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Summary
By multistep selection of cells for increasing resistance to 

methionine s u l p h o x i m i n e , a specific inhibitor of glutamine 
synthetase, an amplified cell line was produced with
approximately 1000 copies of the glutamine synthetase (GS) gene. 
The genomic GS gene was isolated from the DNA of this cell line 
and the cloned DNA used to probe the regions flanking the GS 
gene. By conventional agarose gel electrophoresis it was shown 
that the DNA containing the GS gene was homogeneous for at least 
40 kbp in all copies of the GS amplification unit and that the 
hypomethylation patterns at the 5 T of the GS gene were also 
homogeneous. An estimate of the size of the amplified unit
suggested that it was 60 kbp in size. Pulse field gel
electrophoresis was used to analysis the relationship of one unit 
to another and several possible models are discussed. PFGE
suggested that a single unit was 75 kbp in size and analysis of 
other related cell lines suggested that this size is a reduction 
from the size of the unit in a less amplified line.

Karyotypic and in situ hybridization studies of the parental 
and highly amplified cell line revealed the presence of several 
rearranged marker chromosomes one of which was shown to be the 
site of the amplified DNA.

(vi ii)



CHAPTER 1

Introduction



1.1 Introduction
The amplification of DNA sequences (ie. an increase in their 

c o p y  n u m b e r  w i t h  r e s p e c t  to the r e s t  of the g e n o m e )  is a 
universal phenomenon. Its occurrence has been recognised for many 
years in prokaryotes, playing an important role in adapting to a 
c h a n g i n g  e n v i r o n m e n t  w i t h o u t  the loss of g e n e t i c  f u n c t i o n  and 
w i t h  the p o t e n t i a l  to be r e a d i l y  r e v e r s i b l e .  In e u k a r y o t i c  
s y s t e m s  the i m p o r t a n c e  of g ene a m p l i f i c a t i o n  has g r o w n  in the 
pas t  f e w  y e a r s  f r o m  that of a d e v e l o p m e n t a l  c u r i o s i t y  and 
cultured cell oddity to now touch areas as diverse as the tumour 
cell, biotechnology and the maintenance of the genome itself.

DNA a m p l i f i c a t i o n  in e u k a r y o t i c  s y s t e m s  is the s u b j e c t  of 
this c h a p t e r  b e c a u s e  of its r e l e v a n c e  to the rest of this w o r k  
and because DNA amplification in prokaryotes apparently proceeds 
via d i f f e r e n t  m e c h a n i s m s  and t h e r e f o r e  r e v e a l s  l i t t l e  of DNA 
amplification in eukaryotes.

1.2 Programmed Amplification

1.2.1 Chorion genes in Drosophila
The a m p l i f i c a t i o n  of the c h o r i o n  g e n e  c l u s t e r s  in the 

o v a r i a n  f o l l i c l e  cells of Du ,o.s .o j> h._i JL a is a developraentally 
p r o g r a m m e d  r e s p o n s e  to the n e c e s s i t y  of s y n t h e s i s i n g  large 
q u a n t i t i e s  of e g g s h e l l  p r o t e i n s  w i t h i n  a s m a l l  p e r i o d  of t i m e  
(Spradling, 1981; S p r a d l i n g  & M a h o w a l d ,  1980). A d i f f e r e n t  
method of ensuring sufficient quantities of chorion proteins at 
the proper time is taken by the silk moth (Jones & Kafatos, 1980) 
w h i c h  p o s s e s s e s  m u l t i p l e  c o p i e s  of these g e n e s  r a t h e r  than 
amplifying single copy genes.

Drosophila possess six abundant chorion proteins the genes 
for which are grouped on two chromosomes. Chorion genes s38 and 
s36 are found on the X c h r o m o s o m e  at p o s i t i o n  7F1.2 t o g e t h e r  w i t h  
4 m i n o r  c h o r i o n  g e nes w h i l e  the g e n e s  for s18, s19, s 16 and s15 
are on c h r o m o s o m e  3 at 66D11.15. D u r i n g  o o g e n e s i s  the c h o r i o n  
gene c l u s t e r s  of both p a irs of c h r o m o s o m e s  are a m p l i f i e d ,  the 
chromosome 3 clusters approximately 60-fold and the X chromosome 
c l u s t e r s  a p p r o x i m a t e l y  15-fold. The a m p l i f i e d  r e g i o n  e x t e n d s
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a p p r o x i m a t e l y  50 kbp to e i t h e r  side of a central point with the 
s e q u e n c e s  near the c e ntre being five t i m e s  m o r e  a b u n d a n t  than 
s e q u e n c e s  near the end (Spradling, 1931). This a m p l i f i c a t i o n  
r e s u l t s  f r o m  r e p e a t e d  c y cles of DMA r e p l i c a t i o n  from a single 
origin as evidenced by complex multiforked structures originating 
from a single point seen with the electron microscope (Osheim & 
Hiller, 1983), and also when an inversion in the central portion 
of the c l u s t e r  c h a n g e s  the s e q u e n c e s  t h a t  a r e  a m p l i f i e d  
( S p r a d l i n g  & M a h o w a l d ,  1981). O r r - W e a v e r  & S p r a d l i n g  (1986) 
clon e d  part of the c h r o m o s o m e  3 c l u s t e r  and i d e n t i f i e d  a 510 bp 
fragment which regulates the transcription of the s 18 gene. This 
fragment is essential for the amplification of the chromosome 3 
chorion gene cluster and its sequence contains partial homologies 
to a series of perfect and imperfect AATAC repeats, the presence 
of some of which are required for amplification of the X-linked 
chorion gene cluster (Spradling e_t a_l, 1 987).

