks of Gly-X-Y repeats (10 repeats and 41 repeats
respectively) (coloured/highlighted grey: numbers of repeats shown in brackets). There are two small
interruptions in the second Gly-X-Y repeat region (light grey). The conserved cysteines are depicted
by red lines (figure B) or highlighted in red (figure C), the two arginine residues believed to be the site
of procollagen cleavage are depicted with a blue line (B) or are highlighted with blue (C) and the
conserved tryptophan is depicted with a green line or highlighted in green (C). COL-19 has the
shortest C-terminus of all examined collagens (8 residues).




Figure 3.3: A) The COL-19::GFP iocalisation exhibited in wild type (TP12) aduit
animails, An example of which section of the adult cuticle is being depicted is shown
by the inset. The red box highlights a similar scction on a SEM image of an adult worm
in which the trilaminate alae are labelled. The annulae are not in focus. (The vulva is
also observed.) Refering to the main image, the GFP-tagged COL-19 collagen localises
in a regular-spaced circumferential pattern that corresponds with the annulae (single
headed arrow), It also localises to the trilaminate alae (la) (blunt-ended lines). The
annulac appose the alae in wild type (TP12) animals (doubic hcaded arrow). The width
of the observed circumferential bands (the width of a single annulus is depicted by a
small white line) suggests that the COL-19::GFP is localising to the cortex of the
annulae and 1s excluded from the annular furrows. B) A transmission photomicrograph
of a longitudinal transverse section of the adult cuticle that shows the structure of a
singlc annulus. The region to which COL-19::GFP localises is labelled. Also depicted
are the annular furrows (arrows) where COL-19::GFP is excluded. The cuticle collagen,
DPY-7 localises in thesc furrows (arrows). C) DPY-7 immunlocalsation in an
equivalent image to A shows DPY-7 localising in bands (black arrow) that are less wide
than the bands of COL-19::GFP. The annular furrows can be seen to apposc the alae
(double headed arrow). However, the DPY-7 collagen docs not localise to thesc
trilaminate structures. D) Merged image of COL-19::GFP and DPY-7 staining shows
an alternating pattern of COL-19::GFP and DPY-7 collagens and illustrates the relative
positions of the collagens in the cortex of the annulae and the annular furrows
respectively. The COL-19::GFP localisation is labelled with a whitc single headed
arrow while DPY-7 locliastion is labelled with a black single headed arrow. The relative
widths of the two structures are shown (while line and black spot). The apposed nature
of the annulae to the alae are also indicated with a double headed arrow. Tn A, C,and D
the lateral alae are labelled ‘la’. Scale bars = [0um in A, Cand D, 1.2ym in B.
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ventral and dorsal hypodermal cells and that overlying the seam cells. In addition,
COL-19::GGFP localises to the male-specific tail circular ray and fan structures and to the

hermaphrodite specific vulva (not shown).

That the GEP pattern reflects the endogenous COL-19 pattern is corroborated by a number of
ohservations: Firstly, the adult-specific expression confirms the GFP fluorescence is specific to
COL-19 cxpression, Further, this expression and the position of the annulae coincide and this
suggests that the COL-19::GFP is indeed localising to the cuticle. Finally, similat pattcetns of
cxpression are observed in immunolocalisation assays using rabbit polyclonal antibodies raised
against total adult cuticle on wild type animals (Cox ef ¢/, 1980) and using anti-TY antibodies to
stain worms expressing the Ty-tagged and annular cortex-localised DPY-13 {ransgene
(McMahon et af., 2003). This suggests that the GFP pattern observed is onc thal is consistent

with collagen expression,

McMahon et al. (2003) confirmed (hat two discrete and functionally distinct yet co-operaling
cuticle substructures exist, One group, which includes the collagens DPY-5 and DPY-13, forms
the substructure that makes up the cortex of the annulae while a scparatc group, consisting of
DPY-2, DPY-7, DPY-10 and DPY-13 Jocalises to the annular furrows (McMahon ef al., 2003).
The observed COL-19::GFP expression supports that COL-~19 localises in a similar pattern as the
former group. This was further exemplified when mouse antibodies, raised against the unique
carboxy-terminal domain of the annular furrow-localised DPY-7, were used to co-stain TP12
worms (figure 3.3 C and D). As expected, these show the alternating pattern of COL-19 and
DPY-7 corresponding to the anmular cortex and annular furrows respectively. The DPY-7
staining observed on TP12 worms comrelates exactly to that of wild type worms, and this is
another indication which suggests that the addition of the GFP epitope is not disrupting the
cuticle structure and that the expression observed is indicative of wild type COL-19. Tagging of

COL-19 with a Ty epilope as further proof of wild type expression is discussed in section 3.2

It became obvious that the pattern of COL~19::GFP expression alters as the adult worms age,
first losing the defined annular pattern and, at the most extreme, appearing branched and as small
wispy [ragments. These changes are likely to be representative of the overall dynamic
progression of the whole cuticle structure. Understanding the wild type nature of the ageing
cuticle is important to distinguish between actual bona fide aberrations in the cuticle and the wild

type behaviour of the collagen. A time course was catried out in order to characterise these
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changes. 35 dauer larvae were placed onto seeded plates and monitored at 15°C, 20°C and 25°C.
After an initial 12 hours during which the daver larvae start feeding and reach the L4 moult (at
25°C), members of the synchronous population were taken at intervals over an 8-day period and
their COL-19::GFP pattern observed. Figure 3.4 shows a number of stages during the time
course, beginning with the L4-adult moult when COL-19::GFP cxpression first appears. The
pattern described as the wild {ype TP12 COL-19::GFP pattern localising to the annular cortex
and the trilaminate alae is thc dominant pattermn until 4 days post L4-adult moult (figure 3.4 A
and B). However, al this latter stage, slight fragmentalion in the collagenous cuticular structures
overlying the alac beecomes evident (Figure 3.4 B). After 8 days of incubation at 20°, there is
very little COL-19::GGFP localisation in the annulae and the dominant pattern is fragmented
(figure 3.4 D). This is especially obvious in the cuticle overlying the alae. As a consequence of
the reduced annular staining, the intensity of GFP fluorescence is very low, and suggests cither a
reduced amount of the tagged collagen in the cuticle or GFP decay. As the COL-19:GFP
fluorescence decreased, there is a simultaneous increase in aulo-fluorescence derived from the
granules in the small intestine. Such fluorescence can be distinguished {rom GFI* fluorescence,

when looking down the viewfinder, by the more yellow, and less green, intensity.

3.2.2 cof-19 expression coincides with co/-12

Between hatching and the adult stage, the worm undergoes four moulls during which the cuticle
from the previous larval stage is shed and a new and structurally distinct cuticle is synthesised.
During these moults, the expression of collagens and enzymes associated with cuticle synthesis
peak to produce a tightly controlled sequence of synthesis. Collagens have been described as
being expressed in one of at least four distinct waves of expression; ranging from early (4 hours
prior) to late (concurrent) with the moult (Johnstone and Barry, 1996), and it is believed that the
timing dictates the interactions that an individual collagen makes, and consequently

substructures to which it localises (McMahon et af., 2003).

A semi-quantitative reverse transcriptase PCR (SQ RT-PCR) approach (Johnstone and Barry,
1996) was used to examine e¢xaclly when, during the L4-adult moult, col-79 is cxpressed. Only
samples corresponding to 20-4(} hours post hatch, were used in the SQ RT-PCR assays due (o
specificity of COL-19::GFP expression o the L4-adult mouit. Of these, sample 24 represents
the L3-L4 moult and sample 30 represents the L4-adult moult. The results from SQ RT-PCR
analysis, presented in figure 3.5, clearly show that there is no cxpression of col-79 between 20

and 28 hours post hatching and confirm the lack of cxpression in L4 worms, After this, and
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Figure 3.4: The changing expression of COL-19::GFP in aging adult TP12 worms (at
20°C). Patterns observed 2 days (A), 4 days (B), 6 days (C) and 8 days (D) after the L4-adult
moult. Position of lateral alae are marked ‘la’. As adults age COL-19::GFP localisation around
the alae becomes increasingly fragmented (white arrows in figures B and C). In addition, the
regular annular staining becomes less evident and instead becomes fragmented (black arrows
in figures C and D). In accordance with a decreased amount of COL-19::GFP in the cortex of
the annulae, the fluorescence decreases. However, any reduction in GFP intensity has been
compensated for and thus the relative levels of fluorescence cannot be compared (this is
particularly true for figures C and D). Scale bars = 10pum.
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Figure 3.5: Temporal expression of col-/9 via a SQ-RTPCR assay. A) Graph showing the
expression levels of col-19 during the course of the C. elegans life cycle expressed as a
ratio of ama-I expression. The time of the larval moults (L3-L4 and L4-Adult) are
indicated with the dotted lines. col-19 expression is initiated 30 hours post hatch which
coincides with the L4-Adult moult. The x-values on the graph represent the number of
hours after the life cycle is restarted by returning L1 arrested larvae to OP50-containing
plates. The y-axis values show the expression level of col-19 being expressed in terms of
its ratio to the constitutively expressed ama-/. B) The corresponding agarose gel showing
col-19 and ama-1 (control) products from the SQ-RTPCR from staged cDNA (hours post
moult are indicated at the bottom).
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corresponding to the time of the L4-audull moult, expression is initiated. col-/9 expression
appears to peak at 32 hours, which is unique from the previously assayed collagens that all
exhibit troughs in expression at 32 hours (Johnstone and Barry, 1996; McMahon ef af., 2003).
However, experiments that detailed collagen expression at 15-minute intervals during a moult
(Johnstone and Barry, 1996) showed that the slope of the graph does not necessarily represent
for induction of expression. Instead, it appears that the slope is largely the resull of asynchrony
in the culture and that teal induction in any one animal is virtually instantaneous, occurring
within a 15-minute interval (Johnstone and Barry, 1996). In light of this, COL-19 expression
can probably be assumed to occur 30 hours after hatching, when its expression first appears.
This coincides with ‘late’ expressing collagen COL-12, which is described as occurring

concurrently with the moult (Johnstone and Barry, 1996).

3.2.3 COL-19 is non essential but its RNAi-mediated depletion leads to
adult-specific alae defects

The removal of many collagens, such as DPY-3, DPY-4, DPY-5, DPY-7, DPY-8, DPY-9,

DPY-10, DPY-13 and LON-3 via RNAI or in null alieles, is sufficient to disrupt the cuticle and

give abnormal phenotypes (reviewed in Page and Winter, 2003). In order to test whether the

removal of COL-19 had a similar effect on the cuticle, an RNA interference (RINAi) approach

was applied to N2 and TP12 worms.

When COL-19 is targeted by RNAi in N2 and TP12 worms, no severe gross morphological
effects are observed. This suggests that this collagen is not essential for a properly formed adult
cuticle. It is interesting to note, therefore, that RNAI targeting ol coi-79 results in subtle alae
defects, as illustrated in figure 3.6, since alae are spocific to the adult, daver and L1 stage
cuticles. Instead of the normal wild-type friple-track alac structure, RNAi-treated animals
present alae that are still evenly spaced (i.e. not branched) but are discontinuous in areas.
Animals injected with col-/9 dsRNA exhibit extra alae compared to wild type animals. Annulae
and annular furrows in RNAi-freated animals (all methods) arc wild type in appearance. There
are some cases in which certain genes are less susceptible to RNAI, in particular it has been
observed that genes in the mature ncrvous system exhibit partial or complete resistance to
dsRNA-mediated silencing (Timmons e af., 2001). However, confirmation that the COL-19
signal was effectively reduced in these experiments came from the loss of GI'P [luorescence in
TP12 animals,
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Figure 3.6: Nomarski images of alae in untreated TP12 animals and in animals targeted by
col-19 RNAI. Insets show 2x magnifications of alac. Alae are labelled ‘la’. A) Wild type alae
are trilaminate and unbroken (arrows depict each alae). B) Admistering RNAi by feeding results
in alae that exhibit numerous breaks (arrows). C) Admistering RNAI by injection is more potent
and in addition to alae breaks (large arrow), results in multiple alae (4 instead of 3) (each marked
with a small arrow).



Chapter 3. Results I

Although, this data suggests that COL-19 is not essential for maintaining gross motphology,
COL-19 may play a role in the proper formation of the alae. COL-19 is indeed expressed in the
alae, as GIP localisation exhibits. Although COL-19::GFP localises to the annulae, it appears
that COL-19 is not an essential component of these structures. This conclusion was inferred

from the fact that RNAI targeting this collagen does not lead to defects in the annulae.

3.2.4 Confirming the wild-type expression of COL-19

GFP is a 239-residue moiety, which is relatively large in terms of the small C. elegans cuticle
collagens. It is therefore plausible that the GFP marker that has been fused to COL-19 in the
strain TP12, has a disrupting effect on the collagen structure and consequently its localisation in
the cuticle. In such a case the fluorescent pattern observed in TP12 worms would not be a
reflection of the wild type localisation of COL-19. To resolve this anomaly, a COL-19-Ty-tag

fusion was constructed.

3.2.4.1 Immunofluorescence of COL-19

A Ty-tag fusion method was chosen after unsuccessful attenipts were made al whole worm
immunolocalistion using antibodies raised against lhe C-lerminal, non-Gly-X-Y region of
COL-19. The inability to successfully immunologically label wormis in this way was not
surprising because of the lack of access for antibodies due to the tightly folded mnature of
processed collagens, and the lack of specificity of collagen antibodies due to the high level of
homology. The main contributor to the failure of the immunolocalisation assays was the former
explanation, as it was later shown that COL-19 antibodies are specific for the collagen (scetion
3.2.5).

3.2.4.2 Tagging the C-terminus of GOL-19 with a Ty-tag

The Ty-tag epitope, being 10 residues in size (Bastin et al., 1996), is much smaller than GFP,
and is therefore potentially less of a steric hindrance. A construct encoding a Ty-tagged COL-19
was produced as described in section 2.31 in which a 30 bp Ty-tag moiety was cloncd in-frame
to the C-terminus of the coding sequence of col-19. Two transgenic lines expressing this
construct were obtained via microinjection, and Unc rescue adult worms were subjected to
immunolocalisation using anti-Ty antibodies. The results are shown in figure 3.7. This clearly
depicts COL-19-TY localising to wide circumferential bands that correspond with the annulae.

COL-19::GFP and COL-19::TY thus display similar expression pallerns. Since the Ty motety
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Figure 3.7: Expression pattern of Ty-tagged COL-19 in
the cuticle of adult worms. Immunolocalisations using
anti-Ty antibodies. The pattern of annular staining is
observed which is similar to the COL-19::GFP pattern of the
strain TP12 presented in figure 3.3A. Annulae are labelled
with an arrow and lateral alae are denoted “la” (but alae are
not in the plane of focus). Scale bar = 10um.
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represents the wild type deposition of COL-19, this data suggests that the pattern of cxpression
observed for COL-19::GFP in TP12 is reflective of the wild type collagen. Staining was only
observed in adult worms, which provides proof that anti-Ty antibodies were specific to the
adult-expressed COL-19,

3.2.4.3 Inserting the Ty-tag to interfere with the Gly-X-Y repeat region
The construct described above was designed in order that the Ty-coding epitope could be

removed by restriction digestion, leaving an in-frame stop codon at the cnd of the col-19
sequence. New sets of sense and anti-sense primers were designed that could be inserted into the
coding sequence of COL-19 in order that the effects of disrupting the Gly-X-Y repeat region of

the collagen could be observed.

Data obtained from such experiments, together with the col-19 RNAI data, had the potential to
be used to explore the role of COL-19 in the cuticle. RNAI data suggests that COL-19 is not
essential for the proper formation of the cuticle. However, many morphological mutants arise
from mutations in the cuticle collagens, particularly, mutations in the Gly-X-Y motif, which are
vital for the proper helical folding of the collagen (Johnstone, 2000; Page and Winter, 2003).
Since such alleles are not available for col-19, we alternatively disrupted the Gly-X-Y repeat
region through the addition of a Ty-tag moiety. This method is preferable to simple site-directed

mutagenesis of the gene since it provides a method to visualise the location of the collugen.

Constructs were made as described in section 2.32.2 in which the Ty-tag epitope was cloned
in-frame at a site within the coding sequence of the collagen. There were only two restriction
siles (NVsi I and Pml 1) that were identified into which the Ty-tag could possibly be cloned. An
unsuccessful attempt was made to ligate the marker moiety into the Pml 1 sitc. However, a clone
in which the Ty-tag was ligated into the Nsi I sitc was made and used to generate transformed
lines via microinjection. Transformed animals were identified on the basis of the rescue of the
unc-76 phenotype, as previously described. A single line was created in which worms were
rescued. Animals in this line show wild type body morphology and thus from preliminary data, it
appears that the integration of the Ty-tag is not disruptive. Despite the Unc rescue phenotype,
when immunological assays were attempted using Ty-tag antibodies, no staining was observed.
The ability to analyse the reasons for such a failure for antibodies to bind, is made difficult by
the fact that only one line was created. However, a few preliminary suggestions may be formed

to explain the lack of staining. One possibility is that only the marker plasmid was integrated
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into extra chromosomal array or alternatively, that there could be a high level of mosaicisim., It
must also be considered, however, that ane possibility is that the Ty-tagged COL-~19 is being
excluded from the cuticlc by the protein sorting machinery, which recognises the collagen as
being aberrant. It is known from RNAI sludics that the removal of the collagen is not severely
detrimental to cuticle formation but resulis in alac defects. No obvious alae defects were
observed from initial analyses. Despite being positioned at a site within the region of the coding
sequence of col-19, the Nsi 1 site actually falls within the interrupted region separating the two
Gly-X-Y regions and consequently is not positioned at a site within a helical region, This
reduces its potential to be disruptive to COL-19 folding or the cuticle integrity. The most
important step to begin elucidating the effects of the Ty-tag in this construct would be to create

more transgenic lines, which could be compared.

