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Abstract

To determine whether or not the MIDI and MID2 genes contribute to the OS
phenotype, a mutation screen was undertaken. Fifteen Australasian and one British patient
diagnosed as having Opitz Syndrome were screened for mutations in the MIDI and MID2
genes. In total, 8 unique MIDI mutations (E115X, Aexon2, F/S 1051delC, R368X, F/S
1330insA, Q468X, R495X & L626P) were identified. The majority of these mutations
resulted in the truncation of the MID1 protein, midin (6 of the 8 mutations), disrupting the C-
terminal domain (CTD). E115X was the most N-terminal mutation identified, resulting in a
midin protein with only the RING finger domain. Two OS patients had nucleotide changes
producing a frameshift, one was a deletion of a C nucleotide (1051delC) while the other was
an insertion of a single A nucleotide (1330insA). One OS patient had a small in-frame
deletion encompassing exon 2 (Aexon2) and another unique mutation resulted in an amino
acid change from a leucine to a proline (L626P), representing the most C-terminal mutation
identified so far. In the MID2 gene, there was a missense mutation caused by a change
1073C>A. This mutation was present in OSP#7, 9 and 13 probands, which suggested that the
MID2 gene may also have a role in the OS phenotype. The OS phenotype varies between
individuals but there was no correlation between the OS phenotype and genotype in the
mutations examined.

The MIDI mutations, E115X, Aexon2, R495X and L626P, were chosen to investigate
the effect of the mutations on the intracellular localisation of the MID1 protein (midin). A
Green Fluorescent Protein tag (GFP) was used to visualise the intracellular localization of the
wild-type and mutated midin. Wild-type midin was located only in the cytoplasm of the cell
and was associated with the microtubule network, while the mutated forms of midin were
found to have an altered intracellular localisation. The E115X mutated protein lost its ability

to localise in the cytoplasm. The Aexon2 mutated protein remained in the cytoplasm but lost

vi



its ability to associate with the microtubules. Intracellular localisation of R368X and L626P
mutated proteins showed cytoplasmic clumping. The R368X and L626P mutated proteins
also had a reduced ability to associate with microtubules. This suggests that the mutations
result in a loss of function of the ability of midin to bind to the microtubules, overall resulting
in the OS phenotype.

An antibody to human midin, MID1 antibody, was raised in rabbits and characterised
using Western analysis. Experiments were undertaken to determine the specificity of the
MID1 antibody. The MID1 antibody was found to be specific to midin and was unable to
interact with the MID2 protein. In addition, the MID1 antibody was unable to interact with
midin that had mutations. The MID1 antibody also was unable to interact with tissue samples
from zebrafish embryos and chicken embryos although these species have the MIDI gene
present. This suggested that the C-Terminal domain appeared to facilitate the interaction
between MID1 antibody and midin.

The zebrafish (Danio rerio) was used as a model system in which to find a MIDI
homologue in order to further analyse the function of MIDI and how it may cause the OS
phenotype. From the zebrafish genome a homologue, zMID, was isolated and cloned. In situ
hybridisation experiments revealed that the zMID was expressed only in the retinal
neuroepithelium cells of the developing eye in zebrafish, highlighting the boundary of the
optic stalk before it differentiated into the optic nerve. This expression was very different to
the MID1 pattern of expression in mice, which has been shown to be ubiquitous. The
multiple banding patterns observed in Southern analysis, when various probes were
hybridised to zebrafish genomic DNA, indicated that there were multiple copies of the MIDI
gene in the zebrafish genome. In addition, the banding pattern suggested there might be
multiple copies of MID2 or even the presence of MID-like genes in the zebrafish genome. A
phylogenetic analysis using the MIDI and MID2 homologues revealed that the zMID gene

and the fugu MID gene were a monophyletic group that excluded the other homologues. A
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protein’ alighment: of all MID sequences: revealed these. homologues had been highly
conserved across species. The lowest conservation seen across species was in the most
carboxy terminus of the MID1 protein.

In the future, all multiple copies of the MIDI gene present in the zebrafish gen(')me
need to be isolated and sequenced to enable transgenic experiments to be are carried out in the
zebrafish. Transgenic zebrafish could be used to model the mutations found in OS patients

and used to determine the mechanisms involved in the loss of function of the MIDI gene.
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1.1 Introduction

There is limited knowledge available on the molecular processes involved during
mammalian development.  Congenital malformations provide a means to study the
mechanisms involved in development. Multiple congenital abnormalities are often grouped
into syndromes according to characteristic phenotypes affecting major organs during
development. Particular congenital abnormalities may include, defects involving limb,
craniofacial, heart and urogenital development.

One such multiple congenital syndrome is Opitz Syndrome (OS), which is a
heterogeneous disorder characterised by defects of the primary midline developmental field.
The phenotype of OS encompasses a broad range of clinical manifestations that usually
include craniofacial, heart and genitourinary malformations. Specific features of the OS
phenotype include hypertelorism (widely spaced eyes), clefting of the lip/palate,
laryngotracheal abnormalities, heart defects (atrial septal defects, patent ductus arteriosus,
coarctation of aorta) and genital defects such as hypospadias (Robin et al, 1996; Opitz et al,
1969a and b). These abnormal phenotypes are the result of disruptions in midline
development during embryogenesis.

The heterogeneous nature of OS caused confusion for some time in its classification.
Initially two separate entities were described, the G and BBB syndromes, which had
overlapping phenotypes and conflicting reports of inheritance patterns (Opitz et al, 1969a and
b). Recently, it was reported that both of these syndromes co-segregated in a single family,
indicating that OS (Opitz GBBB syndrome) is a single entity (McKusick et al, 1995) but with
an X-linked form (Xp22) and at least one autosomal form (22q11.2) (Robin et al, 1995,
McDonald-McGinn et al, 1995). In addition, cytogenetic analysis of OS patients has
suggested chromosomes 5, 13 and 14, may be involved in the OS genotype (Robin et al,

1996; Urioste et al, 1995; Leichtman ef al, 1991; Kurczynski et al, 1998).



A gene, MID]I, has recently been cloned and shown to be responsible for the X-linked
form of OS (Quaderi et al, 1997; Gaudenz et al, 1998; Perry et al, 1998; Cox et al, 2000).
MIDI consists of nine exons spanning a DNA region of ~400 kb (Cox et al, 2000) and
encodes a predicted protein sequence of 667 amino acids (Quaderi et al, 1997; Gaudenz et al,
1998; Perry et al, 1998). Homology searches with the predicted amino acid sequence have
revealed the presence of a tripartite domain, a fibronectin type III repeat (FNIII) and a B30.2
like domain (Cox et al, 2000). The functions of these domains in MID1 are unknown. A
mouse homologue of MIDI, Midl/Fxy, has been isolated, and shown to be expressed
ubiquitously in the embryo, except in the heart. The highest level of expression was reported
in the pharyngeal arches (Quaderi et al, 1997; Palmer et al, 1997; Dal Zotto et al, 1998; Perry
et al, 1998). Fxy maps to the pseudoautosomal region (PAR) in mice (Palmer et al, 1997; Dal
Zotto et al, 1998). MID1 has been shown to be associated with microtubules in the cytoplasm
of cells (Schweiger et al, 1999; Perry et al, 1999). In addition, computer based searches have
identified another gene, MID2, that has a high ~95% DNA homology with to MIDI (Perry et
al, 1999; Buchner et al, 1999). MID1 has been located in the Xp22 region, while MID2 was

located on Xq22 (Quaderi et al, 1997; Buchner et al, 1999). It is unknown whether MID2 has

a function in OS.

1.2 Congenital Syndromes

There are numerous genetic disorders leading to a broad range of genetic defects.
Variability within genetic disorders depends upon how the disease genes are inherited and the
developmental processes that are consequently perturbed. Certain abnormalities can be
corrected by surgery after birth. However, some are too complex and serious for the neonate
to survive, for instance, multiple birth defects (e.g. from chromosome abnormalities) affecting
major organs such as the heart, liver, kidney, intestines and brain. In some disorders, a single

gene may be responsible for the birth defects (e.g. sickle cell anaemia and cystic fibrosis),



while many other disorders have multiple genes affected, making it more complicated to
determine the actual molecular process involved.

Many genetic syndromes display characteristic craniofacial defects in addition to other
malformations. These syndromes provide a model in which the genetics of normal and
abnormal development of the craniofacial region can be researched. For example,
achondroplasia (ACH), Apert (AS), Pfeiffer (PS) and Crouzon (CS) syndromes are some of
the craniosynostosis syndromes which display an underdevelopment of the midface in
addition to other specific craniofacial defects (Muenke and Schell, 1995). In these syndromes
(autosomal dominant craniosynostosis syndromes), mutations have been discovered in the
fibroblast growth factor receptors (FGFRs #1-3) (Webster and Donoghue, 1997,
DeMoerlooze and Dickson, 1997; Muenke and Schell, 1995; Richman, 1995), and
investigation of these mutations has provided clues as to the role of the FGFRs. The
investigation of genetic syndromes could be used to establish the roles of the relevant genes in
normal mammalian development (Webster and Donoghue, 1997).

The autosomal region, 22q11, has had a number of similar phenotypic syndromes
assigned to it. This region is referred to as the CATCH 22 region. Phenotypic characteristics
include craniofacial, heart and limb defects (Section 1.4.1.1).

Similarly, the Opitz syndrome (Section 1.3) is a multiple congenital disorder with
craniofacial abnormalities for which the underlying molecular defect has recently been
determined. If genes that are expressed along the midline are perturbed, then the primary
midline developmental field may also be affected and consequently affect the midline organs
(Opitz and Gilbert, 1982). The midline refers to an imaginary bilateral plane or field through
the embryo. Organs such as the heart and central nervous system (CNS) develop from this
region and are termed midline organs. The MIDI gene that underlies OS is expressed in the

midline of embryos. Investigation of the role of the MIDI gene in embryo development could



be useful in providing clues to the process of development and ways to better diagnose and

prevent OS.

1.3 Description of OS

There is a broad range of phenotypic defects in OS patients that differ in severity
between individuals and within the same family (Table 1.1, Figure 1.1). As mentioned, the
distinct array of OS clinical features includes hypertelorism, clefting of the lip/palate,
laryngotracheal abnormalities, various cardiovascular malformations (eg. atrial septal defects,
patent ductus arteriosus, coarctation of aorta), swallowing difficulties, respiratory problems
and genital defects (eg. hypospadias) (McKusick et al, 1995; Opitz, 1987). The frequency of
occurrence of the OS features observed have been summarised in studies by Wilson and
Oliver (1988) and Robin et al (1995, 1996) (Table 1.2). The information was gathered from 5
probands in 3 families and 23 previously published cases. The most widespread phenotype
observed was hypospadias in males, followed by hypertelorism, while mental retardation was
not a common manifestation. Originally, OS was referred to as the Hypertelorism-
Hypospadias syndrome because of the frequency with which these phenotypes had been

observed (Stevens and Wilroy, 1998).



Figure 1.1: An Opitz syndrome patient. This child has some typical characteristics of the OS
phenotype, such as hypertelorism, a prominent forehead and clefting of the lip. The nasal

bridge is broad and ears are low set and posteriorly rotated.



Table 1.1: The major, minor and associated phenotypes

(modified from Robin et al, 1996).

Major Features
Hypertelorism

Epicanthic folds

Slanted, narrow palpbebral fissures
Flat broad nasal bridge

Anteverted nares

Low set posteriorly rotated ears
Widows peak

Facial

Gastrointestinal ~ Swallowing abnormalities/dysphagia
Oesophageal dysmotility

Gastro-oesophageal reflux

Respiratory Hoarse cry/voice
Stridor

Respiratory distress
Aspiration

Genito-urinary Hypospadius +/- chordae

Skin

Skeletal Wide fontanelles/sutures

Cardiovascular

Central Nervous

System

General Failure to thrive

Perinatal

Minor Freatures
Strabismus

Cleft lip/palate

High arched palate

Short lingual frenulum

Cleft uvula

Bifid tongue

Grooved tip of nose
Philtrum flattened, elongated
Abnormally positioned teeth
hypodontia

Web neck
Imperforate/ectopic anus
Umbilical hernia

Hiatus hernia
Tracheo-oesophageal fistula
Diastasis recti

Laryngeal cleft

Short trachea/high carina
Laryngeal hypoplasia
Bronchial stenosis
Pulmonary hypoplasia/agenesis
Crypotorchidism
Renal/ureteric abnormalities
Bifid scrotum

Splayed labia majora
Dematoglyphic changes
Frontal/parietal/occipital bone
prominence

Micrognathia

Long fingers/toes
Clinodactyly

Pectus excavatum/carinatum
Brachycephaly

ASD/VSD

PDA

Coarctation of aorta

PS

Systemic venous drainage
anomalies

Mild mental retardation
Cerebellar vermal hypoplasia
Dandy Walker anomaly
Agenesis/hypoplasia of corpus
callosum

seen in the Opitz syndrome

Possible Features
Agenesis of nasal cartilage
Anosmia

Gall bladder agenesis
Duodenal stricture
Failed fusion of mesocolon

Cerebral atrophy/ventriculomegally

Obstructive hydrocephalus
Generalised reduction in white
matter

Wide cavum septum pellucidum

Macro cisterna magna

Enlarged IV ventricle Hyperreflexia

EEG abnormalities

Mortality
Polyhydramnios
Hydrops

Scalp defects
Craniosynostosis

Cholinergic dysfunction
Immune mediated platelet
dysfunction

PS: Pulmonary stenosis; VSD: Ventriculoseptal defects; ASD: Atrial septal defect; PDA: Patent ductus arterious

(Tolmie ef al, 1987; Stevens and Wilroy, 1988; Wilson and Oliver, 1988; Neri et al, 1987; Dundar et al, 1995; Guion-Almeida and Richieri-
Costa, 1992; MacDonald et al, 1993; Opitz, 1969a and b, 1987; Williams and Frias, 1987; Einfeld ef a/, 1987; Farndon and Donnai, 1983;
Chemke et al, 1984; Stoll et al, 1985; Cappa et al, 1987; Verloes et al, 1989; Christodoulou and Loughnan, 1990; Fryburg et al, 1996;
McDonald-McGinn et al, 1995; Urioste ef al, 1995; Neri et al, 1987; Kasner et al, 1974; Robinson and Hilger, 1989; Pedersen et al, 1976;

Brooks et al, 1992; Cobum, 1970; Van Biervliet and Van Hemel, 1975; Cote et al, 1981; Christian et al, 1969; Fryns et al, 1992; Verloes et
al, 1995).



Table 1.2: Percentage occurrence of phenotypes in OS from 23 published cases and 5

probands from 3 families (modified from Wilson and Oliver, 1988; Robin et al, 1995, 1996).

Phenotype Observed Percentage (%)
Hypertelorism 89

Esophageal dysmotility 69
Laryngotracheal clefts 44

Cleft palate or bifid uvula 34

Heart defects 29
Hypospadias 100 in males

Renal or ureteral anomalies 42

Mental retardation 38

1.3.1 Inheritance of OS

The inheritance of OS was originally suggested to be autosomal dominant as described
by Kasner et al (1974) where an female suffering from OS had been bomn into the family
initially reported by Opitz et al (1969a). At this time OS was known as the G Syndrome, and
the BBB syndrome was considered a separate entity (Opitz et al, 1969 a and b). Additional
cases described over the ensuing years continued to support the theory that the inheritance of
the G syndrome was autosomal dominant (Frias and Rosenbloom, 1975; Pedersen et al, 1976;
Cordero and Holmes, 1978; Arya et al, 1980; Chemke et al, 1984). During this time male-to-
male transmission was reported, providing further evidence of autosomal dominant
inheritance (Farndon and Donnai, 1983; Stoll et al, 1985; Chemke et al, 1984). There were
also cases where males were more severely affected with OS than females (Cappa et al, 1987,
Christian et al 1969, Opitz et al, 1969a and b). It was noted that the OS phenotype varied
among males of the same family, adding to the complexity of this syndrome (Opitz et al,
1987; Robin et al, 1996).

McDonald-McGinn et al (1995) reported a family in which OS was paternally
inherited. In two of the family members, a vascular ring was present. Vascular rings are

often found when there are also deletions of the 22q11.2 region (Zackai et al, 1995). Upon



further investigation McDonald-McGinn et al (1995) found a deletion in the 22q11.2 region
of these OS patients, and in one other affected family member. They noted that there was a
significant overlap of phenotypes between OS and the 22q11.2 microdeletion syndrome (see
Section 1.4.1.1). Based on this overlap of manifestations and 22q11.2 deletions in OS, they
showed that in some cases OS was due to a 22q11.2 deletion. This was further confirmed by
areport of a 22q11 deletion in an OS patient by Lacassie and Arriaza (1996).

As more cases became available and follow up studies were carried out, it was
concluded that there was an X-linked inheritance pattern localised to the Xp region (Verloes
et al, 1995; May et al, 1997), as well as an autosomal form localised to the 22q chromosomal
region in OS (Robin et al, 1995; Fryburg et al, 1996; Lacassie and Arriaza, 1996; McDonald
and McGinn et al, 1995). A large pedigree was reported by Verloes et al (1995) where OS
co-segregated with a pericentric inversion of the X chromosome (inv(X)(p22.3926). The
recent identification of the MID1 gene on Xp22 has prompted investigation of the function of
this gene in the X-linked inheritance of OS (Quaderi ef al, 1997; Palmer et al, 1997; Dal Zotto

et al, 1998; Gaudenz et al, 1998).

1.3.1.1 Cytogenetics and Mapping of OS

Cytogenetic analysis has identified additional autosomal chromosomes (5, 13, and 14)
that could potentially contain genes responsible for OS. Leichtman et al (1991) described a
proband with OS who had a partial duplication of 5p. They suggested that a candidate gene
for OS may also be located in this duplicated region S5p13-pl2. A terminal deletion of
chromosome 13, with a breakpoint at 13q32.3, in an OS patient has also been described by
Urioste et al (1995). Recently, an OS proband was reported as having an unbalanced
der(3)t(3;14)(q29;q11.2).14 Kkaryotype, implicating chromosome 14qll.2 as possibly

containing a candidate gene(s) for OS (Kurczynski et al, 1998). The gene(s) that may



underlie OS in these regions (5, 13 and 14) further extend the genetic heterogeneity of the

Opitz syndrome.

1.3.2 Diagnosis and Clinical Features of OS

When OS was considered to be two separate entities, the G and BBB syndromes, the
presence of laryngotracheoesophageal anomalies, respiratory problems, imperforated anus
and swallowing difficulties indicated the diagnosis of the G syndrome (Opitz ef al, 1969a and
b; Allanson, 1988; Robin et al, 1995). A broad, flat nasal bridge with nares anteverted was
also considered suggestive of G syndrome, as patients with BBB syndrome frequently had a
high and broad nasal bridge (Parisian and Toomey, 1978). However, Cappa et al (1987)
suggested that there were actually no qualitative differences to discriminate between the G
and BBB syndromes and that they should be considered as one entity. In support of this was
the observation that G and BBB syndromes segregated together in the same family (Cordero
and Holmes, 1978; Cappa et al, 1987; Sedano and Gorlin, 1988).

Consequently, OS is now recognised as a single entity, but genetically heterogeneous
(Verloes et al, 1989; Cappa et al, 1987; Robin et al, 1996). Diagnosis is generally made on
the basis of the presence of a combination of the characteristic features such as hypertelorism,
clefting of the lip/palate, and heart and genital defects (Hogdall et al, 1989; Schrander et al,
1995; Opitz, 1987). In addition, cytogenetic and genetic linkage analysis can be utilised to

determine if the form is X-linked or autosomal (Quaderi ef al, 1997; Robin et al, 1996).

1.3.2.1 Phenotypic Comparison of Xp22 with 22q OS Forms

Robin et al (1996) compared the phenotypes of OS affected individuals between the
Xp22 and 22q forms reported in the literature. They found that the most common
abnormality in the X-linked and autosomal forms was hypertelorism. There were also a

number of anomalies that appeared to be more prominent in one form than the other (Table
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1.3). For example, hypospadias were more frequently observed in males of the X-linked form
(9/10) as opposed to those families showing autosomal linkage (5/16). Even though in the
study by Robin et al (1996) no imperforated anus phenotype was seen in 22q forms, it has
previously been observed in families with male-to-male transmission, and therefore, may not
be an exclusive phenotype of the Xp22 form of OS (Tolmie ef al, 1987). Laryngotracheal
manifestations were found at similar frequencies in both forms. However, it was observed
that two minor manifestations were seen only in X-linked OS patients: anteverted nares and
posterior pharyngeal clefting (Opitz et al, 1969a). However, further evidence is required to
confirm that these phenotypes are exclusive to the X-linked form. This need has been
partially addressed in this study (see Chapter 3). There were other minor manifestations, such
as a prominent forehead, which were not seen exclusively in either of the forms. Females
from the X-linked form had a lower frequency of defects, such as dysphagia, than males.
Furthermore, females who carried the OS allele also had a lower number of anomalies than
the males (Robin ef al, 1996). This was likely the result of females having two copies of the
X chromosome (and thus two copies of the gene responsible for the OS phenotype). If one
copy of the allele was normal while the other was an abnormal copy, the OS abnormalities
would not be as severe. Males only have one X chromosome and since the gene responsible
for the OS phenotype is on the X chromosome, if the abnormal allele is present, the number
and severity of the abnormalities is increased. For the OS autosomal form, differences in
phenotypic severity between males and females were not as distinct as those observed with

the X-linked counterpart (eg. cleft lip/palate) (Robin ef al, 1996).
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Table 1.3: Comparison of phenotype frequencies between the X-linked and autosomal forms

of OS (Robin et al, 1996).

Manifestation X-linked Autosomal
Hypospadias 9/10 5/16
Imperforated anus 4/10 males not present
Dysphasia 7/9 males 3/13 males
2/13 females 1/8 females
Anteverted nares 4/6 males not present
4/13 females
Broad prominent forehead | 7/8 males 11/13 males
4/12 females 7/9 females
Cleft lip/palate 3/7 males 3/15 males
0/14 females 2/7 females

1.4 Other Xp22 and 22q11 Syndromes

The Xp22 and 22ql1 forms are of particular interest because other syndromes with
similar phenotypes to OS have also been assigned to these regions. These include
Craniofrontonasal Syndrome (CFNS) (Feldman et al, 1997) and CATCH 22 (Glover, 1995).
The main clinical manifestations for CFNS include coronal synostosis, widely spaced eyes,
clefting of the nasal tip and various skeletal anomalies. In the CATCH 22 group, the
DiGeorge Syndrome is the most common genetic cause of birth defects (Glover, 1995;

Demczuk et al, 1996).

1.4.1 Comparison of Autosomal OS to del(22)(q11) Syndromes

In half of the families studied by Robin et al (1996) OS was linked to markers that
localised to 22q. The 22q region has a number of syndromes which also have 22q11.2
deletions: velocardiofacial (VCF) (OMIM #192430), DiGeorge Syndrome (DGS) (OMIM
#188400) (Glover, 1995; Demczuk et al, 1996) and conotruncal anomaly/face syndrome

(CFS) (Driscoll ef al, 1992 a and b; Bumn ef al, 1993; Emmanuel ef a/, 1998). The main
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characteristics seen in the DGS include hypocalcaemia, thymic hypoplasia and defects in the
outflow tract of the heart (e.g. tetralogy of Fallot, truncus artiousus and interrupted aortic
arch) (OMIM #188400). DGS is also heterogeneous, like OS (Chisaka and Capecchi, 1991).
The majority of the DGS cases have a deletion of 22q11.2 resulting in the loss of a number of
genes. The region deleted is typically 3Mb in size (OMIM #188400). For example,
TUPLEL, a putative transcription factor, is often deleted, placing it as a possible candidate for
this syndrome. VCF has the following characteristics: cleft palate, cardiac anomalies, typical
facies and learning problems, in addition to less common phenotypic features such as
microcephaly (OMIM #192430). The 22q11 deletion seen in DGS has also been reported in
VCEF patients (OMIM #188400). It is clear that there is a large phenotypic overlap between
the DGS and VCF, as well as an etiologic connection due to the deletion of the same
chromosomal region, 22q11.2 (OMIM #19430 and OMIM 188400).

The VCF and DGS syndromes overlap in the type of congenital heart defects seen as
well as in their craniofacial phenotypes. The DGS/VCF syndromes have conoventricular
congenital heart defects (specifically interrupted aortic arch, coarctation of the aorta (CoA),
ventriculoseptal defects (VSD), tetralogy of Fallot (TOF), vascular ringé (Goldmutz et al,
1993) and pulmonary stenosis (PS) (Lipson et al, 1991; Seaver et al, 1994). Similar cardiac
disorders have been observed in OS patients (Table 1.1), such as PS and VSD (Stoll et al,
1988), aortic stenosis, PS and CoA (Farndon and Donnai, 1983). The most common
congenital heart disease in OS is patent ductus arteriosus (PDA), which is rarely seen in
DGS/VCF (Robin et al, 1996). Developmental delay is observed in almost every DGS/VCF
patient; however, in autosomal OS probands it is not common (eg. 6/25) (Robin et al, 1996;
Goldberg et al, 1993). These syndromes are part of what has been referred to as the

CATCH22 region.
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1.4.1.1 The CATCH?22 Region

CATCH22 (Cardiac defect, Abnormal facies, Thymic hypoplasia, Cleft palate,
Hypocalcaemia and 22q11 anomalies) encompasses a number of distinct syndromes, which
have overlapping phenotypes and deletions in the chromosome 22q11 region (Glover, 1995).
As the acronym implies, heart, craniofacial, cleft palate, thymic hypoplasia and
hypocalcaemia are the main phenotypes commonly seen across these syndromes. A number
of these phenotypes, such as heart and craniofacial abnormalities, are also seen in Opitz
syndrome. CATCH 22 syndromes are usually more complex as a result of a deletion, thus
producing an array of different malformations not seen in OS, including hypocalcaemia and
thymic hypoplasia (Wilson et al, 1994; Glover, 1995). Syndromes in the CATCH22 region
are believed to be the major source of birth defects at an incidence estimated at >1 in 5,000
(Glover, 1995). The 22ql11 region is large (~1.5 Megabases) making it difficult to find the
responsible gene(s). This is also the most common deletion syndrome seen in humans
(Wilson et al, 1994). 1t is believed that the deletion results in a reduced number of genes in
this region, thus producing the CATCH22 phenotype (Kelly et al, 1993; Scambler et al,
1992).

The CATCH22 syndromes are of particular interest because not only do they have a
similar phenotype to OS, but the autosomal form of OS has also been assigned to the 22q11
region (Robin et al, 1995, 1996). Therefore, the CATCH22 critical region is likely to contain
the gene(s) responsible for the autosomal form of OS. Within the CATCH22 critical region,
there are a number of candidate genes for the CATCH22 phenotype (or even the autosomal
form of OS). Candidate genes include HIRA/TUPLE1 (Halford et al, 1993; Lamour et al,
1993), IDD (Demczuk et al, 1995; Wadey et al, 1995), ES2 (Lindsay et al, 1998) and

goosecoid-like (Gottlieb et al, 1997).
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1.4.2 Comparison of the Xp22 Form of OS to Other Xp22 Syndromes

The X-linked form of OS is the third craniofacial disorder to be localised to Xp22.
Other syndromes that have been localised in this region include CFNS (McPherson et al,
1991) and a novel multiple congenital anomaly (MCA) syndrome (Wittwer et al, 1994).
CFNS has manifestations that are also observed in OS patients. For example, CFNS and OS
patients both have craniofacial asymmetry and a grooved nasal tip (Opitz, 1987). Linkage
analysis on MCA patients localised a candidate gene to Xp22 (Wittwer et al, 1994), and a
CFNS patient has been reported as having an Xp22 deletion (McPherson ef al, 1991). Even
though OS and CFNS have these similarities (phenotype and localisation to Xp22), it is

believed that separate loci are responsible for each disorder (Muenke et al, 1997 and

unpublished data).

1.5 MID1 Gene Responsible for the OS Phenotype in the X-linked Form

Genetic linkage studies have revealed that OS is a heterogeneous disorder linked to
the marker DXS987 in Xp22 in three families and to the marker D22S345 from the 22q11.2
region in five families (Robin ef al, 1995). An OS locus was further localised by genetic
linkage to DXS7104 in Xp22 (May et al, 1997), in a candidate region of 4cM. Verloes et al
(1995) described an X-linked OS family where there was co-segregation with a pericentic
inversion of the X-chromosome inv(X)(p22.3q26). The midline 1 (MIDI) gene has been
localised in the Xp22 region (Quaderi et al, 1997; DeConcilliis et al, 1998; Van de Veyver et
al, 1998). Mutations in this gene from OS probands further confirm MID1 to be responsible

for the X-linked form (Quaderi et al, 1997; Gaudenz et al, 1998; Cox et al, 2000).

1.5.1 The MID1 Gene

There are nine coding exons in the MIDI gene, as well as an alternatively spliced 5’

region covering a ~400kb region of DNA (Cox et al, 2000; Van den Veyver et al, 1998). The
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gene encodes a protein sequence of 667 amino acids. MIDI does not escape X-inactivation in
humans (Dal Zotto et al, 1998). Homology searches have indicated that the MID1 protein
belongs to a group that includes transcriptional regulators.. The transcriptional regulators
contain protein-protein interacting domains, which have been implicated in fundamental
processes such as body axis patterning (Shou ef al, 1996) and cell transformation (Grignani ef
al, 1994). Northern blots have shown that MID1 is ubiquitously expressed in foetal and adult
human tissue (Quaderi et al, 1997). In foetal tissue, MID1 had highest expression in the
kidney, then the brain and lung. Adult human tissue showed that MID1 expression was
highest in the heart, placenta and brain (Quaderi et al, 1997). A mouse homologue of the
MIDI gene, Fxy, has been isolated (see Section 1.6.3) (Palmer et al, 1997; Dal Zotto et al,

1998; Van den Veyver et al, 1998).

1.5.2 Midin, the MID1 Protein

Based on amino acid homology searches, the MID1 protein, midin, can be divided into
the following domains; the tripartite domain, the fibronectin type I1I repeat (FNIII) and the C-
terminal or B30.2, domain (Figure 1.2) (Quaderi et al, 1997; Gaudenz et al, 1998,
DeConcilliis et al, 1998). In midin, the tripartite motif also known as RBCC consists of a
RING finger, two B-boxes and a coiled-coil domain. The FNIII region was not originally
identified and the sub-domain known as SPRY in the B30.2 domain was overlooked (Perry et
al, 1999; Cox et al, 2000). Midin has been found to be highly conserved across species with
amino acid similarity nearly 100% between human, mouse and chicken. The exact amino
acid homology between these species is slightly lower, ranging between 91 and 95 percent.

The exact functions of the tripartite, FNIII and CTD motifs in midin are yet to be
determined. However, the presence of these domains in other developmental genes enables

speculation as to the role(s) of the motifs in MID1.
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Figure 1.2: The domain structure of midin. There are three main domains in midin: the
tripartite domain which is further divided into RING-Finger, B-Boxes and coiled-coil motifs,

a fibronectin type III repeat and a C-terminal domain also known as the B30.2-like domain.
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1.5.2.1 The Tripartite Domain

Midin has a characteristic RING-finger motif which consists of a conserved Cys/His
cluster, responsible for joining the zinc atoms in a tetrahedral form (Gaudenz et al, 1998;
Borden and Freemont, 1996). Diverse cellular roles are associated with this RING-finger
family, such as putative transcriptional activators, proto-oncogenes, developmental and viral
replication genes (Freemont ef al, 1991 & 1993; Saurin ef al, 1996). This RING finger family
is further divided based on a second zinc-binding, B-box motif (of which MID1 contains two)
(Borden et al, 1996; Reddy et al, 1992; Freemont, 1993; Saurin et al, 1996). Genes that
require these motifs for normal function include proto-oncogenes such as promyelocytic
leukaemia protein (PML) and proteins with developmental functions (e.g. in the regulation of
cell growth and differentiation in the embryo). The main group of developmental proteins
includes PwA33, Xnf7, RPT-1 and efp. Pleurodeles waltls PwA33 is required for normal
function of oocytes of a newt (Bellini et al, 1995), and the Xenopus laevis Xnf7 is involved in
dorsal ventral patterning (Borden et al, 1995; Shou et al 1996; Reddy et al, 1991). The efp
(estrogen-responsive transcription factor) is a transcription factor, RPT-1 (Inoue et al, 1990)
and rfp (ret finger protein) have expression at specific stages of spermatogenesis (Borden et
al, 1996; Cao et al, 1997). All of these have a basic tripartite domain, with one RING-finger,
one B-box and one coiled-coil motif (RBCC).

By analysing developmental genes that have a similar structure to MIDI1, the roles
could provide clues on how MIDI1 functions. For example, the functions of the rfp tripartite
domains have been predicted to be involved at least in part in protein-protein interactions or
structure. This information could be used to provide clues on the process occurring with the
MIDI1 protein. Cao et al (1997) have shown that rfp homomultimerisation occurs through the
coiled-coil domain. The B-box was found not to be responsible for this interaction; however,

its structural integrity was required for homomultimerisation to occur normally. This
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suggested that the B-box motif and coiled-coil domains are involved in the regulation of

protein-protein interactions.

