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ABSTRACT

The Molecular Genetics of Human Collagen Genes and Osteogenesis
Imperfecta

Karen Molyneux

The coUagens are the m ost abundant proteins In the hum an body. 
Their function Is predominantly structural. The m ature collagen protein Is 
composed of three polypeptides which form triple helical structures. The 
genes coding for the coUagens are large, complex and semi-dlspersed 
throughout m e hum an genome. They are expressed In a  tissue specific, 
developmentaUy regulated manner. Analysis of the fibrlUar coUagen protein 
and gene sequences has revealed a  high degree of conservation.

A possible variant In the cDNA sequence coding for al(III) was 
Investigated. The variant sequence was phenotyplcaUy silent and coded for 
an  amino acid In the carbo^Qrl end of the heUcal domain. The variant base 
was shown to be an  artefact Introduced during cDNA synthesis.

Many m utations causing the disease osteogenesis Imperfecta (OI) 
have been described In the Uterature. Most are point m utations causing 
single amino acid substitutions. The m utation causing a  SlUence type III OI 
phenotype was determined. It was found to be an  Inframe 3bp deletion 
which resulted In the loss of the last amino acid coded for by exon 19 of 
COL1A2, a  valine. The mutation, like many of those In the type I coUagen 
genes which cause OI, coincided In its position with tiie sta rt of 
overmodification of the patients type I coUagen molecules.

15 coUagen types have been at least partiaUy characterized to date. 
In an  attem pt to characterize new coUagen cDNA sequences a  library was 
produced which was Intended to be enriched with coUagen coding 
sequences. The production of such a  Ubrary reUed on the ablUty of a 
polymerase chain reaction primer to selectively amplify cDNA sequences 
coding for the heUcal domains of coUagens. The Ubrary contained coUagen 
sequences, b u t not enough to make screening the Ubraiy for new coUagen 
sequences by random sequencing of clones a  viable proposition. This work 
continues.
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ABBREVIATIONS

DNA deo5Qn*lbonuclelc acid
cDNA complementaiy deoxyribonucleic acid
RNA ribonucleic acid
mRNA messenger ribonucleic acid
DNase deo^Q^bonuclease
RNase rlbonuclease
ddNTP 2 '3 -dldeoxynucleoslde triphosphates
dNTP 2'-deojQTlbonucleoslde triphosphate
NTP nucleoside trlphospate
PCR polymerase chain reaction
SDS sodium lauryl sulphate
X-gal 5-bromo-4-chloro-3-lndolyl-b-D-galactopyranoslde
amp amplclUln
IPTG Isopropyl-b -D -thlogalactopyranoslde
DEPC dlethylpyrocarbonate
HEPES N-2 -hydro^ethylplperazlne-N-2-ethane -sulphonlc

acid
PIPES plperazlne-N-N'-bls[2-ethane-sulphonlc acid]
DTT dlthlothreltol
BSA bovine serum  albumin
Trls 2 -amlno-2 -(hydro]qmiethyl)propane-1,3-dlol
MOPS 3 -(N-morphohno) propane sulphonlc acid
TEMED N, N, N', N’, - tetramethylethylenedlamlne
EDTA dlamlnoethanetetra-acetlc acid
TE Trls-EDTA
bp base pair
kb küo base pairs
Cl Curie
cpm counts per minute
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CHAPTER 1

INTRODUCTION

1.1 EXTRACELLULAR MATRIX OF CONNECTIVE TISSUE

Tissues are made up of cells embedded In extracellular matrix. 
This matrix Is comprised of a  variety of polysaccharides and proteins which 
are assembled as an  organised network. Connective tissues are generally 
made up of more extracellular matrix than  cells. The am ount of connective 
tissue found In different parts of the body varies. Connective tissue Is a 
major component of skin and bone and a minor component of the brain and 
spinal cord. It comes In many shapes and forms, from the hard  calcified 
structure of bones and teeth, to the transparent m atrix of the cornea and the 
ropehke, high tensile strength of tendons. The extracellular matrix was once 
thought to be Inert bu t has since been shown to play a role In regulating the 
behavlom of the cells It Is In contact with.

1.2  COLLAGENS

Major components of connective tissue extracellular matrix are the 
coUagens. Fifteen types of coUagen have been at least partlaUy characterized, 
there may be more. Each coUagen type displays a  different tissue 
distribution, and almost certainly a different function, In the body. These 
functions are determined by the supramolecular structures formed by the 
coUagens.

The coUagens are a family of proteins, the members of which aU 
contain one or more areas of triple heUcal domain. The molecules aggregate 
to form supramolecular structures which are predominantly used In the 
body for structural support bu t they also play active roles In developmental 
processes, ceU attachment, chemotaxls (Postlethwalte et al., 1978) and the 
binding of antlgen-antlbody complexes. CoUagens are by far the most 
prevalent proteins In the hum an body, constituting 25% of total protein. 
They have been found In aU multlceUular organisms Including sponges 
(Exposlto and Garrone, 1990), sea urchins (D'Alesslo et at., 1989) and C. 
e leg a n s  (Cox et al., 1989).



Each collagen molecule Is made up of three polypeptides (a-chalns) 
which may or may not be Identical. Each of the three so called a-chalns are 
colled Into a  left handed helix with three amino acids per turn. The twisted 
a-chalns are then twisted around each other Into a  right handed superhelix 
to form a  long thin structure. The triple helix was once thought to resemble 
a  rigid rod structure however, data pubhshed In Nestler et al. (1983) 
suggests It may be more appropriately characterized as a seml-üexlble rod.

The primary structure of the hehcal domains of the coUagen 
molecules Is a  series of Gly-X-Y repeats, where X Is proUne and Y Is a 
hydroxyproUne, around 30% of the time. A glycine at every third position Is 
essential for the formation of the coUagen helix. Glycine Is the smaUest 
amino acid and fits Into the centre of the helix. The relatively high 
concentration of proUne and hydroxyproUne stabilizes the heUcal structure.

With one exception, members of the coUagen family are genetlcaUy 
and structuraUy distinct proteins. They are the products of single locus 
genes, which are seml-dlspersed throughout the hum an genome.

The coUagens have been divided Into three groups on the basis of 
their gross physical features (MlUer and Gay, 1987).
GROUP I contains those coUagens whose molecular weight Is equal to or 
greater than  95,000 and which possess an uninterrupted heUcal domain of 
approximately 300nm In length.
GROUP II coUagens have a  molecular weight greater than  or equal to 95,000 
bu t do not possess an uninterrupted heUcal domain as long as 300nm. 
GROUP III coUagens have a  molecular weight less than  95,000.

1.3  GROUP I COLLAGENS

The coUagens Included In this group are types I, II, III, V and XI. 
These coUagens are also caUed fibrlUar coUagens because of a  tendency of 
type I, II and III to aggregate Into weU defined fibre structures. Members of 
this group make up m ost of the coUagen In the hum an body. It Is probably 
due to this fact, and the fact that Inherited connective tissue diseases such 
as osteogenesis Imperfecta and Ehlers-Danlos syndrome have been found to 
be caused by mutations In the genes coding for members of this group, that 
m ost Is known about these coUagens.



1.3 .1  TYPE I

Type I collagen is found ubiquitously In the hum an body. It most 
frequently occurs as a  heterotrlmer consisting of two a  1(1) chains and one 
a2(I) chains. Homotrlmers of a  1(1) have been found to be synthesized by cells 
In culture (Mayne et al., 1975), some tum ours (Moro and Smith, 1977) and 
normal tissues (Wohllebe and Carmichael, 1978; Ultto, 1979a). The hehcal 
regions of a  1(1) and o2(I) consist of 338 Gly-X-Y repeats (1014 residues).

Type I coUagen molecules generaUy aggregate to form weU- 
structured  cross-striated fibres approximately 800-1600Â In diameter. The 
fibres are found In tissues such as bone, tendon, dentin, dermis and the 
uterine waU. The distribution of this coUagen suggests It has a role to play as 
a supporting element In tissues.

1 .3 .2  TYPE II

This coUagen Is synthesized as a homotrlmer of al(II). It Is found In 
fewer tissues than  type I coUagen. A rich source of type II coUagen Is hyaUne 
cartilage, bu t the coUagen Is also found In other cartilage structures and In 
the vitreous body of the eye. Type II coUagen molecules form fibres with a 
m uch smaUer diameter than  type I molecules. However, Uke type I coUagen, 
type II coUagen Is synthesized as a precursor molecule. These so caUed 
procoUagen molecules are processed extraceUularly and. In doing so, lose 
one third of their molecular weight. The final coUagen molecules are 96% 
helix. Type II coUagen Is, so far, unique amongst the fibrlUar coUagens In 
tha t It displays alternative spUclng. A 69 amino acid cystelne-rlch domain of 
the amino terminal propeptide Is coded for by some species of al(II) mRNA 
and not In others (Ryan and SandeU, 1990). The sequence Is coded for by 
exon 2 of COL2A1. The two mRNAs are found In RNA extracted from fetal 
and juvenUe chondrocytes bu t at different ratios. The alternative sphclng Is 
found In a  region of the pro al(II) termed COLl. PagUa et al. (1981) observed 
th a t th a t this same region when cleaved from type I coUagen was capable of 
Inhibiting a  1(H) translation. This work leads to the question of whether this 
COLl sequence has a role to play In translational control. al(II) Is a  fibrlUar 
coUagen and as such Is under constraints of molecular size. It Is Important 
to note th a t this alternative spUclng does not alter the length or sequence of 
the m ature a  1(H) molecule, only that of the proa 1(H) molecule.



1 .3 .3  TYPE III

The type III collagen molecules are homotrlmers [al(III)]g. They 
have a similar tissue distribution to type I coUagen. Type III coUagen fibres 
are found In the more flexible tissues In which type I coUagen Is found le. 
dermis, vessel waUs and uterine waU. Fibres derived from type III coUagen 
appear as a  fine network compared with type I fibres.

There Is data to suggest tha t type I and type III coUagen are 
coordlnately expressed (MlskuUn et al., 1986). In fact some fibres have been 
found to contain both type I and type III coUagen (Flelschmajer et al., 1990).

Type III coUagen Is synthesized as a  precursor molecule with extra 
sequence a t the carboxyl and amino ends of the molecule but, unlike types I 
and II coUagen type III coUagen often retains the extra sequence at
the amino term inus.

1 .3 .4  TYPE V

Type V coUagen Is a  minor component of smooth muscle, blood 
vessels, bone and cornea. There are three type V coUagen a-chalns, a l ,  a2, 
and a3. This coUagen occurs as a homotrlmer [al(V)]g (Haralson et al., 1980) 
and as two heterotrlmers, [al(V)]2a2(V) and a  1 (V)a2(V)a3(V) (Nlylblzl et al.,
1984). Different ceU types may synthesize different trlmers. The heUcal 
domain of type V coUagen Is of a similar length to those of the other group I 
coUagens b u t the procoUagen molecule Is m uch larger. This m ust be due to a 
m uch larger amino terminal sequence because the carboxyl propeptide 
sequence Is conserved (Myers et al., 1985). The processed molecule Is a 
slmUar size to the other group I molecules, therefore the extra sequence Is 
lost during processing.

1 .3 .5  TYPE XI

Type XI coUagen Is made up of three a-chalns al(XI), a2(XI) and 
a3(XI). a3(XI) Is a product of the gene coding for al(II) (COL2A1). The two a- 
chalns differ only In their post-translatlonal modification. The a3(XI) has an



elevated level of hydroxylyslne linked carbohydrate residues compared with 
al(II) (Furuto and Miller, 1983).

There Is evidence to suggest th a t type XI collagen may Interact with 
type II collagen fibrils to control their lateral growth. A similar role has been 
suggested for type V collagen with respect to type I fibres (Blrk et al., 1988). 
Nlylblzl et al. (1989) suggested that coUagen molecules can be formed using 
al(XI), al(V) and a2(V). CO LllA l gene expression has been detected In 
num erous tissues (Yoshloka and Ramirez, 1990).

1.4  THE STRUCTURAL SIMILARITIES OF THE GROUP I 
COLLAGENS

Group I coUagens are synthesized by ceUs as precursor molecules 
(procoUagens). The procoUagen molecules are made up of a  num ber of 
domains
1. an  amino propeptide
2. an  amino telopeptlde
3. an  uninterrupted heUcal domain
4. a  carboxyl telopeptlde
5. a  carboxyl propeptide

The amino propeptide Is 139 amino acids long In pro a  1(1) and 
consists of a  globular domain, a  short heUcal domain and a  short non- 
heUcal, cystelne-rlch, domain leading to the amino telopeptlde. The amino 
propeptide regions In the other fibrlUar coUagens differ sUghtly from this le. 
a2(I) lacks the cystelne-rlch globular domain (Tate et al., 1983). The major 
heUcal domains of these coUagens display a  high degree of homology (MlUer,
1985) bu t the m ost conserved sequences are to be found In the carboxyl 
propeptide domain (Myers et al., 1985). This may be because the carboxyl 
propeptide has a  role to play In the choice of a-chalns and the aUgnment of 
the a-chalns to form a procoUagen molecule.

The telopeptlde domains contain the least conserved sequences 
among the fibrlUar coUagens. This Is surprising since these regions have 
been found to Interact with conserved sequences within the heUx during 
flbrUlogenesls (Helseth and Vels, 1981).

Sequence data from types V and IX coUagen show them  to have 
reduced homology to the other members of group I bu t they are stlU very 
similar.



The heUcal domains of the fibrlUar coUagens are of slmUar length 
and as has been mentioned before show sequence homology. The presence of 
proUne and hydroj^proUne In the X and Y positions stablUzlng the heUcal 
structure. The other amino acids In the X and Y positions of the heUx 
estabUsh the correct array of charged and hydrophobic Interaction sites, 
these are required for the correct aggregation of the molecules In fibre 
formation.

The fibrlUar coUagens associate lateraUy In a  defined way until a 
certain diameter Is reached. Fibre formation Is an  entropy-driven process 
tha t has the characteristics of crystallization (Kadler et al., 1988). It Is 
Initiated by the cleavage of the carboxyl propeptide cleavage site (Kadler et 
al., 1987). The carboxyl propeptide Is thought to be removed before the 
amino propeptide In type I and III coUagen. There does not seem to be an 
order In which they are removed In type II coUagen (Ultto et al., 1979b). The 
molecules which are laid down In the type I coUagen fibre are staggered 
relative to each other by a distance of 67nm (designated D). A whole m ature 
coUagen molecule Is approximately 300nm long (4.4D). This staggered 
conformation aUows a  gap between the ends of each molecule In the fibre of 
40nm. Studies of the fibre formation help to explain why changes In the 
shape or size of the fibrlUar coUagen molecules result In disease phenotypes. 
The coUagen molecules are so tightly packed In the fibre tha t there Is Uttle 
room for any change In Its component molecules.

The fibre structure Is stablUzed by the formation of covalent Intra 
and Intermolecular cross-Unks through specific lysine and hydroxylyslne 
residues In strictly conserved positions within the coUagen molecules.

It was orlglnaUy thought tha t each type of coUagen fibre was made 
up of one type of coUagen. However, the situation has been shown to be 
more complex. Supramolecular structures have been found to consist of type 
I and III coUagen (Henkel and GlanvlUe, 1982; Flelschmajer et al., 1990), 
type I and V coUagen (Blrk et al., 1988) and type II and XI coUagen (Vaughan 
et al., 1988). It Is suggested that types V, III and XI serve to control the width 
of fibres of type I and II coUagen. Flelschmajer et al. (1990) observed that 
type III coUagen molecules with their amino propeptides stlU attached 
covered the outer surface of m ature type I coUagen fibres. They suggested 
tha t the hehcal domain of the type III coUagens aUgn and Interact with the 
type I molecules In the coUagen fibre, while the amino propeptide sticks out 
from the flbrU to either prevent more type I coUagen molecules attaching to 
the fibre or to Interact with surrounding fibres.



1 .5  GROUP II COLLAGENS

The collagen group II is made up of types IV, VI VII and VIII. These 
molecules do not form long fibrils as the group I molecules do, they form 
more flexible structures. This property Is probably the result of Interrupted 
hehcal sequences found In the coUagens In this group.

1.5 .1  TYPE IV

IVpe IV coUagen can be Isolated from basem ent membranes. Each 
type IV coUagen molecule being made up of a combination of three of any of 
five a-chalns, a l ,  a2, a3, a4 or a5 (Plhlajanleml et al., 1990a). The type IV 
coUagen molecules are synthesized as a long hehcal domain (350nm) In 
between two globular domains. Unlike the fibrlUar coUagens, these type IV 
globular domains are not removed during extracellular processing. The 
whole molecule Is 400nm long.

T ^ e  rv molecules aggregate to form a 3-d extraceUular structure 
which has a  role to play In ceU differentiation, tissue regeneration and a 
speclahzed function In kidney glomeruU where It serves as a  filtration 
barrier.

The coUagen molecules Interact at their amino terminal or '7S' 
domain. These Interactions are stablUzed by dlsulphlde and covalent cross- 
hnks. At the carboxyl end two molecules join end to end through the 
cysteine containing non-coUagenous domain (Weber et al., 1984). Each type 
IV coUagen hehcal domain contains within It approximately 20 Interruptions 
In the Gly-X-Y repeat sequence. Many of these Interruptions are common 
between the sequences of the a-chalns (Plhlajanleml et al., 1990a). Since the 
positions of the hehcal Interruptions coincide with the positions of kinks In 
the hehcal structure, as seen by electron microscopy (Hof&nan et al., 1984), 
It has been suggested tha t the differences In the types and positions of these 
Interruptions may determine the a-chaln combinations tha t make up each 
type rv coUagen molecule.



1 .5 .2  TYPE VI

Type VI collagen is made up of a  short hehcal domain (105nm) 
flanked by large globular domains. Each type VI coUagen Is made up from a 
combination of three a-chalns. Results pubhshed In |Klelty et al. (1990) 
showed changes In the ratios of mRNA coding for these polypeptides In 
fibroblasts at different stages of development, thus Indicating different 
species of type VI coUagen a t those stages of development.

al(VI) and a2(VI) are not synthesized as precursor molecules 
(Trueb et al., 1986) nor Is the exceptlonaUy long a3(VI). This a-chaln has 
twice the molecular weight of the two other a-chalns (Bonaldo et al., 1990). 
The hehcal and carboxyl domains In the three a-chalns are the same length, 
the difference In size originates from the amino terminal region. This extra 
sequence consists of eight repeats of a  ceU attachm ent sequence.

AntlparaUel type VI monomers form dimers which aggregate 
lateraUy to form tetram ers which are stabUlzed by dlsulphlde bonds. The 
tetramers aggregate to form mlcroflbrUs which are found In many connective 
tissues. The short hehcal domains of the type VI a-chalns (335-336 amnio 
acids) contain two Gly-X-Y repeat Interruptions. It Is suggested th a t these 
aUow coUlng of the antlparaUel triple hehces (Furthmayr et al., 1983). The 
wide distribution of this molecule and the fact th a t It contains ceU 
attachm ent sequences, also found In fibronectln and a ceU binding protein 
caUed osteopontln (Oldberg et al., 1986), suggests tha t ceU adhesion could 
be one of the major functions of this coUagen.

1 .5 .3  TYPE VII

Type VII coUagen molecules are thought to be the substance of the 
anchoring flbrUs which are thought to aid In the attachm ent of external 
eplthehal basem ents to the underlying connective tissue stroma. This 
coUagen Is secreted from ceUs as a  precursor molecule. It Is a  homotrlmer 
th a t posseses a  long hehcal domain (450nm), which Is one and a half times 
the length of the type I hehcal domain. The m ature molecules are more than  
90% hehcal sequence.

To form the anchoring flbill structure two type VII molecules 
overlap at their amino ends by 60nm. This overlap Is stablhzed by the 
presence of dlsulphlde bonds (Morris et al., 1986). The carboxyl domains of

8



type VII collagen form unusual structures. The structures are composed of 
three arm s which radiate out from the end of the helix. The arm  structures 
are stabilized by the presence of dlsulphlde bonds at the base of the arms 
(Lunstrum et al., 1986). The type VII dimers are thought to aggregate 
laterally to form fibres which are attached to the basem ent membrane 
through one set of carboxyl arms and to the connective tissue stroma 
through the opposite set of carboxyl arms (Burgeson et al., 1990). The long 
type VII hehcal domain contains within It Interruptions In the Gly-X-Y repeat 
sequence which allow the fibrils a  large am ount of flexlbhty (Bachlnger et al., 
1990).

1.6  GROUP III COLLAGENS

1.6 .1  TYPE VIII

Bovine corneal Descemet's membrane Is particularly enriched with 
type VIII collagen (Labermeler and Kenney, 1983). It has also been Isolated 
from cultured endothehal cells, although It Is only synthesized by 
proliferating, not confluent, cells.

Observations by Benya and PadlUo (1986) Indicated th a t type VIII
collagen consists of three a-chalns each having a  molecular weight of
61,000. Each chain contains a  central hehcal domain In between two 
globular domains, a  1 (VIII) coUagen has been found to have a  similar amino 
acid sequence to another short chain coUagen, al(X). The eight Interruptions 
In the Gly-X-Y repeats In the two coUagens were to be found In the same 
relative positions. Mann et al. (1990) sequenced a second type VIII coUagen 
a-chaln, a2(VIII). This a-chaln, Uke a  1 (VIII), contained a short hehcal region 
(460 amino acids) which Included eight Gly-X-Y Interruptions. Like a  1 (VIII), 
this second type VIII a-chaln also displayed m arked sequence homology to 
al(X).

1 .6 .2  TYPE IX

This coUagen Is found In cartilage tissue, where It represents 1- 
10% of total coUagen. It Is also found In the primary comeal strom a of chick 
embryos (Svobada et al., 1988). Type IX coUagen Is made up of three



different a-chains which contain three hehcal domains interrupted by non- 
hehcal regions (van de Rest et al., 1985). The hehcal domains cahed COLl, 2 
and 3 are 115, 339 and 137 amino acids long respectively. Around these 
regions are non-cohagenous domains designated NCI-4.

The NC3 sequence Is 5 amino acids longer In a2(IX) compared with 
al(IX). The presence of these extra amino acids corresponds with the 
presence of a  kink In the molecule seen using electron microscopy (Irwin,
1986). After covalently hnked complexes of types IX and II coUagen were 
detected (Eyre et al., 1987), Vaughan et al. (1988) detected the presence of 
type IX coUagen molecules on the surface of type II coUagen fibrils. The 
presence of a  hinge In the molecule within COL3 aUows type IX coUagen to 
ahgn with type II coUagen along the majority of Its length, while aUowlng the 
amino terminal globular domain NC4 to project out from the type II coUagen 
fibre. It Is thought that the NC4 region projecting out fi'om the type II 
coUagen fibre either controls fibre formation or participates In the formation 
of a  link between type II coUagen fibres and other components of cartilage.

The theory that the presence of COL3 and NC4 regions protruding 
fi'om type II coUagen fibres could determine the macromolecular structure of 
the tissue In which the two molecules are found Is supported by evidence 
pubhshed In Svobada et al. (1988). mRNA coding for al(IX) was compared 
after Isolation from chick hyaUne cartilage and corneal stroma. The 
morphology of type II coUagen fibres from the two tissues Is different. Large 
aggregates of type II fibres are found In hyaUne cartilage bu t not In corneal 
stroma. mRNA analysis showed the loss of mRNA coding for COL3 and NC4 
In mRNA Isolated from comeal stroma. The two RNA species coding for 
al(IX) chains with and without NC4 and COL3 were found to be the result of 
using one or other of two translation sta rt codons found within COL9A1, and 
the sphclng out of exon 7. Such alternative sphclng has also been 
dem onstrated In embryonic mouse and hum an fetal RNA extractions 
(Muragakl et af., 1990).

1 .6 .3  TYPE X

Type X coUagen Is synthesized by chondrocytes only when the 
cartilage Is about to undergo bone formation. This suggests the Importance 
of this coUagen In the process of bone formation (Jimenez et al., 1986).

It Is a  short chain coUagen composed of 3 a-chalns each having a
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molecular weight of 59,000. These a-chalns do not undergo extracellular 
processing (Reglnato and Jimenez, 1991). The hehcal region of type X 
coUagen Isolated from chick or bovine chondrocytes contain 8 Interruptions 
of the Gly-X-Y sequence. Mostly Gly-X-Y replaced by Gly-X-Gly or Gly-X-Y-X- 
Y. These Interruptions are found In the same places within the helix of the 
type X coUagen synthesized by chick and bovine chondrocytes (Thomas et 
al., 1991).

Type X coUagen molecules are stablhzed by Inter and 
Intramolecular bonding as other coUagens are bu t they are also stablhzed by 
dlsulphlde bonds which occur between the coUagen and proteins In the 
surrounding m atrix structure (Reglnato and Jimenez, 1991). Type X 
molecules are capable of forming dimers which are stablhzed by strong non- 
covalent Interactions. This dimer formation Is thought to Involve the carboxyl 
non-coUagenous domain (Schmid et al. 1990). The supramolecular structure 
formed by type X coUagen molecules occur In two forms, a  filamentous m at 
or molecules associated with type II coUagen fibres.

1 .6 .4  TYPE XII

Type XII coUagen was first characterized Eis a cDNA clone 
synthesized from mRNA Isolated fi'om chick tendon (Gordon et al., 1987). 
StructuraUy this coUagen displays many of the features of type IX coUagen 
(Dublet and van der Rest, 1987). It was therefore assum ed tha t It would be 
found to associate with a  fibrlUar coUagen and perform a  slmUar function to 
type IX coUagen. Type I coUagen Is the major fibrlUar found In coUagen 
tendon and so a relationship was predicted between these two coUagens. To 
date, this has not been estabUshed.

Type XII Is a  homotrlmer (Dublet et al 1989). Gordon et al. (1990) 
suggest an  unusual structure for type XII coUagen. It consists of a  75nm 
hehcal domain which contains within It a  kink, which Is coded for by a  non- 
coUagenous domain In between two hehcal domains. At the amino terminal, 
three finger-hke structures are formed from the non-hehcal domain from 
each a-chaln. This non-coUagenous domain Is six times larger than  the 
coUagenous domains In the coUagen. It folds back on Itself to produce 60nm 
fingers. Gordon et al. (1990) suggest these fingers serve a  slmUar function to 
the NC4 domain of type IX coUagen.
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1 .6 .5  TYPE XIII

To date, this collagen has been characterized at the cDNA level 
only. The mRNA coding for this coUagen has been detected In skin. Intestine, 
bone and striated muscle (Sandberg et al., 1989). The molecule consists of 
three heUcal domains and 4 non-heUcal domains.

Alternative sphclng of mRNA coding for coUagen proteins was first 
observed In type XIII (Tlkka et al., 1988). UnUke the coUagens which have 
since been shown to display alternative sphclng, the alternative sphclng In 
type XIII coUaigen can Involve hehcal sequence (Plhlajanleml et al., 1990).

The type XIII coUagen protein has not yet been Isolated, so the 
question has not been answered as to how the protein copes with a-chalns 
which have hehcal domains of different lengths. The biological significance of 
alternative sphclng In type XIII coUagen Is unknown.

1 .6 .6  TYPES XIV AND XV

cDNA clones coding for these coUagens have been Isolated b u t no 
sequence data has been pubhshed.

It seems tha t the coUagens which are synthesized at the highest 
level by ceUs have been Isolated and characterized le. group I coUagens. 
Future Isolation of new coUagens wlU be dependent on the Isolation of cDNA 
clones coding for them. Instead of the Isolation of the proteins. The Isolation 
of the proteins may prove to be too difficult because of the low levels of such 
proteins synthesized by ceUs.

1 .7  COLLAGEN BIOSYNTHESIS

CoUagen biosynthesis Involves a num ber of unusual features. 
Some of the coUagens are synthesized as precursor or procoUagen molecules 
and coUagen molecules undergo many post-translatlonal modification steps.

Each coUagen polypeptide Is synthesized from a mRNA template 
with a signal peptide a t the amino terminal, this polypeptide Is caUed a 
prepro a-chaln. The hehcal domaln(s) of the coUagens are sandwiched
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between two non-helical domains at the amino and carboxyl termini. Most of 
these terminal non-hehcal domains are cleaved from the the fibrlUar coUagen 
a-chalns In the extraceUular matrix. The function of these so caUed 
propeptide regions presumably being over once the m ature molecule Is 
synthesized.

In the ceU the three coUagen polypeptides associate by hydrophobic 
and electrostatic Interactions among the carboxyl non-coUagenous domains. 
The conserved carboxyl propeptide domain sequence Is thought to determine 
which pro a-chalns combine to form a procoUagen molecule. The Importance 
of this domain in the formation of coUagen molecules Is reflected In the fact 
th a t It shows the highest degree of sequence slmUarlty between different 
types and species. The selection of certain combinations of a-chalns to form 
a  coUagen molecule In ceUs where more than  one coUagen type Is being 
synthesized Is not fuUy understood. The num ber of cysteine residues at the 
telopeptlde end of the carboxyl propeptide may have a role to play (WeU et 
al., 1987). These cysteines are involved in the forming of dlsulphlde bonds 
between correctly aUgned pro a-chalns. Pro a-chalns which form 
heterotrlmers le. a2(I) and a2(V) have three cysteines for dlsulphlde bonding, 
whUe pro a-chalns which form homotrlmers le. al(I) and al(III), have four.

Once the pro a-chalns are correctly aUgned the helix forms from 
the carboxyl end of the molecule through to the amino domain (Engel and 
Prockop, 1990). The propeptides synthesized as coded for by the mRNA are 
Incapable of folding Into triple hehcal structures which are stable a t the body 
tem perature of the organism In which they were synthesized. Stable heUx 
formation requires tha t about 100 proUne residues In each a-chaln are 
hydroxylated (Prockop and Klvlrlkko, 1984). The enzymes which catalyze 
these hydroxylation reactions are prolyl-4-hydrojty^lase and prolyl-3- 
hydroxylase. Most of the proUne residues are hydroxylated to 
4-hydroxyproUne, a  few are hydro^ lated  to 3 -hydro}Qq)roUne. Only proUne 
residues In the Y position of the Gly-X-Y repeat are hydroxylated. al(X), 
a  1 (VIII), a2(VIII) and type IV a-chalns are hydroxylated more than  the 
fibrlUar coUagen a-chalns (Mann et al., 1990). The Increased hydroxylation 
may increase the stablUty of the coUagens with Interrupted coUagen 
domains.

Hydroxylation of proUne only takes place whUe the a-chalns are In 
their native form. After the a-chalns have associated through their carboxyl 
propeptides helix formation Is delayed only untU enough proUnes are 
hydroxylated. Other post-translatlonal modifications Involve the

13



hydroj^latlon of about 20 lysyl residues. Lysyl hyd ro^ lase  catalyses these 
reactions. Only lysine In the Y position of the Gly-X-Y repeat are 
hydro^lated . Other enzymes may be required to hydroxylate the few lysine 
residues In the non-hehcal domains. Different collagen species have different 
num bers of lysine residues hydroxylated. The num ber of hydroxylated lysine 
residues can also vary In the same collagen In different tissues. Following 
hydroxylation, lysine residues may be glycosylated to form 
galactosylhydroxylyslne residues or glucosylgalactosylhydroxylyslne by the 
use of a  glucosyltransferase or a  galactosyltransferase. All these 
modifications cease as the protein forms Into a triple helix.

The pro a-chalns contain large num bers of glycine-prohne and 
glycine-hydroxyprohne bonds which are Isomerlzed from transpeptide bonds 
to els bonds. This step probably Involves a  specific Isomerase.

An asparagine hnked ohgosaccharlde group Is added to each 
carboxyl terminal propeptide domain (Klvlrlkko and MylyUa, 1982). The 
purpose of this ohgosaccharlde Is unknown bu t the sequence to which It Is 
attached Is highly conserved among the coUagens.

Once assembled, the procoUagen molecule Is released from the ceU 
via the Golgi apparatus. Many coUagens are processed exctraceUularly to 
remove sequence from the amino and carboxyl termini, though not aU. These 
terminal sequences are cleaved with the aid of specific peptidases which 
recognise cleavage sites between the telopeptlde and propeptide domains.

The m ature coUagen molecules aggregate In a  type specific manner 
to form supramolecular complexes which are stablhzed by Intermolecular 
cross-hnks. T ^ e  I coUagens, for excamples, undergo a  series of complex lysyl 
and hydroxylysyl oxddatlve deamination reactions, the resulting aldehydes 
generated form Intermolecular cross-links which Increase the tensUe 
strength of the fibres In which they aggregate. The aggregation of the 
monomers Into an  ordered structure Is a  seU-drlven process and does not 
require any enzymic catalysis.

It has become clear that the synthesis of coUagen trlm ers and the 
eventual aggregation of the m ature coUagen molecules Into large 
supramolecular complexes Is determined by the primary structure of the 
coUagen a-chalns. Any changes In the amino acid sequence of the 
constituent a-chalns of a coUagen may result In the disruption of the 
coUagen molecule synthesis and eventuaUy the synthesis of the coUagen 
multlmolecular complex.
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1 .8  COLLAGEN GENES

Recent reviews have been pubhshed by Vuorio and de 
Crombrugghe (1990) and SandeU and Boyd (1990).

The genes coding for members of the coUagen gene famUy are 
among the m ost complex In the hum an genome. T^plcaUy the genes coding 
for the fibrlUar coUagens consist of 51-54 exons covering 16-44kb of DNA. A 
comparison of the gene length (18kb) with mRNA length (4.8kb) of a  1(1) for 
example clearly shows the majority of coUagen gene sequence to be Intron. A 
comparison of the sizes of COLlAl and COL1A2 (18kb and 35kb 
respectively) lUustrates the fact tha t the am ount of Intron sequence varies 
from gene to gene.

In general coUagen genes are seml-dlspersed throughout the 
genome (Law et al., 1990; Heurre et al., 1982; WeU et al., 1988; Solomon et 
al., 1985; Shows et al., 1989) (Table 1.1). There are exceptions to this rule 
al(III) and a2(V) (Emanuel et al., 1985a), al(IV) and a2(IV) (Griffin et al.,
1987) and al(VI) and a2(VI) (WeU et aL, 1988). COLl A3 Is located a t position 
2q31-32.3 (Huerre et al., 1986) syntenlc to COL5A2 which has been 
assigned to 2q 14-32. The close proximity of the two genes may Indicate a 
common transcriptional control. This theory Is supported by the fact that 
these coUagens share with type I a  ubiquitous tissue distribution.

The genes coding for al(IV) and a2(IVj are weU characterized. They 
are closely Unked on the long arm  of chromosome 13. The genes are 
arranged In a head to head configuration on 13q34. They are transcribed 
from opposite strands of DNA; there are between 130 and 41bp between the 
transcriptional s ta rt site of al(IV) and the multiple s ta rt sites of a2(IVj 
(Solnlnen et aZ., 1988; Poschl et aZ., 1988).