3.2.5 Trypsin digestion of recombinant COL-19 from a BV expression system

The specific nature of interactions between collagens is still unclear. To datc, there has been
little evidence as to whether nematode collagen triple helix units exist as homotrimers or
heterotrimers, or both. It has been suggested that similarly temporally expressed collagens might
act as interacting partners (McMahon ¢f al., 2003); however, there has been no further evidence
to prove this. Early data investigating the sq¢-J and rol-6 collagen-encoding genes, which are
simultancously expressed, pointed to direct interactions of these collagens because of the genetic
interactions displayed. Their sequence similarity made their interaction within triple helices
probabie, since glycine substitution-induced disruption of trimer association suggested that
heterotrimerisation could only occur between the most similar collagens (Johnstone, 1994; Page
and Winter, 2003). However, direct interactions between these collagens were dismisscd after
studies, using SDS PAGE analysis, showed that in rol-6 N-terminal processing mutants
(rol-6(su1006)), multiple oligomer bands containing SQT-1, were not altered in size. Recent
studies using the baculovirus expression system have also confirmed this because cxpression of
SQT-1 and ROL-6 in different combinations failed to produce functional trimers (A. Page,
unpublished data),

The baculovirus system (Crossen and Gruenwald, 1998) is a method that facilitates the
high-level co-expression of multiple proteins via co-infection by more than one recombinant
virus. Heterologous collagen genes, under the influence of a strong late viral promoter, can be

co-expresscd with the subunits of recombinant P4I1 in order that they be hydroxylated, an
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essential step for collagen folding. Most recombinant systems do not have sufficient amounts of
P4H activiiy.

Aliquots of both Triton X-100 and SDS exlracts prepared by A. Winter were subjected to 2-, 4-,
and 8- minutes of trypsin digestion. Thesc trypsin treated samples were run on a 4-12% pradient
acrylamide gel alongside samples of non-trypsin treated extracts in reducing and non-reducing
loading buffers. After trausfer onto PVDF membranes, western blotting using antibodies raised
against COL-19, was performed. The resulting gel from triton X100-extracted samplcs is shown
in {igure 3.8.

Samples were loaded in both reducing and non-reducing conditions in order to obtain evidence
of the presence of reducible {(e.g. disulphide) and non-reducible (e.g. tyrosinc-derived) bonds.
The predicted size of the protein encoded by the 870 bp col-19, is around 31.9kDa; however, the
naturc of the gel (and probably glycosylations) result in the COL-19 running higher on the gel
(~55kDa). A band this size is evident in lane 5, the reduced 2-mercaptoethanol sample, where it
is marked ‘monomer’. This appears as one of the three bands resulting from such reduction in
which the S-S bonds have been chemically broken. Confirmed by the predicted sizes: slightly
larger than 31.9, 63.8 and 95.7 kDa. These correspond to the monomer, dimer and trimer forms
respectively. The fact that a trimer form is still evident upon 2-mercaptoethanol-mediated

reduction is evidence that the trimer is cross-linked by non-reduciblc bonds.

The trimer band is more apparent when the sample is non-reduced (compare lane 5 and lane 1)
which suggests that the presence of additional reducible bonds in the trimer. A dimer band is
also observed in lane 1. Lanes 2, 3 and 4 show non-reduced samples that have been subjected to
{rypsin-mediated collagenase activity for 2-, 4-, and 8- minutes respectively. Duc to the

maintenance of the trimer band even after 8 minuics of (reatment, these results show that the

tightly folded nature of COL-19 within a triple helix makes it resistant to trypsin.

These results show that COL-19 is able to form homotrimers that are resistant to reduction. This
is very interesting since the only collagen to date that exhibits a similar pattern is SQT-3 (A.

Page, unpublished data),
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Trimer
Dimer

Monomer

Figure 3.8: Western analysis of BV-expressed recombinant COL-19
after trypsin treatment and under reducing and non-reducing
conditions. Triton-X100 extracts were trypsin-treated and run on a native
PAGE gel alongside non-trypsin treated samples. Transferred onto a
membrane and visualised using anti-COL-19 antibodies, lanes 1-4
represent non-reduced bands while lane 5 is run under reducing
conditions. Three bands are evident in this reduced lane (lane 5),
representing the monomer, dimer and trimer forms of COL-19. In
samples not treated with trypsin (lane 1), the dominant band is that of the
trimer. A second band representing the dimer is also observed. Upon
trypsin digestion for 2, 4 and 8 minutes (represented by lanes 2,3 and 4
respectively), the trimer band remains as the dominant band. However,
the dimer band disappears and a faint monomer band appears.
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3.2.6 SQT-1 cannot form a functional GFP fusion

Since there is no direct evidence, to date, to show that proicolytic cleavage to remove the
C-terminal pro-collagen actually occurs, SQT-1, a collagen that is expressed in all larval and
adult stages was chosen as a targetl of a GFP marker epitope. A sg#-7.:gfp construct was cloned
through PCR amplification of, firstty, 1000 bp of the sgz-7 promoter and secondly 1018 bp of
the full length coding sequence (genomic DNA) that omitted the last 4 bases in order to remove
the termination codon and facilitate in-frame read through to the GFP mwoiety. These were
ligated into the BA7-1 vector, from which the coi-719 promoter and coding sequence had been
digested out. This construct was injected at 20ug/ml into DR96 worms along with rescue
plasmid p76-16B at 100ug/ml. Successfully transformed worms were chosen on the basis of
Unc rescue. Two lines were obtained, none of which exhibited fluorescence, even when viewed
at high power. This indicates that the GFP moiety may be cleaved from SQT-1 and therefore
this is preliminary evidence to demonstrate that SQT-1 does appear to be processed at its
C-terminus. It also shows that the processing events of COL-19 and SQT-1 are distinet.

3.2.7 iInvestigating the role of collagen promoters

COL-19::GFP is the first example of a functional collagen-GFP fusion and two postulations have
been proposed as to what facilitates the apparent failure of the collagen to be cleaved at ifs
C-terminal, thus allowing the read through to the GFP epitope. Firstly the short C-terminus of
the collagen could potentially reduce the chances of proteolytic cleavage of its pro-collagen
domain, Secondly, it is possible that COL-~19 is not cleaved due to aduli-specific processing
during which the extent of proteolytic cleavage is altered. The successful cloning of a functional
GIP-fusion with COL-7 (Gillian McCormack, WCMP, University of Glasgow unpublished
results), another adult specific coliagen, has recently strengthened the latter hypothesis. COL-7
has a longer C-terminus than COL-19, being 44 residues long, and localises to the annular
furrows when fused to the GFP marker. COL-7, similar to COL-19, is expressed coincident with

the moult.

Studies were carried out to dissect the relative influences of the promoter and the collagen
sequence in directing lemporal and spatial expression and controlling the inferactions that a
collagen makes. Two different kinds of constructs were made. Firstly, a number of collagens
were placed under the control of the col-19 promoter and, secondly, and conversely, col-19 was

placed under the influence of the sqgt-/ promoter (figure 3.9). The aim of these construcls was to
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both identify the conditions under which GFP can be fuscd to a collagen and characterise any

expression pattern resulting from the fusion.

3.2.7.1 Collagen fusions under the influence of the influence of the col-19 promoter

Regions of 1018 bp, 1056 bp, 851 bp, 1013 bp, 1132 bp respectively of coding sequence of
8qi-1, sqt-3, dpy-5, dpy-7 and dpy-13 (minus the last 4 bp) were cloned into a prepared BA7.1
vector.  Between 1 and 3 {ransformed lines were obtained via wmicroinjection for all except the
sgl-3-containing clones, and were tested for the formation of functional {luorescent fusicns.
Figure 3.9 depicts the constructs made and whether GFP expression was observed in the

resulting transgenic lines.

Constructs with dpy-5, dpy-7 and dpy-13 under the influence of the col-19 promoter failed to
produce functional GFP fusions (figure 3.9 A). It appears that these collagens are not able to

form functional fusions, even when their expression is dictated by the col-79 promoter.

Interestingly, however, when sg#-/ was placed under the influence of the col-79 promoter, a
functional fusion resultcd. The patiern of expression is shown in figure 3.9, As expected from
the col-19 promoter, this expression was observed only in adult worms. The fysion protein

expression appears to be to localise {o the annular furrows.

3.2.7.2 col-19 under the influence of the sgf-7 promoter

col-19 was placed under the influence of the sg¢-1 or sg#-3 promoters by removing the promoter
and coding sequence of col-/9 from BA7.1 via restriction digest and ligating firstly, the
promoter of either sgt-/ or sg#-3 (1000 bp and 1133 bp respectively) and secendly, 866 bp of
col-19 coding sequence (i.e minus the last 4 bp, to allow for read through into the GFP moicty),
into the vector. The promoters were cloned into the Pst I-Kpn I site of the BA7.1 vector and the
coding sequences were cloned in between two Kpn 1 sites. Transgenic lines carrying the

sqt-1-containing construct were obtained and tested for fluorescence.

col-19 under the influence of the sgt-{ promoter forms a functional fusion whose fluorescence is
observed in larval and adult animals. However, it appears that the fusion protein is not being
fully processed into the cuticle and is instead being localised non-specifically, appearing as if it
has ‘leaked into’ the body cavity of the animal (figure 3.9).
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3.9: Results from promoter swap experiments, A) Combinations
of collagen promoters and coding sequences that were fused. Tick
mark denotes a functional GFP fusion was made, a cross denotes no
GFP fluorescence was observed in transformed lines. A horizontal
line denotes that these were not attempted and NA represents that the
constructs have been made but have not yet been analysed. B) GFP
localisation observed when sg¢-7 is under the influence of the col-19
promotcr. An annular staining pattern is observed as denoted with
the arrow. Staining is also observed in the alae (‘la’) but these are not
in the plane of focus. C) Staining obscrved when col-79 coding
sequence is place under the sq¢-1 promoter. Non-specific localisation
can be seen. GFP appears to accumulates in nuclei which are denoted
with an arrow. Scale bars = 10 pm
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Somc annular patierning is observed, although it is difficull to establish whether this is annular
furrow- or cortex- localised. It is also not possible to confirm that this is a result of the
depositing of the fusion moiety into the cuticle or whether it is from non-specific localisation

around the annulae/annular furrows. Further investigation is required.

The fact that COL-19 can form a GFP fusion under these conditions provides evidence that even
when expressed outside of the L4-adult moult, this collagen is apparently not enzymatically
cleaved at its C-terminus. The similar phenomenon observed in TP12 cannot solely be atiributed

to the specificity of adult processing.
3.3 Chapter 3 Discussion

3.3.1 COL-19::GFP as a C. elegans cuticular marker

The C. elegans cuticle collagen, COL-19, has been investigated for its ability to form a
functional translational fusion with a GFP marker moiely. Herein is described the wild type
expression pattern of the tagged collagen which localises to the annular cortex in young adults
and which becomes more disrupted as the worm ages. The temporal expression of this collagen
has been investigated through a scmi quantitative reverse transcription (SQ RT-PCR) approach
and has confirmed that col-79 expression is limited to the L4-adult moult and morc specifically,
that this cxpression begins at a time coincident with the moult. This is in comparison to
collagens such as dpy-7 and dpy-3, for example, whose expressions peak at 4- and 2- hours prior
to the moult respectively, When col-19 was targeted by RNAi, no gross morphological
abnormalities were observed apart [tom alae being broken and sometimes mulliple. The
phenotypes were dependent on the method of administration with microinjcction ol dsRNA
being more potent than feeding animals on bacterial lawns expressing dsRNA or soaking in a
solutton of dsRNA. By [using a Ty-tag moicty to COL~19 and immunologically determining its
localisation. in wholc worms, it has also been demonstrated here that the expression of
COL~19:.GFP retlects that of the wild type collagen. Preliminary attempts were made to target
the coding sequence of the collagen with a moiety that was potentially disruptive to collagen

folding and to the cuticle structure.

A number of properties of COL-19 make its GFP-tagged form an ideal candidate as a marker for
the analysis of the C. elegans cuticle. Foremost is the fact that this collagen is actually able to
form a translational fusion. Three collagens, ROL-6, COL-132 (Thein e/ al., 2003} and SQT-1
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(this study) have been analysed for their ability to do the same but have proven unsuccessful.
Proteolytic removal of the C- and N- prodomains from collagen trimers has been demonstrated
to be an essential step during vertebrate collagen biosynthesis since it removes the globular
termini. Proof thal similar steps occur at the N-terminus of C. elegans collagens has come from
morphological mutants with lesions in either N-terminal proteases (BLI-4) (Thacker ef al., 1995)
or in the N-terminal collagen subtilisin-like proteolytic cleavage sitc (Yang and Kramer, 1994),
which is conserved among all C. elegans collagens. C-terminal processing was recently
identified as being an essential step during the processing of SQT-3 (Novelli ef al., 2004) but the
extent of processing of other collagens is still unknown. However, the inability to form
functional translational fusions was attributed to C-terminal proteolytic-mediated removal of the
marker. The C-terminal non-Gly-X-Y domains of C. elegans range from 14 to 400 residues in
COL-19 and BLI-1 respectively and therefore COL-192 was choscn as a potential target on the
basis that its short C-terminal domain could reduce the chances of its proteolytic cleavage. In
fact, the potential region where cleavage of this collagen could occur is only 8 residues if the
essential Cys residues that are required for intermolecular disulphide bond formation are taken
into account: because they are essential, proteolytic cleavage would be required fo occur
N-termtinal to them. The ability of COL-19::GFP to express the marker moicty suggests that
cleavage of this collagen does not occur. Another distinguishing feature of col-79 is its

adult-specific expression pattern, which may facilitate the decreased degree of processing.

COL-19 is typical for C. elegans collagens: within the relatively short collagen molecule two
Gly-X-Y repeats regions are encoded, The first region is 10 repeats long and the second has 41
repeats. As with other collagens, the larger Gly-X-Y region has a number of small interruptions;
in the case of COL-~19, there are two. The conserved pattern of cysteine residues places it in a
group of collagens with COL-8. It also encodes the RXXR subtilisin-like proteolytic cleavage
site. 919 bp of cDNA sequence encoding for this collagen as well as 666 bp of §' scquence was
fused in-frame to a GFP variant, GFP-C3. Exclusion of the last 4 bp facilitated the in-frame
read-through into the marker moiety. Despite 235 bp of promoter sequence being sufficient to
drive col-19 expression, 666 bp were used because of the likelihood that elements controlling

expression levels were contained in the more 5' region (Liu et a/., 1995).

The COL~19::GFP construct was integrated to form the strain, TP12, Such a strain is more
useful than transgenic strains because of its ease of maintenance, the ability to perform crosses

and the 100% penetrance (compared to ~20% of transgenic lines), An inlegrated line is also
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more advantageous than the commonly utilised immunolocalisation using antibodies raised
against the cuticle collagen DPY-7 since live worms can be visualised and there is no
requirement for multiple processes. The three integrated strains obtained and the transgenic lines
all expressed similar patterns of COL-19::GFP. No changes in gross morphaology were observed,

the first line of evidence to suggest that the translational fusion is not disruptive to the cuticle.

3.3.2 COL-192::GFP localisatlon represents that of wild type COL-19

In wild type (TP12) animals, COL-~19::GFP localises to the annular cortex (figure 3.3 A) and-is
observed in adult animals only, the latter observation being in accordance with the adult-specific
expression that was demonstrated using SQ RT-PCR (figure 3.5). The exclusion of
COL~19::GFP from the annular furrows was confirmed by immunolocalisation using antibodies
raised against the furrow localised collagen, DPY-7 (figure 3.3 C). As was expected, an
alternating pattern of COL-19::GFP localising to the annular cortex and DPY-7 in the furrows
was observed (figure 3.3 ID). Each of these substructures has previously been demonstrated to
have different collagenous compositions with individual collagens being sequestered to either
one or the other. It is no surprise therefore, that COL-19::GFP is excluded [rom the furrows.
The pattern of DPY-7 obscrved in the cuticle of TP12 animals in these experiments was the same
as that of wild type animals, further evidence that no cuticle disruptions occur as a consequence
of the introduction of the relatively large GFP moiety fusion construct. Concrete evidence that
COL-19::GFP is reflective of the wild type cxpression of COL-19 came from the fact that
identical patterns of expression were observed when a Ty-moiety, which is only 10 residues in
size and of significantly less steric hindrance, was fused at the same site in the C-terminus as

GFP, and visualised via immunolocalisation using anti-Ty antibodies.