1.5.2.2 The Fibronectin Type III Repeat

The FNIII domain can be found in proteins with various functions. These include
proteins involved in cell adhesion, cell surface hormone and cytokine receptors and
chaperonins (Hunkapiller and Hood, 1989; Campbell and Spitzfaden, 1994; Plaxco et al,
1996; Spitzfaden et al, 1997). It is believed that the FNIII domain may mediate specific
protein-protein interactions. As with the tripartite domain, its exact function has not been
determined. The FNIII domain in midin has closest structural similarity to the FNIII motif in
the striated muscle structural protein, M-protein. M-protein is found in fast-muscle fibres
(Carlsson et al, 1990) and belongs to a large family of proteins found in muscles. Data from

proteins that have the FNIII repeat may provide information, such as likely protein structure

this motif in MID1.

1.5.2.3 The B30.2-like Domain

The B30.2-like domain (or the C-terminal domain, CTD) of MID1 can be found in a
variety of unrelated proteins. The B30.2-like domain has been reported to associate with two
different types of N-terminal domains. In the case of butyrophilin and BT2 proteins,
association is with an immunoglobulin domain (Jack and Mather, 1990; Henry et al, 1997);
while for rfp and a number of other RBCC proteins, interaction occurs with a tripartite
domain (Takahashi et al, 1988). However, in all proteins, the function of the B30.2-like
domain remains to be determined.

The B.30.2 domain is present in transmembrane proteins (eg. butyrophilin and BT?2)
intracellular proteins (eg. RFP and Ro/Ssa) and secreted proteins (eg. Stonustoxin a and b,

which do not have the RBCC domain). Henry et al (1997) conducted database searches in
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relation to the B30.2 domain using three consensus motifs, LDP, WEVE and LDYE. These
three highly conserved motifs in the B30.2 domains could have a role in the binding of
ligand(s) and or domain folding.

Mutations in the B30.2 regions of a number of genes that result in pathological
conditions, suggest a possible function for this domain (Henry et al, 1998). These conditions
include the autosomal recessive disorder, familial Mediterranean fever with mutations in the
B30.2 region of pyrin/marenostrin (French FMF Consortium, 1997, International FMF
Consortium, 1997) and the heterogeneous disorder Opitz syndrome with novel mutations

perturbing the B30.2 region (Quaderi et al, 1997, Gaudenz et al, 1998, work generated from

this thesis).

1.5.2.4 SPRY Domain

Within the B30.2 domain there is a subdomain known as the SPRY domain (Seto et
al, 1999), which has been identified in a number of proteins including efp, PwA33, Xnf7,
butyrophilin and MID1/MID2. The SPRY motif was identified recently using the alignment
of numerous RBCC proteins, butyrophilin, and stonustoxin a&b and then identifying the
conserved amino acids (Schultz et al, 1998; Seto et al, 1999). Its role remains unknown.
There have been some suggestions of potential functions for the SPRY domain-containing
proteins, which include RNA-binding, signal transduction, and cell growth, suppressor of
cytokine signaling and differentiation (Seto et al, 1999; Ponting et al, 1997). For example,
the SOCS family of proteins have the SPRY domain. The SOCS (suppressor of cytokine
signaling) proteins are a recently identified family of proteins (SOCS #1-7). SOCS #1 & 3
have been shown to negatively regulate the cytokine signaling pathway (Nicholson et al,
1999; Hilton, 1999). Analysis of the folding of the SPRY domain indicates that the C-
terminal region may adopt a single Ig-like fold, suggesting proteins with SPRY domains are

members of the immunoglobulin super-family (Seto et al, 1999).
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1.5.3 Mouse Fxyl/Midl Gene

The Fxyl (or Midl) gene is the mouse homologue of the human MIDI gene (Palmer et
al, 1997, Dal Zotto et al, 1998; Van den Veyver et al, 1998). The MIDI and Fxyl
homologues contain identical gene structures (nine coding exons) and protein structure
(tripartite, FNIII and B30.2 domains). Whilst these two genes are highly conserved, there are
a number of slight differences. Dal Zotto et al (1998) showed that, unlike MIDI, Fxyl was
not subjected to X-inactivation. The MIDI gene is the first example of a gene subject to X-
inactivation in humans but not in mice. Northern blot experiments showed that Fxyl was
ubiquitously expressed, except in the heart, during adulthood (Quaderi et al, 1997; Palmer et
al, 1997; Dal Zotto et al, 1998; Perry et al, 1998). Quaderi et al (1997) conducted in situ
hybridisation experiments and found that Fxyl had higher expression within the frontonasal
processes, the branchial arches and the central nervous system (CNS) when using E10.5
embryos. Dal Zotto ef al (1998) used older embryos (E12.5 to E16.5) and found that Fxyl
expression was present in the CNS, the mucosa of the oropharynx, oesophagus, trachea and
larynx, the stomach, gut and urogenital system. These tissues are often abnormal in OS
patients. Generally, Fxyl expression was confined to proliferating cells. From these data, it
has been proposed that the mutated form of MIDI may affect cell proliferation, which in turn
disrupts organ development along the midline, producing the OS phenotype (Dal Zotto et al,
1998).

Another difference between the MIDI and Fxyl homologues was the localisation of
Fxyl on the pseudoautosomal region (PAR) in mice hence escaping X-inactivation (Palmer et
al, 1997; Dal Zotto et al, 1998). Fluorescence in situ hybridisation (FISH) and RT-PCR
experiments have shown that in Mus musculus the first three exons (5') of Fxyl were found on
the X chromosome, while the remaining 3' region was present on both the X and Y

chromosomes (Palmer et al, 1997; Dal Zotto et al, 1998). When these experiments were
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repeated using Mus spretus, a line of mice that is not inbred like M. musculus, Fxyl was
found to be located entirely on the X chromosome and was subject to X-inactivation (Perry et
al, 1998; Dal Zotto et al, 1998). There have been numerous genetic differences identified
between M. spretus and M. musculus, suggesting that the chromosomal rearrangement at the

PAR has been important in mammalian evolution and speciation (Perry ef al, 1999; Ellison et

al, 1996).

1.6 MID2 Gene

The MID2 gene was initially identified from computer database searches
(Perry et al, 1999; Buchner et al, 1999) and is of interest because of its high homology and
overall similarity to MID1 (Table 1.4). Similar to MIDI, the MID2 gene has nine coding
exons, producing a ~2.1kb mRNA which encodes a slightly longer amino acid sequence than
MIDI of 685. Each of the tripartite, FNIII, B30.2 and SPRY domains are present (Perry et al,
1999). Individual domains have similarities of 85% for the RING finger, 79% for B-boxes,
70% for coiled-coil, 87% for FNIII and 68% for B30.2 (Figure 1.3) (Perry et al, 1999).
Overall, the MID1 and MID2 proteins are highly similar, with 76% identity and 82%
similarity at the amino acid level and there is 71% identity at the nucleotide level (Perry et al,
1999).

Northern blots were used to investigate MID2 expression in human foetal and adult
tissues (Buchner et al, 1999; Perry et al, 1999). Foetal tissues showed low MID2 expression
in the kidney and lung. For the adult tissues there was low MID2 expression in the prostate,
ovary and small intestine. Overall, MID2 was ubiquitously expressed, but at lower levels
than MID1 (Buchner ef al, 1999). A mouse homologue, Fxy2, has also been identified.
Mouse in situ hybridisation experiments showed the MID2 level of expression to be low

overall and confined to the CNS and developing heart. During organogenesis, MID2
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Figure 1.3: Comparison of the MID1 and MID2 proteins. The identity between individual
MID1 and MID2 domains was relatively high, with the lowest percentage seen in the CTD.
The similarity between each domain was very high, close to 100% in most cases again the
CTD had the lowest percentage. Overall, the amino acid identity between MID1 and MID2

was 75% and the amino acid similarity was 95.2%.
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expression level was higher in the mucosal lining of the stomach, the thymus, thyroid, kidney,

nasal and oral cavity epithelia and eye (Buchner et al, 1999).

Table 1.4: Comparison between the MID1 and MID2 genes.

Characteristic MIDI MID2
Localisation Xp22 Xq22
Pathogenic of OS Yes Unsure

Length of Protein 667 amino acids 685 amino acids

Expression Pattern

Ubiquitously expressed, except

in the heart

Ubiquitously  expressed, lower
levels of expression compared with

MID1

Mouse Homologue

Fxy, in the PAR region

Fxy2, syntenic region of mouse X

chromosome

Protein

Localised in the cytoplasm and

associates with microtubules

Localised in the cytoplasm and

associates with microtubules

The main differences between these two genes are the localisation and expression

pattern. MID2 was localised on the long arm of the X chromosome, Xq22, in humans and to

the syntenic region of the mouse X chromosome (Perry et al, 1999), as opposed to the human

Xp22 and pseudoautosomal region (PAR) in mice for MIDI (Quaderi, et al, 1997, Palmer et

al, 1997; Dal Zotto et al, 1998; Perry et al, 1998). Like MID1, MID2 is ubiquitously

expressed in the mouse embryo. However, MID?2 is also expressed in the heart (Buchner et

al, 1999). The MID2 protein associates with microtubules. Further studies are required to

confirm or exclude MID? in a role for the pathogenesis of OS (see Chapter 3).
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1.7 Research Objectives

The objective of this project was to investigate the location and regulation of MID1
expression during embryogenesis and in a cell culture system. The focus was to better
understand the role of MIDI during normal mammalian development. To generate more
information on how the MIDI and MID2 genes function, a detailed mutation screen of both
genes was carried out for the 15 OS patients available in this study. Mutations found in the
MID1 and MID2 genes may enable a correlation to be made between the patient phenotypes
and their genotypes. Mutations of interest were chosen for further experiments, to investigate
the intracellular localisation of disrupted forms of midin, as well as wild-type midin. The
mutations were chosen based on where the disruption was located in the protein structure of
midin. A polyclonal antibody to the human MIDI gene was generated in rabbits to examine
the midin motifs and their possible roles in the function of midin by using Western analysis.
The second part of this project was to isolate a MIDI homologue in the zebrafish species.
Isolation of MIDI homologues in other species will enable the study of the role and regulation
of MIDI. The zebrafish was chosen because it is quicker and easier to work with than mice.
Advantages of using zebrafish as a model include the availability of a large number of
transparent eggs (which are fertilised externally) and a relatively short the generation time 2-3
months. In addition, a number of MID1 and MID2 homologues have already been isolated
from different species. These homologues were utilised to carry out a phylogenetic study to
investigate how well conserved these homologues are between species and between the MID]
and MID2 genes. Establishing the molecular mechanisms involved in OS should lead to an
improved understanding of the embryological processes responsible for heart and craniofacial

development, as well as more accurate methods to diagnose and prevent Opitz syndrome.

25



Materials and Methods




2.1 Restriction Enzyme Digests

Restriction enzyme (RE) digests were used for analytical purposes as well as in the
preparation of both vectors and inserts for ligations. Restriction enzymes were either from
New England BioLabs or Boehringer Mannheim. The recommended buffers were used for
single enzyme digests, while 10x Super Duper buffer (see Section 2.17) was used for multiple

enzyme digests. Generally, 1 unit of enzyme was used to digest 1pug of DNA at 37°C for at

least 1h.

2.1.1 Agarose Gel Electrophoresis

The agarose gel was made up to 1%, 1.5% or 2% agarose in 1x TAE buffer depending
on the size of the DNA products to be electrophoresed. Electophoresis was generally at 65
volts for 40 min. All DNA fragments (eg. RE digests, PCR) werc analysed by gel
electrophoresis using the 1kb ladder as a size marker (100ng/pl, Gibco). Agarose gels were
stained with ethidium bromide at the concentration of 0.5ul/ml in order to visualise the DNA.

Pictures of agarose gels were taken under UV light (long wavelength).

2.1.2 Preparation of Cloning Vectors

The pBS (KS+) (Stratagene), pGEX-4T2 (Pharmacia), pEGFP-C2 (Clontech) and
pDBleu (Gibco BRL products) cloning vectors were all prepared in a similar fashion as
follows. The vectors were digested with the appropriate restriction enzymes, 1 unit of enzyme
for 1ug DNA to be digested for at 37° for 1h, in a minimum volume. Once digested, one
tenth of the volume was electrophoresed on a 1% agarose gel as a check to ensure complete
digestion. The remaining digested vector was then electrophoresed, cut and excised from the

gel using the QIAquick gel extraction kit (QIAGEN Cat #28706).
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2.1.3 Removal of 5’ Phosphates From Vectors

When vectors had been digested with a single restriction enzyme, they were also
subjected to calf intestine alkaline phosphatase (CIAP) (Roche) treatment to remove the 5’
phosphates and prevent the vector re-circularising during ligation. The digest was heated to
70°C for 15 min to inactivate the restriction enzyme. Then 1l CIAP was added to the
reaction and incubated at 37°C for 30 min. The vector was purified using the gel extraction
kit (QIAGEN) to remove the CIAP enzyme. Once purified, 1/10™ of the vector volume was

electrophoresed on an agarose gel to determine its concentration.

2.2 Ligation Conditions

The ligations were generally set up with a vector:insert ratio of 1:3 (eg.
100ng/ul:300ng/pl).  For cloning with the pDBleu vector, the ratio was 4:1 (eg.
400ng/pul:100ng/pul) because of its large size (~10kb). A final concentration of 1x ligation
buffer, 1 unit T4 ligase (1), template to the total of 1jug and dH,O was used to make up the
lowest possible volume (eg. 15). Ligation was carried out at room temperature for lhr. The
ligation reaction was extracted with phenol/chloroform followed by an ethanol precipitation
with 1pg glycogen (DNA carrier) and a 70% ethanol wash. The pellet was resuspended in

10l of water and 4l of this was transformed by electroporation into competent DH5a: cells.

2.3 Transformation

Generally, 4l of the cleaned ligation was added to 40l of competent DH5a cells and
electroporated at 2.5 KV. Once electoporated, the cells were transferred to 1ml SOC media

and incubated at 37°C for 45 min. The cells were then centrifuged at 2500xg for 5 min, the
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pellet was resuspended in 100ul of SOC and plated on to L-agar containing the appropriate
antibiotic. Plates were incubated overnight at 37°C. The final concentration was 100pg/ml,

for ampicillin (Amp) and 20pg/ml for kanamycin (Kan).

2.3.1 Mini and Midi Preparation of Plasmid DNA

Following the overnight growth on L-agar plates, colonies were selected, and further grown
overnight at 37°C with agitation in an appropriate volume of L-broth (eg. 2ml or 25-50ml)
with an antibiotic for positive selection purposes. The DNA was extracted using QIAprep
Spin Miniprep kit (QIAGEN Cat # 27106) as outlined by the manufacturer. Larger plasmid

preparations were completed using QIAGEN plasmid midi kit (QIAGEN Cat # 12145).

2.4 End Filling/Blunting

The T4 DNA polymerase reaction fills in the bases for 5" overhangs and removes bases
from the 3’ overhangs, thus altering the reading frame as required. For example, the Sall RE
site was cut in the pBS(KS™). To 1ug of purified digested vector DNA, the following were
combined, dNTPs to a final concentration of 0.2mM, 1x T4 buffer, 5 units of T4 DNA
polymerase enzyme and the volume was made up to 20ul. This mixture was incubated at
37°C for 1h, 10 units of T4 DNA polymerase was added and incubated for a further 1hr at
37°C. The enzyme was inactivated by heating the reaction to 68°C for 10 min. Reactions
were purified by a standard phenol/chloroform extraction and then ethanol precipitation. The
pellet was resuspended in 10l sterile water. This vector fragment was then blunt end ligated
together and transformed into DHSo cells to allow large quantities of this vector to be

produced. Once vector DNA had been collected, RE digestions and sequencing reactions

were completed to ensure the RE site had been removed.
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2.5 DNA Precipitation

Throughout this study, two methods were used to precipitate DNA, the ethanol or the
isopropanol protocols. DNA was precipitated after a phenol/chloroform extraction to

concentrate the DNA.

2.5.1 Ethanol Precipitation

DNA was precipitated by the addition of 1/ 10" of the volume of 3M Na-acetate
(pH5.2) and between 2-3x volumes of cold absolute ethanol. The solution was mixed and left
at -80°C for ~15min. To recover the DNA, the solution was microcentrifuged at 14000xg for
10min. The pellet was washed with cold 70% ethanol (~250pl), microcentrifuged for Smin at

14000xg, then dried and resuspended in an appropriate volume of sterile ddH,O.

2.5.2 Isopropanol Precipitation

Instead of using ethanol, the DNA was also precipitated using isopropanol. To
precipitate the DNA, 1/ 10™ of the volume of 3M Na-acetate (pH5.2) and equal volumes of
isopropanol was added and mixed thoroughly. The DNA solution was left at -80°C for
~15min and then microcentrifuged at 14000xg for 10min to recover the DNA. The pellet was
washed with 70% ethanol (250ul), microcentrifuged for 5min at 14000xg, dried and

resuspended in an appropriate volume of sterile ddH,O.

2.6 Computer Programmes

Nucleotide sequences were aligned and compared in the DNasis v2.0 (Hitachi)
programme. A number of searches were done wusing the BLAST programme

(http://www.ncbi.nlm.nih.gov/). Sequencing Chromatograms were viewed in Chromas v1.4.
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2.7 MID Gene Sequences

There have been various MID1 gene sequences analysed in this study in addition to the
MID1 sequences generated in the Cox Laboratory. A number of these were obtained from the
GenBank database. These included the mouse (Fxy, AF026565; Midl, Y14848), human
(MID1, Y13667; FXY1, AF035360; AF269101) sequences, Rattus norvegicus (#AF186461),
and Mus spretus (AF186460). Professor Alan Ashworth (Institute for Cancer Research,
London) supplied the fugu sequence for MIDI and the chick MIDI sequence was provided by
Jane Sibbons (Adelaide University, Cox Laboratory). The MID2 sequences were taken from

GenBank. These included the mouse (Mid2, Y18881) and human (MID2, Y18880; FXY?2,

AF196481).

2.7.1 Evolutionary Analysis of MID Genes

Sequences were edited to remove missing base symbols (------------- ), aligned using
CLUSTAL-W (Thompson et al, 1994) and displayed using GeneDoc (Nicholas et al, 1997a
and b). Aligned sequences were subjected to phylogenetic analysis using the following
programs available in the PHYLIP package (Felsenstein, 1993). The computer programs used
were DNAPARS (maximum parsimony), DNAML (maximum likelihood), SEQBOOT
(bootstrapping) and CONSENSE (obtaining consensus tree). Trees were displayed using
TREEVIEW (Page, 1996). Sequence identity/similarity percentages were obtained using
GeneDoc (Nicholas ef al, 1997 a and b). Relative rates tests (Wu and Li, 1985) were carried

out using the program K2WulLi (version 1.0) (Jermiin, 1996).

2.8 OS Patients
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There were 17 probands (OSP# 1-17) who had been diagnosed by clinicians at the
Women’s and Children’s Hospital, Adelaide, Sydney Children’s Hospital, Randwick, and
Northern Regional Genetic Services, NZ to have Opitz Syndrome. All patients had given
consent to the collection of blood samples and molecular testing. In addition, when there
was a confirmed OS family history (OSP #6, 8, 10 & 11) samples were gathered from
parents and relatives (when available) whether they were affected with OS or not. The

clinical phenotypes of the OS patients used in this study were provided (Table 3.2).

2.9 Mutation Analysis

Genomic DNA was extracted from the OS probands using the method described by
John et al, 1991. For both the MIDI and MID2 genes, primers were designed to the
intron/exon boundary sequences (Table 2.1). Professor Alan Ashworth (Institute for Cancer
Research, London) provided the boundary sequence around the exons of the MIDI gene. The
primers were used in PCR to amplify each exon and resultant products were subjected to
automated sequencing (see Section 2.10). The sequence data were analysed manually for
mutations by comparing the nucleotide sequence between the patient and ‘normal’ sequence
in the DNasis programme. For the larger exons (# 1 and 9), internal primers were designed

and used to ensure the exon was sequenced in its entirety.

2.10 Polymerase Chain Reaction

The primers used throughout this study and their respective annealing temperatures are
outlined in tables 2.1, 2.2, 2.3, 2.4, 2.5. The annealing temperatures for primers were
determined by the percentage of the GC content using the following formula;
Ta=2(A+T)+4(G+C)-5°C. Primers were ordered from a variety of sources including Pacific

Oligos, Geneworks, Operon, and Sigma/Genosys.
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The final concentrations of the PCR components were 1x PCR buffer, 2.5mM MgCl,,
200pM dNTP’s mix, 33ng/pl of each primer, 1 unit of Taq DNA polymerase and the volume
made up to 50pul with water. Human genomic DNA was used as the template at a final
concentration of ~100ng/ul. The basic PCR cycle conditions consisted of an initial step at
94°C for 3 min, then 35 cycles of 94°C for 1 min to denature the DNA, the respective
annealing temperature for 1 min to anneal the primers and 72°C for various times to complete
the DNA extension. There was a final extension time at 72°C for 10 min. The extension time
varied depending on the length of DNA to be amplified. For the purpose of screening the
MIDI and MID2 genes for mutations, the PCR products were purified by running samples
through a Gso sepharose column (equilibrated in 1XxTE) and then concentrated by isopropanol
precipitation (see Section 2.5.2). The pellets were resuspended in a volume that depended

upon the initial concentration of the PCR samples and ranged from 11 to 20ul of water.
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Table 2.1: Primers used in PCR to screen for mutations in the MIDI gene.

Exon Forward Primer

#

sS

\O\OOO\IO\UIAUJN;H

o

Primers for exons 7, 8, and 9 were designed with EcoRI linkers (GAATTC) at the 5’ end

3

GATTCCGAGCTGGACAGAGC
GAGCAGAGTGCGTGTAGCAA
TGACTTCCCTGTGCATAATC
CCTTTGACGCCAACACCATG

CTGTTAAGTATCCCTGAGTTAGTG
CAGAGATTACTAGAAACATCCTAG

GAAGGATCCAGCCTGATGCC
GCAGTGATGTTGAAAGTCATC
TAGGATAGTAGTCCTGATGG
TTGTGCCAAAGAACTGCAC
TTGAAAATATGCTATTGGTTATG
ATGTGCAACATGGCTCATTG
GATGCTTTGAACTCCATCCAC

Reverse Primer
553

TGTGGGGTTAGAGGCTGAGC
TGCTAACCCAGCAAGCTCTC
CGATGGCCTGTAAAGGGCTTC
GAAAACCTTCACCTGCCATG
AGGATATCAAAACCTTGATCTGGC
AAAGTCCCTGGAGTGTATTAGG
CCAGCAGCCGAGAAATTCCC
AACTGATCTGGTGGCAAAGTG
GAAGAAAGCCACCAAAGACAG
GAGCAGATAAGACATGACAG
GTATTACTCAGCTCTTGCCAGG
AAACAGCTGCCAAATGCGAC
ACAGTAAAAGGAGAGGAATC

Table 2.2: Primers used in PCR to screen for mutations in the MID2 gene.

Exon Forward Primer

#

O 00 ~1I AN WL B W -

5°53

CAGCCTCCGTGGTTCTTCTTAATG
CAAACTCTGGAGATGAACCTCAC
GTCCAGACCTTTTAGAGCCAG
TCACTGCAGCATGCCTCCTTC
TCAAACACTGGGTGAAAGTTGC
CCAGAAGAGAAAGTATGCTTTCC
CATTCTGTCTCTCTTACCTGCTG
GATGATGCTGGTGGAAAAGGTAG
TATGGTGTCTTACACAACTCAG

Reverse Primer
5°53°

CTTGAGTTTCTCAAATCGATCATT
CTCAACCTGCTGGCAGATCTG
TGTAAAGTCAACCCTTCCTTGG
CCTCTTTTCACAAGAGCAGGC
CTGTCTGAAAAGACACATGCATC
CCTTACATTTCCITATCTCTGGC
TACTCCCCTGGCATGGAGAAG
GAATCTCCTAGGAACCTAATGAC
GGAAGAACTGCTGAACTAGAG

Product
Size
bp
277
289
460
350
416
278
266
257
311
262
361
320
330

Product
Size

661
100
226
288
343
246
214
348
521

Ann
Temp
°C
60
60
55
55
57
60
60
55
S5
55
55
56
56

Ann
Temp
°C
57
57
57
60
60
60
57
57
57
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Table 2.3: MID] and MID?2 primers used in PCR to generate inserts for the various constructs

in further experiments.

Primer name | 5’53’ Ann Location & Purpose
Temp
°C
5’MID-fusion | GTGAATTCCTGAAGATGGAAACACTGGAGTC 57 over the ATG
HM-MID#1 GAAAGCTTTGCCTGAAGATGGAAACACTG 55 over the ATG
also used in ZF
HM-MID#2 CGATGGCCTGTAAAGGGCTTC 55 exon 1
also used in ZF
also internal primer
R
HM-MID#4 GAGGATGCAGTTGCCATGGAGAC 55 start of exon 5
also used in ZF
G232-2 GTGAATTCGGGACACTTCTGGTGAG 57 after TGA in UTR
used to generate Aexon2
in OSP#11
R
MID-CTD CTGCTCGAGCCCGCCTAGTTGATGGCCTTCACC | 55 exon 7
removes the CTD
R
MIDOS#12r CGTGATGCATTGACCTTCAATTTGTCATAGCA 63 used to generate Aexon2
in OSP#11
R
MIDOS#12f | GCAGCTTTGAGTGAGGTCAATGCATCACGT 63 used to generate Aexon2
in OSP#11
PE115STOP | GTGAATTCTAGGCGGAGGTCATGGTC 67 generate OSP#12
R
MID2#1 CTTGAGTTTCTCAAATCGATCATTC 57 used in Southern
Analysis to generate
MID2 probe
R

Regions highlighted in bold show the EcoRI restriction sites. HM-MID#1 introduces a HindIII (AAGCTT) site
just 5" of the ATG codon (bold italics). The R indicates this is a ‘reverse’ primer. MID-CTD has a Xho linker
shown in italics (CTCGAG). ZF refers to zebrafish PCR experiments. In the primer name, the H and M stand

for human and mouse respectively, and indicate that these species nucleotide sequence were used to design the

conserved primers. The underlined bases indicate where the premature stop codon has been incorporated into the

PE115STOP primer.
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Table 2.4: Primers used to isolate zebrafish MID nucleotide sequence.

Primer name | 5°53° Ann Location
Temp
°C
ZFMID#1 GTCACTTGCGAGGTGTCGTA 55 exon 1
ZFMID#2 GTCTGGAGCTGTTCGAGGATC 55 exon 1
ZFMID#3 ATGCTTGACCGCCTCCTGCG 55 exon 1
R
ZFMID#4 CTGCTTGCAGTTGGCGATCT 55 exon 4
R
ZEMID#5 ATCGTCCTCGCTCATCATTC 55 exon 4
HE-MID1#2 GTGTAGTGGTTCTGCTTGATGT 55 exon 7
R

The H and F denote that human and fugu nucleotide sequence was used to design the primer. The R indicates a

‘reverse’ primer.

Table 2.5: The vector primers used in this study.

Primer name | 5°—3’ Ann Temp Vector
°C
Sp6 ATTTAGGTGACACTATAG 55 pBS
pGEM
(Sp6 promoter)
T, AATACGACTCACTATAGGG 55 pBS
PGEM
T ATTAAACCCTCACTAAAGGG 55 pBS
RSP - M13 CACACAGGAAACAGCTATGACCATC 55 pBS
USP -M13 GTAAAACGACGGCCAGT 53 pBS
pGEXS5’ GGGCTGGCAAGCCACGTTTGGTG 60 pGEX
pGEX3’ CCGGGAGCTGCATGTGTCAGAGG 60 pGEX
BSLK —For | TACCGGGCCCCCCCTCGAGGTCGA 58 pBS

BSLK -Rev | CGGTGGCGGCCGCTCTAGAACTAG

58

pBS
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2.11 Automated Sequencing

Automated sequencing was carried out at the Institute of Medical and Veterinary
Science (IMVS) Sequencing Facility, Adelaide, on Applied Biosystems 373 and 377
sequencing machines. The automated sequencing reaction was set up using the PCR product
as template total of ~10-30ng/ul, 33ng primer, 8l of either Terminator ready reaction mix or
BIG Dye terminator mix (ABI) and the volume made up to 20ul with water. The reaction was
covered with mineral oil and then subjected to thermal cycling as follows; rapid thermal ramp
to 96°C, 96°C for 30 sec, rapid thermal ramp to 50°C, 50°C for 15 sec, and 60°C for 4 min.
These cycles were repeated 25 times. The samples were ethanol precipitated to clean up the
reaction (Section 2.5.1). When sequencing directly from a plasmid, the only change was the

concentration of template: a total of 0.2jug/ul of double stranded DNA.

2.12 SSCP Analysis

Acrylamide gels were set up using a 29:1 acrylamide:bisacrylamide (Sequagel)
solution to generate a 6% gel, containing 5% glycerol, 1XTBE in a 60ml volume. The glass
plates used were 13x16 inches and 2mm thick. 480l of 10% ammonium persulfate and 24yl

TEMED were added to the acrylamide solution to polymerise the gel.

2.12.1 Radiolabelling of PCR Products

Initially, the target area was amplified in PCR from 50 to 100 control patients (Red
Cross Blood Band, Adelaide). To radioactively label the PCR product, 21l was taken from
the 50pl reaction and used to set up the secondary PCR in a 20l volume, with 2.5mM dATP,
SmM dCTP, dTTP, and dGTP and ~0.2ul o-dATP*?P per reaction. The remaining solutions
were the same concentrations as in section 2.10. When radioactively labelling the PCR

product, the same cycling conditions were used. However, only 10 cycles of amplification
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was performed to enable incorporation of the label. Once the PCR cycles had finished, 9l of

stop buffer (see Section 2.17) was added to each reaction.

2.12.2 Loading of Samples
Radioactively labelled PCR products were denatured by heating to 95°C for 3-5 min
and 1.5l loaded onto the acrylamide gel. The SSCP gel was run at between 4-6 watts

overnight at 4°C to ensure that the PCR products were separated as much as possible.

2.13 Generation of GFP-MID1 Mutations

Some of the patient mutations that were identified in MIDI were introduced into the
MID1 cDNA and then cloned into the pEGFP-C2 vector (see Table 3.1). Mutations cloned
into pEGFP-C2 were the R368X and L626P (generated by site-directed mutagenesis by Jane
Sibbons, Adelaide University, Cox Laboratory), 343G>T and Aexon 2. The OSP#12 mutation
consisted of a premature stop codon that was designed into a primer, PE115STOP, with an
EcoRI linker (Table 2.3). This primer was paired with the 5MID1 fusion primer that
extended over the start codon and also had an EcoRI linker region (Table 2.3). Once the
OSP#12 mutation had been amplified (as outlined in Section 2.10) the EcoRI linkers were
utilised to enable in frame cloning into the pEGFP-C2 vector. Similarly, the OSP#11
mutation was generated using internal primers (MIDOS#12f & r, Table 2.3), both of which
spanned from exon 1 to 3 resulting in the deletion of exon 2 when MIDI was amplified in
PCR. This was achieved using two PCR amplification steps, first by pairing the MIDOS#12f
& r with 5" MID fusion and G232-2 respectively. The second step used this PCR product as
the template and the 5” MID fusion and G232-2 primers were paired together. Restriction

digests were used to determine the correct orientation and that pEGFP-C2 was fused to the 3'
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end of MIDI1. Automated sequencing was additionally carried out to ensure the inserts were

in frame.

2.13.1 Transfection of GFP-MID1 Constructs

Once the constructs had been generated, 211g of each DNA was transfected into Cosl
cells using FuGene transfection reagent (Koche) following the protocol outlined by the
manufacturer. The Cosl cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
with 10% fetal calf serum on a coverslip. After ~24h growth post transfection, the cells were
fixed with 3.5% paraformaldehyde in 1xPEM buffer pH7.0 (100mM PIPES, 5SmM EDTA,
2mM MgCl,), washed 3x in 1XPEM, then permeabilised in 0.2%NP-40 in 1xPEM for 2 mins
at room temperature. Microtubules were stained post-fixation using anti-o tubulin antibody
(mouse)(Sigma, 1/2000 dilution) plus a rhodamine-labelled secondary antibody (Boehringer
Mannheim, 1/50 dilution). The nuclei of the CosI cells were stained using the DNA-specific
stain, 4’, 6-diamidine-2" phenylindole dihydrochloride (DAPI, sigma). GFP (green fluorescent
protein), DAPI and rhodamine fluorescence were visualised under appropriate wavelength
light on an Olympus AX70 microscope. The images taken were analysed using a

Photometrics CE200A camera electronics unit and processed using Photoshop v5.0 software

(Adobe).

2.14 Isolation of a Zebrafish MID Homologue

To determine if a MIDI homologue existed in zebrafish, the primers HM-MID#1 & 2
(Table 2.3) which had been designed from human and mouse nucleotide sequence were used
in PCR with zebrafish genomic DNA as template. When these two primers were paired
together in PCR, the exon 1 region of MID] was amplified. Hot start PCR was used when

attempting to amplify zebrafish MID sequences. The conditions per reaction were as follows;
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2ul of 10xPCR buffer, 2ul of 25mM MgCl, 1ul 10mM dNTPs, 1l 100ng/pl each primer and
the volume made up to 20pl with water. Each PCR reaction was heated to 94°C in the
thermal cycler for 30 seconds and then a Taq polymerase mixture (0.5ul of 10xPCR buffer
and 3.5ul of water for 1l of Taq in a total of 5l per reaction) was added. The PCR cycle
continued as outlined in Section 2.10.