The d e tail of the e x p r e s s i o n  p a t t e r n s  of these g e nes was 
i n v e s t i g a t e d  by Parks & S p r a d l i n g  (1987) w h o  shov/ed that the 
chromosome 3 cluster was expressed after the X chromosome cluster 
and that the expression of the minor X chromosome chorion genes 
was spatially regulated.

1.2.2 Other programmed amplifications
Similar developmentally programmed amplifications have been 

observed in the larvae of Rhvnchosciara (Glover e_t a_l, 1 9 82 )  and 
TXLJLjcho.sia p u b_e.sc.e.ns ( A m a b i s  & Amabis, 1984) flies.

In Xenopus 1aevis germ cells a 10-40 fold amplification of 
rDNA genes occurs (Kalt & Gall, 1974) which is transient in male 
germ cells but becomes a 1000-fold amplification (Gall, 1968) via 
a r o l l i n g  c i rcle m e c h a n i s m  in oo g o n i a  (Rochaix e. _t a 1. , 1 9 7 4 ) to
produce extrachromosoraal rings containig between 15 (Hourcade ejt 
a l T 1973) and 100 (Thiebaud, 1979) copies of rDNA genes.

In the p r o t o z o a  Tetrahyinena the t r a n s c r i p t i o n a l l y  active 
m a c r o n u c l e u s  c o n t a i n s  1000 rDNA g e nes de r i v e d  from the single 
rDNA gene p r e s e n t  in the q u i e s c e n t  m i c r o n u c 1e u s . The a m p l i f i e d  
rDNA g e n e s  are p r e s e n t  as l i n e a r  extrachromosoraal p a l i n d r o m e s  
(Yao e_t a_l, 1 978) which possess sequences capable of functioning

2
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-as y e a s t  t e l o m e r e s  ( S z o s t a k  & B l a c k b u r n ,  1982) a nd y e a s t  
replication origins (Kiss et al, 1981). Interestingly linear, 42 
kbp p a l i n d r o m i c  e x t r a c h r o m o s o m a  1 e l e m e n t s  are r e s p o n s i b l e  for 
r e s i s t a n c e ,  by a m p l i f i c a t i o n  of ADH4, to a n t i m y c i n  A in yeast 
(Walton et al, 198 6)

1.3 Amplification by recombination
Gene a m p l i f i c a t i o n  is a c o m m o n  o c c u r r e n c e  in p r o k a r y o t e s  

occurring spontaneously and at high frequency (10~^ to 10“^). It 
has been reviewed by Anderson & Roth (1977). The process requires 
a system for homologous recombination (Straus & Straus, 1976) and 
the end points of the amplified region are frequently ribosomal 
RNA genes or short regions (12 bp) of homology (Edlund & Normark, 
1981) which suggested that unequal exchange between homologous 
r e g i o n s  g e n e r a t e d  the a m p l i f i c a t i o n .  VJhoriskey e. _t a 1. ( 1 9 8 7 ) 
s h o w e d  that short r e p e a t e d  s e q u e n c e s  of up to 15 bp, s o m e t i m e s  
i n v o l v i n g  b r o k e n  h o m o l o g y ,  o c c u r r e d  at the j u n c t i o n s  of their 
amplified sequences. Unequal exchange has also been implicated in 
the state of flux of the tandemly repeated rDNA cluster of yeast 
w h e r e  up to 7 rDNA units can be d u p l i c a t e d  t o g e t h e r  (Klein & 
Petes, 1981; Petes, 1 980).

1.4 Amplification in cultured cells
O v e r p r o d u c t i o n  of a p r o t e i n  w h i c h  is the t a r g e t  of a 

s p e c i f i c  i n h i b i t o r  is a c o m m o n  m e c h a n i s m  of r e s i s t a n c e  to that 
inhibitor and an i n c r e a s e  in n u m b e r s  of the target gene is a 
c o m m o n  w a y  of a c h i e v i n g  that o v e r p r o d u c t i o n .  R e s i s t a n c e  to 
inhibitors can be elevated eventually several thousand-fold and 
the t a r g e t  p r o t e i n  can c o n s t i t u t e  up to 30% of total p r o t e i n  
( S a n d e r s  & Wilson, 1984). Fig 1.1 p r o v i d e s  a list of genes w h i c h  
have been amplified in the course of selection for resistance to 
specific inhibitors. With the exception of resistance to multiple 
drugs (eg. v i n c r i s t i n e ,  a d r i a m y c i n ,  c olchicine, a c t i n o m y c i n  D, 
cytochalasin B) where the amplification is believed to involve a 
transport protein the amplifications involve the protein targeted 
by the inhibitor in question.

Resistance to inhibitors is achieved by step-wise selection
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of- cells capable of growth in gradually increasing concentrations 
of the inhibitor and the resistant mutants constitute between 10” 
 ̂ a n d  1 0 ” ^ of the c e l l  p o p u l a t i o n .  In the c a s e  of P A L A  
resistance, for example, initial selection was for resistance to 
PALA levels of 15 to 60 uM (Giulotto .et. al, 1 986) and after five 
r o u n d s  of s e l e c t i o n  r e s i s t a n c e  to 25 m M PALA was ac h i e v e d  
(Ardeshir el al, 1 983).