The changing cuticle composition that accompanies aging of adult worms, has also been
demonstrated here. The COL-19::GFP pattern becomes increasingly more disrupted, with the
first aberrations being fragmented strands which appear around the alae. The dorsoventral
region then progressively becomes more fragmented. The disruptions observed may be a
consequence of the growth of the animal and the requirement for the cuticle to stretch in order to
accommodate it. Between the larval moults, the growth of the animal proceeds in linear fashion,
with each subsequent larval stage having increasing rates (Knight ef al., 2002}, Growth during
the adult stage is implied by the fact that col-19 (from the SQ RT-PCR data, presented here) and
other collagens, such as col-12 and sq¢t-7 (Johnstone and Barry, 1996), and collagen modifying
enzymes, .2, pdi-2 (Winter and Page, 2000), are expressed afler the final moulit.
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3.3.3 The role of COL-19 In the cuticle

A SQ RT-PCR approach confirmed previous data that col-79 expression is limited to the
LA-adult moult. Such cxpression is also illustrated by the adult specific expression of the
COL-19:GFP marker. col-19 has previously been shown to be cxpressed in dauer cuticles as
well (Cox and Hirsh, 1983), but no COL-19::GFP expression was observed in starved
populations or when TP12 was crosscd with a dauer-inducing strain (daf-2(e1370)). The
absence of this collagen in larval stages shows that this it is not essential for their cuticles. The
essential nature of this collagen in adult cuticles is less obvious. However, the lack of a gfoss
morphological RNAi phenotype described here indicates that the cuticle is able to form in the
abscnce of the collagen; the effective removal of the collagen by this method was confirmed by
the loss of the fluorescence when the technique was performed on TP12 strain. Defects in the
trilaminate alae were the only aberrations observed in RNAi-treated animals and these were in
the form of broken and/or multiple alae, dependent on the mode of RNAi administration, micro
injection of ds RNA being the most potent. This suggests that a role of COL-19 may be in the
formation of the alae, which is consistent with the adult- and dauer- specific expression of
COL-19 since these (and the Ll-stage) are the only stages at which alac are present.
Components of the alae (e.g. CUT-1) (Sebastiano et el., 1991) are likely to be the substrates of
extensive non-reducible cross-linking. By the resistance of baculovirus-expressed COL-19
trimers to reducing conditions, COL-19 has also been shown fo be cross-linked by similar
non-reducible bonds. However, COL-19 is by no means exclusive to C. elegans collagens in
being cross-linked and these bonds must be prevalent due to the resistance ol the cuticle to
reducing agents and the fact that collagens exhibiting lesions in cross-linking residues produce

morphologically mutant phenotypes (e.g. sqi-1(sc13)) (Yang and Kramer, 1999).

The passive effect of introducing the COL-19::GFP moiety into the cuticle is an insight of the

role of this collagen. Many of the cuticle structures are mutationally scnsitive, with small
aberrations being able to produce severe defects in the cuticle. This is exemplified best by
improperly N-terminally processed SQT-1 molecules (e.g. sgi-i(el350)) that impart huge
cuticular disruptions. In contrast, no disruption to gross morphology or to the unnulae is
observed, even with the addition of the much larger GFI moicly onto the C-terminus of COL-19.
The wild type phenotype implics that structurally important collagens such as DPY-7, DPY-5
and SQT-1 are localised normally and therefore that COL-19 has little influence on the rest of
the components of the cuticle. The lack of influcnce of this collagen on the localisation of

DPY-7, DPY-5 and SQT-1 can be explained by its late expression in rejation to the larval mouit.
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Chapter 3: Results I

It has been shown herein that COL-19 is lale expressed, peaking coincident with the moult in a
similar manner as COL-12 (Johnstone and Barry, 1996). By this time, the aforementioned

collagens have been expressed and have presumably been incorporated correctly inio the cuticle.

Another reason for the mild RNAI phenotype is the fact that, as shown here by expression of
COL-19 in a baculovirus system, COL-19 is able to form homotrimers, Assuriing this is the
only form would mean that the effects of removing the collagen only affect one type of {rimer

molecule.

3.3.4 The properties of COL-19::GFP that optimise it for being a useful marker

TP12 was produced as a means of observing the cuticle aberrations in morphological mutants in
order to dissect the effect that the lesions have on the cuticle structure. Previous similar studies
have been immunological, using antibodies against DPY-7 or Ty-tagged collagens to observe the
expression patterns, These were also able to show that the cuticles of different morphological
mulants are different (McMahon et al., 2003). However, in addition to the aforementioned facts
that TP12 animals require no immunological processing and the fact that live worms can be
viewed, this strain has advantages over immunological methods since COL~19:GFP localises to
the alac as well as to the seam cell-derived cuticle, thereby allowing alae defects to be observed.
As will be discussed in the next chapter, the seam celi-derived cuticle is distinct from the
dorsoventral region of the cuticle and therefore, use of TP12 as a means of observing the

cuticular pattern in this area, is useful.

The late expression of COL-19 is also a useful property to have as a molecular marker because
by the time that COL-19::GFP is expressed, the majority of the collagens will have been
incorporated in the cuticle. Thus, COL-19::GFP localisation is a reflection of the cuticle in terms
of all of its components. In addition, COL-19::GFP does not get excluded from the cuticle as a
consequence of mutations to other mutable collagens. COL-19::GFP has been shown to be
present both in the absence of DPY-7 and DPY-5 (this is discussed in chapter 4). This is unlike
the obligate parters for these two collagens, as removal of DPY-7 results in the exclusion of the
annular furrow-localised collagens from the cuticle. Similarly, removal of DPY-5 resulis in the
absence of DPY-13 in the cuticle (McMahon et al, 2003). COL-19::GFP patterns being
observed in these mutants implies that this collagen does not require these collagens for its
secretion into the cuticle. It does, however, require them for wild type localisation and this will

be examined in the next chapter. It has been demonstrated here, through the use of baculovirus
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Chapter 3: Results I

expression system, that COL-19 forms homotrimers in vitro. These results suggest that even if
COI~19 can interact with other collagens, in their absence, this collagen might have the ability to
homotrimerise, thus possibly becoming incorporated successfully into the cuticle. Moreover, of
note, is that the oblipatc partners, if any, that COL-19 may have, are not mutable to a
morphological phenotype, since all such collagens which lead to a mutant phenotype have been
tested using COIL-~19::GFP (described in chapter 4), and all express COL-19::GFP in their
cuticle. A reason for the lack of mutable obligate partners is likely due to the ability of COL-19
to form homotrimers, SQT-3 is the only other collagen identified to date, that can

homotrimerise.

The reasons described above exemplify how TP12 is an extremely useful tool for the dissection

of the cuticle in morphological mutants, which is described next.

3.3.5 I[nvestigation into the role of the promoter in collagen processing

The ability of a collagen to be fused to a marker moiety is relativcly rare, and this has been
attributed to the proteolytic processing that may occur at the C- and N-terminals of most
collagens. It was of interest to understand the reasons why COL-19 is apparently not cleaved
when fused to a GFP marker. Two propertics of COL-19 were suggested as being factors that
prevent its proteolytic processing, namely the fact that COL-19 is only expressed during the
L4-adult moult (confirmed by SQ RT-PCR assays (figure 3.5)) and the fact that COL~19 has the
shortest C-terminal non-Gly-X-Y domain. It was suggested that adult-specific processing may

occur or that proteolytic enzymes might not recognise the short C-terminal as a site of cleavage.

The presence of a short propeptide domain being sufficient {o prevent proteolytic removal of the
marker was ruled out because ROL-6 and COL-132 (¢39¢9.9) were shown previously to be
unable to form functional fusions, despite having relatively few C-terminal residues (Thein et al.,

2003). It has also shown, in this study, that SQT-1 cannot form a functional fusion either,

In order to analyse the effect of the temporal expression on collagen processing, a number of
constructs were made in which different collagens were put under the influence of a foreign
promoter, observing, in the resulting transgenic lines, whether altering the time at which a
collagen is expressed changes the extent of C-terminal processing. Figure 3.9 shows the

constructs made and whether functional marker fusions wete observed as a result.
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An exciling linding was that sqgi-7 could not form a functional fusion, when cxpressed in its
native period of expression, but could, when placed under the influence of col-19. Because
sqt-1, under its own promoter, is expressed in the adult stagos, it was suggested that the unigue
processing that was preventing proteolytic cleavage was more specifically associated with a
limited time period within a moull i.e. at the late stage when col-19 is expressed. These ideas
were further supported by the discovery that COL-7, another collagen that is expressed late
within the adult moult, could also form a functional GFI® fusion (Gillian McCormack, WCMP,
University of Glasgow). The SQT-1::GFP expressed under the influence of the col-79 prom(;ter
appears to localise to the annular furrows and strongly stains the alae. The staining is quite
blurred and could indicate that some of the protein is ‘leaking out’. This may be a consequence
of the lack of obligate interacting partners for the collagen. Where SQT-1 localises, when under
its own promoter, has not yet been identified, so it cannot be established whether the SQT-1
fusion molecule is localised in a wild type fashion or whether the late expression has resulted in
it being deposited into different cuticle substructures. The observation that SQT-1 cannot
homotrimerise in baculovirus systems (A. Page and A. Winter, WCMP, University of Glasgow)
is quite interesting because it suggests that this collagen intcracts with other collagens within the
cuticle and strengthens the case for the requirement for obligate partners for this collagen. It
might be useful to investigate whether SQT-1 can interact with other collagens that are expressed

late in the moult.

It appears that the sequestration of a collagen to this temporal period is not sufficient to prevent
processing because dpy-5, dpy-13, and dpy-7 fail to produce functional fusions when fused with
the col-19 promoter. Thus, there appears to be sequence specificity as to which collagens are
processed during the late stages of the adult moult, a phenomenon that may indicate the presence
of a limited set of proteolytic enzymes, with specificitics for collagen substrates. It must also be
taken into account, however, that a reason for the absence of a fluorescenily-tagged protein in the
cuticle of the transgenic lines containing thesc constructs may be a result of the GFP-tagged
collagens being excluded from the cuticle after being recognised by the protein sorting

machinery as being aberrant.

In light of the results that suggested that processing of SQT-1 may occur during the eatly stages
of the adult moult, but not later stages, it was of interest to observe whether proteolytic
processing of COL-19 could be induced by cxpressing it earlier, i.e. at the time of sqi-1

expression. Thus col-19 was placed under the influence of the sg#-7 promoter. Fluorescence is
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observed in transgenic lines carrying this strain. However, the staining is non-spccific and is not
contained within the cuticle, There may be a number of reasons for this: there is high-level
expression of the collagen fusion, which cannot be accommodated for in the cuticle, thus lcaking
out (proteolytic processing may have been prevented by the lack of enzymes specific for
COL-19); the lack of obligate collagens to which it can bind means that the COL-19 cannot be
incorporated into the cuticle (despite the fact that COL-19 has been shown to be to
homotrimerise in BV systems); or the GFP marker has been proteolytically removed from the
COL-19 and it is the marker alone which is being secreted non-specifically, pethaps because of
the high levels of expression, the excess GFP cannot be turned over and thus accumulates.

Further analysis is necessary to analysc these data and this is discussed in section 3.4,

3.4 Future work
Further analysis will likely concentrate on creating more transgenic strains of the Ty-tagged

COL-19 and investigating the promoter swap experiments further,

The construct containing the Ty-tag ligated into the coding sequence of coi-/9 was created with
the aim of analysing the effect of aberrantly processed COL-19 collagens in the cuticle.
Preliminary observations have not been conclusive because antibody staining experiments have
been unsuccessful, presumably because of the failure of the transgenic line to carry the construct.
It will be vital to create more transgenic lines and observe whether a similar phenomenon occurs.
It will also be interesting, even in the obtained linc, to carefully observe the alae on the premise
that another explanation for the lack of Ty-tagged collagen in the cuticle might be that the
(presumably) mis-folded collagen is being excluded from the cuticle. It has been shown here
that such removal of CQOI.-19, via RNAI, resulis in alae defects, and similar observations would
be expected if the Ty-tagged collagen was retained in the ER. It has been suggested that
COL-19 may be highly cross-linked in a manner similar {o other alac-localising collagens. Such
aberrantly folded collagens would be especially disruptive to such highly cross-linked structures,

so it could be envisaged that a mechanism exists to exclude these collagens.

In the future, it will also be inleresting to continue with investigations into the roles of the
promoters from the ‘promoter swap’ experiments. To first confirm the annular localisation of
the col-19:sqi-1 fusion molecule, it will be useful to use DPY-7 antibodies in
immunolocalisation assays. As described above, it was interesting to note that SQT-1 could be

incorporated into the cuticle because this collagen has been demonstrated to be unable to
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homotrimerise in BV systems. Consequently, expression of this collagen in a period when its
presumed usual obligate partners are not being expressed might mean that SQT-1 has the ability
to interact with collagens that are late expressed, which it does not normally interact with. It
may be inleresting to co-express sgi-/ and late expressing collagens such as col-19 or col-7 in

baculovirus systems to observe whether trimers can be formed

The sq¢-1 promoter was fused to the col-19 coding sequence. The fluorescent marker did not
become incorporated into the cuticle and instead was localised non-specifically. Since one of the
possiblc reasons for the non-specific staining is that the expression of the fusion construct is too
high, a new construct could be produced containing a shorter sqg#-7 promoter sequence. Gilleard
ef al. (1997) demonstrated that, for collagen expression, short promoter sequences are sufficient,
with more $' scquences only enhancing the levels of expression. Thus, by reducing the length of
the promoter sequence in the constructs, this enhanced expression could be minimised and could
increasc the chances of the fluorescent marker to be incorporated into the cuticle. Such a marker

would be extremely useful as a means of observing cuticle aberrations in larvae.

it may also be interesting fo create a greater array of fusion constructs, using, for example, the
promoters of dpy-7 and dpy-5 with the coding sequences of other collagens. Two constructs
have already been prepared containing sq#-3 and col-79 under the influence of cach other’s
promoters. Results from these will be interesting because SQT-3 is the only collagen that has
been proven to be proteolytically cleaved at its C-terminus, by DPY-31. It will be intercsting to
observe whether altering its temporal expression, such processing could be prevented, SQT-3
has also been shown to homotrimerise in BV gystems and consequently, it may be possible for it

to be incorporated into a cuticle without the requirement for obligate partners.
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Chapter 4
Analysis of the cuticles of morphological mutants and an
RNAI screen to find genes involved in cuticle synthesis.
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4.1 Introduction

In the previous chapter, the hypodermally expressed GFP-tagged COL-19, was shown to form a
functional fusion that localises to the cortex of the circumferential annulae. It was designed as a
tool for visualising the cuticle without the need for the complicated experimental procedures
required by antibody staining, the traditional means of observing the cuticle structure. This
chapter describes how the COL-19::GFP marker strain, 1P12, has been exploited through two
separate approaches, namely, u serics of crosses with morphological mutants, and the
RNAi-targeting of a variety of cross-linking cnzymes, proteases, collagens and other gene
products. A wide range of definable cuticular disruptions have been made evident as a result of
both the crosses and RNAI experiments. Consequently, TP12 has been successfully shown to
provide a means of efficiently describing cuticle aberrations in terms of COL-19::GFP
distuption. This has facilitated firstly, the characterisation of morphological mutant cuticles and
secondly, the identification of genes whose products are involved in dictating the body shape

morphology of C. elegans.

Morphological muianis exhibiting Dpy, Sqt, Bli, Rol, Lon and Sma phenotypes are vital in the
study of the C. elegans cuticle as these mutants result from the disruption of cuticle collagens,
the malfunction of the cuticle processing machinery, or from alterations ol components
controlling body size. The cuticle is a complex structure with multiple layers (Cox ef al,
1981a). Evidence from ultra-structural analysis has shown that Rol and Bli phenotypes are a
result of aberrations to or loss of fibrous/intermediate layers and struts respectively (Cox ef af.,
1981a). On the other hand, Dpy mutants do not exhibit such obvious gross loss or alterations to
cuticle layers but do display an overall increase in body width. Through SEM analysis and
antibody staining against the DPY-7 cuticle collagen, at least two different classes of Dpy
mutants have been identified, as discussed in section 1.10.1 (McMahon et al., 2003). Dpy
mutants, whose affected loci are expressed four hours prior to the moult (dpy-7, dpy-8, dpy-2 and
dpy-10), exhibit smooth surfaces that are devoid of annulae, while those expressed two hours
before the moult (dpy-5 and dpy-13) exhibit annulac with mild branching (McMahon et al.,
2003). This demonstrates the variation in cuticle structure exhibited by animals sharing gross

morphological phenotypes.

Due to the structural complexity of the cuticles of morphological mutants, the effectiveness of

TP12 to define cuticle disruption has aided the clucidation of how the lesions affect the overall
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Chapter 4: Results 11

cuticle structure. After crossing the TP12 strain with morphological mutants, the resulting
pattern of COL-19::GFP was compared to that of the pattern of regular circumferential bands
corresponding to the annular cortex that is displayed by wild type (TP12) animals. The range of
COL-19::GFP patterns observed as a result of these crosses is described in detail in this chapter.
The data have enabled the nature of the cuticle aberrations to be observed and has provided a
structural basis for the morphological defects. It has {urthered our knowledge of the overall
composition of the cuticle, the structural and enzymatic role of each componcnt within the
system, as well as the complex collagen interactions. Mutations to different components of 'the
system controlling body shape have also cnabled the charactetisation of distinct regions of the
cuticle, namely that overlying the seam cell hypodermis and that overlying the dorsoventral
hypodermis. Overall, these crosses have helped to investigate the relationship between the genes

and their effect on body morphology.