COL6A1 and COL6A2 are located on band q223 of chromosome 21 
(WeU et al., 1988). The third type VI coUagen gene has been assigned to band 
q37 of chromosome 2. The close chromosomal location of COL6A1 and 
COL6A2 may facUltate the coordinated expression of the two genes observed 
by Chu et al. (1987). Close proximity Is not required for coordinated gene 
expression of coUagen genes. COLlAl and COL1A2 are located on 
chromosomes 17 and 7 respectively yet are stlU coordlnately expressed. It Is 
of Interest to note tha t along with COL6A3 the genes coding for al(III) and 
a2(Vj coUagens and the extraceUular matrix proteins, elastln (Emanuel et al., 
1985b) and fibronectln (Heniy et al., 1985) are located on 2q. It Is known

15



Table 1.1

The molecular species of each collagen Is shown with the nam es denoted to 
the gene loci which code for the a-chalns. The chromosomal location of many 
of the genes have been determined



Table 1.1

collagen
type

constituent 
chains

gene locus chromosomal 
location

2

3

7

8

10

11

12

13

1 (1)
2 (1)

1 (11)

l(III)

l(IV)
2 (IV)
3 (IV) 
4(IV)
5 (IV)

1(V)
2(V)
3(V)
l(VI)
2 (VI)
3 (VI)

l(VII)
l(VIII)

l(IX)
2(IX)
3(IX)

1(X)

KXI)
2 (XI)
3 (XI)

KXII)

l(XIII)

COLLAI
COL1A2

COL2A1

COL3A1

COL4A1
COL4A2
COL4A3
COL4A4
COL4A5

COL5A1
COL5A2
COL5A3
COL6A1
COL6A2
COL6A3

COL7A1

C0L8A1

C0L9A1
COL9A2
COL9A3

COLlOAl

COLllAl
COL11A2
C0L11A3

C0L12A1

COL13A1

17q21.3- q22 
7q21.3- q22

12ql3- q l4  

2q24.3- q31

13q34
13q34

Xq22

2q24.3- q31

21q223
21q223
2q37

6 q l2 - q l4

lp 2 1
6p212
12ql3- q l4

lO q ll  -qter



th a t COL3A1 and COL5A2 are co-expressed (Bomstein and Sage, 1980), It 
would be of Interest to determine if the other extracellular genes in the area 
are under the same expresslonal control.

It has been suggested by Solomon et al. (1985) and GrlfÛn et al. 
(1987) th a t selective pressure may encourage the dispersal of collagen genes 
throughout the genome. This would reduce the chances of unequal crossing 
over occurring between two genes. The close proximity of some of the 
collagen genes suggests that these genes are sufficiently different to be 
located close to each other without risk of unequal crossing over.

1 .8 .1  THE FIBRILLAR COLLAGEN GENES

Analysis of each exon length of the flbrlUar collagen genes has 
revealed unusual features. AU the exons coding for the heUcal domain are 
multiples of 9bp In length. Each codes for an  Integral num ber of Gly-X-Y 
repeats. They each begin with the first G of a  glycine codon and end with the 
last base of a Y codon. The most common exon size Is 54bp, some exons are 
45, 99, 108 or 162bp. At the beginning and end of the heUcal domain 
sequence are 'joining' exons which code for the end of the heUcal sequence, 
the telopeptlde sequence and the beginning of the propeptide sequence. More 
unusual Is the observation that, with one exception, the pattern  of the exons 
coding for the heUcal domain of the flbrlUar coUagens are the same. This 
conservation of exon structure Is Independent of species. The one exception 
Is the fusion of two 54bp exons to form a 108bp exon In COLlAl (Chu et al., 
1984). Variations In the sizes of the joining exons have been observed. The 
high degree of exon size conservation between the flbrlUar coUagens Is 
probably a  reUectlon of the requirement of the coUagen proteins to be a 
predetermined length. Any alteration In the length of the flbrlUar coUagen 
would result In an  abnormal phenotype.

The highest degree of sequence homology has been observed 
between the carbo^gl propeptide domains of the flbrlUar coUagens. The last 
two exons coding for the highly conserved sequence around a  carbohydrate 
attachm ent site has been found to be 243bp In aU the UbrlUar coUagen genes 
where sequence Is avaUable (Yamada et al., 1983). EquaUy, the last exon Is 
144bp In length In aU the flbrlUar coUagen genes. The remaining two exons 
which complete the coding sequence for the carboj^l region vary In size from 
186-244bp.
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The exon organization of the amino propeptide region shows most 
divergence among the flbrlUar coUagens (Wozney et al., 1981; de Wet et al., 
1987; Chu et al., 1984). This divergence of exon structure Includes the exons 
coding for the triple heUcal domain of the amino propeptide. In a2(I) and 
al(III) this heUcal structure Is coded for by by 2 exons, a  1(1) has an 
additional 36bp exon and al(II) contains two 33bp exons and a  54bp exon.

The variation In the degree of conservation of exon size between the 
exons coding for the helix and those coding for the amino propeptide suggest 
different selective pressures acting on the two regions. The conservation of 
exon size within the heUcal domain of the flbrlUar coUagens suggests tha t the 
coUagen genes have evolved from a 54bp ancestral unit (Yamada et al., 
1980). This 54bp unit multipUed enough times to code for a  coUagen which 
was the correct size for flbrlUar coUagen formation. After this, any changes In 
the length of the coUagen molecule were not tolerated. The occurrence of 
m any coUagen genes was probably due to the repUcation of this first coUagen 
gene, foUowed by divergence of the newly dupUcated genes. Since the 
propeptides are removed from the flbrlUar coUagens prior to fibre formation 
then  the constraints on their length do not apply.

1 .8 .2  NON-FIBRILLAR COLLAGEN GENES

The conservation of exon organization seen In the flbrlUar coUagen 
genes Is not mirrored In the non-flbrlUar coUagen genes. However, the theory 
of a  common ancestral gene can stlU be appUed. The variations In exon size 
within these genes can be explained by the presence of Interruptions In the 
Gly-X-Y repeat heUcal sequence. As a  general rule, the more divergent a 
coUagen protein sequence Is from the flbrlUar coUagens, the more Its exon 
organization diverges from the 54bp size conservation seen In the flbrlUar 
coUagen genes.

Deviation of exon length from 54bp Is often accompanied by spUt 
codons. SpUt codons occur In genes coding for types IX and IV coUagen. They 
occur In a  non-random fashion, they are generaUy the result of the loss or 
addition of the first G of a  glycine codon. CoUagens th a t tolerate variations In 
heUcal domain sequence le. types IV and VI, are also able to tolerate 
variations In exon size and the presence of spUt codons.

The m ost unusual gene organization among the coUagen genes Is 
th a t found In the gene coding for type X coUagen. This gene consists of only
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three exons. Exon 3 contains sequence which codes for the entire triple 
hehcal region, the carboxyl terminal domain and 3' untranslated 
sequence(Lu Valle et al., 1988; Thomas et al., 1991).

Recent Investigations Into the exon size distribution of COL6A2 
revealed a  lack of 54bp exons (Hayman et al., 1990). The m ost common exon 
size was 63bp, which led to speculation tha t this gene may have evolved 
separately from the other coUagens.

1 .8 .3  INVERTEBRATE COLLAGEN GENES

The 54bp exon pattern also extends to Invertebrates such as the 
sponges (Exposlto and Garrone, 1990) and sea urchins (D'Alesslo et al., 
1989). Therefore It Is suggested that the estabUshment of the exon pattern of 
the flbrlUar coUagen genes preceded vertebrate-invertebrate radiation.

1.9  CONTROL OF COLLAGEN GENE EXPRESSION

A recent review of this subject has been pubUshed In Ramirez and 
D1 Llberto (1990).

The control of the expression coUagen genes Is complex and 
multifactorial. MlskuUn et al. (1986) observed th a t the genes coding for types 
I and III coUagen are coordlnately expressed by fibroblast tissue culture 
cells. The three genes coding for the polypeptides th a t make up these two 
coUagens are located on different chromosomes. Other results Indicated that 
type III coUagen gene expression Is Unked to COL5A2 expression (Bornsteln 
and Sage, 1980). This Information Is mirrored In the protein data which 
Indicates that complexes of coUagen molecules are formed Involving types I, 
III and V coUagen. An extra compUcatlon which m ust be accounted for by 
coUagen gene expression Is the abUlty of ceUs to produce coUagen types 
consisting of more than  one combination of a-chalns.

As with aU genes, coUagen gene expression Is controUed by a 
combination of trans-actlng and els-acting elements. The trans-actlng 
elements are specific nuclear proteins which are capable of forming 
complexes with the DNA sequence cls-actlng elements.

In tissue culture, several cytokines and products of oncogenes have 
been shown to alter coUagen gene expression (Bomstein and Sage, 1989).
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The study of cls-actlng elements Involved In coUcigen gene 
expression has been made easier by the use of transgenic mice and chimeric 
genes (Lovell-Badge et al., 1987). Using such methods, the mouse COL1A2 
gene has been extensively studied. This gene has three promoter sequences 
within the 315bp of sequence upstream  to the sta rt site of transcription. 
This gene also possesses an  enhancer sequence within Its first Intron. The 
enhancer sequence In combination with the promoter sequences confers 
high and tissue specific expression of the gene (Rossi and de Crombrugghe, 
1987a).

The study of the control of COLlAl expression has been aided by 
the MOV 13 mouse model (Schnleke et al., 1983). The Insertion of mouse 
leukemia retroviral sequence In the first Intron of mouse COLlAl resulted In 
a block of the transcription of tha t gene. A mouse, heterozygous for the 
Insertion, displays a type I osteogenesis Imperfecta phenotype; a 
homozygous mouse displays a  type II osteogenesis Imperfecta phenotype. 
The phenotype was found to be the result of loss of enhancer sequence from 
the Intron. Negative DNA elements have been detected In the first Intron of 
COLlAl (Bomstein and McKay, 1988).

A tissue specific enhancer has been detected In the first Intron of 
COL2A1 (Horton et al., 1987). This enhancer sequence Is Involved In 
developmentally controlled expression of the gene.

The control of COL4A1 and COL4A2 Is unusua l because of the 
unique arrangem ent of the two genes. The two genes are arranged In a  head 
to head orientation on opposite strands of DNA 130bp apart. In the centre of 
this 130bp Is a  possible SPl binding site (Poschl et al., 1988). SPl Is a 
general transcription factor. This promoter sequence serves both genes. 
Transcription of the genes Is enhanced by a sequence In the first Intron of 
COL4A1 (Burbelo et al., 1988). This Intron sequence contains two possible 
cls-actlng elements. A negative regulatory element Is present In the third 
Intron of COL4A2. Preliminary evidence suggests th a t the méthylation of 
collagen IV regulatory sequences has a role to play In the expression of 
COL4A1 and COL4A2 (Burbelo eta l., 1990).

Rather than  controlling the collagen synthesized by a  cell by on/off 
swtiches, collagen gene expression can be altered by alternative spficlng. 
Altemative spficlng has been detected In mRNA coding for al(II), a2(VI), 
al(XllI) and al(IX). The alternative spficlng displayed by al(lX) transcripts Is 
accompanied by the use of an  altemative transcription s ta rt site. The use of 
the transcription sta rt sites and spficlng out of an  exon Is controlled In a
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tissue specific m aimer (Nishimura et al., 1989). The significance of 
altem ative spficlng of mRNA coding for a  1 (XIII) and a2(VI) Is not known. The 
altem ative spficlng of mRNA coding for the a  1(11) propeptide domain may 
have a  role to play In the control of translation (Ryan and Sandell, 1990). It 
has been established tha t fragments of the amino propeptide of type I 
collagen Inhibited al(II) collagen synthesis In a  cell free translation system 
(Pagfia et al., 1981; Horleln et al., 1981). A more detailed explanation Is given 
In section 1.3.2.

The synthesis of o2(I) mRNA Is developmentally controlled In 
chondrocytes (Bennett and Adams, 1990). Mature chondrocytes do not 
synthesize any type I collagen protein, although they express the genes 
COLlAl and COL1A2. The a  1(1) transcripts rem ain unprocessed In the 
nucleus. However, a2(I) transcripts are processed and released from the 
nucleus (Bennett and Adams, 1987). The transcripts are synthesized using 
an  altemative transcription sta rt site and a  promoter found In the second 
Intron of COL1A2. This results In the first two exons of COL1A2 being 
replaced by a  96bp exon and the presence of 4 open reading frames, the 
largest coding for a  polypeptide which would be 71 amino acids long. It has 
not been determined whether this altemative transcript Is translated.

The control of type VI collagen transcription Is unusual amongst 
the coUagens. Roller et al., (1991) discovered th a t the COL6A2 promoter 
displayed m any of the features of the housekeeping gene promoters, and was 
completely different from those of the coUagen genes thus far characterized. 
This Information, along with the protein data which suggests th a t type VI 
coUagen has a  role to play In ceU attachm ent and may be expressed by aU 
cells, lends credence to the speculation tha t COL6A2 may be looked upon as 
a  housekeeping gene.

Our understanding of the mechanisms th a t control coUagen 
biosynthesis are stlU In their Infancy. Such control m echanism s were 
predicted to be complicated because coUagen synthesis Is dependent on the 
type and the developmental stage of the ceU In which the coUagen Is 
synthesized.
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1 .1 0  INHERITED CONNECTIVE TISSUE DISEASES

There are many inherited connective tissue diseases of which only 
a  few are discussed here. Although not the m ost common of the connective 
tissue diseases, osteogenesis Imperfecta (OI), Ehlers-Danlos syndrome (EDS) 
and Marfan syndrome are the most studied. Other more common but 
phenotyplcally milder diseases such as osteoarthritis, osteoporosis and 
aortic aneurysm s are discussed later. The Important message th a t has come 
out of the results of research Into the molecular causes of OI, EDS and 
Marfan syndrome over the past few years. Is tha t an  understanding of the 
molecular causes of the rare diseases can help In the search for the causes 
of the more common diseases.

1.11 OSTEOGENESIS IMPERFECTA

1 .11 .1  SIGNS AND SYMPTOMS

Osteogenesis Imperfecta, more commonly known as brittle bone 
disease, presents Itself chnlcally as a heterogeneous array of symptoms. The 
symptoms range from bone fraglhty leading to death in utero, to an  Increased 
tendency to succumb to bone fractures. The disease Is generally classified by 
chnlclans using the four SlUence categories (Slllence eta l., 1979).

Type I - Mild form. Inherited autosomal dominantly, normal stature, httle or 
no bone deformity, blue sclerae, hearing loss In some cases.

Type II - Lethal form, autosomal dominantly Inherited from new mutations, 
rarely autosomal recessive, death in utero or a  few hours after birth  due to 
bone fraglhty. X-ray examination shows beaded ribs formed as a 
consequence of breakages and Inefficient repair in utero.

Type III - Progressively deforming form, autosomal dom inant and rarely 
autosomal recessive, sclerae may be blue, dentinogenesis Imperfecta, 
hearing loss, very short stature.

Type IV - Mild to moderate form autosomal dominant, normal sclerae, mild - 
moderate bone deformity, variable short stature, dentinogenesis Imperfecta,
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occasionally hearing loss.

The disease occurs In 1 In every 20,000 hve births In the U.K. with 
sim ilar frequencies In other populations. The variability In symptoms 
sometimes make It difficult to categorize the disease. Some workers have 
published data to show tha t the mild form of the disease, type I. often goes 
undiagnosed or Is misdiagnosed as child abuse (Paterson and  McAUlson, 
1989).

1 .1 1 .2  DOMINANTLY INHERITED POINT MUTATIONS WHICH CAUSE
OSTEOGENESIS IMPERFECTA

Most cases of OI are the resu lt of a  m utation In one of the genes 
coding for the type I collagen polypeptides (COLlAl or COL1A2). Sykes et al. 
(1990) found consistent linkage between dominantly Inherited OI and 
COLlAl and COL1A2.

The majority of mutations causing OI are dominantly Inherited 
point m utations. Prockop et al. (1989) suggested tha t the wide variety of 
point m utations tha t cause OI Is due to the Inability of the fibrillar coUagens 
to tolerate changes In their primary structure because aU the amino acids 
which make up the fibrlUar coUagen polypeptides are essential to their 
function.

Some trends relating OI phenotypes and the type and position of 
type I coUagen m utations have been proposed. Sykes et al. (1990) found that 
of 8 SlUence OI type IV pedigrees analysed aU segregated with COL1A2, aU 
other OI types segregated with either COLlAl or COL1A2. More speclficaUy, 
Byers (1990) suggested tha t a  gradient effect Is seen when looking a t the 
amino acid substitutions causing OI. Most OI phenotypes are caused by a 
point m utation substituting a glycine for another amino acid In the type I 
coUagen heUcal region. The gradient suggested In Byers (1990) Is such  that, 
a  glycine substitution at the carboxyl end of the heUx results In a  more 
severe OI phenotype than  a  m utation a t the amino end of the helix. This 
conclusion needs to be qualified to aUow for the type of substitution, for 
example an  aspartate replacing a glycine has been found to result In a  lethal 
phenotype wherever the mutation occurs In the helix. Substitutions of a 
cysteine for a  glycine m ost clearly shows this gradient effect.
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1 .1 1 .3  OVERMODIFICATION OF TYPE I COLLAGEN AND
OSTEOGENESIS IMPERFECTA

The gradient effect proposed by Byers (1990) may be caused by 
overmodlflcatlon of the type I coUagen molecules as a  result of the presence 
of a  m utation In the heUcal domain. Bonadlo and Byers (1985) found that 
type I coUagen molecules tend to be overmodified from the position of the 
m utation to the amino end. This, they suggest. Is because the substitution of 
a  glycine for a  more bulky amino acid slows down the helix formation of the 
molecule. Glycine being the smaUest amino acid fits Into the centre of the 
helix, larger amino acids are not able to do so easUy. Helix formation 
proceeds at a  normal rate until the m utation Is reached then, as the larger 
amino acid Is accommodated In the helix, helix formation slows down 
aUowlng the type I a-chalns to be overmodified amino terminal to the 
mutation. The overmodified coUagen molecules display decreased thermal 
stablUty, are Inefficiently secretion from and degraded by the ceU. 
Incorporation of these unstable molecules Into the coUagen fibres results In 
abnormal fibre formation. The greater the proportion of helix which Is 
overmodified the greater the thermal InstablUty of the type I molecule and 
sometimes the more severe the phenotype caused by the mutation.

1 .1 1 .4  COOPERATIVE BLOCK UNFOLDING

An additional factor which may have a role to play In determining 
whether a  glycine substitution results In a lethal phenotype or not. Is the 
positioning of the m utation within the a-hellx with respect to the 
micro-unfolding model proposed by Piivalo (1982). PiTvalo suggested tha t the 
coUagen helix does not unfold uniformly as It reaches Its melting 
tem perature, b u t th a t short segments of helix or 'cooperative blocks' unfold 
at a  lower tem perature than the rest of the helix. This theory was later 
confirmed by observations by Kadler et al. (1988). These data, along with the 
knowledge th a t areas of the helix rich In proUne and especlaUy 
hydro]Qq)rohne are the most stable, led W esterhausen et al. (1990) to 
compare the therm al stablUty of type I coUagen molecules containing the 
same type of m utation In different positions along the helix. The mutations 
were both glycine to serine substitutions, one of the substitutions was at
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position 631, the other was at position 598 In the a  1(1) hehcal domain (the 
first glycine of the domain being numbered 1). Their results suggest that 
there are areas of thermal sensitivity to be found along the length of the type 
I collagen helix and areas of thermal stablhty. If a  m utation disrupts a  stable 
area In the helix a  decrease In the therm al stablhty of the whole molecule 
wlU be the result, leading presumably to a  severe phenotype. However, If the 
m utation Is situated In an area of low therm al stablhty the overaU thermal 
stablhty of the molecule would not be m uch altered, leading to a  less severe 
phenotype.

1 .1 1 .5  AUTOSOMAL RECESSIVE MUTATIONS

Most cases of OI are caused by m utations which are Inherited In an 
autosomal dominant manner. There are two documented exceptions 
(Plhlajanleml et al., 1984; de Wet et al., 1983), both are the result of defects 
In COL1A2.

One (de Wet et al., 1983) Is a  compound heterozygote. A sporadic 
m utation resulting In the loss of approximately 20 amino acids from a2(I) 
and a  nuU aUele. It Is not known If the 20 amino acid deletion would have 
been enough to cause the lethal phenotype alone, bu t the null aUele 
Inherited from the phenotyplcaUy normal father obviously was not.

The case described In Plhlajanleml et al. (1984) was a patient with 
the progressively deforming form of the disease (type III). The m utation 
causing the disease was Inherited In an  autosomal recessive m anner from 
phenotyplcally normal, consanguineous parents.lt was a  4bp frameshlft 
deletion In the last exon of COL1A2. The m utation caused a  shift In the 
termination codon with the result tha t the mRNA species carrying the 
m utation was the same length as the normal mRNA. The body was able to 
tolerate half Its a2(I) polypeptides canylng this m utation bu t not all of It.
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1 .1 1 .6  GERMLINE MOSAICISM

As has been mentioned before, m ost cases of osteogenesis 
Imperfecta (OI) are inherited in an  autosomal dominant manner. 
Occasionally the disease recurs In a  family, generally more than  one 
offspring being affected from the same parent. The affected offspring have 
been found to possess the same 'new' m utation In their type I collagen, while 
their clinically normal parents may synthesize only normal collagen. Such 
cases have been found to be due to a  higher than  average occurrence of 
germllne mosaicism associated with the disease, 6-7% of OI cases (Byers et 
al., 1988). A num ber of well characterized cases of OI germhne mosaicism 
have been described In the hterature (Constantinou et al., 1990a; Cohn et 
al., 1990; Wahls et al., 1990a). As with most cases of OI, the m utations 
causing the OI phenotype were found In one or other of the genes coding for 
the type I coUagen polypeptides (COLlAl or COL1A2). Germhne mosaicism 
has been found to originate from either the mother or father and Is often 
accompanied by somatic mosaicism. (Cohn et al., 1990). The knowledge that 
m utated coUagen a-chalns occur In some of the somatic ceUs of 
phenotyplcaUy normal parents, leads to the speculation th a t the occurence 
of an  OI phenotype Is dependent on the dosage of m utated type I molecules 
In the Individual. Such a dosage effect was seen In the case described In 
Constantinou et al. (1990a). In this case a  proband with type II OI (lethal 
form) was born to a mother with type I OI (mUd form). Both were found to 
can y  the same heterozygous mutation, a  glycine to cysteine substitution at 
position 904 In a  1(1). The proband synthesized m utated a  1(1) polypeptides In 
aU Its ceUs; the mother was mosaic for the synthesis of abnormal a  1(1) 
polypeptides. DNA Isolated from the mother's leucocytes contained 
approximately half the m utated aUeles present In the probands fibroblasts.

1 .1 1 .7  INSERTION OR DELETION MUTATIONS IN THE TYPE I 
HELICAL DOMAIN

Not surprisingly most deletions or Insertion m utations occurring In 
the hehcal domain of type I coUagen molecules result In lethal phenotypes 
(Chu et al., 1983; Byers et al., 1988; WlUlng et al., 1988; Hawkins, 1989). 
The length of type I coUagen molecules Is crucial to the correct formation of 
fibres. As Is always the case with OI there are exceptions to this rule
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(Kuivaniemi et al., 1988b; Supertl-Furga et al, 1990). Supertl-Furga et al. 
(1990) described a  case In which a  39bp deletion In Intron 21 of COL1A2 
caused the spüclng out of exon 21. The m utant chain containing type I 
collagen molecules produced by the patient were very unstable. It was 
thought th a t the mild phenotype (type I OI) displayed by the patient Is due to 
the very unstable type I collagen being degraded by the ceU without 
becoming Incorporated Into the extracellular matrix. Mild OI phenotypes 
(type I and IV) are often associated with Inhibition of expression of COLlAl 
or COL1A2 (Barsh et al., 1982; Sykes et al., 1977). It seems th a t It Is better 
to have reduced expression of a type I a-chaln than  to have a  defective 
polypeptide. Although, as has been mentioned before, this depends on the 
final level of type I collagen Incorporated Into the extracellular matrix.

The m utation described by Kuivaniemi et al. (1988) was Inherited 
In an  autosomal dominant m anner and showed variable phenotypic 
expression In a  family. The phenotypes were caused by a  19bp deletion 
which caused sphclng out of exon 11 of the mRNA coding for a2(I) collagen. 
The authors suggested that the variable phenotypic expression was the 
result of differing levels of mis-sphclng of the a2(I) mRNA In each member of 
the family.

1 .1 1 .8  MUTATIONS IN THE CARBOXYL PROPEPTIDE REGION OF THE
TYPE I COLLAGENS

Not all the type I collagen m utations causing OI phenotypes are 
found In the hehcal domain of the polypeptides, though m ost are (Prockop et 
al., 1989). A few mutations In the carboxyl propeptide region have been 
described In the hterature (Wllhng et al., 1990; Bateman et al., 1989; 
Plhlajanleml et al., 1984). These m utations Include frameshlft deletions and 
a Ibp frameshlft Insertion. The m utation studied by Bateman et al., (1989) 
caused a  disruption In the amino acid sequence of the carboj^rl propeptide 
domain, which led to the Inhibition of Incorporation of the m utated a-chaln 
Into the m ature type I coUagen molecules. The few m utated a-chalns which 
m anaged to be Included In the m ature coUagen molecules were overmodlfled 
along the whole length of the helix. They displayed decreased thermal 
stablhty and were degraded by the ceU. As a result only normal type I 
coUagen molecules were found In the extraceUular martrlx. A consequence of 
the lack of type I coUagen synthesis and IntraceUular degradation of
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abnorm al type I coUagen molecules was a decrease in type 1 coUagen content 
of the extraceUular matrix. In the case described In WlUlng et al. (1990) half 
the pro a  1(1) synthesized by the patient was very unstable. The unstable 
polypeptide was caused by a 5bp frameshlft deletion at the 3' end of one of 
the COLlAl aUeles. The product of this m utated aUele was a pro a  1(1) 
polypeptide which was 84 amino acids longer than  normal. This longer 
pro a  1(1) polypeptide was so unstable It was not avaUable for Incorporation 
Into type I coUagen molecules, this caused a  reduction In the type I coUagen 
content of the extraceUular matrix to 50%. The patient suffered from type I
OI. The proband described by Bateman et al. (1989) had only 20% of the 
normal type I coUagen content In Its extraceUular matrix and was diagnosed 
as having type II OI. The mutation causing this reduction In the type I 
coUagen content was a  Ibp Insertion In exon 49 of COLlAl. The polypeptide 
coded for by this m utated gene had a  truncated carboxyl terminal 
propeptide. Some of these truncated molecules were Incorporated Into the a- 
heUcal structures before they were degraded by the ceU, therefore normal 
asweU as abnormal pro a  1(1) polypeptides were degraded reducing the type I 
coUagen content of the ceU to 20%. Thus the less type I coUagen In the 
extraceUular matrix, the more severe the phenotype. Characterization of 
m utations In the different domains of the type I coUagen molecule help to 
Increase our understanding of the function of the domains In the m ature 
molecule.

1 .1 1 .9  PROTEIN SUICIDE

If the degradation of Imperfect type I procoUagen molecules was 
100% efficient then the severity of an OI phenotype would be dependent on 
the am ount of coUagen Incorporated Into the extraceUular matrix. That 
would depend on the gene In which the m utation was found; COLlAl or 
COL1A2. Upon synthesis of defective type I procoUagen molecules the ceUs 
producing them  undergo a  phenomenon caUed 'protein suicide' (WlUlams 
and Prockop, 1983). It seems tha t the resulting therm al InstablUty caused by 
overmodlflcatlon of the procoUagen molecules encourages the ceU's 
endogenous proteases to degrade the defective procoUagen molecules. Each 
type I procoUagen molecule Is made up of two pro a  1(1) chains and one 
pro a2(I) chain. It Is Irrelevant whether the procoUagen molecule contains 
one or two abnormal a-chalns, the molecule wlU be overmodlfled from the
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m utation to the amino end of the molecule and therefore wlU be thermally 
unstable and open to endogenous protease digestion. Normal a-chalns wlU 
be digested along with m utated ones If they are part of an  abnormal 
procollagen molecule. This phenomenon explains why m utations affecting 
pro a  1(1) tend to result In a  more severe phenotype than  m utations affecting 
pro a2(I). A m utation affecting pro a2(I) would lead to 50% of the type I 
procollagen molecules In a  cell being overmodlfled, a  m utation affecting 
pro a  1(1) would result In 75% of the type I procoUagen molecules being 
overmodlfled and therefore open to degradation by the ceU. The less the type 
I coUagen In the extraceUular matrix the more severe phenotype. Given the 
fact th a t not aU abnormal type I coUagen molecules are degraded by the ceU, 
It should be noted that the more abnormal coUagen molecules tha t are 
Incorporated Into the extraceUular matrix, the more severe the phenotype.

1 .1 1 .1 0  KINKED TYPE I COLLAGEN MOLECULES

A reduced type I coUagen content In the extraceUular m atrix Is not 
the only m eans by which an OI phenotype Is caused. Disruption of the type I 
coUagen fibre structure Is the more common mode of action because the ceU 
does not degrade aU the abnormal procoUagen molecules. Type I coUagen 
fibre structure Is compact and highly ordered. The fibres are made up of 
m any type I molecules packed together therefore, a  few abnormal molecules 
can disrupt the whole fibre structure. Stacey et a i  (1988) pubUshed data to 
prove th a t only 10% of the coUagen molecules In a fibre need be abnormal to 
result In a  lethal OI phenotype. One way th a t a  smaU num ber of m utated a- 
chaln can result In an abnormal coUagen fibre Is explained In Vogel et al. 
(1988). The authors demonstrate tha t a  point m utation causing the 
substitu tion of cysteine for a  glycine at position 748 of a  1(1) caused a  kink to 
form In the procoUagen molecule at the site of the substitution. Type I 
coUagen molecules with kinks In them. If Incorporated Into coUagen fibres, 
would totaUy disrupt the structure of the fibres and may, as In this case, 
result In a  lethal OI phenotype. A more common occurrence would be that 
the overmodlfled molecules are Incorporated Into the coUagen fibrU and 
disrupt Its therm al stablhty.
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1 .1 1 .1 1  TYPE I COLLAGEN AND OSTEOGENESIS IMPERFECTA

Although there are no real guldehnes to follow when searching for 
the m utation causing an OI phenotype there are few general rules tha t help:-

1. M utations causing OI phenotypes are to be found In COLlAl or 
COL1A2.

2. M utations resulting In reduced expression of the type I collagen genes 
are less disruptive than  m utations which cause the synthesis of a 
defective type I collagen polypeptide.

3. M utations In COLlAl tend to result In more severe phenotypes than 
those In COL1A2.

4. The general position of a  m utation corresponds to the sta rt of post- 
translational overmodlflcatlon.

5. M utations at the carboxyl terminal end of the type I collagen molecules 
tend to be more severe than  those toward the amino-termini end of the 
molecule.

Many exceptions to these rules can be cited therefore, the 
characterization of the mutations causing OI phenotypes Is not straight 
forward.

1 .1 2  EHLERS-DANLOS SYNDROME

1 .1 2 .1  SIGNS AND SYMPTOMS

Ehlers-Danlos syndrome (EDS) occurs In 1 In 100,000 births. It Is 
characterized by joint hypermoblhty and hyperextenslve skin. The syndrome 
m ay be characterized by these symptoms bu t the clinical defects displayed 
by patients suffering from the disease are diverse. So diverse In fact tha t In 
some cases It Is difficult to differentiate between Ehlers-Danlos syndrome 
and osteogenesis Imperfecta (Slppola et al., 1984).

There are at least 10 types of EDS with a  num ber of subtypes 
(Belghton et al., 1988). AU the different types display the cardinal defects

29



des«ciibed above. For m ost types the biochemical defect Is unknown.

EDS TYPES I, II AND III
These three types are inherited autosomal dominantly. They are 

characterized by hyperextenslble and fragile skin, easy bruising and joint 
hypermoblhty to a  greater or lesser degree.

EDS TYPE IV
This Is the m ost severe and the most rare form of the syndrome. 

The symptoms displayed by patients with this form of the disease are loose 
an d  fragile skin, easy brulsablhty, 'cigarette paper' scars, arterial ruptures 
an d  m itral valve prolapse (Hartsfleld and Kousseff, 1990). It Is due to the 
occurrence of the last two symptoms that the life expectancy of patients 
suffering from type IV EDS Is reduced. Survival beyond the 5 th  decade Is 
rare.

Biochemical studies of tissues or cultured cells from several type IV 
EDS patients dem onstrated a deficiency of type III collagen brought about by 
defects In the rate of synthesis, (Pope et al., 1975) secretion or stablhty of 
type III procoUagen molecules (Utanl et al., 1990).

EDS TYPE V
Undercrosshnklng of coUagen molecules has been suggested as 

the cause of this type of EDS (Différante et al., 1975). This type Is linked to 
the X chromosome (Belghton and Curtis, 1985).

EDS TYPE VI
Type VI EDS Is differentiated from the other types by the fact that 

the eyes of the patient are affected le. retinal detachm ent (Belghton, 1970). 
The patient also suffers from scoUosls. This condition has been 
dem onstrated to be due to underactlvlty of lysyl hydroxylase (PlnneU et al., 
1972). This enzyme hydroxylates lysine residues In the coUagen a-chalns 
before helix formation. The hydroxylated lysine residues are Involved In the 
cross-hnklng of coUagen molecules. Type VI Is Inherited In an  autosomal 
recessive m anner.

3 0



EDS TYPE VII
The EDS VII phenotype has been dem onstrated to be the cUnical 

consequence of retention of the amino propeptide domain of type I collagen. 
It has been found to be dominantly Inherited. The occurrence of the disease 
provides evidence that the size of type I collagen molecules Is critical to the 
formation of normal type I collagen fibres.

EDS TYPE VIII
The symptoms of this form of the disease Include periodontitis, 

gingival recession and tooth loss.

EDS TYPE IX
The condition which was once known as EDS IX has been 

re-categoiTsed as a disorder of copper transport (Belghton et al., 1988).

EDS TYPE X
This type of this disorder Is Inherited In an autosomal recessive 

manner. It Is thought to be caused by an abnormafity of the extracellular 
matrix protein flbronectln.

1 .1 2 .2  THE MOLECULAR DEFECTS CAUSING SOME EDS 
PHENOTYPES

Most Is known about the molecular causes of EDS IV and EDS VII. 
This Is probably because these forms of the disease are caused by m utations 
In collagen genes for which genomic and cDNA clones are fi*eely available.

EDS TYPE rV
Tslpouras et al. (1986a) and NlchoUs et al. (1988) demonstrated 

tha t the EDS IV phenotype Is finked to COL 1 A3. Later Supertl-Furga et al. 
(1988) characterized a 3.3kb deletion In the triple hehcal domain of the gene 
coding for type III collagen (COL 1 A3) In a  patient with EDS IV. The protein 
product of this m utated gene was shorter than  normal. It was Incorporated 
Into procollagen molecules which displayed decreased therm al stablhty and 
were less efficiently secreted by cells. A single base m utation resulting In an 
amino acid substitution (glycine to serine) has been dem onstrated by Tromp 
et al. (1989) to cause an EDS IV phenotype.
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Three sphclng m utations have been found along the length of 
COL 1 A3 In Individuals suffering from EDS IV (Kuivaniemi et al., 1990). One 
of these sphclng m utations caused a phenotype best described as an  overlap 
between famlhal arterial aneurysms and EDS IV (KontusaaiT et al. 1990). 
This case begs the question as to whether the more common connective 
tissue disorders such as famlhal arterial aneuiysm s are the result of 
collagen gene mutations.

EDS TYPE VII
There are three EDS VII classifications (Belghton et al., 1988);- 

VIIA - the result of abnormal pro-al(l).
VIIB - the result of abnormal pro-a2(I).
VIIC - deficiency In procoUagen N-protelnase activity.

The EDS VII phenotype Is caused by the retention of the amino 
terminal propeptide of type I procoUagen. Although It Is possible tha t this 
may be brought about because of defective N-protelnase, such a  case has 
not been described In the hterature. This subtype. If Is occurs, would be 
Inherited In an autosomal recessive manner, unhke subtypes VILA or VIIB. 
To date, only EDS VII cases which are caused by m utations which alter the 
N-protease cleavage site of pro a  1(1) or pro a2(I) have been characterized 
(Eyre et al., 1985; Cole et al., 1986; Wlrtz et al., 1987; WeU et al., 1990). 
Such m utations caused the sphclng out of exon 6 of COLlAl or COL1A2 
during mRNA synthesis. Exon 6 Is the 'joining' exon In both genes. It 
contains the sequences coding for the amino telopeptlde and short segments 
of the amino propeptide and the helix (Chu et al. 1984). Contained within 
this exon Is the N-protelnase cleavage site.