In g e n e r a l  the f r e q u e n c y  of r e s i s t a n c e  caused by gene 
a m p l i f i c a t i o n  is so high that r e s i s t a n c e  due to r e g u l a t o r y  
alterations or structural mutation is not observed but examples 
i n v o l v i n g  r i b o n u c l e o t i d e  r e d u c t a s e  (VI right et a_l, 1 987 ) and
o r n i t h i n e  d e c a r b o x y l a s e  ( M c C o n l o g u e  et a. 1  , 1986) have been
do c u m e n t e d .  W h i l e  it is true to say that the level of gene 
a m p l i f i c a t i o n  is a p p r o x i m a t e l y  r e f l e c t e d  by the i n c r e a s e  in 
protein level it is not equivalent to the possession of multiple 
copies of the o r i g i n a l  gene, de B r u i j n  et al (1986) show that in 
one of their cell lines the levels of P-glycoprotein were greater 
than expected from the amplification of the DNA sequences alone 
w h i l e  a n o t h e r  f o r t u i t o u s l y  a m p l i f i e d  gene was p r o p o r t i o n a t e l y  
underexpressed. The expression of the target gene can be reduced 
relative to the copy number as shown by some PALA-resistant cell 
lines where enzyme activity was less than half that expected from 
the CAD gene copy number (Zieg e_t al, 1 98 3).

Mayo & Palmiter (1982) showed that glucocorticoid regulation 
of the raetallothionein I gene was lost but heavy metal regulation 
was r e t a i n e d  after it wa s  a m p l i f i e d  by s e l e c t i o n  for c a d m i u m  
resistance. Luskey j=Lt aJL ( 1 983) showed that the amplification of 
the gene for 3-hydroxy-3-methylglutaryl coenzyme A reductase did 
not affect its regulation by low density lipoproteins.

Gene a m p l i f i c a t i o n  can also occur to cause a p h e n o t y p i c  
r e v e r s i o n  in c i r c u m s t a n c e s  w h e r e  the gene i n v o l v e d  has b e c o m e  
less active; Zownir jet al (1984) showed phenotypic reversion was 
due to the amplification of the temperature sensitive HPRT gene 
rather than the appearance of another mutant form and spontaneous 
r e v e r t a n t s  of the H P R T ” cell line of F e n w i c k  e_t_ a.! (1984) wer e  
also s h o w n  to be a m p l i f i c a n t s  of the HPRT gene. S i m i l a r l y  
r e v e r s i o n  of a viral t h y m i d i n e  kinase gene w i t h  an i n a c t i v e

4



promoter was via gene amplification (Roberts & Axel, 1982).

1 .5 Amplification in whole organisms
Examples of amplifications which confer resistance to drugs 

are not solely confined to cell lines. Two species of Leis h m a n i a . 
L . m e x i c a n a  a m a z o n e nsis and L . t r o p i c a , have been used to produce 
v a r i a n t s  r e s i s t a n t  to tunica in ycin (Kink & Chang, 1987) and 
m e t h o t r e x a t e  ( C o d e r r e  .et. a 1., 1983) re s p e c t i v e l y .  In the field
s t r a i n s  of the C u 1e x p j p i e ns m o s q u i t o  and H u s c a  d o m e stica 
h o u s e f l y  have been d e s c r i b e d  (Hyrien & Buttin, 1 9 8 6 ) which, by 
virtue of an amplified detoxifying esterase, are resistant to an 
o r g a n o p h o s p h a t e  i n s e c t i c i d e .  An a m p l i f i e d  r e gion of DNA of 
unknown function has also been reported in some wild strains of 
the mouse Hus musculus domestica (Weith .et aj,, 1 987).

1.6 Amplification and oncogenesis
The altered expression of oncogenes has been suggested as a 

major contributory factor in tumour progression and several have 
been s h o w n  to be a m p l i f i e d  in s o m e  tumours. The raygc o n c o g e n e  
family has been shown to be amplified in many tumours- N- nvc in 
n e u r o b l a s t o m a s  ( E m a n u e l  .et. a. JL, 1985; S h i l o h  et_ 3,1, 1 98 6 ); c - ajc 
in g l i o b l a s t o m a  (Trent e. _t a. 1 , 1986), COLO 320 (derived from
colonic neuroendocrine cells) (Schwab e_t aJL> 1986) and cell lines
derived from a variety of organs (Kinzler et .al, 1986). Johnson

et al (1987) have shown that relapse patients with amplified myc 
oncogenes in small cell lung cancers survive a shorter period of 
time than relapse patients without amplified myc oncogenes.

O t h e r  o n c o g e n e s  w h i c h  have been s h o w n  to be a m p l i f i e d  
include K- r as in an ovarian carcinoma (Filmus .et. aJL, 1 986 ) and in 
adrenal tumour cells (George et_ a_1, 19SM) and c-er.b32 in m a m m a r y
tumours (van der Vijver, 1987).

W i n t e r  & P e r u c h o  ( 1 986) h a v e  s h o w n  t h a t  m a l i g n a n t  
t r a n s f o r m a t i o n  of NIH 3T3 cells t r a n s f e c t e d  w i t h  h u m a n  r .as. 
oncogenes is a gradual and reversible process dependent upon the 
abundance of ras sequences and transcripts. Mejt in spontaneously 
transformed NIH 3T3 fibroblasts was shown to be amplified (Cooper 
Jjt Ml, 1 986 ) .
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In a n u m b e r  of c a s e s  the o n c o g e n e  h as n ot o n l y  b e e n  
a m p l i f i e d  but also r e a r r a n g e d .  S c h w a b  e t a 1 (1986) s h o w e d  an 
abnormal c-mvc transcript was preferentially produced in COLO 320 
cells c o n t a i n i n g  25 c o p i e s  each of the n o r m a l  and 5 f- r e a r r a n g e d  
c - m yc genes. G i l m a n  (1987) r e p o r t s  that exon 1 of c-m.yc. ap p e a r s  
to contain a block to transcription elongation and that exon 1 is 
r e g u l a r l y  m u t a t e d  in B u r k i t t  t u m o u r s ,  c-.abl in a c h r o n i c  
m y e l o g e n o u s  l e u k a e m i a  ( C o l l i n s  & Groudine, 1987) has been 
rearranged and amplified. The amplification and rearrangement of 
oncogenes is often associated with chromosomal translocations and 
chromosomal abnormalities are frequently associated with tumour 
cells. H u n t s  el. al. (1985) s h o w e d  that the EGF r e c e p t o r  gene in 
A431 cells w a s  a m p l i f i e d ,  r e a r r a n g e d  and at the t r a n s l o c a t i o n  
p o i n t  of a r e a r r a n g e d  c h r o m o s o m e  7. A c - m y c  s e q u e n c e  w a s  
translocated to within 1 kbp of an Igh heavy chain switch region 
in a Burkitt’s l y m phoma (Battey et al, 1 983) while Collins ( 1 986) 
s h o w e d  that a c-a.b.1 ( f rom c h r o m o s o m e  9) had been a m p l i f i e d  and 
b e c o m e  a s s o c i a t e d  w i t h  a P h i l a d e l p h i a  c h r o m o s o m e  (9:22 
t r a n s l o c a t i o n ) .  S e l d e n  .el a_l (1983) s h o w e d  that a c-a.b.1 had 
become associated with a C immunoglobulin gene (from chromosome 
22) and the two had c o a m p l i f i e d  and b e c o m e  a s s o c i a t e d  w i t h  an 
abnormal chromosome.