Certain molecular lesions affect distinet genetic loei differently and this is particularly evident in
cuticle collagen mutants. For example, the Dpy phenotype of the cuticle collagen locus, dpy-7,
is a result of the collagen’s exclusion from the cuticle, either through RNAi/null allele (e.g.
dpy-7(gm63)) or by the removal of the aberranily folded glycine substitutions by the protein
sorting machinery (e.g. dpy-7(e88)). In sqgt-1 mutants, on the other hand, such removal of the
collagen does not affect the gross morphology of the worm since null alletes (e.g. sg#-1(sc103))
and RNAi-treated worms appear wild type. The Sqt phenotypes of this genstic locus are
exhibited by alleles whose lesions prevent the proper N-terminal processing {(sgf-I(el350)) or
C-terminal cross-linking (sqt-/(scf3)). The resulting aberrantly folded collagens are not
excluded from the cuticle by the processing machinery, and the Sqf phenotype results as a
consequence of the incorporation of such misfolded collagens into the cuticle. A mild phenotype
is exhibited by sqt-1 glycine subsititution alleles {(e.g. sq#-7(sc107)). 1t must be noted that
despite the wild type appearance of sq¢-1fsc103) null worms, ultra structural analysis has
revealed that these worms do indced lack one of the fibrous layers, in a4 similar manner to their
Rol phenotype counterparts, The experiments described in this chapter have shown that
COL-~19::GFP of TP12-crossed animals has the ability to reveal cuticle defects that are not
evident from gross morphological phenotype and consequenily facilitate a more detailed analysis

of the cuticles of different alleles.
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Mutalions of some loci that encode for cuticle processing enzymes can also produce
allele-specific gross morphologies in a similar manner to cuticle collagen mutants. One such
example of such an enzyme-encoding locus is that of the subtilisin-like serinc endoprotease
locus, bii-4. All of the known b/i-4 alleles identified to date are embryonic or larval Icthal, apart
from b/i-4(e937) which is viable and displays an aduli-specific Bl phenotype. The
allele-specific viability of bli-4(937) has been explainced by the fact that it is the only lesion that
does not result in the removal of all 12 ¢xons of the gene product (Thacker et al., 1995).

dpy-18/phy-1 (a prolyl 4-hydroxylase), dpy-11 (a thioredoxin), b/i-3 (a dual oxidase) and b/i-5 (a
serine protease inhibitor) are also mutants whose affected loci encode for enzymes or regulators
associated with collagen processing. These mutants have been crossed with TP12 in order to

visnalise their cuticle disruption.

In addition to these loci, RNAi-targeting of additional enzyme loci with potential roles in cuticle
synthesis has been shown to lead to characteristic Bli, Dpy and Rol phenotypes, as demonstrated
by the genome-wide RNAI screen by Kamath et a/. (2003). In the sceond part of this chapter,
the use of TP12 in a similar, but more selective, RNAI screen to find genes with potential roles
in cuticle synthesis, will be described. The process of cuticle synthesis, as described in section
1.6.1, involves multiple steps that include hydroxylation of proline and lysine residues, cis-trans
isomerisation, proteolytic processing of the pro-collagen N- and C- termini, and numerous
cross-linking steps. Many of the cnzymes with potential roles in such steps were the targets of

this RNAI screen and as a result, a number of them were identified as having important roles.

4.2 Results 1: Crosses between TP12 and C. elegans morphological mutants

Crosses were set up in which six TP12 males were plated with a single hermaphrodite of the
morphological mutant in question. F1 homozygous hermaphrodites were chosen on the basis of
their wild type phenotype and F2 worms chosen on the basis of GFP and morphology as assessed

via microscopy.

4.2.1 Five classes of COL-19::GFP disruption are observed
The various TP12-carrying morphological mutants exhibit COL-19::GFP patterns that range

from the wild type pattern of regular circumferential stripes, to severe global disruption in the
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annulae and alac. Each TP12-carrying strain was scored with a value of between 0 to 3 on the
relative disruption of COL-19::GFP pattern in the annulae and in the alae. Tn terms of annulae,
the designations were as follows: wild type (narrow or wide) (0); abnormal branched (lateral
hypodermis) (1); missing or amorphous (2); and scvere disruption (3). Scoring of the alae
included the categories oft wild type (0), multiple or discontinuous (1), abnormal and branched

(2) and severe disruption with branching (3).

As a consequence, five distinct classes of cuticle disruption were defined and are desoribcd in
table 4.1 and illustrated in figure 4.1. Class I mutants exhibit a COL-~19::GFP pattern indicating a
relatively wild type annular banding pattern and regularly spaced trilaminate alac (annulae and
alae scores between 0 and 1), Class Il mutants display an amorphous pattern of COL-19::GFP in
all regions of the cuticle with no apparent annular banding patterns (annulae score of 2). Alae
arc rclatively wild type albeit occasionally multiple (alae score of between 0 and 1). In class 11
mutanis, worms exhibit the regular wild type pattern of circumferential unnulae in the cuticle
overlying the dorsoventral hypodermis but adopt a branched and thread-like COL-19::GFP
pattern in the cuticle overlying the seam cells (annular score of 1). The alae, around which the
branched pattern extends, are wild type in nature (alae score of 0). Class IV is characterised by
severe global disruption and exhibits both dramatic branching of the annulae on all regions of the
cuticle and large loops in the alac (annular score of 3, alae score of belween 2 and 3). Finally,
Class V mutants are a less severe form of Class IV, and are described as having branched or

amorphous annulae and branching alae (annular score of 2, alae score of between 1 and 2).

The identity of the loci that fall into each class of COL-19::GFP disruption is shown in table 4.1.
It is also shown that the severity of the gross morphological phenotype does not necessarily
correspond to the extent of COL-19::GFP disruption, nor, in collagen mutants, is there any
correlation between the class of disruption and the predicted C. elegans pro-collagen structural
group. However, a general pattern appears, in which: Rol, Sma and Lon mutants fall into class I;
Dpy mutants fall into class I[I; Dpy and Bli mutants fall into class III; Sqt mutants and dpy-17,
which is most similar to sg#-/, comprise class IV while; class V consists of enzyme mutants
(refer to figure 4.1). This illustrates, for example, that the Sqt collagen mutants exhibit a distinct
cuticle structure from that of Dpy and Bli mutants.

Another observation is that Dpy mutants, even though exhibiting similar gross morphological

phenotypes (i.e. Dpy), in fact exhibit one of two cxtremely distinct cuticle structures; exhibiting
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Tabie 4.1: Definitions of Classes of COL-19::GFP Adult Cuticle Collagen Disruption.

Genotype Ydentity (Cosmid) Lesion Plienotype(adult)  Alac’ Anmylad
I Mild Disruption or Wild Type

TP12 (N2;kals12[col-19::20p]) NA Wild type 0 0
Bli-4(2937) (TP29) 11 Sublilisin protease (k04fi0.4)  [Exon deletion] Bli 0 0
rol-6(sul006) (TP11} 11 Caticle coltagen (10167.7) |N-protease R71C] Rl 0 0
sma-2{e502) (TP27) 11} Dwasfin (zk370.2) t Small (mta) 0 oy
lon-31e2i175}{TP31) V Cuticle collugen (zk836.1) ? long 1 v
fon-1(e185) (TP42) TH TR proteio (f48c8.1) ? fong 1 v
lon-2(e678) (TP44) X Not yet known (¢3926.1) ? long i v
lon-2(r1630)(TP32) X Not yet keown (63926.1) ? long 1 v
11 Amorphous Annulye

dpy-7(e88) (IP17) X Cuticle collagen (f46c8.6) [Glyl56Arg] medium Dpy ¢ 2
dpy-7 (63} TP36) X Cuticle collagen (f46¢8.6) [null} mediam Dpy 0 2
doy-3(e27) (1P22) X Cuticle collagen {egap7.1) ? medium Dpy 1 2
dpy-10{2128} (TP19) T Cuticle collagen (11494.7) [e766a splice] small Dpy 1 2
dpy-10(cné ) (T1P43) I Chuticle collagen (t114b4.7) {Arg92Cys| medium Dpy Rol 1 2
dpy-8(ei30] (TP24)y X Cuticle colfagen {c31h2.2) 7 mediuin Dpy 1 2
dpy-8(scd4) (IP38) X Cuticle coltagen (¢31h2.2) ? mediom Dpy 1 2
doy-9(et2) (TPISHV Cuticle coltagen (121d12.2) [Gly 149Glut large Dpy 1 2
dpp-2(e489 (TP3NH 1T Cuticle callagen (114b4.6) ) [Gly247Arg] Dpy Rol 1 2
dpy-2(sc38ts) (TPAY)I Cuticle collagen (t14b4.6) {Gly129Glu] Dpy Rol ] 2
dpy-2(21359) (TPADI Cuticle collagen (t14b4.6) 4 Dpy Rol 1 2
[ Branched Seam Cell Anmulae

dpy-13(e458) (AT21) TV Cuticle collagen (fa0b5.1) [deletion of Gly-X-Y] medimn Dpy 0 i
dpy-4(c1 166) (TP25) TV Cutiole collagen (y41¢3.2) [frameshify@392]  large Dpy 0 1
bli-1(e769) (TP2R)T Cuticle collagen(c09g5.6) ? Bl (1s) (mnta) 0 1
Bli-5(e518) {FP18) 111 Sering protease inhibitor [splice donor sitej  Dpy/Bli (mts) 0 1
dpy-5(e6l) (TP14) § Cuticle collapen (127¢1.8) [Giy2020pal] strong Dpy 1 i
1V Severe Global Disruption

sqt-3(sc63) (TP23) V Caticle eollagen {(f23h12.4) [Gly227Glu] medium Dpy (L) 2 3
sqt-3(e2117) (TP20)¥ Culicle coltagen(f23h12.4) [Glyl14Arg] extreme Dpy (Is) 2 3
sqt-1fel350) (TP26} 1T Cuticle collagen (b0491.2) [N-protease R69C]  medium Dpy (mta) 3 3
sgi-1{scl) (TPA0) I Cuticle collagen (b0491.2) N-protease R66C]  medium Dpy (mta) 3 3
sqé-I{scl3} {FP33} 11 Cuticle collagen (b(M91.2) {C-domain C303Y] medjumn Dpy Rol 2 3
sit-2{se3) (TP45) 11 Cuticle collagen {c01b12.1) [N-protease R76C]  medium Dpy 3 3
sqt-2fsc108) (1P48) 1T Cuficle coflagen (01b12.1)  [N-protease R79C]  medium Dpy 3 3
dpy-17(ei64) (TP32) 11 Cauticle collagen {f54d8.1) [Gin1’R Amber] medium Dpv 3 3
dpy-6feld) (TP46) X Aclin interacting? (f1612.2) {ThrSumber] Doy 2 3
V Branching Alae and Annulac

dpy-18(e364) (TP13) Il Prolyl 4-hydroxytase (£28d6.1)  [Trp76amber] medium Dpy (mia) 2 1
dpy-18(oki62) (TP41) LIL Prolyl 4-hydroxylase (£28d6.1)  [multiple lesions] niedium Dpy 2 1
dy-11{e224) (TP16) V Thicredoxin (146¢10.9) [G7GE partial] medivm Dpy (mta) 2 1
dpy-11{el 180) (TP30) V Thioredoxin (f46¢10.2) [nul}) medivim Dpy (mta) 2 2

Dpy — dumpy. Bli =blister. Mta = inale tait abnormai. Rol = rollcr, Ts =tcmiperature sensitive.

COL-19::GFP expression
1 Alae
0. Wild type.

L. Multiple or discontinuous afac,
2. Abnormal branched alae,
3. Severe disruption with branching.

Z Annulae

0. Wild type, (Y narmow annulac, ¥ wide annulae).

{. Abnommal branched annulae (Jateral hypadermis)
2. Missing or amorphous amulae.
3. Severe disruption.




Figure 4.1: The 5 classes of COL-19::GFP disruption in
morphological mutants. The COL-19::GFP pattern of each
morphological mutant was scored on the basis of disruption to the
annulae and the alae (see key). The figures show an example of the
disruption observed and the morphological mutant from which it was
produced is denoted. Lateral alae are denoted with “la” (but in class
II are not in plane of focus). The gross morphological phenotype
associated with each class is also shown. In addition, the DPY-7
immunolocalisation pattern and the associated loci are described.
Scale bars = 10um.
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Appearance of  Associated

Class Example of COL-19::GFP pattern
P EP DPY-7 in cuticle  Loci
Lon
| wild type Sma
Mild disruption Rol
or wild type
annulae: 0-1 bli-4(¢937)
alae: 0-1
1 none Dpy
Amorphous
annulae
annulae: 2
alae: 0-1 dpy-8(scdd)
111 prematurely Dpy
Branched seam cell terminated Bli
annulae
annulae: |
alae: 0 dpy-4(el166)
v branched Sqt
Severe global
disruption
annulae: 3
alae: 2-3 sqr-1(e1350)
V variable Dpy

Branching alae
and annulae
annulae: 1-2
alae: 2 dpy-18(e364)

(enzyme)

Scores: Alae: 0) Wild type; 1) multiple or discontinuous alae; 3) severe disruption with branching.
Annulae: 0) wild type; 1) abnormal branched annulae (lateral hypodermis); 2) missing or amorphous
annulae; 3) severe disruption
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class II or class III disruption. This is intercsting and reiterates the value of the TP12 strain as a
tool for looking at cuticle structure. For the morphological mutant strains tested, all of the alleles
of a single locus exhibit the same category of disruption c.g. all dpy-2 alleles exhibit type 11
disraption. This is also true for the RNAi-phenotypes of dpy-5, dpy-7, dpy-13 and dpy-10
(dpy-10 and dpy-13 RNAI not shown). However, this list is not exhaustive and importantly does
not include, for example, the null allele sgt-/ which is wild type in nalure and which
consequenily would most likely not exhibit the same type TV disruption as the alleles exhibiting
the Sqt/Rol phenotype. The allele specificity of sq#-7 and sgz-3 will be discussed in a-later

section.

Similar observations of distinct cuticle structures have been described by McMahon e 4/,
(2003), who used SEM and immunolocalisation techniques (DPY-7 and anti-Ty antibodies) to
observe the culicle siruciure of cuticle collagen mutants. dpy-7, dpy-2, dpy-3, dpy-8, dpy-10,
mutants, whose encoded collagons are expressed simultaneously approximately 4 hours prior to
the moults, exhibit smooth cuticle surfaces, devoid of annulae as well as a reduced amount, (or
total loss of, of DPY-7 antibody staining. Where staining is visible, the pattern deviales from the
rogular annular pattern and is instead fragmented. Conversely, the mutants in the later
expressing collagen genes, dpy-13 and dpy-3, have cuticles which are patterned by the annular
furrows. The conclusions were that at least two distinct sets of collagens exist, each with a
characteristic temporal expression, localisation in culicle substructures, and mutation-associated
cuticle structure (McMahon ez al., 2003). Figure 4.1 lists the DPY-7 staining pattern resulting
from immunolocalisation assays in the present study and represents the DPY-7 localisation in
each of our defined classes. To date, the mutants falling into the groups defined by McMahon ez
al. (2003) according to their temporal expression, coincide exactly with the members of our
groups, which we have defined according to the COL-19::GFP pattern. This lends further
support that substructure localisation as well as temporal expression dictate the structure of the

corresponding mutant cuticle,

It is important to note that varying intensities of GFP fluorescence arc observed in different
mutants. However, it is difficult to quantify thc staining levels due to practical variables that
include the age of the worm (discussed in section 3.2.1), the mounting lechniques and the
general microscope set up. Thus, the intensity of the fluorescence has not been taken into
account when analysing the data even though the fact that a reduction in fluarescence may be a

good indication that COL-19::GFP is being excluded from the cuticle.
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4.2.2 The COL-19::GFP expression pattern in Long and Sma mutants
Lon and Sma phenotypes result from mutations in the components of the TGF-p-like pathway
that dictate the body length of the worm. This regulation comes through a number of means,

including control of hypodermal cell ploidy and cuticle composition.

The Lon mutanis lon-1(el85), lon-2(e678), lon-2(n1630) and lon-3(e2!73) and the Sma mutant
sma-2(e502), are genes involved in size determination, and in this study, were crossed with
TP12. The collagen encoding gene, in lon-3(e2175) mutants, lacks 2.4 kb of its sequence and
has an additional ‘I'c5 transposon insertion (Nystrom ef af., 2002; Suzuki et al., 2002). Despite
the fact that the molecular lesions in the other genes are not known, the morphological mutant
alleles of these loci phenocopy the RNAI effect at the level of gross morphology (Suzuki ef al.,
2002). Whatever the lesions might be, they are sufficient to cause an alteration in body size

presumably by modifying the downstream cornponents of the TGF-P-like pathway.

The resulting dominant COL-19::GFP patten in these TP12-crossed Lon mutants appears as
regular circumferential bands along the length of the worm, reminiscent of the wild type pattern
(figure 4.2). All the Lon mutants exhibit mild annular disruption and some examples of multiple
alae are apparent. Jon-3(e2175) in particular shows worms with quite distinct COL-19::GFP
fragmentation around the alae (figure 4.2B). However, these mutants have been classed as type I
disruption according to the dominant and most commonly observed COL-19::GFP pattern that is
wild type. A defining feature of these mutants is the increased or decreased width of the annular
bands in the Lon and Sma mutants respectively. This is cxcmplified in figures 4.2 A and D in
lon-2(n1630) and sma-2{e502) mutants respectively, where the width of the annulae can be
compared. Attempts at counting the number of annulae were unsuccessful, but the altered Wid@'_l- _
of annulae suggests a similar number of annulae in these mutants and in wild type animalsﬁflt h
has previously been noted that, instead of increasing the number of annulae in order to facilitate
a longer body length, the aunuli stretch in response to growth during adult life (Costa et al.,
1997).