Dombrowskl and Prockop (1985) suggested tha t the N-propeptlde 
protease cleavage site conformation consists of three hairpin loops stabUlzed 
by lateral Interactions. The loss of one of the recognition sites from one of the 
a-chalns would destroy this conformation and result In the Inhibition of 
cleavage. This theory was strengthened by the observations of Vogel et al. 
(1988), who found that a mutation In the hehcal domain of type I coUagen 
caused a kink to form In the helix. As a  result of this kink formation the 
a-chalns were out of normal phase amino terminal to the mutation. This 
phase shift resulted In the disruption of the N-propeptlde cleavage site and 
the retention of the N-propeptlde.

Wlrtz et al. (1990) used electron microscopy to show retention of 
the N-propeptlde by type I procoUagen extracted from a patient with EDS VII.
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An 18 amino acid deletion (exon 6) In proa2(I) caused the loss of the 
N-propeptlde protease cleavage site and thus N-propeptlde retention. Their 
results Indicate tha t the a  1(1) propeptide rem ains attached to the a2(I) 
popeptide through non-covalent Interactions, despite being cleaved from the 
related a  1(1) chains. Thus cleavage of a-chalns In type I procoUagen 
molecules at the N-propeptlde protease cleavage site Is dependent on the 
presence of hairpin loops In each a-chaln, b u t not necessarily any lateral 
Interactions between the three loops. The retention of the amino propeptide 
domain described In Vogel et al. (1988) was probably due to the loss of the 
hairpin loop structure In one or two of the a  1(1) chains brought about by the 
phase shift In the helix formation.

For most types of EDS the molecular cause Is unknown. The quest 
for the molecular causes of many EDS phenotypes Is probably compUcated 
by the fact tha t each phenotype may be caused by m utations In different 
genes. This Is unhke osteogenesis Imperfecta which. In most cases. Is caused 
by a  m utation In one of the type I coUagen genes (COLlAl or COL1A2).

1 .13  MARFAN SYNDROME

1.13 .1  SIGNS AND SYMPTOMS

Marfan syndrome Is a  relatively common connective tissue disease. 
It occurs In approximately 4-6/100,000 people (Pyeritz and McKuslck, 
1979). It Is Inherited In an autosomal m anner and Is expressed as a  wide 
variety of symptoms. UnUke OI and EDS diagnosis of Marfan syndrome Is 
typlcaUy made not a t birth bu t later In life (Tslpouras, 1990). The symptoms 
Include abnormahties of the eye, aorta and skeleton. Marfan syndrome 
patients are typlcaUy taU with chest and spine deformaties, their limbs are 
veiy long compared with their torso. Significant variation of symptoms 
between famUles suffering fi*om Marfan syndrome and variations In cUnlcal 
expression between affected members of the same famUy are seen. The 
expected life span  of a  patient with Marfan syndrome Is often reduced 
because disease of the aorta leads to heart faUure or aortic dissection.
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1 .1 3 .2  THE CHROMOSOMAL LOCATION OF THE MARFAN GENE

The involvement of the skeleton and the cardiovascular system In 
the disease symptoms led to the assum ption th a t a  m utated collagen gene 
may be the cause of the disease. Genetic linkage studies have excluded 
m any collagen gene loci (Tslpouras et al., 1986; Dalglelsh et al., 1987; 
OgllvleetaL, 1987; Francomano et a/., 1988).

An International consortium was set up to collect Unkage data and 
generate an  'exclusion map' (Blanton et al., 1990). Eventually the gene locus 
Involved In causing Marfan syndrome was localized to chromosome 15 
(Kalnulalnen et al., 1990). The position of the locus has been since found to 
be more centromerlc than  tha t suggested by Kalnulalnen and co workers. 
Dietz et al. (1991) found It to be tightly hnked to m arkers at 15ql5-q21.1. 
The nature of the proteln(s) Involved In causing Marfan syndrome are as yet 
unknown.

1 .1 2 .3  COLLAGEN GENES AND MARFAN SYNDROME

Despite the lack of hnkage data to be found between Marfan 
syndrome and the genes coding for the flbrlUar coUagens, one case has been 
reported In which a  mutation In COL1A2 Is Indicated as the cause of Marfan 
symptoms (Byers et al., 1981; PhlUlps et al., 1990). The m utation was a 
single base change resulting In an amino acid substitution of arginine®^® by 
a  glutamine. The substitution Is In the Y position of a  Gly-X-Y repeat. This 
arginine Is highly conserved among the flbrlUar coUagens (Kuivaniemi et al., 
1988a; Bernard et al., 1983; Su et al., 1989; Janeczko and Ramirez, 1989; 
WeU et al., 1987) and therefore might perform some as yet unknown 
Important function In correct type I coUagen formation. This case Is generaUy 
considered an exception to the rule. Another such exception has yet to be 
fuUy characterized Godfrey et al. (1990a).

1 .1 3 .4  MICROFIBRIL STRUCTURE AND MARFAN SYNDROME

Recent studies have pointed towards a  defective component of 
elastln-assoclated mlcroflbrlUar fibres as the cause of Marfan syndrome 
(Godfrey et al. 1990a). Indirect ImmunoUuoresent studies using monoclonal
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antibodies against jflbrlllln were used. FlbrUln Is a  major constituent of 
mlcrofibrlls (Maddox et al., 1989). Abnormal microfibrillar structure was 
observed In skin and fibroblast samples Isolated from patients suffering from 
Marfan syndrome. No such abnormahties were seen In samples Isolated from 
normal Individuals. An unique Marfan case vindicated this approach as a 
route to follow In the search for the defective protein In Marfan patients 
(Godfrey et al., 1990b). The patient was found to display Marfan symptoms 
unilaterally. Godfrey and co-workers used Indirect Immunofluorescence to 
show tha t mlcroflbrll fibres from the Marfan affected side of the patients 
body were abnormal (reduced aggregation), while the fibres from the normal 
side of the body were not. Work Is under way to determine If the gene coding 
for f ib r illin  Is to be found on chromosome 15.

Obviously there Is still m uch more to do until the molecular 
cause(s) of Marfan syndrome are elucidated. It has taken a  long time to get 
to this stage In the search for the Marfan gene, the rest of the search should 
be m uch quicker.

1 .1 4  OTHER CONNECTIVE TISSUE DISEASES

Stickler syndrome Is a  dominantly Inherited condition 
characterized by vltreo-retinal degeneration, epiphyseal dysplasia and 
prem ature degenerative joint disease. Linkage has been suggested between 
this syndrome and the type II collagen gene (Francomana et al., 1987; 
Knowlton et al., 1989; Priestley et al., 1990). However Weaver et al., (1989) 
pubhshed results to suggest that m utations In COL2A1 are not the only 
cause of this disorder.

Type II collagen has also been found to be Involved In the 
occurrence of some forms of spondyloepiphyseal dysplasia (Anderson et al., 
1990; Tiller et al., 1990) and primary osteoarthritis associated with a mild 
chondrodysplasia (Ala-Kokko et al., 1990; Knowlton, 1990). The m utation 
described In Ala-Kokko et al. (1990) was shown by Eyre et al. (1991) to be 
expressed In the patient's cartilage.

Biochemical and Immunocytochemlcal studies have suggested the 
possible Involvement of the COL7A1 gene with the recessive dystrophic 
phenotype of epidermolysis bullosa (Leigh et al., 1988).

Spotlla et al. (1991) have found a  m utation th a t substitu tes a 
serine for a glycine In a2(I) at position 661 In a  patient with post­
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m enopausal osteoporosis.
It remains to be determined whether all the common connective 

tissue disorders are the result of m utations In the collagen genes, and If they 
are, whether It would be easy to screen for them  In large populations. 
Screening for susceptlbülty to aortic aneurysm s for example, could result In 
preventative m easures tha t would Increase life expectancy.

1 .15  DETECTION OF SINGLE BASE MUTATIONS

Reviews of the methods described here are to be found within 
Cotton (1989) and Rosslter and Caskey (1990).

Before attempting to screen DNA or mRNA for small m utations the 
sequence should be first screened for gross defects. This can be easily 
carried out by Southern or northern blotting and hybridization analysis.

Ultimately all m utations m ust be characterized by sequence 
analysis. It seems foolhardy to attem pt to sequence large areas of DNA 
without first gaining an Idea as to the general location of the mutation. 
Although this has been attempted by Labhard and HoUlster (1990). A better 
and less time consuming approach Is to use one of the screening methods 
described below to determine the location of the mutation, then to sequence 
tha t area of DNA to characterize the mutation.

Many of the screening methods rely on the formation of 
heteroduplexes of DNA/mRNA fi*agments. One strand of the heteroduplex 
should contain the wild type sequence, the other strand the m utant 
sequence. Two perfectly complementaiy strands of DNA will anneal to each 
other along their whole length without Interruption. If the two strands of 
DNA differ a t one or more positions they will anneal except at the posltlon(s) 
at which they differ. Any mismatched bases are open to modification and /or 
cleavage by enzymes or chemicals. Heteroduplexes can form between two 
DNA fragments, two RNA sequences or a  DNA and an  RNA sequence.

1 .15 .1  RNASE A PROTECTION ANALYSIS

This method was developed by Myers et al. (1985b) and Winter et 
al. (1985), later It was modified by Gibbs and Caskey (1987). It refies on the 
ablhty of pancreatic rlbonuclease (RNase A) to recognize and cleave
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mismatched RNA bases In a heteroduplex. It requires the synthesis of RNA 
probes labelled with to a  high specific activity. An antisense, wild-type 
sequence, RNA probe Is hybridized to m utan t mRNA. After hybridization, the 
heteroduplex Is digested with RNase A. The produces) of the digestion are 
electrophoresed through a polyacrylamide gel. The presence of a  mismatch 
base pair between the probe and the mRNA Is Indicated by cleavage bands 
on an  autoradiograph of the gel. Lack of cleavage of the probe because It Is 
completely protected by the mRNA Is seen on an autoradiograph of the gel as 
a single band. Its size corresponding to th a t of the probe trimmed of any 
superfluous sequence. The RNA probe can also be protected by DNA 
sequence In a  DNA/RNA hybrid.

This method has been apphed to the detection of point mutations 
causing numerous cünlcal conditions (Grange et al., 1990; Veres et al., 
1987; Dunn et al., 1988; Forrester et al., 1987). There are problems with this 
method, a major one being tha t the chemicals and equipment m ust be 
rendered RNase free. There Is also a limitation on the length of sequence that 
can be screened at any one time. The probes used In this method are limited 
In length to between 400bp and Ikb. Probes larger than  Ikb result In a high 
background signal on the final autoradiograph. Genovese et al. (1989) 
adapted the method to Increase the length of sequence th a t can be screened 
at a  time. They were able to screen up to 1.8kb of sequence a t one time. 
They denatured non-radlolabeUed wlldtype cDNAs sequence and hybridized 
It to m utant mRNA. This hybrid was subjected to digestion by RNase A as 
usual then electrophoresed through a denaturing agarose gel. The gel was 
then northern blotted. The resulting filter was hybridized with an  antisense 
cDNA probe. If there was no mismatch within the original mRNA/cDNA 
hybrid then no cleavage products would be seen on the autoradiograph of 
the filter. The presence of a  m utation In the mRNA would result In the 
presence of cleavage bands on the autoradiograph.

The enzyme RNase A does not digest all the mismatches In a 
heteroduplex. The ablhty of RNase A to digest a  m ismatched base Is 
dependent on the base and the sequence by which the base Is surrounded 
(Cotton, 1989). The success rate of the method has been estimated to be 
between 60% (Cotton, 1989) and 30% (Myers eta l., 1985).
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1 .1 5 .2  CHEMICAL CLEAVAGE

This method was developed by Cotton et al. (1988). As with RNase 
A protection the method rehes on the availabülty of mismatched bases within 
a  heteroduplex. The mismatched bases In this method are modified before 
they are cleaved. A heteroduplex Is formed between a  radioactive, wild type 
sequence probe DNA and DNA or mRNA Isolated from an  Individual with a 
suspected mutation.

The heteroduplex Is treated with hydroxylamlne or osmium 
tetroxide. Hydroxylamlne reacts with mismatched C bases and osmium 
tetroxJde reacts with mismatched T bases. After modification these bases are 
cleaved by the presence of an alkah such as piperidine. The presence of 
cleavage products Is determined by denaturing polyacrylamide gel 
electrophoresis and autoradiography. Like RNase A mapping, this method 
Identifies not only the presence of a  m ismatch In the hybrid b u t also gives an 
Indication as to the position of the mismatch. Due to the fact tha t only C and 
T bases can be modified, and subsequently cleaved, both strands of DNA 
need to be analysed or mRNA and Its cDNA m ust be screened.

A further drawback of this method Is high background signal. 
Cotton and Campbell (1989) determined the success rate of this method to 
be 100%. However, Theophllus et al. (1989) failed to detect all the base 
changes they were Investigating because of high background. This method Is 
time consuming and has the disadvantage of Involving the use of highly toxic 
chemicals.

1 .1 5 .3  CARBODIIMIDE

Carbodllmlde Is used as the reactive chemical In two mutation 
detection methods. Both methods rely on the ablhty of carbodllmlde to 
Interact In a non-covalent maimer with mismatched C or T bases.

The first method was described In Novack et al. (1986). This 
method exploits the fact tha t DNA containing a  base modified with 
carbodllmlde migrates more slowly through a gel m atrix than  DNA which has 
not been modified. This method does not Indicate the location of a  mutation.

The second method employing carbodllmlde also Involves the 
modification of mismatched C and T bases within a heteroduplex. After 
modification, the heteroduplex Is used as the template for primer extension
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with Taq DNA polymerase. The conditions under which the primer extension 
takes place are such tha t extension is prevented by the presence of a 
carbodiimide-modified base (Ganguly and Prockop, 1990). Unhke the first 
carbodiidmide method this method gives an  indication of the location of the 
m utation within the heteroduplex.

Although the method is claimed to be 100% effect a t detecting 
point m utations occasionally the results are distorted by internal priming of 
the DNA or non-specific modification of bases (Ganguly and Prockop, 1990).

1 .1 5 .4  DENATURING POLYACRYLAMIDE GEL ELECTROPHORESIS

Duplex DNA, when electrophoresed through a  denaturing gradient 
gel, will do so as a  duplex until a  point is reached in the gel where the 
dénaturant concentration is such tha t the DNA duplex starts  to melt. At this 
point the migration of the duplex through the gel is retarded. The duplex 
melts as two domains, high and low melting point. The concentration of 
dénaturant that a t which a duplex begins to melt is dependent on the length 
and the sequence of the DNA fragments in the duplex (Lerman et al., 1984). 
A mismatched pair in a low melting region of a  duplex destabihzes it and as 
a result reduces the concentration of dénaturant a t which the migration of 
the duplex slows down. Duplexes differing by a  single base pair can be 
separated using denaturing gradient gel electrophoresis.

The presence of a mismatched base pair in a  high melting domain 
of a duplex would not alter the mobility of the duplex through the gel 
because the low melting domain would melt first. To increase the sensitivity 
of this method a GO-rich sequence or 'clamp' is attached to one end of the 
duplex. The presence of this high melting domain effectively makes the whole 
of the sequence under Investigation the low melting domain (Myers et al., 
1985c,d). A mismatch anywhere along this domain would reduce the 
concentration of dénaturant at which the duplex melts and thus allow 
detection of a m utation within this region.

A technique has been developed along the same Unes as this by 
Diaz-Ruiz and Kaper (1979). A thermal gradient is used instead of a  
denaturing gradient. However, the setting up of a  therm al gradient requires 
expensive equipment.

Neither method enables the location of the m utation to be 
determined.
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1 .1 5 .5  POLYMERASE CHAIN REACTION SINGLE STRAND
CONFORMATIONAL POLYMORPHISMS

This method Involves the use of the polymerase chain reaction as 
one of the steps (Orita et al., 1989). A fragment of DNA (100-400bp in length) 
is amplified using the PGR. Included in the PGR is ^^P-labelled dGTP or a 
^^P-labeUed primer. The product of the PGR is denatured then 
electrophoresed through a non-denaturing polyacrylamide gel. The single 
stranded PGR product adopts a specific comformation as it is 
electrophoresed through the gel. The conformation tha t the DNA takes on is 
stabilized by weak intramolecular bonds. The mobihty of these single 
stranded DNA fragments through the polyacrylamide gel is dependent on the 
length and the sequence of the DNA. This method has been shown to be able 
to distinguish between fragments which differ by one base substitution 
(Orita et al., 1989).

This method has the advantages tha t it is quick, easy and large 
areas of DNA can be screened at one time. Ghnical apphcations of this 
method to detect disease causing m utations have been described in 
Ainsworth et al. (1991), Gawthorn et al. (1990) and Dean et al. (1990).

1 .1 5 .6  HYDROLINK GEL ELECTROPHORESIS

Potentially the simplest method for the detection of single base 
m utations yet pubhshed Involves the use of Hydrohnk gels (Keen et al., 
1991). Hydrohnk gels are high resolution gels which are prepared using a  gel 
solution which is obtained in the UK from Hoefer Scientific. These gels are 
said to be able to separate heteroduplexes containing a  single base 
m ismatch from duplexes which are completely homologous. Keen and 
coworkers used the PGR to amplify fragments of DNA which contained a 
point mutation. After amplification the DNA was denatured once then 
reannealed to encourage heteroduplex formation. The DNA was 
electrophoresed through a  Hydrohnk gel.

This method has been tested on a limited num ber of base 
substitutions (Keen et al., 1991). Further analysis needs to be carried out to 
determine how sensitive the method is.
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This method may be enhanced by the Incorporation of nucleotide 
analogues which alter electrophoretic mobihty of heteroduplexes (Komberg 
and Lavik, 1989).

The fact tha t so many single base substitution detection methods 
can be picked from the hterature is a  clear indication th a t none of the 
methods is perfect. The ideal m utation detection method would satisfy the 
foUowing criteria:-
1. It would detect ah possible base changes regardless of the base 

composition of the surrounding DNA
2. It would give an indication of the location of the m utation to make 

characterization of the m utation easier.
3. It would be quick, user-friendly and safe so tha t eventuahy m ass 

screening can be performed.
The method tha t best satisfies these criteria at the moment is the use of 
Hydrohnk gels. However, it has not been thoroughly tested for its abihty to 
detect ah possible mutations.

1 .16  THE POLYMERASE CHAIN REACTION

Comprehensive reviews of the polymerase chain reaction are 
pubhshed in Gibbs (1990) and Erhch (1989).

It would not be exaggeration to say tha t the polymerase chain 
reaction (PCR) has revolutionized the field of molecular biology. It has 
become a  part of many of the procedures used in DNA manipulation and 
new adaptations of the method are being pubhshed constantly. A fuh review 
of the PCR and its uses would require more space than  is avahable here. 
With this in mind I intend to outhne the way in which the method works, its 
components and a  few of its uses.

The polymerase chain reaction enables the selective synthesis of 
predetermined fragments of DNA to quantities of a  few micrograms using a 
few copies of the DNA sequence as starting material. The only requirement of 
the method is that some of the sequence of the DNA to be isolated m ust be 
known. This sequence data is required so tha t primers can be synthesized to 
prime DNA synthesis.
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1 .16 .1  AN OUTLINE OF HOW THE METHOD WORKS

During the PCR the template DNA Is denatured by Increasing the 
tem perature of the reaction mix to something in the region of 95°C. The 
tem perature of the reaction mix is then decreased to allow the primers, 
which are present in a  molar excess, to anneal to their complementary 
sequences in the template DNA. The primers are designed such  tha t one has 
a  sequence which is complementary to the sense template DNA strand and 
the other has a sequence which is complementary to the antisense template 
DNA strand. The positions of the primers define the ends of the PCR 
products.

Having annealed to the template DNA, the primers prime DNA 
synthesis. At first the enzyme used to catalyse this DNA synthesis was E.coli 
DNA polymerase Klenow fragment (MuUis and Faloona, 1987). This enzyme 
is heat labile, so DNA synthesis took place at 37"C and the enzyme had to be 
replenished after each dénaturation step; a  labour intensive and expensive 
process. DNA synthesis and therefore the primer annealing a t 37“C resulted 
in many non-specific priming products. A great advance in the specifcity and 
ease with which this method can be performed was made when a 
thermostable DNA polymerase isolated from an  organism called Thermus 
aquatlcus was included in the method (Saiki et al., 1988). This enzyme, Taq 
polymerase, performs the same function as E.coli DNA polymerase bu t it is 
stable at temperatures up to 95°C (the denaturing temperature) and its 
optimum working temperature is 70°C. Using this enzyme to catalyse DNA 
synthesis m eant tha t the anneahng tem perature of a  PCR could be increased 
to 70°C. Increased specificity of the anneahng tem perature resulted in 
increased specificity of the method so tha t the fragments of DNA could be 
amplified to the exclusion of ah else. The polymerase chain reaction involves 
repeated cycles of temperature changes which correlate with the 
dénaturation of the template, anneahng of the primers to the template and 
DNA synthesis. Each cycle of PCR results in the synthesis of more DNA 
which is used as template for further cycles. Theoreticahy, the num ber of 
molecules of a specific DNA fragment wih increase by 2^  after n  cycles of 
PCR.

The isolation of Taq polymerase has also aUowed the automation of 
this method. Thermocyhng machines have been produced which alter the 
temperature of the reaction mix to ahow template dénaturation, primer 
anneahng and DNA elongation. The m ost recently described machine
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enables amplification of a 536 bp DNA fragment to take place in less than 
one hour (Wittner and Garling, 1991).

1 .1 6 .2  TEMPLATE MATERIAL

After the isolation of Taq polymerase and the production of 
thermocycling machines, thoughts turned to the m ultitude of template 
preparations tha t can be used as part of the method. Boiled cells (Gussaw 
and Clarkson 1989), paraffin embedded tissue samples (Impraim et al.,
1987) and whole blood (Mercier et al., 1990) have been successfully used to 
provide template for PCRs. Refinement of the method to increase its 
sensitivHy has lead to lower and lower am ounts of DNA template material 
being required for PCR amplification. This eventually led to Li et al. (1988) 
pubhshing results to show tha t it is possible to amplify DNA from a single 
sperm. CheUy et al. (1988) amplified dystrophin mRNA via a  cDNA 
intermediate from lymphoblastoid cells which were thought not to express 
the mRNA. This and later results (Chelly et al., 1989) led to the speculation 
tha t all cells express all their genes, at least a t a  very low basal level.

Amplification of mRNA via a cDNA intermediate also turned out to 
be relatively straight forward. Crude cell extracts may be used as template 
m aterial for such PCRs (Ferre and Garduno, 1989). Adaptation of the PCR to 
amplify mRNA requires only that a  single strand  cDNA synthesis step 
precedes the PCR. The second cDNA strand is synthesized by the polymerase 
chain reaction. Erhch (1989) pubhshed a  method th a t enables cDNA 
synthesis and the PCR to take place in one tube.

Amplification of mRNA via a cDNA intermediate aUows easy 
analysis of RNA sequences. This is especiahy useful when screening veiy 
large genes, such as members of the coUagen gene family (Labhard and 
HoUister, 1990) and the dystrophin gene (Roberts et al., 1990), for m utations 
which cause disease phenotypes. It is a  reflection of the versatihfy of the 
method tha t most of the single base m utation detection methods described 
previously can involve PCR amplification of DNA or mRNA.

The amplification of mRNA via a cDNA intermediate using the PCR 
ahows easy analysis of mRNA sphcing to take place. Kuivaniemi et al. (1990) 
used PCR to show that the same sequence change in the sphce site 
consensus sequence of different introns within a  gene results in mis-splicing 
consequences.
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1 .1 6 .3  QUANTITATIVE PCR

PCR amplification of RNA has been used in the detection of 
retroviruses such as the humanpapilloma virus (Young et al., 1988) and HIV 
(Kemp et af.,1989). The am ount of viral RNA available for amplification can 
be quantified by including in the PCR a  known am ount of control template 
and a  second set of primers. The control PCR and the experimental PCR take 
place at the same time in the same reaction mix. Quantification of the 
template material can only take place after a  limited num ber of temperature 
cycles. As a  general rule a PCR runs for 30 cycles of tem perature changes, 
unless a  relatively high concentration of plasmid DNA is used as the 
template material. During the reaction the concentration of DNA increases 
exponentially until it reaches a certain level and then it will increase no 
more. To determine the quantity of template material the reaction m ust be 
terminated while the DNA concentration is increasing exponentially. Only 
during this time will the am ount of control PCR product and the am ount of 
'experimental' PCR product be proportionally related. Why the rate of DNA 
amplification slows down after a  certain num ber of cycles is unclear. It is not 
tha t the PCR substrates, the primers and deoxyribonucleotides are depleted. 
They are known to be present in excess from the beginning to end of the 
reaction. What is more hkely is that the Taq polymerase activity is decreased 
because of the many temperature increases to 95°C. Although Taq 
polymerase can withstand tem peratures of up to 95°C its optimum 
tem perature is 70"C. The other reason for the DNA concentration levelling off 
is th a t after many temperature cycles the template concentration in the 
reaction is so high, it denatures then anneals to itself in preference to the 
primers. This suggestion is supported by the observation tha t high template 
starting concentrations inhibit PCR amplification.

1 .1 6 .4  BREAKING NEW GROUND WITH THE PCR

The PCR has been adapted to amplify not only regions of DNA for 
which the sequence has already been determined bu t also some regions 
which are new. The amplification of previously uncharacterized regions of 
DNA or mRNA is normally dependent on one of the primers having a
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sequence homologous to the template material. DNA synthesis Is extended 
from known primer sequence to the poly (A**") tail or a  similar sequence 
artificially attached to the end of the template material (Ohara et al., 1989). 
Such methods are normally used for the amplification of mRNA sequence. 
Amplification of DNA which has not previously been sequenced was achieved 
by Triglia et al. (1988). First the DNA was digested with a  restriction 
endonuclease which digested the DNA so th a t fragments of DNA are 
produced which contain the known sequence and neighbouring 
uncharacterized sequence. The digested DNA fragments were circularized by 
hgating a t a  low DNA concentration and then used as template for PCR 
amplification. The primers used in the amplification reaction anneal to either 
strand of the circularized DNA at positions which are back to back to each 
other within the characterized region.

DNA or mRNA for which no sequencing data has been pubhshed 
can be amplified using degenerate primers. These primers are synthesized 
with part of their sequence not predetermined G, A, T or Cs bu t among the 
population of primers the positions are occupied by an  equal num ber of each 
of the bases. Such primers are used when the primer sequence is 
determined by protein sequence, they allow for codon degeneracy (Lee et al.,
1988). They are also used when the sequence of the gene under investigation 
is known for one species but not for the species from which the template 
DNA has been isolated.

Instead of ju st isolating DNA fragments the PCR has also been 
used in the construction of new DNA sequences. Adaptations of the PCR 
have been used for site-directed mutagenesis and the production of chimeric 
genes (Vallette et al., 1989; Hehnsley et al., 1989).

1 .1 6 .5  SEQUENCING PCR PRODUCTS

The most frequent use of the PCR is amplification of fragments of 
DNA prior to further analysis. Often changes in the sizes of DNA fragments 
seen by gel electrophoresis provide enough information, for example in the 
amplification of DNA for use in genetic fingerprinting (Jeffreys et al., 1988). 
However, the amplified DNA is often sequenced. Sequencing amplified DNA 
revealed one of the drawbacks of the method, it has an  inherently high base 
misincorporation rate (Dunning et al., 1988; Tindall and Kunkel, 1988). The 
high error rate is a  result of the enzyme not possessing a 3' to 5' exonuclease
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activity (Iiinis et al., 1989). This high error rate has always to be considered 
when sequencing PCR products, especially if the PCR product is cloned then 
sequenced. Isolation and sequencing of single clones results in 
misincorporated bases being included in the sequencing ladder. To overcome 
this problem m any clones m ust be sequenced to differentiate between PCR 
errors and real sequence changes. A quicker route to overcome this problem 
is to directly sequence the PCR product. Direct sequencing involves the 
sequencing of aU the PCR product DNA on the same sequencing ladder. All 
the bases in the PCR fragment are about equally hkely to be 
misincorporated, so the variant bases are spread throughout the sequence 
and only the most commonly occurring sequence is seen on the ladder. This 
sequence will be the real sequence of the amplified DNA unless the 
concentration of the starting material is very low and the error occurs early 
on in the amplification reaction. In this case the misincorporated base will 
be present in the majority of DNA fragments and would be seen on the 
sequencing ladder. Direct sequencing also has the advantage that it is 
quicker than  subcloning the amplified fragment, transforming it into 
bacteria then isolating the plasmid before sequencing.

Another problem encountered when working with PCR amplified 
DNA is tha t of cloning the DNA. If restriction endonuclease recognition sites 
are incorporated into the 5' end of the primers with a sufficient number of 
bases 5' to them, the PCR fragments can be digested with the restriction 
endonuclease before hgating to vector DNA (Scharf et al., 1986). Attempts to 
blunt-end hgate PCR amplified DNA have resulted in limited success. It 
seems tha t Taq polymerase adds a  single base (often an adenine) to the end 
of each DNA strand it synthesizes (Clarke et al., 1988). Measures can be 
taken to overcome this problem, these include the removal of the extra base 
by treating the DNA with the Klenow fragment of E.coli DNA polymerase 
(Hehnsley et al., 1989), or hgating the DNA to a  vector with a 5' thymidine 
base overhang (Holton and Graham, 1991; Marchuk et al., 1991). Other 
more elaborate methods are described in Stocker (1990), Shuldiner et al. 
(1990) and Alsanidis and Jong (1990).

Described above are minor problems encountered when working 
with PCR, these are far outweighed by the abihty of PCR to make areas of 
DNA or RNA easily accessible from many different nucleic acid sources. The 
ease with which this method can be successfuhy apphed to many DNA 
m anipulation techniques means tha t it wih probably find use in more 
procedures in the future.
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1 .1 6 .6  ALTERNATIVES TO THE POLYMERASE CHAIN REACTION

All except one of the alternative PCR methods overcome the need 
for denaturing and annealing steps in the reactions. The system requiring 
the dénaturation step involves the annealing of a  RNA probe to the DNA 
template then DNA amplification involving a bacterial enzyme Qp-Rephcase 
(LorneU et a l, 1989). The other methods are very similar in design to that 
pubhshed by Compton (1991). This method which is cahed nucleic acid 
sequence-based amplification (NASBA) involves the anneahng of the first 
primer to a  RNA template. DNA is synthesized from the primer using the 
RNA as template and reverse transcriptase. The RNA strand of the hybrid is 
then digested by RNase H. The second strand  is synthesized using the 
second primer and reverse transcriptase. The double stranded product 
contains within it a  T7 RNA polymerase promoter. Its sequence is 
incorporated into the first primer. This promoter activates RNA synthesis by 
the third enzyme, T7 RNA polymerase. The RNA strand is digested by RNase 
H then the single stranded cDNA is available for reverse transcriptase 
activity to synthesize the complementary DNA strand. Systems such as this 
are said to have an advantage over conventional PCR in th a t they do not 
require the use of a thermocychng machine. None of these methods are used 
on a routine basis by many laboratories. Conventional PCR is by far the 
most popular method.
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1 .1 7  THE AIMS OF THIS PROJECT

To add to the accumulating information concerning the collagen 
gene family and the effects of m utations in these genes on phenotype.

Analysis of the sequences of the genes coding for the fibrillar 
coUagens has revealed an inabihty to tolerate sequence changes. Most 
of the changes in the amino acid sequence of the fibrillar coUagens resu lt in 
a  disease phenotype. A possible silent amino acid variant was investigated.

The coUagen amino acid sequence changes th a t cause the 
connective tissue disease osteogenesis imperfecta are m any and diverse. 
a2(I) coUagen mRNA, isolated from patients with non-lethal osteogenesis 
imperfecta, was screened for the presence of m utations using RNase A 
mapping.

Fifteen coUagen types have been at least partiaUy characterized to 
date. A novel method of producing a cDNA Ubrary enriched with coUagen 
coding sequences was attempted.
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CHAPTER TWO

MATERIALS AND METHODS

2 .1  TISSUE CULTURE CELL LINES

Fibroblast ceU lines GM1093, GM1436A, GM2573, GM2645 and 
GM2695 were obtained from the National Institute of General Medical 
Sciences Human Genetic M utant Cell Repository, Institute of Medical 
Research, New Jersey, USA.
The other cell lines were gifts from:-

CF 1-4 Dr D. Shaw
University of Wales,
Cardiff,
U.K.

LW, KO, SC, Professor P.H. Byers
R, PJ, JR, University of Washington,
PIR and JB USA.

Transformed Dr N.J. Royle
lymphoblasts University of Leicester.

2 .2  PLASMIDS AND BACTERIAL STRAINS

2 .2 .1  RECOMBINANT CLONES

The a2(I) clone, HP2010 (Kuivaniemi et al., 1988) was a  gift from 
Dr D.J. Prockop, Thomas Jefferson University, Philadelphia, USA.

The a2(V) clone Hf 511 (Weil et al., 1987) and the a  1(1) clone
HF404 (Chu et al., 1982) were gifts from Dr F. Ramirez, SUNY-Health
Science Center at Brooklyn, USA.

The type VI collagen clones P18 (al(Vl)), PI (a2(Vl)) and P24 (a3(VI))
(Chu et al., 1987) were donated by Dr M-L Chu, Thomas Jefferson
University, Philadelphia, USA.
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The a l  (III) clone p(III)-55 was provided by Dr R. Dalglelsh. It Is a 
combination of the two clones p(III)-33 and p(III)-21 (Miskuhn et al., 1983).

2 .2 .2  NON-RECOMBINANT PLASMIDS

The plasmids pBluescript SK'/KS" (Short et al. (1988) Stratagene 
Cloning Systems, San Diego, USA) and pTZR19R and pTZ19R (Pharmacia, 
Mead et al. 1986) were used in the construction of recombinant plasmids.

pUC13 (Messing, 1983) and M 13mpl8 (Yanis-Perron et al., 1985) 
were used in the construction of DNA markers.

2 .2 .3  BACTERIAL STRAINS

E. colt strains JM83 recA and XL-1 blue were used.
E. coll JM83 recA was produced by Mark Matfield (1983) and was a  gift from 
Professor W. Brammar (ICI Joint lab., Leicester University) The genotype of 
this strain  was ara, à{lac-pro), StrA, th il, fSOd/acI^, ZM15, rpsL, recA.
E.coli XL-1 blue was purchased from Stratagene, its genotype is, endAl, 
h sd R ll, ( rk - ,  mk+), supE44, thi-1, X-, recAl, gyrA96, relAl, [lac-], [F', 
proAB, /acIqZVMlS, TnlO, (tetOl

2 .3  ENZYMES, ANTIBIOTICS AND CHEMICALS

The following were obtained from:-

Sigma
RNase A, Proteinase K, ampiciUin, chloramphenicol, tetracychne, isoproyl-p- 
D-thiogalacto-pyranoside (IPTG), polyethylene glycol (PEG) grade 6000, 
herring sperm DNA, diethylpyrocarbonate (DEPC), N-2- 
hydroxyethylpiperazine-N-2-ethane-sulphonic acid (HEPES), piperazine-N- 
N' -bis[2 -ethane-sulphonic acid] (PIPES), Orange G spermidine-HCl, 
P-mercaptoethanol and dithiothreitol,.
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Pharmacia
DNase I, T7 RNA polymerase, DNA polymerase I (Klenow fragment) Moloney 
Murine Leukemia Virus reverse transcripteise, T7 DNA polymerase, FicoU 
400, dideoxyribonucleotides (ddNTPs), deoxyribonucleotides (dNTPs), 
ribonucleotides (NTPs), dextran sulphate and bovine serum  album in (BSA) 
Fisons
Phenol, polyvinylpyrrohdine, 3-(N-morpholino)propane sulphonic acid 
(MOPS), formamide, formaldehyde, and 2-amino-2-(hydroxymethyl)propane- 
l,3-diol(Tris)

BDH
Urea, guanidinium thiocyanate and caesium chloride.