1 .7 Amplification Of Transfected DNA
The t r a n s f e c t i o n  of s e l e c t a b l e  g e n e s  into r e c i p i e n t  cell 

lines has s h o w n  t h e m  to be c a p a b l e  of a m p l i f i c a t i o n  w h e t h e r  
p r e s e n t  as c D N A s  c a r r i e d  on an e x p r e s s i o n  v e c t o r  p l a s m i d  
( F e n d r o c k  e. t. a.1, 1986; K a u f m a n  e 1  a l , 1986) or a b a c t e r i a l  gene 
( C a r t i e r  e.t. a.1, 1987; C h a p m a n  et al, 1983) or a m a m m a l i a n  gene
(G a s s e r  £ i  al, 1982) p r e s e n t  w i t h  its f l a n k i n g  r e g i o n s  on a 
c o s m i d  ( M i l b r a n d t  el a l , 1983) or w h e n  p r e s e n t  on an enti r e
c h r o m o s o m e  ( M e i n k o t h  .el a 1 , 1987). B e c a u s e  t r a n s f e c t e d  DNA
sequences are ligated together by the recipient cell (Perucho el 
al r 1 98 0) f o r m i n g  t a n d e m  a r rays w h i c h  r e a d i l y  amplify, the c o 
amplification of an unselectable, but commercially valuable, gene 
(eg. B-interferon) with that of a selectable gene (dihydrofolate 
reductase) offers a way of increasing the yield of commercially
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valuable proteins (McCormick et. .aJ,, 1984).
Amplification of transfected sequences has also been used to 

a t t e m p t  to d e f i n e  the r o l e  of f l a n k i n g  s e q u e n c e s  in the 
amplification process. The results of transfection studies show 
that the site of chromosomal integration is apparently random and 
can take p l ace at t e l o m e r e s  ( K a u f m a n  et a.1, 1983), c e n t r o m e r e s  
and the m a i n  body of the c h r o m o s o m e  ( Wahl ej; a ! , 1984). G e n o m i c  
e n v i r o n m e n t  has been s h o w n  to be i m p o r t a n t  w i t h  Carroll ,e_t a 1. 
(1987) r e v e a l i n g  that a CAD c o s m i d  t r a n s f o r m a n t  line w h i c h  was 
capable of amplification at frequencies at least 100-fold greater 
than those of its c o t r a n s f o r m e d  lines had i n t e g r a t e d  its CAD 
sequences in close proximity to a replication origin. Meinkoth e_t 
al. ( 1987) s h o w e d  that c h r o m o s o m e  t r a n s f e r  from a s p e c i e s  noted 
for u n s t a b l e  gene a m p l i f i c a t i o n  to one a s s o c i a t e d  w i t h  s t able  
amplification resulted in stable gene amplification. However the 
e f f e c t  of i n t r o d u c i n g  large a m o u n t s  of r e c o m b i n o g e n i c  DNA into 
cells is an unknown and it could affect subsequent amplification 
processes. In s o m e  cases ( B o s t o c k  & Clark, 1 98 3 ) the unit 
amplified in the transfected line is indistinguishable from the 
d o n o r  u n i t  w h i l e  K a u f m a n  je_t ai ( 1 9 8 3 )  u s i n g  a c D N A  f o u n d  
amplification units ranging from tens of kilobases to 1 000 kbp. 
M i l b r a n d t  et al ( 1 9 8 3 ) used a 45 kbp D H F R - c o n t a i n i n g  c o s m i d  to 
transform a DHFR~ variant of the cell line from which the cosmid 
w a s  d e r i v e d  a n d  f o u n d  t h a t  the s i z e  of the r e s u l t i n g  
a m p l i f i c a t i o n  unit w as close to that of the o r i g i n a l  unit (135 
kbp) (Milbrandt e_t ai, 1981).