The carboxy region of the MID homologues had a lower level of conservation
especially when compared to the N-terminal. This made it difficult to design PCR primers to
amplify the remaining zMID sequence. The 11 amino acids just before the #480 are identical

between all of the homologues. Consequently, this region was used to design the HF-MID1#2

primer.

2.14.1 Isolation of RNA from Zebrafish Embryos

RNA was prepared from 24h, 48h, 3 day, 5 day embryos and adult zebrafish using the
QIAGEN RNeasy Midi kit (Cat#75142). The isolation of total RNA from animal tissue
provided with the kit was followed exactly., RNA isolated from these stages was
electrophoresed on an agarose gel under Rnase-free conditions to ensure RNA was present.
An aliquot was also used in the spectrophotometer to determine the concentration. The RNA

from each stage was used as the template for RT-PCR to generate cDNA.

2.14.2 RT-PCR

The two-step RT-PCR kit from Gibco BRL (Cat#18064-04) was used to synthesize
c¢DNA. From each stage, 1ug RNA was added to 1pl hexamer primers (40ng/pl) and the
volume made up to 12ul with water. This mixture was incubated at 70°C for 10 min. A
master mix containing, 4pl of 5x first strand buffer, 2ul 0.1 M DTT and 1l 10mM dNTP was

made up per reaction. From this master mix, 7pl was added to the RNA mix and incubated at
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37°C for 2 min. Next, 1l of Superscript™ enzyme (1 unit/pl) was added and the mixture
incubated at 37°C for lhr, then at 70°C for 15 min to inactivate the enzyme. This produced

20ul of cDNA (~50ng/ul) and 1pl was used at the template in PCR. The cDNA was also

made using oligo (dT) primers.

2.15 Wholemount in situ Hybridisation of Zebrafish Embrvos

The zebrafish in situ hybridisation experiments were carried out following the protocol
from the Lardelli lab, as outlined on their web site

http://www.science.adelaide.edu.an/genetics/lardelli/mawpt.html. The buffer and solutions were also

used as outlined from this site (Appendix One).

2.16 Genomic Southern

2.16.1 Genomic DNA Extraction from Adult Zebrafish

The protocol for the extraction of genomic DNA was adapted from Westerfield
(1994). An adult zebrafish was sacrificed in ice water, weighed and gutted. A hand held
homogeniser was used to grind up the zebrafish and 10ml extraction buffer (see Section 2.17)
was added per 1g of fish. This mixture was incubated at 50°C for a minimum of 3h and
maximum of overnight, occasionally mixing the solution. The solution was cooled to room
temperature and extracted twice with equilibrated phenol, mixed gently until an emulsion
formed, and the layers separated by centrifugation at 3000-5000xg for 10min. The aqueous
layer was carefully removed and extracted with phenol:choloroform:isoamyl alcohol
(25:24:1). The supernatant was transferred to a fresh tube, NaCl to a final concentration of
200mM was added with 2x volumes of ethanol. Solutions were gently mixed. A pasteur

pipette which had a sealed hook was used to pick up the DNA and transferred into a tube of
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70% ethanol. The DNA was allowed to stand for ~Smins, occasionally mixing the solution.
DNA was removed and placed into a clean tube and air dried. The DNA was resuspended in
5-10pl per gram of starting material in 10mM Tris pHS8, 5mM EDTA and 100pg/ml RNase.
To facilitate genomic DNA resuspension, the DNA solution was placed at 37°C and mixed
occasionally. Alternatively, to assist in genomic DNA resuspension the DNA was incubated
at 4°C overnight.

To further purify the genomic DNA, a phenol:chloroform:isoamyl alcohol extraction
was completed and centrifugation was carried out at 3000-5000xg for 10 min. The
supernatant was transferred to a fresh tube, 0.1x volume of 7.5M ammonium chloride was
added followed by 2x volume of ethanol. The tube was inverted slowly until solution was
mixed to precipitate the genomic DNA. As previously described a glass pasteur pipette was
used to transfer DNA to a 70% ethanol wash, then to a new tube and air dried. Genomic DNA
was resuspended in 1-2ml TE buffer per gram of starting material. The tube was incubated at
50°C to facilitate the resuspension of genomic DNA. Spectrophotometry (Azso) was used to

determine the concentration of the genomic DNA.

2.16.2 Digests

The zebrafish genomic DNA (10pg) was separately digested using ~50 units of Pst/,
BamH]I, EcoRI (New England BioLab and Boehringer Mannheim) and double combinations
of the three enzymes in 50yl reaction volumes. Digestions were completed overnight at 37°C.
Combination digests were done in 10x Super Duper buffer (see Section 2.17), whilst single

enzyme digestions were done in the buffer recommended by the manufacturer.

2.16.3 Southern Transfer
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After overnight digestion, DNA samples were loaded onto a 20cm x 20.5cm 0.8%
agarose gel that had been made up in 1x TAE buffer. Ethidium bromide had been
incorporated into the agarose at a concentration of 0.5ul/ml. The DNA was electrophoresed
overnight at 15 volts (~20h) and then the voltage was increased to 25 volts for 4 hours to
ensure the bands had separated. The gel was analysed and photographed under UV light (long
wavelength).

The gel was first treated in 0.25 M HCI with agitation for 10-20 min, then in 0.4 M
NaOH with agitation for 15-20 min to denature the genomic DNA in the agarose matrix. The
gel was rinsed briefly in 2xSSC and placed upside down on plastic wrap. A dry Hybond
(Amersham) filter was placed on top of the gel, followed by two sheets of Whatman paper,
which have been soaked in 2xSSC, and two sheets of dry Whatman paper. The filter and
Whatman paper were exactly the same size as the gel. A stack of paper towels (also the same
size of the gel) was placed on top of the gel followed by a large weight. A few mls of 2xSSC
was placed at the bottom of the gel (without touching the paper) to assist the transfer of
genomic DNA to the filter. The genomic DNA was allowed to transfer to the nylon filter
overnight. The next day, the weights and Whatmann paper were removed, the gel together
with the filter paper were turned over. The wells of the gel were marked onto the filter. The
gel was removed and the DNA was fixed onto the filter by a UV cross-linker (starting at 1200,

UVC-508, ultraviolet crosslinker Ultra-Lum).

2.16.4 Probes

The radiolabelled probes for Southern analysis were generated using the Gigaprime
labelling kit (Geneworks Cat#GPK-1). 25ng of DNA was used in the labelling reaction. The
DNA probes had a specific activity greater than 2x 10° cpm/pg. This corresponded to at least

50% incorporation of the radioactive label (**P-dATP). Once the probe had been made, it was

43



spun through a Gso Sepharose column (described in Section 2.10) before being added to the

pre-hybridisation solution and the filter.

2.16.5 Hybridisation

Zebrafish genomic DNA filters were pre-hybridised in sealed plastic bags with
agitation in the hybridisation solution (see Section 2.17) for at least 1hr at a temperature
according to the probe that was to be used. The probes from human homologues MID1 &
MID2 were hybridised to the genomic filter at 42°C. The zebrafish MID probe was
hybridised at 65°C. These probes were added to the filters with ~10-20ml of hybridisation

solution. The probes were hybridised to the filter overnight with agitation.

2.16.6 Washes

Washing of filters was carried out using fresh hybridisation solution (see Section 2.17)
at various temperatures starting with a low stringency and increasing the stringency at each
wash. The first wash was carried out at room temperature for 20mins with agitation and the
filters were then exposed to X-ray film. After exposure, the filters were washed again using a
fresh solution of hybridisation solution at 42°C, for ~20 mins with agitation. Again the filters
were exposed to X-ray film, before the last wash using a fresh solution of hybridisation
solution at 65°C, for ~20 mins with agitation. After the last wash, the filters were stripped of
radioactivity to ensure that there were no false positives. The filters were stripped by pouring
boiling 0.1% SDS and leaving for up to 15 min. This process was repeated until no
radioactive signal could be detected. Between each wash (including after the filters had been
stripped) the filters were exposed to X-ray film at -80°C for an appropriate time depending on

the radioactivity level.
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2.17 Buffers

Solutions used for Western Analysis

6xSDS loading buffer

0.55M Tris-HCI1 (pH6.8)

36% (v/v) Glycerol

10.28% (w/v) SDS

5% B-mercaptoethanol

0.012% (w/v) bromophenol blue

The B-mercaptoethanol was added prior to use.

Coomassie stain

0.1% coomassie blue
10% acetic acid

40% ethanol

De-staining solution

40% ethanol

10% acetic acid

Non-denaturing lysis buffer
1% (w/v) Triton-x-100
50mM Tris-Cl pH7.4
300mM NaCl, 5mM EDTA

water up to 10ml

Before use, to 1ml of buffer add, 10mM DTT and ImM PMSF

General use solutions

Hybridisation Solution

Used for the hybridisation and washing of Southern Analysis filters.



6xSSC

0.1%SDS

6x Stop Buffer

10mM Tris-HCI pH7.5

1mM EDTA pH 8.0

0.2% (w/v) SDS

6x Loading Dye

Taken from Sambook et al, 1989 for loading samples onto agarose gels.

Final concentration

Bromophenol blue 0.25%
Xylene cyanol FF 0.25%
Ficoll (type 400) 15%

Make up to 10ml using sterile water

1x TE Buffer
10mM Tris-HC] pHS8.0

ImM EDTA pH 8.0

10x PCR Buffer

100mM Tris (pH 8.5-9.0)
500mM KCl
1%TritonX-100

10x TAE Buffer

Ingredient Final Concentration

Tris 0.04M



Boric Acid 0.5g
Di-sodium EDTA S5g

Make up to one litre using ddH,O and autoclave.

LB Broth

Ingredient Final Concentration
Bactotryptone 1%

Yeast Extract 0.5%

NaCl 1.5%

Adjust pH to 7.5 with NaOH. Make up to one litre with ddH,O and autoclave. For LB agar
add 15g of agar to give a final concentration of 15% before autoclaving. Ampicillin (Amp)
stock was made up in ddH,O and the final concentration was 100pg/ml. For kanamycin (Kan)

stock was made up in ddH,O to 200nl/ml and when used in the culture the final concentration

was 20pg/ml

10x TBE Buffer

Ingredient Final Concentration
Tris 0.45M
Boric acid 0.45M
0.SM EDTA pH5 10mM

Make up to 1 litre with dH,O and then filter. The pH should be about 8.3 with no adjustment

required.

20x SSC

Ingredient Final Concentration
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NaCl 3.0M
NaCitrate 3.3M

Adjust the pH to 7.0 with NaOH and then autoclave.

SOC Medium

Ingredient Final Concentration
Bactotryptone 2%
Bactoyeast extract 0.5%

NaCl 10mM
Potassium chloride 2.5mM
MgS0O4/MgCl, 20mM
ddH,O up to 490ml

Adjust pH to 7.0 and autoclave.
Immediately before use add:

Glucose 20mM

10x ‘Super Duper’ buffer

330mM TrisHAc pH 7.8
625mM KAc

100mM MgAc

40mM spermidine

SmM DTT

EDTA (0.5SM, pH8.0)

Ingredient Final Concentration
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EDTAdi-sodium salt 0.5M
NaOH 20g of pellets

Adjust the pH to 8.0 with NaOH and then autoclave.

PBS
NaCl 8g
KCl 0.2g

Na,HPO, 1.44g
KH,PO4 0.24g
800ml of H>O and adjust to pH 7.4 with HCI.

Add H,0 to one litre and autoclave.

Zebrafish senomic DNA isolation

10mM Tris pH8.0
100mM EDTA pHS.0
0.5% SDS

200pg/ml Proteinase K

Solutions used for Southern Analysis

Denaturing Solution

Ingredient Final Concentration
NaCl 1.5M
NaOH 0.5M

Make up to one litre with ddH,O.



Neutralising Solution

Ingredient Final Concentration
NaCl 1.5M
Tris-HCI pH 7.2 0.5M
EDTA 0.001M

Make up to one litre with ddH,O.
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Mutational Analysis in OS Patients

The presence of mutations in a particular gene can confirm the presence of a genetic
disorder, or whether or not the patient is a carrier of a genetic disease. In addition, the
positioning and the types of mutations in a gene can also affect the translated protein and
result in the phenotype of the disorder. Therefore, determining the presence of mutations in a
gene is useful as a diagnostic tool as well as providing information on how the gene is

inherited (e.g. dominant vs recessive) and how the mutation could affect its function (e.g

developmental, structural).

The MID1 gene was identified prior to the commencement of this project concurrently
in the Cox laboratory as well as by Quaderi ef al, 1997. It was found that MIDI consists of
nine coding exons encoding a protein of 667 amino acids. The following motifs have been
identified in the MID1 protein; RING finger, B-boxes, coiled-coil, FNIII and CTD. Exon 5
was in the area initially considered to be the linker region between the coiled-coil and C-
terminal domains. More recently, protein alignments have shown that this region has
similarity to the FNIII repeat (Perry et al, 1999). Therefore, this region has been re-classified
as a FNIII repeat. The majority of the mutations found in the MIDI gene from OS patients,
reside in the latter half of the protein and truncate the protein (Quaderi et al, 1997; Gaudenz et
al, 1998; Cainarca et al, 1999; Schweiger et al, 1999). An additional gene named MID2
(Perry et al, 1999; Buchner et al, 1999) which has a high similarity to MIDI at both the
nucleotide and protein level has also been identified. At this stage the involvement of MID2

in OS is uncertain.

In this study, a mutational screen of the MIDI and MID2 genes was carried out in
fifteen Australasian and one British patient diagnosed as having Opitz Syndrome (OS) to

determine novel changes in both genes and to investigate whether or not MID2 is involved in

51



the OS. Automated sequencing was used to analyse the nucleotide sequence of the nine exons
in MID1 and MID? for each OS patient. While undertaking the initial stages of the mutational
screen of MID1, Quaderi et al, (1997) published three novel mutations in the MIDI gene.
Subsequently, six additional MID1 mutations were reported, clustered in the Carboxy-
terminal domain (Gaudenz ef al, 1998). The mutations described hereafter were conducted
largely prior to the publication of Gaudenz et al, (1998) and the results reported as part of a

larger body of work (Cox et al, 2000).

3.1 Clinical and Cytogenetic Features of OS Probands

The clinical phenotypic and cytogenetic findings in each OS proband screened for
MID1 and MID2 mutations were provided, with the exception of OSP#16 due to a lack of
supplied clinical information (Table 3.1). All of the OS probands studied here had
hypertelorism. Of the 15 OS probands for which clinical reports were provided, 10 patients
displayed anteverted nares, a feature suggested as possibly distinguishing the X-linked and
autosomal forms of OS (Robin et al, 1996). However, patients studied here that had been
confirmed to have the X-linked form of OS did not necessarily have anteverted nares,
indicating that this theory was not entirely true. Eleven of the probands had developmental
problems such as motor and language delays, ten had laryngotracheal abnormalities, and 12
displayed dysphagia/aspiration/GER defects. Eight patients had lip/palate clefting, and 4 of
these also displayed a highly arched palate. Only 4 of the OS patients (OSP# 5, 6, 9 and 10)
have congenital heart disease such as atrial and ventricular septal defects, coarctation of the
aorta and patent ductus arteriosis. There were 10 probands with hypospadias. In addition, 3
of these had an imperforate/ectopic anus and a different three patients also showed urinary

tract abnormalities. None of these OS patients displayed cryptorchidism.
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Table 3.1: Summary of the Opitz patient phenotypes and molecular findings involved in this
study. The OSP#16 was not included in the table. Taken from Cox ef al, 2000.

OSP# 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Feature
hypertelorism/telecanthus Y Y Y Y Y Y Y Y Y Y Y Y Y Y
prominent forehead Y Y Y Y Y Y Y Y Y Y Y N Y Y
widowis peak N Y Y N Y Y N Y Y Y Y N - N N
broad nasal bridge 4 - Y Y Y Y Y Y Y Y Y Y Y Y Y
anteverted nares Y Y Y Y n/a Y Y Y Y Y - - - Y
cleft lip/palate N b4 Y Y Y Y N N N N N Y Y N N
high arched palate - n/a Y Y N n/a N Y - n/a - n/a Y
grooved nasal tip N - N N Y N N N N N N N N Y N
flat philtrum Y n/a n/a N n/a n/a Y Y Y Y Y n/a - n/a N
abnorm/post. rotated auricles Y - b Y Y Y N Y Y Y Y Y - Y Y
laryngotracheal abnormality Y N N Y N N Y Y Y Y Y Y N Y Y
dysphagia/aspiration/GER N N Y Y N Y Y Y Y Y Y Y Y Y Y
congenital heart discase N N N N Y Y N N Y Y N N N - N
(PDA; (VSD; (VSD) (VSD;
ASD) ASD PS)
imperforate/anterior anus N N N Y N N N N Y N N Y N - N
hypospadias Y Y Y n/a Y Y Y Y Y N Y N Y o/a N
urinary tract abnormalities - - - N N Y Y N Y N N N N N N
cryptorchidism N N N n/a N N N N N N N N N N
developmental delay Y Y N N N Y Y Y Y Y Y Y N Y
corpus callosuru agenesis N N N N N N N N N N N N N
other features COL LDP BPA STR DPH MGN IVA HYC AUT LDS INH
DOD LCM CLN UMH
CAT MSK SYN GRT
MAL MAC
LDS
sex M M M F M M M M M M M M M F M
family history N N N N N Y N Y N Y Y N N N N
(vWilly
22q11 region by FISH not - Dot not not not not - not - - not not not not
deleted deleted deleted deleted deleted deleted deleted deleted deleted deleted deleted

Y, yes; N, no; -, not known; N/A, not applicable (eg. features of philtrum after surgery for cleft lip);
CAT, cortical atrophy; COL, coloboma of right macula; DOD, dysplastic optic discs; MGN,
micrognathia; IVA, inferior vermal agenesis; LCM, large cisterna magna; HYC, hypoplastic
cerebellum; BPA, Bellis palsy; MSK, mottled skin; LDP, multiple linear depigmented patches; vWill,
von Willebrands; ASD, atrial septal defect; VSD, ventricular septal defect; PDA, patent ductus
ateriosis; CoA, coarctation of the aorta; PS, pulmonary stenosis; + , other cardiac anomalies; LDS,
limb / digit shortening; CLN, clinodactyly; SYN, syndactyly; INH, inguinal hernia; UMH, umbilical
hernia; GRT, grooved tongue; DPH, diaphragmatic hernia; AUT, autistic features; MAC,
macrocephaly; STR, strabismus; MAL, malrotation.
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Additional features included two probands with limb and/or digit shortening (OSP#14 and
15), a grooved tongue (OSP#15) and a diaphragmatic hernia (OSP#7). There were also
phenotypes which had previously been unreported with Opitz syndrome, such as mottled skin,
inferior vermal agenesis with large cisterna magna (OSP#9) and multiple linear depigmented
patches (OSP#2).

Only two of the 15 probands were female (OSP# 4 and 14). Family histories were
available for OSP# 6, 8, 10 and 11 that enabled a more extensive investigation to be carried
out. In these instances pedigree information was used to determine X-linked inheritance and
if consistent with X-linkage, family members of probands were screened for mutations in
MID] to determine if they had the same mutation. For example, the pedigree of the OSP#8
family was compatible with X-linked inheritance of OS. Here the mutation can be traced over
4 generations (see Figure 3.8).

The 22q11 region was analysed for anomalies by fluorescence in situ hybridisation
(FISH) in the Cytogenetic Units of the referring Institution using routine 22q11.2 standard
probes (e.g. probe D22575(N25)). Eleven probands were tested and none were found to have
detectable 22q11 deletions. No other chromosomal abnormalities were found. However,
these findings do not exclude the possibility that there was a deletion in the 22q11 region
outside of the standard probe used for these FISH experiments or that there was a smaller

molecular change within the probed region.

3.2 MIDI Mutation Analysis

To screen MID1 for mutations, each of the 9 exons was amplified by PCR (Tables 2.1
and 2.2) and then sequenced directly. The sequence data were analysed for mutations by

comparison to the normal MIDI sequence (AF035360; AF269101; see Section 2.7) (Figure
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3.1). Initially, forward primers from the PCR amplification were used to sequence each exon.

Potential DNA changes were verified by sequencing in the reverse direction.
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Figure 3.1: The MIDI ORF sequence. Normal (wild type) sequence used to align the
automated sequencing from the OS patients to find mutations. The domains found in MID1
are highlighted in the protein sequence. The RING finger motif is highlighted in red, the B-
boxes in green, the coiled-coil domain in blue, the FNIII domain in pink and the CTD in
yellow. The different colours in the nucleotide sequence show the exons found in MID1.
Exon 1 is shown in dark blue, exon 2 in purple, exon 3 in yellow, exon 4 in dark green, exon

5 in orange, exon 6 in light blue, exon 7 in light green, exon 8 in red, and exon 9 in black.
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The types of nucleotide sequence changes found in the MIDI gene from this study

included nonsense mutations, frameshifts, an in-frame deletion and a missense mutation

(Table 3.2, Figure 3.2). However, some OS patients did show a mutation in the coding region

of the MID1 gene. Single strand conformational polymorphism (SSCP) was also carried out

in some mutations to confirm the presence of the mutation in family members, to determine

whether or not family members were carriers and to confirm other effectors such as

polymorphisms or additional mutations.

Table 3.2:

Summary of the mutations found in MID] in this study.

OSP# Nucleotide | Amino acid Change Exons Domain
Change Affected | Affected

12 343G>T E115X 1-9 before B-box

11 Aexon 2 deletion of 1* third of coiled-coil 2 coiled-coil

6 1051delC frameshift 5-9 before FNIII

3 1102C>T R368X 5-9 before FNIII

16 1330insA* | frameshift 7-9 end of FNIII

10 1402C>T Q468X 7-9 FNIII

9 1483C>T R495X 8-9 CTD

5 1877T>C L626P 9 end of CTD

*A sample from OSP#16 was also made available to another laboratory and subsequently

reported by Cainarca et al (1999).
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Figure 3.2: The MIDI mutations identified as part of this study. E115X and ? exon2 are the

most N-terminal mutations found to date and L626P the most C-terminal mutation found to

date.
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3.2.1 Truncating Mutations

Nucleotide changes in the MIDI gene that resulted in the truncation of the MID1
protein (midin) were identified in six of the eight OS patients in this study. Truncating
mutations included nonsense mutations (OSP#3, 9, 10 and 12) and frameshift mutations

(OSP# 6 and 16).

3.2.1.1 Nonsense Mutations

The analysis of automated sequencing of OSP#12 revealed a G>T mutation at position
343 resulting in a change from a glutamate to a premature stop codon at amino acid number
115 (E115X) (Figure 3.3). This mutation in exon 1 occurs after the RING-finger, resulting in
truncation of the B-boxes, coiled-coil, fibronectin type III repeat (FNIII) and C-terminal
domain (CTD). The proband OSP#12 has no siblings and the family history does not suggest
the presence of OS, although in the paternal lineage von Willebrands disease was present
which is unrelated to OS. Consistent with her normal appearance the mother of this proband
was found not to have the E115X change, indicating that the mutation in this proband arose de
novo. The E115X is the most N-terminal mutation in the MID]I gene recorded so far.

In exon 5, there were two mutations found, one of these was a nonsense mutation
(Figure 3.4) in OSP#3, the other was a frameshift in OSP#6 (see Section 3.2.1.2). For OSP#3
the mutation, a C>T change was found at nucleotide position 1102. At the amino acid level,
the nonsense mutation resulted in a premature stop codon (R3 68X). Therefore, in OSP#3, the
nonsense mutation resulted in the deletion of the FNIII and CTD domains. No OSP#3 family
members were available to further test for the presence of R368X.

Two unique mutations were also found in exon 7 of the MIDI gene upon screening the
probands. One was a frameshift in OSP#16 (see Section 3.2.1.2), while in OSP#10, a

nonsense mutation, a C>T nucleotide change at position 1402 was identified (Figure 3.5).

60



The mutation found in OSP#10 resulted in a premature stop codon in the FNIII region
(Q468X). The mother of OSP#10 was also sequenced revealing the same disruption of the
MIDI gene in exon 7. The mother had hypertelorism, while the proband’s brother had a
normal phenotype suggesting he did not have the mutation. However, this could not be

confirmed, as only the mother was available for mutation screening,
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Figure 3.3: The chromatogram showing the OSP#12 mutation E115X in exon 1 of MIDI.
The G nucleotide was replaced with a T causing a premature stop codon just after the RING

finger in OSP#12. The mother does not carry the mutated E115X form of MID1.
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Figure 3.4: The chromatogram showing the OSP#3 mutation R368X, in exon 5 of MID1.

The C nucleotide has been replaced by a T resulting in a premature stop codon.
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Figure 3.5: The chromatogram showing the OSP#10 mutation Q468X in exon 7 of MID1.
The C nucleotide was replaced with a T resulting in a premature stop codon. The mother of

OSP#10 carried both the wild type and the Q468X mutated form of MIDI.
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The final nonsense mutation found was a nucleotide change 1483C>T in OSP# 9
producing a premature stop codon at the amino acid level (R495X) (Figure 3.6). There were
no family members available for mutation analysis. This mutation resulted in the deletion of

the CTD in the MID1 protein (midin).

3.2.1.2 Frameshift Mutations

There were two frameshift mutations found in the MIDI gene, in exon 5 and 7. These
frameshifts resulted in the truncation of midin, disrupting the FNII and CTD regions. The
frameshift in exon 5 was found in OSP#6 and was caused by a deletion of a single C
nucleotide at position 1051 (Figure 3.7). The computer program DNasis revealed that at the
protein level, this mutation resulted in the disruption of the FNIII domain and CTD due to the
presence to premature stop codons. Genomic DNA samples were available from the family
members of proband OSP#6 who were screened for the frameshift (F/S) mutation. SSCP was
used to confirm the presence of the mutation in family members and confirm those affected,
determine those who were carriers and those unaffected. Mutations were observable in family
members because the size of the band was one base pair smaller in exon 5 due to the single
nucleotide deletion. This caused a downward shift on the SSCP gel (Figure 3.8). The control
samples used in SSCP did not show the downward shift. Family members who were carriers

(a wild type MIDI copy and a mutated copy of MIDI) had the downward shift as well as the

normal band (Figure 3.8).
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Figure 3.6: The chromatogram showing the OSP#9 mutation R495X in exon 8 of MID1. The

C nucleotide was replaced with a T resulting in a premature stop codon.
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The chromatogram showing the OSP#6 frameshift mutation 1051delC in exon 5

of MIDI. The single C nucleotide was deleted in the proband, causing a frame shift in the

remaining 3' MIDI sequence.
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Figure 3.8: The OSP#6 family members. (A) Pedigree of OSP#6. Additional family
members of OSP#6 that have the frameshift mutation are 1.2, 1.2, 111.2, 1113, 1114, and IV.1.
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The arrow shows the proband OSP#6. (B) The SSCP gel showing the OSP#6 family

members. Lane C was a normal sample. The arrows show where there is a downward shift.

Results from the SSCP analysis revealed that a number of these family members did,
in fact have the mutant form of the MIDI gene. The sister of OSP#6 was found to have the
same mutation in the MIDI gene, as well as his mother, uncle, aunt, grandmother and great
grandmother as indicated on the pedigree (Figure 3.8). Each of these family members
exhibited features of OS but had reduced severity of the phenotype. The proband had the
most severe phenotype that included congenital heart defects, bilateral cleft lip/palate,
hypospadias, hypertelorism, palpebral fissures and posteriorly rotated ears. His sister was not
as severely affected but had congenital heart defects and hypertelorism. The probands mother
only displayed telecanthus and the fathers phenotype was normal. The uncle had a relatively
mild OS phenotype which included hypospadias, marked hypertelorism and feeding
difficulties as a child. He had a son who displayed no OS phenotype. The aunt and
grandparents showed no characteristics of the OS phenotype. However, the grandmother did
have a copy of the mutated form of MIDI present. Finally, the great grandmother of the
proband was diagnosed with mild OS because of the presence of hypertelorism. There were
also a few miscarriages throughout the pedigree, raising the possibility that these miscarriages
may have been caused by severe expression of the OS phenotype (Figure 3.8). However, the
miscarriages were not investigated and they could have been caused by other factors.

The other frameshift (1330insA) mutation was found in the only British patient in this
study, OSP#16, and has since been reported (Gaudenz et al, 1998). The mutation was the
result of an insertion of a single A nucleotide at position 1330. This resulted in the latter part
of the FNIII and CTD domains being completely disrupted, which would likely result in a

change in the midin function.
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3.2.2 Exon Deletion

To sequence the MIDI gene in the OS probands, each exon was individually amplified
by PCR. Despite numerous attempts, exon 2 of MIDI in OSP#11 could not be amplified.
DNA was available from the probands mother and exon 2 was successfully amplified by PCR
and sequenced. The automated sequencing results revealed that exon 2 was normal in the
probands mother. However, it was possible that the mother may be a carrier. Therefore, the
mother would have both a normal MIDI copy (detected in PCR) and a copy of MIDI with
exon 2 deleted (not detected in PCR). To investigate this mutation further, the first and third
exons of OSP#11 were amplified by PCR from genomic DNA, indicating that the deletion
occurred in the intron region between exons 1/2 extending to the intron between exons 2/3.
To further define the size of the deletion in OSP#11, primers of a sequenced tagged site
(STS239A) located in the intron region between exon 1 and 2 were amplified by PCR (Figure
3.9 and 3.10). PCR amplification was possible from the STS239A in both the mother and
proband (Figure 3.10). This indicated that the deletion in this region of MID1 for OSP#11
was not large. However, even though the size of the deletion was not determined in the
genomic sequence, exon 2 appears to be eliminated in the cDNA. There is a possibility that
the primers used to amplify exon 2 may not have bound due to a rare polymorphism or
alteration within the intron region surrounding exon 2. In case the primers were not binding
during PCR, the annealing temperature was altered numerous times. However, there was still
no amplification of exon 2. In the future, the Aexon2 mutation could be further confirmed by
designing internal primers to exon 2 as well as primers designed to a different region in the
intron. Alternatively, Southern analysis could have been used to confirm the Aexon 2
mutation. However, there was insufficient genomic DNA available from the proband and the

mother to complete Southern analysis.
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The deletion of exon 2 would cause the very first 32 amino acids of the coiled-coil
motif to be eliminated and result in an in-frame deletion. If the MID1 domains interact with
one another for normal function and part of a motif was missing (as seen here for Aexon2),
midin protein may not function properly. Since the deletion of exon 2 results in severe OS,
the coiled-coil domain encoded by exon 2 must be important in the normal function of midin.
The proband’s mother displayed the mild OS characteristic of hypertelorism and PCR
amplification of exon 2 was always less intense compared to the controls (Figure 3.10)

indicating that she may be a carrier.

3.2.3 Missense Mutation

There was one missense mutation found in exon 9 of MIDI for OSP#5 (Figure 3.11).
The change, T> C, was at position 1877 altering the amino acid at 626 from a leucine to a
proline (L626P) which would result in the midin protein structure being altered since the
proline causes a change in the orientation of the proteins structure. There were no family
members available for further mutation screening. The L626P was the most C-terminal
mutation reported, with only a single amino acid change, suggesting that this particular region

of the CTD is also important for midin to function normally.
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Figure 3.9: A schematic diagram of the STSs in relation to the MID/ gene. The position of
the STS239A (highlighted in blue) in relation to exon 2 can be seen in this diagram. The exon
highlighted in red shows the exon 2 of MIDI.
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Figure 3.10: The MID! deletion of the exon 2 in OSP#11. Lane M represents the 1kb marker
used. Lanes #1, 5, 9 and 13 represent OSP#11, lanes #2, 6, 10 and 14 the mother, lanes #3, 7,
11 and 15 a genomic control (unaffected individual) and lanes #4, 8, 12 and 16 a negative
control (no DNA). Lanes #1-4 show the PCR amplification of exon 1 from MIDI, lanes #5-8
the microsatellite STS239A, lanes #9-12 the exon 2 from MIDI and lanes #13-16 the exon 3
of MIDI. The arrow shows where the amplification of exon 2 should have been if it was

present in OSP#11.
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Figure 3.11: The chromatogram showing the OSP#5 mutation L626P in exon 9 of MIDI.
The T nucleotide was replaced with a C resulting in an amino acid change from leucine to a

proline.

75



3.2.4 OS Probands With No MID1 Mutations

It has been shown that mutations in MID1 are responsible for the X-linked form of OS
(Quaderi et al, 1997; Gaudenz et al, 1998, and this study). The mutational analysis of MID1
in the 16 patients did not show any changes for OSP#1, 2, 4, 7, 8, 13, 14, and 15. However,
these OS probands may have mutations in regions not sequenced (e.g. introns and promoter
region). For example, a mutation in the promoter region could affect the expression levels of
MID1 and a mutation in the intron region close to the intron/exon boundary could affect the
splice junctions.