Bio-Rad
N,N,N',N'-tetramethylethylenediamine (TEMED) and ammonium persulphate. 

Anglian
Taq DNA polymerase and 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside 
(X-gal).

Amersham
mAP paper, [a-^^P] dCTP, la-^^P] CTP, [a-^^S] dATP and Hybond-N filters 

University of Leicester, Biochemistry Department
Primers for the polymerase chain reactions and sequencing reactions were 
synthesized by J. Keyte.

The origin of many other reagents are stated through out the text, all were of 
analytical grade, where available.

2 .4  MEDIA

2 .4 .1  FOR BACTERIA

Luria broth was lOg Difco Bacto tryptone, 5g Difco Bacto yeast 
extract and 5g NaCl per Utre of distilled water. Luria agar was the hquid 
media sohdified by the addition of 15g of Bactoagar per htre. AmpiciUin
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(50ng/ml) and tetracycline (12.5pg/ml were made up in as stocks in 50% 
ethanol and stored at -20“C.

2 .4 .2  FOR TISSUE CULTURE

Dulbecco's Modification of Eagles Minimum essential medium 
(DMEM, Gibco, (Morton, 1970) was used to culture all fibroblast cells, it 
contained 4.5g glucose per htre and was stored a t 4®C. RPMl medium (Gibco) 
was used for the culture of lymphoblasts. DMEM or RPMl was supplemented 
with penicillin (lOOunits/ml, Sigma), streptomycin (lOOpig/ml, Sigma) and 
10% foetal calf serum  (Gibco). After sterihty testing the serum  was stored at - 
20°C as ahquots. Phosphate buffered sahne (Gibco) was obtained as a  10 x 
solution which was diluted with tissue culture clean' water before use. 
Trypsin-EDTA (0.5g trypsin and 0.2g EDTA per htre) was obtained from 
Gibco and was stored as ahquots a t -20°C.

2 .5  GENERAL NUCLEIC ACID MANIPULATION TECHNIQUES

2 .5 .1  PHENOL EXTRACTION

An equal volume of phenol : chloroform: isoamylalcohol (25:24:1) was 
added to the DNA solution. The mixture was vortexed for two m inutes then 
centrifuged at 13,000rpm for three m inutes in a  MSE Microcentaur 
centrifuge. The top, aqueous layer was removed without disturbing the 
interface. Chloroform extraction was performed in the same way using 
chloroform:isoamylalcohol 24:1.

2 .5 .2  ETHANOL PRECIPITATION

One tenth volume of 3M sodium acetate pH5.2 or one half volume 
of 7.5M ammonium acetate were added to the DNA solution. After mixing,
two and one half volumes of ethanol were added. The solution was mixed 
weU before incubation at -80°C for 15 m inutes or -20‘’C for 30 minutes. The 
DNA precipitate was coUected by spinning a t 13,000 rpm  in  a MSE 
Microcentaur microcentrifuge or a t 10,000rpm in a  RC5B Sorvall centrifuge.
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using a HB4 rotor.

2 .5 .3  DETERMINATION OF DNA AND RNA CONCENTRATIONS

DNA or RNA concentrations were determined by m easurem ent of 
absorbance of U.V. light a t 260nm In a Hitachi U-2000 spectrophotometer. A 
reading of 0.02 CD units (0.03 units for RNA) corresponded to a DNA 
concentration of 1 pig/ml Alternatively samples were compared with known 
concentrations of plasmid DNA on agarose gels.

2 .5 .4  DNA DIGESTION BY RESTRICTION ENDONUCLEASES

DNA was digested as described in the m anufactures protocol, using 
the buffer provided. Digest reactions were usually incubated a t 37‘*C for 1 
hour. Spermidine-HCl was added to inefficient restriction endonuclease 
digest reactions, to increase their efficiency (Bouche, 1981; Pingoud, 1985). 
At the end of the reaction time, the digest was spun  to collect the mix at the 
bottom of the tube. A one tenth  volume of Orange G dye (0.1% w /v Orange 
G, 20% w /v  FicoU 400, lOOmM NagEDTA) was added to the digest mix 
before loading onto an agarose or polyacrylamide gel.

2 .5 .5  PRECAUTIONS TAKEN WHEN WORKING WITH RNA

Due to the presence of RNases on glassware, tips, tubes and in 
solutions, aU equipment and solutions to be used with RNA were treated 
with 0.1% diethylpyrocarbonate (DEPC) overnight. The DEPC was degraded 
by autoclaving. Care was taken when using RNase free solutions or 
equipment to keep then 'clean'.

2 .6  ELECTROPHORESIS OF DNA

0.8% agarose gels were used to separate large DNA fragments. 
Fragments shorter than  600bp in length were separated with the use of 4% 
Nusieve agarose gels. DNA fragments which were shorter th an  600bp in
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length and of a  similar size were separated using a  polyacrylamide gels.

2 .6 .1  SEPARATION OF DNA FRAGMENTS USING AGAROSE GELS

Agarose gels were made using Seakem HOT agarose, Seaplaque 
LOT agarose or Nusieve GTG agarose all from ICN Biomedicals Ltd., High 
Wycombe, Bucks. Usually the agarose was dissolved in E buffer (200mM Tris 
base, lOmM EDTA adjusted to pH7.7 with glacial acetic acid.) however 
separation of low molecular weight fragments was enhanced by dissolving 
the agarose in TBE buffer (90mM Tris base, 90mM boric acid and 2.4mM 
Na2 EDTA pH 8.3). Which ever buffer was used, it contained ethidium 
bromide at 0.02mg/ml. Molecular weight m arkers were usually X/Hind III 
and (})X174/Hae III. Marker DNA samples were heated a t 65“C for 5 minutes 
before loading onto the gel, to disassociate the cohesive ends of the X. Before 
loading, DNA samples were mixed with 0.1 volume of Orange G dye. Gels 
were ru n  a t room temperature at 60-100 volts for 1-2 hours or a t 15-45 volts 
overnight, until the dye had reached the bottom of the gel.

2 .6 .2  RNA GELS

Samples of RNA isolates were electrophoresed through 0.8% 
agarose gel. The samples were mixed with 0.1 volumes of 10 x Orange G 
loading dye before loading into the wells, alongside X/Hind III and 
(j)X174/Hae III markers. The gel was run  at not more than  70 volts. As with 
DNA gels, the RNA gels and buffer contained 0.02m g/m l ethidium bromide.

2 .6 .3  NON-DENATURING POLYACRYLAMIDE GELS

A stock of 40% bisacrylamide was prepared by dissolving 38g 
aciylamide (Serva) and 2g N, N'-methylbisacrylamide (Uniscience) in a final 
volume of 100ml of dH20. The solution was deionised by mixing with 5g of 
Amberhte resin (Serva) for 1 hour. The resin was removed by filtration and 
the bisaciylamide stock stored at 4°C.

Enough bisacrylamide stock was used to give the required 
percentage gel. This depended on the size of the fragments to be separated.
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The bisacrylamide was mixed with 2ml of 10 x TBE (0.9M Tris base, 0.9M 
boric acid, 24mM Ma2 EDTA, pH8.3) and dH20 to 40ml. 140pil of 10% 
ammonium persulphate and 30pil of TEMED were mixed with the gel, which 
was immediately poured into a  1mm thick Bio-Rad Protean II ge^mould 6mm 
wide, 2cm deep weU-formers were inserted into the gel. When the gel had 
polymerized the combs were removed and the gel was inserted into the gel 
running apparatus. The upper and lower buffer reservoirs were filled with 
0.5 X  TBE .

0.1 volume of loading dye containing bromophenol blue (0.1%) and 
xylene cyanol (0.1%) in 50% w /w  glycerol was added to each sample before 
loading into the wells.

The gel was electrophoresed at 25mA with cold water circulating 
through the cooling tank. When the dyes in the loading buffer indicated the 
DNA had ru n  far enough the gel mould was dismantled. The gel was 
removed from the mould and rinsed in 0.5 x TBE plus 0.02m g/m l ethidium 
bromide for 20 m inutes to stain  the DNA. It was rinsed in distilled water for 
5 m inutes to reduce the background staining. The DNA was visuahsed using 
a  U.V. transilluminator.

2 .7  PHOTOGRAPHING GELS

Ethidium bromide stained gels were visuahsed using a Chromato 
U.V. transiUuminator Model TM-4 (U.V.P. Inc. California, USA).

A Polaroid MP-4 land camera was used with Kodak Tmax 100 
professional film. The film was developed using Kodak LX 24 X-ray developer 
and fixed in Kodak FX-40 X-ray fixer.

2 .8  RECOVERY OF DNA FROM AN AGAROSE GEL

This method was adapted from the one described by Yang et al.
(1979). DNA was passed through an  agarose gel as described previously. A 
sheet of dialysis membrane was cut to give a single layer 1cm wider than  the 
band of DNA on the gel and 0.5cm longer than  the depth of the gel. The 
dialysis membrane was boiled in TE, pH7.6. The DNA in the gel was 
visuahsed using a long wave U.V. wand (Ultra-Violet Products Inc. California, 
USA). Exposure time of the DNA to the U.V. hght was kept to a  minimum to
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reduce DNA damage. With the current switched off, the gel was cut ju st 
below the required DNA band, the cut extended to 1.5cm beyond each side of 
the DNA band and down to the gel plate. Using flat ended forceps, the 
dialysis membrane was inserted vertically into the cut until it rested on the 
gel plate. The projecting part of the membrane was folded so th a t it rested on 
the gel surface pointing towards the well. The DNA was ru n  onto the 
membrane a t 200V. When the DNA was fully loaded the cut was extended so 
th a t the gel was cut in half. With the current still on, the upper part of the 
gel was gently prised away from the lower part to open up a  gap of 1 -2mm, 
such  tha t the face of the membrane was not touching the gel. The gel was 
left to ru n  for a  few m inutes to ensure complete loading, this was checked 
using the U.V. wand. Without switching the current off the membrane was 
securely grasped with the forceps and in one single movement transferred to 
a  1.5ml Eppendorf tube. This was done as rapidly as possible. A com er of the 
membrane was caught in the Eppendorf hd before spinning a t 13,000rpm in 
a Microcentaur microcentrifuge for 1 min. The membrane was rinsed with 
30pl distilled water and spun again. Once the DNA had been removed from 
the membrane, this was checked using the U.V. wand, the membrane was 
discarded. The DNA solution was phenol extracted, to remove any agarose, 
and ethanol precipitated before it was used for further analysis.

2 .9  LIGATION OF DNA FRAGMENTS

From a  method described in Crouse et al. (1983).
500ng of insert DNA were digested with appropriate restriction 
endonucleases and passed through a 0.6% low geUing tem perature agarose 
gel alongside 500ng of digested vector DNA. If the ends of the vector DNA 
were the same, it was treated with calf intestinal alkahne phosphatase as 
described in section 2.10.

The bands on the gel corresponding to the digested vector and 
insert DNA were excised while being visuahsed on a  U.V. transihuminator. 
The gel shoes were transferred to preweighed Eppendorf tubes and weighed. 
The volume of gel excised with each shoe was estimated by assum ing that 
the gel had the density of water, Ig/m l. The gel shoes were heated to 65“C 
and appropriate volumes of each were used in a hgation reaction containing 
50ng of vector DNA, an  equimolar am ount of insert DNA, 30mM Tris-HCl, 
pH7.6, lOmM MgCl2 , 5mM DTT, ImM dATP and lu n it of T4 DNA hgase. The
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final volume of the hgation reaction was 100^1, it was incubated at 15°C 
overnight.

2 .1 0  ALKALINE PHOSPHATASE TREATMENT OF DNA

To prevent self-hgation of vector DNA after restriction endonuclease 
digestion it was treated with alkahne phosphatase (calf intestinal, 
Boehringer Mannheim GmbH, West Germany). After restriction 
endonuclease digestion the DNA digest mix was heated a t for 5 minutes 
to inactivate the endonuclease. 0.01 un it of calf intestinal alkahne 
phosphatase was added to the digest mix which was then incubated at 
for 30 minutes.

The DNA was electrophoresed on a  0.6% low gelling temperature 
agarose gel and prepared for hgation as described in section 2.9.

2 .1 1  TRANSFORMATION OF DNA INTO E. COLT

DNA was transformed into E. coll using the method described in 
Hutchinson and Halverson (1980) using calcium chloride or by 
electroporation (Dower et al. 1988). Electroporation was used when high 
efficiency was required bu t the calcium chloride method was more rehable.

2 .1 1 .1  PREPARATION OF COMPETENT CELLS FOR CALCIUM 
CHLORIDE TRANSFORMATION

Adapted from a method pubhshed in Hutchinson and Halverson
(1980).

An 8ml culture of E.coli JM83 recA or XL-1 blue was grown 
overnight in Luria broth at 37°C, in a shaking water bath. 1ml of this culture 
was used to inoculate a fresh 50ml of Luria broth. The cehs were ahowed to 
grow at 37"C until the optical density of the culture a t 560nm was between 
0.36 and 0.44. The culture was transferred to sterile containers and spun in 
a centrifuge a t 3,000rpm for 5 minutes. The supernates were discarded and 
the peUets resuspended in 20ml 5mM calcium chloride, which was ice cold 
and had been filter sterihzed. The cells were incubated on ice for 15 minutes
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before being spun again at 3,000rpm for 5 m inutes The supernates were 
again discarded and the pellets resuspended in 5ml 50mM calcium chloride, 
10% glycerol solution, which was ice cold and sterile. 200pil ahquots of this 
final bacterial suspension were dispensed into sterile jEppendorf tubes 
resting on an  ethanol/dry ice bath. The samples were stored a t -SO^C before 
use. They were kept for up to one month a t -80"C.

2 .1 1 .2  CALCIUM CHLORIDE TRANSFORMATION OF DNA INTO 
E.COLI

After being thawed on ice competent cehs were incubated, on ice, 
in the presence of lOng of the DNA to be transformed in lOmM MgCl2 , 
lOmM Tris-HCl, pH7.4 and lOmM CaCl2 . The cehs were heat-shocked at 
37°C for 90 seconds, then left at room tem perature for 10 minutes. 1ml of 
Luria broth was added to each sample before incubation at 37“C for 1 hour. 
Ahquots of each sample were spread onto Luria agar plates supplemented 
with ampiciUin (lOOpig/ml) to select for plasmid containing bacteria and X- 
gal (50^ig/ml) and IPTG (50fxg/ml) to select for recombinant plasmids. Non­
recom binant plasmids are able to complement the chromosomal lacZ 
deletion and thus produce p-galactosldase in the presence of inducer (IPTG), 
giving rise to a  blue colour on cleavage of the chromogenic substrate X-gal. 
Recombinant plasmids, which contain an insert interrupting ZacZ, wih give 
rise to white colonies. The plates were incubated a t 37”C overnight.

2 .1 1 .3  PREPARATION OF COMPETENT CELLS FOR 
TRANSFORMATION BY ELECTROPORATION

This method was used when a high transformation rate was 
required, it is explained in Dower et al. (1988).

E. coll XL-1 blue was grown in 10ml of Luria broth overnight. 2ml 
of this culture were used to Inoculate 100ml of fresh pre-warmed Luria 
broth. This culture was grown at 37“C in a  shaking water bath  until the ceU 
density at 600nm was about 0.55. The cells were peUeted by centrifugation 
at 4,000 for 15 m inutes at 4°C, in a Sorval RC5B centrifuge using a  HB4 
rotor. The cehs were rinsed, first in 100 ml then 50ml of sterile distiUed 
water (4°C), then in 4ml of sterile 10% glycerol, 4‘*C, the final peUet was 
resuspended in 2ml of 10% glycerol (sterile, 4°C). This process served to both
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concentrate the cells Into a  dense suspension and to wash away the large 
am ounts of electrolytes In the culture medium. While being rinsed the cells 
were kept a t 4‘*C. If not for immediate use, the cells were frozen as 40pil 
ahquots on a  dry ice/ethanol bath  and stored a t -80®C.

2 .1 1 .4  TRANSFORMATION BY ELECTROPORATION

A Bio-Rad pulse generator, pulse controller and sample carriage 
were used. The transforming DNA was cleaned by phenol extraction and 
ethanol precipitation, the final pellet was dissolved in lOpl of distilled water. 
A wide range of DNA concentrations can be used with this method (Dower et 
al., 1988). Ipd of the DNA solution was mixed with the 40^1 of competent 
cells, which were still on ice. The ceU suspension was transferred to a chilled 
electroporation cuvette. The cuvette containing the cells was inserted into 
the sample carriage and the short electrical pulse dehvered. Immediately 
after this the cuvette was removed and 1ml of SOC medium (2% 
Bactotryptone, 0.5% yeast extract, lOmM NaCl, 0.25mM KOI, 20mM MgCl2 , 
20mM MgSO^ and 20mM glucose) was added to the cehs. The cehs were 
transferred to a  glass tube and shaken at 37®C for 1 hour to ahow the cehs 
to recover and s ta rt to express their antibiotic resistance genes. Ahquots of 
the cehs were spread onto Luria agar plates containing antibiotic, X-gal and 
IPTG.

2 .1 2  TRANSFER OF NUCLEIC ACID TO A NYLON FILTER THEN 
HYBRIDIZATION OF A RADIOACTIVE PROBE TO THE 
IMMOBILIZED DNA.

2 .1 2 .1  TRANSFER OF DNA FROM AN AGAROSE GEL TO AN NYLON
FILTER BY SOUTHERN BLOTTING

The filter used was Hybond-N from Amersham. The blotting 
method is based on the method orlginahy described by Southern (1975).

The gel was photographed. After being removed from its plastic 
support the gel was washed for 7 m inutes in 0.25M HCl (250ml). This 
partiahy depurinates the DNA within the gel matrix producing smaher DNA 
fragments. The gel was rinsed briefly in distihed water, then washed for 30
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m inutes in denaturing solution (0.5M NaOH, 1.5M NaCl). After rinsing again 
in distilled water the gel was washed in 250ml neutralizing solution (3M 
NaCl, 0.5M Tris-HCl pH7.4). The gel was transferred to the blotting 
apparatus, which consisted of a raised glass plate covered with 3MM 
chromatography paper (Whatman) soaked in 20 x SSC (3M NaCl, 0.3M 
Nagcitrate). The gel was placed on top of this. The 3MM paper around the 
edge of the gel was covered with cling film. A sheet of nylon filter and two 
pieces of 3MM paper were cut to the size of the gel, they were prewetted in 3 
X SSC (0.45M NaCl, 45mM Nagcitrate). The nylon membrane was placed on 
top of the gel in  such  away tha t no bubbles were formed between the gel and 
the membrane. The two sheets of 3MM paper were placed on top of the 
membrane, again avoiding the formation of bubbles between the layers. A 
pile of paper towels were placed on top of this assembly and on top of this a 
glass plate and a  weight.

The blot was allowed to proceed for at least two hours with 
fi-equent changes of the paper towels. The blot was dismantled and the filter 
rinsed in 3 x SSC before being allowed to dry at room tem perature for one 
hour. When the filter had dried it was wrapped in Saran Wrap cling film. The 
DNA was fixed to it by exposure to a U.V. transihum inator for 45 seconds.

2 .1 2 .2  PREPARING A RADIOLABELLED PROBE

Adapted from the method described in Feinberg and Vogelstein
(1984).

The DNA fragment to be labeUed was separated from vector by 
digestion with a restriction endonuclease and electrophoresis through a 
0.6% low geUing temperature agarose gel in 1 x E buffer containing 
0.02m g/m l ethidium bromide. The band on the gel corresponding to the 
required DNA fragment was excised from the gel and placed into an 
Eppendorf tube. The gel sfice was heated to 65"C for 5 m inutes and a  volume 
of the gel was removed which contained lOng of DNA (the density of the gel 
shoe was said to be Ig/ml). The gel afiquot was placed into a  separate 
Eppendorf tube, the remaining gel sfice was stored a t 20'’C for further use. 
The lOng of DNA were made up to 9.8pil with distilled water and boiled for 5 
minutes. After cooling to 37°C the following were mixed with the probe 
template:- 3^1 OLB (240mM Tris-HCl pH8.0, 25mM MgCl2 , 49.7mM p- 
m ercaptoethanol, 4.8mM each of dATP, dTTP and dGTP (prepared as stock
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solutions a t O.IM, dissolved in 3mM Tris-HCl pH7.0), ImM HEPES (prepared 
as a  2mM stock solution titrated to pH6.6 with NaOH) and 
hexadeoxyribonucleotides at 30 O.D un its /m l (prepared as a  stock, 
resuspended in 3mM Tris-HCl and 0.2M EDTA)),
0.6fil BSA (lOmg/ml),
1m1 la-32p] dCTP (3000 Cl/mMol, 10^01/^1),
0.6^Q Klenow fragment (lunit/jd).
This labeUing reaction was mixed and either left a t room temperature 
overnight or incubated at 37“C for two hours.

2 .1 2 .3  DETERMINATION OF THE PERCENTAGE INCORPORATION OF
[a-32p] dCTP INTO A PROBE

The probe labelling reaction was stopped by the addition of 85^1 of 
stop solution (20mM NaCl, 20mM Tris-HCl pH7.5, 2mM EDTA, 0.25% SDS). 
After mixing, Ipd of this probe solution was mixed with 1 Ipl of distilled 
water. This dilute solution was used to determine the percentage of 
radioactive nucleotide incorporated into the probe. Two 5pd ahquots of the 
diluted probe were spotted onto two separate Icm^ pieces of DE81 paper 
(Whatman DEAE ion exchange chromatography paper). One square was left 
a t room temperature, the other was washed 6 times in 0.5M disodium 
hydrogen phosphate for 5 minutes each time, twice in distilled water for 1 
m inute and twice for 1 minute in ethanol, all on a  revolving platform. These 
washes removed any unincorporated nucleotides. After drying, the 
radioactivity retained on the two squares of DE81 paper were compared by 
m easuring Cerenkov radiation in a Packard Tricarb scintillation counter. If 
th e  radioactive nucleotide incorporation was 50% or above the probe was 
considered of a  high enough specific activity to be used in hybridization 
experiments.
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2 .1 2 .4  HYBRIDIZATION OP A RADIOLABELLED DNA PROBE TO DNA
FIXED TO NYLON FILTER

This is an  adaption of a method by Reed and Mann (1985). The 
prehybridization solution and the hybridization solution were essentially the 
same, 0.5% dried skimmed milk (Cadbury's Marvel), 1.5 x SSPE (0.27M 
NaCl, 15mM sodium phosphate pH7.7, 1.5mM Na2 EDTA), 1% SDS and 6% 
polyethylene glycol 6000. The dried milk was completely dissolved in distilled 
water before the other components were added. The filter was added to 20ml 
of prehybridization solution and incubated at OS^C in a  shaking water bath  
for 1 hour. Hybridization took place in a fresh 20ml of solution, prewarmed 
a t 65°C, with the addition of the labelled probe which had been boiled for 5 
m inutes and placed on ice for a few minutes before being added to the 
hybridization solution. Hybridization took place at 65°C overnight in a 
shaking water bath. Hybridization for 4 hours was sufficient if the 
concentration of DNA on the filter was high.

2 .1 2 .5  WASHING NYLON FILTERS AFTER HYBRIDIZATION

After hybridization the filter was carefully removed from the 
hybridization solution, and rinsed four times in 4 x 100ml ahquots of 3 x 
SSC (0.45M NaCl, 45mM NagCitrate), 0.1% SDS. Then twice for 10 minutes 
each in two more 100ml ahquots of 3 x SSC, 0.1% SDS. The filter was then 
washed in four ahquots of 0.5 x SSC, 0.1% SDS for 15 m inutes each time. 
Ah the washes took place a t 65‘*C. If the filter required further washing it was 
washed in the more stringent wash solution, 0.1 x SSC, 0.1% SDS, at 65°C.

2 .1 2 .6  TRANSFER OF RNA FROM AN AGAROSE GEL TO A NYLON 
FILTER BY NORTHERN BLOTTING

3fxg ahquots of total ceUular RNA (up to 3^1) were denatured by 
glyoxalation. They were mixed with 7pd of OEM buffer (I.IM  deionised 
glyoxal, 78% formamide and 0.6 x MOPS) and incubated at 55°C for 15 
minutes. X/Hind III markers were treated in the same way. If the RNA was to 
be visuahsed, Ifxl of lOmg/ml ethidium bromide was added to each sample. 
After incubation Ipil of 10 x L buffer (40% deionised formamide, 49% glyoxal.
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10% 10 X MOPS buffer (0.2M MOPS, 50mM sodium acetate, ImM EDTA), 
0.1% of bromophenol blue and xylene cyanol.) was added to each sample.

The samples were immediately loaded onto a  neutral gel in 1 x 
MOPS buffer. The gel was run  at about lOOV, b u t did not exceed 50-60mA, 
to prevent the gel overheating.

Transfer apparatus was set up as for a  Southern blot. The gel was 
transferred directly from the gel tank to the blotting apparatus, no further 
dénaturation steps were needed. After transfer, the filter was quickly rinsed 
in 10 X SSC, placed on 3MM paper (Whatman) and dried a t 37®C. The RNA 
was bound to the filter by U.V. irradiation for 45 seconds. The filter was 
baked a t 80°C for 1 hour to reverse the glyoxcalation. The filter was stored at 
4°C until required.

2 .1 2 .7  HYBRIDIZATION OF A RADIOLABELLED PROBE TO A
NORTHERN BLOT

The probe was labelled as described in section 2.12.2. 
Prehybridization and hybridization were as described in Denhardt (1966). 
The filter was prehybridized for 2 hours a t 42°C in 20ml prehybridization 
buffer (50% v /v  deionised formamide, 0.47 x Denhardt's solution (100 x 
solution = lOg BSA pentex fraction V, lOg FicoU and lOg polyvinyl 
pyrohdone made up to 500ml with deionised water), 4.7 x  SSPE, 0.1% 
sodium lauryl sulphate (SDS), 0.18 m g/m l heat-denatured herring sperm 
DNA, 10% dexdran sulphate). The dexdran sulphate was dissolved in the 
SSPE then the other components were added, with the exception of the 
salmon sperm DNA. The prehybridization buffer was preheated to 42°C. The 
salmon sperm DNA was boiled for 10 minutes, placed on ice for a few 
m inutes then centrifuged briefly before being mixed in with the rest of the 
buffer immediately before using.

Dexdran sulphate solution is very viscous, so the bubbles in the 
solution were removed before the solution was used to avoid a high 
background on the filter.
Hybridization buffer was prepared in the same way as the prehybridization 
buffer. The probe was boiled for 10 m inutes before it was added to the rest of 
the buffer, immediately before use.

Hybridization took place overnight at 42“C in a  shaking water bath.
The filter was washed in 100ml ahquots of 1 x SSC, 0.1% (w/v)
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SDS, twice a t room temp for 15 m inutes each and twice at SO^C for 15 
m inutes each.

2 .1 2 .8  AUTORADIOGRAPHY

After washing, the wet filter was placed on cfing film (Saran) 
covered cardboard and the whole thing was covered with cfing film. The filter 
was autoradiographed either at room tem perature without an  Intensifying 
screen or at "80°C with an  Intensifying screen (Kodak X-omatlc, regular). The 
X-ray films were developed using Kodak LX-24 X-ray developer and fixed 
using Kodak FX-40 X-ray fixer.

2 .1 2 .9  STRIPPING A PROBE FROM A FILTER

100ml of 0.1% SDS were heated to 95”C, the filter was added to 
this and shaken until the SDS solution cooled to room temperature. To 
check the stripping had removed the probe, the filter was autoradiographed 
overnight a t "80°C with an Intensifying screen.

2 .1 3  ISOLATION OF PLASMID DNA

2 .1 3 .1  LARGE SCALE PREPARATION OF PLASMID DNA

Adapted fi*om a method by Ish-Horowltz and Burke (1981).
A 10ml overnight culture of E. coll containing the required clone 

was grown In Lurla broth plus antibiotics. 8ml of this culture were used to 
Inoculate 400ml of prewarmed Lurla broth, plus antibiotics. In a  2L flask. 
When the optical density of this culture, a t 600nm, was 1.5, 80mg of 
chloramphenicol were added. The culture was Incubated overnight a t 37°C.

The bacteria were harvested by centrifuging a t 7,000rpm for 10 
m inutes at room temperature In a  GS3 rotor and an  RC5B Sorvall 
centrifuge. The supernate was discarded and the bacterial pellet suspended 
In 12ml solution I (50mM glucose, 25mM Trls-HCl pH8.0, lOmM EDTA). 
This was left at room temperature for 10 m inutes then  24ml of fi*eshly 
prepared solution II were added (0.3N NaOH, 1% SDS,), after mixing gently
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the solution was placed on Ice for 5 minutes. 12ml 5M potassium  acetate 
pH4.8 (4‘*C) were added to the mixture, this was swirled gently and returned 
to the Ice for 15 minutes.

The mixture was split Into two 50ml polypropylene centrifuge tubes 
and spun  at 10,000rpm for 10 minutes a t 4"C In a  HB4 rotor and an RC5B 
Sorvall centrifuge. The supernatant was filtered through polyallomer wool 
(SUPA synthetic filter wool, SUPA Aquatic Supplies Ltd, Chesterfield.) Into a 
m easuring cyfinder. The volume was noted and 0.6 volumes of propan-2-ol 
were added. This was mixed and left a t room tem perature for 20 minutes 
before centrifuging at 10,000rpm in a  HB4 rotor as before. Each pellet was 
washed with 5ml 70% ethanol and centrifuged again. The pellets were 
dissolved In 6ml TE (lOmM Trls-HCl, ImM Na2 EDTA, pH7.6) then pooled In 
a  15ml Corex tube (Dupont Instruments). The pH of the solution was 
determined, the solution was neutrafized with Trls base as necessary. After 
accurately measuring the volume of the nucleic acid solution Ig caesium 
chloride and 0.1ml of ethldlum bromide (lOmg/ml) were added for each ml 
of solution. After thorough mixing the solution was centrifuged at 10,000rpm 
for 10 m inutes a t room temperature. The pellet and pellicle were discarded

The density of the solution was m easured using a field 
refractometer (BeUlngham and Stanley Ltd.) The refractive Index should have 
been 1.3874; 1.57g/ml, If not the density was adjusted by adding caesium 
chloride or TE. The solution was loaded Into a quick seal tube (Beckman 
Instrum ents Inc. 5/8" x 3") and topped up with CsCl solution, 1.57g/ml 
density. The tube was sealed with a  tube sealer (Beckman Instrum ents Inc.) 
and placed In a  Beckman 75T1 rotor with a balance tube. An adaptor was 
placed on top the top of the tube. The gradient was spun  overnight at 
65,000, 20°C In a  Sorvall OTD 65B ultracentrifuge.

The plasmid band was transferred to a 15ml Corex tube using a 
syringe and a  18g needle. The ethldlum bromide was extracted fi’om the DNA 
solution with equal volumes of CsCl saturated propan-2-ol, the extraction 
was repeated until the upper propan-2-ol layer was colourless, the extraction 
procedure was repeated once more. The DNA was separated firom the CsCl In 
the solution by the addition of 2 volumes of distilled water and 6 volumes of 
ethanol (-20°C). This mixture was placed In Iced water for 10 m inutes before 
being spun  at 10,000rpm for 10 m inutes at 4°C. The resulting pellet was 
washed In 70% ethanol before being dissolved In 50pl TE.
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2 .1 3 .2  MINI PREPARATION OF PLASMID DNA

From a method by Serghini et al. (1989).
A 5ml culture was grown overnight a t 37®C. 1.5ml of this culture 

were transferred to an  Eppendorf tube and centrifuged In an  MSE 
Microcentaur microcentrifuge a t 13,000rpm for 30 seconds. The supernate 
was removed and the pellet resuspended In 50pd TNE (lOmM Trls-HCl, 
lOOmM NaCl, ImM Na2 EDTA pH8.0). This cell suspension was phenol 
extracted, 13pl 7.5M ammonium acetate and 130pl ethanol were mixed with 
the aqueous phase which was subsequently left on Ice for 10 m inutes. The 
mixture was spun at 13,000rpm for 10 m inutes to pellet the precipitate. The 
supernatan t was removed and the pellet washed In 80% ethanol before being 
dissolved In 25|il TE.
2.5pl ahquots of the ’mlnlprep' DNA solutions were digested with restriction 
endonucleases to release the Insert and to check the Integrity of the clone.

2 .1 3 .3  QUICK PLASMID PREPARATION

This Is an adaptation of the method described In section 2.13.1.
A 6ml culture was grown overnight In selecting media. 3ml of this 

culture were used to Inoculate 100ml of fresh, prewarmed broth containing 
emtlblotlc to select for the plasmid containing bacteria. The cells were grown 
to an  optical density at 600nm of 1.5. 20mg of chloramphenicol were added 
to the culture to Increase the copy num ber of the plasmid. The culture was 
then  Incubated at 37°C overnight In an orbital shaker. The culture was 
divided between two 50ml centrifuge tubes and harvested by spinning at 
7,000rpm for 10 minutes at room temperature. Each pellet was resuspended 
In 3ml solution I (see large scale prep.) and left a t room tem perature for 5 
minutes. 6ml of solution II (see large scale prep) were added to each tube. 
The cell suspensions were mixed gently and placed on Ice for 5 minutes. 
4.5ml of 5M potassium  acetate pH4.8, 4®C, were added to each tube to 
precipitate the chromosomal DNA and m ost of the proteins. After mixing, the 
tubes were placed on Ice for 5 m inutes before being spun  at 10,000rpm for 
10 m inutes at 4‘’C. The supernatant was filtered through polyallomer wool 
(SUPA synthetic filter wool, SUPA Aquatic Supplies Ltd. Chesterfield) Into 
30ml Corex tubes. 0.6 volumes of propan-2-ol were added to the filtered 
supernatant which was mixed, then left to stand  at room tem perature for 10
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min. The precipitate was collected by spinning a t 10,000rpm for 10 m inutes 
a t 4"C. Each pellet was washed with 70% ethanol and spun  again as 
described above. The pellets were dissolved In 1.5ml TE. 750^1 7.5M 
ammonium acetate were added to the DNA solution to precipitate any 
residual protein, after allowing to stand for 10 m inutes at room tem perature 
the solution was spun at 10,000rpm for 10 m inutes at room temperature. 
The supernatant was transferred to a  15ml Corex tube and 2.5 volumes of 
ethanol were added. The solution was left a t room tem perature for 5 m inutes 
then  the DNA was recovered by spinning a t 10,000rpm for 10 m inutes at 
4°C. The pellet was washed with 70% ethanol and spun  as before. The final 
pellet was resuspended In 200pl TE. Because of the large am ounts of RNA 
present when DNA was Isolated In this way RNase A at a  final concentration 
of 0.5pg/m l was added to all restriction digest reactions.

2 .1 4  MANIPULATION OF TISSUE CULTURE CELLS

2 .1 4 .1  TISSUE CULTURE GROWTH CONDITIONS

Fibroblast cell lines were grown as monolayers a t 37°C and 5% 
CO2  In DMEM supplemented with 10% foetal calf serum, penicillin and 
streptomycin.

All culture manipulations were carried out In a  class II 
microbiology safety cabinet (Medical Air Technology Ltd.). Glassware to be 
used with cells was rinsed extensively In distilled water before drying and 
sterilization at 200®C for 5 hours.

AU solutions were made with double dlstlUed and deionised water 
and were filter sterlUzed using 0.2pm Acrodlsc filter units (Gehnan Sciences 
Inc., USA).

2 .1 4 .2  DIVIDING TISSUE CULTURE CELLS

CeU cultures were divided when they had reached confluency. 
Volumes of media etc. varied with size of flask to be divided.