R o b e r t s  et ai ( 1 98 3 ) used c o t r a n s f e c t i o n  of two p l a s m i d  
s e ts, o n e  b e a r i n g  a f u n c t i o n a l  A P R T  g e n e  a n d  a t r u n c a t e d  
t h y m i d i n e  k i n a s e  g e n e  a nd the o t h e r  b e a r i n g  r a n d o m  h u m a n  
sequences, to study gene amplification by selecting for thymidine 
k i n a s e  a c t i v i t y .  T h e y  f o u n d  a g r a d i e n t  of a m p l i f i c a t i o n  
r e m i n i s c e n t  of t h a t  f o u n d  in £ r o s o £ h i i a  c h o r i o n  g e n e  
amplification and suggested that multiple initiations from one 
r e p l i c a t i o n  o r i g i n  f o l l o w e d  by m u l t i p l e  r e c o m b i n a t i o n s  w e r e  
r e s p o n s i b l e  for the o b s e r v e d  structure. This resu l t  is the 
s i m p l e s t  s t r u c t u r a l  a n a l y s i s  for an e n t i r e  p o p u l a t i o n  of 
a m p l i f i e d  u n i t s  a n d  l e n d s  c r e d e n c e  to on e  m o d e l  of the
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Fig 1.2 An example of a double minute containing cell line (Kuo 
ai, 1982). The open arrows indicate small double minutes and 

the closed arrows large double minutes.

n>
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amplification process but the recombination observed between the 
c o m m o n l y  r e p e a t e d  p l a s m i d  v e c t o r  s e q u e n c e s  is u n l i k e l y  to 
represent the state of affairs in a normal genome.

1.8 Stability of amplification and chromosomal structure
In m a m m a l i a n  cells gene amplification is usually associated 

w i t h  the a p p e a r a n c e  of one of two types of u n u s u a l  c h r o m o s o m e  
structure. The degree of stability evinced by the amplification 
is c o n n e c t e d  to these s t r u c t u r e s  and r e f l e c t s  the tendency, or 
lack of it, of the s p e c i e s  t o w a r d s  a s t a b l e  k a r y o t y p e  (Schimke, 
1984). The d i f f e r e n c e  in s t a b i l i t y  of the a m p l i f i c a t i o n  in the 
a b s e n c e  of s e l e c t i o n  is m a r k e d  w i t h  a s t able a m p l i f i c a t i o n  
declining slowly over 6-12 months and an unstable amplification 
losing 50/S of its amplified genes in 2 weeks (Schimke, 1984).
1.8.1 Unstable amplifications

U n s t a b l e  a m p l i f i c a t i o n  is a s s o c i a t e d  w i t h  s m a l l  
e x t r a c h r o m o s o m a l  e l e m e n t s  called double m i n u t e s  ( B r o w n  et. al., 
1981) w h i c h  w e r e  o r i g i n a l l y  o b s e r v e d  in a v a r i e t y  of h u m a n  and 
animal tumours. They take the form, of small paired structures and 
w e r e  s h o w n  by B a r k e r  & Hsu (1978) to be a c e n t r o m e r i c  and to 
segregate randomly during metaphase apparently by association en 
m asse with the ends or sides of true chromosomes such that cells 
in the same population can contain from zero to several thousand 
double minutes (Barker & Stubblefield, 1979)* Electron microscopy 
shows them to be composed of two spherical objects (see fig 1.2), 
each approximately 0.5 uM in diameter, containing approximately 
1000 kbp of DNA and joined together by chromatin fibres (Barker & 
S t u b b l e f i e l d ,  1979). It is e s t i m a t e d  that a double m i n u t e  can 
c o n t a i n  b e t w e e n  one and t w e n t y  genes ( S c h i l l i n g  e. _t a JL, 1 9 8 2 )
depending upon its size. Recently pulse field gel electrophore
sis w a s  used to show that a 6 5 0 kbp e x t r a c h r o m o s o m a l  element, 
p r e s u m a b l y  r e l a t e d  to the larger doub l e  minutes, b e haved as a 
linear, r a t h e r  than circular, s t r u c t u r e  ( M a u r e r  et a.1, 1 9 8 7 )
B e c a u s e  they s e g r e g a t e  r a n d o m l y  at m e t a p h a s e  the n u m b e r s  of 
double minutes in each daughter cell is unlikely to be equal. In 
the absence of selection for amplified genes the metabolic load 
i m p o s e d  by high n u m b e r s  of d o uble m i n u t e s  causes the cells
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Fig 1-3 Two examples of homogeneously staining regions from 
methotrexate-resistant cell lines (Eiedler, 1982). In both cases 
an HSR-containing trypsin-Giemsa banded chromosome is on the left 
and a diagrammatic representation in the centre with the HSR 
indicated by a bracket. The right hand chromosome shows the 
localization of the amplified dihydrofolate reductase genes to 
the HSR by in situ hybridization. The numbers indicate the degree 
of amplification.
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containing them to grow more slowly than those cells with fewer 
double minutes and the cells containing the fewest double minutes 
re a d i l y  m u l t i p l y  to d o m i n a t e  the p o p u l a t i o n  ( K a u f m a n  et a l . 
1981). Their small size (approximately 3Jg of the size of human G- 
g r oup c h r o m o s o m e s )  e n a b l e s  them to be r e a d i l y  s e p a r a t e d  from 
c h r o m o s o m e s  d u r i n g  DNA p r e p a r a t i o n  and thus a f f o r d s  an extra 
stage of p u r i f i c a t i o n  to those w i s h i n g  to clone a m p l i f i e d  
s e q u e n c e s  ( G e o r g e  & Powers, 1981). D o u b l e  m i n u t e s  are c o m m o n l y  
found in m o u s e  cell lines ( B r o w n  e.t a.1 > 1981) and h u m a n  cell
lines (Trent et. al, 1 986) with amplified gene sequences and only 
ra rely in h a m s t e r  cell lines (Kuo et a i , 1982) and then in
conjunction with chromosome abnormalities and in a minority of 
the cell population (<20%).