Also, OS is a heterogeneous disorder, and there may be mutations in genes that have
not yet been identified. There have been previous linkage studies (Robin et al, 1995) and
abnormalities (Urioste et al, 1995; Verloes et al, 1995; McDonald-McGinn et al, 1996;
Lacassie and Arriaza, 1996) suggesting an association of OS with chromosomes 13 and 22, in
addition to the X chromosome indicating that these chromosomes may also harbour OS loci.
Since OS is heterogeneous, the autosomal form may be responsible for the OS phenotype in
these other probands or there may be other OS loci on the X chromosome that have gone
undetected. By genetic linkage analysis, OSP#8 inheritance at least was confirmed to be the
X-linked form of OS using highly polymorphic microsatellite markers from chromosome X,
22 and 13 (Cox et al, 2000). The markers (DXS9994, DXS10006 and CxM40) surrounding
the MIDI gene at Xp22, were co-inherited with the OS phenotype, further suggesting that the
MID] is involved in producing the OS phenotype. At this stage, there have been no large
disruptions discovered on chromosome 22 in the above probands. However, there may be

small disruptions present on chromosome 22 that have gone undetected.
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3.2.5 Screening the Un-translated Regions of MID1

When the MIDI ¢cDNA sequence was isolated, two un-translated exons (U2 and U4) in
the 5’ region were identified (AF035360; AF269101) which had previously been unreported.
To determine if there were any upstream deletions in the MIDI gene these un-translated
exons, were amplified in PCR using genomic DNA from the 16 OS patients as a template.
Subsequent to the mutational analysis, all 16 OS patients were screened for the presence of
these untranslated exons. The two un-translated exons were clearly amplified by PCR
indicating that thqre were no deletions in the 16 probands (data not shown). As these exons
were untranslated and not coding exons, they were not sequenced. A computer-assisted
analysis (Blast search, see Section2.6) revealed that there are at least 5 untranslated exons
present in the MIDI gene, with a possible sixth untranslated exon (U1) (Figure 3.12). This
indicates that there may be different splicing patterns occurring when MIDI is transcribed.
RNA samples from the OS patients used in this study would enable these splicing patterns to
be investigated further. Unfortunately, at this stage of the investigation RNA samples were
not available from the OS patients. Since these two untranslated exons were amplified using
PCR, the other untranslated exons were not amplified, since it was considered more beneficial
to investigate the different splicing patterns within this region. The sixth untranslated exon is
not in the genome database and matches the first 38bp of the further cDNA sequence isolated
in this study. This suggests that this exon may be located in the gap in the genomic sequence

or be an artefact from the construction of the cDNA library.
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Figure 3.12: The MID1 gene structure showing the untranslated exons. The hatched boxes
show the untranslated exons while the black boxes show the coding exons of MIDI. The
asterisk shows the untranslated exons (U2 and U4) identified in this study (modified from Cox
et al, 2000).

3.3 MID2 Mutation Analysis

Since there were 50% of the OS cases that did not have a MID1 mutation identified,
the MID2 gene (Figure 3.13) was chosen as a possible candidate based on the sequence and
structural similarity and possible functional redundancy between these two genes (Buchner et
al, 1999; Perry et al, 1999). Consequently, MID2 was screened for potential mutations in the
OS probands. To screen the MID2 gene for mutations, a direct sequencing approach was
taken, as for the mutation analysis of MIDI. A missense mutation was discovered that caused
a change 1073C>A, in OSP#7, OSP# 9 and OSP#13 (Figure 3.14). This altered the amino
acid sequence by changing an alanine to an aspartic acid, (A358D), between the tripatite motif
and FNIIL. Alanine is a neutral and hydrophobic amino acid, while aspartic acid is acidic.
Therefore, this change could be enough to cause the mutated MID2 protein to interact
differently. A t-test was performed to further confirm that A358D was a mutation. The
results showed that the A358D mutation was greater than one percent suggesting that it is not

a polymorphism.
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SSCP was used to further determine if the mutation was likely to cause disease or was
a polymorphism. OSP#7 had family members available for screening the mother (half-brother
and —sister). In addition, 100 control samples were used (Red Cross, Adelaide). The OSP#7
change in the sequence resulted in a downward shift on the SSCP gel (data not shown). The
control samples did not have the A358D MID2 change present. The mother of the proband
had the normal allele and the A358D mutation, the brother had the nucleotide chmée and the
sister did not have the mutation. These results were confirmed by automated sequencing.
Unfortunately, it was revealed that the brother and sister of the proband OSP#7 had a different

father and there was no paternal information available.
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Figure 3.13: The ORF MID2 sequence. Normal (wild type) sequence used to align the
automated sequencing from the OS patients to find mutations. The domains found in MID2
are highlighted in the protein sequence. The RING finger motif is highlighted in red, the B-
boxes in green, the coiled-coil domain in blue, the FNIII domain in pink and the CTD in
yellow. The different colours in the nucleotide sequence show the exons found in MID1.
Exon 1 is shown in dark blue, exon 2 in purple, exon 3 in yellow, exon 4 in dark green, exon

5 in orange, exon 6 in light blue, exon 7 in light green, exon 8 in red, and exon 9 in black.
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Figure 3.14: The MID2 mutation identified from as part of this study. The A358D mutation
in MID2 occurred between the end of the tripartite domain and the beginning of the FNIII

domain.
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When screening the control samples for MID2 A358D using SSCP, there was an
upward shift seen in one of the male samples. Automated sequencing of this sample revealed
a 1 base pair deletion of an A nucleotide in the intron region of exon 5 and 6 (Figure 3.15).
This variant was not present in any of the OS patients or other normal samples.

Of the 3 probands (OSP#7, 9 and13) with the MID2 mutation, OSP#9 also had a MIDI
mutation. OSP#9 had heart defects as well as a few minor characteristics such as mottled skin
(Table 3.2), which were absent in OSP# 7 and 13. OSP#7 had diaphragmatic hernia that was
not present in OSP#9 and 13. This does not clearly indicate whether or not the MID2
mutation underlies the OS phenotype. From these data there is no clear evidence that the

MID2 mutation and MIDI mutations interact to produce the OS phenotype.

GCG ACCCTG AAA AAA AAA AAA
Exon 6

Figure 3.15: The exon/intron boundary where the MID?2 variant was found. The nucleotides
underlined are part of exon 6 and the arrow marks the start of the intron sequence between

exons 6 and 7. One of the A nucleotides in the (A) repeat sequence was deleted in the

control sample.

3.4 Discussion

In order to determine the role of MID! in the pathogenesis of OS, a detailed mutational
analysis was conducted using 16 probands (15 Australian and one British) diagnosed with

Opitz Syndrome. A direct sequencing approach was undertaken to screen the MIDI coding
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exons in each of these probands. In addition, the isolation of the X-linked MID2, a
homologue of MIDI, led to the mutational analysis being extended to include this gene and
determine whether or not it also was responsible for an X-linked form of Opitz syndrome.

The proband OSP#5 carrying the L626P mutation had the most severe OS phenotype
in this study. The L626P mutation found in OSP#5 was a single amino acid change from a
leucine to a proline. Leucine and proline are in the same amino acid group, as they both have
a neutral charge and are hydrophobic. However, the change of an amino acid to a proline can
be highly detrimental to the structure of the protein. The proline has the nitrogen atom of the
amino group incorporated into its ring, causing the proline to disrupt the normal organisation
of a polypeptide with a sharp change in direction of the chain. When a mutation leads to the
incorporation of a proline, the result is a ‘turn” in the protein structure that would not normally
be there, thus changing the conformation of the protein and potentially altering the function of
the protein (Lewin, 1994; Lehninger et al 1993). In MIDI1, the change to a proline would
change the structural orientation of midin and therefore may have a large affect on the
function of midin. This in turn could potentially affect how midin interacted with other
proteins. The amino acid is in a conserved region within the CTD across all species from
which MIDI has been isolated (human, mouse, rat, chick, and fugu, unpublished data) and in
MID?2 (Perry et al, 1999).

A lack of correlation between the genotype and phenotype in OS can be observed in
the OSP#6 family, where the MIDI mutation can be traced over four generations. Family
members that have the MID]I mutation display a varied severity of the OS phenotype. In this
study, the only 4 OS probands with reported structural heart anomalies were found to have
MIDI mutations. However, there was no other similarity between the MIDI genotype and

particular OS phenotypes described in the probands.
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The mutations found in the MIDI gene are dramatic to its structure (e.g. nonsense,
deletions), suggesting that the function of MID1 is more likely to be structural. The diverse
effects of the MID] mutations and the lack of correlation between genotype and phenotype
would suggest that the OS phenotype may be caused by a change of midin interactions with
other proteins, thus effecting numerous developmental pathways. The change in protein
interactions of midin in the OS phenotype can be further supported by the observation of OS
features in females with MLS (MIDAS) syndrome, which is a male lethal disorder associated
with large Xp22 deletions over the MID! gene (Kayserili et al, 2001).

The high variability of the OS phenotype could, therefore, be the result of the ability of
other factors’ (eg. other microtubule associated proteins, MAPs or MID2) to compensate for
the loss of MID1 function. Genetic polymorphism in such compensatory factors would assist
in explaining the variation of the OS phenotype. One compensatory factor could be the MID?2
gene, since it has a high similarity to MID! and its expression pattern is similar (Perry et al,
1999; Buchner et al, 1999). For instance, a mutation in MID1 may affect the expression level,
however this could be compensated by MID2, which may reduce the abnormalities produced
during embryogenesis.

The loss of function of MID1 would suggest that the interactions of midin are
significant in the OS phenotype. During embryogenesis, if midin was unable to interact with
proteins for normal development, then this would result in a disruption of a number of
processes and ultimately the malformation of organs.

In this study and the reports by Quaderi et al (1997) and Gaudenz et al (1998), there
have been mutations found throughout MID] affecting all the domains, except the RING
finger. The B-box motif has been affected as a result of the E115X mutation, however, there
has been no mutations reported in the B-box. Overall, there have been 18 mutations reported

in MID1 (Quaderi et al, 1997; Gaudenz et al, 1998; Cox et al, 2000). Other laboratories have
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reported ten of these mutations: 6 of these 18 mutations were located in the CTD, 2 in the
FNIII and 2 in the coiled-coil domain. Of the 8 mutations identified in this study, 4
specifically disrupt the CTD (R495X, 1330insA, 1052delC and L626P). The Q468X resulted
in the disruption of part of FNIII and all of CTD, and R3 68X caused both FNIII and CTD to
be lost. The deletion in exon 2 (Aexon2) in proband OPS#11 only affected the first part of the
coiled-coil domain, leaving the remaining motifs intact. Finally, the E115X change occurred
prior to the B-box resulting in a truncated protein that lacked all the domains except the RING
finger. This highlights that while a number of mutations perturb the CTD, other domains have
been disrupted, indicating their importance also for normal midin function, and supports
overall loss of function as the underlying cause of X-linked OS.

The isolation of the MID2 gene (Buchner et al, 1999; Perry et al, 1999), which has a
very high level of similarity to MID1, led to the mutational screen of this ‘second” MID gene
in the 16 probands available. There was a single missense mutation discovered in exon 5 of
MID?2 in three of the probands (OSP#7, 9, and 13). To ensure that this alteration of an alanine
to an aspartic acid was a mutation and not a polymorphism, SSCP analysis was utilised. In the
100 control samples screened by SSCP, there were 50 females and 42 male samples resulting
in the testing of 142 X chromosomes for the 1073C>A (A358D) change. The A358D change
was not detected in these control samples, which statistically indicates that it was in fact a
mutation since the percentage is less than one and generally polymorphisms are found in
greater that one percent of the population. A t-test further suggested that statistically A358D
was a mutation. However, it is important to note that the number of OS patients is not large
enough to make a firm conclusion.

Of the three probands with the A358D mutation in MID2, only OSP#9 had a mutation
in MIDI (R495X). Again there was no correlation between the genotypes of MIDI and MID2

and the particular OS phenotype. The single amino acid change for the MID2 mutation
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resulted in the neutral and hydrophobic alanine being change to an acidic amino acid (aspartic
acid). This change may be sufficient to alter the structure of the MID2 protein and its ability
to interact with other proteins, therefore influencing the clinical severity of Opitz Syndrome.
However, since there were no mutations discovered in the MID1 gene in many of these
patients it remains possible that either MID1 or MID2 mutations are capable of producing the
OS phenotype.

There were family members from the OSP#7 proband that were available for
mutational analysis. The presence of the mutation was confirmed in this family be by SSCP
and sequencing results, the mother was a carrier, the brother had the affected allele, while the
sister was normal. This suggests that the A358D mutation was inherited from the mother of
the proband. However, there could be no complete interpretation of these results due to the
brother and sister having a different father to the proband and there was no paternal
information. The brother and sister did not display the OS phenotype and the mother showed
a mild OS phenotype.

While attempting to confirm A358D, a novel variant was detected for MID2. The
novel variant was found in the intron region between exons 5 and 6 caused by a deletion of a
single A nucleotide. This variant was not present in any of the OS probands or in the other
normal individuals (142 X chromosomes were examined by SSCP analysis). The deleted A
nucleotide was part of a (A);, repeat sequence (Figure 3.15). Generally, repeated sequences of
greater than least 11 nucleotides have an increased possibility of polymorphism (Weber and
May, 1989) and therefore while statistically this alteration is below one percent of the
population, it was considered to be a rare variant. The deletion of a single A may arise due to
the DNA polymerase mis-reading the number of repeats. While this variant is close to the

splice junction it is unlikely to affect the function of MID2 because it is part of a poly (A)
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string. If the variant was within 2 bases of the splice junction and resulted in a change of base,
it may be more likely to affect the function of MID2.

To determine the function of MID] mutations, E115X, Aexon2, R368X and L626P,
were selected for further investigation on their sub-cellular localisation and protein-protein

interactions (see Chapter Four).
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Investigation of MIDI Mutations

Microtubules consist of the proteins o and B tubulin producing a robust polymer that
has a high resistance to bending and compression. In non-dividing cells microtubules are key
components in the organisation of the cytoplasm. Together with actin filaments, microtubules
have a role in organising the spatial distribution of organelles within the cell (Wade and
Hyman, 1997). In dividing cells, a large number of microtubules comprise the mitotic spindle
that orientates the plane of cleavage and separates chromosomes during mitosis (Desai and
Mitchison, 1997). Microtubules are arranged with the negative end associated with the
microtubule organising centre (MTOC) whilst the positive end is responsible for the
elongation of the microtubule network within a cell (Gundersen and Cook, 1999).

In cell culture experiments, endogenous and over-expressed MID1 protein (midin)
have been shown to associate with microtubules (Schweiger et al, 1999; Perry et al, 1999).
Since the endogenous levels of midin are low and over-expression of normal midin does not
significantly change its ability to associate with the microtubule network, over-expression of
the mutant midin was used for the intracellular localisation experiments.

Various mutations in genes can result in an alteration in the translated protein. For
instance, the location and type of the mutations in the MIDI gene could result in the alteration
in part of a domain (e.g. L626P), in an entire domain (e.g. Aexon2), or in a number of domains
(e.g. E115X). The mutated gene may affect either function or the intracellular localisation of
the protein. As a consequence of the mutation, the alteration in protein function can range
from a slight modification in activity to a total loss of function.

To determine if the mutated forms of midin had different intracellular localisations to
wild-type midin, four mutations, E115X, Aexon2, R368X and L626P were selected. The

E115X, Aexon2, R368X and L626P mutations were chosen because of the location of the
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change and the consequent domains that were then affected. Green fluorescent protein (GFP)
as an in-frame tag was used to investigate the intracellular localisation of these mutated forms
of midin. Each of these mutated sequences were inserted into a pEGFP-C2 expression
construct, transfected into a Cosl cell line and compared to the intracellular localisation of the

wild-type midin.

4.1 Constructing the GFP/MID1-Mutated Vectors

Four of the eight mutations (E115X, Aexon2, R368X and L626P) were selected
because these mutations represented a variety of the types of novel mutations in MID1 found
in this study. The E115X mutated protein only had the RING-finger motif present; the
remaining motifs had been deleted. Aexon2 mutated protein had an in-frame deletion of exon
2 affecting the first part of the coiled-coil domain. The majority of mutations found in MID1
have been truncating resulting in the deletion of the CTD region; the R368X is an example of
such a mutation with the FNIII and CTD domains deleted. L626P mutated protein is unique
as it is the only missense mutation found to date that affects the CTD. These mutated forms
of midin were suspected of having their intracellular localisation altered due to the mutation,
and therefore, provided an opportunity to investigate the midin motifs using GFP analysis.

Sequences carrying the E115X, Aexon2, R368X and L626P mutations were transferred
into the pEGFP-C2 vector by a combination of PCR, cloning or site directed mutagenesis
techniques (see Section 2.13). These MIDI mutations were then fused in-frame into the
pEGFP-C2 vector.

The generation of the E115X mutation involved PCR. A ‘reverse’ primer was
designed over the region of the mutation such that the premature stop codon of the E115X
mutation was incorporated into this primer. The E115X stop primer was paired with the 5'

MID-fusion primer to generate the E115X in the PCR product. Both of these primers had
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EcoRI linker regions that were used to clone the E115X PCR fragment into the pEGFP-C2

vector in-frame (Figure 4.1). Automated sequencing confirmed the insert was in-frame with

the vector and the mutation had been introduced successfully.

Exon 1
T

Exon 2 Exon 3

] | b

DNA —> }

Primers —» —— _é_

PCR product —»

I | T

Figure 4.1: The generation of the 343G>T mutation in MIDI. The red star shows the position

of the 343G>T mutation in the MIDI sequence and the E115X stop primer. E115X stop

primer was paired with 5'MID-fusion primer (shown in biue). Both these primers had EcoRI

linkers. The EcoRI linkers were used to clone the E115X PCR fragment into pEGFP-C2. The

sequence encoding the RING-Finger in the MID/ sequence is shown in blue, and the B-boxes

in green.
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The non-truncating Aexon2 mutation provided the opportunity to investigate how the
intracellular localisation of midin was altered when the first third of the coiled-coil was
specifically deleted. The generation of the Aexon2 mutation involved two PCR steps. Two
primers were designed (MIDOS#12f and r) in opposite directions over the end of exon 1 and
the start of exon 3. The first PCR step involved two separate PCR reactions, 5'MID-fusion
and MIDOS#12r primers, MIDOS#12f and G232-2 primers with the full length MID1 cDNA
was used as the template. This produced two PCR fragments. The most 5’ fragment
contained the start codon in exon 1 and the first 18 nucleotide bases from exon 3 (from
MIDOS#12r). The other PCR fragment contained the first 15 bases of exon 1 (from
MIDOS#12f) followed by exon 3 and the remaining exons including exon 9, which had the
stop codon. The second PCR step used these two fragments as a template with the primers
S'MID-fusion and G232-2. There was a small overlap (~15 nucleotides) between these two
fragments that would have hybridised during the first PCR cycle and then acted as the primer
to fill in the nucleotides. The subsequent PCR cycles used the 5'MID-fusion and G232-2 as
the primers ensuring that an entire length of MID1 minus exon 2 was produced (Figure 4.2).
These two primers also had EcoRI linkers that were used to clone the Aexon2 PCR fragment
into the EGFP vector in-frame with the pEGFP-C2 coding region. Automated sequencing
confirmed that exon 2 was deleted and the insert was in-frame.

The comparison of the intracellular localisations of R368X and L626P enabled a
comparison of a truncating and a non-truncating mutation affecting the carboxy terminus.
pEGFP-C2 vectors with the R368X and L626P mutations were previously constructed (see
Section 2.13) by J.Sibbons (Adelaide University) and transfected by Q.Schwarz (Adelaide
University) using site-directed mutagenesis, PCR and cloning techniques. If the single amino
acid changed the intracellular localisation, then this would further suggest that L626P was a

mutation, and not a common polymorphism.
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Figure 4.2: Construction of the Aexon2 mutation into the ORF of the MIDI cDNA. A)
Position of the OSMID#12f and r primers in MID1. B) PCR steps involved to produce the
MID1 fragment without exon 2. The two products generated from the first round of PCR
were used as the template in the second PCR step. In the first PCR cycle, these fragments
hybridised together and acted as the primers to extend the MID/ sequence as shown in green.
The subsequent PCR cycles then used the 5'MID-fusion and G232-2 for amplification of the
product. This produced a MIDI cDNA product that had the exon2 deleted. The EcoRI linker
regions on both sides of the start and stop codons were used to clone the Aexon2 fragment

into pPEGFP-C2. Exon 1 was shown in blue, exon 2 in orange and exon 3 in red.
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4.2 Intracellular Localisation of Mutant MID1 Protein

The pEGFP-C2/MID1 mutation constructs were transfected into Cosl cells and
analysed under an Olympus AX70 fluorescence microscope (Olympus Australia, Mount
Waverly, Victoria) to determine if their cellular localisation was different to the wild-type
midin. When transfected into CosI cells, signal from the wild type midin (normal) was
observed to be associated with the microtubule network as seen by the artificial fluorescent
yellow generated by the overlay of the photographs of the GFP-MID1 (green fluorescence) co-
localising with the o-tubulin (red fluorescence) (Figure 4.3a-d). Similar observations have

been reported from other studies (Gaudenz et al, 1998; Schweiger et al, 1999; Cainarca et al,

1999).

4.2.1 GFP-E115X Analysis

The E115X mutated protein contained the RING finger motif of the tripartite domain
and was chosen as it represented the most N-terminal mutation identified to date. When
transfected into CosI cells, this mutated form of midin was clearly localised throughout the
cytoplasm and in the nucleus (Figure 4.3e-h). Since the wild-type midin localised only in the
cytoplasm, it appeared that without the entire tripartite domain, the FNIII and CTD, midin had
lost its ability to remain only in the cytoplasm as shown by the green fluorescence still present
in the overlay of the blue, green and red fluorescence pictures (Figure 4.3h). When the GFP
and o-tubulin staining patterns were overlaid, it was difficult to determine co-localisation of
the midin and microtubules. This mutant midin appeared to either no longer associate, or had

a reduced ability to associate, with the microtubule network.
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4.2.2 GFP-Aexon2 Analysis

The Aexon2 mutant only had the first third of the coiled-coil domain deleted, with the
remaining midin motifs intact and assumed functional. When the Aexon2 mutation was
transfected into Cosl cells, the mutant midin displayed a completely different intracellular
localisation to the wild-type midin. The Aexon2 midin was found distributed throughout the
cytoplasm and was absent from the nucleus of the cell. However, it was not associated along
the length of the microtubules as displayed in the overlay by green fluorescence (Figure 4.3i-

1). This suggested that the coiled-coil domain may have a role in the association of midin to

the microtubules.
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Figure 4.3: Intracellular localisation of the wild-type and mutated forms of midin in Cosl

cells. The normal wild-type MID1 (a-d) shows cytoplasmic localisation and microtubule
association. The mutated forms of midin, E115X (e-h), Aexon2 (i-1), R368X (m-p) and
L626P (g-t) have different intracellular localisation in the Cosl cells. The E115X and Aexon2
have reduced association with the microtubules. E115X was localised in the nucleus and
cytoplasm while the Aexon2 was only localised in the cytoplasm. The R368X and L626P
mutations display cytoplasmic aggregates. The pictures from left to right show DAPI
staining, the GFP fluorescence, a-tubulin staining and then these three pictures are merged
together in the fourth picture. The o-tubulin antibody in these experiments highlighted the
position of the microtubules. The DAPI staining (blue) showed the nucleus of the cell. On
the left side are diagrams representing the type of midin protein expressed (taken from Cox et
al, 2000). I completed the experiments and photographs for e-h and i-l, the others were
completed by Q.Shwarz, (Adelaide University).
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4.2.3 GFP-R368X Analysis

The GFP-R368X truncated protein lacking the FNIII and CTD domains showed
cytoplasmic aggregation (when transfection into Cosl cells) (Figure 4.3m-p). The aggregation
was the result of the formation of high molecular weight cytoplasmic complexes as seen by
the large individual artificial yellow aggregates present in the overlaid photograph. A prior
study has shown these aggregates have a high molecular weight (Schweiger et al, 1999).
These cytoplasmic complexes appeared not to associate with the microtubule network since
there was no artificial fluorescent yellow produced along the lengths of the microtubules in
the overlaid photographs as seen for the wild-type midin. Since this particular mutation had
both the FNIII and the CTD missing, it is possible that these domains also have a role in the

association of midin to the microtubules.

4.2.4 GFP-L626P Analysis

When the GFP-L626P fusion construct was transfected into Cosl cells, a cytoplasmic
distribution of fluorescence was observed that varied in appearance between cells even in the
same experiment (Figure 4.3¢-t). Similar to the GFP-R368X, cytoplasmic complexes were
apparent. The cytoplasmic complexes seen here were consistent with C-terminal truncations,
described in reports by other laboratories (Gaudenz et al, 1998; Schweiger et al, 1999;

Cainarca et al, 1999).

4.3 Discussion

Four mutations, E115X, Aexon2, R368X and L626P, were chosen for GFP-tag analysis

due to the position of the alteration in the MIDI sequence. These mutations were transferred
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into the wild-type MIDI nucleotide sequence using PCR (E115X, Aexon2 and R368X) or site-
directed mutagenesis (L626P). Once the mutations had been generated, they were cloned in-
frame into the pEGFP-C2 vector, transfected into CoslI cells and the intracellular localisation
determined for comparison to that of wild-type midin. The four mutated proteins displayed
different localisation to the wild type midin suggesting the domains affected by the mutation
can result in a change of function of the affected motif and consequently the overall function
of midin.

The two mutations, Aexon2 and E115X, were the most N-terminal changes identified
and showed a different localisation to all described C-terminal changes, including L626P and
R368X midin. There were no cytoplasmic complexes produced from the over-expression of
these two N-terminal changes. The Aexon2 was found diffused throughout the cytoplasm
with no microtubule association, while E115X was localised in both the cytoplasm and
nucleus. These intracellular localisation results indicate that the coiled-coil domain could be
important for the association of midin to the microtubules and the tripartite domain may be
necessary for midin to reside in the cytoplasm.

These results were compatible with other findings in the laboratory, where the
individual motifs of MID1 had been systematically deleted and fused to the GFP vector (Short
et al, submitted). For example, the tripartite domain has been completely deleted in
experiments undertaken by others in the laboratory and resulted in midin losing its ability to
reside only in the cytoplasm (Short et al, submitted). This was analysed further by deleting
each domain of the tripartite motif and it was found that the cytoplasmic retention was
controlled by the B-box (B Hopwood, unpublished data). These observations show the
variable results possible from the N- or C- terminal mutated proteins in relation to midin
cellular localisation. Yeast two-hybrid experiments have shown that in-frame deletions of

MID1 motifs do not have a significant change on the conformation of midin. For example, the
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interaction of the B-box domain with the rapamycin-sensitive PP2A regulatory subunit, Alpha
4 protein is unchanged when the individual motifs such as coiled-coil and CTD are deleted
(Short et al, submitted).

In addition, the cytoplasmic complexes indicated the midin mutated proteins were
likely to interfere with the site of function for midin. Of the mutations studied here, when the
coiled-coil domain was deleted (E115X and Aexon2), there was no aggregation observed.
However, if the coiled-coil domain was intact and the mutation resided in the carboxyl
terminus (R368X and L626P), then cytoplasmic aggregation was seen. This suggests that the
coiled-coil domain and not the CTD controls the cytoplasmic aggregation. From yeast two-
hybrid analysis, one theory is that the coiled-coil domain is responsible for homo-dimerisation
of midin and thus allows the CTD to interact along the length of the microtubules (Short et al,
submitted). If there is a mutation in the CTD region, then the resultant protein can still
dimerise because of the functional coiled-coil domain. However, the mutated protein can no
longer associate with the entire length of microtubules, and therefore, the mutated protein
aggregates.

In addition to this study, concurrent intracellular localisation studies (Schweiger et al,
1999, Cainarca ef al, 1999 and Perry et al, 1999) have also shown the wild type MID1-GFP
fusion is associated with microtubules and when a truncating mutation is present in the CTD,
aggregation of mutant midin occurs and no longer associates with the microtubules. The CTD
mutation, L626P, identified in my study was also consistent with these the studies, displaying
aggregation of the perturbed midin. This missense mutation could have such an affect due to
the position of the single amino acid change near the end of the CTD in a region conserved
across MID1 and MID2 homologues. Alternatively, it could be the type of amino acid change.

The mutation changes a leucine to a proline. For the protein the addition of a proline can be
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highly detrimental to the tertiary structure by introducing a turn and is more likely to prevent
normal interaction with other proteins.

Ultimately, these mutations and the change in their cellular localisation were
responsible for the OS phenotype. Results from the GFP analysis show the intracellular
localisation of these mutations further confirmed that whilst the CTD is crucial for midin to
function normally, the other domains also play a roie. Each motif, except the RING finger
and the FNIII domains appeared to have specific role in the overall function of midin.

The diverse effects of the MIDI mutations and the lack of correlation between
genotype and phenotype would suggest that the OS phenotype may be caused by a general loss
of function of MIDI as shown by the loss of ability for mutated midin to associate with the
entire length of microtubules. The high variability of the OS phenotype could be the result of
the ability of other factors (e.g. other microtubule associated proteins, MAPs and MID2) to
compensate for MID1 function. This would suggest that cells with high levels of MIDI
expression normally may be more likely to be affected. The loss of function of MID1 would
suggest that the proteins interacting with midin may have an indirect role in the OS phenotype.
This led to current investigation of how some of the MID1 mutations interact with MID1 and
binding partners of MIDI in yeast two-hybrid systems in the laboratory. For example, one
compensatory factor could be the MID2 protein since it has high similarity to midin and its
expression pattern is similar (Perry et al, 1999; Buchner et al, 1999). Genetic polymorphism
in such compensatory factors that affect either levels of expression or their overall activity
would assist in explaining the variation of the OS phenotype under this hypothesis.

The microtubule structure produces a large network, providing a surface for protein-
protein interactions (Gundersen and Cook, 1999). The binding of microtubule associated
proteins (MAPs) stabilises and facilitates assembly of microtubules (Hirokawa, 1994).

Examples of MAPs include the kinesin and dynein molecular motors, plus MAP1, 2, 3, 4 and
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tau. Tau, MAP 2 and 4 have common C-terminal microtubule-binding domains (Hirokawa,
1994; Maccioni and Cambiazo, 1995) and a nearby proline-rich region that influences
microtubule binding (Ulitzur et al, 1997). When these MAPs are transfected into a cell line,
microtubule bundling is observed similar to the bundling observed with overexpression of the
GFP/MID1 fusion protein in Cosl cells (this project, Schweiger ef al, 1999, Cox et al, 2000).
Further investigation of the microtubular bundling processes for various MAPs may provide
possible clues on how midin interacts with microtubules.

The experiments using various midin mutations delineate how MID1 underlies OS
indicating the possible role of the coiled-coil domain in homo-dimerisation and the CTD in
the association with the microtubule network. Future experiments in the laboratory involve
using immuno-precipitation and yeast two-hybrid experiments to investigate the types of
protein(s) that interact with midin. Results from such experiments could be used to determine
which pathways are disrupted during embryogenesis and the consequences of the MIDI

mutations with regard to cellular responses.
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Zebrafish MID homologue

The zebrafish has emerged as an organism useful for studies in vertebrate
development. Other species, such as Drosophila melanogaster and Caenorhabditis elegans,
have been used successfully to obtain information about early developmental process. For
example, the twinfilin protein in Drosophila is required for actin-developmental processes
(Wahlstrom et al, 2001), and several Rac proteins and alternative Rac regulators in C. elegans
are responsible for controlling axon guidance, cell mirgration and apoptotic cell phagocytosis
during development (Lundquist et al, 2001). However, there are limits to these models. For
example, in the mouse, the developmental processes are difficult to study because the embryo
is within the mother’s uterus. Therefore, to harvest the mouse embryos the mother must be
sacrificed. Vertebrates such as mouse and humans have a more complex genome and a more
complex embryonic development. Drosophila melanogaster and C. elegans as models are
unable to address some of the developmental processes in vertebrates such as the kidney, a
multi-chambered heart, multi-lineage hematopoiesis, the notochord and neural crest cells
(Weinstein ef al, 1995; Dooley and Zon, 2000).

There are numerous advantages in using the zebrafish as a model to study early
vertebrate development, including the production of large numbers of eggs, which are
fertilised and developed externally. The generation time is relatively short, ~2-3 months, and
all developmental stages are easy to access (i.e. there is no need to kill the mother in order to
access the embryos) (reviewed in Kimmel, 1989; Driver et al, 1994; URL:

http:Nwww.science.adelaidc.edu.aufgcnc[icgllardclli/zebraﬁshusefulcharacters). Transparency

of the embryo enables cells to be identified, and therefore, allows manipulation during
experiments. Overall, these advantages mean that the zebrafish model is often quite useful in
the study of human diseases (Weinstein et al, 1995; Zhang et al, 1998). Like most systems,

there are also disadvantages. Firstly, it is difficult to generate zebrafish embryonic stem cells
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for homologous recombination to specifically knockout a target gene (Detrich et al, 1999).
Secondly, during the evolution of the zebrafish, there was a duplication of the genome
following the divergence of fish and mammals. This has resulted in additional copies of genes
that may complicate some studies, as the gene in mammals could be related to numerous
homologues in the zebrafish (Detrich et al, 1999).

There are a number of ways the zebrafish model can be utilised to examine
embryogenesis. These include analysis of gene and protein expression in situ and the
disruption of development using either physical or chemical treatments (Detrich et al, 1999).
Numerous large-scale genetic screens in zebrafish have generated over 500 mutant phenotypes
in early development (Haffter et al, 1996; Driever et al, 1996). For example, mutations
affecting the heart (Stainier et al, 1996), the nervous system (Woo and Fraser, 1995), retina
(Malicki et al, 1996), craniofacial development (Neuhauss ef al, 1996) and hematopoiesis
(Amatruda and Zon, 1999) have been isolated. Thus, a large resource of information has been
generated that can be utilised to analyse vertebrate organogenesis and human diseases. As an
example, there is the one-eyed pinhead mutation in zebrafish that perturbs an EGF signalling
pathway. This mutant phenotype is seen as holoprosencephaly in humans (Zhang et al, 1998).