The medium was removed from the flask and the ceUs rinsed with 
Dulbecco's phosphate buffered safine. After the saUne was removed, Trypsln- 
EDTA solution was added. The ceUs were Incubated In the presence of this
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solution at 37“C until they 'rounded up' and came away from the flask 
surface. The cell suspension was then passed up and down a  sterile Pasteur 
pipette to separate the clumps of cells. Once the clumps of cells were 
separated, an  equal volume of DMEM supplemented with 10% foetal calf 
serum  was added to the cell suspension to Inactivate the trypsin. The cell 
suspension was divided between three flasks each the same size as the 
original one and each containing fresh media. The cells were Incubated In a 
Gallenkamp Incubator set at 37°C and 5% CO2

2 .1 4 .3  FREEZING TISSUE CULTURE CELL STOCKS

The volumes quoted here are for one 125cm^ tissue culture flask of 
confluent cells.

The medium was removed and the cells rinsed with Dulbecco's 
phosphate buffered sahne. After the sahne was removed 2ml trypsln-EDTA 
(0.5g trypsin and 0.2g EDTA/htre) were added to the cells. The cells were 
Incubated at 37"C until they ju s t started to "round up" and a  few detached 
from the flask surface, as seen under a phase contrast microscope (Olympus 
CK2). The trypsin was removed, taking care to remove all of It b u t not any 
cells. 2ml of DMEM supplemented with 10% foetal calf serum  and 10% 
dimethyl sulphoxlde (tissue culture grade. Sigma) were added to the cells 
which were suspended In the media by pipetting. A phase contrast 
microscope was used to check tha t all the cells were suspended In the 
medium. 1ml aliquots of the suspension were transferred to cryotubes, these 
were placed In a polystyrene box containing a  plastic 500ml beaker full of 
hquld nitrogen. The hd was placed on the polystyrene box and the cells were 
left for 20 minutes to freeze. When frozen, the cells were transferred to a  25 
htre dewar containing hquld nitrogen. The cells were kept In liquid nitrogen 
until such  time as they were needed.

2 .1 4 .4  RECOVERING TISSUE CULTURE CELLS FROM FROZEN 
STOCKS

The frozen cell suspension was removed from the hquld nitrogen 
and defrosted In a 3TC  water bath. When the suspension was hquld It was 
transferred to a 50cm^ tissue culture flask. 9ml of DMEM plus 10% foetal
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calf serum  were added to the cell suspension. The first 1ml was added 
dropwlse, the rest was added 1ml at a  time. After each addition the flask was 
gently agitated. In this way the osmotic shock suffered by the cells was 
minimised. After about 6 hours the cells were checked under a  phase 
contrast microscope to see If they had  attached to the flask surface. The 
m edium was replaced with firesh medium and the cells were left to grow to 
confluency.

2 .1 4 .5  ISOLATION OF RNA FROM TISSUE CULTURE CELLS

Adapted from a method by Chomozynskl and Sacchl (1987).
The volumes and method described here are for two 175cm^ tissue 

culture flasks of confluent fibroblast cells. The cells were allowed to grow to 
confluency then left to grow for a  further 3 days. It had been previously 
shown that fibroblasts synthesize proportionally more collagen mRNA at 
confluency than  when actively growing (Mlskulln et al., 1986).

The media was removed form the flasks using an  aspirator (Charles 
Austin Pumps Ltd.). The cells were washed with Dulbecco's phosphate 
buffered saline. They were removed fi*om the flask surfaces by the addition of 
2 X 2ml solution D (4M guanidinium thlocyanate, 25mM sodium citrate, 
pH7.0, 0.5% sodium N-lauroyl-sarcoslne and O.IM p-mercaptoethanol) to 
each flask. The cells from the two flasks were pooled In a  30ml Corex tube 
(Dupont Instruments) to create a  final volume of 8ml. The cells were 
m ascerated for 10 seconds using a  'Polytron' blender (Klnematlca GmbH, 
Switzerland). To the solution were added 0.8ml 2M sodium acetate pH4.0, 
8ml water saturated phenol and 1.6ml chloroformdsoamylalcohol (49:1).
This mixture was shaken for 10 seconds then left on Ice for 15 m inutes 
before being centrifuged at 9,000rpm for 20 m inutes a t 4®C. The aqueous 
phase was removed to a fi-esh sülconlzed 30ml Corex tube. 10ml of propan- 
2-ol were mixed with the aqueous phase before Incubating at "20°C for 
2 hours. The RNA precipitate was collected by centrifuging a t 9,000rpm for 
20 m ln at 4°C. The pellet was redlssolved In 600pl solution D and transferred 
to a  DEPC-treated 1.5ml Eppendorf tube. 600pl of propan-2-ol were added to 
this before Incubating at "20"C for 45 minutes. The RNA was collected as a  
pellet by spinning at 13,000 rpm  for 20 m inutes a t 4°C. The pellet was 
washed with 70% ethanol (made with DEPC-treated water) then dissolved In 
80pl DEPC-treated water. A 1.5pl aliquot was electrophoresed through a
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0.8% agarose gel to check the quahty of the RNA. The quantity of the RNA 
was determined by U.V. absorbance at 260nm. The rest of the RNA was 
stored a t "80°C until required.

RNA was Isolated from lymphoblasts using this method. The cells 
from 6 X 10ml cultures were used. They were pooled and collected by 
centrifugation at l.lOOrpm for 10 m inutes In an  MSE Centaur centrifuge. 
After being washed with Dulbecco's phosphate buffered saline, the cells were 
suspended In 8ml solution D. The method was continued as described 
above.

2 .1 4 .6  ISOLATION OF DNA FROM TISSUE CULTURE CELLS

DNA was Isolated from a 175cm^ flask of confluent fibroblast cells.
The media was removed using an  aspirator and the cells were 

washed with Dulbecco's phosphate buffered sahne. 5ml of trypsln-EDTA 
solution were added to the cells. The cells were Incubated a t 37°C until such 
time as the cells 'rounded up' and came away from the flask surface, as seen 
using a  phase contrast microscope. The cell suspension was removed to 
sterile, disposable, capped centrifuge tube and 5ml of medium containing 
10% foetal calf serum  were added. The cell suspension was pelleted at 
l,100rpm  for 10 minutes In an MSE Centaur centrifuge. The pellet was 
resuspended In 1.4 ml 1 x SSC and transferred to a sterile Eppendorf tube, 
which was centrifuged at 6,500rpm for two m inutes In a  MSE Microcentaur 
microcentrifuge. The supernatant was removed and the pellet resuspended 
In 200pl white cell suspension media (0.3M sodium acetate, 20mM Trls-HCl 
pH7.5 and ImM Na2 EDTA), 15fxl 10% SDS were added. After mixing for 1 
minute, the solution was phenol extracted, back extracted by the addition of 
180pl TE pH7.6, phenol extracted again, then chloroform extracted. 20pl of 
20 X SSC and Ipl RNase A (lOmg/ml, boiled) were added to 200^1 of DNA 
solution, this was Incubated at 37°C for Ihour. 20pl of 10% SDS and 2fil 
proteinase K (Img/ml) were added to the solution which was then  Incubated 
a t 50°C for Ihour. The solution was phenol extracted and back extracted 
with lOOpl TE. These two steps were repeated then the solution was 
extracted with chloroformisoamylalcohol. Two volumes of ethanol were 
added to the final aqueous phase, this was mixed then spun  a t 13,000rpm 
for 1 minute. The resulting pellet was washed In 70% ethanol and 
resupended In 200pl TE.
Where possible all the steps In the preparation were carried out under 'PCR-
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clean' conditions.
The quahty of the DNA was determined by electrophoreslng a  Ipl 

ahquot through 0.8% agarose gel. The quantity of the DNA was calculated 
from Its U.V. absorbance as described In section 2.5.3.

2 .1 5  AMPLIFICATION OF NUCLEIC ACID SEQUENCE USING THE 
POLYMERASE CHAIN REACTION

2 .1 5 .1  AMPLIFICATION OF GENOMIC DNA USING THE POLYMERASE 
CHAIN REACTION

This method was adapted from a paper by Kogan et al. (1987).
Due to the extreme sensitivity of the method great care was taken 

to make sure all tubes, tips and reagents were free from contaminating DNA. 
If RNA was used as the template, the tips, tubes and reagents were rendered 
RNase free before they were used.

Reaction mixes were set up containing 1 pg or less of template DNA 
or total cellular RNA, 16.6mM ammonium sulphate. 67mM Trls-HCl (pH8.8 
at 25°C), 6.7mM MgCl2  lOOmM p-mercaptoethanol, 6.7pM EDTA and 
170ng/pl BSA (nuclease free). 1.5mM each of dATP, dGTP, dTTP, and dCTP 
were added with 50pmoles of each primer and 3 units Taq polymerase 
(Amersham). After mixing thoroughly, the mixture was overlaid with paraffin 
oil to prevent evaporation. The reaction was carried out In a Programmable 
Dii-Block PHC-1 (Techne) using temperature cycles of 95®C (dénaturation), 
55-65"C (anneahng) and 70°C (elongation), thirty cycles were ru n  as a  rule.

2 .1 5 .2  POLYMERASE CHAIN REACTION AMPLIFICATION OF mRNA
USING REVERSE TRANSCRIPTASE TO SYNTHESIZE THE cDNA

This method Is adapted from one described by H. Erhch (1989) 
There are two steps to the method, the first being the reverse 

transcriptase step.
To a final volume of 20pil of 1 x reaction buffer (50mM KCl, 20mM 

Trls-HCl pH8.4 at room temperature, 2.5mM MgCl2  and O .lm g/m l BSA 
(nuclease free)) were added:-
2pl 10 X  dNTPs (lOmM each of dATP, dGTP, dTTP and dCTP)
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Ipl RNasin (Promega, 40 units/jil)
SOpmoles antisense primer
Ipg RNA template (total cellular, heated a t 90°C for 5 m inutes then cooled 
on Ice)
1.5^1 Moloney Murine Leukemia virus reverse transcriptase (Pharmacia, 15 
units/pd)
1.5^1 DTT(lOOmM).
The reaction mix was left a t room tem perature for 10 m inutes then 
Incubated at 42°C for 60 minutes. The reaction mix was collected a t the 
bottom of the centrifuge tube by spinning In a Microcentaur microcentrifuge 
for 30 seconds then 80pil of 1 x buffer were added to the tube with 50pmoles 
of the sense primer and 3 units of Taq polymerase (Amersham). After mixing 
well 50pd of hquld paraffin (Flsons) were layered ontop of the reaction mix 
and the tube was placed In a  Programmable Dii-block PHC-1 (Techne). 30 
cycles of 95°C for 1 minute, 55®C for 1 minute and 70°C for 1-10 minutes 
were ru n  through.

2 .1 5 .3  ANALYSIS OF AMPLIFIED DNA

The paraffin oil was removed by ether extraction and an  ahquot of 
the reaction electrophoresed through an agarose or acrylamlde gel.

Before PCR amplified DNA was digested with a  restriction 
endonuclease It was phenol extracted and ethanol precipitated. The digest 
reactions were made up as described In section 2.5.4 except, 0.1 volume of 
40mM spermldlne-HCl was added 10 m inutes Into the reaction time. The 
DNA was digested for one hour.

2 .1 6  REAMPLIFICATION OF DNA

An ahquot of PCR product was electrophoresed through an  agarose 
gel to check tha t the PCR had been successful, and to separate excess 
primers from the amplified DNA. Once clear of the primers, the band on the 
gel corresponding to the amplified fi-agment was excised and placed In a 
1.5ml Eppendorf tube. lOO îl of sterile water were added to the gel shoe, this 
was frozen to -20°C and thawed twice, to help elute the DNA. 2^1 of the DNA 
solution were used as the template for a  PCR, 15 cycles were usuahy
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sufficient.

2 .1 7  RNASE A PROTECTION ANALYSIS

The methods described In the following section are from Hawkins
(1989).

2 .1 7 .1  END LABELLING MARKERS

500ng of pUC13 were digested with the restriction endonuclease 
Hpall a t 37°C for 1 hour. 500ng of M 13mpl8 were digested with MspI at 
37°C for 1 hour. To each of these digest reactions, l^d [a-^^P] dCTP 
(3000Cl/mmol, Amersham), 0.5pl 4M NaCl, 0.5 units Klenow and 2.5^1 H2 O 
were added. The reactions were allowed to stand  a t room tem perature for 15 
m inutes. This allows the Klenow to fill In the first space In the sticky ends of 
the DNA fragments with [a-^^P] dCTP. The reaction mixes were phenol 
extracted and back extracted with water. The remaining protein was 
precipitated out of solution by adding 0.5 volume 7.5M ammonium acetate 
and leaving at room temperature for 10 minutes. The precipitated protein 
was pelleted by spinning at 13,000rpm for 15 minutes. The supem ates were 
transferred to fresh Eppendorf tubes, where the DNA was precipitated by the 
addition 2.5 volumes of ethanol and Incubating at "80®C for 15 minutes. The 
precipitate was collected as described previously. The supem ates were 
discarded and the DNA pellets were resuspended In lOOpl ahquots of sterile 
water. The m arkers were stored a t '20°C until needed.
Approximately 40 counts of each marker were mixed with 4pd of loading dye 
(lOmM EDTA, 0.1% xylene cyanol, 0.1% bromophenol blue In deionised 
formamlde) then made up to 12pi with sterile water before being loaded onto 
an RNase A protection gel

73



2 .1 7 .2  DENATURING POYACRYLAMIDE GEL FOR RNASE A 
PROTECTION EXPERIMENTS

A 5% polyacrylamide gel was used:-
16.8g urea (Serva Felnblochemlca GmbH and Co. Heidelberg

Germany.)
2ml 10 X TBE 
8ml formamlde 
5ml 40% blsacrylamlde 

The urea was dissolved In the gel mix by swlrhng In a  65®C water bath. The 
gel mix was made up to 40ml with dlstlUed water, then aUowed to cool to 
room temperature. 240pl of 10% ammonium persulphate were added with 
60pl TEMED, the solution was mixed by swtrUng gently, drawn up a  50ml 
syringe then poured Into a  Bio-Rad Protean II gel mould. The gel was aUowed 
to polymerize for 1 hour.

2 .1 7 .3  PROBE TEMPLATE PREPARATION

Fragments of the a2(I) cDNA clone Hp2010 were subcloned Into the 
phagemld vectors pTZ18R or pTZlOR. The orientation of the subcloning was 
such  tha t an  antisense RNA probe could be synthesised from the T7 
polymerase promoter. Large scale preparations of these subclones were 
prepared as described In section 2.13.1. Approximately 50pg of DNA were 
hnearlzed with a restriction endonuclease to give 5' overhang ends. The DNA 
solution was phenol extracted twice and back extracted with dlstlUed water 
twice. The final aqueous layer was transferred to a  DEPC-treated Eppendorf 
tube and aU steps from then on were RNase free. The DNA solution was 
chloroform extracted, the aqueous layer was saved and to It was added 
sodium acetate pH5.2 at a final concentration of 0.4M and two volumes of 
ethanol. The DNA wcis precipitated a t "80°C for 15 minutes. The precipitate 
was coUected by centrifuging at 13,000rpm for 20 minutes. The peUet was 
washed with 70% ethanol (RNase free), dried under vacuum  then 
resuspended In lOpl RNase free TE.

The final concentration of the template solution was estimated by 
diluting Ipl with 19pl TE and running known volumes of this solution on a 
0.8% agarose gel with known am ounts of pUC13 digested with EcoRI.

Having determined the template concentration, the stock solution
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was diluted with RNase free TE to give a  final concentration of 0.4pg/[il.

2 .1 7 .4  SYNTHESIS OF THE ANTISENSE RNA PROBE

Probe labelling mixes were set up:-

lOxNTP(c) l\il
lOOmM DTT(Slgma) Ifd
5 X buffer 1 pi
2m g/m l BSA 0.5pl
RNasin O.Spl (35 units)
0.5 X T7 RNA polymerase 0.7pl (10 units)
[a-32p] CTP (800Cl/mMol) 40nCl
template 0.6pl
H2 O to lOpl

10 X NTP(c) consisted of 5mM each of GTP, ATP and UTP and 75pM CTP.
5 X buffer was 200mM Trls-HCl pH8.25, 30mM MgCl2 , lOmM spermidine 
and 250mM NaCl.
The T7 RNA polymerase (20 units/pi) was diluted two fold In 1 x 
m anufacturers assay buffer ju st before adding to the reaction mix.

All the solutions were RNase-free. Care was taken when preparing 
the reaction mix not to contaminate It with RNase. AU the solutions, with the 
exceptions of RNasin and T7 RNA polymerase, were equlUbrated to room 
tem perature before use. At low tem peratures the spermidine In the buffer Is 
Uable to precipitate the DNA template out of solution.
The mixture was mixed by pipetting then Incubated at 37"C for 2 hours, 
when Ipl (6unlts) of RNase-free DNase I was mixed Into the reaction. The 
reaction was Incubated at 37*’C for a further 15 minutes.

After centrifuging briefly, 40pl of DEPC-treated water were added to 
the reaction mix. This solution was phenol extracted and, after removing the 
aqueous layer, the phenol was back extracted with 50pl of DEPC-treated 
water. The aqueous layers were pooled. The RNA was precipitated by the 
addition of 50pl 7.5M ammonium acetate and 500pl of ethanol. Incubating at 
"80°C for 15 m inutes and centrifuging at 13,000rpm for 15 minutes. The
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supernate was carefully removed to an Eppendorf tube using a pipette. The 
tube was spun  again for a  few seconds and the rest of the ethanol was 
removed. No pellet was visible a t this stage. To check th a t enough 
l(^.32p] CTP had been Incorporated Into the probe, the counts In the pellet 
and the supernatant were compared using a  Geiger counter (serles-900 
Mlnl-Monltor). Enough [a-^^P] CTP was Incorporated Into the probe If there 
were approximately 5 times more counts In the 'pellet' th an  In the 
supernatant.

The 'pellet' was dissolved In 80pl of DEPC-treated water and left on 
Ice until required. Approximately 2 x 10^ cpm of the probe were added to 
50pg of total cellular RNA. The sodium chloride concentration was adjusted 
to O.IM by the addition of 2.5M NaCl. The RNA was precipitated out of 
solution by the addition of 2.8 volumes of ethanol. The mixture was chlUed 
on Ice for 5 minutes and the precipitate collected by spinning a t 13,000rpm. 
The ethanol was removed as before.

The pellet, which was at this stage quite large, was dissolved In 
160[il of deionised formamlde. This was done by making sure tha t the pellet 
was floating In the formamlde then leaving at room tem perature for 30 
minutes. When the pellet had dissolved 40pd of 5 x hybridization buffer 
(1.8M NaCl, 0.2M PIPES pH6.7) were added. This mixture was heated to 
85”C for 5 minutes to denature the RNA, then  Incubated a t 60°C overnight to 
allow the probe to hybridize to the cellular RNA.

2 .1 7 .5  mRNA PURIFICATION

This step Is dependent on the properties of messenger affinity 
paper (mAP, Amersham). For each hybridization reaction to be purified, a 
piece of mAP was cut approximately 4mm x 4mm using a  clean scalpel 
blade. Care was taken not to touch the paper or In anyway contaminate It 
with RNase. The piece of mAP was soaked In 0.5M NaCl for 5 m inutes before 
being transferred to a  piece of 3MM paper (Whatman, cut to 5cm x 5cm, 
autoclaved and dried). 100^1 of 0.5M NaCl were mixed with the hybridization 
mix which was then spotted onto the mAP one drop a t a  time. Care was 
taken to make sure that the RNA solution was absorbed through the mAP 
and not ju s t the surrounding 3MM paper. After loading the whole of the 
hybridization solution, the mAP was washed In 3 ahquots of 0.5M NaCl 
(DEPC-treated) for 15 minutes each. The mAP was removed from the salt
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solution and blotted dry by allowing the edge of It to touch a  tissue. The mAP 
was transferred to a fresh | Eppendorf tube to which 180pl of DEPC-treated 
water were added, this was heated to 65°C for 10 minutes, chilled on Ice for 
10 m inutes, then the mAP removed. The mRNA/probe hybrid was now In 
solution.

2 .1 7 .6  RNASE CLEAVAGE

The RNA solution was left to warm to room tem perature then 20pl 
of 2.5M NaCl solution were added with lOOpd RNase A solution. The RNase A 
solution (lOOpg/ml In 3 x R buffer (20mM NaCl, lOmM LlCl, In 0.3 x TE 
pH7.5) had been boiled for 10 m inutes and stored a t 4*’C. The digest reaction 
was left a t room temperature for 30 minutes, then stopped by the addition of 
20pl 10% SDS and lOpl proteinase K (lOmg/ml) and Incubating at 37°C for 
20 minutes. lOpg of calf liver tRNA were added to the solution which was 
subsequently phenol extracted. The aqueous layer was transferred to a  fresh 

Eppendorf tube and ethanol precipitated by the addition of 750pl of ethanol 
and chllhng on Ice for 5 minutes. The precipitate was pelleted by spinning at 
13,000rpm for 15 minutes. The RNA was rinsed with 200pl of ethemol and 
collected as before. After carefully removing all of the ethanol, the RNA was 
resuspended In 1 2 |il of loading dye (0 . 1 % xylene cyanol, 0 . 1 % bromophenol 
blue, lOmM EDTA made up to volume with deionised formamlde).

2 .1 7 .7  RUNNING THE GEL

The gel was fitted Into the Bio-rad Protean II gel tank, 0.5 x TBE 
was poured Into the lower and upper buffer chambers and the wells were 
thoroughly rinsed with buffer to remove any excess urea. The gel was prerun 
for 30 m inutes at 25mA. A thermostatic circulator (LKB) was used to 
m aintain the temperature of the gel a t about 35°C.
Ahquots of the markers and the RNA probe (about 20-30 counts of each, as 
m easured using a Geiger counter) were made up to a  volume of 8 pi with 
DEPC-treated water. 4pl of loading dye were added to each sample. The wells 
In the gel were rinsed again with buffer then the markers, probe, and RNase 
reaction mixes were loaded Into the wells. The gel was ru n  a t 25mA and 30°C 
until the bromophenol blue dye band reached the bottom of the gel.
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The gelj mould was taken apart and the gel was fixed In 10% acetic 
acid, 10% methanol for 15 minutes, transferred to a  piece of 3MM paper and 
dried under vacuum  for 20 minutes In a  Bio-Rad Model 583 gel drier. The 
gel was autoradiographed overnight with an  Intensifying screen.

2 .1 8  DNA SEQUENCING

2 .1 8 .1  ISOLATION OF PLASMID FOR SEQUENCING

Plasmid was Isolated using a  Qlagen plasmid pack 100 (Dlagen) 
according to the m anufactures Instructions. The method required the 
overnight growth of a  100ml culture of E. colt containing the plasmid. In 
Lurla broth supplemented with antibiotic to select for the plasmid. The final 
pellet was dissolved In lOOpl of sterile water.

2 .1 8 .2  ALKALI-DENATURATION OF PLASMID DNA PRIOR TO
SEQUENCING

DNA was alkali-denatured and spln-dlalysed using a method 
described In Murphy, and Ward, (1989).

Approximately 15pg of plasmid DNA were made up to 20pl with 
sterile water, 5pi of IM NaOH, ImM Na2 EDTA were mixed with the DNA 
which was then Incubated at 37“C for 15 minutes. Salt was removed from 
the DNA solution by passing It down a spln-dlalysls column. The DNA 
recovered from the column was used Immediately as a  template for 
sequencing reactions.

2 .1 8 .3  PREPARATION OF A SPIN-DIALYSIS COLUMN

Sepharose CL-6 B (Pharmacia) was equülbrated In TO.IE (lOmM 
Trls-HCl, pH8.0, O.lmM Na2 EDTA), the buffer volume was adjusted to 
produce a  packed gelibuffer ratio of 2:1. 25pl of a  slurry of 200 micron glass 
beads (Jencons Ballotlnl beads N °11) In water were placed Into a  0.5ml 
Eppendorf with Its base partially pierced with a 210  needle. 300pl of the 
Sepharose slurry were placed on top of the glass beads. The tube was placed
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Inside a  1.5ml jEppendorf tube, which was in tu rn  placed Inside a  15ml 
disposable tube and spun at 200g for 4 m inutes (lOOOrpm) In a  Sorvall 
Omlnspln centrifuge. The 0.5ml tube containing the column was transferred 
to another 1.5ml ^Eppendorf tube and used within one hour, before the gel 
m atrix was allowed to dry.

2 .1 8 .4  SEQUENCING REACTIONS

This was essentially as described In the Pharmacia 'T7 sequencing' 
kit Instructions.

8.5pl (6.4pg) of alkali-denatured template, described above, were 
mixed with lOng of sequencing primer In 40mM Trls-HCl (pH7.5), 20mM 
MgCl2  and 50mM NaCl. This was heated to 65”C for 2 m inutes then  allowed 
to cool to 30®C In a  beaker of water over 30 minutes. To this template-primer 
mix was added Ipl lOOmM DTT, 2pi labelling mix (0.5pM each of dGTP, 
dCTP, dTTP), 1^1 [a-35s]dATP (9410Cl/mMol, lOnCl/nl) and 2 units of T7 
DNA polymerase. The mixture was mixed thoroughly, avoiding the formation 
of bubbles and Incubated at room tem perature for 3 minutes. 3.5pl ahquots 
of the labeUlng mix were added to 2.5pl ahquots of termination mixes (each 
containing 80pM dGTP, dATP, dCTP and dTTP plus 8 pM of one or other of 
the foUowlng ddGTP, ddATP, ddCTP, or ddTTP and 50mM NaCl, prewarmed 
a t 37°C). The solutions were Incubated at 37°C for 5 m inutes before 4pl of 
stop solution (95% deionised formamlde, 20mM Na2 EDTA, 0.05% 
bromophenol blue, 0.05% xylene cyanol) were added. The mixes were spun 
for a  few seconds In a MSE Microcentaur mlcrocentrlfuge and stored at 
20°C until required.

Described above Is the method used to sequence denatured 
plasmid DNA. The method was adapted to aUow direct sequencing of PCR 
product. 5pmoles of PCR amplified DNA was boiled for 3 m inutes In the 
presence of an  equlmolar am ount of sequencing primer, 40mM Trls-HCl 
pH7.5, 20mM MgCl2  and 50mM NaCl. The boiled solution was snap frozen 
In dry Ice. This template-primer mix was then treated as described above.
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2 .1 8 .5  SEQUENCING GEL

A 6 % acrylamlde gel was used containing 8.3M urea and 0.5 x TBE 
(45mM Trls base, 45mM boric acid, 1.2pM Na2 EDTA pH8.3). The gel mix 
was filtered by suction filtering through W hatman N°1 filters using a 
jBuchner funnel. 350pl of freshly prepared 10% ammonium persulphate and 
24pl TEMED were mixed with 75ml of the gel mix. The gel was poured Into a 
40cm long sequencing gel mould (Bethesda Research Laboratories, BRL) and 
left to polymerize for one hour. The gel was m ounted Into a  gel tank (BRL) 
and 0.5 x  TBE was poured Into the upper and lower buffer reservoirs. 0.5cm 
well-forming combs were Inserted Into the top of the gel mould until they 
made contact with the gel, the weUs were rinsed with buffer to remove excess 
urea. The gel was prerun at 2000 volts until the tem perature of the gel was 
about 55°C.

4pl aliquots of the sequencing reactions were denatured by boiling 
for 2 m inutes then loaded Immediately Into the wells. The gel was run  at 
2 0 0 0  volts until It was judged, using the dyes In the stop solution as a  guide, 
th a t the gel had ru n  far enough. On a  6 % acrylamlde gel bromophenol blue 
runs at approx. 26 bases and xylene cyanol runs a t 106 bases.

At the end of the run, the gel was fixed In 10% methanol, 10% 
acetic acid for 20 minutes. The gel was transferred to a piece of Whatman 
3MM paper and dried In a Bio-Rad gel drier for 60 m inutes. Gels were 
autoradiographed for 1 2  hours or 1 week as necessary.

2 .1 9  SYNTHESIS OF cDNA TO BE USED AS TEMPLATE FOR PCR

2 .1 9 .1  SINGLE STRAND cDNA SYNTHESIS

The method was derived from D'Alesslo et al. (1987).
To a  DEPC-treated, screw top Eppendorf on Ice was added, Ipg 

poly(A)'‘' RNA (a gift from Dr S.Kirk, Isolated from chorionic membrane), 25pl 
ohgo d(T)j2-18 (Pharmacia) and 4pl DEPC-treated water. The RNA was 
denatured by heating to 65®C for 5 m inutes then cooled on Ice for 5 minutes. 
lOpl of 1st strand buffer (250mM Trls-HCl pH8.3, 37.5mM KCl, 2.5mM 
MgCl2  and 50mM DTT) were mixed In with the RNA solution. 2.5\û of a  mix 
containing lOmM of each dGTP, dATP, dTTP and dCTP were added with 
2.5pl of Moloney Murine Leukemia Virus reverse transcriptase (BRL,
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200units/nl). The tube was kept on ice, lOpil were removed and Ipl of 
dCTP (3000Cl/mmol) was added to this ahquot. Both tubes were incubated 
a t 37‘’C for 1 hour. The reaction was stopped in  each tube by the addition of 
0.08 volume of 0.2M Na2 EDTA. After mixing gently the tubes were Incubated 
a t 65"C for 10 minutes. The solutions were phenol extracted, back extracted 
then ethanol precipitated by the addition of 0.1 volume 7.5M ammonium 
acetate and 2.5 volumes of ethanol. After chilling the tubes were spun In a 
Microcentaur mlcrocentrlfuge for 10 m inutes to pellet the nucleic acid. The 
pellets were washed with 70% ethanol then 100% ethanol, before being 
vacuum dried. The non-radloactlve pellet was stored at "20°C until required. 
The radioactive pellet was dissolved In lOOpl of water. Approximately 50 
counts per second (as measured using a  Geiger counter) were denatured by 
glyoxalatlon. The DNA was glyoxalated by adding 4pl DMSO, 0.8pl lOOmM 
phosphate buffer (lOOmM dlsodlum hydrogen phosphate, lOOmM 
dlhydrogen sodium phosphate pH7) and 1.5pl deionised glyoxal and heating 
at 50®C for 1 hour. To check that the cDNA synthesis had been successful, 
the glyoxalated cDNA was run  overnight through a  1% phosphate gel 
alongside glyoxalated markers. The markers were prepared as described In 
section 2.19.2. The gel was dried In a Blorad gel drier and autoradiographed 
overnight.

2 .1 9 .2  PREPARATION OF [a-32p] dCTP END-LABELLED X/HINDIII 
RESTRICTION FRAGMENTS

A modification of the method pubhshed In Anon. (1984).
The following were mixed In an Eppendorf tube : - 

3m1 10 X T/M /C (60mM Tiis-HCl pH7.5, 60mM MgCl2 . 200mM NaCl)
3\d lOmM DTT
15.5pl dH20
4\d X/Hlnd III (250prg/pl)
Ipl of solution containing 0.5mM each dATP, dTTP and dGTP.
Ipl Ia-32p] dCTP (300Cl/mmol)
0.5 units Klenow fragment (Pharmacia)
This reaction mix was Incubated at room tem perature for 15 m inutes. It was 
phenol extracted and the resulting phenol layer was back extracted with an 
equal volume of dH2 0 . The two aqueous layers were pooled. The protein In 
the aqueous solution was precipitated by the addition of 0.5 volume of 7.5M
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ammonium acetate and leaving a t room tem perature for 5 minutes. The 
precipitate was collected by spinning In a  Microcentaur mlcrocentrlfuge. The 
supernatan t was saved and the nucleic acid ethanol precipitated, the pellet 
was washed with 80% ethanol and the pellet dissolved In lOOpl dH2 0 . 
Approximately 40 count per second, m easured with a Geiger counter, were 
glyoxalated as described In section 2.19.1 before being electrophoresed 
through a  1 % phosphate gel.

2 .2 0  PLASMID LIBRARY SCREENING

2 .2 0 .1  PREPARING THE BLOTS

An adaptation of the method by Buluwela et al. (1989) was used.
White colonies were picked from plates containing X-gal, IPTG and 

antibiotic to select for plasmid containing bacteria. Each colony was used to 
Inoculate a  separate well In a micro titre plate containing lOOpl of sterile LUB 
supplemented with 0.1 volume of 10 x HMFM (36mM K2 HPO4 , 13mM 
KH2 PO4 , 20mM Nagcltrate, lOmM MgSO^ and 44% w /v glycerol). The 
colonies were picked with the aid of sterile Gilson pipette tips. Approximately
1,000 colonies were picked In this way, then left a t 37°C for 1 hour. The 
plates were stored at "80°C until required.

The colonies were replicated onto Nylon filters (Hybond-N) using a 
96 pronged "hedgehog". Dry nylon filters were used. The filters were cut to 
leave a  m argin of about 0.5cm on aU sides. The hedgehog was flamed, 
cooled, dipped Into the mlcrotltre wells, agitated gently then lifted out and 
pressed gently bu t firmly onto the surface of the filters, making sure tha t all 
the prongs made contact with the filter, and lifted vertically off. This 
procedure was replicated for each mlcrotltre plate. The filters were laid onto 
Lurla agar plates containing antibiotic. The colonies were left to grow 
overnight a t 37®C, after which each colony appeared as a  bacterial "blob" at 
the Infected position. The coordinates of any clones which did not grow were 
noted. The nylon filters were lifted off the plates and placed onto blotting 
paper soaked In 2 x SSC, 5% SDS then left for 2 minutes. The blotting paper 
with the filters on It was "cooked" In a  microwave at full power (650 Watts) 
for 2.5 m inutes. This treatm ent fixed the clone DNA to the filters. The filters 
were rewetted with 5 x SSC, 0.1% SDS and the bacterial debris was wiped 
fi*om the surface with a gloved finger. After drying at room tem perature and
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wrapping In cling film (Saran Wrap), the filters were stored a t 4”C.

2 .2 0 .2  PROBE PREPARATION

This was carried out essentially as described In sections 2.12.2 and
2.12.3.

2 .2 0 .3  HYBRIDIZATION OF A RADOIACTTVE PROBE TO LIBRARY 
FILTERS

This was carried out as described for Southern blot hybridization, 
section 2.12.4. The stringency of hybridization was altered by changing the 
tem perature.

2 .2 0 .3  WASHING FILTERS AFTER HYBRIDIZATION

The filters were waished at the same tem perature as the 
hybridization with 3 x SSC, 0.1% SDS. More stringent washes were used as 
required.

2 .2 1  COMPUTER PROGRAMMES

Analysis of DNA sequences emd RNA secondary structure were 
performed using the Genetics Computer Group program suite (Kanehlsa et 
al., 1984) on the DEC VAX computer at the University of Leicester.

The word processing was carried out using Microsoft Word 
version 5.
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CHAPTER THREE

A POSSIBLE POLYMORPHISM IN THE a  1(111) COLLAGEN 
CODING SEQUENCE

3 .1  INTRODUCTION

At the time of carrying out this work no silent m utations had been 
characterized In collagen coding sequence DNA. The lack of published silent 
m utations probably did not prove tha t none existed. The em phasis Is to look 
for m utations In Individuals who suffer from a disease hnked to a  collagen 
disease, not to look for sequence changes In Individuals with a  normal 
phenotype. In the search for m utations causing disease phenotypes no 
phenotyplcally silent m utations had been found, not even m utations which 
changed the nucleic acid sequence bu t not the polypeptide sequence. It was 
argued th a t m utations found In Individuals with abnormal phenotypes 
caused the phenotype and were not silent because protein data supported 
the DNA/RNA evidence. As a rule, collagen genes do not tolerate m utations 
very well (Prockop et al., 1989) probably because collagen proteins are 
complex, well ordered aggregates of many collagen molecules. A süght 
change In the collagen molecule structure can disrupt the whole protein.