Referring back to the branched pathway presented by Suzuki ef al. (2002) (figure 1.5), body
length determination is controlled by the TGF-f-like pathway via reguiation of both hypodermal
ploidy and control of cuticle components. Hypodermal ploidy is mediated via LON-1 while the

collagen, LON-3, plays a role in regulating the cuticle composition. These are separate and
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Figure 4,2: COL-19::GFP expression of Lon, Sma and Rol mutants,
A) lon-2(ni630) mutaots exemplify the increased width of annulae in Lon
animals (white arrow) compared to wild type (refer to figure 3.3 The line in
figure A denotes the width of one annulus. B) In addition to showing a
similar increased annular width, /on-3(e2/75) mutants show differing levels
of annular disruption around the alae: the figure exemplifies the most
severe form observed (which is denoted by a white arrow). The latter
observation indicates that there is active alteration of the cuticle in these
mutants. C) In Jon-I(ei85) mutants however, there is less disruption to the
cuticle, indicative that the cuticle is most likely exhibiting mechanical
stretching in response to the increased body length from increased ploidy of
these mutants. D) sma-2(e502) mutants show a predominantly wild type
pattern of annulae. Consistent with the Sma phenotype, the annulae are
reduced in width {(arrow) compared to wild type (the white dot depicts the
width of a single annulus in the mutant). E) COL-19::GFP of a rol-6 N-
protease cleavage site mutant allele rol-6(su7006). Helical twisting of the
alac (la) can be seen. Anmulae appear slightly amorphous but are
predominantly wild type. F) Aduit Fi progeny from targeted RNAi
interference of rol-6 in TP12 animals (feeding at 20°C). An amorphous
COL-19::GFP pattern in both the annulae and the alae is observed. In all
figures, lateral alae, are labelled (1a) (in A and C, alae are not in focus).
Scale bars = 10pum
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independent control processes, and the LON-3 and LON-1 pathways exhibit little/no cross talk.
The results presented here confirm this hypothesis; while /on-3 mutants exhibit cuticular
disruption around the alae (figure 4.2 B), lon-I mutants do not (figure 4.2 C). The wide, vt wild
type, amnulac of /on-1 mutants are thus most Jikely to be the conscquence of the cuticle passively
slretching to accommodate for the increased ploidy. The slight branching pattern of the annulae
observed in these Jon-I mutants could be a subtle effect of disruption due to mechanical

stretching.

The dwarfin/Sma mutant, sme-2(e502) exhibits regular bands corresponding to annulae but these
are thinner than in wild type animals. Only very subtle branching annulae are observed (refer to
figure 4.2 D). Due to the upstream position of SMA-2 in the TGF-B-like pathway, it was
expected that sma-2 mutants affect both the LON-3 and the LON-1 pathways. A similar
situation is likely for Jon-2 mutants since the alleles tested result in relatively wide but wild type

annulae.

4.2.3 The COL-19::GFP disruption in ro/-6 mutants

The cuticle collagen mutant, #ol-6(s«!100G), exhibits a lesion in its N-protease subtilisin-like
cleavage site and was crossed with TP12. The COL-19::GFP pattern in crossed worms (figure
4.2 E) is relatively wild type since individual anmulae can be identified. Alae also appear to be
wild type apart from being helically iwisted along the body length, as would be expected for the
Rol phenotype (refer to figure 4.2 E). As rol-6(sul006) is not a null allele, RNAi of rol-6 was
performed on ‘I1P12 worms. RNAi-treated animals exhibited no obvious gross morphological
defects but had an amorphous COL-19:GFP pattern (figure 4.2 F). The fact that the
COL-19::GFP disruption in the null phenotype (RNAI) is more severe than that in the N-terminal
protease site mutant, indicatcs that the collagen is essential and that the lesion in the collagen
cncoded by the rol-6(sul006) mutant is not sufficient to (completely) prevent its incorporation

into the cuticle or to cause aberrations in the COL-19::GFP expression pattern.

It must be noted that rol-6(su1006) mutants, despite having a wild type COL-19::GFP pattern,
must clearly have some form of aberration due to the exhibited helical twist. This observation
exemplifies a precaution that has to be taken when analysing COL-19::GFP disruption, which is

that aberrations in the underlying layers are not always visible at the level of the GIP marker.
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4.2.4 The COL-19::GFP disruption in Sqt mutants

The Sqt phenotype results from mutations in a number of collagen loci and in this study the Sqt
gross morphological phenotype has been associated with a class of COL-19::GFP disruption,
termed severe global discuption. Extensive branching of the annulae in the ventrodorsal-derived
and seam cell-derived cuticles as well as severely branched and multiple alae, are characteristic
[eatures of type IV disruption. Some, but not all, alleles of the mutant collagen loci sg#-7, sqt-2,
sqt-3 and dpy-17 display such a COL-19::GFP phenotype. Some alleles of thesc loci, however,
are wild type at the COL-19::GFP and gross morphological level.

The sqi-1 mutants sqe-1(scl), sqi-1(el350), and sqi-1(scl3) were crossed with 1P12 (figures 4.3
A-C). The former two of these gene lesions are substitutions in the N-terminal protease domain

while the latter is a cysteine substitution in the C-terminus.

The N-terminal processing mutants, sqr-I{el350) and sqt-1(scl) (figures 4.3 A and B), have
COL-19::GFP patterns with distinctive branching of the alae and severely fragmented annulae.
These phenotypes are more severe than mutanis (e.g. sqi-1(sci3)} whose encoded SQT-1 cannot
correctly form tyrosine cross-links, sqg#-I(sci3) animals show only limiled amounts of branching
annulae and alae (figure 4.3C) and alse have multiple alae (which are not shown in the figure).
The Rol phenotype exhibited by these worms is also apparent with dircctional twist of the alae.
The differences in severity between the N-terminal processing mutants and the cross-linking
mutant might be explained by the fact that even though sgr-7(scl3) collagens have lost their
ability to form cross-links, their actual monomeric collagen molecules are wild type. These
collagens would therefore probably be less sterically distuptive than the N-terminal processing
mutant collagen monomers of sgi-7(e1350) and sgt-I{sci), because lhey differ from the wild
type monomer in having a relatively large 126 residue pro-collagen domain, which turns the
monomer length from its normal ~475 residues to ~601 residues. Nomarski imaging shows that
a branching pattern of the alae (figure 4.3 E) which corroborates the COL-19::GFP data and
indicates that the observed COL~19::GI'P branching in these mutants is a true rcpresentation of
the alae.  The Nomarski image is not able to show the pattern of the annulae and thus
TP12-crossed sqt-1(el350) worms were probed using an antibody against the cuticle collagen
DPY-7 that localises lo the annular furrows. Figure 4.3 G shows the fragmented pattern of
annulae as visualised by immunolocatisation with this antibody. The merged COL-19::GFP
(figure 4.3 ¥) and DPY-7 image shows the patterns coincide (figure 4.3 H). This illustraies that
the COL-19::GFP pattern reflects the actual aberrant (fragmented) annular pattem.
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Figure 4.3: sgt-7 collagen mutants exhibit type IV COL-19::GFP
disruption. A, B and C) The COIL-19::GFP disruption pattern of three
alleles of sqt-1: (sqt-1(scl), sqt-1(el1350) and sqi-1(sci3)} respectively when
crossed with TP12. Alae are indicated (la). sqz-I{sci) (A) and sqt-1(e1350)
(B) are N-terminal processing mutants and exhibit more severe branching in
the annulae and alae than the sg#-1{sc/3} mutant (a C-terminus cross-linking
residue mutation) (C). sqt-I{sci3) mutants have a Rol phenotype and this is
reflected in the altered angle in which the alae run along the body. D) The
COL-19::GFP pattern of F1 progeny of sq#-7 RNA; treated L4 TP12 animals
(by feeding). RNAi-treated animals have a wild type gross morphological
phenotype (not shown) and this is reflected in the milder form of COL-
19::GFP disruption in these animals: only slight branching of the annulae
and alae is observed. E) The branching COL-19::GFP pattern observed
does represent branching alae, as observed by Nomarski imaging. F-H)
The COL-19:GFP pattern (F) is similar to that observed upon
immunolocalisation using antibodies against DPY-7 (G) (see H for merged
image) and thus confirms the fragmented pattern of the annulae. In all
figures, where present, branching alae are indicated with white arrows and
branching annulae are depicted with black arrows. Lateral alae are marked
‘la’. Scale bars = 10um.,
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motphological phenotype was produced. However, at the COL-19::GI'P level, slight gross
morphological abnormalities (figure 4.3D) were observed, with RNAi-treated animals exhibiting
slightly branched amnnulae and alae. These findings are consistent with the fact that the null
mutant, sgf-1(sc103), when observed at the ultra-structural level, does in fact exhibit an aberrant
fibrous layer. Thus, while these fibrous layer aberrations are not sufficiently disruptive to resuit
in a Rol phenotype, they do cause slight alterations in overlying luyers which are reflected in the
slight COL-19::GFP disruption (figure 4.3 D). The less scvere cuticle disruption in these
RNAi-treated worms strengthens the argument that it is the incorporation of cuticle ‘poisons’
into the cuticle that are the factors that cause the abnormal body morphology in N- and C-

terminal processing and cross-linking mutants.

A Gly substitution mutant, sqt-1(sc99), has also been analysed for its COL-19::GFP cuticle
pattern; these animals display wild type phenotypes at both the COL-19::GFP and gross
morphological levels (data not shown). The weak phenotype may arise because glycine
substitutions in this collagen are not disruptive to the cuticle structure, or because aberrant

collagens are excluded from the cuticle, making this strain an effective null.

SQT-3 is a unique collagen with an csscntial function in embryogenesis. It is 2 complex locus
with an array of mutant phenolypes that include larval lethal, cxtreme Dpy and wild type, and
there are, additionally, a number of tempceraturc- and cold- sensitive alleles. Because of the
complexity of the SQT-3 locus, this study has not attempted to tully characterise it. Instead, for
a limited number of sq7-3 mutants, the results obtained from crosses with TP12 can 1) be used to
shed some light on the cuticle structure and 2) be used comparatively to analyse correlations
between cuticle structure at the COL-19::GFP uand morphological levels. Two
temperature-sensitive glycine substitution alleles of sqz-3, sqt-3(sc63) and sqt-3(e2717), which
are lethal at 25°C, have been crossed with TP12 and the resulting COL-19::GFP patterns are
shown in figures 44 A and B. The gross morphology of these sqz-3 alleles at the permissive
temperature (15°C) is more severely Dpy than the sqi-1(el350) or sqt-1(sci) mutants. However,
they exhibit a weaker phenotype at the COL-19::GFP level, displaying less branching alac and
annulae than the sg7-7 N- and C- terminal processing mutants. This seemingly contradictory
observation between gross morphological and COL-19::GFP phenotype is likely to be derived

from the limited expression of sg#-3 in ecmbryes and L1 larvae only and the consequent
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Figure 4.4: sqt-3 collagen mutants exhibit type IV COL-19::GFP disruption. A and
B) represent the COL-19::GFP pattern of two lemperature sensitive alleles of sg-3
mutants, namely sqt-3(sc63) (A) and sqt-3(e2117) (B) when crossed with TP12. These
are C- and N-terminal glycine substitutions respectively and both exhibit branching to
the lateral alae (la) and the annulae. sqr-3-specific RNAI (feeding) was performed on
L4 worms. Figure C depicts an adult from the F1 generation that, at the gross
morphological level is wild type but, at the COL-19::GFP level, shows branching
annuale. D) dpy-17 shares highest sequence homology with sgz-/ and the mutant allele,
dpy-17(el64), when crossed with TP12, shares a similar COL-19::GFP pattern with
branching alae and annuale. In each figure, where present, lateral alae are marked “la”,
branching alae are denoted with a white arrow and branching annulae are denoted with
a black arrow. Scale bars = 10 pm.
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presumption thut SQT-3 is not a necessary component of the (COL-19::GFP-containing) adult

cuticle.

The COL-19::GFP expression pattern exhibited by the wild type animals resulting from sqg¢-3
RNAI targeting (feeding) is shown in figure 4.4 C. These results are obtained from animals
incubated at 15°C because above this permissive temperature, the RNAi phentoype is embryonic
lethal. Consistent with the wild type gross morphological phenotype exhibited by RNAi-treated
animals at 15°C, the COL-19::GFP localises in a paitern of regularly spaced annulae é.ﬁd

similarly wild typc alae.

The sg¢-2 and dpy-17 mutants and dpy-17(RNAI) display disruption patterns similar to the other
Sqt mutants. The COL-19::GFP pattern of dpy-17(el64) is shown in figure 44 D, DPY-17is a
cuticle collagen that al the sequence level is most similar to SQT-1. It is thus not surprising that
both collagens exhibit similar COL-19::GFP expression when mutant. The COL-19::GFP
patterns of sgf-2(sc3) and sqi-2(sc108) are not shown but are similar to that of sqi-1(eZ350) and

sqt-1(scl) (severe branching alae and annulae).

4.2.5 The COL-19::GFP disruption in cuticle collagen Dpy mutants

Numerous alleles of eleven Dpy collagen loci were crossed with TP12 in order to obscrve the
effect of the lesion on the cuticle composition and structure. The resulting COL-19::GFP
patterns exhibited by these mutants made it evident that two types of Dpy exist (figure 4.5);
ones that have an amorphous pattern of COL-19::GFP (class I disruption) (dpy-2, dpy-8, dpy-10,
dpy-7 and dpy-3 mutants) (figure 4.5 A), and ones that exhibit branched seam cell annulae (class
I disruption) (dpy-5, dpy-4 and dpy-13 mutants) (figurc 4.5 B). During this study, dpy-9 and
dpy-4 were also identified as being cuticle collagens that fall into the type II class and type IIT
class respectively (described in section 4.3.7.1). These data again exemplify the variety in cuticle
structure exhibited by different loci even when appearing similar at the gross morphological
level. However, all examined alleles of the same gene produce a similar phenotype. It is
interesting to note that from the mutants tested so far, an amorphous pattern of COL-19::GFP
with wild type alae is unique to mutants whose loci are cuticle collagens. In the future, it will be
interesting to discover whether any enzyme mutants result in this COL-19::GFP phenotype. The
COL-19::GFP disruption patterns observed in these collagen mutants demonstrate that the
disruption or ablation of one collagen, i.e. the collagen affecied in the morphological mutant,

may be sufficient to alter the cxpression pattern of another, i.e. COL-19::GFP.
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Figure 4.5: Dpy collagen mutants exhibit one of two distinct types
of COL-19::GFP pattern. A) Alleles of dpy-2, dpy-3, dpy-7, dpy-8,
dpy-9, dpy-10 and dpy-14 all exhibit amorphous annulae (class II
COL-19::GFP disruption) and some show some levels of aberrant alae
(labelled ‘1a"). B) Alleles of dpy-3, dpy-4 and dpy-13 show type 11T
COL-19::GFP disruption. Alae are indicated (la). In images of dpy-
8(sc44), dpy-4(e1166) and dpy-13(e428) alae are not in the plane of
focus. Scale bars = 10pm.
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As mentioned above, the collagens grouped in class 11 and class 111 in this screen coincide with
the two groups, the DPY-7 group and the DPY-5 group, classified by McMahon ez al. (2003),
which have distinct temporal regulation (four hours and two hours prior to the moult
respectively) and substructure localisation (annular furrow and annular cortex respectively). We
might therefore be able to extrapolate from our data to provide information on collagens that
were not part of the McMahon study. For cxample, since dpy-9fel2) mutants exhibit a
COL-19::GFP pattern similar to that of the dpy-7 class of temporally expressed mutants, it is
likely that this locus also encodes for a culicle collagen and that the collagen 1) is temporally
expressed ~4 hours prior to the moult, 2) that it localises to the annular furrows, and 3) that it has

arole as an obligate partner for the other collagens in the class.

The amorphous localisation of COL-~19::GFP in the cuticles of TP12-crosscd dpy-7, dpy-2,
dpy-3, dpy-10, dpy-8 and dpy-9 mutants, suggests that, similar to the DPY-5 group of collagens
(McMahon et al., 2003), COL-19 is another collagen whose localisation is determined by the
armular {urrow structural scaffolds that are comprised of the DPY-7 set of collagens.
Alternatively, COL-19::GFP’s localisation might be dictated/guided by the presence of the dpy-5
group of annular cortex-localised collagens. However, this is unlikely since in null alleles for
these collagen, COL-19::GFP is still localised in an annular pattern in the dorsoventral region. It
thus appears that the presence of correctly positioned annular [urrows is sufficient for the proper
localisation of COL-19::GFP in the cortex of the annulae. The col-19 expression coincident
with the moult, as demonstrated by SQ RT-PCR described in section 3.2.2, suggests that, in
temporal terms, it is expressed after both the dpy-7 and the dpy-J sets of collagens.

The class III and class 1T disruptions observed in collagen mutants are described below using

dpy-5 and dpy-7, respectively, as examples.

4.2.5.1 Class lll mutants are exemplified by dpy-5 mutants

Class III Dpy mutants namely, “branched seam cell annulae”, include the cuticle collagen
mutants dpy-5(e61) and dpy-13(ed58). dpy-4(ell166) mutants also fall into this class. On the
basis of the similar cuticle structure of this mutant compared to the dpy-3 and dpy-13 mutants,
dpy-4 was predicted, from these results, to encode a similar cuticle collagen. This was

confirmed in subscquent studics that are detailed in section 4.3.7.1.

169




Chapter 4. Results I

The COL-19::GFP pattern was examincd in the cuticle of dpy-5(e61), a Dpy mutant with a
Gily-Opal mutation which most likely acts as a null mutant because of the position of the
premature stop codon so close to the N-terminus of the collagen. This idea is strengthened by
the similar gross morphological and COL-19::GFP phenotypes observed in this allele and in
RNAi-treated animals (scction 4.2.5.3). Mutants within this class exhibit two distinct
COL.~19::GFP patterns in different regions of the cuticle, and illustrate that the cuticle overlying
the seam cells and that overlying the dorsoventral hypodermis have distinct compositions and
structures.  Figure 4.6 A clearly demonstrates that while the cuticle overlying the dorsoventral
hypodermis cxhibits regular circumferential bands consistent with narrow, but otherwise wild
type, annulae, the cuticle overlying the seam cells and surrounding the alae is expanded in width
and exhibits a branched COL-19::GFP pattern. When the cuticle is viewed by Nomarski ({figure
4.6 B), the expanded region of COL-19::GFP disruption correlates with a bumpy cuticle surface
while the dorsoventral region is relatively smooth. (Annulae are not in the plane of focus).
COL-19::GFP {fluorescence shows that in these mutants, alae are wild type in nature. The
narrow naturc of the annulae (approximately 0.75 pm compared to 1.2 pm) in the dorsoventral

cuticle of the worm is consistent with the shorted body length of dumpy worms.