To further investigate the function of MIDI during embryogenesis, the zebrafish
(Danio rerio) was utilised as a model. The zebrafish model was chosen because of its short
gestation time and the ease with which the embryos can be manipulated to create transgenic
fish. The zebrafish homologue of MIDI (zMID) was identified and its expression pattern
determined using in situ hybridisation. The aim was to use the zebrafish to produce a
phenotype from the over-expression of MIDI. If a distinct phenotype was observed, then the
equivalent MIDI mutations could be generated in the zebrafish homologue. The phenotype of
the MIDI mutations could then be compared to the wild-type to provide a model for midin
function. Thus, determining the function of zMID in zebrafish could be correlated to the

abnormalities seen in the Opitz syndrome patients.

100



5.1 Zebrafish MID Homologue

The cDNA zebrafish libraries available were only at stages of early development when
MIDI is not expressed (see Section 6.3.1). So to determine if there is a MIDI homologue in
zebrafish, primers designed to the human sequence (HM-MID#1 and 2 primers) from the exon
1 region, were used in PCR (~500bp, Figure 5.1) on genomic zebrafish DNA. A PCR product
was generated, cloned into pGEMT, and sequenced (see Section 2.10). From this zebrafish
PCR product sequence, primers were designed (ZFMID#2and3) and used to generate more 3
sequence (see Table 2.4). The human primer HM-MID4, when paired with ZFMID#1, (see
Table 1.3) was also utilised to identify a further ~500bp of the zMID sequence. Since there
are 9 exons in the MIDI gene and large intron sequences, zebrafish cDNA was used as the
template in the subsequent PCR reactions.

Numerous combinations of the human and mouse MID] primers (see Table 2.3) were
paired together in order to amplify further zZMID sequence from 48 hours post—fertilisation
(hpf). No other pairs of human and mouse MIDI primers produced a PCR product that
corresponded to the zMID sequence. However, there have been a number of MIDI genes that
have been isolated from various species (human, mouse, rat and, during the course of this
project, chick (Appendix Five) and fugu (Appendix Six)). These MIDI nucleotide sequences
were aligned and regions of high homology between the species were identified in order to
design additional primers (see Table 2.4) that could be used to amplify the entire zMID
sequence (Appendix Three and Four). The HF-MID#2 primer, paired with a zebrafish specific
primer (ZF-MID#5) generated a further ~300bp fragment, producing a total of ~1.3kb of the
zMID homologue. The exons/intron boundaries were identified in the zMID nucleotide
sequence by computer comparisons (DNasis) with the MID homologues from other species.
Exons 1 through to 7 were present in the zMID gene, however, only the first part of exon 7 has

been isolated. The zMID predicted protein sequence contained the RING finger domain, B-
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boxes, coiled-coil domain and the first part of the FNIII motif as seen in the human MID1 and
MID2 proteins (Figure 5.1). Once enough zebrafish nucleotide sequence had been generated,
specific primers were designed for use in PCR to ensure there was no contamination such as
human MIDI amplification instead of the zebrafish sequences. There was no human
contamination revealed in any of the PCR products.

Multiple attempts were made using the PCR technique to isolate the 3’ region of the
zMID gene (estimated at ~700bp). However, between the species known to have the MIDI
gene, the 3 region is not as highly conserved as the 5’ region. This hampered attempts to
design primers within the 3’ region that would be expected to produce a PCR product from
zebrafish cDNA. Degenerate primers within this region were designed using the human,
mouse, rat, chick and fugu sequences and used in PCR to try and amplify more zMID
sequence. However, no observable PCR products were produced, again suggesting that
maybe the zMID sequence is less conserved in the 3’ region. RACE-PCR experiments (3’ and
5’ prime) were conducted in order to sequence the entire zMID gene. However, the zMID
gene was not pulled out using this PCR technique.

Similar to the strategy adopted for MIDI, human primers from MID2 were tried in
PCR using zebrafish cDNA (48hpf) to see if MID2 could be detected. No PCR product was
produced. However, further evidence by Southern analysis (see below) was performed to

conclude whether or not MID2 was present in the zebrafish genome.
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B-Boxes { FNIII Repeat

Figure 5.1: The zMID protein structure. Not all of the CTD was identified. The RING finger
motif is highlighted in red, the B-boxes in orange, the coiled-coil domain in pink, and the
FNII domain in purple.

5.2 Zebrafish Genomic Southern Analysis

During the evolution of the zebrafish, their genome underwent duplication. Therefore,
it is possible that there are multiple copies of the zMID gene. To determine if there was more
than one MIDI or a MID2 gene present in the zebrafish genome, Southern analysis was
conducted. A number of probes were made from the exon 1 of zebrafish and human genes.
Exon 1 was amplified because a higher level of conservation was found in this region between
the homologues (Figure 5.9). The zebrafish probe was amplified using ZFMID#2 and #3
primers with zebrafish genomic DNA (Figure 5.2; see Section 2.10). Human MIDI was
amplified with HM-MID1 and HM-MID2 primers, while human MID2 amplification used
S'MID fusion and MID2#1 primers. The 5'MID fusion primer sequence was designed to
amplify both the MIDI and MID2 genes. Since the same region from these three genes was
amplified (exon 1) the PCR products used to make the probes were similar in size. Two
zebrafish genomic Southern filters were probed with human MID1 and MID2, stripped and re-
probed with the zebrafish probe. Before probing with the zMID, the filters were exposed to
film to ensure that the previous probe had been removed. The filters showed no radioactivity

before they were re-probed.

103



When the zebrafish genomic Southern blot was probed with the human MIDI and
MID?2 genes, a similar banding pattern was observed (Figures 5.3). This suggests that the
multiple copies of the MIDI in zebrafish are similar enough to be identified using human
MID1 and MID2 probes. However, the filter probed with MID1 had some bands not seen on
the filter probed with MID2 (Figure 5.3). This indicates that there is at least one MIDI
homologue that cannot be identified using MID2 probe, presumably because zMID is more
closely related in sequence to MID] than MID2. There were more bands on the genomic
southern than expected. This suggests that there could be multiple copies of the related MIDI
and MID2 homologues in the zebrafish genome. Alternatively, the extra bands could have
been due to restriction sites present in the intron regions. Since the genomic sequence of the

zebrafish genes is not available, these possibilities have not been resolved.

Ring-Finger Coiled-Coil CTD

B-Boxes FNIII Repeat

Figure 5.2: The position of the zMID probe used in Southern analysis. The probe is
highlighted in red (~500bp). The position of the human MID1 and MID2 probes used for

Southern analysis were at the same position as the zMID probe.

When the filters were re-probed with zMID, a different banding pattern was scen
compared to the MID1 and MID2 probe, however the banding pattern was the same between
these two filters. There were bands present that had not been observed when the filters were

probed with the human MID1 and MID2. In addition, all 3 probes detected the same bands
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(Figure 5.3 and 5.4). This suggests that while in general these homologues in zebrafish have a
high similarity, some of these homologues are less similar to each other.
It is difficult to conclude whether or not there are multiple copies of the MIDI or

MID? genes or if there is a family of MID-like genes present in the zebrafish genome.
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Figure 5.3: Zebrafish genomic Southern analysis using the human MID1 and MID2 probes.
Lane M represents the marker lane. Lane #1 was the Pst/ digest, lane #2 the Pstl/EcoRI
digest, lane #3 the EcoRI digest, lane #4 the BamHI/EcoRI digest, lane #5 the BamHI and lane
#6 the Pstl/BamHI digest. MID1 (A) and MID2 (B) probes were hybridised at low stringency
(42°C). The (A) and (B) diagrams show similar banding patterns. The white arrows in (A)

represent the bands that were not observed in filter (B).

B84

Figure 5.4: Zebrafish genomic Southern analysis using the zMID probe. Lane M represents
the marker lane. Lane #1 was the PstI digest, lane #2 the PstI/EcoRI digest, lane #3 the EcoRI
digest, lane #4 the BamHI/EcoRI digest, lane #5 the BamHI and lane #6 the Pstl/BamHI
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digest. The filters were probed with MID1 and MID2 (Figure 5.3) stripped and re-probed with
ZMID. (A) Represents the filter that had been previously probed with human MID1. (B) The
filter that had previously been probed with human MID2. The white arrows in (A) represent
bands that were observed when the filters were probed with MID1 and MID2. The white

arrows in (B) represent bands that were not observed when the filters were probed with MID1

and MID2 (Figure 5.3).

5.3 zMID Expression During Embryogenesis

5.3.1 RT-PCR

Once the first ~500 bp of the zMID1 homologue had been isolated, it was decided to
use this sequence to determine when the gene was expressed during embryogenesis since a
region of the exon could be amplified from cDNA. Zebrafish embryos were collected from
various stages, 24hpf, 48hpf, 3 day, 5 day and adult. The cDNA was produced and PCR was
used to see if the original 500bp could be amplified by RT-PCR (Figure 5.5). The zebrafish
homologue, zMID, is not expressed at 24hpf, but it is from 48hpf through to adulthood, with
the highest expression observed at 48hpf. In addition to these whole embryo stages, cDNA
from the zebrafish adult head was used for PCR and it was shown that the MID1 homologue
was expressed in this tissue (Figure 5.5).

The notch5 gene was also amplified as a genomic control, to ensure that there was no
genomic contamination in the cDNA. This gene was chosen because it is known to be
expressed at the developmental stages selected. The primers were designed over an
intron/exon region. Therefore, if there was amplification from genomic DNA, a larger PCR
product (~800bp) would be produced compared to using the cDNA as the template (~200bp)
(Figure 5.5). There was no genomic contamination observed in any of the different stages
used in this experiment. The presence of gene expression shown using RT-PCR determined

which of the embryonic stages were required for the in situ hybridisation experiments.
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Figure 5.5: zMID homologue expression. (A) RT-PCR was carried out using cDNA from
various stages of zebrafish development. Lanes #1-6 show amplification using the zMID
primers, while lanes #7-12 are a control PCR using the NotchS primers. Lanes # 1 and 7
represent 24h embryos, lanes #2 and 8 the 48h embryos, #3 and 9 the 3day embryos, #4 and
10 the 5day embryos and #5 and 11 the adult head, while lanes # 6 and 12 are negative
controls. The zMID does not appear to be expressed at 24h (lane #1). At 48h (lane #2) was
the highest expression for ZMID homologue. The expected PCR product was ~500bp. (B)
Amplification of the notch5 gene from genomic zebrafish DNA. The product produced was
~800bp, which was a larger sized product than when using cDNA (~200bp). This confirms
that there was no genomic contamination present in any of the zebrafish cDNA stages used in

this experiment. Lane #1 represents 24h embryos, #2 the 48h embryos, #3 the 3 day embryos,
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#4 the 5 day embryos, #5 the adult stage and #6 was a negative control. M represents the

marker lane, with the 1kb ladder marker.

5.3.2 Wholemount Zebrafish in situ Hybridisation

Initially in situ hybridisation was carried out using the ~500bp product of the zMID
gene (Figure 5.1) generated by the HM-MID#1 and 2 primers. The minimum size for an
effective expression pattern in zebrafish in situ hybridisation is ~400bp. However, a ~500bp
probe used on whole 24hpf embryos through to 3 day old embryos did not produce a staining
pattern. To ensure that there was, in fact, expression of the zMID gene, a larger product of
~800bp was generated and used as a probe (Figure 5.6). Zebrafish in situ hybridisation was
carried out on whole 24h to 3 day old embryos to determine where the zebrafish MID]
homologue was expressed during embryo genesis. The embryos were stained for 3 days before
an observable expression pattern developed. The length of time before an expression pattern
is seen depends on the level of expression of the candidate gene (Jowett, 1997). This suggests
that zMID is expressed at a very low level from 48hpf through to adulthood. Other examples
of genes which are expressed at low levels and require three days of staining to show an
expression patter are three zebrafish spalt like homologues, spaltia, spalt1b and spalt3 (E.

Camp, personal communication).

Ring-Finger Coiled-Coil CTD

B-Boxes FNIII Repeat
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Figure 5.6: The position of the zMID probe used for in situ hybridisation. The probe is
highlighted in blue (~800bp).

The zMID antisense probe showed that there was expression in the eye of the embryos
(Figure 5.7). Expression of zMID was restricted and began around 30 days post-fertilisation
(dpf). In the older embryos, ~48dpf-72hpf, the zMID staining was still present. However,
viewing the stain was difficult due to the pigment in the eye at these stages. The zZMID was
expressed in the retina neuroepithelium cells of the developing embryo eye and marks the area
in the eye surrounding the optic stalk. A sense probe was also used on the same stages of
zebrafish embryos to act as a negative control (Figure 5.8). There was no background staining
observed, indicating that the expression seen for the antisense probe was a positive result.
The expression pattern observed here in zebrafish was unexpected since in mouse and human
the MID1 expression is found in numerous tissues (Quaderi et al, 1997, Palmer et al, 1997;
Dal Zotto et al, 1998; Perry et al, 1998). This suggests that there may be more than one MID1

homologue in zebrafish, as was also indicated from the Southern analysis (see Section 5.2).
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Figure 5.7: In situ hybridization experiments using the antisense zMID. The zMID was
expressed in the eye of the zebrafish embryos. A and B images are different zebrafish
embryos of ~30hpf. The arrows indicate where the zMID was expressed in the eye. It can be
seen that the expression borders the area around the optic stalk. These images were taken at

200x.
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Figure 5.8: Control in situ hybridization experiments using the sense zMID. There was
clearly no staining in the embryos, suggesting there was no background. This image was

taken on 100x.

5.4 Phylogenetic Analysis of the MID Genes

A phylogenetic analysis was completed using the various homologues of the MIDI
and MID2 nucleotide sequences to determine their evolutionary relationships. In particular, a
phylogenetic analysis will provide information on how the zMID homologue relates to the
MIDI and MID2 genes isolated from various species. It was important to obtain such
phylogenetic information because the Southern analysis (see Section 5.2) and in situ
hybridisation experiments (see Section 5.3.2) strongly suggested that there were multiple

copies of MID genes in the zebrafish genome.
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Figure 5.9: Alignment of the protein sequences of the MID1 and MID2 homologues. The
shading depends on the degree of similarity between the protein sequences. Black shading
indicates a highest similarity while no shading shows lowest similarity. The amino acids
shaded a dark or light gray represent residues conserved between most MID species identified

to date, or residue positions showing greater variability across species.
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Table 5.1: The percentages of identity between the aligned MID homologue protein

sequences.
zMID fMID hMID1 mMID1 | rMID cMID1 Spretus | hMID2 mMID2

zMID 78.8 81.0 78.5 80.8 81.2 80.2 71.1 729
fMID 78.8 82.6 78.1 82.1 82.9 823 71.8 70.7
hMID1 | 81.0 82.6 93.2 99.1 95.4 99.1 713 75.8
mMID1 | 78.5 78.1 93.2 93.5 90.3 93.8 78.1 72.5
rMID 80.8 82.1 99.1 93.5 95.1 99.4 76.6 75.0
c¢MID1 81.2 82.9 954 90.3 95.1 95.2 76.2 75.6
Spretus | 77.2 82.3 99.1 93.8 99.4 95.2 99.1 75.0
mhMID2 | 71.1 71.8 713 78.1 76.6 76.2 99.1 96.9
mMID2 | 72.9 70.7 75.8 72.5 75.0 75.6 75.0 96.9 T

5.4.2 Rooted and Un-rooted Phylogenetic Trees

The MID1 and MID2 nucleotide sequences were compiled into appropriate databases
and used to construct phylogenetic trees (see Section 2.6). To construct a rooted tree, the
fMID1 homologue was chosen as the outgroup on the assumption that it was the most
anciently diverged sequence. Maximum parsimony phylogenetic rooted and un-rooted trees
were constructed (Figures 5.10 and 5.11). Maximum likelihood phylogenetic rooted and un-
rooted trees were also constructed (data not shown). There was little difference between the
maximum likelihood and parsimony phylogenetic rooted trees. The maximum likelihood
phylogenetic trees were constructed without the bootstrapped values and using the default
parameters of a simple evolutionary model that may not have been appropriate. Therefore, the
maximum parsimony phylogenetic trees were chosen, as they would likely be more correct in
the presentation of the data. In both types of trees, the mMID2 and hMID2 genes were

grouped together, while the cMIDI and hMIDI1 were each placed in separate phylogenetic
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groups. The bootstrapped values for the maximum parsimony trees werce close to 100%,
which indicates that the phylogenetic groupings of the MID genes are reliable.

Maximum likelihood rooted and unrooted phylogenetic trees are also constructed using
the MID homologues (data not shown). The un-rooted phylogenetic tree shows the
relationship without the identification of a root to the tree. Like the rooted trees, bootstrap
values were high, suggesting the results of the different phylogenetic grouping were reliable.

There were no discrepancies in the results between un-rooted and rooted phylogenetic
trees. As observed with the rooted phylogenetic trees, the rMIDI gene was placed in different
phylogenetic groups depending upon whether maximum likelihood or parsimony trees were
constructed. The un-rooted maximum parsimony tree grouped together the zMID and fMIDI
genes and the mMID2 and hMID2 genes into another group. The remaining species (chick,
human and M. musculus) were grouped separately. Similarly to the rooted tree, the
spretusMID1 and rMID1 were placed in the same phylogenetic group. In the un-rooted
maximum likelihood tree, the mMIDI and spretusMIDI genes had been placed in the same
phylogenetic group and the »MIDI was placed in a separate phylogenetic group. This
indicates that the phylogenetic grouping of the mouse MIDI gene depends on the particular
breeding of the mouse. The M. spretus mouse line is not as inbred as the M. musculus mouse
line. In addition, between these two species the localisation of the MIDI gene is different. In
M. spretus the MID1 gene is not localised in the PAR region, while in M. musculus the MID1
gene is localised in the PAR region (Perry and Ashworth, 1999). The rMIDI gene is also
located entirely on the X chromosome. The chromosomal localisation of a gene can influence
the different rates of the evolution of genes. Therefore, the differences seen here in the
groupings of the mouse MID1I genes could be a result of these genes evolving at different rates

according to their chromosomal localisation (Perry and Ashworth, 1999).
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Figure 5.10: Maximum parsimony phylogenetic tree. The numbers on the phylogenetic tree

represent the bootstrapped values.
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Un-rooted Maximum Parsimony Tree
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Figure 5.11: Un-rooted maximum parsimony phylogenetic tree of the MID homologues. The
rMID1 and spretusMIDI genes have been placed in the same phylogenetic group and mMIDI

in a different group. The numbers on the phylogenetic tree represent the bootstrapped values.
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6.4.3 Relative Rates Test

Relative rates tests were carried out to determine if the rates of nucleotide substitution
were constant in different MID gene lineages (Wu and Li, 1985). The nucleotide sequences of
all the MID homologues were used in these tests. The fugu MIDI gene was again selected as
the outgroup. The z-score has to be either > +1.96 or < -1.96 for there to be a significant
difference in the rates of nucleotide substitution between two test sequences, 1 and 2, since
they shared a common ancestor. A significant negative value for the z-score indicated that
MID of the second sequence had evolved more rapidly than the first. For example, hAMID2 vs
mMID2 produced a z-score of —6.19 (Table 5.2). This implies that mMID2 evolved more
rapidly than AMIDI.

A number of conclusions can be drawn from the relative rates tests. The MID
homologues, AMID1, spretus MIDI1, rMID1, zMID, and mMID2, are evolving more rapidly
than the cMIDI gene (Table 5.2). The AMID2 gene is evolving more rapidly than all the other
MID homologues. Similarly, the mMID?2 is also evolving more rapidly than the mMIDI,
sprestusMID1, rMIDI and zMID homologues. —These conclusions are based on the

assumptions that fMID was an appropriate outgroup.
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Table 5.2: Genes that evolve at significantly different rates are revealed by the relative rates

tests.

Species (1) vs  Species (2) Z-score

cMIDI Vs hMID1 -7.19
Vs mMID2 -7.18
Vs spretusMID1 -2.32
Vs rMID] -2.36
Vs zMID -2.33

hMID2 Vs hMID1 +6.30
Vs mMID] +6.26
Vs spretusMID1 +5.63
Vs rMID1 +5.49
Vs zMID1 +3.16
Vs mMID2 -6.19

mMID?2 Vs mMID1 +6.23
Vs spretusMID1 +5.53
Vs rMID] +5.39
Vs zMID1 +3.04

5.5 Discussion

The zebrafish was chosen as a simpler vertebrate model in which to further investigate
the function of the zMIDI gene during embryogenesis. PCR confirmed that one or more
MIDI homologues are present in the zebrafish genome, zMID. So far ~1.3kb (of potentially
2kb) of zMID nucleotide sequence has been determined. Since the carboxy terminus is not as
highly conserved, it has been difficult to obtain the remaining nucleotide sequence by using
PCR. The exon/intron boundaries for exons 1-7 have been identified in the zMID nucleotide
sequence. Numerous techniques were used (eg. RT-PCR), however, the remaining zMID

nucleotide sequence was not identified and other techniques such as the screening of a
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zebrafish cDNA library needed to be used. However, at the time of this study here was not an
appropriate cDNA library (ie corresponding to maximum zMID expression) to be screened.
Consequently, the remaining sequence was not able to be presented in the confines of this
body of work and therefore the original aim of producing a zebrafish model of OS was not
pursued.

The Ring finger, B-box, coiled-coil and part of the FNIII domains have also been
identified. The zMID gene is found to be expressed at 48hpf, 3d, 5d, and adulthood. There
was no expression seen at 24hpf, and the highest expression was observed at 48hpf. In situ
hybridisation experiments showed that the zMID is expressed specifically in the eye. The
expression of zMID observed by in situ hybridisation began to appear around ~30hpf. Due to
the pigment in the zebrafish eye, it was difficult to see the expression clearly in older embryos
(>48hpf). zMID is expressed in the retina neuroepithelium cells of the developing zebrafish
eye, surrounding the position of the optic stalk. As the zebrafish eye develops, the optic nerve

replaces the optic stalk at ~48hpf (Detrich et al, 1999). At 36hpf, the retina neuroepithelium

cells have not formed layers, as this occurs later around 60hpf when the three nuclear and two
plexiform layers become visible (Figure 5.12; Malicki et al, 1996; Detrich et al, 1999). The
area of zMID expression was also the point where the first ganglion cell axons extend out
from the eye into the brain. These axons extend along the optic stalk to the ventral area of the
brain and then towards the midline at ~34-36hpf (Detrich et al, 1999). zMID can thus be used
as a ‘marker’ to highlight the retina neuroepithelium cells in a double staining in situ
hybridisation to determine if candidate genes are also expressed in the region where the first
ganglion cell axons extend. This indicates that the zMID may be involved in the initial
extension of the axons from the optic stalk region to the brain.

The expression pattern of the zMID gene is different to the observations with other
MIDI homologues such as mouse. As mentioned previously, the MID1 gene is ubiquitously

expressed in mouse embryos, except the adult mouse heart (Quaderi et al, 1997; Palmer et al,
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1997; Dal Zotto et al, 1998; Perry et al, 1998). However, the MID1 gene is highly expressed
in the retina neuroepithelium cells, which is where zMID expression was observed (Dal Zotto
et al, 1998). This difference in the expression pattern between these two species could be
because the zebrafish has a simpler expression pattern compared to the mouse. Alternatively,
zebrafish may have multiple copies of MID1 and zMID may not be the equivalent homologue

to mMID1 (Fxyl). The latter is more likely to be the case.

Figure 5.12: Sections of the zebrafish eye during development. A) The zebrafish eye at
~36hpf. There are only 2 types of cells in this stage, the retinal neuropithelium and the
pigmented epithelium, these cells have not yet formed layers. B) Zebrafish eye at 72hpf. The
retinal neurogenesis has mainly been completed. There are nuclear and plexiform layers, the
optic nerve and pigmented epithelium have differentiated. gel: ganglion cell layer; inl: inner

nuclear layer; ipl: inner plexiform layer; le: lens; mz: marginal zone; on: optic nerve; opl:
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outer plexiform layer; pel: photoreceptor cell layer; pe: pigmented epithelium; rne: retinal

neuroepithelium. This photograph was taken from Dietrich et al, 1999,

Indeed, the results from the Southern analysis indicate that there may be multiple
copies of MIDI homologues. However, a number of interpretations can be made. For
instance, there may also be a MID2 homologue present and with more than one copy.
Alternatively, there may be other MID-like genes present in the zebrafish genome or the
additional bands may have been due to restriction sites between the intron regions which
would suggest that there was no multiple MID genes.

It would be expected that these multiple copies of the MIDI homologues could ‘act
together’ to produce an equivalent pattern of expression as seen with hMID1 and mMID1.
Therefore, future experiments would involve screening the zebrafish genome for these
additional copies. This would at least provide information on how many MID genes are
present. In determining these additional MID expression pattems and undertaking
phylogenetic analysis, the roles of these genes should be determined and the proteins they
interact with (e.g by using Yeast two-hybrid technique). It should be noted though that some
members of the MID family may be pseudogenes and not functional. However, zMID was
isolated from cDNA, suggesting that this gene at least is transcribed during zebrafish
embryogenesis. The expression pattern further indicated that zMID is functional.

If the localisation of zMID in the zebrafish genome was determined, then comparative
mapping could be used to determine if zMID maps to a region syntenic to human and mouse.
This would provide further information on how zMID was related to the other MID
homologues. Alternatively, computer database searches will provide more information once
the zebrafish genome has been completely sequenced.

The fact that there are multiple copies of MID in zebrafish, complicates using the

zebrafish as a model to study the function of MIDI during embryogenesis. However, this can
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be overcome by creating transgeneic zebrafish for individual copies of the MID genes, once
they have been identified. This would also determine if the MID genes in zebrafish alter the
zebrafish phenotype and if the phenotype produced mimics the OS phenotype. The
homologues may or may not mimic the OS phenotype in zebrafish unless all of the zebrafish
homologues are over-expressed. Alternatively, there may only be one homologue responsible
for producing a phenotype since some MID copies in zebrafish may have evolved particular
functions that are different to the human MIDI homologue. Therefore, these MID copies
would not be expected to produce a phenotype consistent with OS.

The protein alignment provided a visual analysis of the levels of similarity between the
MID homologues (see Figure 5.9). This alignment shows that the MID homologues had been
highly conserved. However, the carboxy terminus of the CTD is shown to have a lower level
of conservation across species.

The relative rates tests indicated that the MID homologues have not evolved at the
same rate (ie. the rate of nucleotide substitution differs significantly along different
evolutionary branches). The test revealed that the human and mouse MID2 genes have
evolved more rapidly than the other MID homologues.

A phylogenetic analysis of the MIDI and MID2 homologues using maximum
parsimony (Figure 5.10 and 5.11) determined their evolutionary relationships. The high
bootstrapped values produced in the phylogenetic trees indicated that the data are likely to be
correct. The rooted parsimony tree indicated that gene duplication occurred after zMID,
giving rise to the MID/ and MID?2 paralogues. zMID diverged from an ancient MID lineage
before the MID1 and MID?2 sequences (Figure 5.13).

Both maximum parsimony and maximum likelihood phylogenetic trees gave similar
results. However, the maximum likelihood phylogenetic trees were not bootstrapped and used

the default parameters plus a simple evolutionary model that may not have been valid.
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Therefore, the maximum parsimony trees were considered to be more appropriate for the data

provided.
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Zebrafish

Rodents Human

Figure 5.13: Combined species and gene tree assuming the root is defined by the fMID. The
gene tree is drawn within the constraints of the known species relationships. The red dot
shows where the gene duplication may have occurred. To date, the MID2 gene has not been
found in chickens, however, there is a possibility that this gene is present (indicated by the

question mark).
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Final Discussion

To determine whether the MIDI gene is underlying of the OS phenotype, a mutation
screen was completed on the coding region of MIDI as well as its MID2 homologue. The
location and regulation of MID1 expression during embryogenesis and in a cell culture system
was investigated by the intracellular localisation of the wild-type MID1 protein (midin) and
mutated forms of midin (found in this study), the generation of a MID1 antibody and the

examination of a zebrafish model system in which to create transgeneic zebrafish.

6.1 The Role of MID1 in the X-Linked Form of OS

In the screening of MID1 for mutations, eight novel changes were identified from 16
OS probands (50%), five from 12 sporadic cases and three from 4 familial cases (Figure 6.2).
Previous mutational screens of MIDI in OS probands identified mutations in only 22.5% of
40 OS patients where 36% were familial cases and 6% were sporadic cases (Quaderi et al,
1997; Gaudenz et al, 1998) (Table 6.1). Overall, 77.5% of the probands in those studies did
not have MIDI mutations. This could suggest that the autosomal form of OS was
predominant in their patients.

The variation between the mutation detection rate in the previous work and the results
herein may be due to the method utilised for mutation analysis: direct sequencing opposed to
SSCP analysis. Alternatively, the criteria for OS diagnosis may have differed. The 16
probands in this study had been brought to the clinicians attention because of their clinical
severity. A comprehensive clinical description of the patients used in the study by Quaderi et
al, 1997 and Gaudenz et al, 1998 was unavailable, preventing a direct comparison of the
probands between these two independent studies.

The mutations identified in concurrent studies (Quaderi et al, 1997; Gaudenz et al,

1998; Schweiger et al, 1999; Cainarca et al, 1999) were mainly located in the C-terminal area
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of the protein. The majority of the mutations resulted in the premature truncation of the
protein. Similarly, in this study, the mutations were mainly identified in the C-terminal
region, highlighting its importance for the normal function of the protein. However, there
were mutations identified throughout the length of MID! showing that all motifs are required
for the overall normal function of midin.

There is a possibility that alterations in the nucleotide sequence in MID1 may have
been missed as the sequencing was restricted to the coding regions of MIDI (and similarly
MID?2) and mutations could reside in the introns or promoter region. For example, a mutation
residing in a regulatory region of MIDI could affect the level of midin. This may be the case
for OSP#8, where genetic linkage analysis has shown that this family has the X-linked form of
0S, as in this family no MIDI ORF mutations were identified. If indeed the family of OSP#3
contains a MIDI regulatory mutation, then other OS probands without ORF MIDI mutations
could also be in the same situation, making it difficult to know the true incidence of the X-
linked and autosomal form of OS. Alternatively, there may be more than one gene responsible
for the X-linked form of OS (e.g. MID2 gene). Once the promoter region of MID1 has been
identified, those OS patients with X-linked inheritance and no mutations in the coding region
(e.g. OSP#8) could have the MID1 promoter region sequenced to find possible mutations. A
mutation in the promoter region may or may not have a significant effect on the expression
levels of MID1, depending upon whether MID2 acts as a compensatory factor. For example, a
mutation in the promoter of MID1 may alter the expression levels significantly. However,
MID2 may then act as a compensatory factor making it difficult to predict the change in the
MID1 expression.

Anteverted nares and posterior pharyngeal clefting have only been reported in the X-
linked form of OS (Robin et al, 1995 and 1996). In this study, the OS patients with confirmed

X-linked inheritance were not always found to have these two features (see Table 3.1).
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However, this may be due to the variability of the X-linked OS phenotype. In addition, the
OS patients in this study have not been confirmed to have the autosomal form of OS.
Therefore, this theory may hold true once more information becomes available on the

distinguishing features of the autosomal form of OS versus the X-linked form.

6.2 The Role of MID2 in the X-Linked Form of OS

One missense variation, A358D, was found in the MID?2 sequence in three of the OS
patients, OSP#7, 9 and 13 (Table 6.1). The incidence of the A358D change was less than one
percent. This indicated that the A358D was more likely a mutation than a polymorphism.
There was one proband, OSP#9, that also had a mutation in the MID1 gene (1483C>T) as well
as MID2. The proband had a variety of the OS characteristics. This suggests that, with the
alteration in the MID2 gene, there may be a reduced ability for compensation that results the
presence of more OS characteristics.

DNA samples from family members for OSP#7 were available to screen for the MID?2
mutation. The half-bother of the proband had the MID2 mutation, the mother was a carrier for
the MID2 mutation and the half-sister was normal. OS characteristics of the proband were
mild, as was also the case for the half-brother and mother. There was no MIDI mutation
found in this family, indicating that a disruption in the MID2 gene alone can affect the OS
phenotype. However, it is important to note that the proband had a different father which
could complicate the interpretation of the results. For instance, complications in the correct
interpretation of results may arise if genetic linkage analysis was completed using the family
members of OSP#7. If there are differences observed in how the genetic markers are
inherited, these may be due to the proband having a different father. No DNA sample was

available from the father of the proband.
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Table 6.1: Summary of the MIDI and MID2 mutations and MIDI polymorphisms found to

date. Arrows show the position of the-change.