1.8.2 Stable amplifications
After prolonged periods of selection in culture a previously 

u n s t a b l e  a m p l i f i c a t i o n  ma y  b e c o m e  stab l e  ( K a u f m a n  et a i , 19 8 1) 
with the integration of the amplified genes into the chromosomes. 
The metaphase chromosomes of any species possess a characteristic 
p a t t e r n  of d a r k / l i g h t  b a n d i n g  a f ter t r y p s i n - G i e m s a  t r e a t m e n t  
(Seabright, 1971) and a d i s r u p t i o n  of this p a t t e r n  p r o v i d e s  a 
means of identifying and mapping chromosome abnormalities. The 
a b n o r m a l i t y  c h a r a c t e r i s t i c  of s t a b l e  gene a m p 1 i f i c a t i o n i s  the 
h o m o g e n e o u s l y  s t a i n i n g  r e g i o n  (HSR) an e x p a n d e d  r e g i o n  of 
c h r o m o s o m e  l a c k i n g  a b a n d i n g  p a t t e r n  and s t a i n i n g  w i t h  
i n t e r m e d i a t e  i n t e n s i t y  t h r o u g h o u t  its length (see fig 1.3). 
Numerous i_n situ hybridization studies have shown the HSR to be 
the location of the amplified genes (Wahl ê t a l , 1982; Kellems e_t 
ai, 1982). HSRs can be lo c a t e d  close to the site of the o r i g i n a l  
u n a m p l i f i e d  gene (Wahl e. 1  al, 1982), a l t h o u g h  the scale of 
ba n d i n g  p a t t e r n s  and in  .siiu. h y b r i d i z a t i o n  is too large to show 
w h e t h e r  the HSR is m e r e l y  close to or a c t u a l l y  c o i n c i d e n t  w i t h  
the site of the o r i g i n a l  gene, or at s o m e  o t h e r  c h r o m o s o m a l  
l o c a t i o n  ( A l i t a l o  et al, 1983). The p r o d u c t i o n  of an HSR may 
involve some degree of chromosomal rearrangement as evinced by 
the correspondence between the site of an HSR and a translocation 
in many cases. Biedler (1982) showed that the HSR was the site of 
t r a n s 1 o c a t i o n  in a n u m b e r  of C h i n e s e  h a m s t e r  DHFR a m p l i f i c a n t s
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Fig 1.4a The homogeneous amplification units cloned by Looney « 
Hamlin (1987). Line (a) shows the extent of the units found in a 
directly repeated form with the numbering oeginning at tne DHFR 
gene transcription start. Line (b) indicates those sequences 
contained in the units found in an inverted repeat structure and 
line (c) shows the region deleted (lying between the vertical 
bars) in 10£ of the units.
Fig 1.4b The non-homogeneous amplification units cloned by 
Federspiel et al (1984). The central box represents the 32 kbp 
DHFR gene (51 to 3’, left to right). The flanking boxes/lines 
represent alternative structures with their width representing 
the frequency of occurrence; their junctions represent the 
position at which the alternative maps diverge.
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and that the l o c a t i o n s  of t h e s e  HSRs v/ere in d i f f e r e n t  r e g i o n s  of 
the q arm of c h r o m o s o m e  2 c l o s e  to the site of the o r i g i n a l  gene. 
Another study (Flintoff e_t aJL, 1984) showed that an HSR could be 
n e a r  th e  s i t e  of t h e  o r i g i n a l  g e n e  w h i l e  m o r e  t e l o m e r i c  
chromosomal regions had been translocated elsewhere.

Both the size and copy n u m b e r  of the a m p l i f i c a t i o n  u n i t
contribute to the visibility of the c h r o mosomal location of the
units. K a u f m a n  e t a 1. (1983) u s i n g  t r a n s f e c t e d  DMA s e q u e n c e s
produced a 200-fold ampli f i c a t i o n  of the DHFR gene which produced

£a visible HSR in two cell clones containing appro x i m a t e l y  2 x 10 
kbp (= 1000 kbp/unit) and another clone where the amplification
site was not visible arguing for a very small (50 kbp) amplified 
uni t .

1 .9 Amplification at the DNA level
At t he D N A  l e v e l  a m p l i f i c a t i o n  b e c o m e s  a c o n f u s i n g  

p h e n o m e n o n  c a p a b l e  of p r o d u c i n g  s t r u c t u r e s  of r e m a r k a b l e  
s i m p l i c i t y  or u n b e l i e v a b l e  c o m p l e x i t y  (see fig 1.4). This 
p l e t h o r a  of v a r i a t i o n  is m o s t  e a s i l y  r e c o n c i l e d  w i t h  a s i n g l e  
p r o c e d u r a l  t h e m e  w h e n  a m p l i f i c a t i o n  is v i e w e d  as a m u l t i s t e p  
process b e g i n n i n g  w i t h  the i n i t i a l  c o n f u s i o n  of the f i r s t  
amplification event and leading from a collection of coamplified 
fragments, through subsequent events, to an amplified unit which 
imposes a m i n i m u m  load upon its host cell.