This work was Initiated by comparing the two al(III) cDNA clone 
sequences pubhshed by Mlskuhn et al. (1983) and Mankoo and Dalglelsh 
(1988), p(III)-21 and p(III)-33 respectively. These clones were both 
synthesized from mRNA Isolated from the same tissue culture cell Une, 
Human Foetal Lung fibroblasts (HFL-1, ATCC CCL135). The clones covered 
sequence at the 3' end of the al(III) mRNA and overlapped (Mlskuhn et al., 
1983). Examination of the pubhshed sequences showed them  to differ In this 
overlapping region by one base. A thymidine was found In p(III)-33 where a 
cytosine was found in p(III)-21 (Mankoo and Dalglelsh, 1988). This base 
difference. If real, would result in an  amino acid difference between the 
polypeptide sequences coded for by the clones: 
p(III)-33 - serine. 
p(III)-21 - prohne.

The amino acid substitution would be a t position 1011 In the 
a-hehx. The first glycine of the a-hellx being num bered 1. Glycine 
substitutions In this area have been found to result In overmodlflcatlon of 
the type I coUagen 5' to the substitution, a  decrease In the therm al stablhty
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of the type I molecule and an osteogenesis Imperfecta phenotype (Bonadlo 
and Byers, 1985). However as far as was known this cell line was normal In 
Its collagen production. It was postulated th a t because the substitution did 
not Involve a  glycine In the a-hellx and Involved type III collagen rather than 
type I, It could be silent or even recessive, only producing a  diseased 
phenotype In the homozygous state. The only recessive osteogenesis 
Imperfecta phenotype characterized was caused by 4bp frameshlft deletion 
In exon 1 of COL1A2 (Plhlajanleml et al., 1984). Having never encountered a 
silent m utation a t tha t time (1988) the consequences of the variant were 
difficult to predict.

The variant would result In the production of a  restriction fragment 
length polymorphism (RFLP). The sequence In p(III)-21 (CCAGGl could be cut 
by the restriction endonucleases EcoRII and BstNI. The sequence In p(III)-33 
could not be cut using these enzymes. The presence/ absence of this RFLP In 
the DNA Isolated from the cell hne HFL-1 may have been detected by 
restriction digestion. Southern blotting and hybridization however, the sizes 
of the DNA fragments could not be predicted because the sequence of Intron 
4 was not known. A restriction map had been pubhshed covering this area In 
Chu et al. (1985) bu t the enzymes EcoRV and BstNI were not Included. With 
the arrival the PCR It was considered easier to use the PCR and direct 
sequencing Instead of RFLP analysis to determine the presence or absence of 
the base change.

Since the two clones are derived from the same cell Une the base 
difference In their sequence could have arisen due to:-
1. The cell Une from which the clones were derived being heterozygous for 

this position In Its genome.
2. The production of an  artefact In one of the clones during cDNA 

synthesis.
The polymerase chain reaction was used to determine which 

scenario best explains the presence of the base difference. A 900bp fragment 
of the coUagen gene, COL 1 A3, was amplified using the PCR so as to Include 
the 'variant' base difference. The amplified fragment was sequenced directly. 
If the base difference between the two clones was the result of the production 
of an  artefact during cDNA synthesis, the sequence obtained by directly 
sequencing the PCR product would m atch tha t of either p(III)-33 or p(III)-21. 
If the ceU Une from which the clones were synthesized was heterozygous for 
this position, then both the cytosine and thymidine would be seen at the 
same position on the sequencing gel. The presence of both bases a t the same
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position on the sequencing ladder would be brought about because, during 
the PCR and direct sequencing reactions, both alleles contained within the 
genome are amplified and sequenced simultaneously. The sequences of both 
alleles are superimposed on the same sequencing ladder.

3 .2  THE AMPLIFICATION OF A FRAGMENT OF COL1A3 FROM
HUMAN FOETAL LUNG CELLS

The polymerase chain reaction was carried out In a  similar way to 
tha t described In section 2.15.1. Due to the fact tha t this work was 
accomphshed before the manufacture of thermocycUng m achines It was 
carried out with the aid of three temperature baths. The baths were set at 
95°C (PEG 4000), 55‘*C (water) and 70“C (water). 35 cycles consisting of one 
minute a t each temperature were performed. The template for the PCR was 
Ipg of genomic DNA Isolated from the HFL-1 cell line. The sequences and 
positions of the primers are shown In Figure 3.1. The primers were designed 
so the resulting PCR fragment could be sequenced using the primer PCR-2. 
The size of the PCR fragment was predicted from data In Chu et al. (1985) to 
be approximately 900bp-lkb.

Confirmation that the 900bp fragment was the only product of the 
PCR was determined by electrophoreslng one ten th  volume of the reaction 
product through an agarose gel (Figure 3.2). The remaining 90^1 of reaction 
mix were ether extracted to remove the paraffin, ethanol precipitated and 
redlssolved In 15pi of TE. The whole of this DNA solution was gel purified 
and reampllfled as described In section 2.16. Five reampllflcation reactions 
were pooled, ethanol precipitated, dissolved In TE and electrophoresed 
through an  agarose gel. The Ikb fragment was recovered from the gel as 
described In section 2.8. The concentration of the final solution was 
determined. lOpg of amplified 900bp fragment were Isolated.

3 .3  PARTIAL SEQUENCING OF THE 900bp  FRAGMENT

Using the direct sequencing method described In section 2.18.4, 
the fragment was sequenced using the primer PCR-2 to prime the 
sequencing reactions.

The results of the sequencing reactions (Figure 3.3) clearly show
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Figure 3 .1

The sequences of the primers PCR-1 and PCR-2.

The positions of the primers are also shown. Information regarding 
the positions of the primers was from Chu et al. (1985b). It should be 
pointed out th a t the numbering of the exons In this figure Is from th a t of 
Chu et al. (1985b). The exons are numbered from the S' end of the gene, 
normally exons are num bered from the 5' end of the gene. Exon 4 In the 
figure represents the ca rb o ^ l joining exon. It codes for hehcal sequence, 
telopeptlde and some propeptide sequence.

Position X represents the position of the possible variant base. It Is 
75bp from the 5' end of the PCR product.
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Figure 3 .2

Amplification of HFL-1 DNA using primers PCR-1 and PCR-2 results in a  
single 900bp fragment.

The photograph shows the product of PCR amplification using 
genomic DNA from the fibroblast cell hne HFL-1 as a template and the 
primers PCR-1 and PCR-2. The PCR product was electrophoresed through a 
0 .8 % agarose gel and stained with ethldlum bromide.

The size of the PCR product was predicted from Information In Chu 
et al. (1985) to be approximately 900bp-lkb.

Lane 1 - X/Hindll and i^XlV4 /Haelll markers

Lane 2 - Amplified DNA from the cell line HFL-1
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Figure 3 .3

The genome of HFL-1 does not contain a  variant within the region analysed.

The sequencing autoradiograph shows the sequence of part of the 
two alleles of COL 1 A3 of the fibroblast cell line HFL-1.

The sequencing ladder does not reveal any heterozygosity.
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th a t the cell line from which the two clones were derived was not 
heterozygous for the base which was different between between the two 
clones. A cytosine Is seen a t this position on the sequencing ladder with no 
sign of the thymidine seen when p(III)-33 was sequenced. PCR amplification 
and direct sequencing of the same region of COL3A1 from DNA Isolated from 
other phenotyplcally normal Individuals revealed a  prohne codon coding for 
amino acid 1011 of the al(III) helical domain. These results confirm the 
conclusion tha t the normal sequence of this region contains a  prohne codon 
not a  serine codon at position 1 0 1 1 .

3 .4  DISCUSSION

From these results It can be concluded tha t the variant base 
between the overlapping sequences of the clones p(III)-33 and p(III)-21 was 
an  artefact produced during the cDNA synthesis of one of the clones. Since 
the direct sequencing results of the HFL-1 cell fine and other normal DNA 
samples agreed with the sequence pubUshed for clone p(III)-21 a t this 
position (Chu et al., 1983; Loldl et al., 1984) It can be concluded th a t the 
cDNA synthesis artefact Is the thymine found In p(III)-33.

This work was carried out because of the lack of pubfished data 
concerning phenotyplcally silent amino acid changes found in the coding 
regions of fibrillar collagen genes. The Inablhty of coUagens to tolerate 
changes In their amino acid sequence Is considered to be due the Importance 
of each amino acid In the eventual structure of the collagen fibrils (Prockop 
eta l., 1989).

Since the completion of this work three phenotyplcally silent 
variants have been described In the hterature. Two are conservative base 
changes one In exon 6  of COL1A2 (Weü et al., 1990) and the other In exon 33 
of COL3A1 (Tromp et al., 1991). A base change which caused an  amino acid 
substitution In COL3A1 was described In ZafaruUah et al. (1990). The amino 
acid was an alanine (GOT) at position 530 of the triple helix which was 
substituted for a  threonine (ACT). The change affected an  amino acid In the 
Y position of a  Gly-X-Y repeat.

There are few a-hehx amino acid substitutions reported In the 
hterature which do not Involve a glycine. One was found In the DNA from a 
family suffering from osteoarthritis associated with mild chondrodysplasia. 
(Ala-Kokko et al., 1990). The substitution Involved an  arginine to cysteine
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substitution a t position 519 of the al(II) heücal domain. As researchers look 
towards the link between collagen genes and more common heritable 
connective tissue disorders, It wlU be interesting to determine If m utations 
which result In amino acid changes within the helix bu t do not Involve a 
glycine will be found to be the cause of these diseases. Although, Kontusaaii 
et al. (1990) found a sphce site m utation In the a-hellx of al(III) in a  family 
with a hlstoiy of aortic aneurysms and EDS IV, and Spotlla et al. (1990) 
found a  glycine to serine substitution a t position 661 In the a-hellx of a 2 (I) In 
a patient with post-menopausal osteoporosis. As with the Ünk between rare 
connective diseases and the collagen genes, the hnk between the more 
common connective tissue diseases and the collagen genes Is complex.
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CHAPTER FOUR 

RNASE A MAPPING TO IDENTIFY A MUTATION IN A PATIENT 
WITH NON-LETHAL OSTEOGENSIS IMPERFECTA (OI)

4 .1  INTRODUCTION

It has been estabhshed tha t the genes coding for a  1(1) and a2(I) 
collagen (COLlAl and COL1A2 respectively) are linked to dominantly 
Inherited osteogenesis Imperfecta (OI) (Sykes et al., 1990). There are many 
pubhshed cases where m utations In COLlAl or COL1A2 are shown to be the 
causes of OI (Prockop et al., 1989). Such cases support the linkage studies 
and show tha t the m utations are not to be found In genes near to those 
coding for the type I coUagens bu t actuaUy In COLlAl or COL1A2. Rare 
exceptions to this are pubhshed In Altchlson et al. (1988), Daw et al. (1988) 
and Walhs et al. (1990a). Therefore to Identify the m utation causing a  non 
lethal OI phenotype. It Is necessary to examine COLlAl an d /o r COL1A2. 
However, because these genes are so large (18kb and 35kb respectively). It is 
more practical to look for m utations affecting the a  1 (1) or a 2 (I) polypeptide 
chains using the mRNA coding for them. RNase A mapping was considered 
the best method to use to Identify m utations which change the coding 
sequence of these coUagen genes.

RNase mapping (Hawkins, 1989) was employed as the screening 
method because It was proven to be successful a t detecting a  control base 
substitution (Hawkins and Dalglelsh, unpubhshed) and a  9 base pair 
deletion (Hawkins, 1989; Hawkins et al., m anuscript In preparation). At the 
beginning of the work. It was assum ed tha t RNase cleavage tended to bias 
towards detecting deletions or Insertions. Mismatches resulting from 
deletions. Insertions or rearrangem ents offer greater potential for RNase A 
cleavage because of the more extensive single-stranded regions produced 
within the hybrid. However, the fact tha t the method was able to detect the 
control base substitution was encouraging.

It was decided to screen the mRNA coding for the polypeptide a2(I) 
for m utations from Individuals with non-lethal OI because, with the protein 
suicide theory In mind (WllUams and Prockop, 1983), It was expected tha t a 
m utation In COL1A2 would result In a less severe phenotype than  a 
m utation In COLlAl. A full length a2(I) collagen cDNA clone was given as a
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gift by Dr D.J. Prockop. The clone was used to look for m utations causing 
the non-lethal osteogenesis Imperfecta phenotype In a  num ber of patients. 
Also available was 75% of the a  1(1) cDNA, which could be used In the 
screening experiments.

Since, to date, no reliable correlation has been Identified between 
the position of a  m utation within a collagen gene and an OI phenotype, the 
whole of the a2(I) mRNA had to be screened In order to determine If a 
m utation was present. A full-length a2(I) cDNA clone was required to do this 
because RNase A mapping Involves the synthesis of radioactive antisense 
RNA probes from cDNA templates. To screen the whole of the a2(I) mRNA 
overlapping cDNA probes covering It were required.

During aU of this work the ablhty of the RNase A m apping method 
to detect only 60% of point m utations (Cotton, 1989) and the fact tha t the 
mutation, which an Individual may be carrying, may be In COLlAl not 
COL1A2 were taken Into consideration.

4 .2  CONSTRUCTION OF cDNA TEMPLATES FOR RNA PROBE
SYNTHESIS

Using the full-length a2(I) cDNA clone Hp2010 (Kulvanleml et al., 
1988a), overlapping subclones were produced In the phagemld transcription 
vectors pTZ18R and pTZ19R. The numbering and positioning of the 
subclones In relation to the full-length a2(I) cDNA clone are shown In Figure 
4.1. PTZ18R and pTZ19R were employed because they contain a  T7 RNA 
polymerase promoter. The subcloned fragments were between Ikb and 
400bp In length and were Inserted Into the vector In such a  way as to be able 
to ru n  off, from the cDNA template, an  antisense RNA probe in vitro. RNA 
probes which are larger than  Ikb degrade easily, causing high background 
on the final autoradiographs ; conversely, probes which were smaller than 
400bp did not hybridize sufficiently well to the cellular RNA. The sizes of the 
subclones and the endonuclease sites Into which they were Inserted are 
shown In Table 4.1.

Large scale preparations of the subclones were prepared as 
described In section 2.13.1. The templates were hnearlzed by digestion with 
a  restriction endonuclease to give a 5' overhang. Templates with a  b lun t end 
or 3' overhang restrict probe synthesis and result in a  low radioactive 
nucleotide Incorporation. After digestion the templates were extracted with
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Figure 4 .1

The positions of the a2(I) cDNA subclones.

A diagram to show the positioning of the a2(I) subclones to be used 
In RNase A protection analysis, In relation to the cDNA clone Hp2010 
(Kulvanleml et al., 1988)

ATG = S tart of transcription.

STH = Start of triple hehcal domain.

ETH = End of triple hehcal domain.

TAA = end of translation.
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Table 4 .1

The size of the o2(I) subclones. Also displayed are the restriction 
endonuclease sites to which the Inserts were Ugated.



Table 4.1

clone
number

restriction
endonuclease
sites

size of insert
{to the nearest 
lObp)

1 Tha I - Tha I 960

2 Tha I - Tha I 790

3 Tha I - Xho I 860

4 Xho I - Xba I 830

5 Xba I - Hind III 930

6 Hind III - Sst II 730

7 SstI - Pst I 780

8 Hinc II - Hinc II 550

9 Hinc II - Pst I 1030

10 Xho II - Pst I 780

11 Pst I - EcoR I 400



phenol, then chloroform to render them RNase free (section 2.17.3).

4 .3  RNA ISOLATION FROM TISSUE CULTURE CELL LINES

Tissue culture fibroblast ceU fines derived from patients with non- 
lethal OI and one with OI type II were propagated. RNA was isolated from 
them as described in section 2.14.5.

Little was known of the clinical features of the 5 patients from 
whom the 5 cell fines obtained from ATCC were derived, except tha t they 
suffered from non-lethal OI.

The cells fi*om Cardiff were from a phenotyplcally normal father 
and his three affected sons (CFl-4). No additional information was known 
about these cells or their donors.

The eight ceU fines donated by P. Byers (University of Washington, 
USA.) were sent with additional information concerning the initiation of 
overmodification of the a  1(1) polypeptides produced by each fine of cells. This 
information is summarized in Table 4.2. The cyanogen bromide mapping 
experiments were carried out, as described by Bonadlo and Byers (1985), on 
a  1(1) only. The results in Table 4.2 refer to the sta rt of overmodification in 
a  1(1), overmodification would sta rt a t an equivalent position in a2(I) (Figure 
4.2). With the exceptions of the m utation found by Hawkins (1989) and some 
whole exon deletions (Sippola, et al., 1984), the sta rt of overmodification has 
been found to coincide with the position of a  m utation in the propeptide. 
Taking the cyanogen bromide mapping results into consideration, these cell 
fines were screened only across the area around the sta rt of 
overmodification.

Each of the RNA preparations were checked for the presence of a 
gross defect in the mRNA coding for a2(I) collagen by northern blot analysis. 
None were detected (results not shown).

4 .4  RNASE A PROTECTION OF THE a2(I) PROBE 10 BY mRNA 
FROM CELL LINES LW, GM 1436A AND G M 2573

The probe transcribed from subclone 10 (Figure 4.1) was prepared 
as described in section 2.17.4. Approximately 2 x lO^cpm of probe were 
hybridized to 50pig of total cellular RNA fi*om cell fines GM1436A, GM2573
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Table 4 .2

The results of cyanogen bromide mapping of a  1(1) polypeptides 
from the fibroblast cell fines from the USA.

Only the a  1(1) polypeptides from each cell fine were subjected to 
cyanogen bromide mapping. Overmodification within a  type I collagen 
molecule affects the three a-chains and will s ta rt in the same relative 
position in all three chains. It is more informative to look for the sta rt of 
overmodification in the a  1(1) polypeptide because a  1(1) mapping yields 4 
cyanogen bromide polypeptides whereas a 2 (I) cyanogen bromide mapping 
yields only 2  large polypeptides.



Table 4.2

Cell Line O.I.
Phenotype

start of
overmodification

R II CBS

PJ III CB7

KO m/iv CBS

LW III CBS

JR IV CBS

JB III CBS

FIR III Not Localized

SC IV CBS



Figure 4 .2

Cyanogen bromide m aps of the a  1(1) and a2(I) polypeptides.

Cyanogen bromide cleaves polypeptides a t methionine amino acids. These 
maps have been deduced by analysing the amino acid sequences of the 
a-chains

The position of subclone 10 in relation to the cyanogen bromide peptides is 
shown.
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and  LW.
Cyanogen bromide mapping of the a  1(1) collagen chains from cell hne LW 
revealed overmodification originating within al(I)CB8 , (a2(I)CB4, Figure 4.2). 
Part of the mRNA coding for a2(I)CB4 is covered by subclone 10 (Figure 4.2). 
The probe/mRNA hybrids were digested with RNase A and treated as 
described in section 2.17.6. The resulting RNA was electrophoresed through 
a  denaturing polyacrylamide gel alongside marker DNA. The gel was fixed 
then  dried, before being autoradiographed for 48 hours.

The autoradiograph (Figure 4.3) shows complete probe protection 
when the probe was hybridized with RNA from cell fines GM1436A and 
GM2573. The probe was cleaved when it was digested with RNase A after 
hybridization to RNA from cell fine LW. The lane in Figure 4.3 containing 
probe 10 hybridized to RNA from LW has a  band corresponding to the 
fully-protected probe, 780 bases, and two bands corresponding to the 
cleaved probe, 650 bases and 130 bases. This result indicates that a 
m ism atch may be found in the area covered by the last 130 bases of probe 
10. The protein analysis would suggest tha t the m ism atch is covered by the 
3' end of the probe, which corresponds to a2(I)CB4 (Figure 4.2).

4 .5  RNASE DIGESTION OF SUBCLONE 1 0 / F o k I  HYBRIDIZED TO
RNA FROM CELL LINE LW

A RNase mapping experiment was performed using subclone 10 
digested with the restriction endonuclease Fokl. Sequence data from 
Kuivaniemi et al. (1988a) indicated tha t Fokl digestion of the subclone 10 
would remove 180bp from the 5' end of the probe template (Figure 4.4A). If 
the m ism atch corresponded to the 3' end of clone 10, cleavage products 
would be seen on the autoradiograph (470 bases and 130 bases). If the 
m ism atch corresponded to the 5' end of subclone 1 0 , no cleavage products 
would be seen on the autoradiograph. A large scale preparation was made of 
the new template (sublone 10/Fokl). This was cleaned to render it RNase free 
(section 2.17.3) and an antisense RNA probe was synthesized from it. RNase 
A protection analysis was repeated using this probe and RNA from LW.

Figure 4.4B shows a band running a t approximately 600 bases 
(normal allele) and two cleavage products running a t approximately 460 and 
140 bases (abnormal allele), indicating tha t the m ism atch was covered by 
the 130-140 bases a t the 3' end of probe 10. This experiment confirmed the
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Figure 4 .3

A m ismatch between the a2(I) probe 10 and mRNA from the cell line LW.

A RNase A protection autoradiograph showing probe 10 fully protected by 
RNA from cell lines GM1436A and GM2573 and the cleaved probe after 
hybridization with RNA from ceU line LW.

From left to right the lanes of the gel were loaded with

^^P-labelled pUC 13/Hpall (markers)

^^P-labelled M13mp 18/MspI (markers)

Probe 10 protected from RNase A digestion by mRNA from cell line GM1436A

Probe 10 protected from RNase A digestion by mRNA from cell line GM2573

Probe 10 hybridized to RNA from the cell Une LW and digested with RNase A. 
(LW)
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Figure 4 .4

A m ism atch between probe 10/Fold and RNA from cell line LW.

A map to show the position of the Fokl site within subclone 10 and the size 
of the new probe template.

B

The m ismatch between probe 10 and mRNA isolated from LW is located at 
the 3' end of probe 10.

A RNase A protection autoradiograph showing probe 10/Fokl cleaved by 
RNase A digestion after hybridization to cellular RNA from LW.

From left to right the lanes of the gel have been loaded with:-

-labelled pU ClS/H pall (markers)

^^P-labelled M13mp 18 /MspI (markers)

Probe 10/Fokl hybridized with RNA from LW fibroblast and digested with 
RNase A.
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results obtained previously, suggesting tha t a  m ism atch existed between 
mRNA Isolated from the cell Une LW and probe 10, therefore the result 
obtained previously was not an  artefact.

To determine the exact positioning of the m ism atch in relation to 
probe 10, RNase A mapping was repeated using probe 10/Fokl and  RNA 
from LW. The resulting digested hybrid was ru n  through a  40cm long 
sequencing-like gel containing RNase A gel mix, alongside a  sequencing 
ladder. Using the sequencing ladder as markers, the size of the smaller 
cleavage product was determined (Figure 4.5A). On the sequencing gel, the 
smaller cleavage product was seen to be 4 bands running at 107, 111, 115 
and 119 bases. Multiple cleavage products, such as these, were seen by 
Hawkins (1989). These multiple cleavage bands were subsequently found to 
be due to the presence of a  9bp deletion in the mRNA.

The size of the smaller cleavage products along with sequence data 
from Kuivaniemi et al. (1988a), placed the approximate position of the 
m ism atch at the 3' end of exon 19 or the 5' end of exon 20, a t or about 
amino acid 260 (if the first glycine in the hehx of the m ature a-chain is 
num bered 1). (Figure 4.5B)

4 .6  PCR AMPLIFICATION OF THE DNA SEQUENCE CONTAINING
THE SUSPECTED MUTATION

Having estabhshed tha t the m utation was to be found in COL2A1 
a t or around the codon for amino acid 260. DNA around this area, from the 
cell hne LW, was amplified using the PCR, with the intention of sequencing 
the DNA and therefore characterizing the mutation.

PCR primers were designed to enable amplification of this region of 
DNA. Unfortunately only the cDNA sequence of this section of the COL1A2 
was known. The primers were designed to keep the PCR product as short as 
possible since the size of intron 19 was not accurately known. A smaU 
fragment size was also chosen for ease of sequencing. For easier cloning, 
each primer was designed with a  restriction endonuclease recognition site 
incorporated into it (Figure 4.6). Problems encountered by myself and other 
workers upon trying to digest PCR product with restriction endonucleases 
led to careful consideration as to the choice of enzyme recognition site 
incorporated into the primers. Primer A2B contained an  EcoRI site. An 8 bp 5' 
extension sequence was added to primer A2B to encourage cleavage of the
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Figure 4 .5

Fine mapping of the m ism atch between probe 10/Fokl and mRNA from the 
cell hne LW.

An autoradiograph showing the sizes of the shorter cleavage products 
produced after RNase A digestion of a  probe 10/FofcT-LW hybrid.

From left to right:-

Smah RNase A cleavage products running at approximately 107, 111 bases, 
115 bases and 119 bases.

Sequencing ladder markers.

B

A diagrammatic representation of the approximate position of the mismatch. 

X = the mismatch at the 3' end of exon 19 or the 5' end of exon 20.



Figure 4.5
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Figure 4 .6

PCR primers A2A and A2B.

An exon map of part of COL1A2.

The positions of the sequences within COL1A2 which the PCR 
primers A2A and A2B will anneal to are shown (arrows).

The size of the PCR product could not be predicted because the 
intron sequence was not known.

Hatched boxes = exons

Lines = introns



f



EcoRI site (Jeffreys et al., 1990). Primer A2A was designed with an  Sstll site 
within It. This Sstll site was homologous to tha t In the COL1A2 sequence 
and was located as near to the 3’ end of the primer as conveniently possible. 
It has been found tha t some enzyme recognition sites a t the 5' end of PCR 
primers are not cut efficiently (Jung et at., 1990).

PCR amplification of this area of COL1A2 was performed as 
described In section 2.15.1, using DNA Isolated from the fibroblast cell line 
LW as template. One tenth  volume of PCR product was ru n  through a  0.8% 
agarose gel. A DNA fragment running at about 600bp was seen In the gel, no 
contaminating bands were seen.

4 .7  CHARACTERIZATION OF THE MUTATION BY SEQUENCE
ANALYSIS

Attempts were made to directly sequence the 600bp PCR product 
using the PCR primers as sequencing primers, as described In section 
2.18.4. Unfortunately, this resulted In what looked hke primer shppage along 
the exon sequence. Only what looked hke Intron sequence could be 
determined on the sequencing ladder. This result was obtained when 
sequencing In each direction. It was therefore decided tha t the PCR fragment 
should be cloned and then sequenced.

One tenth volume of the PCR product was cleaned by phenol 
extraction and ethanol precipitated. The DNA was digested with Sstll and 
EcoRI for 1 hour at 37°C In the presence of spermidine-HCl (4mM). The 
digested DNA was hgated Into pBluescrlpt SK", which was subsequently 
transformed Into E. colt XL-1 Blue (described In sections 2.9 and 2.11.2 
respectively). DNA preparations were made of 5 recombinant clones (as 
described In section 2.18.1). The clones were sequenced using M13 forward 
and reverse primers, to obtain the sequence of exon 19 and exon 20 In each 
clone.

All of the clones contained a normal exon 20 sequence. Three of the 
clones contained a normal exon 19 sequence, the remaining two clones 
contained a  3 base pair deletion at the 3' end of exon 19 (Figure 4.7). The 
loss of these three bases resulted In the Inframe deletion of the codon coding 
for amino acid 255, a  vahne.

This result agreed with the results obtained from the RNase A 
mapping experiments, which predicted tha t the m utation would be found at
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Figure 4 .7

The sequence difference between the a2(I) probe 10 and mRNA from the cell 
hne LW Is a  3bp deletion.

The sequencing gel autoradiograph shows the sequence of the 
normal allele and the abnormal allele. The sequences on the 
autoradiographs are tha t of antisense DNA. The sequences written below the 
autoradiograph are those of sense DNA.

One COL1A2 allele from LW Is normal In this region, the other has 
a  3bp deletion. The 3bp which are deleted code for amino acid 255, the last 
amino acid coded for by exon 19.
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G A T C

normal allele 
exon 19 intron
GGA CTT GTT /  gtaagtgg 
Gly Leu Val

mutant allele 
exon 19
GGA CTT /  gtaagtgg 
Gly Leu

consensus sequence at 5' splice site 

^00^00^62^^^^ Tb3



or around amino acid 260. The appearance of the four cleavage products 
running at 107, 111, 115 and 119 bases on the sequenclng-hke gel may have 
given a  clue th a t the m utation Involved more than  one base. Ju s t as the 
multiple bands seen by Hawkins (1989) may have Indicated tha t many bases 
were Involved in  th a t mutation.

It seem s th a t even If the primer shppage had not been encountered 
during the direct sequencing, then this 3bp deletion would not have been as 
easily characterized using tha t method. Direct sequencing Involves 
sequencing both alleles on the same sequencing ladder. If a  deletion Is 
present In one allele the ladder would be clear up until the deletion then  It 
would be muddled. Cloning then sequencing was Inevitable. The results so 
far suggested tha t LW carried a 3bp deletion which caused the Inframe 
deletion of the last codon of exon 19. A codon which codes for a  valine. LW Is 
heterozygous for this deletion as Indicated by the fact tha t half the probe In 
the Figures 4.3 and 4.4 Is fully protected.

4 .8  IS THE 3bp DELETION INHERITED BY LW FROM EITHER
PARENT?

Having determined th a t the m utation detected by RNase A mapping 
was the deletion of the last 3 bp of exon 19 of COL1A2, It was of Interest to 
find out If the m utation was Inherited from either parent.

LW Is the daughter of phenotyplcally normal, non-consangulneous 
parents. Genomic DNA was Isolated from the lymphocytes of her mother 
(EW) and her father (PW) by members of P. Byer's laboratory (University of 
Washington, USA). Using these DNAs and DNA Isolated from the LW cell 
hne, parentage was confirmed using single locus specific mlnlsateUlte probes 
(gifts from J. Armour, University of Leicester) and the method described by 
Jeffreys et al. (1980). Three single locus probes were hybridized Indlvlduahy 
to a Southern blot of 1.5pg of each of the three DNA preparations digested 
with Mbol. The three probes used were cMS621, cMSBOO (Armour et al., 
1990) and XMS32 (Wong et al., 1987). Using these probes a  positive 
parentage result of 1 x 1 0 ^ was obtained.

The DNA sequence coding for the 3' end of exon 19 and the 5' end 
of exon 20 was amplified, using primers A2A and A2B and genomic DNA 
from LW and her parents as template. The result of all three of the PCRs was 
a GOObp fragment, as seen when 0.1 volume of PCR product was
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electrophoresed through a 0 .8 % agarose gel.
Direct sequencing of these fragments was not possible for reasons 

explained In section 4.7. The Inheritance of the 3bp deletion was determined 
by the size difference of the PCR products from LW and her parents. 
However, DNA fragments of about 600bp cannot be separated from a 
fragment 3bp shorter, even on a  polyacrylamide gel. The PCR products had 
to be digested Into smaller fragments before running through a 
polyacrylamide gel to determine the presence or absence of the 3bp deletion.

Sequencing of part of Intron 19, when looking for the m utation In 
LW, revealed a  FokI site at the 5' end of the Intron. There are no FokI sites In 
the sequence of exon 19 or 20 of COL1A2. It was predicted tha t digestion of 
the PCR products would result In a fragment 81 bp In length from the m utant 
allele and a  fragment 84bp In length from the normal allele. Fragments this 
size can be separated on a  12% polyacrylamide gel. The PCR product from 
the parents and LW were treated as described In section 2.15.3, digested 
with FokI, then electrophoresed through a 12% polyacrylamide gel for 3 
hours. The gel was photographed, see Figure 4.8.

The photograph of the gel shows the presence of two alleles 
differing In size by 3 base pairs In the lane containing the amplified and 
digested DNA from LW. Only one band, representing a single allele. Is seen In 
each lane containing amplified and digested DNA from the parents. The 
bands running above the two allele bands In the lane containing DNA from 
LW are the result of heteroduplex formation.

It Is concluded from this result tha t the 3bp deletion found In LW's 
DNA Is not Inherited from either parent.

The results of this experiment also confirm tha t the 3bp deletion 
found In two of the 5 clones sequenced was not a  PCR artefact. The presence 
of such  artefacts may be misleading If the artefact Is present In a large 
proportion of clones.

4 .9  DOES THIS 3bp DELETION AT THE 3  END OF EXON 19 CAUSE 
A CHANGE IN THE SPLICE SEQUENCE?

The position of the deletion (the last 3 bases of exon 19) suggests 
tha t Its presence may cause a change In the splicing pattern  of the hnRNA In 
this area. Some cases of osteogenesis Imperfecta have been found to be the 
result of mis-splicing of a type I collagen hnRNA, brought about by a
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Figure 4 .8

The 3bp deletion is not Inherited by LW from either of her parents

DNA Isolated from fibroblast cells from LW Is heterozygous for the 
3bp deletion, while DNA from lymphoblasts Isolated from LW's parents 
contain only one COL1A2 allele.

Genomic DNA Isolated from skin fibroblasts from LW and 
lymphoblasts from her parents was amplified using the method described In 
section 2.15.1. The resulting DNA was digested with the resrltlctlon enzyme 
FokI before electrophoresis through a  12% acrylamlde gel. An 84bp DNA 
fragment Is the result of amplification and digestion of the normal allele, an  
81 bp DNA fragment represents the m utated allele.

Lane 1 - <j)Xl 74/HaeJJJ

Lane 2 - DNA from the mother

Lane 3 - DNA from the father

Lane 4 - DNA from LW
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m utation In the splice site consensus sequence (Bonadlo et al., 1990; Tromp 
and Prockop, 1988).

If mis-splicing of the mRNA coding for a2(I) was occurring In the 
cells of LW, a  change In the splice site consensus sequence at the 3' end of 
exon 19 would result In the mis-splicing of exon 19.

The results from RNase A mapping. Figure 4.3 and 4.4B, Indicate 
th a t mls-sphclng does not occur because the lengths of the two cleavage 
products add up to the length of the protected probe. If exon 19 had  been 
mls-sphced, the lengths of the two cleavage products would not add up to 
the length of the full-length probe, there would some bases missing.

Sequencing data suggests tha t no abnormal splicing would occur 
as a  result of the deletion. The Intron sequence of both the normal and 
m utated allele remain unchanged by the m utation:-

exon 19/GTAAGT....Intron 19 CCCTAG/exon 20

Despite the presence of the deletion, the last two bases of exon 19 
In the m utan t and normal allele are the same:-

exon 19
normal allele AGA GGA CTT GTT/Intron sequence

exon 19
m utan t allele AGA GGA CTT/Intron sequence

The 5' splice site consensus sequence (Lear et al., 1990) has been 
found to be :-

exon Intron
A^ 4  G7 3  [ G joo T ioo ^ 2  ^ 8  ^84  '^63^

The num bers to the right of each base represent the frequency, as 
a  percentage, tha t each nucleotide Is found at tha t position.

To confirm the assum ption tha t the 3bp deletion does not alter the 
sphclng out of Intron 19, the area of mRNA around the m utation site was 
amplified using the PCR. The resulting DNA was electrophoresed through a 
polyacrylamide gel to separate the two allelic bands which would ru n  3bp 
apart. If no splicing changes were present.
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4 .1 0  PCR AMPLIFICATION OF mRNA USING REVERSE
TRANSCRIPTASE TO SYNTHESIZE THE cDNA.

The method used Is described In section 2.15.2 and uses Moloney 
Murine Leukemia Virus reverse transcriptase to synthesize the cDNA, then 
Taq polymerase In the polymerase chain reaction.