Location of Change Nucleotide Change | Amino Acid Domains Reference
Change Affected
ERIIEE-DE | 343G>T E115X before B-box | This study
A
P TIIER-DEE | Acxon 2 deletion of 1" coiled-coil This study
A third of coiled-coil
oD | 105 1delC frameshift before FNIII This study
A
-.m;p_ 1102C>T R368X before FNIII This study
BOIIEE-DE | 1330insA frameshift end of FNIII This study and
A Cainarca et al,
1999
SO D | 1402C>T Q468X FNII This study
A
GO IIE-DE | 1483CT R495X CTD This study
A
DO EE-DE | 1377T>C L626P end of CTD This study
A
BEIIEE-DE | 796T>C C266R Coiled-coil Gaudenz et al,
A 1998
SUICEE-DE | 948delG frameshift Coiled-coil Gaudenz et al,
A 1998
SO =D 1IVS6-2A>G* Skipping of final | Before FNIII Gaudenz et al,
A third of FNIII 1998
SOICEE-DE | 1312delATG Deletion of M438 | FNIII Quaderi et al, 1997
A
..M- 1483ins160bp frameshift CTD Gaudenz et al,
A 1998
DO TIEE-DE | 1527ins 13bp frameshift CTD Quaderi et al, 1997
A
DO E-DE | 1558insG frameshift CTD Quaderi et al, 1997
A
SO 1601ins24bp Insertion of 8 CTD Gaudenz et al,
A amino acids 1998
SOIIER-DEE | 1607T>C 1536T CTD Gaudenz et al,
A 1998
oD 1800delCCTC frameshift CTD Schweiger ef al,
A 1999
P IIEE-DE | C1452T No change Polymorphism | Gaudenz ez al,
A 1998
BDDIIE-DE | A1884G No change Polymorphism | Gaudenz et al,
A 1998
SOTIE-DIE | 1073C>A A358D Linking region | This study
MID2 A between FNIIT
and CTD.

*This change needs to be confirmed experimentally.
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Yeast two-hybrid and co-immunoprecipitation experiments have shown that
there is hetero-dimerisation between MID1 and MID2 (Short e? al, submitted). This suggests
the possibility that MID2 may be a modifier of the X-linked phenotype. Therefore, it is
possible that the A358D mutation could disrupt the ability of MID2 to dimerise with MID1
and thus modify the OS phenotype that is produced. Investigation of the intracellular
localisation of the MID2 mutation A358D has revealed that there is no significant difference
in the intracellular localisation compared with the wild-type MID2. The MID2 mutation
could be further investigated using yeast two-hybrid and co-immunoprecipitation experiments
to determine the affect the A358D alteration has on MID2 homo-dimerisation and hetero-
dimerisation with MID1.

There have been two rare polymorphisms found in the coding region of the MIDI gene
of OS patients and one polymorphism identified in five control patients in the intron region
before exon 3 (Gaudenz et al, 1998). The polymorphisms found in the OS patients did not
alter the amino acid. This suggests that the MID2 A358D alteration is more likely to be a
mutation than a polymorphism since an amino acid is changed in the coding region.

It is still unclear what the exact role of MID2 may be in OS and, like MIDI, there was
no correlation between the genotype and phenotype of the OS patients. To date, the A358D is
the only mutation found in the MID2 gene and polymorphism have been identified. There are
a number of human genetic disorders that have been mapped to the Xq22 region. These
include, the Arts syndrome (OMIM 301835), X-linked megalocomea (OMIM 309300) and a

locus for congenital deafness (OMIM 304500). It is possible that the MID?2 gene may also be
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a positional candidate gene for these genetic syndromes. However, this seems less likely with
the isolation of a MID2 mutation in an OS patient identified in this study and the observed
hetero-dimerisation of MID1 and MID2 (Short et al, submitted), which suggests that MID2
has some role in OS.

MID2 could be further investigated by determining the regulation and protein-protein
interactions of MID2. These novel MID] mutations and the novel MID2 mutation could be
used in yeast two-hybrid experiments to determine how the protein-protein interactions are
altered by the mutations. This would help to provide information on the roles of the midin
domains in the protein-protein interactions and the impact of the mutated forms on (0N
patients during embryogenesis.

A rare variant (deletion of a single A nucleotide) in a MID2 intron was discovered in
one of the control samples and confirmed not to be present in the OS patients. Given the

Jocation of the rare variant and its presence in a normal individual, it is unlikely to affect

MID?2 function.

6.3 Effects of MID1 Mutations

Four mutations (E115X, Aexon2, R368X and L626P) were chosen for further
investigation based on the position of the alteration in the MIDI sequence. GFP experiments
showed the intracellular localisation of mutant midin depended on the position of the mutation
in the MID1 structure. If there was a mutation in the CTD region (and the coiled-coil domain
remain unaffected by the mutation) the mutated form of midin was no longer able to associate
with microtubules. This suggests that the mutations inability to associate with microtubules is
a result in a loss of function with the microtubules which then produces the OS phenotype.

MID1 has been shown to homo-dimerise (Cainarca et al, 1999). The loss of function of
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mutant midin to bind to microtubules could be caused by the inability for MID1 to homo-
dimerise, suggesting that homo-dimerisation is necessary for microtubule binding.

From these results, it can be concluded that the coiled-coil motif may assist the CTD to
associate with microtubules (Figure 6.1). The tripartite domain, in particular the B-Boxes,
was required in its entirety to retain midin in the cytoplasm (Figure 6.1). In concurrent GFP
experiments (Schweiger et al, 1999; Cainarca et al, 1999; Perry et al, 1999), the CTD was
postulated to be responsible for the microtubule interaction. Results from the study herein
imply that the CTD being responsible for the midin’s ability to bind to the microtubule
network (Figure 6.1), the coiled-coil domain may also be important for microtubule
association. Yeast two-hybrid and co-immunoprecipitation experiments have shown that the
coiled-coil domain could be responsible for the ability of midin to homo-dimerise, based on
data from other RBCC proteins (Short et al, submitted).

Future experiments could involve further investigation of the midin protein structure
and how the mutations affect the structure. Protein modelling computer programs could be
used to determine the tertiary structure of midin as well as the mutated midin protein. Of
particular interest would be the effect of the L626P missense on the tertiary structure of midin
since it is a single amino acid change that results in cytoplasmic bundling similar to mutations

that have had the FNIII and/or CTD regions deleted.
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Figure 6.1: An overview of the possible functions of the midin domains. 1) This study (Cox
et al, 2000), 2) Cox Laboratory, personal communication. 3) Gaudenz et al, 1998; Perry et al,
1999; Schweiger et al, 1999 and Cainarca, 1999.
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6.4 Correlation Between Genotype and Phenotype

Analysis of the mutations and corresponding symptoms in OS probands did not show
any correlation between genotype and phenotype. For example, the L626P was a single non-
truncating amino acid change at the most carboxy region of the CTD. The phenotype of the
proband was the most severe of all the probands available in the mutation screen. In addition,
the mutation found in the proband OPS#6 could be identified over four generations of the
family. However, OPS#6 family members carrying the mutation displayed varying severity of
the OS phenotype. Therefore, the location and the type of mutations in the MIDI gene do not
enable a prediction to be made of the severity of the OS phenotype that would be produced.

The fact that the MIDI mutations were varied in location and effect and that there was
no correlation between genotype and phenotype indicates that the OS phenotype may be
caused by an inability of mutated MIDI to interact with the microtubule network. The
variability seen in the OS phenotype could be the result of the ability of other factors to
compensate the midin function. Currently, experiments are underway to identify the MID1
interactors using yeast two-hybrid systems and their role in producing the OS phenotype.
Once interactors have been identified, they can be investigated during embryo genesis and in a
cell culture systems.

There are other genetic disorders that, like 0S, do not have a correlation between the
genotype and phenotype.  For example, muscular dystrophy (Duchenne and Becker
syndromes) is heterogeneous and the phenotype varies depending upon the type of mutation in
the dystrophin gene. While muscular dystrophy (310200 OMIM) and OS are phenotypically
different, they are similar in the fact that both disorders show no correlation between the
extent of the deletion and the severity of the physical characteristics of the disease (Beggs et
al, 1991; Cox, Allen et al, 2001). This suggests that the epigenetic and environmental factors

may have a significant role in determining the severity of a disease, as seen in this study with
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the OS patients. There may also be compensatory factors such as MID2 which may be
responsible for the varying severity of the OS phenotype. The presence of genetic variations
in the MID2 gene could result in its ability to act as a compensatory factor, and consequently
affect the severity of the OS phenotype. The latter is a more likely explanation given the
evidence from this study and subsequent experiments (Short et al, submitted) that indicate
there may be compensatory factors involved. However, epigenetic and environmental factors

may also have an affect on the OS phenotype.

6.5 The Xp22 and Xq22 Regions

There are a number of different genes localised in the Xp22 region that have a closely
related homologue localised to the Xq22 region. For instance, MIDI is localised at Xp22
while the closely related MID?2 is localised at Xg22. Other examples include, phosphoribosyl
pyrophosphate synthetase-2 (PRPS2) localised to Xp22, and its homologue PRPSI found at
Xq22 (Becker et al, 1990), the nonreceptor tyrosine kinase gene (BMX) from Xp22 and the
related Bruton’s tyrosine kinase gene (BMX) from Xq21.3-q22 (Tamagnone ef al, 1994;
Vorechovsky et al, 1994) and the Duchenne muscular dystrophy gene (DMD) located at
Xp21.2 and the related homologue dystrophin-related protein 2 (DRP2) at Xq22 (Koenig et al,
1987; Roberts et al, 1996). This suggests that there is a region of homology between these
two regions of the X chromosome, Xp21 and Xp22, which may have arisen due to an
intrachromosomal duplication between the long and short arms (Buchner et al, 1999; Perry et
al, 1999). There are other examples of intrachromosomal and interchromosomal duplications
along the X chromosome, such as between the Xq28 and 1611.1 regions (Lundin, 1993;
Fichler ef al, 1996) indicating that an intrachromosomal duplication could be feasible in the

case of Xp21 and Xq22. Alternatively, these homologues may have arisen due to separate
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gene duplications. However, due to the large number of different homologues, including the
MIDI1 and MID2 genes, found within these regions, this theory would be unlikely.

There are a number of the above homologues (e.g. MID1/MID2 and Prps1/Prps2) that
have mouse orthologues present on the mouse X chromosome. This indicates that the
duplication occurred before the divergence of the human and mouse lineages (Perry et al,
1999), a conclusion that is further supported by the phylogenetic analysis carried out in this
study.

Phylogenetic analysis carried out in this study suggests that the zMID and fMID genes
had evolved before the gene duplication event that led to the chick, rodent and human MIDI
and MID2 genes. While results from the Southern analysis were not conclusive of whether or
not a MID2 homologue was present in the zebrafish, the results from the phylogenetic analysis
indicate that MID2 would not be present in zebrafish or fugu since the duplication event
occurred after MID genes had evolved in these species. The isolation of MID homologues in

other species would further assist in understanding the evolution of the MID homologues.

6.6 The Zebrafish OS Model

Mouse knockouts are currently being generated in the laboratory, but the zebrafish
model was initially chosen as a quicker alternative to investigate the pathogenesis of OS.
However, due to the difficulties outlined in this thesis this was not pursued. It was expected
that the investigation using the zebrafish transgenesis would complement the long term studies
using the mice. In cell lines, there is initial evidence of the over-expression of mutant midin
binding to the normal midin, resulting in the normal midin no longer having the ability to bind
to the microtubules, provided that the coiled-coil domain is intact in the mutant midin to
enable homo-dimerisation (Short ef al, submitted). Therefore, the over-expression of mutant

midin in zebrafish should result in an OS phenotype, due to the homo-dimerisation between
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the normal and mutant forms of the protein. This may also overcome the complexity of the
presence of more than one MID homologue in the zebrafish. Since there is a high similarity
between the MIDI homologues across species, another possibility is to over-express the
human MID] gene in the zebrafish to determine if a phenotype is produced. If no phenotype
is produced, then the OS mutations found in the MIDI gene could then be over-expressed in
zebrafish to determine if a phenotype is produced and if it mimics the OS phenotype observed
in humans.

ZMID is likely to be a functional gene because it has been isolated from cDNA and
there is an expression pattern observed in the zebrafish embryos. However, the isolation of
the remaining sequence from a ¢cDNA library would further confirm that there are no stop
codons in the coding region and that zMID is functional. Screening a zebrafish library should
enable other homologues to be isolated. Homologues can be aligned at the nucleotide and
amino acid sequence level, and expression pattemns compared to the known MIDI and MID2
homologues. This would provide information on how the MID homologues in zebrafish relate
to their counterparts in other species.

In situ hybridisation experiments showed that the zMID has a specific expression
pattern, only in the eye, from ~30days post-fertilisation. The zMID was found expressed in
the retinal neuroepithelium surrounding the region that differentiated into the optic nerve. The
optic nerve highlights the region where the first axons extend from the eye to the brain.
Consequently, zZMID could potentially be used as a marker to highlight this region before the
optic nerve has differentiated. Alternatively, this expression pattern in the eye indicates that
zMID may be involved in the development of the extension of axons from the eye to the brain
during embryogenesis.

This expression pattern in zebrafish was very different to what was observed for MID1

in other species such as mouse and human where near ubiquitous expression of midin is
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observed. Therefore, there is initial evidence indicating that the zMID may not be the
equivalent MIDI homologue. However, the chicken MIDI gene is expressed in the retinal
neuroepithelium of the chicken embryo (T.Cox, unpublished observation) and the Fxy is
highly expressed in the retinal neuroepithelium of the mouse embryo (Dal Zotto et al, 1998).
In light of this and the fact that there may be two MID1 homologues in zebrafish, the zMID
gene may be responsible for expression in the eye only, while the other unidentified duplicate
maybe responsible for expression in the remaining tissues of the zebrafish embryo.
Alternativley, the zMID ge;le may be expressed at low levels in other tissues during
embryogenesis that was not detectable using in situ hybridisation.

The alignment of the MID homologues protein sequences showed that the carboxy
terminus was not highly conserved, especially at the CTD. There was an 81% level of identity
between the zMID and human MID1 amino acid sequences. When the zMID and human
MID2 amino acid sequences were compared there was a lower identity of 67% which suggests

that zZMID was more closely related to MID1.

6.7 Conclusion

In the long term, the investigation of the MID1 and MID?2 genes, and the production of
a zebrafish mode] could help to provide information on understanding the pathogenesis of OS.
With an improved understanding of the pathogenesis, OS could be better diagnosed. The
dissection of the molecular pathology of OS by further investigating the function of the MIDI
and MID2 genes, may eventually lead to prediction of the OS phenotype. By establishing the
mechanisms underlying OS, then the embryological processes responsible for heart and

craniofacial development may also be understood and related to other genetic syndromes.
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Appendix One

Whole embryo (whole mount) in situ hybridisation (Quick and dirty in tubes)

Taken from the Internet from the site:
http://www.science.adelaide.edu.au/genetics/lardelli/mawpt.html
The web sit was constructed by:

Michael Lardelli Richard Tamme
michael.lardelli@adelaide.edu.au rtamme@genetics.adelaide.edu.au
Notes:

"Rinse" means resuspend the embryos in a solution and then immediately remove the
solution.

"Wash" means incubate the embryos in the solution, with gentle agitation, for the specified
time.

Before hybridisation begins, avoid RNAase contamination by wearing gloves, using
untouched plasticware and using autoclaved (where practical) solution

etc.. You do not need to worry about RNAase contamination when the embryos are in fixation
or proteinase K solutions.

There is no need to use paraformaldehyde. Formaldehyde works just fine.

Use cut-off yellow or blue tips to transfer embryos when necessary. Flame a pair of scissors
to cut off the tips!

Unless stated otherwise, operations are carried out at room temperature.

cRNA probe preparation

The cDNA for antisense RNA (cRNA) production must be cloned into a vector that
provides an SP6, T3 or T7 promoter site that drives in vitro

transcription of the clone in the antisense direction. We use the BlueScript I KS+ vector
(Stratagene) for this purpose. This is especially

advantageous since it contains T3 and T7 promoters flanking a multiple restriction site and
these promoters are flanked by M13 primer binding sites

(see below).

1) Clone your cDNA fragment into BlueScript such that you know the orientation of the
insert.

2) To obtain linear, RNAase-free cDNA, amplify the insert in a 25 uL PCR reaction using
M13 primers. To do this use 1-2 uL of a colony lysate or
1 uL of a 1 in 10,000 dilution of purified plasmid.

3) Electrophorese 5 uL of the PCR reaction on a gel beside DNA standards of known
concentration. Estimate the concentration of the PCR
product.



4) Mix the following reagents:
100-200 ng of amplified cDNA insert
0.5 uL of DIG labelling mix (see below*)
1 uL of 10X transcription buffer
1 uL of 20 w/uL T3 or T7 RNA polymerase (ie. for antisense transcription)
dH20 to a total reaction volume of 10 uL.

Note: This synthesis is one half the volume and uses one quarter of the DIG-11-UTP
recommended by the manufacurer.

*Digoxigenin (DIG) labelling mix:

3.6 uL of 100 mM ATP

3.6 uL of 100 mM CTP

3.6 uL of 100 mM GTP

2.3 ulL of 100 mM UTP

12.5 uL of 100 mM DIG-11-UTP
10.1 uL of dH20

35.7ul TOTAL VOLUME
5) Incubate at 37°C for 2 hours.

6) Confirm cRNA synthesis by electrophoresing a 1 uL sample on a 1% agarose gel in
TBE - 100V for approx. 30 min. (ie. Add 2 uL autoclaved

5X loading buffer and 7 uL autoclaved TE, pH 7.0 to the sample). Estimate the
concentration of the cRNA by running DNA standards of known

concentration on the gel. Hint: Wash the gel tank with water and SDS, use only autoclaved
TBE and do not cover the gel with buffer (ie. fill the

tank up so that the buffer touches the sides of the gel). Fill the wells with autoclaved TBE
before loading the samples. This will minimise the risk of

RNAase contamination breaking down the sample.

7) Store cRNA at -70°C.

Fixation, storage and preparation of embryos

1) Fix zebrafish embryos (with or without chorions) in PBS + 4% formaldehyde overnight
at 4°C. (Embryos can be stored in PBS + 4%

formaldehyde at 4°C for months.). To remove chorions after fixing, rinse and resuspend
embryos in PBT (PBS + 0.1% Tween 20) in a dish (eg.

sterile 10 cm petri dish) and use flamed watchmakers forceps - wear gloves and avoid
dipping fingers in the PBT! Alternatively, dissect in PBT + 4%

formaldehyde in a fume cupboard.

2) Rinse 1X and then wash 1X in 100% methanol (MeOH).

3) Place at -20°C for at least one hour.
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4) Wash for 5 min.:
1X in 75% MeOH + 25% PBS then
1X in 50% MeOH + 50% PBS then
1X in 25% MeOH + 75% PBS then
4X in PBT.

5) Treat embryos with proteinase K in PBT (eg. 1 mL per tube of a 1:2000 diln. in PBT of
a 20 mg/mL stock of proteinase K). Do not treat 0-4 hpf

embryos. Treat 4-8 hpf embryos for 1 min., 8-16 hpf embryos for 3 min., 16-24 hpf
embryos for 5 min., 48+ hpf embryos for 10 min.

6) Fix for 20 min. in PBS + 4% formaldehyde.
7) Wash 4 X 5 min. in PBT.

8) Transfer embryos to 1.5 mL microfuge tubes with locking caps (eg. Eppendorf "Safe-
Lock" Reorder No. 0030 120.086). Rinse with 1 mL per

tube of *prehybridisation solution then replace this with another mL of prehybridisation
solution. (Caution, the formamide in prehybidisation is

teratogenic - it can cause birth defects - so pregnant women should be especially careful in
its presence. All such work should be performed in a well

ventilated are or in a fume hood.)

*prehybridisation solution:

50% formamide (deionised)

5 X SSC

2% Blocking reagent (Boehringer Mannheim Cat. No. 1096176)
0.1% Tween-20

0.5% CHAPS (Sigma)

50 ug/mL yeast RNA

5mM EDTA

50 ug/mL heparin

(Store as 50 mL aliquots at -20°C)

9) Incubate at least one hour at 70°C. The tubes should be rocked slowly and gently in a
horizontal position. We place the tubes in a Grant BT1

Block Thermostat and then place this on its side on a rocking platform. After the
prehybridisation the embryos may be stored for up to a month in

prehybridisation solution at -20°C. Note: Microfuge tubes without locking caps will pop
open during the incubation!

Hybridisation and post-hybridisation washes

Note: embryos in prehybridisation solution can be very difficult to see. Take care not to
suck them up and throw them out when removing
solutions from the tube!
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1) Place embryos in 1.5 mL microfuge tubes with locking caps with 1 mL of
prehybridisation solution. Preheat to 70°C in the heating block.

2) Add 200-300 ng of probe to the top of the solution. Close the tube and invert rapidly a
couple of times. The idea is to mix the concentrated

probe into the prehybridisation solution before it can contact the embryos. Concentrated
probe must not touch the embryos!

3) Hybridise overnight at 70°C with gentle rocking as previously.

4) Rinse embryos 3X with 1 mL of prewarmed prehybridisation solution (ie. it should be at
least at room temperature when you add it to the

embryos - not straight out of the freezer!). To do this remove almost all of the
hybridisation solution from the tubes and place them upright in

the heating block. As you add prehybridisation solution to the tubes, close the caps, invert
the tubes a few times to thoroughly (but gently!)

resuspend the embryos and then place them upright in the heating block at 70°C again for
the embryos to settle to the bottom. Make sure the

rinsing solution contacts all parts of the inside of the tube and remove as much as possible
each time without leaving the embryos in the bottom

of the tube uncovered.

5) Wash 2 X 15 min. in prehybridisation solution at 70°C.

6) Wash 1 X 30 min. in 50% prehyb. + 50% 2 X SSC at 70°C.

7) Rinse 1 X and wash 1 X 15 min. in 2 X SSC + 0.1% CHAPS at 70°C.

8) Rinse 1 X and wash 2 X 30 min. in 0.2 X SSC + 0.1% CHAPS at 70°C.

9) Rinse 1 X and wash 2 X 10 min. then 1 X 5 min. in PBT at room temperature.

10) Rinse 1 X and wash 2-3 hours in PBT + 1% BSA at 4°C.

Antibody application, washing and staining

1) Dilute anti-DIG Fab fragments conjugated to alkaline phosphatase 1:4000 in PBT + 1%
BSA. Mix gently (ie. by inversion - avoid
foaming!!) and then place at 4°C for at least 1 hour.

2) Remove PBT + 1% BSA solution from the embryos and replace with the diluted
antibody. Rock very slowly and gently overnight at 4°C.

3) Rinse embryos 3 X wash 5 X 1 hour in PBT + 0.1% BSA at room temperature with
gentle rocking.

4) Rinse 1 X and wash 3 X 5 min. in NTMT buffer at room temperature. Note: the NTMT
buffer should be fresh (no more than one day old).
*NTMT buffer (50 mL):
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100 mM NacCl

100 mM Tris-HCI (pH 9.5)
50 mM MgCl2

0.1% Tween-20

Prepare this fresh from stocks of 1M Tris-HCI (pH 9.5) and 0.5M MgCl2 + 1M NaCl.
(The Tris and [MgCl2+NaCl] are separate
stocks since they cannot be stored together at high concentration).

5) Replace the NTMT with 1 mL of Staining Solution* per tube.
*Staining Solution (per mL)

1 mL NTMT
3.4 uL of 100 mg/mL NBT
3.5 uL of 50 mg/mL BCIP

Place tubes on their side, cover with aluminium foil to protect from light and rock gently at
room temperature for 30 min. Inspect the embryos

(look straight down the opened tube with a dissection microscope or remove into a glass
staining dish to do this. Note!: NEVER place the

staining solution in contact with POLYSTYRENE containers - black crystals will form). If
only weak staining is evident then rock the embryos

overnight at 4°C. If strong staining is evident then fix the embryos.

Note: Depending upon the number of embryos in each tube and on the level of expression
of the gene being studied the staining solution may

become exhausted. If the staining solution takes on a brownish tinge instead of appearing
yellowish-green then replace it with fresh staining

solution.

If you intend to section the embryos then "overstain" them until they appear rather dark.
The apparent background staining will not be evident

in the sections.

Post-stain fixation

1) Rinse 1X and wash embryos 1X in NTMT for 10 minutes.

2) Rinse 1X and wash 1X in PBT for 10 minutes.

3) Fix in PBT + 4% formaldehyde for 30 min. to overnight at 4°C

166



4) Remove fixative solution and replace with 1 mL 80% glycerol. Do not attempt to
resuspend the embryos. Just let them rise to the surface of

the glycerol. Cap the tube and place upright at 4°C. When the embryos have sunk to the
bottom of the glycerol then they have equilibrated

with the glycerol and can be examined microscopically. Be aware when handling the
embryos that some formaldehyde is still present.

5) Store embryos at -20°C or -80°C until use.
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Appendix Two: Alignment of the protein sequences of the MID homologues. The zebrafish protein sequence has been excluded.
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CNCRPQESPYVSGMKTCH : 715

CNCRPQESPYVSGMKACH : 685

667
669
697
667
667
680
667
667
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Appendix Three: Alignment of the nucleotide sequence of the MID homologues.
* 20 * 40 * 60

cMID1 ATGGAAACACTGGAGTCEGARCT UALCT(: CCRATSTGICTEGAGETIE T TIRGAS (JA,(.,L(— CL C‘C'lLGC;l:ﬁLL(..'J.G' l:(. C Hta fiC lgfbgl TCAACTGEGHE
£MID ATGGAAAC@PTGGAGTCQG CTGACCTCRCCRATTGTCTEGAGETS TTTGAGGARCC TePTEﬁTtCCCTGéGCHC ACECTHTCHTTCAACTCRCHR
hMID2 A TGOAAACECTGOAGTCRGAETCACCTCACCATTGECTRGAG TTGPNGPQCCECTHCThCTECC“TG GCpCASAGECTTGETTCAECTCRCHR
hMTD1 ToAAACROTOR TR oA R TG CCTORCCRATRTCT CT R ACE TR TIICARGAGCC CTRCTRCTECCATG GcicégAGECTsTG TTCAACTG
mMTD2 ATGGAAAC] CTGGAGTCEGAF FreaccTapcc ATHTGECTE:AC”T Tcggsacccap CTCCTACCETCRGCACASACCCTRTGRTTRASCTGHG
mMTD1 ATGGAAACACTGGAGTCIEG TGACCTGHCCQATnTGmCTHGAGLT TTTGAGGACCCQCTQCTGCTHFCLTG GCh AHACCCT;TGHTTCAACTGQG
spretusMIT ~TGGzs.zazu:z.xcfrc;GAGTC-.~sz,51 TCACCTONCCAATRTGICTSGAG TR TGAGGAGCCRCTECTGOTRCCOTGE GCHPP“ GTTCAACTGHG
rMTD1 ATGGAAACPCTCGAGTC*GAF GTGACCTGHC PHATnTGTCTEGAqugHTTGAaGAQCCﬂPTECTECT ccoromaelica
ZMID ATGGARACACTGCACTCRGALCTCACISCCCRAT ST GIC T CAGE TSI TEGAGGARCCECTRCTGCTECCOTGRGCHCA

* 120 * 140 * 160 * 180 * 200
cMID1 Ce CACCGCATCE l‘F‘r TCOCACTGHECCIC Ul sV: CGAGeCeeTies A%LHATLA“( (thl TCCAGTGECCEACCTGCCGoMATGTCA! 1(.1“\(. CTieA
£MTD COCACCGEATCATEG c-CACTcgnﬂ Mo s cCATC TTCCAGTCCCEACETCCOCEMATCTCATCACCTS
hMID2 CCCARCGOATITCE hcmh §7---CoTgR TR CEA rcﬁ*rTCCAGTGﬂrc ACOTGORGEMATGTRATCHCECT
hMTD1 CQCALCGCATLQTHGT“TC CACTGIEC OO : CCATCASCGCOTTCCAGTGECCH ACCTGCCG;@ATGTCATCAC CTN‘.
mMTD2 cqcaqccdmcgmawgrc@cmm _ =06 “GA cearg GCfiTTCCAGTGRCCRACETGORGERATCTRATCRCEC
mMID1 CECACCCRATCCTCETETCHCACTCHECCRCC R CGAGS dwﬁd o eciocaoncy cCBACETCCLG) ATGTCATCACECTEAS
peumesYRVESSIN . CllA TCOTGG TS TCRCAC TG ECCRCC R erecnsceaTcaliliac TTCCAGTG«FCEACCTGCCG aTCTCATCACHCTAL
rM1D1 c,CACCGCAchTGGTﬁTc CaCTCRe A B A G SR T G S CCATC A GC A TTCCAGTGCCRACATGCEOESATGTCATCACECTEAS
ZMTD | RCE S R o ot Y0 Na e WCREC GCOTTCCAGT ccEACPTGCQGc ATGTCATCACECTEES

* 220 * 240 * 260 280 * 300
cMID1 : LAGCG GCECTAG ECTCAAGCGLCAACG qu eC 'ﬁ"f-lﬂ(.ATpA'l GALS ."_' T CA{:AA-&’%’JL TCe TC‘H(J LJ(:GL.( TCECCEAGOGAG
£MID B CCAGRGEGG CTAGQEGGHCTGAAQCGOAAGGﬂﬁg ST ECARAACATEATIGASSGRTIeCACAAGGCATC Geﬂccd S TCTCCEARGAG
hMTD2 i coisCcgooscTecAoccTEanCRGEAN T ACHOTECARAACATRATRGAREGET CAPAAHFC“TC GeliecH AAHTcgcc ACRGAG
hMID1 i caCccilce ucwacig ~CTCAAGLCCAAQGTEAC§.THC AACATOATEGASRCETIECAGAARGCRTCRGT AGgGG ccc TCTCCOAGEGAG
MMID2 : Aﬁrcﬁe CTEG §CTGAAGHC@ GTEACS TEC CATRATRG? ceﬁg cacangccpTCGTEAGRGGECCO TCTCC AGGAG
mMTD1 B CACCONGORCTAGARGGECTCARCTGCARCGTEAC gﬁc; AACATCATHGASRCRTITACAGA AR GCATCAGTEAGAGGECCHAASTCTCCBAGHGAC
spretusMID : SENCHENSETGVENC GﬁCTCAAGCGCAACF BAClECTCARAACATEATACAS JﬂT ficAGARbGCkiTG CTEAGEGCECCAASTCICORAGHGAS
rMID1 CAGCOAGGHCTAGASGGECTORAGCCEAA! crigaccaaACATEATHCASECETTRCAGAARGCHiTC c GGECCOAANTCTCCHAGHGAG
ZMTD ARG CACTACABCCECTEAARCCOAACGTSACRATICARAACATOATSG e a8 acaaEoCTC renck GGGCCG ASTCIICCEASMGAG

* 80 - 100

100
100
100
100
100
100
100
100
100

197
197
197
197
197
197
197
197
200

297
297
297
297
297
297
297
297
300
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cMID1

fMID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

zMID

cMID1

fMID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

zMID

cMID1

fMID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

zMID

cMID1
fMID
hMID2

ASCCTECOCAGGAEGCE
TGR PAGTTGTGTGAH C AGGAQFC
GﬂFAﬂTTCTGTGAHPAGGiafc GANMGCE:

rs CAuTT TGTGAMCAGG. FCT}CﬁLAGG GCQC

TC CPHTTLTG”GAHCAGGB ole NGANGCHG

AGGCETY TEC ' G T
GG&CnTTHmw H{OCAL CCRTCTE ! “¥5TGnrpuTTCTCTGArFACGAQCCTﬂcFrAbuAgGCQC
HGGGA A CleleicleCyui TCAWCTl B Ol EnC O TCINEECAGARIEGTICIN cAGTTCTGTCQQCAGuAQCCTﬁcwcaGGAgGC f4G

CAGGA&CCT? CAGGAGCHG

ACCCG GGG*eﬁCGGCaTT G
\CTC L [ECAGCANCCESCECACGAEGCER

¥ 420 % 440 * 460 * 480 * 500

EEPAGAL ibCHLHAL TCEGAEGLETCLTAQTCEGARCAGTCECTE FIGCOACECASCC AA%AAbAﬁGLL T TOACEGCCCAPCGECTCATEGAGCC
T GACETGC G FAqFTeTCﬁTAQTG G2 AGTGHC ‘ﬁﬂMGCUACEC Clele AAanGAAGPCﬁTT AC FGHC G CTEATEGAGCC
HAC TGCIAT®ACETG GA*GT TCATACTGT TGECT CG FCCACHC BICCOANSARGAARCCHTT HC;&CCC GOCTGE GARCC

e enlGCLCACHC nCCEAAHAAPAAGCC T FCCAHFC CTGATHGAGCC

CLQ

T@AAGAcE G STEACHTGH jcAZCTS TCCTACTCTGASGAGTGLCTIEL :

TAAGAC chﬁT C TG B eTlSTCCTAGTGTG TGCCTﬁﬁéEbCCACiC CCRAASAAGARRICCHTTEACEEIGCCARCCECTEETISGARCC

JgAAGACHTGCeTﬁAC BTG GA GTPTCCTACTGTdA“GAGTGCCTﬁp;fGCdAC“CA SAAGARGCCTTHACEGGCCAN CGHFTGATHFAQCC

@AAGAC TGCeT Acnrr T TCCTACTC T GARCAGTGECTIRIGCOACRCARCCEANGAAGAAGCCRTTH fiacic GCCAQCGHCTGATHGAGCC
AAGACS

TGEK ﬂACHTG GAaGTHTCCTACTCTd GAGTGLCT, #GC IACIRCA _CHAAQAAGAAGCC TTgY ACFGGCC' HPTGAT GAGCC
TOAAGACITGLETSACH AEGT\ETCETARTGISA AGTC”CT gele CeCrd AAGAAGCCETT Acpvcnr GECT(2 e ele:
52 * 540 * 560 * 580 * 600
C\laLCGuAC1L CZ lld bﬁbL Aﬂqlbc TbeFL bAGG bAuAAGhlGAA ATGTACTG bl“AL bATb z ﬂle BCC IG
TCRGETeerte cac TECGEGCORTS AmwTrcHgGG GAer AGAAGGTE AAFATGTACTGTGTLACQGA A TCTG CRTTCHE
NG G L"GAC SAGATCH HGGGHTE. uaeﬁ GAGAA“GTb ABATGTACTGTGTEUCHGATG A T TCTGTGFCTTA :
n: CGGAb ASTATS “GGGWT A,4 AGG AGAA(:GTG ATG'I‘ACTGTG’I’W;CG‘JGATG@ ATCTG*I‘GCC'I‘TG :
"GAC :ﬁsT GﬁrcenT GCNTGG c GAGﬂ GAGAAGGTG ATGTACTGTGT GATb , ATCTGTGFCT
'HThCCbGACl Ec Tiel G»GGG iy p* Gch‘ ubAgGAGAAFGTGAAnATGTACTCTGTHﬁC GATGA c ATGTGTGPCTT
CCGGAC#C c n G?GGG T GCH AQGAGAAGGTGAA“ATGTAPTGTGTFAL GATGAS c ATCTCTGCCTT
TQCCGGAC c c GGG TH AthGC TGG ec G \GAGAAGGTGAABATGTACTGTGTEAC CPTG HCA THATCTGTGCCﬁTE
SCCGGARECER GG «T CCleTECCEAneC AEGAGAAGG AAGATGTACTGERT AC GARGARCARMTEATIRTGTICEE
* 620

G

ANECTEGT SGGECGECACCGEG
an A i CacACRC

GGECGICACCG

391
397
391
391
391
391
391
391
391

491
497
491
491
491
491
491
491
491

591
597
591
591
591
591
591
591
591

691
697
691
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hMID1
mMID2
mMID1
spretusMID
rMID1

zMID

cMID1

fMID

hMID2
hMID1
mMID2
mMIDL
spretusMID
rMID1

zMID

cMID1

fMID

hMID2
hMID1
mMID2
mMIDL
spretusMID
rMID1

zMID

cMID1

fMID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

zMID

ae ss ss sr 8w &

s ws ws ss se s

'1'G AAALT&G%E:&*LGQLA(LM @ ATLﬂbulﬁutﬂﬁLpulsAbﬁuAtfuwlﬁquHCAhﬂ l“hﬂLC&Aﬁ? ,T*UAG-@H.’&CTLAE AGCTEN

TGEAAACTGG CACCGCHE GITE;"P’T‘CAGPT Gcﬁ pSTGARGY mﬁ CHT&I_EGAEAAA Tﬂzxncc EGAGQ%IKQCTCA CAA@CT

TG QAACTGGT&FG¢CG~PPCCG GA CATCAGGT&GC PL“TGAGéf Glele TAﬁGAL\AA& FAAGLAAA“ TGGAGquAAuCTCACFAAﬂCTE

TG AAACTGGT GG CRCLG uAﬂCATPAGuTGGCﬁ%CL MATGA qc ECGe qCAcAAAHTwAAGCAnA‘ TTGGAGAHQAAHCTCACCAHHCﬁ%
GARCATCAGCTGGC

TGﬂAAACTﬁG@ﬁGCJFG"CACCF

_ TGAGHGAECGETANGAC mﬂAAGCPnA’ TTGGAGAEH CTCACFAAQQT%
TGUAAACTEGTRIGG CARCGIRGAMCABCAGCTGGCE Cle T GAECG A

TR “AC" TFAAGCAA?TETTGGP TCCiﬁ CTCAECAR

*

* 720 740 * 760
TIHAAGAG AAH'~ GAACTGGAL %LTBCleC HAALL&AT CAe \C:?G CABCAMGTINGARMGTIRAATGCES
T@AACAGH AﬂﬁTGGPnH%ﬁCT' ATGG qnq ATn A TG AEC TEGA:G ﬂAATGrf? €l
TAAGEGERACA CGAAcTnaaﬂp cERTocs AFAE' ca TGARGTENATHC c
TTAAGAG GAAdTGGAHpa TFGCa QT AT JAC ‘H ‘;
TTAAGEG AAC GAACTRGALARN ;.