The fact that the seam cell cuticle is uncontracted means that, in contrast to wild type worms, the
annulae do not appose the alae. The uncontracted nature of the cuticle is confirmed by SEM
imaging that shows a region where the dorsoventral cuticle has failed to join above the seam
cells (figure 4.6 C). A COL-19::GFP pattern similar to, but less severe than that of the
dpy-5(e61) mutants implying the existence of two distinct regions of the cuticle, is observed in
very old wild type (TP12) adults, which become slightly Dpy (refer back to figure 3.4). This
suggests that even in wild type worms, the compositions of the two regions of the cuticle are
distinct and that in older worms, the seam cell cuticle is weakened by age (rather than mutation)
and loses its ability to fully contract. Thus, failure of the seam cell cuticle to contract, whether
due to mutation or (o age, 1s consistent with the widened body of the worm in Dpy animals, as
illustrated in 4.6 D.

The wild type COL-19::GFP pattern of the cuticle overtying the dorsoventral hypodermis can be
explained by the fact that dpy-5 worms still express wild type forms of the dpy-7 class of
temporally expressed collagens (DPY-7, DPY-8, DPY-2, DPY-10, DPY-3) (McMahon et al.,

2003). Consequently, dpy-3 mutants retain the structural scaffold of the annular furrows, This
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Figure 4.6: dpy-5(e61) exemplifies type IIl COL-19::GFP disruption. A) Two
distinct regions of the cuticle become apparent at the COL-19::GFP level when
TP12 is crossed with dpy-5(e6i). A regular annular pattern is observed in the
cuticle overlying the dorsoventral region (black double headed arrow). Conversely,
the paitern of COL-19::GPF overlying the seam cells is branched (white double
headed arrow). The latter region represents the uncontracted seam cell cuticle. B)
Distinctions between the two regions of the cuticle are also apparent via Nomarski
imaging: The cuticle appears bumpy in the region corresponding to the COL-
19::GFP disruption (double headed arrow). C) The uncontracted nature of the
cuticle is observed via scanning electron microscopy (SEM) of dpy-5(e61) adult
animals. At this magnification, a notch where contraction has failed is evident
{double headed arrows) and corresponds to the position of the lateral alae (‘la’ and
single headed arrow). Further evidence of the failure of the cuticle to contract
specifically in regions of the seam cell- derived cuticle is shown by the fact that
these mutants exhibit wild type head (‘h’) morphology since this region is not seam
cell-derived. D) A schematic representation of the uncontracted seam cell-derived
cuticle compared to wild type. The two distinct regions of the cuticle are depicted
(seam cell-derived = dark grey, dorsoventral hypodermal-derived = light grey).
The dark grey region represents the region of COL-19::GFP branching that overlies
the alae (alae are shown by pink lines). The uncontracted nature thus results in the
increased body width of the worm and thus accounts for the Dpy phenotype. E)
COL-19::GFP pattern of a dpy-5(e61) worm which, as depicted in F) has been
additionally labelled via immunolocalisation using antibodies against DPY-7. The
figure shows aberrant DPY-7 localisation: wild type annulae overlying the
dorsoventral hypodermis (black double headed arrows) with a branched pattern
overlying the seam cell hypodermis (white double headed arrow) 1s observed. G)
Merged image of COL~19::GFP and DPY-7 localisation shows that the regions of
disruption coincide. H) Another characteristic of the COL-19::GFP pattern of dpy-
5(e61) mutants is the accumulation of the tagged collagen in the periphery of
vesicles around the seam cell cords (arrows). I-M) Comparison of MH27
immunolocalisation on wild type (I) and dpy-5(e6) (J) worms. MH27 antibodies
localise to the hypodermal junctions. Adult dpy-3(e6.1) animals have seam cells that
are fused but that exhibit branches. The distance between the junctions (black
double headed arrows) does not coincide with the width of cuticle disruption (white
double headed arrow). K-M) Comparison of MH27 immunolocalisation on wild
type (K) and dpy-5(e61) larvae (L and M). Larvae of TP12s that show a pattern of
regular and similar shaped cells (K) (arrows). This is in contrast to dpy-3(e61}
larvae which exhibit seam cells which are aberrant and/or multiple (arrows). This is
consistent with the branched pattern observed in adults.

In all figures, where present, lateral alae are denoted ‘I’ but in H, I and J are out of
the plane of focus. Scale bars = 10um in A, B, and E-J, 1.2pm in Hand 15 ym in
K-M.
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was confirmed by the wild type annular furrow localisalion of anti DPY-7 antibodics observed in
dpy-5(col-19::gfp) worms after immunolocalisation (figurcs 4.6 F and G). In wild type animals,
the annular furrows dictate the deposition of later expressed collagens, such as DPY-5 and
DIPY-13, and it is likely that once a wild type pattern of annulae has been set, even mutant forms,
or ablation of, dpy-5 and dpy-13 collagens do not disturb the circomferential anaular furrow
pattern. It is interesting to imagine that there is a reduction in the amount of collagen that 1s
deposited between the furrows, and consequently a decreased width of the annulae. This is

consistent with the narrower annulae and the reduced length of the worm,

While the dorsoventral hypodermal region of the cuticle appears (o be wild type apart from
having a reduced collagen content in the annular cortex, the cuticle overlying the seam cells
appears to be mwuch more susceptible to the apparent reduction of the DPY-5. It is conceivable
that, due to the lack of properly formed annulue in this seam cell-derived cuticle (corroborated
by the fragmented pattern of DPY-7 staining in this arca of the cuticle), this rcgion lacks the
regularly spaced circumferential structural scaffold that is present in the dorsoventral cuticle. In
such a region lacking such a scaffold, the exclusion ot a collagen may be much more disruptive.
The weakening of the seam cell-derived cuticle and its failure to contract has been attributed to
the wide body shapc (figurc 4.6 D) and, therefore, this region has a likely role in dictating
circumferential contraction. On the other hand, the annulae of the dorsoventral hypodcrmis atre
probably involved in the lateral contraction (figure 4.6 D). The requirement for correct seam
cell-derived cuticle to direct diametric shrinkage was proven previously when ablation of
individual seam cells resulted in animals with greatly weakened cuticles (and gaps in their alae)
(Singh and Sulston, 1978).

Cuticular weakness being restricted to seam cell-derived culicle is confirmed by SEM analysis
which reveals that dpy-5(e6f) adult worms exhibit relatively wild type head morphology (refer to
figure 4.6 C). The lateral seam cell cords terminate posterior to the head region while the

anterior region is composed, not of seam cells, but of hypodermal cells, Ayp 3-6.

Another interesting feature of the dpy-5 mutants and the RNAi-treated worms is the
accumulation of the COI-19::GFP marker molecule in the periphery of the seam cell cords
{figure 4.6 H). It appears that the absence of one mutant collagen (e.g. DPY-5) might also result
in the retention of other collagens (e.g. COL-19::GFP) in the ER. Such a reduction in a number

of cuticle collagens may be another factor involved in the overall weakening of the cuticle as it
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may have an additive cffect. Thus, the decreased width of the annulae might be a consequence
of preventing the insertion of, not only the DPY-5 class of collagens into the cuticle, but also an

array of other collagens, into the cuticle.

These data show that DPY-5 is a collagen that plays a critical role in the control of morphology
and the width of the annulae. It is not essential for the formation of the annular furrows but does

“pad out” or at least regulate this “padding out” of the cortex of the annulae.

4.2,5.2 MH27 staining in dpy-5(e61) mutants

In order to determine whether the disruption observed in dpy-5 mutants in the cuticle overlying
the seam cells is reflected in the hypodermal cells themselves, a monoclonal antibody raised
against a protein in the adherin junctions around the hypodermal cells, MH27, was used (figures
4.6 I-M). Such staining in adult dpy-5(e61) worms reveals that the seam cells are able to fuse,
resulting in the adherin junctions being a similar distance apart as in wild type (TP12) animals
(compare figures 4.6 T and J). These observations reveal that the width of the bund of seam cells
does not correspond (o the width of the disrupted seam cell-derived cuticle. However, the fused
cells in dpy-3(e61) mutants are aberrant in that they exhibit branching (Figure 4.6 J).
Consistent with the abnormal seam cells in adults, the MH27 staining in larvae is also altered
(ligures 4.6 L-M), Instead of appearing as a regular pattern of long rectangular cells (4.6 K),
dpy-5 mutant (L3s) show cells alternating between long and round cells, the latier of which are
sometimes dvoplicated (figurcs 4.6 L and M). It is interesting to note such aberrations since it
appears that mutations to the cuticle are sufficient to alter the seam cells. Seam cell disruptions
are also observed upon pdi-3 RNAIi treatment in a dpy-18(e364) background. PDI-3 is an
enzyme associated with cuticle synthesis via its dual cuticle cross-linking activities: TGase
aclivity for the formation of bonds between glutamine and lysine, and protcin disulphide
isomerase activity for the formation of disulphide linkages. The disruption observed in

dpy-5(RNAI) larvae is less severe than those ireated with pdi-3 (Eschenlauer and Page, 2003).

4.2.5.3 The effect of treating different stage larvae with dpy-5 RNAI

The general understanding of how a new cuticle is formed is that it is synthesised beneath the old
cuticle which is subsequently shed. In order to test whether cuticle disruption of a previous stage
has any implications on the synthesis of the new cuticle, TP12 embryos and different stage
larvae worms were subjected to dpy-5 RNAI by feeding. If disruption in a cuticle does affect

later cuticles, il would be expected that RNAi-treated embryos and early larvae would exhibit
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more disruptions in their adult cuticle as result of a series of disrupted cuticles being synthesised
upon each other. Conversely, RNAi-treatment of I.4s would he expected to result in less

disruption as the cuticle upon which the final cuticle is synthesised, would be wild type.

The data rcsulting from these RNAI experiments (figure 4.7) reveal thal there are no severc
differences between the early-treated and L4-treated worms, and illustrate that there is little or no

amplification in the cuticle disruption.

4.2.5.4 Class li COL-19::GFP disruption is exemplified by dpy-7 mutants

The cuticle collagen dpy-7 mutants exemplify the class II type of COL-19::GFP disruption. All
of the mutants tested to date that fall inlo this class (dpy-7, dpy-2, dpy-3, dpy-10, dpy-8 and dpy-9
mutanis) are collagen Icsions (refer to table 4.1 for a description of the molecular lesions). The
dpy-7 alleles, dpy-7(e88) and dpy-7(gm63), a glycine substitution and a null mutant respecttvely,
were crosscd with TP12. dpy-7 was also targeted through RNAI feeding. Both the glycine
substitution and the RNAI-treated worms show a ubiquitous pattern of CO1.-19::GFP disruption,
covering both the cuticle overlying the seam cell and dorsoventral hypodermis, giving an
appearance of what we have described as “tiger stripes”. The two different regions of the
hypodermis cannot be distinguished duc to the lack of annulae. Instead of a disruption pattern of
branched strands observed in the aberrant seam cell cuticle in class III mutants, in dpy-7(e88)
mutants the pattern appears as amorphous finger-shaped projections that point in multiple
directions (figure 4.8 A). A more severe manifestation of this type of COL-19::GFP disruption
occurs in the dpy-7 mull allele (dpy-7(gm63)), when the discrete fingers are no longer apparent
and the cntire cuticle has an amorphous COL-19::GFP pattern (figure 4.8 B). There is an
increased severity of the COL-19::GFP disruption in the null mutant (dpy-7(gm63)) compared to
the RNAi-treated animals (figure 4.8 C). This suggests that the dpy-7 signal is not being
completely ablated upon RNAI-treatment, and that there is potentially a small amount of the
collagen in the cuticle. Despite this, the similarity in the patterns of the dpy-7 alleles and the
RNAi-treated animals suggests that the phenotype of dpy-7 glycine substitutions is duc to the
retention of most of the mutant glycine substituted collagen in the ER. Immunofluorescence of

the DPY-7 protein using anti-DPY-7 antibody failed to show any/minimal cuticular staining.

T.oss of the DPY-7 collagen in the cuticle prevents the deposition of the amnular furrows;
conscquently, the surface 1s smooth. With no structural scaffold to define their deposition, the

gene products of the later cxpressed collagens such as dpy-5, dpy-13 and, as shown here,
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Figure 4.7: Effects of treating different larval stages of TP12 animals with
dpy-5 RNAI feeding. The aim was to specifically target dpy-5 in order to
observe any additive effects from each moult. A) represents adult worms that
have developed from embryos placed on feeding plates while B, C and D)
represent adult worms whose RNAI feeding was initiated when they were at
L1-L2, L3 and L4 stages respectively. No obvious increase in severity is
obtained by feeding the worms from earlier stages. Lateral alae are denoted by
‘la’. Scale bars = 10um.




Figure 4.8: dpy-7 mutants crossed with TP12 exemplify class I1 COL-19::GFP disruption.
A) dpy-7(e88) is a glycine substitution. The amorphous pattern resembles fingers/tiger stripes
that point in multiple directions (white arrows). Lateral alae (‘1a”) appear slightly amorphous
(black arrow). B) The null allele, dpy-7(gm63), exhibits the more severe form of the COL-19::
GFP phenotype, showing less defined projections and a more ubiqutious amorphous pattern
(white arrows). The alae (‘la’) appear to be more amorphous than in the dpy-7(e88) animals
(black arrow). C) Upon specific targeting of dpy-7 by RNAI feeding, a similar amorphous pattern
is observed in adult Fl1s as for dpy-7(e88) animals. Lateral alae (‘1a”) are also amorphous (black
arrow). Immunolocalisation using antibodies against DPY-7 was carried out but consistent with
the lack of DPY-7 in the cuticle, no staining was observed (not shown). Scale bars = 10um.




Chapter 4: Results I

COL-19, arc localised aberrantly. There are two possible explanations as to why there is an
increased body width in these mutants. The first is that increased body width would result in a
similar manner as described for dpy-5 mutants, namely, that the decrease in DPY-7 collagen
weakens the seam cell-derived and diametric shrinkage-controlling cuticle. However, the most
likely reason [or increased body width is that loss of annulae, as well as the improper localisation
of other collagens (e.g. DPY-5 (McMahon et ai., 2003) and COL-19::GFP), weakens the
dorsoventral region of the cuticle sufficiently to allow it to stretch in response to the hydrostatic

pressure of the worm.

4.2.6 The COL-19::GFP disruption resulting from mutations in the collagen
processing enzymes display type V COL.-19::GFP disruption

4.2.6.1 COL-19::GFP disruption in dpy-17 mutants

The dpy-11 locus encodes for a novcl thioredoxin that is involved in regulation of body- and
male tail- morphology (Ko and Chow, 2002). The medium Dpy dpy-11{e224) is a partial loss of
[unction allele, while the severe Dpy dpy-11(e1l180) is a complete null. COL-19::GFP
phenotypes of these alleles are iflustrated in figures 4.9 A-G. dpy-11(e224) animals display a
similar but not identical pattern to that of class IIT mutants, that is, they exhibit two distinct
regions of the cuticle. Overlying the dorsoventral regions, a regular, yet slightly constricted,
annular pattern is apparent while overlying the seam cclls the cuticle is uncontracted and has
branched annulae (figure 4.9 A). Similar to dpy-5(e61) animals, two distinct regions can be
observed via Nomarski imaging. The region above the seam cells appears smooth. What
distinguishes dpy-77 mutants from those in class I (and puts them into class V) is the fact that
there are alae defects. This is iliustrated by the multiple alae in the Nomarski image of figure 4.9
B and the branching alae in the SEM image of an adult dpy-11(e224) hermaphrodite (figure 4.9
C). The SEM image also depicts the uncontracted nature of the cwticle above the seam cells.
Upon immunolocalisation using DPY-7 antibodies, the fragmented and prematurely terminated
nature of the annulac above the seam cells is again illustrated (Figure 4.9 E). The regions of
COL-19:GFP and DPY-7 disruption co-localise (figure 4.9 F). In the corresponding
COL-~19::GFP figure (figure 4.9 D), the disruplion overlying the seam cells is branched, and is

also slightly amorphous.
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Figare 4.9: dpy-11 and dpy-18 mutant phenotypes. A) Partial loss of
function mutant animals of the dpy-11 locus {dpy-11(e224)) exhibit a COL-
19::GFEP pattern similar to type Ll COL-19::GFP disruption. They are placed
into a separate class (class V) due to their branching and amorphous alae.
However these are not depicted in A. B) In a similar manner to dpy-3
mutants, the two distinct regions can also be distinguished upon Nomarski
imaging. In this instance, lateral alae (“1a’) are not branched but are multipie,
as indicated by the single headed arrows (4 instead of 3). C) Scanning
electron microscope image of a dpy-11(e224) adult hermaphrodite. The mid
body (‘m”) region is particularly Dpy. Branching alae are indicated with an
arrow. Regions of uncontracted seam cell-derived cuticle are observed and
indicated by a double headed arrow. D-F) Immunolocalisation using DPY-7
antibodies was carried out. Similar to that seen with COL-19::GFP (D), the
extended region of fragmented alae is observed in figure E. In the
dorsoventral region of the cuticle, annulae are more regular and wild type. F
shows the merged COL-19::GFP and DPY-7 images and indicates that the
regions of COL-19::GFP disruption coincide with regions of DPY-7
disruption. G) Another allele of dpy-i1, dpy-£{(ell180) is a null mutant.
The COL-19::GFP pattern is more amorphous than as seen for the dpy-
11fe224) mutant. Lateral alae are amorphous. H) COL-19:.GFP disruption
of dpy-18(e364), which is a null allele. Two distinct regions of the cuticle are
apparent. In addition to the branching annulae in the region overlying the
seam cells, projections similar to those observed in dpy-7 mutants are
observed (white arrows). I) COL-19::GFP localisation of another dpy-18
null allele, dpy-18(oki62). Two distinct regions are again observed. The
annulae are extremely fragmented in the region overlying the seam cells. In
all figures, lateral alae are denoted with ‘la’ but in figures D, E, F, H and I,
they are not in the planc of focus. In A, B, D, E, F and H, the two distinct
regions of the cuticle are denoted with double headed arrows: the
uncontracted regions overlying the scam cells are shown with white arrows
while the wild type dorsoventral-derived regions are denoted with black
arrows. Scale bars in C= 150um. In the rest, scale bars = 10 pm.
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The null allele, dpy-11(el180), exhibits an amorphous pattern of COL~19::GFP disruption
(figure 4.9 G). 1t also differs from the partial loss of function allele since the pattern of
disruption is ubiquitous over all regions of the cuticle, dpy-1l(el180) animals also exhibit

branching alae (not shown).