Initial attempts to quantify an ampli f i c a t i o n  unit made use 
of h i g h l y  a m p l i f i e d  l i n e s  w h e r e  a set of r e s t r i c t i o n  f r a g m e n t s  
could be s e e n  in e t h i d i u m  b r o m i d e  s t a i n e d  g e l s  and the size 
deduced by simple addition. Sanders & Wilson (1984) estimated the 
s ize of t he g l u t a m i n e  s y n t h e t a s e  a m p l i f i e d  u n i t  to be 
a p p r o x i m a t e l y  50 kbp w h i l e  M i l b r a n d t  e. t. al (1981) f o u n d  t h eir 
DHFR unit to be a p p r o x i m a t e l y  135 kbp in size. That t h e s e  
represent only m i n i m u m  sizes was shown later by Looney & H a mlin 
(1987) w h o  s u c c e e d e d  in c l o n i n g  the u n i t s  of M i l b r a n d t  .et. a.1. 
(1981) and r e v e a l i n g  that they w e r e  220 and 260 kbp in size. 
Other workers (de Bruijn .al, 1 986) have reported a homogeneous 
s t r u c t u r e  at l e a s t  1100 kbp in size c o n t a i n i g  5 d i f f e r e n t  
transcriptional units in a multi drug-resistant cell line and that
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other cell lines similarly selected produce different structures. 
Wahl et ai (1982) e s t i m a t e d  that 500 kbp c o a m p l i f i e d  w i t h  each 
CAD gen e  by d i v i d i n g  the total size of the a m p l i f i e d  region, 
d e d u c e d  f r o m  m e t a p h a s e  spreads, by the n u m b e r  of CAD g e nes  
present. A later study (Ardeshir .et ai, 1 983) supported this size 
estimate but showed that different fragments were amplified to 
different degrees in the same cell line and that in 12 different 
amplified lines only the *14 kbp imme d i a t e l y  surrounding the CAD 
g e n e  w a s  c o n s i s t e n t l y  a m p l i f i e d .  F e d e r s p i e l  .et. ai (19 8*0 
i n v e s t i g a t e d  the DMA s t r u c t u r e  a r o u n d  a m p l i f i e d  DHFR g e n e s  on 
double minutes and showed there was a multiplicity of different 
r e s t r i c t i o n  n a p s  and r e a r r a n g e m e n t s  w i t h i n  a s i n g l e  cell line 
some of which originated within the third intron of the DHFR gene 
(see fig 1.4). Meinkoth e_t ai ( 1 986) showed that a rearrangement 
near a m p l i f i e d  CAD g e n e s  r e s u l t e d  in the p r o d u c t i o n  of two CAD 
mRNA species. The studies of Ardeshir jet ai ( 1 983) and Federspiel 
et al (1984) show that:

(i) a m p l i f e d  r e g i o n s  a r e  n o t  n e c e s s a r i l y  c o m p o s e d  of 
identical units.

(ii) d i f f e r e n t  s e q u e n c e s  are c o a m p l i f i e d  in d i f f e r e n t  
independent e v e n t s .

(iii) n o vel j o i n t s  (ie. c o n t i g u o u s  s e q u e n c e s  d e r i v e d  from 
n o n c o n t i g u o u s  s e q u e n c e s  in the u n a m p l i f i e d  p a r e n t a l  line) are 
u n ique to each cell line anc ’hot spots' for r e a r r a n g e m e n t s  are 
not evident.

G i u l o t t o  et al. ( 1 9 8 6 )  a n a l y s e d  the f i r s t  C A D  g e n e  
a m p l i f i c a t i o n  e v e n t  and d i s c o v e r e d  that as m u c h  as 10000 kbp 
could be coamplified along with each CAD gene and that subsequent 
amplification events reduce this to around 1000 kbp per CAD gene.

X ji s„i _t u. h y b r i d i z a t i o n  s t u d i e s  h a v e  d e m o n s t r a t e d  the 
clustering of amplified genes which necessarily means that each 
gene must have some structural relationship to the genes flanking 
it. The e x a m p l e s  c i t e d  a b o v e  have been u n a b l e  to a s c e r t a i n  this 
r e l a t i o n s h i p  b e c a u s e  of the large e x p a n s e s  of f l a n k i n g  DNA and 
its evident inhomogeneity.

Ford .§_t aJL ( 1 985) transfected Rat-1 cells with a portion of 
the p o l y o m a  v i r u s  g e n o m e  in a s e a r c h  for c e l l u l a r  e n h a n c e r

1 1



' 1-5
h----------------------------------s>-

pHF9

pUH3

i
9E
s.
£

Jlkbp ,

BamHI
EcoRI
Hindlll
Sstl
Xbal

Fig 1.5 The inversion point of Ford et. ajL (1985) cloned by 
Passananti et aJL (1987). The arrows represent the extent of the 
inverted repeat with the region between them oeing non-inverted. 
Plasmids pHF9 and pUH3 contain the unrearranged parental 
sequences which have become associated with the inverted repeat 
structure and their horizontal portions represent the regions 
involved in the inversion point. 3elow is a close-up of the 1.3 
k’op EcoRI fragment containing the inversion point, the boxes 
represent pHF9-derived sequences.
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sequences. One of the r e s u l t a n t  cell lines w a s  s h o w n  to c o n t a i n  
2 0-40 c o p i e s  of Py DU A p r e s e n t  in i n v e r t e d  r e p e a t  s t r u c t u r e s  at 
least 22 kbp long (see fig 1.5). A r e a n n e a l i n g - S 1  n u c l e a s e  
d i g e s t i o n  p r o c e d u r e  w a s  u s e d  to s p e c i f i c a l l y  i d e n t i f y  i n v e r t e d  
repeats. Using this procedure Ford & Fried (1986) showed that the 
c- e i v c  genes amplified in four human tumour cell lines and the CAD 
g e nes a m p l i f e d  in three BHK cell lines w e r e  a r r a n g e d  in the 
inverted repeat configuration. While this technique cannot reveal 
how far f r o m  the i n v e r s i o n  p o i n t  the g e n e s  are it does say that 
the s e q u e n c e s  b e t w e e n  the g e n e s  and the i n v e r s i o n  p o i n t  are 
h o m o g e n e o u s .  S a i t o  &. S t a r k  (1986) s u c c e e d e d  in c l o n i n g  the 
inversion point from another CAD-ampiified line. Looney & Hamlin 
(1987) hav e  c l o n e d  the w h o l e  of a DHFR a m p l i f i e d  unit fro m  a 
single cell line and have found that there are two types (see fig 
1.4). One u n i t  type c o n s t i t u t e d  10-15$ of the units, w as 260 kbp 
long and a r r a n g e d  in a d i r e c t  r e p e a t  s t r u c t u r e  w h i l e  the o t her 
unit type w a s  220 kbp long a r r a n g e d  in an i n v e r t e d  r e p e a t  
structure and its sequence was entirely contained within that of 
the 260 kbp unit. A v a r i a n t  w h i c h  had d e l e t e d  s o m e  90 kbp 
a c c o u n t e d  for 10$ of the p o p u l a t i o n .  The h o m o g e n e i t y  of these  
units was also shown by Burhans e_t a_i (1986) who showed that each 
unit possessed the same replication origin and that replication 
initiation was synchronous and occurred early in S phase.