TG MSAATGChY
ALAZ F‘*‘TGFC AAAQT- Aﬁ TG c el GTTGAﬁGTEAATnc

TIAAGAGRARCAS GAAQTGthAFwCT TGGCHAARCTS A

TfAAGAGaAAC HGAACTGGAHAF~CTSHTGGCQAAAcT- Té AgAc ive CAggAQGTTGARGTHAATGCﬁqC

G CA I""I"I'GJ% GT«AATGC??C'*[

TAAGAGIAAS GAACTGGAEACSCTIINTGGCHARACTISATECA praTchp ARGTTG GT«AAT@O; ole)
'*GAF%AAC' e GAECTGGARANSCTENTGGC ARG .TﬁC TGRC 50; GTTG ACLY X eCCETCAT
% 820 " 840 % 860 % 880 * 900
leb GA ThAl Al CALS Gl ALAAAi‘AF. SACHE AlﬂAAHbaMGb'mmbbT ECTHC !L AA CIEGCICAG
eG TGTG e oAmEP.gATmﬁT CAGCEE@F'HGACAAAT ATEYS HAAAGnﬁuGJAAGG agquT GCpy "CﬁCAG
FTerc qaﬂaﬁﬂﬁsT aTwAT GO e A AT AT S ST QATQAAAGA AAAGCTWTEARACT CAG
ercrcaNs: CT&ATNG ATﬂAT FAGCA AGP ACAEATHATHGELACEARSATISAR ARAG ché XGCTP“ﬂLgb“CT ﬁ rch CAG
SGARTGTGAEE AE TAAT caGane SNACAAATIEATHCISER ﬁaaAGA GAAGGTIATICARRCTISHCRA euTch CAG
GaRiTGTcA naHQTaaTnG AT»AT AGCA vaaCAAAT“ATHG AC AA?ATﬁAAAPAHuL AAGCW ”AG§CT G Az». GC RCAG
*GAHTGTG 0mﬂFT ATHGAHATHATHCACC -eGACAAAT“ATﬂGEﬁAc AAEaTuAApFAFGG AAGGTZATIIAGECTSGOAAL aTﬂrc CAG
ECAITGTGE C1 ”TmATﬁGﬁ“AT AT) CA.@‘HA A GACARATHATIG, aciian ATRAARGALIGG AAGGTtﬁTHPGQCT G@ARE THFC“PAC
AETGEGASINSCT NAGATHET CAGC. e GESCACAEATEATSCEBACEHANE AT AGZLQC‘GM;\A("GTF%T IEEAINNGC BeChCAG

920 * 940 * 960 * 980 * 1000
CAGATTGORAAGTGEAASCAGTG I SGASSCE | CERCATCECTCATCMORCARCCRGARE AGHCRCTEAASA AELAEg BCGEITeCTECA
CPGAT“FCEEEFTGMAP%CﬂGTG»JTE” GG TCORCINTCECTCATCINEECAAGCOGA CECTEAAGG C cc T'T) Pqikﬁﬂ
CAGETTGCHA ;@EECAGTGﬁETgPA- GGTCIVACAGISC TCATLEYNSCARGCHG c; ATC TuAAHGAﬁAAﬂGQECAH ETTERCTAICA

C

CAC@TTGC AARTG CAGT TﬁG G GGETCRYACA PTCATC“, gG ATCC¢HAAGGb‘AAQG ) TTECT CAGH
PAGATTGC AAGTG&AAMCAGTGr efJGTC CQTP r"TE’CA'I‘CL- CAAGC GAECRSC CTGAAGGAY AAgG-_PAMGF CGfTTuC NCAGS
CAGATTGCr qTG“AAhCAGTGh-@ GﬁRﬁGGTC' CATC CTCATCH CCAAGF PAH qC:CTGAFGGAgAAQG 'CAEGC CGITT CTﬂCAG
CAGATTGCPAACT AAncaﬁTGP, gGﬁ"ﬁGqTC' CﬂTCHCTPAT”'- CAAGC GAZ : PTCAAGFAFAAﬂb CARRGC PCagT CTﬂCAG
CAGAT’GC QT CAu TTGy GHTC CETCECTCATER ATT CAAGCOGA CA' CRCTGAAGGAERABECARCASGCHCG CT%CAG—

{

CAGATTGCEAALTGN&AFCAGTCIWT Ghr GpTCHﬁCATC CTCATL ARGCHGAaC'-lL FTGAAGFP“ ‘Qﬁhﬁ Aag TT CTWPAG
e @E @CAR CG

691
691
691
691
691
691

791
797
791
791
791
791
791
791
791

891
897
891
891
891
891
891
891
891

991
997
991
991
991
991
991
991
991
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x 1020 * 1040 - 1060 * 1080 o 1100

cMID1 : SIEET 1 CoCRCARACEGIICONTGGCAACIGUAT I CRCASG TGN CORGARNTRA L ANSGARACHTTTGARACH T @GO
: A X gﬁ AleATH AAggTéAﬁTP;EiC T TGANACITTIGCINST

fMID Tie HAARA &l T G'GAGAG €eGT TCCATGGCAACHGCATCﬂTC CA GT] TRCCRG
hMID2 CQCCHAA AARATIRECE GAGAGHGTL@rHATGGanCWGCATCHTc CAHGT T ,TchﬂGAaAT Ay AATGA c TTTGA*A & TTTGC]
hMID1 : AAﬁ ATC”C GAGAGHGTCTCCATGGCﬁAC@rCRTCchgc GTug TTCC GAIAT AATG; ATTTGASACETTTGC
mMID2 : AAéAT c GAGAG%GTCEC*ATGGCAACTGCATC TC cp T%ATTCC AgATrA. AATG TTGA NeTTTGCH
mMID1 : GcﬁAA ARRATCECE GAGAG”GTCTCLATGGCAacﬁGcATc TCHCAEGTSAT F TTCCOGARAT AnSeTS AATG. eAc TGAEAC TTTGC
spretusMID : Hecﬁ enﬁga ﬂr\GAGAG GTCTCOATGGCAACTGCATCETCOCA, GT TﬂATchHPA1AThAr&-T AATIG AC TTGAgAC TTTGC
rMID1 . alle AAﬁAh TCPCaGAGAG7GTCTCCATGGCAACTPCATC TCl8CA Tﬁ TCCQGAFATF QT AATGAQAC TTGAbACC TTGC
ZMID : TGeECE GCATC F'GPGACﬂGTCTCCATGGC@ACTPCe C@TCRCA T%ﬁT CRiG2 Aleln ‘r GASACETTTGAECETTEGCE

* 1120 * 1140 * 1160 * 1180 * 1200
cMID1 T GATLTTIIRCCE &:P(JAGM(JAAART" ‘l'ebAAr_g{.:r L:PTLA“C.I HLAGC'I‘"‘C' AAPPLTLLW'C ENETC GAGAAGAGCTOCTGRACRGCIE TCIMSARRGA
fMID e CATTTENCE GRdAAGAA?iTGCT GAAR GATITA aACAGCﬂCC CTCCH GT AT JPSGP@GAGCT@TG acHGCTTc AGGAC
hMID2 AT TTITCL ﬁrAﬁAAGAAﬁvTCPT CGCE THGATT TACAGC ccﬁAhccrncc AT ”FAFAAG‘“CTCTG IAC ﬁchCﬁCAdGAc
hMID1 AT GﬂsauAAG AR TCLTjGAAﬂGﬂ TeGATITA cTaAFAGCch ABCOCTCCE CiAT =raPAAﬁAGﬂTdTGgAC GCTTCEVIABGAC
mMID2 R AGATTTTTC G”GAQAAGAhﬂkTEﬁTﬁG g Ty ASTA ACAGCT“CHAACCCHCCﬁEC E‘uAGAAGAGFT TGHAC GCTTCf ABGAC
mMID1 : PATTTTTCL GAGAPGAAA*TGGTHGAAQC ! ATT=uuTFACAGcTCC. CCCHCCEeCEATy FAGAGARGAGCTGTGE AchCTTcV AGGAL
spretusMID : GATTTTTcp *GAGAAGAEP O TGC T GAA EGATTARCTIACAGCICC AﬂCCCTCCF*CHAT“HPAGAPGAGCT ITGOIAC meTCFQAﬁGPb
rMID1 A \GATTTTTCCS ecatAAGAAN TGCTWGAAaCa ﬁGATTa qTﬂnCAGCTPC AhcccbcceﬂcﬁAT»HuAGHAGAGCTﬂTG ACHGCTTCMW 4GAC
zZMID e CASTTETCCAGRGAGAAGAAGATCCTEGARE: %rATTp QT% CAGCTCCEAERECTCC el CEATEEG G*@GAGFTaTG NACOGCETCHYeA §GAC

1220 * 1240 * 1260 * 1280 * 1300

cMID1 A\ ) A‘lﬂA(. 1gLA(..l(:L:HC PO t_vl-LE,L‘:AGllLA(;CGlGG'll l(_uI‘ GA ﬂ‘(..lHLAUI‘hLALLAI ITCACIGGRICAR QLEuAﬁ(ql NI = = 5
fMID : CLATEAC GTﬂCACTGGAc@TCEPa GA&GAGTTCR GTGCT@TC TANGAZ CTRCAGTACECCAT, TTCACSIGEC ChéhquﬁGT o :
hMID2 A CCAT HFT CACTGG? CEGAuGAHGAGTTCRbCHﬂEEECTC T AﬂCT CAGTACAPCAT\TTCAChGG CAEGC ﬁﬁTEﬁT TAAGT :
hMID1 A COAT, nc e CARTGGACETCEG GAGTTCAGCQTp@fQTcp igGA%CT@CAGTACACCnIhTTCAC GGE CAP CEAA&QTQGT » I
mMID2 B COATRHACH TﬁCALTGG@ TCEG r GAHTTCAGCNﬂEEQPTCpT FTHCAGTACACCATHTTCAC Gca AF C AAgﬁﬁﬁyp —————
mMID1 A COATEAC GTIECACTGGAL TcwuaHG FAGTTCAGC&TQGT&TC Ti@ CTﬂCAGTACACCAT»TTCAC GGEIC dc S TN TERCIIACGTGG
spretusMID : RNeenulNe GTACACTGGAC c*s bAQPAGTTCAGFFTpGTF ITARGARCTE PAGTACACCATPTTFACQGGHC AGCle ARG TG T A
rMID1 : =ccmmn AC GgECACTGGAF TCEGAEb AGTTCAGﬁngGT TCOTA Gpgc CAGTACACCAT!WTPACMGGﬁ ch eI - - ————
ZMID A CCATWAC] CACTGGACETCEGAEG? GAbTTCAb TGCTITCRTABGAECTSCAGTACACCATSTBCACEGCHC %Gc ‘=AgTﬁaTgf ------

* 1320 * 1340 * 1360 * 1380
cMID1 i S e e e e S e A e R R R R S e e s 3
£MID e e e e e 2 e e e e e e
hMID2 . CATGGTGTAGTTGGGGCCTGTGGCCAGAGATAAGGAAATGTAAGGAAGCAGTAAGCTGCTCAAGATTGGCCGGGGCGCCACGAGECEICHAR

1091
1097
1091
1091
1091
1091
1091
1091
1091

1191
1197
1191
1191
1191
1191
1191
1191
1191

1285
1291
1291
1285
1286
1291
1285
1285
1285

1301
1307
1391
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hMID1 SISO S R R ettt GTCTEIGTAR : 1301
mMID2 A e e e T ATiE TEEAR TC* : 1301
mMID1 . COTGTGACGGCACCTGTCT-====m==== === === = o e m === - oo oo—o=—==s CCTCGGCTCCGCAGEIROHIGIEI .Tc'gr- : 1340
SPLELUSMID & == mmmmmmmm e o o e oo oSS T TS oS SSmommm o T mmTm T GTCTETGT 3 : 1301
rMID1 B e 1'1‘CTﬁTGTA \AE : 1301
zZMID e e e e T S SSSS T E T T T 'ITCTQ‘TGT Ale : 1301
* 1420 = 1440 ud 1460 * 1480 N 1500
cMID1 NGGABAGCTGGATGATIGTICCOAANATCAAZCAZAACCARTACAG GTGCARGGERTIC Crb v e TASATC T TATHG TEAASGCRATE '1‘ : 1401
fMID : Cleg k§P~AGCTGGM“(;JAT# GTh CHAnt‘A'FCAm;(‘AGBLACC e TACACIRGTGCCAECG {ETASATCTTIAT AARGCCA! 2 @ 1407
hMID2 : GAHQGCTGGATGAT bT CFLRﬁCﬂTﬁAAHPAGA}CC TACACRGTGCANGG TALATCTT{EA "ﬁGCCATﬂ C : 1491
hMID1 NG AIAGCTGGATGATIZGTE ”CC\ACATLAAGCBCAACCAQTACAC TGCAEP C Ale, GG*AF»,zHAA&ATCTTgATEGT AAHPPCA$§A. : 1401
mMID2 : EGAﬁAGLTGGATGATHGT”CCCAACATﬂAﬂPCAGAAPC%ETALAC THRCARGGECT AﬁAﬁﬂGGé cgggﬁr Cl TFTTﬁAT GTleA EFPCA : 1401
mMID1 $ eGAgAGFTGGATGATQGTFCCCaACAWCAAGCﬁGAACP TACACOGCTGCASGGECT HAGMCG”AC* CTARATCTTIEASEG e *qGCCAT S : 1440
spretusMID : GCTGGATGATHMG %CCFAACATCAPGPAGAACC2§TAPAC GCTGCARGE ACARAGHGGE e;T%ﬂATCTTdA [EGCCATEAN SN
rMID1 ! *GAHAGCTGGATGATﬁGT CCCAACATCAAGCAGAACCASTARACKRGTCCANGE ”ﬂaCA“AGﬂbG CAAG TCTT TeG C &GCCAT “ : 1401
zMID - WAGCTGGATGAT GTJCCCAPCATCAAGCPG —————————————————————————————————————————————————————————————————— : 1335
* 1520 * 1540 & 1560 * 1580 * 1600
cMID1 C 2 cGUAGGCAGCRGIACCAGHGAE CCRIEEEAECT AAHAC’ AAACAGHCAECCY ATTTARAGTGCGABCCCAAANGINECTC AIRELAACO TG, "‘"‘ﬁTC @ : 1501
fMID 3 AeGC GC“nH”CGSAﬁgRC “P"CC' NALPACT@AAR PEAAPAGMF eCC T’ TCGAGCCHA EnereCTCA 'i;*'ﬁNTGAHG NeTC : 1507
hMID2 : ”Aﬁ(‘c GCAGCCGEARCAGIGAIIC SETACCCGASNL MHACP"AAC“ ARICC TARANTGCGANCCC hAAﬁﬁCTQ VlelA A eV TGAA Cl A : 1591
hMID1 HC EGCtGGCAGCCGE%PFAG GAECCHNcie Aqs ' CNAACAP CAnl Cﬂ@ EA“TGG§“CCChAAJP E‘CTCA1 ”AAinGAAG TtTC& : 1501
mMID2 : A'GC GCAGCCG CAG Ga“PC & 'AA*AC@ﬂACA CAH TTTPPALT“GA:_CC\AA' “TCL TGAAGETTCY A : 1501
mMID1 : AHGC GGCAGCCGRAECAG GASCCESeNAECTEAN! €AC *CAP—MCA,_{C@TTT#@M%GM \CCCAAANOEECTCANSEMAAES TGAAGETETCH RN
spretusMID C GCHGGChGCCG “FAPﬂGP€CC“¥l AreCT ", C%AACAG%C “CPfTTTﬂgAgTGGﬁﬂLCCAAPW eCTCAmee): SReCC : 1501
rMID1 : CAL,GCP‘GGCAGCCG AECAGIGA ECCREEEALECTIEANEACEAACAGRCAECCATTTALASTCCAL \CCCAARINONeCTCANSELAARSTEAAGE T TC ORI
zMID T o e e e e e e e e e e e e e e S se s m e : =
1640 1660 ¥ 1680 * 1700
cMID1 : RIERCERCTRERCEAL AACE T{ERVIE? CECTCCERALETEERET] CF" NCCRIG GGERGCT. CCiGM? [EETEECIGH : 1601
£MID 3 CRAGCINEATGERGERGAR .:;—_gd Clele aﬁ‘AAGA CAC AGE G NGO TASGE s@c%lsuu;n Gy : 1607
hMID2 : ; G GCTC CT‘R.’%&GAG CACA ‘Ciﬁ"' AGEC 'GGGHLCT.ﬁ GH‘ @ECNGG%Aﬂﬂ : 1691
hMID1 ;TR TR EIGANGAEINEYTCEYY A G;;g; f"AC?XCar“r ArNe: NECORGEEen ey Ticlen eTA GC*ﬁGGﬂAA : 1601
mMID2 : BT P Gqu_r{G AGC CTG _AHAAG?-\. CACACHCCEG G*“"’I’ -'GGG“GHTAJaGgﬁ -GC CeArNATAl : 1601
mMID1 : ; { HCTC T AGAG:}CACW CCECAERG TT,,{E}M:*G cleleneshy: - Cg_gGG" ViCey : 1640
spretusMID : ‘AQTAP AAGAG ;CACH CC GAIEGE TeASIV GIYe HFGG"GCT G“PgﬂGCMFGgAﬁgH : 1601
£MIDL : waeAAAAGA CACACRCCRA R T TE A G ST IGCAC S e NEeAN TGS : 1601

+MID i e e L el e e e o e e e o o 5 5 1 o e i o e o ) o e e e :
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£MID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1
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hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

zMID

cMID1

fMID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

zMID

cMID1
fMID
hMID2

e we ws as aw
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NI TS ATECANAGRGG SGECANTAL TC‘G(‘B@G“‘CGTMA eG!__
GASAGEIGGEEGRCA TASTGGGAL uTWTE;A

tTT“AT

1720 *
WﬁTubGﬂ
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* 1760
PWACATCCTATGCEATIGCINNTTINCIATACAS TCIGERCC
T ESACATCCTRTCCRETECE! Y1 CCraCARETC clecc
SACATGCTATCCEATHGCOAT TGCHTACAARTCRGC C
\CATGGTATCCEATHGOIRETTCCRTACARNTCHGE c;,
ACATGGTATGORATIGG LTt:CETA(‘AA? el rc&c -
CATGCTASGCEATSGGESTECCETAC ..Tcébc cean

clel VXA CATGCTATGC
iy, FCEeler e §ACATGGTATGE

£ 1780 i 1800

BleARGCAETGH
q-%;s
e NAMRGAR

aAuGEHTFG
p 'AuGa"‘TG

ATIGG 'I“J.GC ACAAF CruGc coanite
ATRGCSE TGO TACAARITCE chH cBan ,_-,.AQGP-“T

C&P

Ec ne*’!‘cﬂ*"f‘.ﬂ:LTGGr‘- vm’
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'@TﬂbG”‘

nCe;CCTGGP QTQ%QQCG«TPCEACA»

TECTGGASTASG
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&T&g(‘TC‘GTG*

A qTELrTGGTG- |

A ﬂJAAL ARCRAAGGAZIAT

CASEACEECAAGCARA!

AHAAPAthACFAgAT
cAcaRiaacacancealiam

DT

CERCTIY

1701
1707
1791
1701
1701
1740
1701
1701

1801
1807
1891
1801
1801
1840
1801
1801

1901
1907
1991
1901
1901
1940
1901
1901

2001
2007
2091
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hMID1
mMID2
mMID1
spretusMID
rMID1

zMID

cMID1

£MID

hMID2
hMID1
mMID2
mMID1
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rMID1

zMID

SCEICCORGTITGECCEACELT ACIET e TGGAACAAR CRCCTRT AR
RCCh GT&TPQ(‘CF\ACiTT R -T@Tur*mcna; c zs 3'11‘_‘

&C* SCCRTIETGECCEAC T’I ACEIETETGGAACAITICH

cCHeCL C ACIETIeTCGARCARAET ENY G

CRAGHE FTFH T’I AC“NI‘eTGGBAf‘A;gT T 5 %ﬂﬂrﬂc

: 2004
: 2010
: 2148
: 2004
: 2058
: 2043
: 2004
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ZUUl
2001
2040
2001
2001

177



Appendix Four: Alignment of the nucleotide sequence of the MID homologues. The zebrafish sequence has not been included in this alignment to

provide a more accurate visual of the similarity between these MID homologues at the nucleotide level.

* 20 * 40 £ 60 * 80
cMID1 ATGGAAACACTGGAG lt; G ' CRsAT YNk l‘bA(:(:hL(..LH"' et g AC;H(.‘!CL{:EI TCAACTGEG
£MID TGGAAAC@CTGGAGTCEG EcTGaccTalce M TTGAGGACCCECTECTSIT ccrrgucﬂc- AGCCTRTGH
hMID2 ATGGAAACACTGGAGTC iﬁﬁT@APCTCch ATSTCE SCTHGAGRTETTTGARGACCC CTRCTGCTSCCRTG AACCCTCTG
hMID1 -TGGAAACACTGGAGTC Gp QTGACCTGECC AT TGTPTgGAGCT ﬁTTGAuraccc CTUCTEIC GPCLTGg IAGCCTCTG TTCAACTcgs
mMID2 ATGGARACACTGGAGTCIY AgﬁTGACCTCTCC ATgTC CTGAG TgTTTrAgaacccarT CTuCTnCC BTG SAGCCTRTGHT TIARCTGHG
mMID1 3 'TFGAAACACTGCAGchG TGACCTGTCCH ATHTGTCTGGAGLT I TTGAGGACCCHCTSCTGCTRCCOTGHG CA“ACCPTLTG TTCAACTGHG
spretusMID : 'TGGAAACAFTGGAGTCFG PTGACCTGTCCEATHTG CTHGAGDTaaTTbAGGACCCHCT CTGCTRECCETG, uFH ANAGCCTCTG
rMIDl1 3 - TGACCTGTCCLAT TGT g (ITTGAGGACCCICTECTGCT CCCTG‘GCHC AGECTETG

& 120 £ 160 * 180
cMID1 C ACCGLATECTGGTMIC Q’l T LLAuleLL%h(.(,‘l GCCGMWATGTCATCACECTOAE
£MID CpCACCGdATCCTGGT (GCOTTCCAGTGCCCEACCTGCCGMNATGTCATCAC FTQP*
hMID2 CCCARCGCATIATGGTS 3 GCETTCCAGTGRCCHACCTGCRGHATGTHRATCRCE
hMID1 CFCALCGdATCCTHGT TC a ;GCgTTCCAGTGLCCQACCTGCCGSEATGTQATCAC
mMID2 - G GCRTTCCAGTGRCCIACRTGCRGENATCTIRATCHCE
mMID1 -eTeG ETCOATO “GC TTCCAGTGCCC@ACCTGCLGGEATGTCATCAC CTO*
spretusMID - e TCOAT TTCCAGTGCCCEACCTGCCGGEATGTCATCACIEC
rMID1 @q-gﬂc AT AﬂdGCETTCCAGTGCCC“ACGTGCQQ'CETGTdATCAC

i 220 240 * 260 & 280
cMID1 Bl CAGCGRGGHC uaqu ELTL&AGLbCRAleWAL q EAACATOATEGACEGE TIICAGAARIGCTCECTEAGAGGGCCCAANTCECCOA
£MID IMCCAGEY G CTAGAEGG NrTCAAﬂCGCAAﬁPT ACE AACATQATTGACC TRXSCACAREGCHTCESE PGéGGﬂCCCigéTCTPCCP :
hMID2 : hCAECG CTEGANGGECTCAAGRGE HGTHAC g ‘ACATﬁAT G2 cc§$ CAPAAHPC Tjie CCCAAﬂTc CCEA
hMID1 WCCAGCGRGG CTAGiaGGECTCAAGCCPAALG pCL ACATUATEGACHG AAFGPHTCHGTeAggGG cce
mMID2 L CAEC ErcﬁCTgG- GECTCAAGRIGEAA AACA BATIG aT cacanlce GH\GGGCCCAAHY CTCCﬂPGnGAC
mMID1 BNCCAGCCHGGUCTAGA GGeCTCAAGLGancGT c gﬁg AACATPAT?G AGRITTY AGAA!PCHTCHGT%A GEGGGCCCAASTCICCOAG
spretusMID : hCAb GHGGHCTAGPCGGﬁCTCAAGCGdAA GT, Nancargariicaticlirracacaniicciircne %A GGGCCCiigTCTCCCAG
rMID1 CcaG crﬂGG ACTAGASGGECTCAAGCGLAALG _Arp TﬂbA AACATEATICALHG AGAAﬁGcﬂTc TEAGIGGECCCA

TTCAACTGEGHES
TTCOAECTGHG

TTCARCTGHG
TTCAACTGRG

TCTCC IAGIGAG

100
100
100
100
100
100
100
100

197
197
197
197
197
197
197
197

297
297
297
297
297
297
297
297

179



cMID1

fMID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

cMID1

fMID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

cMID1

fMID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

cMID1
£fMID

_ AECAGGA cc Caccatocc
_ EART GA S TGCCARTTCTGTGAECAGGASCC CEQQGGATGC
GGAEGEGC “CECCAR FYTER] T8CGAGALEG! Lﬂ{TCCCAbTTuTGTGQEPAGG CCTECECAG
S AR THACAC ,ﬁ.% b éfTGuc»ﬂmTLTCTGr CAGGASCC! EhﬁﬁuATGCﬂr
e ' - SCAGGATGCHG

PCﬂCAGGATGCHP
CTtCﬁCAGGhTGC;G

GRCAGTTCTGIG

(O TCCCAGT'TCTGEGAS ( L.L'Ié{(ﬂg

. 420 # 440 - 460 # 480 ¥ 500
[TGAAGAC TGCE COTG Aﬁbl TCCTACTCEGAGGAGTGLCTEANIGCCAC AGCCOAACAAGAAGCCHTTOACYGGCCATCG TGAl GAGCC
TGAAGACHTGCHT CSTG bthTﬁTPCTACTP GRASGAGTGHCTS, %CPCAcEgA CARCAAGAAGCCIETT@ACIEGGHC rc CTE@ATEGAGCC
RAARACK TGCHT ACSTGHiGAEGT@TCCTACTGLG GCFTGggaGCCAC SCCOARCARGARRCCITTEACIGOC CTG@T gcamce

TEAAGAC TG AC TGpuAEGTETCCTACTGfG“ GECT GCCACHCASCCOARCAAGAARNCCITT, GCICATICG PTG@THGAHCC

TGAAGRCHTCC*T TGng GTIETCCTACTGIGA R AGTGOCTGAARGCCACHC ABCC AACAAGAAGCC TTACE GGCCATCGICTGAT Gnucc

TGAAGAC TGCHT“ACHTG ﬂuTemCCTACTGTCA“rAGTG CTGAAQGCCACQC qadAArAAGcc TTRACK uGCCATCGHCTra GAGCC
ADV:

TGAAGAC TCIRE TIACINTGEGAIZG TCCTACTGLGARGAGTGUCTEAASCCCACIHCA e AAGAAGCC TT PCﬁGPQCATCG CTGAT GAGCC

ThAAbACETGHﬁT @ TGQGU \GTRTCCTACTGTG GAGTGUCTEAARGCCACHCASCC AAHhAFAAGCC TTEgAC "GCCA“CC CTGAT GAGCC
2 = : oo

520 * 540 * 560 * 580 * 600

(o CCGGACH! S ORIGGCGIR AT GTGCRIGGAGCAS GAGGABGAGAAGGTGANSATGTACTGEGTGACK bﬂTbHﬁr CiHATCTG GCC@TG

TCIGET, GACTCEE éEGGGGa-TﬂATGTGC GGAGCABGAGH rAGaAﬁGT@ TGTACTGTGTGAC&G AL HATCTGEGC;TG
GT CRGACRCIIC CGHGGG T) AEETGC "

PGGAECA“CAGNATGAG NCTG TGTACTGTGTINIC) GATGALCA T TEATCTGTGCCTTE
CGGACTCH NVT“LGGGG T TGTGCHTCCAGC CAGgabGAGAA Ciye ATGTACTGTCTGAF@GATPAQCAE ATCTGTGCCTT
‘mT CRGACHICH c THy CGHGC a ACCiele ARITE

GGABICAe PACHA?GAGAA G ATGTACTGTGTEUICHGATGARC TCTG-FCC%

\GGAGCA! GAGGATGAGAAGPT ATGTACTcmGTbACwGATGAcviE?T ATCTGTGCCTT

CA; TmCGGGC CTHATGTGC TGGAGC ACGATGAGAAGGTGHAHATGTACTGTGTGHCﬁPATGACP‘eTTHATCTGTGFCTTG
ATGTGCHNTGGAGCA GAGGATGAGARGGTEAANATGTACTGIGTEACECATGACCAE T“ATCTGTGCpﬂT‘