These data demonstrate that the thioredoxin encoded by the dpy-11 locus is essential for proper
cuticle formation, and mutation to or ablation of the gene affects both the alae and the annular
structures. The ability to distinpuish between the two distinct regions of the cuticle in
dpy-11(e224) mutants and the similarity to the dpy-5 collugen muotants is interesting since it is
possible that the reduced efficiency of this partial loss-of-function form of the enzyme affects
DPY-5 and its obligate partners that reside in the cortex of the annulae, more severely than the
class of annular furrow localised collagens (e.g. DPY-7). In such a scenario, the wild type
DPY-7 collagens can form the structural scaffolds of the annular furrows and thus produce the
regular pattern of COL-19::GFP observed in these animals. Conversely, in dpy-11(eli80)
animals, the regular annular pattern is not observed and thus it is expecied that complete ablation
of the enzyme activity does indeed prevent the proper positioning of the class of DPY-7
collagens. This is evidence that both types of collagen may be the targets for the enzyme.
However, the enzyme may have different specificities for different collagens, as demonstraicd by
the dpy-11(e224) mutant, whose G76E lesion within the thioredoxin-like (TRX) domain,
specifically affects collagens that are localised in the seum cell-derived cuticle while not
affecting the sot of DPY-7 collagens.

4.2.6.2 COL-19::GFP disruption In dpy-18 mutants

dpy-18, also known as phy-1, is one of the three PHY-encoding genes in the C. elegans genome.
Together with the other PHY (o) subunit, PHY-2, and two PDI-2 (B) subunits, an active mixed
tetramer is formed (o2f32). It has now been established that deletion or disruption of dpy-18 in
these morphological mutants leads to the consequential loss of the tetramer form of the enzyme
{Myllyharju et al., 2002). This loss, however, is compensated for by the up-regulation of active
PHY-2/PDI-2 dimers. As a result, dpy-18 mutants and dpy-18 RNAI lead to viable yet Dpy
animals rather than the larval lethality that is caused by the ablation of the only encoded f3
(PDI-2) subunit.

dpy-18 mutant alleles, dpy-18(e364) and dpy-18(oki162) arc both considered to be functionally
null (Friedman ef al,, 2000). Both mutants exhibit similar COL-19::GFP disruption patterns

181

1
A
1




Chapter 4. Results 1T

which are reminiscent of type III mutants but differ from this class in the fact that they have
branched alae and are thus placed into the ¢lass of type V COL-19::GFP disruption (figures 4.9
H and I). dpy-18 worms are wild type in the dorsoventral region of the culicle bul show severe
disruption over the secam cell hypodermis. It is interesting to note that the dpy-18(oki62)
mutants (figure 4.9 I) exhibit a much more fragmented pattern (shorter fragments) around the

alae than their dpy-18(e364) counterparts (tfigure 4.9 H), despite both alleles being null.

4.2.7 The COL-19::GFP expression pattern in Bli mutants

Bli morphological mutants are a result of lesions in genes encoding for cuticle collagens (b/i-7
and bli-2) (Crew and Kramer, personal communication), enzymes involved (or predicted to be
involved) with cuticle synthesis (b/i-4) (Thacker et a/., 1995) or in loci probably involved in the
regulation of cuticle processing (e.g. b/i-5) (Simmer ef af., 2003). Despite all exhibiting a blister
phenotype, these mutants fuall into cither type I or type III COL-19::GFP classes of disruption
(figure 4.10)

4.2.7.1 BLI4 subtilisin protease mutants exhibit a wild type COL~19::GFP
expression pattern

The subtilisin-like protease mutant, »li-4(e937) exemplifies cuticle disruptions that lead to gross
morphological phenotypes but which are not reflected in the COL~19::GFP-containing cuticle
layer (figure 4.10 A). Despite these mutants exhibiting adult specific blisters, indicative of strut

aberrations, they display a wild type COL-19::GFP pattern in overlying layers.

Il has already been established that alteles which completely ablate all of the 9 isoforms (A-I)
(and thus the function) of this protease are lethal, but that the lesion in A/i-4(¢937} allcets only
the A, B, F, G and H isoforms which have been implicated in adult cuticle formation (Thacker e/
al., 1995). From the wild type COL-19::GFP pattern displayed by these mutants (figure 4.10 A),
il appears that despite the loss of this isoform, annulac form properly, a fact which implies that
the DPY-7 set of collagens are being properly processed. This TP12 x bli-4 cross further reveals
therefore, that the deleted isoforms in this allele are vital for the processing of only a subset of
the cuticle components and confirms previously speculated data that only strut associated
collagens, BLI~1 and BII-2, are affected by the loss of the 5 isoforms in bfi-4(e937) mutants.
The above evidence suggests that BLI-1 and BLI-2 may be the only collagens that form aberrant
structures in the absence of the lost isoforms, butl it cannot dcfinitely prove that the other

collagens are not processed by these isoforms at all. It is possible that the lost iseforms de
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Figure 4.10: Bli mutants display either wild type or type IIl COL-19::GFP
patterns. A) bli-4(e937) mutants show a regular pattern of circumferential annulae.
COL-19::GFP does not localise to the regions of the cuticle that are blistered
(arrow). B and C) bli-1(e769) and bli-5(e518) mutants both display type 11 COL-
19::GFP localisation and the distinct seam cell- and dorsoventral- derived regions of
the cuticle are denoted with white and black double-headed arrows respectively.
Alae are indicated (‘la”). Scale bars = 10um.
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indeed have roles in processing the DPY-7 class of collagens, but that the prosence of the
N-propeptide in the cuticle is not disruptive enough to alter their proper deposition (no

N-ierminal processing mutant alleles are available for dpy-7).

4.2.7.2 The COL~19::GFP expression pattern in BLI-1 mutants

The cuticle collagen mutant bli-1{e769) exhibits blisters at the gross morphological level (as do
RNAi-trcated worms) (Kamath et al., 2003), and when crossed with TP12, displays type III
COL-19::GFP disruption (figure 4.10 B). This illustrates that this strut-localised collagen is also
essential for the proper formation of the cuticle. The disruption observed in the seam
cell-derived cuticle in these muiants might be an indication of the presence of BLI-1 in this
region of the cuticle. This is interesting since, to date, this collagen has been assumed to be
restricted to the struts, which are presumably only associated with the dorsoventral region.
Alternatively, the distuption in the hypodermis overlying the seam cells may result from
interactions between the strut-localised BLI-1 collagen with other collagens which do localise
above the seam cells. Annulae in these mutants do appear to be wild type, despite the strut
aberrations, This suggests that in adult cuticles, proper strut formation is not a prerequisite for
the placement of the annular furrows, and that the aberrations in the strut layers are not

transferred to the overlying ones.

4.2.7.3 The COL-19::GFP expression pattem in bli-5 mutants

A lesion in b/i-3, a serine protease inhibitor (Simmer ef al., 2003), results in the Bli phenotype.
bli-5(e518} was crossed with TP12 in order to visualise the effects that mutation to such a
potential regulator of cuticle synthesis has on the cuticle. bli-5(e518) animals exhibit a
COL-19::GFP pattern that is wild type over the dorsovenfral hypedermis and disrupted and
branched over the seam cell hypodermis (figure 4.10 D). Such a pattern is reminiscent of type
T disruption, and is a pattern that is shared by the bfi-1 cuticle collagen mutant (figure 4.10 B).
RNAIi of bli-5 was also performed, and such treated worms exhibited a similar paitem as the
mutant strain (not shown). This suggests that despite being uncharacterised, the lesion in the
mutant strain has a similsr effect as the RNAi phenotype. The data presented here suggest that
firstly, BLI-5 must have a role (direct or indirect) in the processing of BLI-1 and BLI-2 due to
the Bli phenotype exhibited. Due to the aberrations observed in the cuticle overlying the seam
cells, it must also have a role in the processing of other collagens. Because of the similarifies of
the COL-19::GFP phenotypes to alleles of dpy-5 and dpy-13, it is likely that this inhibitor has a

role in the processing of these collagens. On the other hand, annulae are normally formed in the
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dorsoventral region in these mutants, which implies that the DPY-7 family of collagens are being
processed into the cuticle normally, despite the aberrant form or loss of the inhibitor. There is a
similar discrepancy as described in bfi-4 mutants i.e. whether the wild type localisation of these
collagens is due either 1) to these collagens being properly processed because of the inhibitor not
having a role in their processing, or 2) whether the inhibitor does have a role in the processing of
these collagens but that the effects of preventing its proper functioning does not have a severe

effect on the incorporation of these annular furrow-localising collagens into the cuticle.

4.3 Results 2: An RNAi screen to identify components in cuticle synthesis

An array of enzyme- and collagen- encoding genes have been identified as the loci responsible
for the morphological mutants described above, and these enzymes have consequently been
implicated in playing important roles in cuticle biogenesis or moulting. Thesc includce: oncs with
cross-linking roles, such as thioredoxins like DPY-11 that catalyse the formation of disulphide
bonds; ones with roles in hydroxylation, such as DPY-18 that encodes one of the o subunits of a
prolyl 4-hydroxliyase (PHY); and ones implicated in N- and C-terminal proteolytic processing
e.g. BLI-4 subtilisin-like N-terminal protease (Thacker et al., 1995) and DPY-31/NAS-35 (an

astacin C-terminal protease) (Novelli ef al., 2004).

In addition to the loci identified from morphological mutants, other enzymes have been
implicated in the formation of the cuticle due to their RNAi/delction phenotypes and biochemical
characterisation. These include: 1) PDIs that catalyse the formation of disulphide cross-links
(via thioredoxin activity) and e-(y-glutamyl)lysine links (via transglutaminase activity) as well as
act as chaperones (and PDI-2 being the necessary [} subunit of prolyl 4-hydroxlylase), 2)
peroxidases, such as BLI-3, that catalyse the formation of tyrosine-derived cross-links; 3)
tyrosinases, which are hypothesised to exhibit cross-linking activitics in the C. elegans cuticle
(Blaxter personal communication, M. Sapio personal communication); and 4) peptidyl-prolyl
cis-trans isomerase (PPI) enzymes that have a role in the formation of the cuticle, the latter

having an essential isomerase step required for helix propagation.

Finally, certain proteases are also involved in cuticle synthesis, the main protcasc [amilics
implicated in having such morphology-determining roles namely ADAMs/ADAMTSs, astacins
and cysteine proteases. Via proteolytic activity on different subsiratcs, thesc can function to
either degrade (c.g. GON-1) (Blelloch e «l, 1999) or synthesise the RCM (e.g.
DPY-31/NAS-37) (Novelli er al., 2004). The former role is related to tissue remodelling during
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body/organ morphogenesis and to the moulting process, while the latier role involves the
processing of collagens to facilitate their proper incorporation into the cuticle (Kuno and
Matsushima, 1998; Blelloch er al, 1999; Novelli et al., 2004). Based on morphological
phenotypes, only two (DPY-31/NAS-35 and NAS-37)} of the 40 members of the astacin family
have, to date, been positively attributcd to having roles in cuticle synthesis/moulting.
DPY-31/NAS-35 is a C-terminal collagen protease that is necessary for removing the globular
collagen propeptides of SQT-3 (and presumable other members of the SQT-3 family). NAS-37
was first identified for its role in ecdysis of the old cuticle (Davis ef al., 2004) but due to the
cuticle defects exhibited by RNAi-treated animals, this protease is also thought to coniribute to
cuticle synthesis by processing a subset of collagens. The proteases of thc ADAM/ADAMTS
family (a disintigrin-likc and metalloproteinase/with thrombespondin type I motif), are believed
to be involved in tissue remodelling, Mutants of ADT-1 and GON-1, show male lail and
gonadal defects respectively (Blelloch ef af., 1999). The mechanism by which GON-1 regulates
gonadogenesis is, as yet, unknown, However, it is hypothesised that its action involves the
degradation of components of the ECM in order to permit the expansion and morphogencsis
(Blelloch et al., 1999).

Yet another potentially interesting family of proteascs is the carboxypeplidases which are
characterised by the presence of an M14 protease domain. 4 of the 37 protcins with M14
domains also encode cysteine protease domains. One such cysteine (M14) protease is cathepsin
L-like protease of C. elegans, ceCPL-1, which has been demonstrated to be necessary for
embryogenesis (Britton and Murray, 2002), On the basis of Q. volvulus, Brugia pahangi and
Brugia malayi ceCPL-1 homologues which are secreted coincident with moults and producc
moulting defects upon treatment with specific inhibitors (Guiliano et al., 2004), ceCPL-1 is also
likely to be involved in moulting. Cathepsin Z-like proteases (CPZs) have also been assigned to
having a role in moulting due to their tcmporal, spatial and moult defect RNAi phenotypes
(Hashmi et al.,, 2004). Also of note is the fact that two M14 encoding cnzymes within this

family have additional DNA-J motifs, which are associated with chaperone function.

In addition to enzymes that synthesis the cuticle, there are many factors that contribute to proper
body morphology. This is especially true for componecnts of systems that regulate the
establishment of the vermiform shape of the worm during embryogenesis since thesc occurs
prior to the synthesis of the first cuticle. As described in section 1.3, the final elongated shape of

the animal results from hypodermal remodelling, which involves the intercalation of hypodermal
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cells to form a dorsal surface, enclosure along the ventral surface and then fusion of the
Lhypodermal cells to form multinucleate syncytia, Finally, elongation occurs. This is via a
combination of actin-mediated processes, involving the polymerisation and subsequent
constriction of aclin filaments that are orientated circumferentially at regular intervals along the
length of the embryo (Priess and Hirsh, 1986), and myosin-mediated processes, which alter the
shaper of the seam cells (Shelton et al., 1999). Interruption of many of these steps resulls in
mutanl embryonic, and larval and adult body morphology or lethality. Thus, actin, myosin and
other actin/myosin binding proteins are all required for, or play a part in, regulating body
morphology (Simske and Hardin, 2001). In addition, as already demonstrated, removal of some

ECM components (collagens or cuticuling) can also lead to morphological defects.

The C. elegans genome encodes for homologues of many of these morphology-determining
components, and it is therefore of great interest to observe whether any have similar enzymatic
roles in the cuticle. A forward genetics approach has been undertaken using TP12 in an RNAj
screen to target these morphology/moulting/morphogenesis-dictating cnzyntes or their
homeologues in order to investigate the effects of their presumed down-regulation on the
COL-19::GFP pattern.

A genome-wide RNAI screen has previously been completed by Kamath et af. (2003), and some
of the genes that were identified as producing Bli, Dpy, Sma or Sqt phenotypes, were taken as
targets in our screen for a more detailed analysis using the COL-19::GI7P marker. Similar to that
described for morphological mutants, the ability to visualise the COL-19::GFP pattern in the
RNAi-trcated animals provides information, specifically at the cuticle level, and allows the
observation of ow the cuticle is affected. In othcr words, it can illustrate, for example, which
type of Dpy (class II or class 1I1) a morphological mutant is. The use of TP12 in an RNA1 screen
cffectively provides a more sensitive screen than the Kamath er al. (2003) screen (o identify
genes with roles in the ECM, since disruption in the COL-19::GFP pattern can be obscrved cven
in the absence of a gross morphological phcnotype. Thus, using TP12, genes that were
dismissed in the Kamath ef al. (2003) screen as not having a visible RNAI effect, have now been

identified as actually producing cuticle defects when targeted by RINAI.

4.3.1 Selection of gene targets
Genes chosen to be targets of RNAI feeding woere identificd by a number of methods. The genes
are listed in table 4.2.