The method was carried out using total cellular RNA from the cell 
hne LW as the template and primers A2A and A2B. 30 PCR cycles were run; 
95‘’C, 1 minute, 55°C, 1 minute, and TĜ C, 1 minute. One ten th  volume of 
the PCR product was ru n  through a 12% polyacrylamide gel until the xylene 
cyanol dye reached the bottom of the gel. After staining with ethldlum 
bromide, the gel was vlsuahzed on a  U.V. translUumlnator and 
photographed, (Figure 4.9). Two of the bands seen In Figure 4.9 are 135bp 
and 132bp long, they therefore represent the two alleles, normal and 
m utated respectively. The 132bp fragment was cloned and sequenced and 
found to contain the 3bp deletion. This result clearly shows tha t the 3bp 
deletion found In the cell hne LW did not cause mls-sphclng of exon 19.

4 .1 1  DISCUSSION

LW was diagnosed as suffering from type III osteogenesis 
Imperfecta, the progressively deforming form of the disease, as classified by 
SlUence et al. (1979). She Is the daughter of phenotyplcaUy normal, non- 
consangulneous parents.

Cyanogen bromide (CB) mapping of the a  1(1) polypeptides 
synthesized by fibroblasts from LW, Indicated overmodlflcatlon of the type I 
collagen polypeptides, which started within al(I)CB8 , (a2(I)CB4).

RNase A protection analysis was used to detect a  m utation within 
the mRNA coding for the a2(I) polypeptide. Isolated from the ceU hne LW. The 
method confirmed the results of the cyanogen bromide mapping, placing a 
m utation within a2(I)CB4. Sequencing this region revealed a heterozygous 
3bp deletion a t the 3' end of exon 19. The deletion was Inframe and resulted 
In the loss of amino acid 255, which Is a  vahne. It Is suggested tha t the 
deletion may have been brought about by shppage during rephcatlon.

After confirming parentage using 3 single locus mlnlsateUlte 
probes. It was determined tha t the m utation was not to be found In DNA 
Isolated from lymphoblasts from either parent. The deletion may be a de
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Figure 4 .9

PCR amplification of the two a2(I) mRNA species from the fibroblast cell line 
LW.

cDNA was synthesized from mRNA Isolated from the ceU line LW. 
This cDNA was amplified using the polymerase chain reaction. The method 
used for the cDNA synthesis and the PCR amplification Is described In 
section 2.15.2.

The two a2(I) mRNA species are represented on the gel as bands 
which are 132bp and 135bp In length. The two bands running further up the 
gel are the result of heteroduplex formation amongst the PCR products.

Lane 1 - PCR product

Lane 2 - ^X174/Haelll



Figure 4.9
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novo m utation or Inherited from a germhne m utation present In either 
parent. Germllne m utations occur relatively frequently among cases of type 
II osteogenesis Imperfecta (Byers et al., 1988). In a t least one case, this Is 
accompanied by somatic cell m utation In the phenotyplcally normal father. 
In this reported case, the m utation Is detected a t a  1:4 ratio with the normal 
allele In DNA extracted from the father's white blood cells (Cohn, et al., 
1990). Such somatic cell mosaicism was not observed In the white blood ceU 
DNA from LW's parents. Either way, germhne or de novo mutation, the 
deletion Is a  good candidate for the cause of the type III OI phenotype 
because the protein and nucleic acid data agree.

This Is the first single amino acid deletion to be characterized In a 
cohagen gene, therefore httle Is known about the effect of such  a  mutation 
on phenotype. There have been relatively few silent m utations characterized 
In cohagen genes, (Well et al., 1990; ZafaruUah et al., 1990). This type of 
m utation would be predicted to be less weU tolerated than  m ost m utations 
because It disrupts the Gly-X-Y repeat sequence, the sequence which 
determines the cohagen helix formation.

Normal type I cohagen helix formation Involves the three a-chalns 
lining up In a staggered array. Each a-chain Is staggered by one amino acid. 
This staggered arrangement ahows the glycines In each a-chaln of Gly-X-Y 
repeats to be In the centre of the helix, an  essential part of normal helix 
formation. The staggered arrangem ent also ahows optimal hydrogen bond 
formation between the 3 a-chalns. Hydrogen bonds form between the NH- 
group of the glycines and the CO-group of the residues In the X position of 
an  adjacent chain. The charge distribution along the triple hehcal domains of 
normal a  1(1) and a2(I) chains Is vlrtuahy Identical. When In this 1 amino acid 
staggered arrangement, the a-chalns form Intramolecular charge 
Interactions. These were once thought to be of minor Importance to the helix 
formation, however WhUng et al. (1988) suggested tha t a  disruption of these 
Interactions, In the absence of any force disrupting the Gly-X-Y sequence, 
slows down helix formation and thus allows overmodlflcatlon of the a-chalns 
5' to the mutation. The presence of a  3bp In frame deletion In the helix 
disrupts aU these arrangements. It Is suggested that. In a  effort to return  the 
hehx to Its normal structure as m uch as possible, a  helix Is formed with a 
kink within In It, similar to tha t described by Vogel et al. (1988). This 
prediction Is based on the knowledge that the a 2 (I) polypeptide chain will be 
1 amino acid shorter than  the two a  1(1) polypeptide chains. If the two a  1(1) 
chains looped out of helix formation at the position corresponding to the
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deletion in the a 2 (I) chain, then the normal hehcal staggered arrangement 
could be restored, along with normal hydrogen bonding and side chain 
charge Interactions. The m utation which resulted In the kinked molecule 
found by Vogel was present In a proband diagnosed as suffering from type II 
OI. The kinked molecules were formed as a  result of a  heterozygous glycine 
to cysteine substitution In the proa 1(1) polypeptide. It was suggested th a t the 
Incorporation of these kinked molecules Into the cohagen fibrils. Instead of 
the normal rod-hke hehcal structures, resulted In the lethal phenotype. The 
formation of the kink In these procoUcigen molecules caused the disruption 
of the amino procoUagen cleavage site which may have contributed to the 
phenotype, however It Is unhkely to have caused It alone. In general, 
retention of the amino terminal propeptide results In an  EDS VII phenotype 
(Well et al., 1990; Eyre et al., 1985).

The phenotype of LW Is less severe than  tha t of the proband 
observed by Vogel et al. (1988). However It Is more severe than  expected from 
a heterozygous m utation at the amino end of the a2(I) polypeptide. The 
m utations found so far In this part of COL1A2 have resulted In an  EDS or 
mild OI phenotype (Well et al., 1990; Kulvanleml et al., 1988b) The kinked 
molecule found by Vogel et al. (1988) was the result of a  substitution at 
position 748 of the a  1(1) chain, which was approximately where the kink Is 
located. Therefore the kink was almost In the centre of the helix. A kink at 
position 255 may be better tolerated and lead to a  less severe phenotype. 
About 25% of the type I molecules from the proband observed by Vogel et al. 
were kinked. It would be expected tha t proportionally fewer molecules would 
have a  kink In them  If the kink was formed as a result of a  m utation In the 
a 2 (I) polypeptide. Each type I molecule being made up of two a  1(1) 
polypeptides and one a 2 (I) polypeptide.

Experiments to determine the rate of secretion of procoUagen 
molecules containing this m utated a 2 (I) chain have not been performed. 
However, even If m ost of the abnormal procoUagen molecules are degraded 
by the ceUs then, because of the crystal-Uke m anner In which the flbrUs are 
formed, the few tha t are Incorporated Into the coUagen fIbrUs wlU be 
sufficient to disrupt flbrU formation and thus cause an  abnormal phenotype.

Kinks are found In normal coUagen molecules types IV, VI, and IX 
bu t none of these molecules aggregate to form flbrUs as type I coUagen does. 
No doubt these kinks In the coUagen molecules contribute to their function.

The deletion found during this work results In the replacement of a 
Gly-X for the usual Gly-X-Y In some of the a2(I) polypeptides In the type I
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molecules. A Gly-X is found in the type VI polypeptides, bu t this motif is 
found in all three type VI polypeptides in the same place (Furthmayr et al., 
1983). It Is suggested tha t this Gly-X and a  longer helical Interruption found 
In all three type VI polypeptide allows the supertwlstlng between dimers In 
the formation of tetramers (Chu et al., 1990), even though Furthm ayr et al. 
(1983) did not find any kinks or obvious sites of üexlbülty In the a-chaln 
hehx.

It remains to be seen If this m utation In the a2(I) collagen chains of 
LW causes a kinked type I molecule to form. Analysis of type I collagen 
molecules using electron microscopy and rotary shadowing, such as that 
carried out by Vogel et al. (1988) would show the presence of such a 
molecule. If It exists. A second procedure which may prove useful In 
assessing the presence or absence of kinked type I collagen molecules Is 
described by Kobayashl et al. (1990). The method Involves the extraction of 
collagen from fibroblasts. The extracted collagen Is made to form lateral 
aggregates of collagen molecules. Normal cohagen molecules are see by 
electron microscopy to be tightly packed along the whole of the a-chaln. 
Molecules containing a m utation are seen to be tightly packed a t the 
carboxyl term inus bu t are loose and spreading at the amino terminus. This 
procedure has the disadvantage tha t It does not define the exact site of the 
m utation. The authors did not known the nature of the m utation with which 
they were working so It was not determined whether this spreading of a- 
chalns was due to overmodlflcatlon or the presence of a  kink In the a-chalns.

These results do not rule out the posslblfity of LW being a 
compound heterozygote, with a  second m utation In her other COL1A2 allele, 
as has been seen to occur In another case of OI (de Wet et al., 1983). Nor do 
they rule out the possibility of LW being a  combined heterozygote, with a 
second m utation In a second gene le. COL 1 Al.

Until recently, type III osteogenesis Imperfecta was considered to be 
an autosomal recessive condition but, this result along with other 
biochemical data (Wenstrup et al., 1990a), shows tha t this Is not always the 
case. Compared with type II OI, very few of the m utations causing the type 
III OI phenotype have been characterized (Pack et al., 1989; Plhlajanleml et 
al., 1984).

The results presented here suggest tha t the presence of this 
deletion does not cause alternative sphclng. It would be predicted that, 
because there was no change In the 5' spfice site consensus sequence, no 
change In sphclng would occur.
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If this work had been started a  year ago, It Is probable tha t the 
chemical cleavage method (Cotton et al., 1988) would have been employed In 
the detection of the m utations. At tha t time chemical cleavage was expected 
to detect 100% of m utations In collagen genes (Cotton, 1989). This 
overestlmatlon of the sensitivity of this method has since been revised 
(Bhattacharyya and LlUey, 1989). It seems th a t the chemical cleavage 
method Is prone to similar problems as RNase A mapping. The detection of 
any m utation Is dependent on the environment In which the m utation Is 
found. The sequence of the RNA or DNA around the m utation may Influence 
whether the radioactive probe Is available for cleavage by RNase A or 
modified and cleaved by the relevant chemicals.

If this work had been started today, the single stranded 
conformation polymorphism method (Orlta et al., 1989) or HydroUnk gels 
(Keen et al., 1991) would probably be employed. These methods overcome 
the problems Inherent In RNase A mapping and chemical cleavage, by not 
requiring the mismatched base to be available for cleavage.

It remains to be seen If these newer methods five up to 
expectations and detect aU possible m utations In collagen genes.

Time limitations and an awareness tha t RNase A mapping detects 
only 60-70% of m utations led to the cessation of this line of work before 
more m utations were detected. It Is hoped tha t DNA and RNA preparations 
produced during this study wlU be of use for other people ready to look for 
m utations causing non-lethal OI using a  more sensitive method.

102



CHAPTER FIVE

CONSTRUCTION OF A cDNA LIBRARY POTENTIALLY 
ENRICHED WITH COLLAGEN SEQUENCES USING THE 

POLYMERASE CHAIN REACTION

5 .1  INTRODUCTION

To date, 15 different coUagens have been characterized. They are 
coded for by over 20 genes. Many of the coUagen proteins were Isolated 
before the genes coding for them (Bentz et al., 1983). However more recently 
coUagen cDNA clones have been Isolated before the corresponding proteins 
(Plhlajanleml et al., 1987; Gordon et al., 1987; Plhlajanleml et al., 1990a). 
The proteins coded for by the most recently Isolated clones have not yet been 
characterized.

The aim of this project was to use the polymerase chain reaction to 
create a  cDNA Ubrary enriched with coUagen coding sequences, with a view 
to Isolating from It novel coUagen cDNA sequences. It was hoped tha t the 
Ubrary would be emlched enough with coUagen sequence containing clones 
to avoid screening by hybridization, and aUow screening by random 
sequencing of clones. The Ubrary was to be produced using the polymerase 
chain reaction, exploiting the repetitive nature of the cDNA coding for 
coUagens In designing the primer.

Many uses have been found for the polymerase chain reaction 
since It was described by Salkl et al. (1988), some with the Isolation of 
specific cDNA clones or famUles of cDNA clones In mind. Lee et al. (1988) 
used the PCR to generate cDNA probes which were used to Isolate a  clone 
containing a fuU-length porcine urate oxidase cDNA. The primers used by 
Lee and coworkers were designed using the amino acid sequence of the 
porcine urate oxidase. A mixed population of primers was used to aUow for 
codon degeneracy. Other methods of generating specific cDNA clones using 
PCR rely on a t least one primer sequence being specific. Frohman et al. 
(1988) and Ohara et al. (1989) used a specific primer and a  non-specific 
primer (oUgo dT) to synthesize the 3' end or the 5' end of a  known cDNA 
sequence.

The Intention here was to generate cDNA clones for which no cDNA 
sequence had yet been determined, therefore no sequence-specific primer
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was available from which the cDNA synthesis could be extended. The clones 
would code for proteins for which the amino acid sequence has not been 
determined, not even from another species. It was hoped th a t more than  one 
novel collagen could be Isolated from the llbraiy so the prim er would have to 
be designed to amplify m any collagen or coUagen-Uke sequences. Therefore, 
the PCR primer sequence could not be determined from a  single protein 
sequence.

A primer was designed which. It was hoped, would selectively 
amplify coUaigen or coUagen-hke sequences. The primer sequence was based 
on the DNA sequence coding for the collagen Gly-X-Y repeat (where X Is 
often a  prollne and Y Is often a hydroxyproUne) therefore. It was predicted 
tha t collagen sequences within the hbrary would contain mostly helical 
sequences. The clones would not be regarded as true representatives of 
collagen cDNA sequences because of the Inherent m utation rate of the 
polymerase chain reaction (Tindall and Kunkel, 1988; Dunning et al., 1988). 
The hbrary would be regarded as a  library of probes. It would be easier to 
Isolate a  new collagen by picking out novel collagen probes from a collagen 
sequence emlched Ubrary, then to use these probes to screen a  conventional 
hbrary under stringent conditions, than  to screen a  conventional hbrary 
under low stringency conditions using a  degenerate ohgonucleotlde probe. 
The clones were expected to be short. When given a choice of anneahng sites 
PCR primers tend to amplify the smallest fragment (Harbarth and Vosberg, 
1988).

5 .2  DESIGNING THE PRIMER

Degenerate PCR primers were designed which were expected to 
select for collagen repetitive sequence. Too m uch sequence homology with 
known cohagen sequences would lead to a restriction In the types of cohagen 
clones In the hbrary. Conversely, too httle sequence homology would lead to 
only a smah proportion of the clones In the hbrary containing cohagen 
sequence. Two populations of degenerate primers were synthesized 
(RANcDNA-1 and RANcDNA-2). RANcDNA-1 was designed first. This primer 
was not Ideal as explained In sections 5.2.1 and 5.2.2. The lessons learned 
from attem pts a t producing a hbraiy using RANcDNA-1 were p u t to good use 
when the second primer (RANcDNA-2) was designed.
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5 .2 .1  THE 3' END OF THE PRIMER

The sequence a t this end of a  PCR primer determines Its specificity 
(Erlich, 1989). Intlally this end of the primer was designed In the knowledge 
tha t the DNA sequence coding for a  Gly-X-hydro5Qq)roUne repeat would be 
GGN NNN CCN, where N represents any base. It should be pointed out tha t 
hydroxyproUne Is coded for In DNA sequence as a  proUne which Is 
hydrojQ^lated as part of post-translatlonal modification. This sequence (GGN 
NNN CC) was Incorporated Into the 3' end of primer RANcDNA-1 (Figure 5.1). 
This primer was able to amplify cDNA sequence, using the method described 

In section 5.3.1. The amplified cDNA sequence population collagen coding 
sequence. Southern blotting and hybridization showed tha t the collagen 
sequence within the PCR product was Umlted (results not shown). With this 
In mind a  new, more coUagen specific primer was designed. The cDNA 
sequences coding for the heUcal regions of the a  1(1), a2(I) and al(III) 
coUagens were Uned up and any sequence motifs common to aU three were 
noted. The sequences of these three heUcal regions were chosen because 
they are long and uninterrupted and so were simple to Une up. The Lineup 
programme from the Genetics Computer Group program suite (Kanehlsa et 
al., 1984) aUgns the required sequences then displays the bases common to 
two or three of the sequences at each position, so producing a  consensus 
sequence. The most common sequence found within this consensus 
sequence was :-

5’ 3'
G G N N N N C C N G G

(The primers were synthesized so tha t the positions denoted as N above were 
an equal ratio of G, A, T and C bases)
The sequence of RANcDNA-2 Is tha t of RANcDNA-1 with an  extra 3 bases at 
the 3' end (NGG). It was found 29 times In the consensus heUcal sequence, 
therefore It occurred at least 29 times In each of the three coUagens, a t least 
87 times In aU three sequences. It occurred In either strand, therefore It 
could be used as both the forward and reverse primer (Figure 5.2). The 
sequence occurred throughout the heUcal consensus sequence. A sequence 
was picked at random from the EMBL database (accession num ber = 
J02769, sequence for hum an 4F2 antigen heavy chain mRNA complete cds), 
this sequence was scanned for the occurrence of the putative primer
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Figure 5 .1

The sequence of RANcDNA-1

The sequence of the first primer used to construct the hbrary 
(RANcDNA-1). The primer sequence Included a  Notl restriction endonuclease 
site and an  Sstll site. The positions of the sequences coding for glycine and 
prollne (hydrojgqjroUne) are shown.



Figure 5.1

5' 3'
Not I Gly X Pro

I------------------- 1 I----- 1 I—
GCGGCCGC GGN NNN CC

S stn



Figure 5 .2

Primer annealing

A m ap to show how the 3' end of the primer RAN-cDNA-2 should 
be able to anneal and prime DNA synthesis from either strand  of DNA 
template, In either direction.

The 5' sequence of the primer Including the EcoRI restriction site Is not 
shown In this figure because It Is not expected to anneal to the template 
sequence.
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sequence. The putative primer sequence occurred 5 times. It was predicted 
th a t the prim er would selectively anneal to collagen helical coding DNA.

5 .2 .2  THE 5  END OF THE PRIMER

This end of the primer was designed with ease of cloning In mind. 
Previous workers had found that b lunt end hgatlon of PCR products Into 
vectors Is veiy Inefficient. Clark (1988) suggested tha t this Is due to an  extra 
adenine being attached to each end of the PCR product DNA. In general, 
hgatlon using DNA with 'sticky ends' Is more efficient than  If the DNA has 
b lunt ends (Revle et al., 1988).

The primer RANcDNA-1 was synthesized with a  Notl restriction 
endonuclease recognition site Incorporated Into Its 5' end (Figure 5.1). A Notl 
site was chosen because It has an  8 bp recognition sequence, and as such Is 
Infrequently found In DNA sequence. Digestion of any PCR product, 
produced using a  primer with a Notl site at Its 5' end, with Notl, should yield 
sticky ended products tha t are rarely cut Internally. The Notl recognition 
sequence had the added advantage tha t It was composed of G and C bases 
and therefore bore some similarity to collagen sequences. The Noü 
recognition sequence Is G C G G C C G C .

The RANcDNA-1 primer was used In a PCR to amplify single 
stranded cDNA. The cDNA was synthesized as described In section 2.19.1. 
The PCR was carried out as described In section 5.4.1. The PCR product was 
electrophoresed through a 0 .8 % agarose gel containing ethldlum bromide. 
The DNA In the gel was seen to be a smear. The molecular weight of the DNA 
was up to 6 kb (Results not shown). An attem pt was made to clone this PCR 
product. It was digested with the restriction endonuclease Notl and ligated 
with pBluescrlpt SK" which had also been digested with N o tl. 
Unfortunately the PCR product was very Inefficiently cut by NoÜ. This was 
probably due to the position of the Notl recognition site within the primer. It 
occupied the last 8  bases of the primer. Other workers have shown 
subsequently th a t some restriction endonucleases. Including Notl, will not 
cut PCR products If their recognition site Is a t the very end of the DNA 
fragment (Jung et al., 1990). There was a Sstll site Included In RANcDNA-1 
(Figure 5.1). An attem pt was made to digest the PCR product with Sstll, also 
without success. The Sstll site was 4 bases from the 5' end of the primer. 
Sstll efficiently cut other PCR products when the Sstll site was 10 bases from
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the 5' end of the PCR primer (see Chapter four).
It was suggested that the restriction endonuclease, Sstll, was not 

digesting the PCR product because residual Taq DNA polymerase was 
remaining attached to the ends of the PCR product and preventing the 
endonuclease from Interacting with the DNA. To overcome this problem the 
PCR solution containing the amplified cDNA was treated with proteinase K. 
It was extracted with phenol then chloroform as described In section 2.5.1. 
The DNA was ethanol precipitated as described In section 2.5.2. The pellet 
was dissolved In 272^1 of distilled water to which 20\il of 2.5M NaCl and 20pl 
of 10% SDS were added with lOpil of proteinase K (lOmg/ml). The digest mix 
was Incubated at 37®C for 30 minutes. After phenol extraction and ethanol 
precipitation the DNA was resuspended in digest buffer and Incubated with 
Sstll In the presence of spermidine. This proteinase K treatm ent did not 
enable the Sstll to digest the PCR product. Proteinase K digestion of PCR 
product as a  way of enhancing restriction endonuclease digestion has since 
been described In Crowe et al. 1991.

Jeffreys et al. (1990) have shown that digestion of PCR products by 
EcoRI was efficient, If the EcoRI site weis Incorporated Into the primer with 
an  8  base 5' extension:- 
5' EcoRI 3'
T C A C C G G T G A A T T C
It was decided tha t cloning of the PCR product might be easier If this 
sequence was Incorporated Into the 5' end of the degenerate primer. Internal 
cleavage of PCR products with EcoRI should not be a problem since analysis 
of the cDNA sequences coding for the hehcal domain of a  1(1), a2(I) and al(III) 
collagens revealed very few EcoRI sites.
The final sequence of primer RAN-cDNA-2 was 
5' 3'
T C A C C G G T G A A T T C G G N N N N C C N G G

EcoRI Gly X Pro Gly

Theoretically, this primer will anneal to Itself and form dimers
which will amplify (Figure 5.3). If self-prlmlng did occur It may Inhibit PCR 
amplification of the cDNA template, by occurring In preference to the 
required amplification. A control was set up to test for self-prlmlng. The 
control PCR was set up as described In section 2.15.1, In the absence of
template. 30 cycles of 1 m inute at 95“C, 1 m inute a t 55”C and 10 m inutes at
70®C were performed In a Techne Programmable Drl-block. One tenth
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Figure 5 .3

Primer self-annealing

A diagram to show how the primer RAN-cDNA-2 may be able to anneal 
to and prime DNA synthesis from Itself. Such DNA synthesis would result In 
many DNA fragments which would be 37bp long. It may also lead to 
Inhibition of the amplification of larger DNA fragments which use cDNA as a  
template.
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volume of the PCR was electrophoresed through a 0.8% agarose gel. No 
amplified DNA was seen In the gel (results not shown). This result does not 
m ean th a t the primer was not aimeahng to Itself and priming. However, If 
the primer was priming off Itself It was not producing fragments large 
enough to be seen on an agarose gel. From this It was concluded tha t when 
template Is Included In a PCR using RAN-cDNA-2 as the primer, any DNA 
synthesized which was large enough to be seen on an  agarose gel was not 
the result of the primer priming off Itself, bu t of the primer priming off 
template DNA.

5 .3  AMPLIFICATION OF cDNA USING THE PRIMER RANcDNA-2

5 .3 .1  AMPLIFICATION OF cDNA USING THE PRIMER RAN cDNA 2, 
SINGLE STRANDED cDNA AND THE METHOD DESCRIBED IN 
SECTION 2 .1 5 .1

The primer RANcDNA-2 was used In a PCR with single stranded 
cDNA (sscDNA) as the template. The sscDNA was synthesized from poly(A+) 
RNA Isolated from hum an chorion membrane. It was synthesized as 
described In section 2.19.1.

Ifxl of this sscDNA (Ing) was added to a PCR with 100 pmoles of 
RANcDNA-2 primer. The PCR conditions are described In section 2.15.1. 30 
tem perature cycles of 95“C for 1 minute, 55“C for 1 minute, and TÔ C for 10 
m inutes were run. It was thought that as a  general rule Ikb of DNA 
sequence Is amplified per minute of elongation time (Innls et al., 1988). 
However recently, Rychfik et al. (1990) have disputed this. They suggested a 
figure In the region of 300-500 base pairs per minute. In either case a  10 
minute elongation step was considered excess to requirement, since the 
longest fragment tha t was expected to be amplified was approximately 3.5kb 
(the length of the cDNA sequence tha t codes for the fibrillar collagen hehcal 
domain). The very long elongation time was to make sure tha t all the DNA 
fragments had time to be synthesized to completion. Salkl et al. (1988) 
showed th a t under the reaction conditions they used. Increased elongation 
time resulted In a  decrease In primer specificity. However, the anneafing 
tem perature they used was 40‘*C. When they later Increased the anneafing 
tem perature to 55“C primer specificity was resumed.

One tenth of the PCR product was electrophoresed through a 0.8%
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agarose gel. The PCR product was seen on the gel as a sm ear (result not 
shown). This was the result which was expected, the products of the reaction 
were not size selected.

5 .3 .2  AMPLIFICATION OF cDNA USING THE PRIMER RNA>cDNA-2
USING THE METHOD DESCRIBED IN SECTION 2 .1 5 .2

Synthesizing sscDNA by the method described In section 2.19.1 Is 
laborious, even more so when the steps to Isolate poly(A'*') RNA are Included. 
The method also requires a  relatively large num ber of cells from which the 
poly(A'^) RNA can be Isolated. It was for these reasons tha t the method 
described In section 2.15.2 was tried. The method was carried out using the 
primer RAN-cDNA-2 and total cellular RNA extracted from fibroblasts. RNA 
extracted from fibroblasts was used because It was easily obtained. The PCR 
method described In section 2.15.2 enables PCR amplification of mRNA via a 
cDNA Intermediate to take place In one tube. The method Is m uch simpler 
than  the previous method, does not Involve polylA"*") Isolation and only needs 
a  small quantity of RNA to be successful. The lOOpil reaction mix was put 
through 30 cycles of 95®C for 1 minute, 55°C for 1 minute, and 70°C for 10 
minutes. One tenth  volume of the PCR mix was electrophoresed through a 
0.8% agarose gel (Figure 5.4A). The gel was Southern blotted and the filter 
was hybridized with the radiolabelled Insert fi"om the a2(I) clone, Hp2010. 
The PCR product was up to 2kb In length and hybridized to the a2(I) probe 
very strongly (Figure 5.4B). The autoradiograph In Figure 5.4B was the 
result after 5 hours exposure. Similar filters were hybridized with the type V 
collagen probe, Hf511 (Well et al., 1987) and the type VI collagen probe, p24 
(Chu et al., 1987). Figure 5.5 shows the resulting autoradiographs, a  strong 
signal was the result of type VI hybridization (Figure 5.5B), a  faint signal was 
the result of type V hybridization (Figure 5.5A). The primer was able to 
amplify mRNA via a cDNA Intermediate using this quicker and easier 
method. The hybridization experiments clearly show that cDNA coding for 
a2(I), a3(VI) and to a  lesser extent a2(V) collagen, were contained within the 
PCR product.
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Figure 5 .4

Amplification of mRNA via a  cDNA Intermediate using RANcDNA-2 as the 
primer

The product of a PCR amplification using RAN-cDNA-2 as the 
primer and fibroblast mRNA as the template.

From left to right the lanes on the gel were loaded wlth:-

One tenth  volume of PCR product.
The PCR was carried out using the primer RAN-cDNA-2. The template was 
total cellular RNA Isolated from from hum an skin fibroblasts and the method 
used was tha t described In section 2.15.2

X/Hindlll and <|)X174/ Haelll markers

B

The results of Southern blot and hybridization analysis of the gel 
described above. The filter was hybridized with radiolabelled a2(I) collagen 
cDNA sequence (Hp2010 Insert).
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Figure 5 .5

The polymerase chain reaction product contains sequences which hybridize 
to type V and type VI collagen probes.

Two one ten th  volumes of the PCR product produced using 
RANcDNA-2 as the primer and fibroblast mRNA as the template were 
electrophoresed through a 0.8% agarose gel. The gel was Southern blotted 
and the resulting filters were hybridized with the probes described below

A the a2(V) clone Hf511 (Well et al., 1987)

B the a3(VI) clone p24 (Chu et al., 1987)
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5 .4  S a u 9 6 I  DIGESTION OF THE PCR PRODUCT

To determine how m uch of this PCR product was collagen or 
coUagen-hke sequence, It was digested with the restriction endonuclease 
Sau96I. The recognition site for Sau96I Is GGNCC. This sequence Is 
frequently found In cDNA coding for the collagen helix. When such DNA Is 
digested with Sau96I, short DNA fragments which are multiples of 9bp In 
length are produced (Gordon et al., 1987).

An ahquot of the PCR product was cleaned by phenol extraction 
and ethanol precipitated. Half of the cleaned PCR product was digested with 
Sau96I. This digested DNA was electrophoresed through a 0.8% agarose gel 
alongside the cleaned undigested PCR product.

A slight decrease In DNA concentration was observed after Sau96I 
digestion (Figure 5.6A), this result was disappointing. It was predicted that, 
a  high collagen cDNA content In the PCR product would be accompanied by 
a large decrease In the DNA concentration after Sau96I digestion. That the 
Sau96I had digested most of the a2(I) collagen coding sequence present In 
the PCR product was clearly seen when the gel was Southern blotted and 
hybridized with an  a2(I) cDNA probe. (Figure 5.6B). Veiy little of the collagen 
sequence which hybridized to the probe In the undigested lane was present 
In the digested DNA lane. The band at the bottom of the digested DNA lane 
on the autoradiograph probably represents the probe hybridizing to small 
collagen fragments.

5 .5  CLONING THE PCR PRODUCT

The bacteriophage lambda Is often used as the vector for hbrarles 
because the efficiency of packaging X particles and E. coll Infection Is greater 
than  bacterial transformation. This Increased efficiency results In a  larger 
num ber of clones In the hbrary and so rare sequences are Included. Lambda 
clones are more difficult to work with than  plasmid clones. There should be 
no need to clone this PCR DNA Into X In order that rare collagen sequences 
should be Included In the library. If the primer selects for collagen
sequences, the copy number of rare collagen sequences will be Increased
during the PCR step.

A PCR was carried out as described In 5.3.2, the product was
phenol extracted and ethanol precipitated, the pellet (3.5pg of DNA) was
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Figure 5 .6

Sau96I digestion of the PCR product

A photograph showing one tenth  volume of PCR product before and 
after Sau96I digestion. The PCR product was amplified fibroblast cDNA 
sequence, using the primer RANcDNA-2.

Lane 1 one ten th  volume of PCR product digested with Sau96I

Lane 2 one ten th  volume of PCR product

Lane 3 X/Hlndlll and (j)X174/Hae/I/ markers

B

Southern blot and hybridization analysis of the gel photographed 
above, showing loss of collagen sequence after digestion with Sau96L 
The filter was hybridized with an  a2(I) cDNA probe (Hp2010 Insert).

Lane 1 - PCR product digested with Sau96I

Lane 2 - undigested PCR product
(The marker lane was not Included In the photograph.)
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dissolved In 35^1 of distilled water. The cleaned PCR product was to be 
digested with EcoRI and ligated to pBluescrlpt SK", which had also been 
digested with EcoRI. The vector DNA was treated as described In section 2.9 
and 2.10 to prepare It for hgatlon. The consequence of digestion of the PCR 
product with EcoRI would be 'sticky ended' PCR product and small DNA 
fragments cleaved from each end of the PCR product. It was predicted that 
these small DNA fragments may Inhibit the ligation reaction. Other workers 
have found tha t small molecular weight molecules (presumably dNTPs from 
the PCR mix) can Inhibit ligation reactions (Scharf et al., 1986). Inhibition of 
the hgatlon reaction was predictable In this case because the small DNA 
fragments will have EcoRI sticky ends. They may rellgate to the digested PCR 
product or hgate to the digested vector, thus rendering the sticky ends of the 
DNA fragments blunt. To remove any small molecular weight molecules an 
ahquot of digested PCR product was passed through a spln-dlalysls column 
as described In section 2.18.3. Dubose and Hartl (1990) found tha t passing 
PCR product through a spln-dlalysls column removed primer DNA. Indeed, 
before the PCR product was passed through the column an ahquot of 
(j)X174/HaeI/ m arkers was passed through such a  colunrn. DNA fragments 
up to 118bp In length were removed from the DNA solution by this 
treatment.

Of the 35^1 (3.Bug) of cleaned PCR product:-
lOfxl were digested with EcoRI then heated at 65®C for 10 m inutes to 
denature the enzyme.
lOjxl were digested with EcoRI then passed through a spin dialysis column 
(section 2.18.3), after being made up to 2S\û with sterile water.

The digested PCR products were each hgated to 50ng of 
pBluescrlpt SK' which had been digested with EcoRI, treated with alkahne 
phosphatase and prepared as described In section 2 . 1 0 .

The hgatlon mixes consisted of:-

Llgatlon S
50ng pBluescrlpt SK' /EcoRI (phosphatased) 
l\xg EcoRI digested and spln-dlalysed PCR product 
20pl of 5 X hgase buffer (section 2.9)
Ipd T4 DNA hgase (1 unit) 
sterile water to lOOpil
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Ligation U
50ng pBluescrlpt SK' /EcoRI (phosphatased)
Ipg EcoRI digested PCR product 
20\A 5 X  hgase buffer 
Ipl T4 DNA hgase 
sterile water to lOOpd

Each hgatlon mix was left overnight a t room tem perature then cleaned by 
phenol extraction and ethanol precipitation. Each DNA peUet was dissolved 
In lOpd of sterile water.
Ipl of each hgatlon mix was transformed by electroporation Into E. coli XL-1 
blue (section 2.11.4). Ahquots of the transformed bacteria were spread onto 
Lurla agar plates supplemented with tetracychne, amphclllln, X-gal and IPTG 
and left to grow overnight at 37°C.
Blue and white colonies were the result of both transformations.
The efficiency of transformation of the two hgatlons were as foUows:- 
Llgatlon S = 340 colonies per ng Insert DNA 
Ligation U = 2.4 x 10^ colonies per pig Insert DNA
A vast excess of Insert to vector DNA was used as stipulated In Revle et al. 
(1988). These were disappointingly low transformation rates compared to the 
theoretical rates pubhshed In Dower et al. (1988). The transformation rate of 
U was Increased later by halving the am ount of DNA In the electroporation. 
The new transformation rate was 3.9 x 10^ colonies per pig of Insert DNA, 
b u t this was stiff low. The lower transformation rate obtained when the 
Insert was cleaned by spln-dlalysls was unexpected, since the digested PCR 
product used In hgatlon U was not treated In any way to remove the primers 
or any other small molecular weight DNA. It was expected tha t these small 
DNAs would Interfere with the hgatlon reaction therefore reducing the 
hgatlon and thus the transformation efficiency of U.

The transformation rate using the spln-dlalysed PCR product may 
have been m uch less efficient than  the second transformation, U, b u t the 
white:blue colony ratio was better with hgatlon S. However, the better 
blue:white colony ratio was not good enough to make up for the low 
transform ation rate.