ATl CGCACTICEC ﬁnTHCGuGG rgaTeTeC
ARTSCCaGACTCE
ArsccacacTcECaRETe acEGeEaT

s s

391
397
391
391
391
391
391
391

491
497
491
491
491
491
491
491

591
597
591
591
591
591
591
591



hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

cMID1

fMID

hMID2
hMiDl
mMID2
mMID1
spretusMID
rMID1

cMID1

fMID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

cMID1
fMID

hMID2
hMID1
mMID2
mMIDL

spretusMIL

rMID1

TG ﬂﬂAleblebb CGRCACCGRIGABCATCAGGTSGCASRC CTGR TGA i ! FTGGAGA] ST AT CCHEE
TGRARACTGGTE GGMCGGCI&CCCar“A CATCAGGTEGCAGC TGAGTGAHCF‘ AT CAGAARRTEARGCAAAR A,tTg.IA}S CcAnSCTIARE
TGgAAAcTGGT GGRCC “CACCC*uA@CATCAGGTEFCEEPT cagraagcay WTGAEAARSTIAACCARAGNE ECAGAﬁEAAEhTCACCAp cTe
TCRANACTGCTHGGECGECACCCRG HCA’I‘CAGGT(.;(JCAGCT"TGAGTGA%CGNTATGALW TEAAGOAANIGTTCGAGAGTARICTCACCAMICTRANE
TG“AA_?\.CTGG’IMGG-J‘CG?CACC,G GARCATCAGGTEGCAGC T TEAGTCARCGTATGACAAART EAACCAR AL TTEGAGAET ApﬂrTCAt:CAAHCTg
TORA A CTGGTHGGECCECACCOEGARCATCAGGTAGCAGCINTEAGTGAECGETATGA! SAnCCAnRRBTTGGAGARTAMCTCACCANMCTRARE

gl

* 720 * 740 i 760 * 780 * 800
TIAAGAG TG {JHAQTG(JA “‘TLT,‘_I‘(:L:C AAACT Lgr\'i (CA 1‘ ECARCARGTI LJA AATGCATC 'CC-‘ ! TGA;
GAGer® TGL,PJ‘ AAACT) (‘A rt %c%u P‘M\TGCA'I’C 2 m‘d CTCE
TTARGECEAACA GAAQTF‘GAHAH’I 8 ConnnCTdaTRCAARS PAAgCAHGng R A ATRCEEC S B TR e e
TmaAGAGEi? NeandTic: rqw TGGCAAACT(S ATE % _; par GTIGAL GTEAQTGCATC-wC CAﬁGAAGCCAA TGASAGE
TTAAGEG uﬂACT“F ATGGCEAAACTRATECAEA “TG CAECA! GTTG TIRCHEC GAECCRARLCTHA
TTAAGAGIAACASRGAAG TG “»TCTL TGGCHAAACTEAT cigag TbHCiH AHGTTGA AATGCATCES GAAGCLAnﬁCTG~ :
TTAAGAG“AAC AGAA TGGAHAFTCT TGGCqAAACT AcuTGHCAﬁ GTTGAHG AATGCATCEEGHCA P CAler:
THAAGAG“AAﬂ~ﬂ AGAACTGGACASEC T TCCLIWAAACTEATSCA HAC TG CAﬂc WGTIGAECTSAATGCATCES :

i 820 x 840 e 860 i 880 s 900

Jeoge i CCICATPGARATIATICARNCACAGABCACARATIATIGIERAC EGAAGGRAAGGTIEETCAGE
TGTG2 c-rc;;rﬁagwamﬂcmq EEGAAGACARATIATIVIEEAC Bar ‘maemeeﬂmr*r c TGQGGCT
GAATGTG' CAGTHCCRAR ATLATECAG“ =G@ﬁﬁ§CAAAT§A
A
A

G AHTGTG' 'z bTL%T iﬁ. HAT FAGChaAG ACAEAT TTbe‘AC’AAEPT AAAG AAGG 'GCT&ETGAbbC Cle

GAATGTGASEINERT CAGC ACAAATEATTC ARATEARACAGNOINAA GG TIRATCARNC T
JGAATGTGANCINCGTCAT «up AT wATHchc%raAbACAMT I&TITG SACE @m'r“mcmu AAGGTEATEAGGCTEG
GAATGTGA“CM-”LJTCAT mGAHlXTﬂAT CAGOANAGAAGACABAT AT’I‘G {aclla AAEATRARRGARC SAAGGTEATHACCATENG
GAATGTGASCINSCTCATRGANATIAT CACEANAGAAGACANATINATIGE: AC“ T@ARRGAAG HAGGTeATG;GGq CE

* 920 ¥ 940 960 * 980 * 1000
CAGATIGCHAAGTGEAASCAGLGL S SGACMGETCEACATCECTCATCHRCACAEGCIGACCASICICTEAAGCASAARGARCASECRC CTECARNA
CAGPﬂTﬂGC UTGE CAGTCOMTECAGETCC CFTCATERCRC Gcg NEeCleC TEARGGAEERECACCA cnce TT) CTE
CAGETTGC GESESCAGTGETIGAL GGTCE JReCTCATCE czwsc GAEC? CTGAJ‘\F‘PA%AATGAC(‘A” ETTRCT CACH
CAGATTGCRAAGTGEAACACTCORTTGAR GGTC%CATC CTCATC nc SCARGCECARCAR, CTGAA(JGANAATGAgc PECG TT CTF CAGA

CAGETTGCHAMNTGEEESCAGTG STTGAESCETC @c&‘cm ”"CE
CAGﬂ'rTr"cF,, AQTCRAR, {CaGTCC S TTCARGGTC CTCATF:QL CAAGCHG o CecToanGGAaATGACCASEC GQTT CTHCAG)
e

CAGATIGCEHAACTGHAA 'WCAGTGC ARG A TR ATCRCTCATCMCSCARGCR CTGAAGGF\“AATGACC o CGQI‘TH CTHCAG
i an) B H

CAINROCTRAAGGARAATGACCAL Hccewrrgc,fr CACH
CAGATTGC A.hC;TC AMCARTGL: ArrcaANIGETCecATCRCTCATIIMCECARGCE CTGARGGAS :r{mqm iC CTﬁCAG

byl
691
691
691
691
691

791
797
791
791
791
791
791
791

891
897
891
891
891
891
891
891

991
997
991
991
991
991
991
991

181



cMID1

fMID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

cMID1

fMID

hMID2
hMIpl
mMID2
mMID1
spretusMID
rMID1

cMID1

fMID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

cMID1
£MID
hMID2

* 1020 1040 * 1060 * 1080 * 1100
LQGLH AGATCIICEGAR ﬁblHTL(ATbbLARLTblAFLgT CAEGTIWATIATTCCIGARIAT CHRCLY: Gﬂ“AL T”TGAHPC I CEEACH
cpecgan A ANASATC G CAGAG T TCOATGGCARCRGCATCRTCCARGTERTERTRCC A AAL TEAAqrraac TTTGANACHTTTGCHS
cpiceEArRARAA AGACHGTL@F“ATGGCAACTGLATPHTC cal] GTutzuﬁTTﬁcﬂsésATcﬂ TRAATG ETTTGA ARSTTTGCAT
cliocpp AAKATL“C SGAGACHGTCTCOATGGCAACIIGCATCATCECARGTRCTEATICC BGALATCAN ST SAATGASACRTTTGASACSTTTGCHTT
CAGAGEGTCECHATGGCAACTGCATCNTC C:E TIEATTCCE {EATC ™ AATGiﬁaC TTTGARNARSTTIGCHTT

GCﬁAAE CguAGACHuTCTrLATGGCAACTGCATc & TCRCASCTIRATEATICCRGARATC ARSSTRANIGARACE I TTCARACRTTIGE i
el 1ﬂﬂATC CQGAGAGRGTCTCCATGGCAACTGCDTC TCHCASCTEATRATTCCRCARATCAN BT A AT GABAC T TTGARACHTTTCCRTT
CAGCHIA A AR A TCHCAGAGACIIG T TCCATGGCAACIIGCATCTCSCARGTRATATIICC callaTCanBeTEAATCASAC T TTCABACETTTCCETT
1120 * 1120 1160 * 1180 * 1200

bArTF RCCRGEGAGRACANARICH CCARSCSSTRCAIT ARG A CARGAGC T AU ICRTATGA
GATTT, gagEGAGAAGAAA TGPTuGA%“i GaliTARAT ACAGCHCCEAAHCCTFC GTA CGEPA@GAGCT@TGsALQGCTTC ASIGAC
NCATTT T e HCCARARGAR AL TECTE CAEECEATRCAT TiﬁﬁTMACAGC A R R A T S CAGARGARCTOTORACRGCETC SEATGAC
gic GCITCIPATGAC

AGATTTTTCCE PHGAGAAGAAACTGCT”GABAG# TG ATTABG TIACAGCHICCISAAL CCTCCR'CiAT GAGARGAGCTATG
8 ATTTTTCACCARAAGAAAC TR TECAEECES GA@TiEﬁTFACAbCTCC CCNPCEEg 5&

H GAGAAGAGCTCTGHAC rCTTcﬁEATGAc
GATTTTTCCE CﬁGAbAAGAAACTbCT GAANGE @GATT ACAGCTCCQAACCCTCC GAGAAGAGCTCTG, AchCTTCPM TABGAC
ATTTITCC eGAGAAGAAACTbCTrbapnGa ATTA® ﬁACAPCch angccmicce ATaﬂGAFAAGAGCTqTGgaC GCITC@TATGAC
AGATTTITCCS G@GPGAAGAAPCTGQTﬁc ‘auﬁ TEGATITAS TﬂACAGcTCP Apcrcﬁuckﬂcﬂ GAGARGAGCTATG, FGCTTFETATGA
* 1220 * 1240 * 1260 * 1280 * 1300
ACQATWACHGTCCAGTGGACHTCIICARG NGAG 'L CAGCG GGG IO TASGAECTECAGTACACCATMIICACHGGRC i T - - ——— -
ACQATQAC‘GTECACTGGACeTCEG G PAGTTCAEFGTGGT@TCtT GAR ranAGTAcgccaw TCACORG] c ------
ACCAT“ACﬁGTCCACTGG HGAnGAHPAFTTCAQCHTEQQQTC-TA Fr@ GTACACCATATTCACHG S AWCINGTAAGT
ACCATMACHGTIECARTCCACET GAGTTCAGCGTGGTATCT? cnle TEEAGTACRCCATATTCACQ“G CARG \¢ GTIAREEEEE
COATRAC CACTGGA TC G rAﬂTTCAGcﬂwﬁnngc- r eCT ,AGTACACCATATTCAC!GGE —————
C EGTECACTGGAL ok GA&TTCAGCGT&CTCTC ACGTGG
HG GAGTTCAGCGTFGTGTC ——————

GTCCACTGGACHTC GA
CCA & Esiﬁ QGAGTTCAG”;TGGTQTC

NCA

———————————————————————————————————————————————————————————————————————————————————— GTAAE

—————————————————————————————————————————————————————————————————————————— T TGEAA;

CATGGTGTAGTTGGGGCCTGTGGCCAGAGATAAGGAAATGTAAGGAAGCAGTAAGCTGCTCAAGATTGGCCGGGGCGCCACGAG SC T\& TEYIAR

1091
1097
1091
1091
1091
1091
1091
1091

1191
1197
1191
1191
1191
1191
1191
1191

1285
1291
1291
1285
1286
1291
1285
1285

1301
1307
1391

182



hMID1
mMID2
mMID1
spretusMID
rMID1

cMID1

£MID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

cMID1
fMID

hMID2
hMID1
mMID2
mMID1

spretusMID :

rMID1

cMID1

£MID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

T..

* 1420 1440 * 1460 * 1480 * 1500
CE abLibbaleITbTHLLCAﬁuALCnA‘LA'AALL S TACACEGTGECANGGEINTHICAEAGRGC ALiAAGTAa““‘ [ “”aAAﬁGcnx= AN
Cle GCTGGATGATTFTiCCﬂAnCATCAAGCAGAACC STACAC GTGL GG G‘ Aﬁﬂ? ACwApuTAMATCTTﬁAf TIGARRGCCATE
AGCTGGATGATIGT PCLAACATﬁAAHCAGRACC; TACACEGTECANGCE ar GG%AC AHATCTT GTIAMNGCCATINAAC
GiﬁAGFTGGATGATﬂGT CCCAACATLAA&CAGAACCAETACAC GTGCAEGG AHAF elel PC”AAGT SATCTTCAT TH“-EGCQA C
GAﬁAGCTGGATGATTTT CCAACATRAAGCAGAACC TACACHFTEC PGHETEP eTele ACQEEQTAEATCTTQA GTiEARL COATE:
G AGCTGGATGATEPTecccaACATLAAGCACAAccigTACAC GTpCp @ CA AbjPGganAAGTAHATCTTQ‘rEGTgAAﬁGCCAT
23 H ' CAHAGQGGFAc%ApGTAHATCTTcA ECTEAR

hGCTGGATGATTGTH

* 1520 1540 * 1560 % 1580 * 1600
LA&GUEU‘CRGCiG~AGLAb QELL Al (T ¢%LEAAthﬂL ECCRITTTAAACTGCAMCCCARATCIGCTCANN AAﬁCiGAA 1QLLHC
CAGGCEGGHARCOG ‘GCACE;A HG* ARNC ACI¥AACAGICAECC QagEETGG CCRIAAETCRGCTC geﬁ GTGA@GGTGTC
CA"GCEFGCAMPCG RCAG ”A“CC ACCC ﬂT %ARACHAACAG CARCC TTT TGGATCCCARARNNERCTC iigﬁTGAﬁGﬁTETCC*
CAGGCEGGUAGCOGEAGCAGHGAECCHG AAHACﬁAACAG Ar CC-TTTAAACTGPPTCCCAPATC GCTCANEGHAARNCTGAAGGTGTCLC
CA“GCEGGCAGCCG ARICAGRGARCC ACC' H acaccalicch TTTAAAQTHGATCCLAgngﬁgbCTc‘ EA AR TGAAGRTETCCE
CAGGceGGCAGCPGHAGCAC GASCCEG '¥L$HAA@AC CAG CAgrC%TTTAQAQTGPATCCCAAATLHuPTCA [CE céTGAAGGTbTCCC
CcaGGCRGGEAGCEG AGCAGHG A;CCHCEE AbMTHAA AF~AACAG c M AAAGTG&@TCCCRAATCHCPTCAEQGFAA* TGAAGGTGTCCC
CAGGCﬂchAchc AGCAGHGE ﬁAC%AACAG CP &CFﬁTTTAAACTGGPTCCCnAATC GCTCA AAGTEARGGTETCCC

¥ 1620 1640 1§ 1660 * 1680 1700
ATGAGAACINTCGACK G].(“L.-:A (SGIGATGARVCST'C :.T,E(C: AAGAGESCAIRACE C G ec ATTCACRIAGCCARGCEAGET uta (;(.ré 3G Ahr"GT
SCAlAACITGACEGTEGARRCECASCAGICETCE AAHAAGAG cag Brrcacgdoce "G GET> GG
ATGA E VX GATCALVIESTC CT \GAGEICACAC Cp G -FeTTﬁAH GEEACE rdT L GGAAATNT
AHGA TGACHG TNG N CCACATGAERCNTCIUIC A NEAAGAGICACACIICE GA'CGETTCa%ﬁtCCL JGGAGCTAQGC Tv AccAATETER
ATIGA GGA TG -T@GA-AA GATGAIE S TCINepEA A EAAGAGECACACHCE GA@E TTHAH*gbC' NGGGHGETARGE gggc AGGAAATRITHE

IGAGAACSTCACGTECAENGGARE TR CRARGARGAGH CACEC CC GAECCETTCECIHEGRCAEGCCACETABGGEG PQGGEAAEET :
ATGASAACMTGAC THL—:A' *GﬁGATGA Te TV AAGAan‘At‘A(‘ calicd Tcacwcﬂcw ‘GGGAGF‘TAAGGHGT! JGCH§GGAAATGT
ATGASAACSTCACIGTHGAS ATG CARAAAGAG ACACﬂcp GAHCG TCACLJGCCA”GGGAGQTﬁ coscTEGe IGGAARTGT

SAAGTANATCTTCATEGT é"£

1301
1301
1340
1301
1301

1401
1407
1491
1401
1401
1440
1401
1401

1501
1507
1591
1501
1501
1540
1501
1501

1601
1607
1691
1601
1601
1640
1601
1601
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cMID1

fMID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

cMID1
fMID

hMID2
hMID1
mMID2
mMID1

spretusMID :

rMID1

cMID1

£MID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

cMID1
fMID

hMID2
hMID1

* 1720 & 1740 % * 1800
/LA NGAGAGECGRCCECANTACTGCGAAG AT AT ; GC@AT . N TACARETCAGCICCEANCCATGARTGG
e TRCAT, GACPGEPC GOCAHTACTGGGARGSETER!
aTLCATQGPCAGqPGC BCSCASTANTCGGAEGTGGTCA
ETTRATHGAR ”AGHGGccGePAaTa A TGGGAAGTGGTCATE
ATTCATEGACAGHGGCICECASTACTGGGAEGTGGTCAT
eTTCAT@GACAG cochc TACTGGGAAGTGGTC
QTTQATQGAﬁAGHGGCCG“LAQTACTGGGAQGTGGT;&.*5

T”AT”GACAGJGGQCG‘CP"TACTGGGhPGTCGTGA,*;-

’ACATGGTATGC*ATTGG ;

ACATGGTATGCEATICG EC'QA- AT Brec
NACATGGT; TGCHATTGG 'TTGCaTACAAATCEFCHCC \anleaTcATGE
iECtTACA@ATC@GCtCC

G ACATGGTaQ GRETGG
ﬂ* & T IGCE TACAAATCAGCgrcﬂiaﬂCATG;NTGc

ACATGGTQTGCHATTGC
3 *CATGGTATGCﬂﬁTTGG CTTGCUTACAAATCAGC'CC‘AA'QATGA gyele

ETECCOCTGCAACA NS TGGGTGCIGHGACACAACAGCAALG
CTETECHGRTGCAACARGEETCECTCGE GsG SCACAACAGCAAGGAEA
TgcH CcOTGCHAR MAACTHS GTFGTG GACACAACAICAAGGAAATE

s
ST eCCGOTGCAACARRAACTOGGTGG! rGACACACAAJAGCAAGGARA AT
i FHTCCAAdA@eAA CTI®CTGE! P@LACAACPHPAAGLJS\AA ﬁ’r
e-r AT
it

TﬁLCFLTGCEAdAP QTGGGECGTG bACAC@ACﬁbCAACGAE&
AAA TGGGTFFTFNFACAQAACAGFAAGFAAA
quemscmeﬁear- AACAGCAAGGARATE

TGGTGGACTASGE
TGRTGGACTARG
CTSCTCCARTANGASARSE
HFwaTCCTGCTGGLgTAﬂGAg 2GG C
GG éTCCTgCTGCAﬁT 52 . ET a
[SGGETC C@TT

8 h
SECHTT TATGAﬂG
 C“TTHTA|GD 3CES

. 2040 * 2080 * 2100
" SCCRATCCRoAC A A S RoASCACCHERSR
CCEATCCCRGASC _THCAGGGG*C CTICAACAAG

docRGA
CFG

1701
1707
1791
1701
1701
1740
1701
1701

1801
1807
1891
1801
1801
1840
1801
1801

1901
1907
1991
1901
1901
1940
1901
1901

2001
2007
2091
2001
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mMID2
mMID1
spretusMID
rMID1

cMID1

fMID

hMID2
hMID1
mMID2
mMID1
spretusMID
rMID1

S TgCC

@ TECCHATCCC
5 EATCCC
CC®ATCCC

2004
2010
2148
2004
2058
2043
2004
2004

BIGARCATHIT Ao {el@TACCT

2001
2040
2001
2001
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Appendix 5: The nucleotide and protein sequence for chick MID1.

il
1

21
61

41
121

61
181

81
241

101
301

121
361

141
421

161
481

181
541

201
601

221
661

241
721

261
781

281
841

301
901

321
961

341
1021

361
1081

381
1141

401
1201

M ET L E S E L TC P I CULEUL F E D P
ATGGAAACACTGGAGTCGGAACTGACCTGCCCTATCTGTCTCGAGCTGTTTGAGGACCCG

L L L P CA HSULCVFDNTCMAHIZ RTIILV S
CTGCTGCTGCCCTGCGCTCACAGTCTCTGCTTCAACTGCGCGCACCGCATCCTGGTCTCC

H CA SN EUPV E S I T AUV F Q C P T C R
CACTGCGCCTCCAACGAGCCGGTGGAGTCTATCACCGCCTTCCAGTGCCCCACCTGCCGC

Yy v I T L $S 9 R G L E G L K RNV T L Q
TATGTCATCACCCTCAGCCAGCGCGGTCTAGAGGGGCTCAAGCGCAACGTCACCCTGCAG

N I I D RF Q K A S VvV s G P N s P s ET
AACATCATCGACCGCTTTCAGAAAGCCTCGGTGAGCGGGCCCAACTCCCCCAGCGAGACC

R R ERAUFD SN S M S S CEK VL C Q
CGTCGGGAGCGGGCATTCGACAGCAACAGCATGTCCTCCTGCGAGAAGGTCCTCTGCCAG

F ¢C D Q D PAOQE EA AV EKTOCVTCE V S
TTCTGCGACCAGGACCCTGCCCAGGAGGCAGTGAAGACGTGCGTGACCTGCGAGGTCTCC

Yy C E ECL XK A T™H PN K K P F T G H R
TACTGCGAGGAGTGCCTGAAAGCCACGCACCCCAACAAGAAGCCTTTCACCGGCCATCGG

L I E P I P D S H I R G L M C L E H E D
CTGATCGAGCCCATCCCGGACTCTCACATCAGGGGATTAATGTGCTTGGAGCACGAGGAC

E K vV N M Y CV T”DD Q L I C A L C K L
GAGAAGGTGAACATGTACTGCGTGACAGATGACCAGCTGATCTGCGCCCTGTGCAAGCTG

V G R HRDHOQV AAL S EUR Y D K L K
GTCGGGCGGCACCGGGACCATCAAGTGGCAGCTCTAAGCGAGCGCTACGACAAGCTGAAG

Q N L E § N L TNILTIZ KU RNTETULETTL
CAARATTTGGAGAGTAACCTCACCAACCTTATTAAGAGGAATACTGAACTGGAAACTCTT

L A XK L I ¢ T C Q HV E VN AS R Q E T
CTGGCAAAACTCATTCAGACCTGTCAACATGTAGAAGTAAATGCATCTCGCCAAGAAACC

XK L M E EC D Q@ L I E I I Q9 Q R R Q I T
AAGCTGATGGAAGAATGTGACCAGCTCATTGAAATAATACAACAGAGACGACAAATAATT

G T K I X E G K V vV R L R K L A Q Q I A
GGAACCAAAATCAAGGAAGGAAAGGTGGTGAGGTTGAGAAAACTGGCTCAGCAGATTGCA

N ¢ K g CI ER S TS UL I s Q A E Q S L
AACTGCAAACAGTGCATCGAGCGCTCGACATCCCTCATCTCTCAGGCTGAGCAGTCACTG

K EN D H AR F L Q TAIKNTITE R V S
AAGGAGAACGATCACGCTCGCTTCCTGCAAACTGCTAAAARACATCACCGAAAGGGTTTCC

M A T A S S Q VvV L I P E I NUILNUDTF D
ATGGCAACTGCATCCTCCCAGGTTCTAATTCCTGARATTAATCTCAACGATACTTTTGAT

T F AL D F T REI K KIULTULET CULDYLT
ACTTTCGCACTTGATTTTACCAGGGAGAAGAAATTGTTGGAATGCCTTGATTATCTTACA

A P N PP TTIREETVLTCTA AS Y D TTIT
GCTCCCAACCCTCCCACCATTCGAGAAGAGCTCTGTACAGCTTCTTATGATACTATTACT

V HW T S DDEVF S V V S Y EL QY T I
GTCCACTGGACATCAGACGATGAGTTCAGCGTGGTCTCTTACGAGCTGCAGTACACCATC

20
60

40
120

60
180

80
240

100
300

120
360

140
420

160
480

180
540

200
600

220
660

240
720

260
780

280
840

300
900

320
960

340
1020

360
1080

380
1140

400
1200

420
1260
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421
1261

441
1321

461
1381

481
1441

501
1501

521
1561

541
1621

561
1681

581
1741

601
1801

621
1861

641
1921

661
1981

F T G Q ANV V S L ¢C N S A D S W MTIUV
TTCACTGGACAAGCTAACGTTGTTAGTTTATGTAACTCAGCCGACAGCTGGATGATTGTT

P N I X Q N H Y TV HGUL Q S G T K Y I
CCCAATATCAAACAARAACCACTACACCGTGCATGGGTTACAGAGTGGCACAAAGTACATC

F I V X A I N Q A G S R S8 S8 E P G K L K
TTCATTGTTAAGGCTATTAATCAGGCTGGCAGCAGAAGCAGCGAGCCAGGCAAGCTCAAG

T N S ¢ P F K L D P K S A H R K L K V 8
ACAAACAGTCAGCCATTTAAACTGGACCCCAAATCTGCTCATAGAAAGCTGAAAGTGTCT

H D N L T VvV ERDETS S K K s HT P E
CATGACAACTTGACAGTGGAACGTGATGAAACCTCCTCCAAAAAGAGTCATACACCAGAG

R F T S Q 6 §$ Y ¢ VA GNV F I D S G R
CGATTCACGAGCCAAGGGAGCTACGGAGTAGCTGGCAATGTGTTCATTGACAGCGGACGG

HEH Y WEV V I &§G S T WY ATIGTI S Y K
CATTACTGGGAAGTGGTTATAAGTGGGAGTACATGGTATGCCATTGGTATTTCATACAAG

S A P XK HEWTI G KN S A S WV L CRC
TCAGCACCGAAGCATGAGTGGATCGGGAAGAACTCAGCCTCCTGGGTGCTGTGCCGCTGC

N N T WV VR HDN S K E I P I E P A P H
AACAACACATGGGTGGTGAGACACAACAGCAAAGAAATCCCAATAGAGCCTGCGCCTCAT

L R R V 6 I L L DY DNGS L A F Y D A
CTCCGCCGTGTCGGCATTTTGCTGGACTACGACAATGGTTCCCTTGCCTTTTATGATGCC

L N S L H L YT P F D I TF G Q P Vv C P T
TTGAACTCCCTGCACCTTTACACCTTTGACATTACGTTTGGGCAGCCCGTCTGCCCCACA

F T VvV WN K C L T I I T G L P I P D H L
TTCACTGTGTGGAATAAGTGTTTGACCATTATAACAGGCTTGCCCATACCTGATCACTTA

D S S E Q L A *
GACTCCTCTGAGCAGCTGGCATGA

440
1320

460
1380

480
1440

500
1500

520
1560

540
1620

560
1680

580
1740

600
1800

620
1860

640
1920

660
1980

668
2004
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Appendix 6;: The nucleotide and protein sequence for fugu MID].

1
1

21
61

41
121

61
181

81
241

101
301

121
361

141
421

161
481

181
541

201
601

221
661

241
721

261
781

281
841

301
901

321
961

341
1021

361
1081

381
1141

401
1201

M E T L E S E L T C P I C L EL F E D P
ATGGAAACGCTGGAGTCGGAGCTGACCTGTCCAATCTGTCTGGAGCTATTTGAGGACCCG

L L L P C¢C A H S L CPF NCAHI RTITLV S
CTGCTCTTGCCCTGCGCTCACAGCCTTTGTTTCAACTGCGCCCACCGCATCCTGGTGTCA

H CcCT™ P S E P I Q S I S A F Q C P T C R
CACTGCACGCCCAGCGAGCCCATCCAATCCATCAGCGCCTTCCAGTGCCCGACCTGCCGC

Yy v I TLN @ R GL E G UL KU RDNUV TUL Q
TATGTCATCACCCTCAACCAGAGGGGCCTAGAGGGACTCAAACGCAACGTTACGCTGCAG

N I I D R Y Q K A S Q S G P N S P K ET
AACATCATTGACCGTTACCAGAAGGCATCGCAAAGCGGACCCAACTCTCCCAAAGAGACG

R R E G AV PD S RAMT S P G DR V P
CGGCGCGAGGGAGCCGTCCCCGACAGCAGAGCCATGACGTCACCCGGCGACAGGGTGCCG

C Q F ¢CE Q DP P QD AV K TOCTIT C E
TGTCAGTTCTGTGAGCAGGATCCTCCTCAGGATGCCGTGAAGACCTGCATCACCTGCGAG

vV S Y ¢ D ECUL KA ATHU®PNI KIK?PVF T G
GTGTCCTACTGCGACGAGTGTCTCAAGGCCACCCACCCCAACAAGAAGCCGTTCACGGGT

H R L M EUPILL D S HUL R G I MCAE H
CACCGCCTCATGGAGCCTCTGCTGGACTCCCATCTGCGGGGGATAATGTGCGCGGAGCAC

E D E XK V NM Y CV T™DEQTILTICATL C
GAGGACGAGAAGGTCAACATGTACTGTGTGACCGACGAACAATTGATCTGCGCATTGTGC

K L V ¢ R H R DHUH V A AL G DR Y DK
AAGCTGGTTGGTCGACACAGGGACCATCACGTGGCGGCCCTCGGCGATCGATACGACAAA

L K E S L E S N L NNL I K R T S D L E
CTCAAGGAATCCTTGGAATCTAACCTCAACAATCTAATCAAGAGGACCAGTGATTTGGAA

S L M 6 K L I ¢ T C Q HV E V N A S R @Q
AGTCTGATGGGTAAACTTATTCAAACCTGCCAGCACGTCGAGGTAAATGCATCCAGACAG

E N K L L EE CD L L I NI I @ Q@ R R Q
GAARACAAGCTGCTGGAGGAGTGTGACCTGCTCATCAACATCATACAGCAGCGAAGACAA

I I T T K I K E G K A V R L R KL A Q Q
ATAATAACCACCAAAATAAAAGAAGGARAGGCCGTGCGGCTGAGGAAGCTCGCCCAGCAG

I A G C K Q ¢ I ER S S S L I T Q A D Q
ATAGCCGGCTGCAAGCAGTGCATCGAGAGGTCCTCTTCCCTCATCACACARGCCGACCAG

A L X EA DUH T RF L QT A K S I C E R
GCGCTCAAGGAGGCGGACCACACTCGTTTCCTCCAAACTGCTAAAAGCATCTGTGAGAGG

vV $S M A T A S8 8 Q VL L P ETINILNUDT
GTTTCCATGGCAACAGCATCTTCACAAGTGTTGTTACCAGAGATAAACTTGAATGACACA

F D T F A L DF TURUEZ K KX MTULENDNTLDY
TTTGATACTTTTGCTCTGGATTTCACACGGGAGAAGARAATGCTTGAAAATTTAGATTAC

L T A P NP PV I REZEULTCTH®AS Y DT
CTCACAGCACCGAATCCTCCAGTAATCCGCGAGGAGCTGTGCACAGCTTCGTACGACACC

I T VvV HW T S DDEVF TV V S Y EUL QY
ATCACAGTTCACTGGACGTCGGACGACGAGTTCACCGTGGTGTCCTATGAACTTCAGTAC

20
60

40
120

60
180

80
240

100
300

120
360

140
420

160
480

180
540

200
600

220
660

240
720

260
780

280
840

300
900

320
260

340
1020

360
1080

380
1140

400
1200

420
1260
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421
1261

441
1321

461
1381

481
1441

501
1501

521
1561

541
1621

561
1681

581
1741

601
1801

621
1861

641
1921

661
1981

A I F T ¢C Q S N VvV VvV s L ¢ N S§ A D S W M
GCCATCTTCACCTGCCAGTCCAACGTCGTCAGTTTGTGCAACTCTGCCGACAGCTGGATG

I v P N I K Q N H Y TV HG L @ C G T K
ATTGTACCAAACATCAAGCAGAACCACTACACTGTGCACGEGCTCCAGTGCGGARCCAAG

vy I F I V XK A I N Q A G N R 8 S E P A K
TACATCTTTATTGTGAAAGCCATAAACCAGGCGGGAAACCGCAGCAGCGAACCAGCAAAA

L K TN S Q P F R L D P XK S A HRKTILR
CTCAAAACTAACAGTCAGCCCTTCAGGTTGGACCCAAAGTCAGCTCACCGAARGCTGAGG

vV $ H DN L TV ERDET S A K K S H S
GTGTCTCACGACAACCTGACGGTCGAGAGGGACGAGACGTCGGCCAAARAGAGCCACAGT

Q DR F T S H S S Y GV TGNV Y I D s
CAGGACCGATTCACGAGCCACAGCAGCTACGGCGTGACGGGAAACGTCTACATCGACAGC

G R H Y WEA ATULI GG S T WU F AV G V A
GGGCGCCATTACTGGGAAGCTCTGATTGGAGGAAGCACATGGTTTGCAGTGGGAGTTGCA

Y K S AP R HEWV VG KN S A S W V L S
TACAAGTCGGCGCCGAGACACGAGTGGETGGGCAAAARCTCGGCCTCCTGGGTGCTGTCC

R ¢C N N S W&V AURUHNSGSI KE EMZPVE P P
AGATGCAACAACTCGTGGGTGGCGCGCCACAACAGCAAGGAGATGCCCGTGGAGCCCCCG

P H L R R L G I L L D YD S G s L S F Y
CCACACCTGCGACGCCTGGGAATATTGTTGGACTACGACTCCGGATCTCTGTCTTTCTAC

D AV § § 0 H L YT F DV ATFAHPVC
GACGCTGTGAGCTCGCAGCACTTGTACACGTTCGACGTCGCTTTTGCTCACCCGGTCTGT

P V F N VWINWU ROCLTTTIULTTGUL P I P D
COTGTETTTAACGTGTGGAACAGATGTCTGACAATCCTCACCGGACTCCCCATCCCAGAC

H L E G T D Y N K *
CACTTAGAGGGGACAGACTACAACAAGTGA

440
1320

460
1380

480
1440

500
1500

520
1560

540
1620

560
1680

580
1740

600
1800

620
1860

640
1920

660
1980

670
2010
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