187




Table 4.2: Genes targeted by RNAi feeding and the resulting
phenotypes. Genes are organised by the severity of COL-19::GFP
disruption and are cofoured accordingly. Red = severe disruption,
orange= medium disruption, yellow= slight/mild disruption, white
= wild type or extremely mild disruption. Bli= blister, Gro=
growth defects, Unc= uncoordinated, Emi= embryonic lethal, Lvl =
laval lethal, Dpy= dumpy, S= severely expressed phenotype, W=
weak phenotype. ADAM refers to the subgroup of proteases as
does ZC (zinc carboxypeptidase). The expression mountains as
defined by Kim ef al, 2003, in which each gene resides is also
noted (roman numerals in brackets).
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Chapter 4: Results IT

The first method was a motif-based search using the Wormbase database in order to identify
homelogues of the proteins described in section 4.3 on the basis of characteristic domains. Thus,
motif searches were carricd out in order io identify uncharacterised proteins sncoding collagen-,
cuticulin-, transglutaminase-, thiorcdoxin-, peroxidase-, tyrosinase-, PPI-, PDI-, astacin-,
ADAM/ADAMTS-, M14-containing-, actin-, and myosin- domains. For example, a variety of
zinc-dependent proteases were chosen on the basis of the presence of astacin, CUB and

thrombospondin-1 like domains.

From this list of potential genes, prioritisation was given to gences that give a Dpy, Sqt, Bli or
Sma RNAi phenotype according to the genome-wide RNAi screen. This was particularly true
for the collagens. The majority of the collagens do not bave RNAi phenotypes due to
redundancy while the ones that do, have almost all been previously characterised. Only four
collagens remained that had not been previously allocated to a locus and that produce a
phenotype in the genome-wide screen. Also, only a subset of the myosins, kinesins, lectins,
laminins, dyneins and actins identified by the motif searches, were chosen for further RNAi

analysis, being selected on the basis of their RNAi phenotype,

There was much overlap between the genes identified through motif searches and genes
exhibiting RNAi phenotypes (figure 4.11). However, a number of genes identified in the
genome-wide RNAI screen encode products not previously implicated in having a role in the
cuticle and these were also chosen as targets. Therefore, the second means for identifying RNA1
targets for the screen described in this thesis was on the basis of RNAI phenotype alone. These
include genes encoding for: adaptins (dpy-23); proteins with protein-protein interacting domains
(c34g0.6);, proteins with putative roles in translocalion {(c18e9.2), tfransport between the
endoplasmic reticulum (ER) and the Golgi apparatus (c02b10.5 and co2c2.l); and proteins
involved in protein folding (f78¢i2.1). Once identified according to their morphological
phenotype, the role of these genes can be hypothesised in terms of their role in cuticle biogenesis
(for example, c02b/0.5 and ¢02¢2.1 may have roles in transporting cuticular components).
However, these could not have been implicated in cuticle synthesis on the basis of their roles
alone. This exemplifies how invaluable the data obtained from the RNAI screen was for our
selection of RNAI targets.
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RNAI phenotype

A
Collagen
Relc?vant -
motif
B
No RNAi Have RNAi Expressed in Both RNAi and
phenotype, not Phenotype collagen mountain expressed in
expressed in collagen mountain
collagen mountain
Collagens 36 2 55 7
Animal haem peroxidases 68 8 5 8
Tyrosinases 78 11 11 0
Proteases 75 6 14 5
Thioredoxins 84 9 5 2

Figure 4.11: Data utilised to select genes for RNAI targeting. A) The genome-wide
RNAI screen carried out by Kamath et al. (2003), identified 138 genes which resulted in body
morphology defects (Dpy, Lon, Bli, Rol) and moult defects, when targeted by RNAi. 29 the
138 genes (potentially) encode tyrosinase, thioredoxin, collagen, tyrosinase, and peroxidase
motifs, termed ‘relevant motifs’ in figure A. The allocated expression mountains of these
genes were also analysed. 20 of the 138 genes fall into the expression mountains enriched by
collagens. The Venn diagram shows the percentages of genes with RNAi phenotypes, relevant
motifs and expression in collagen mountains. This shows that over 50% of the genes with
RNAI phenotypes are probably not associated with cuticle synthesis. B) Table to observe
correlations between encoded motifs, RNAi phenotype and expression mountain. Motif
searches were carried out and the identified genes analysed for expression mountain and
RNAI phenotype.
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Subsequent to the publication of the Kamath et al (2003) screen, a similar screen was
undertaken using the RNAi-sensitive strain, ##/~3 (Simmer et af., 2003). Despite this identifying
many genes within the genome that had not previously been associated with RNAi phenotypes,

no further genes were highlighted as targets for our screen that had not already been chosen.

As a third way of selecting targets, microarray data from Kim ef al. (2001) was analysed. The
data from this paper was obtained via high-throughput microarray assay on the whole genome
and resulted in 43 expression mountains being defined, with each mountain containing genes
with similar expression profites. Five of the mountains have high ‘concentrations ())f coilagen
genes. Since it is a long established fact (hai collagens are expressed in a highly regulated and
cyclical manner, the presence of distinct “collagen” mountains suggested the likelihood that
genes with similar expression profiles might be involved in their modification. Each of the
collagen mountains was searched to identify genes with RNAi phenotypes or with interesting

motifs.

Once identified as potential targets for RNAI, feeding constructs were either obtained from a
library of RNAi feeding clones provided by the Ahringer lab (Kamath ef al., 2003), or were
cloned via PCR amplification from either genomic or coding DNAs (refer to methods for

details).

4.3.2 General trends from RNAi data

Genes tested in this screen give both wild type and mutant RINAi phenotypes. On the gross
morphological level, wild type, Dpy and Bli phenotypes were observed, while in terms ol the
COL-19::GFP paltern, a similar variety as that obscrved in the crosscs result were producsd
(table 4.2).

The majority of the RNAi phenotypes for the genes tested have been termed amorphous;
however, some exhibit this phenotype to a weak degree while others express it strongly. In
general, a weak amorphous phenotype is characterised when the dominant pattern of
COL-~19::GFP is the annular staining but which is blurred. A strong phenotype is one
resembling type II staining where no annudar pattern is apparent and the entire cuticle is
amorphous. In the weaker form of the phenotype, it is likely that only a subsct of cuticle
collagens are affected (i.e. the DPY-7 set of collagens are not affected due to the fact that

annulae are discernible).
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4.3.3 Correlation between gross body morphology and COL-19::GFP pattern

An interesting phenomenon is the presence of RNAi-induced COL-19::GFP disruption in the
absence of a gross morphological phenotype, as exemplified by many of the prolease genes (e.g.
dy3.7 and t21d11.1)., In such cases, wild type body morphology is associated with a
COL-19::GFP phenotypc that is amorphous and similar to class II mutants. From the amorphous
phenotype, it could be assumed that RNAi-treatment has ablated the annular furrows. Since
annulac are predominantly associated with mediating contractions laterally rather than
circumlerentially, ablation of these structures in thcse mmutants does not r;e:cessarily need to
correspond to circumfcrential expansion or a Dpy phenotype. On the other hand, no examplcs of
wild type worms exhibiting type TIT COL-19::GEP disruption have been observed. This can be
explained by the fact that in class III mutants, such as dpy-5, the cuticle disruption is confined to
the area above the seam cells and the consequential lack of contraction in this region is the main
reason for the increased body width, In other words, this seam cell cuticle disruption and the
Dpy phenotype go hand in hand; if RNAI is sufficient to disrupt this area in order to prevent

contraction, a Dpy phenotype would be expected to naturally follow.

As well as wild type worms exhibiting type 1I COL-19::GFP disruption, the converse is
observed, since some Dpy RNAi-treated animals show a wild type COL-19::GFP pattern (e.g.
w01a8.6 (a zinc metalloprotease) and col-38 (a collagen)); this is only exhibited by animals that
are weak Dpy. It is unlikely that the slight dumpincss results from the weakening of the cuticle
overlying the seam cells since, as explained above, such aberrations that lead to unconlracted
cuticle can only really result in a Dpy phenotype. In these Dpy animals, DPY-7 and its
associated collagens must also be assembling properly because of the presence of wild type
annular furrows. However, perhaps there is overall (relatively mild) weakening of the cuticle to

allow it to stretch in response to the internal hydrostatic pressure.

Apart from these few Dpy RNAi-treated animals that show wild type COL-19::GFP patterning,
most Dpy RNAi-treated animals exhibit either class IT or class III disruption. All RNAi-derived
Bli phenotypes obscrved in this screen arc associated with a COL-19::GFP phenotype showing
cither an amorphous phenotype, or a novel COL-19::GFP phenotype of extreme branching alae
and annulae. Other genes exhibit moulting defects, uncoordinated movements (Unc), Sma
phenotypes or levels of lethality when targeted by RNAI (table 4.2). However, there is no direct
correlation between these gross phenotypes and the type and severity of COL-19::GFP

disruption.
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4.34 Trends in the data

Although there is no connection between gross morphological phenotype and type and severity
of thc COL-19::GFP pattern, there are correlations between gene idenlity and the disruption.
Most notable is that many of the protease and peroxicasc targets do result in COL-19::GFP
disruption (this will be discussed in sections 4.3.6). Conversely, most of the tyrosinases and
thioredoxins do not cause severe effects on the cuticle when targeted by RNAi. Within the
category containing the cuticle collagens, a range of COL-1%::GFP phenotypes are observed.

This will be discussed in scction 4.3.7.

The screen has provided a useful way of identifying general classes of gencs, such as the
proteases and the peroxidases which produce more severe effects on the cuticle when targeted by
RNAI than other classes. It has also highlighted a number of individual genes that appear to
have significant rolcs in cuticle production. Further characterisation of these genes and their role

in the cuticle will be extremely interesting.

4.3.5 Tyrosinases and thioredoxins do not have severe RNAi effects

A number of reports have implicated tyrosinases and thioredoxins in cross-linking. While the
thioredoxin mulant, dpy-17, results in a Dpy phenotype and male tail defecls when mutated, of
the thioredoxins, only t10h10.2 and f29h9.5 exhibit morphological and COL-19::GFP disruption.
However, these are only weakly Dpy and amorphous. y44e3a.3, £56g4.5, c05d11.5, 106g6.11
and ¢30h7.2 exhibit weak (or very weak) amorphous COL-19::GFP patterns in the absence of a
gross morphological phenotype (data arc not shown). The only COL-19::GFP disruption to be
exhibited upon RNAI of a tyrosinase is a very weak wispy appearance in 21¢3.2,

It appears that either 1) these enzymes have redundant roles, 2) cross-linking by these enzymes 1s
not vital for cuticle synthesis, 3) RNAI is inefficient at targeting these genes, and/or 4) despite
encoding for a domain that is homologous to a thioredoxin domain, they exhibit little or no
activity. The latter point has been partially addressed, for at least one of the tested tyrosinases,
Gerrits and Blaxter, 1995 personal communication, investigated two tyrosinases (cup-4 and
k08e3.1) and found only low activities. This may be the reason for the fact that RNAI of the

latter tyrosinase is not effective.
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4.3.6 RNAIi of metalloproteases

4.3.6.1 RNA. of astacins

17 metalloproteases were examined: nine astacins, four ADAM/ADAMTS-like proteins, three
zinc carboxypeptidases and an additional angiotensin converting enzyme (with an M12 protease
active site) that is required for adult morphogenesis. As described previously, 40 astacins are
encoded by the C. elegans genome and therefore the genes tested by RNAI in this screen
represents less than a quarter of all astacins. However, in the sample group there is a
representative from ail but onc of the astacin subgroups defined by Mohrten e al. (2003)
(according to domain structure). All (he encoded astacins contain presequence, prosequence and
astacin protcasc domains while the presence of SXC, TSP-1 and EGF-like domains are
subset-specific (Mohrlen et al., 2003). Subgroup V, for instance, in which the characterised
DPY-31/NAS-35, NAS-36 and NAS-37 fall, encode CUB, EGF-like and TSP domains. At the
time of the RNAIi screen, neither DPY-31/NAS-35, nor NAS-37 had been characterised and
therefore these arc included in the results. The other astacins targeled by RNAi were: nas-5
(t2304.3), nas-14 (£09¢8.6), nas-15 (104g9.2), nas-28 (f42a10.8), nas-38 (£57¢12.1) and nas-39
(f38¢9.2). Despite being previously characterised, hAch-1/nas-36 was included in order to

observe cuticular RNAi-mediated defects.

The majority of the metalloproteases examined for an RNAi phenotypc show somce sort of
COL-19::GFP disruption upon their targeting. However, many display only a subtle amorphous
appearance of the annuale (refer to table 4.2). While there is no clear trend as to whether
ADAM-like or astacins give more severe phenotypes, it must be noted that the two most severe
RNAI phenotypes result from targeting astacins, nas-38 and nas-28. The disruption obscrved 1s
shown in figures 4.12 A - C. Targeted RNAi of both genes result in branched alae and an
amorphous pattern of COL-19:GFP (refer to figures). These astacins fall into separate
subgroups, however, and this shows that the presence of certain domains does not predispose an
astacin to having a severe RNAi-induced culicle disruption. Other proteases tested exhibited

differing levels of amorphous COI.-19::GFP (refer to table 4.2).

Concurrent with the analysis of nas-37 by Davis ef al. (2004), data from my RNAIi screen
identified the moult phenotype upon RNAI of this astacin. Davis ef al. (2004) later confirmed it
as having a role, not only in the process of moulting (ecdysis specifically), but also in synthesis

of the new cuticle (Davis ef af., 2004). The phenotypes observed from the TP12 screen are
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Figure 4.12: Phenotypes resulting from RNAi of astacins. A) COL-19::GFP from
animals RNAI targeted for nas-38 (f57¢12.1) (astacin). Branching alae are indicated with
white arrow. B) COL-19::GFP from RNAI of nas-28 (f42A10.8) (astacin). Branching
alae are indicated with white arrows. C) Corresponding Nomarski image of figure B.
Branching alae are indicated with white arrows. D) Nomarski image of animals treated
with RNAI of nas-37 (c17gl.6) (astacin). White arrow indicates the site of constriction
at the mid body of the worm where the old cuticle is attached. Black arrow indicates the
tail end of the worm. The unshed old cuticle is dragged behind the worm (translucent
appearance) (length of worm is indicated by a white bracket and old cuticle indicated
with black bracket). E) Nomarski image focusing on the constriction around the mid
body region (white arrow) in animals fed with nas-37 RNAi. Alae are also in the plane
of focus and are multiple (4 instead of 3) (black arrows). F) COL-19::GFP pattern after
targeted RNAI of nas-37. Branching annulae are indicated with white arrows. In all
figures, where present, lateral alae are indicated with ‘la’. Diagrammatic domain
structures of each of the encoded astacins are shown (modified from Mohrlen er a/). Red
rectangle = astacin domain, yellow circle = EGF-like domain, blue oval = CUB domain,
purple oval = TSP domain. Scale bars = 10um in A, B, C, E, and F. 100um in D.
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itlustrated in figures 4.12 D and E. Tigure 4.12 D depicts an adult hermaphrodite that has failed
to shed the cuticle from the previous moult. The old c¢uticle appears to be attached at the mid
body region of the worm where a constriction has formed and the rest of the old cuticle is
dragged behind the worm. Figure 4.12 E shows the constriction at the mid body of an adult
hermaphrodite at a higher magnification and also shows another charactcristic phenotype of
targeted RNAI of this gene, multiple alae. RNAi-treated worms exhibit disruption at the
COL-19::GGFP level, as depicted in figure 4.12 F. The dominant COL-19::GFP pattern is slightly
amorphous annulac (These are not in the plane of focus in figure 4.12 F). In addition, the
annulae around the alac are branched (refer to figure 4.12 F). Alac also appear slightly
amorphous. Comparison of COL-19::GFP patterns in RNAi-treated animals (from the current
study) and the published images of the null mutant, nas-37(tm410) (Davis et al., 2004) suggests
that the null phenotype is more severe at the COL-19::GFP level. In such deletion mutants, the
COL-19::GFP appears more amorphous and instcad of displaying only multiple alae, branching
alae are also observed. These data show that the cuticle structure of RINAi-trecated worms is
aberrant and seems to strengthen the hypothesis that the enzyme has supporting roles in the sieps
outwith ecdysis (e.g. cuticle synthesis) i.e. if it were only involved with ecvdsis, disruption

would be expected to be restricted to only the culicle that is being shed.

Again, concurren{ with analysis by Novelli er af. (2004) of dpy-31/nas-35, which is now known
to encode a homologue of BMP-1 and to catalyse the C-terminal processing of cuticlc collagens,
nas-35 was included in the TP12 RNAI screen. As described in table 4.2, targeted RNAI of this
gene results in neither a mutant gross morphological phenotype nor an aberrant COL-19::GIFP
expression. This is consistent with the findings of Novelli ef al., 2004, 1t is important to note,
however, that Novelli ef al. (2004) observed embryonic lethality in null mutants for this gene.
This indicates that RNAI by feeding for this gene is not fully penetrant. It has been suggested
that RNAIi may similarly be an ineffective method for many of the astacins (Novelli et af., 2004).
In light of this, care must be taken when interpreling the results of the other astacins, As
described in table 4.2, the other astacins targeted by RNAI, nas-5, rnas-36 and nas-39, result in
wild type phenotypes and mild COL-19::GFP disruption. Tlowever, because of the hypothesised
reduced effectiveness of RNAi on these genes, it is possible that thesc mild phenotypes are not
true reflections of null alleles. It is also worth noting that despite the severe COL-19::GFP

phenotypes of nas-38 and nas-28, the true null phenotypes could be even more severe.
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Targeted RNAI of two of the four ADDAMSs analysed produces moderate cuticle aberrations in the
shape of amorphous COL-19::GGFP expression. This suggests a role for these proteases in the
cuticle. SUP-17 (dy3.7) has previously been characterised to be involved in the lin-12/NOTCH
pathway that decides cell fates, including those of the developing vulva and gonad (Wen ef al.,
1997). LIN-12/NOTCH is believed to be the subsirate of SUP-17 during these processes (Wen
et al., 1997). Based on the fact that RNAi-treated animals have amorphous cuticles, this ADAM

may have multiple roles inc