BLUE : WHITE COLONY RATIO 
Ligation U 1 : 1.8
Ligation S 1.2 : 1
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5 .6  ANALYSIS OF THE INSERTS OF SOME OF THE CLONES

1 2  white colonies were picked from each transformation 
experiment. The colonies were grown overnight and mini preparations of the 
plasmids were Isolated as described In section 2.13.2. 2.5pl of each plasmid 
preparation were digested with EcoRI to release the Insert. The digested DNA 
was electrophoresed through a 1.5% agarose gel dissolved In TBE buffer. The 
gel photograph (Figure 5.7) shows tha t all the plasmids Isolated contained 
Inserts. On the whole the Inserts from Hgatlon U were larger than  those from 
hgatlon S. The gel was Southern blotted. The filter was hybridized with a 
radlolabeUed a2(I) cDNA probe (HP2010 Insert) under the conditions 
described In section 2.12.4. Autoradiography of the hybridized filter revealed 
a clone Insert which hybridized to the probe (clone UlO, Figure 5.8). This 
clone was one of the few containing a double Insert. It was grown overnight 
In lOOmI of Lurla broth containing antibiotic. The resulting culture was used 
as the substrate for a  DNA preparation as described In section 2.18.1. 15pig 
of Isolated plasmid DNA were alkah-denatured and spln-dlalysed as 
described In section 2.18.2 and 2.18.3. 8.5pd (5.1 pig) ahquots of the 
denatured DNA were sequenced (section 2.18.4), using the M13 reverse or 
forward primers. The clone had to be sequenced In both directions because 
there was no way of teUlng which direction would reveal the coUagen 
sequence. Only one Insert gave a positive signal upon hybridization with the 
a2(I) clone, as shown In (Figure 5.8).

One of the Inserts In clone UlO was found to have a  sequence 
homologous to bases 2568 to approximately 2768 of the cDNA coding for 
a  1(1) coUagen (Figure 5.9). The al(I) coUagen cDNA map shown In Figure 5.9 
was compiled from sequence Information pubhshed In Tromp et al. (1988) 
and Bernard et al. (1983a).

This result Illustrates tha t It Is possible to amplify coUagen 
sequence cDNA using total ceUular RNA Isolated from fibroblast ceUs, the 
primer RAN-cDNA-2 and the method described In section 2.15.3. It also 
shows th a t this amplified material Is amenable to cloning.
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Figure 5 .7

The size distribution of the Inserts from some of the clones produced when 
hgatlons U or S were transformed Into E.coli.

A photograph of an  agarose gel which had been stained with 
ethldlum bromide. It shows the presence and size distribution of Inserts 
from clones produced using hgatlon U.

Lane 1 - X/Hindlll and (j)Xl 74 /HaeJ/J markers

Lanes 2-13 - DNA from 12 white colonies from transformation U, each 
digested with EcoRI to release Its Insert(s).

Lane 14 - DNA from one white colony from frcinsformatlon S which had been 
digested with EcoRI.

A  photograph of an  agarose gel which had been stained with 
ethldlum bromide It shows the presence and size distribution of Inserts from 
clones produced using the hgatlon S (spln-dlalysed).

Lane 1 - X/Hlndlll and <j)X174/HaeIII markers.

Lane 2-12 - DNA from 11 white colonies digested with EcoRI to release their 
Insert(s)
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Figure 5 .8

One of the clones screened, contained sequence which hybridized to a 
collagen probe.

Southern blot and hybridization analysis of the gels shown In 
Figure 5.7A and 5.7B. The numbering of the signals on this autoradiograph 
Is slightly different from th a t of the gel lanes In Figure 5.7. The m arker lanes 
have been removed from this autoradiograph and the first plasmid lane has 
been designated num ber 1 .

The autoradiograph shows only one Insert (from clone UlO, In lane 10 of the 
autoradiograph and lane 11 of the photograph In Figure 5.7A) which 
hybridized to the o2(I) cDNA probe (Hp2010).

V = vector DNA which hybridized to the probe.
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Figure 5 .9

The positions of some of the collagen clones Isolated from the library with 
respect to the full-length cDNAs coding for a  1(1) and a2(I) collagens.

S = signal peptide sequence 
T = telopeptlde sequences 
P = propeptide sequences
Following usual protocol the sequence coding for the amino term inus of the 
protein Is on the left of the map and the sequence coding for the carboj^l 
portion of the protein Is represented by the right of the map.

The nucleotides are numbered from the sta rt of transcription (Chu et al., 
1985; Dickson et al., 1985)

Clone 6  contained bases 86-386 of the sequence of the o3(Vl) clone p24 
pubhshed In Chu et al. (1988).

Note:- the sizes of the Inserts are estimates based on the sizes determined by 
gel electrophoresis. Approximately 180 bases of each Insert were sequenced 
to Identify the sequence.

The position of the clone Hf404 (Chu et al., 1982) Is shown on the map, this 
clone was used as part of the probe cocktail.
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5 .7  ANALYSIS OF CLONES FROM LIGATION U

Due to the fact tha t the inserts from the clones from hgatlon U 
were on the whole larger than  those from the clones from hgatlon S and the 
transformation rate of hgatlon U was better than  tha t of hgatlon S, clones 
from hgatlon U were subject to further analysis.

The remaining hgatlon mix U was diluted to half Its former DNA 
concentration with water. 2  x Ipd of this hgatlon mix were transformed by 
electroporation Into two 40pQ ahquots of competent E. coli XL-1 blue. 
Samples of the transformed cells were spread onto Lurla agar plates 
containing antibiotic, X-gal and IPTG. The cells were Incubated for 24 hours 
a t 37°C. 1056 white colonies were picked Indlvlduahy and used to inoculate 
separate lOOpd ahquots of freezing medium contained In the wells of 
mlcrotltre plates (described In section 2.20.1). After Inoculation of the 
medium the plates were Incubated for 2 hours at 37°C, before freezing at 
-80°C until required.

288 colonies were transferred onto duphcate pieces of nylon filter 
as described In section 2.20.1. After overnight Incubation the filters were 
treated to fix the colony DNA to them (section 2.20.1).
The filters were hybridized with a cocktail of coUagen clones consisting of 
Ing of Insert from each of the foUowlng cDNA clones:- 
HF404 a  1 (I) (Tromp et al„ 1988)
HP2010 a2(I)(Kulvanleml et a t ,  1988a)
HF511 a2(Vj (WeU et al., 1987)
p(III)-55 al(III) (Mlskuhn et aL, 1986)
p l 8  al(VI) (Chu et al., 1987)
p i  a2(VI) (Chu et a/., 1987)
p24 a3(VI) (Chu et a/., 1987)
After hybridization the filters were washed In 3 x SSC, 0.1% SDS a t 65°C. 
From duphcate plates of 288 colonies, 6  positives were seen above the 
background signal. The background signal was quite high, even when the 
fUters were later washed with 0.1 x SSC, 0.1% SDS.

DNA preparations were made of the plasmids from the six positive 
colonies. When the plasmid DNA was digested with EcoRI to release the 
Inserts aU 6  clones were found to contain Inserts, two contained double 
Inserts (Figure 5.10). The DNA preparations were used to partlaUy sequence 
the clones. The clones were sequenced using the M13 reverse sequencing 
primer. The two clones with double Inserts were partlaUy sequenced with
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Figure 5 .1 0

Six clones from the library which contain collagen coding sequence.

EcoRI digested plasmid DNA Isolated from 6  clones from the 
hbrary. Hybridization analysis revealed tha t these clones ah contained 
sequences complementary to the probe cocktail.
The photograph Indicates the approximate size of the Inserts.
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both the M13 forward and reverse primers.
The sequence obtained for each insert was scanned through the 

EMBL database. All 6  clones were found to contain an  Insert with sequence 
which was homologous to one of the probes In the cocktail. The sequence 
obtained from each clone was cDNA, none of the clone contained Intron 
material. Obviously there was no genomic DNA contamination In the RNA 
preparation. This supports the findings of Chomczynskl and Saachl (1987), 
who found no contaminating DNA In RNA preparations Isolated using their 
method.
4 clones contained a2(I) sequence, of which three overlapped, 
one clone contained a  1 (1) sequence 
one clone contained a3(VI) sequence
The positions of these clones (clones 1 -5) In relation to their full-length cDNA 
sequences are shown In Figure 5.9.

From the 288 clones screened, 6  contained sequences that 
hybridized to the cocktail of probes (2% of clones). The next step was to look 
for clones tha t were not completely homologous to the DNA In the probe 
cocktail, bu t which cross-hybrldlze to It. It was thought th a t this would 
determine If the collagen clone content of the library was greater than  2 % 
and may reveal the presence of a new collagen sequence. To detect the 
clones 1-5, 288 clones were screened as described In section 2.12.4. The 
hybridization took place at 65®C overnight. The filters were washed with 3 x 
SSC, 0.5 X SSC then with 0.1 x SSC all a t 65®C. The filters were 
autoradiographed between each set of washings.

A further 384 clones were screened under the conditions described 
above. From the total of 672 clones screened, 18 clones (2.7%) were found to 
give a  positive signal when hybridized to the probe cocktail under stringent 
hybridization conditions. Increasing the stringency of the washes from 3 x 
SSC to 0.5 X SSC resulted In the loss of a positive clone In the second batch 
of 384 clones (4B6, Figure 5.11). This clone satisfied the criteria for 
cross-hybridization. It hybridized to the probe until the conditions were 
made more stringent (Increasing the stringency of the washes), then It did 
not hybridize to the probe. A DNA preparation was made of this clone. The 
clone was partially sequenced. The clone sequence was homologous to bases 
3588-3737 of the a  1(1) cDNA sequence (4B6, Figure 5.9). This clone although 
coding for a  1(1) collagen was actually cross-hybridizing to the DNA In the 
probe cocktail. The a  1(1) clone Insert In the probe cocktail was from the clone 
HF404 which contains bases 1355-3197 of proa 1(1) (Figure 5.9). The
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Figure 5 .1 1

A clone which hybridizes to a cocktail of collagen probes under low 
stringency conditions b u t not under high stringency conditions.

Autoradiographs of a  library filter after hybridization with a  
cocktail of collagen probes and low stringency washing ( 3 X SSC (A)) or after 
high stringency washing (0.5 X SSC (B)).

The autoradiographs show a  signal at position 4B6 (marked with 
an arrow) a t low stringency which disappears after high stringency washing.

DupUcate transfers of colonies from the fibraiy were placed onto 
the same filter. One batch of colonies were transferred to the filter then the 
duplicate was placed on the filter, the second set of colonies being placed 
slightly up  and to the right of the first set of colonies.
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sequence of HF404 and that of clone 4B6 do not overlap therefore, 
cross-hybridization m ust have occurred between one of the probes in the 
cocktail and this clone, 4B6.

To encourage more cross-hybridization, in an effort to pull out of 
the library a  novel collagen, the hybridization temperature W cis decreased to 
60°C. Unfortunately this resulted in a  increase in the background signal so 
th a t it was not possible to differentiate between a positive signal and the 
background signal. The autoradiograph in Figure 5.8 shows th a t the a2(l) 
probe hybridized to the pBluescript SK” vector DNA. The sam e probe 
template was used in the probe cocktail which was hybridized to the hbraiy. 
Contamination of the probe template with vector DNA was probably causing 
the high background signal. 'Cleaner' template DNA was required.

A fragment of DNA synthesized during a PCR would not be 
contam inated with vector DNA, provided tha t vector DNA did not 
contaminate the PCR. A fragment of a2(l) mRNA was amplified via a  cDNA 
intermediate as described in section 2.15.2. The primers used were 
COL1A2B and COL1A2C (Figure 5.12) and the template was total cellular 
RNA from hum an fibroblasts. A lOOpl PCR was set up and ru n  through 30 
cycles of 95°C for 1 minute, 55°C for 1 minute and 70°C for 1 m inute. lOpil of 
the PCR product were run  through a 4% Nusieve agarose gel (result not 
shown). The expected 212bp fragment was the only product of the reaction. 
25pil of the reaction mix were passed through a  spin-dialysis column to 
remove any excess primers. 5pil of this cleaned DNA were used as the 
template for oligo-labeUing (section 2 . 1 2 .2 ).

The radiolabelled, PCR-synthesized, a2(I) cDNA probe was used to 
screen the second batch of 384 colonies a t 60°C. These colonies had 
previously been screened with the probe cocktail a t 65®C and 12 positive 
signals were obtained. After hybridization at 60°C with the PCR—synthesized 
probe the filters were washed in 3 x SSC, 0.1% SDS at 60°C (low stringency 
wash). 8  positive signals were detected by autoradiography. 7 of these 
positives had  previously been detected using the probe cocktail, one 
hybridized to the PCR synthesized probe and not to the probe cocktail. These 
results probably indicate that this PCR-synthesized probe is not an  ideal 
probe to be used to screen a  library such as this. An ideal probe would be 
one which cross-hybridized to most, if not all, the collagen sequences 
present in the library. This probe, under the conditions described above, 
does not achieve this as shown by the fact tha t the PCR-probe does not 
hybridize to all the clones detected using the probe cocktail.
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Figure 5 .1 2

The sequences of the primers A2A and A2C.

The positions of the primer sequences within the a2(I) collagen 
cDNA sequence are also shown. The DNA fragment amplified using these 
primers and cDNA as a template was predicted to be 212bp long.
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Primer A2B = TCACCGGTGAATTCGGGCTCACCCTTGTTACCGC 

Primer A2C = GGTAATCCTGGAGCAACGG



The one clone tha t hybridized to the PCR-synthesized probe but 
not to the probe cocktail (clone 8A4) was partially sequenced. The sequence 
was scanned through the EMBL database and was found not to be 
homologous to any sequence In the database. It Is unhkely tha t this clone 
contains cDNA coding for a new collagen because the hst of the 20 
sequences In the database with sequences which were closest to tha t of the 
clone did not Include a  collagen.

Hybridization of the hbraiy filters to the PCR synthesized probe at 
57°C did not result In the Isolation of any new positives from the hbrary.

5 .8  AMPLIFICATION OF COLLAGEN cDNA FROM mRNA ISOLATED
FROM A LYMPHOBLAST CELL LINE.

Instead of trying to Isolate collagen cDNA sequences using mRNA 
Isolated from tissues such as placenta or fibroblasts It was considered a 
better Idea to produce a hbrary from mRNA Isolated from other tissues. 
Many coUagens have been Isolated from placental or fibroblast hbraiies. 
Using RNA Isolated from tissues other than  the more conventional placenta 
or fibroblast as the starting material for a hbrary would result In a hbrary 
with a  different coUagen sequence population, and may Increase the chances 
of Isolating a  novel coUagen. This method of producing a  cDNA hbraiy has 
the advantage over the more conventional methods In tha t It does not Involve 
poly (A+) Isolation nor any cleaning steps after cDNA synthesis. Both of these 
steps are time consuming and wasteful of starting material. Using this 
method to produce a hbrary means tha t a  m uch smaller am ount of starting 
material Is needed. This Is useful when more unusual tissues are to be used 
as the starting material for the hbrary, they may not be as freely available as 
placenta or fibroblast ceUs.

Another route to synthesize a cDNA hbraiy with a  different 
population of coUagen clones than  tha t obtained when using fibroblast RNA 
as the starting material rehes on the results pubhshed In Sarkar and 
Sommer, (1990). The authors pubhshed results to suggest th a t aU ceUs 
produce a t least a  basal level of transcripts from ah of their genes. It was 
predicted that RNA Isolated from ceUs which do not synthesize coUagen 
proteins would Include transcripts coding for aU the different types of 
coUagens a t an  equal basal level. Amplification of such mRNA would result 
In an  equivalent level of DNA In the PCR product coding for aU the coUagens.
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If the primers selectively amplified coUagen sequences then this equivalent 
level of DNA would be high. With this In mind total ceUular RNA was Isolated 
from a  transformed lymphoblastold ceU Une. The RAN-cDNA-2 primer was 
used with Ipg of the lymphoblast RNA In a PCR reaction as described In 
section 2.15.2. One ten th  volume of the PCR reaction was electrophoresed 
through a  0 .8 % agarose gel.

A slmUar PCR product was obtained to tha t from the fibroblast 
RNA (Figure 5. ISA). This gel was Southern blotted and the filter was 
hybridized with an  a2(I) cDNA probe (Hp2010 Insert). Some of the DNA In 
the lymphoblast PCR product hybridized to the a2(I) (Figure 5.1 SB). This 
Indicated the presence of a2(I) coUagen coding sequences In the PCR product 
even though lymphoblasts are known not to express type I coUagen genes 
(Rossi and de Crombrugghe, 1987; Boast et al., 1990). However, It should be 
considered tha t the process of transformation may have led to a change In 
the lymphoblasts th a t resulted In coUagen gene expression.

5 .9  DISCUSSION

The degenerate primer, when used as part of the polymerase chain 
reaction, was able to amplify mRNA via a cDNA Intermediate. The high 
concentration of non-coUagenous sequence contained within the hbrary was 
disappointing. The high non-coUagenous sequence content was first 
Indicated by Sau96I digestion of the PCR product. The DNA concentration of 
the PCR product did not decrease substantlaUy after Sau96I digestion. Of 
course digestion of a  DNA sequence to smaU fragments by Sau96I Is not an 
absolute prerequisite for the sequence to code for coUgen. Clones coding for 
the carboxyl propeptide domain (clones 1, 2 and 3, Figure 5.9) wlU not be 
digested by Sau96I. However, the Southern blot and hybridization analysis of 
the Sau96I digested PCR product showed that m ost of the coUagen sequence 
within the PCR product, which hybridized to the o2(I) probe, was digested to 
smaU molecular weight fragments by the enzyme. The lower than  expected 
coUagen sequence content of the PCR product was also Indicated by the fact 
th a t only 2.7% of the clones In the Ubrary were found to be complementary 
to the cocktaU of coUagen probes. For the Ubrary to be used as It was 
Intended, as Ubraiy rich In coUagen sequences which could be screened for 
the presence of new coUagen sequences by random sequencing, the coUagen 
sequence content would have to be Improved.

118



Figure 5 .1 3

Amplification of collagen sequence DNA using cDNA synthesized from 
lymphoblast mRNA as the tem plate.

A
A photograph to show the DNA amplified when primer RANcDNA-2 

is used in a PCR with cDNA synthesized from total cellular RNA Isolated 
from a lymphoblast cell fine or skin fibroblasts.

Lane 1 One tenth  volume of PCR product using skin fibroblast RNA as
the template

Lane 2 One ten th  volume of PCR product using transformed
lymphoblastold RNA as the template.

Lane 3 X/Hindlll and ^X174/Haelll markers

B

An autoradiograph showing the presence of DNA complementary to 
an  a2(I) cDNA probe (Hp2010 Insert) In PCR products described above.



Figure 5.13
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There are a number of potential ways to Increase the coUagen 
enrichment of the hbrary. One such way could be to Increase the stringency 
of the PCR conditions le. to Increase the anneaUng tem perature. Although an 
anneahng tem perature of 55®C Is considered quite stringent, It Is predicted 
that an  Increase in the stringency of the PCR conditions would stlU aUow 
coUagen sequence amplification. Analysis of some of the sequences to which 
the primers annealed, to synthesize the clones which were sequenced, 
revealed m ismatched bases at the 3' end of the primer (Table 5.1). Lee et al. 
(1988) determined that, under their experimental conditions, up to 20% of 
the PCR primer may be mismatched and amplification wlU stlU take place. 
From the results In Table 5.1 It Is clear tha t none of the clones were 
synthesized from completely homologous priming. This leads to the question, 
how m uch primer mismatching led to the production of the background 
sequences within the Ubrary population? From the sequence data coUected 
so far this question cannot be answered. Of the seven non-coUagenous 
sequence containing Inserts which were sequenced, none contained 
sequence with enough homology to any sequence In the EMBL database to 
Identify the Insert, therefore the sequence which the primer annealed to 
could not be determined. If the stringency of the anneaUng step Is Increased, 
the coUagen sequences amplified by way of anneaUng via mismatched 
primers may be lost along with the non—specific sequences. Only sequences 
which anneal to the whole of the coUagen-Uke 3' end of the primer would be 
amplified. The loss of the coUagen sequences amplified via mismatched 
primers should not be a problem. It has already been estabUshed th a t there 
are many sites within at least the type I and III coUagen heUcal sequences 
which are capable of anneaUng to the whole of the 3' end of the primer 
sequence (excluding the EcoRI site and the 5' extension). Obviously more 
experimental work wlU have to be carried out Into the Ideal conditions for 
amplification of coUagen cDNA sequence using this primer.

Another way of Increasing the stringency of the anneaUng step Is 
by the use of so caUed PCR enhancers such as TMAC (Hung et al., 1990) or 
formamlde (Sarkar et al., 1990). Both these substances are reported to 
enhance PCR primer specificity.

A novel strategy which has been shown to Increase the specificity 
of degenerate primers Is described by Dietz et al. (1990). The authors used 
double stranded Instead of single stranded primers. The complementary 
prim ers are said to keep the PCR primers from anneaUng to non-specific 
sites In the template DNA.
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Table 5 .1

A comparison of the sequences of the primers used In the PCR to 
synthesize 8  collagen sequence DNA fragments, and the sequences of the 
template cDNA they annealed to.

The sequence of each of the primers used to synthesize the clones 
Is shown (lower case) with the sequence tha t the template sequence th a t the 
primers m ust have annealed to to synthesize the clones (upper case). The 
comparison of the two sets of sequences reveals tha t upto 36% of the primer 
bases can be mismatched and amplification still occurs.



Table 5.1

CLONE
NUMBER

Sequence of prim er used to create the clone 
(lower case)

Sequence which the primer annealed to to 
create the clone (upper case)

%
m ism atched

bases

1
g t t c g c c t g g
C U G U A G G A C C

36%

2
g g t g t g c c S g g
C A A C C C G G G C C

18%

3
g g g c g c c c t g g
C C C G U G G A C C C

27%

4 g a g t g c c g g g
A A C C C G G G C C

36%

5 g g c g a g c  c t ë g  
C C A G A C G G A C C

2 7 %

6 g g g a a t c c c g g
G A G A G A G G A C C

5 4 %

UlO g g g a c c g g g g g
C C C U G G U C C C C

9%

4B6
g g c c c g c c g g g
C U A G U C G G G C C

36%



However any route which makes the PCR more collagen specific 
may reduce the abülty of the primer to amplify novel coUagens sequences, 
which is after aU the aim of the project. A careful balance between increased 
coUagen enrichment and decreased non-specific anneaUng wlU have to be 
reached.

Successful cloning of the PCR product very m uch depended on the 
position of the endonuclease site which was Incorporated Into the primer. 
The lack of digestion with the endonuclease Notl was probably due to the 
positioning of the Notl site a t the 5' end of the primer. Digestion of the PCR 
product was achieved by Incorporating an EcoRI site Into the primer. Using 
Notl as the enzyme to create sticky ended PCR fragments had the advantage 
that Notl has an  8 bp recognition site. It would therefore be unlikely to cut 
the PCR product internaUy. EcoRI has a 6 bp recognition site however, It 
rarely cuts within the coUagen heUcal sequences. No EcoRI site Is found In 
cDNA coding for the heUcal region of a  1(1) or a2(I), and only one Is found In 
the cDNA coding for the heUcal region of al(III). These sequences each 
contain one long stretch of heUcal coding sequence. It would be expected 
tha t sequences coding for coUagens containing Interrupted heUcal sequences 
may contain EcoRI sites more frequently. From the fype I and fype II 
sequence data It could be predicted tha t the EcoRI sites, if there are any, 
would be within the non-heUcal sequences. This problem Is greatly 
outweighed by the knowledge tha t the recognition site Is easUy cut.

The rate of transformation of the Ugated PCR product was 
disappointingly low, as was the proportion of clones containing Inserts, 50%. 
The transformation efficiency may be the result of low Ugatlon efficiency.

The low proportion of clones with Inserts may be due to Incomplete 
phosphatase activity. If the digested vector was not phosphatased effectively. 
It would be able to reclrcularlze without Including an  Insert. Even given tha t 
the alkaUne phosphatase treatm ent was not 100% effective, the high Insert 
concentration In the Ugatlon reaction would be expected to Increase the 
recombinant clone content above 50%.

Another reasons for the high reclrculaiized vector content of the 
Ubrary could be, tha t circulating primer ends produced during EcoRI 
digestion of the PCR product could be Ugatlng to the EcoRI digested vector. If 
b lunt ends were produced this would aUow the vector to Ugate to Itself in 
preference to the Insert material. {This Is unUkely because the addition of 
primer ends to the vector would result In an  Insert 16bp In length. This 
would cause a frameshlft In the p-galactosldase gene and therefore a  white
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colony. AU of the white colonies analysed had Inserts larger than  18bp.
The problem with the phosphatase and the possible problem with 

the digested primer ends may be overcome by employing the method 
described In Holton and Graham, (1991). This method Is based on the fact 
tha t Taq polymerase can add a single non-template directed deoxyadenoslne 
residue to the 3' end of a  duplex PCR product (Clark et al., 1988). Holton 
and Graham digested the vector, to which the PCR product was to be Ugated, 
with EcoRV to create a  Unear molecule with b lunt ends. They then used 
dldeoxythymldlne triphosphate (ddTTP) and terminal transferase to generate 
a single 3'-overhang T. A vector treated In this way wlU not Ugate to Itself but 
should Ugate to Insert material which possesses a  3' overhang adenosine. 
This method reUes on the fact that aU PCR molecules have a  terminal extra 
adenosine. The authors do not give any Indication as to the transformation 
rate they obtained using this method. Perhaps the method could be 
improved stiU further If half the vector population had this extra terminal 
adenosine and half was digested to create a  b lunt end and 
dephosphorylated. This would allow for a  mixture of PCR product ends.

The low transformation rate may be caused by the presence of 
single stranded DNA In the PCR product which may be Interfering with the 
Ugatlon reaction. 30 PCR cycles may be too many. During the 30 cycles, 
each Including 10 m inutes elongation time, the Taq polymerase activity may 
decrease leading to the production of Incomplete DNA fragments. Incomplete 
PCR products wlU not Include both primer sequences so would not be 
available as template for further rounds of DNA repUcatlon. The addition of 
extra Taq polymerase might prevent the production of ssDNA In the PCR 
product by encouraging the complete synthesis of DNA fragments. A 
decrease In the elongation time of the PCR reaction might help to preserve 
the Taq polymerase activity until the end of the reaction. Even give that aU 
these precautions are taken to discourage single stranded DNA synthesis, It 
may stlU persist. Olsen and Eckstein (1989) found tha t even when PCR 
product Is seen on an agarose gel to be a  single band, on an  acrylamlde gel It 
may be seen to be many bands due to prem ature termination of the PCR.

AU 24 of the clones picked In the first Instance for DNA Isolation 
and EcoRI digestion contained Inserts. The Insert sizes ranged from 1.2kb to 
130bp. One Insert sequence hybridized to the a2(I) probe. Further screening 
of the Ubrary resulted In the Isolation of 6  more clones containing sequence 
coding for a  1(1), a2(I) or a3(VI) coUagen cDNA. The Isolation of the a3(VI) 
sequence Is encouraging because this sequence was not Included when the
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helical sequences were ahgned to design the primer.
The results of analysis by Southern blot and hybridization of the 

PCR product Indicated the presence of m uch more type I and type VI 
collagen sequence than  type V. These results confirm the notion tha t the 
hbrary displays a collagen clone population bias which reflects the skin 
fibroblast mRNA population. This Is also the case with hbraiies produced by 
more conventional methods.

Because of the bias In the Ubrary towards clones containing cDNA 
sequences which code for coUagens synthesized by fibroblasts, It Is 
considered a  better Idea tha t this work should progress with a  starting 
m aterial other than  RNA Isolated from skin fibroblasts. A Ubraiy produced 
using fibroblast RNA as the starting material wlU result In the Isolation of 
clones containing coUagen sequences which have already been characterized 
le. types I and IV. RNA Isolated from ceUs which are known to produce the 
coUagen of Interest or In the case of the search for a  new coUagen, ceUs 
which do not synthesize coUagen at aU may be preferable. Using cells which 
do not produce coUagen would rely on the knowledge tha t CheUy et al. (1988) 
and Sarkar and Sommer (1989) pubUshed results which Indicate tha t aU 
ceUs express a  basal level of aU their genes. The cUnical appUcatlons of PCR 
amplification of basal level mRNA have been pubUshed In Roberts et al., 
1990 and Berg et al., 1990. If a ceU Une was chosen tha t was known not to 
produce coUagens, except a t this background level, then PCR amplification of 
the mRNA from the ceUs In the m anner described In this chapter would 
presumably result In an  equal quantity of cDNA clones coding for each 
coUagen. This would make the Isolation of a novel coUagen easier. That Is If 
the PCR conditions are Improved so that primers select for coUagen 
sequences. Care has to taken In the choice of ceUs from which the RNA Is to 
Isolated. For m any years It was thought that macrophages did not produce 
type I coUagen however, Vaage and Llndbald (1990) recently pubUshed 
results that proved tha t macrophages do Indeed synthesize the type I 
coUagen protein.

PCR amplification using this primer and RNA Isolated from a 
transformed lymphoblastold ceU resulted In the production of sequences 
which hybridize to an  a2(I) cDNA coUagen probe. Lymphoblasts are ceUs 
which are known not to produce type I coUagen and yet there Is sequence 
Included In the PCR product which hybridizes to an  a2(I) coUagen cDNA 
probe. The concentration of coUagen sequence DNA In the PCR product Is 
lower than  tha t In the PCR product using fibroblast RNA as the template.
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This is not surprising, especially since the concentration of DNA produced by 
the PCR was lower when lymphoblast RNA was used as the template (Figure 
5.13). Was this due to the lower collagen mRNA available as starting 
material? Chelly et al. (1988) showed tha t PCR amplification of a  mRNA 
sequence from cells th a t were known not to produce the relevant protein was 
m uch less productive than  amplification of the same mRNA sequence from 
cells tha t were known to express It. The use of this basal level mRNA as 
template material for the Ubrary could theoretically pose a  problem; an 
Increased number of amplification cycles would be required to get the 
coUagen sequence DNA concentration up to a level were there Is enough DNA 
to clone. This may cause an  Increase In the occurrence of PCR artefacts. This 
would be a major problem If the starting material consisted of a single 
molecule of template mRNA. Efforts have been made to quantify the basal 
mRNA of ceUs (CheUy et al., 1988; CheUy et al., 1990; Berg et al., 1990). AU 
the workers found a sImUar basal RNA concentration; approximately one 
transcript molecule per 10^ ceUs. Any problems tha t arise because of high 
level PCR artefacts may be solved by Increasing the concentration of starting 
RNA.

Contamination of the probe cocktaU with vector DNA caused 
problems when the hybridization conditions were made less stringent. The 
signal produced when the contaminating vector DNA hybridized to the clones 
m asked the signal produced by the coUagen probes hybridizing to the clones. 
This problem was overcome by using cDNA sequence tha t had not been In 
contact with vector DNA as probe template. The probe was 212bp of a2(I) 
cDNA. It was synthesized using the primers, A2B and A2C (Figure 5.12). 
This DNA fragment was chosen because the primers had already been 
synthesized, not because Its sequence was considered particularly Ideal for 
the job of screening the Ubrary. The Inadequacy of this probe to distinguish 
between coUagen sequences and other DNA sequences Is displayed In Its 
InabUlty to hybridize, a t 60“C, to aU the clones which hybridized to the probe 
cocktaU at 65°C. Yet this probe hybridized to a  clone which was found to 
contain a sequence which was not homologous to any sequence In the EMBL 
database and was not recognizably coUagen-Uke.

Hybridization of some of the filters with the a2(I) PCR synthesized 
probe at 57°C resulted In high background signal. This may be due to the 
probe hybridizing to the primer sequence which would be present In aU the 
clones.
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Described In this chapter Is a  very simple method for the 
production of a  hbrary of cDNA probes. The aim of the project was to 
produce a  hbrary enriched with enough coUagen sequence containing cDNA 
clones to make It feasible to sequence clones at random  as a  way of Isolating 
a  clone containing the sequence of a  novel coUagen. This was not achieved. 
However, the foundation has been laid for the production of such a  Ubrary In 
the future. If the specificity of the primer Is Improved and the transformation 
efficiency Is Increased, the way wlU be clear to use this quick and easy 
method to produce a  Ubrary enriched with cDNA coUagen clones
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6 .0  FINAL DISCUSSION

The study of the genes coding for members of the collagen gene 
family Is of fundam ental Importance because these proteins are found 
ubiquitously In m ost multlcellular organisms from sponges to man. Their 
biological functions are many and diverse and so the study of the coUagens 
may help In our understanding of the aetiology of connective tissue diseases 
and ceUular processes such as chemotaxls and oncogenesis.

We do not seem to have exhausted the num ber of coUagen proteins 
to characterize. However, the methods employed to Isolate and characterize 
the coUagens have changed. The first coUagens characterized were those 
found m ost abundantly In the hum an body le. types I and III. These proteins 
were Isolated before the genes or the cDNA coding for them, since they were 
so abundant tha t they were easUy extracted from tissues. More recently 
coUagens have been characterized as cDNA clones without Isolation of the 
protein. These coUagens are difficult to Isolate fi*om tissue because they are 
present In low concentrations.

It Is perhaps more productive to screen cDNA hbraiies for novel 
coUagen sequences than  to tty  to Isolate the proteins. However, If these new 
coUagens are synthesized by cells a t very low concentrations then the 
concentration of the mRNAs coding for the them  may also be very low. 
Therefore the Ubrary m ust be enriched with coUagen coding sequences In 
order tha t cDNA clones coding for these rare coUagens may be Isolated. The 
m ethod described In this thesis Is potentiaUy useful In this respect. Although 
It was not perfected during the time aUowed for this project, work Is 
continuing to Improve It.

The Isolation of new coUagen cDNA sequences may help In the 
search for the causes of the more common connective tissue disorders. 
However, before we can understand the causes of these diseases, we m ust 
first understand the causes of the less common types. GeneticaUy, the rarer 
connective tissue disorders are easier to Investigate because they are 
Inherited In a MendeUan m anner and are. In most cases, the result of single 
m utations. Information gained about the causes of diseases such as 
osteogenesis Imperfecta Is most powerful when the results of m any Isolated 
cases are brought together. The effect of coUagen gene m utations on 
phenotype may then be defined. In this search for a  trend It Is Important to 
know which amino acid variants are phenotyplcaUy sUent. Until recently, 
due to lack of pubUshed data. It was thought tha t no coUagen sequence
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amino acid changes were associated with the normal phenotype. Recent data 
has corrected this, silent m utations have been found In COL 1 A3 In a 
num ber of phenotyplcaUy normal Individuals. The question should now be 
asked, are these m utations reaUy sUent or do they contribute to the many 
factors which are thought to cause conditions such as osteoarthritis or aortic 
aneurysms?

So what are the ImpUcatlons of this research for those individuals 
who suffer from connective tissue disorders? The development of simpler 
m utation detection methods makes the process of prenatal diagnosis more 
amenable and predictions about how m utations affect phenotype wlU aid 
genetic counseUlng. Preventative surgery may be used to prolong the life 
expectancy of patients known to have a predisposition to aortic aneurysm  or 
reUeve the symptoms of those with severe osteoarthritis. However the future 
holds Uttle joy for the patients suffering from osteogenesis Imperfecta. Hopes 
of using gene therapy to restore the health of patients suffering from OI are 
ham pered by the fact tha t a  return  to a  normal phenotype Involves not only 
the Insertion of a  new, functionaUy normal gene b u t also the inactivation of 
the abnormal aUele. Only a smaU am ount of abnormal collagen molecules Is 
needed to cause an  abnormal phenotype. Collagen genes are expressed early 
In fetal Ufe thus It would be difficult to pre-empt the onset of disease with 
gene therapy. A better course of action would be to employ in vitro 
fertilization techniques. FertÜlzed ovum could be screened for the presence 
of the disease causing m utation and only those not canylng the m utation 
Implanted In the womb.
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