1.10 Dynamics of amplification
Three factors affect the frequency at which amplifications 

o c c u r :
(i) the r e l a t i v e  grow'th r a t e s  of w i l d - t y p e  and a m p l i f i e d  

cells.
(ii) the rate at which amplifications are lost.
(iii) the rate at which they are produced.
It is a c o m m o n  o b s e r v a t i o n  that cells c o n t a i n i g  a m p l i f i e d  

DNA g r o w  m o r e  s l o w l y  in n o n - s e l e c t i v e  m e d i a  than cells l a c k i n g  
amplified DMA. Grund el (1983) found that the doubling time of 
their m u l t i d r ug-resistant cell lines had increased to between 18 
and 23 h o u r s  f r o m  the 14 h o u r s  of the p a r e n t a l  line. K a u f m a n  el 
a.l (1981) s h o w e d  that the g r o w t h  rate of cells w a s  i n v e r s e l y
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related to the degree of gene amplification.
The loss rate of amplifications is difficult to quantify. In 

highly amplified lines (>50 gene copies) the rate can be dramatic 
as s h o w n  by K a u f m a n  e._t a.1 (1979) w h o s e  cell line too k  120 
d o u b l i n g s  to l o s e  the m a j o r i t y  of i ts a m p l i f i e d  D H F R  
copies p r e s e n t  on d o u b l e  m i n u t e s  but r e t a i n e d  a s t a b l e 7-f o l d  
amplification. The stability of a mplification in HSR-containing 
cells is certainly greater than that of double minute-containing 
cells and HSR-containing cells can maintain amplifications stably 
for periods in the order of a year when subcloned. Fendrock jet. a_l 
(1986) suggest that an HSR is capable of changing at a rate of M  
per cell division though how this process would occur is unclear 
since unequal sister chromatid exchange, which potentially could 
alter the size of an HSR, is not increased in frequency within an 
HSR compared to the rest of the c h r o m o s o m e  c o m p lement (Morgan & 
F e r o , 1987).

V a r i o u s  m o d e l s  h a v e  b e e n  p r o p o s e d  to a c c o u n t  f o r  the 
m e c h a n i s m  of D N A  a m p l i f i c a t i o n  a n d  th e  d y n a m i c s  of the 
acquisition of amplified DNA has been extensively studied to shed 
li ght u p o n  the v i a b i l i t y  of the m o dels. To a d d r e s s  the p r o b l e m  
c o r r e c t l y  onl y  cells w h i c h  have r e c e n t l y  u n d e r g o n e  a p r i m a r y  
a m p l i f i c a t i o n  e v e n t  can be s t u d i e d  b e c a u s e  o t h e r  f a c t o r s  could 
affect secondary events and confuse the issue.

Using a procedure which ensured that the amplification event 
observed occurred in the last cell divisions before selection was 
a p p l i e d  Z i e g  et_ al ( 1 9 8 3 )  f o u n d  t h a t  11 i n d e p e n d e n t  C A D - 
amplificants had amplified one CAD gene between 12 and 20 times 
and that this c o n f e r r e d  r e s i s t a n c e  to l e v e l s  of PALA, the 
s e l e c t i v e  agent, up to 10 t i m e s  that used for the i n i t i a l  
sel e c t i o n .  An a n a l y s i s  of the rate of a m p l i f i c a t i o n  (the n u m b e r  
of resistant colonies formed per cell per generation) showed that 
it was relatively independent of the PALA concentrations used for 
s e l e c t i o n  w h i c h  m e a n s  that a s t a n d a r d  a m p l i f i c a t i o n  e v e n t  
p r o d u c e s  a 6 to 1 0 - f o l d  i n c r e a s e  in CAD gene copy number. The 
proportion of cells in the population resistant to a given level 
of PALA was dependent on the level of PALA.

Kaufman et al (1979) showed that the flourescence emission
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of cells saturated with a flourescent derivative of methotrexate 
(the i n h i b i t o r  of DHFR) w a s  p r o p o r t i o n a l  to the d i h y d r o f o l a t e  
reductase enzyme levels and this in turn was proportional to the 
d e g r e e  of m e t h o t r e x a t e  r e s i s t a n c e  and the n u m b e r  of a m p l i f i e d  
DHFR genes. By c o u p l i n g  this k n o w l e d g e  to a f l o u r e s c e n c e -  
a c t i v a t e d  cell s o r t e r  (FACS) J o h n s t o n  .ejt al_ (1983) w e r e  able to 
a n a l y s e  a p o p u l a t i o n  of cells that w e r e  not u n d e r  any s e l e c t i v e  
pressure. This t e c h n i q u e  r e v e a l e d  that the p o p u l a t i o n  was 
heterogeneous with respect to DHFR gene copy number and that 3% 
of the p o p u l a t i o n  had a f l o u r e s c e n c e  level at least tv/ice that of 
average. By s e l e c t i n g  this 3% as the basis for a new p o p u l a t i o n  
and then reselecting the cells with the highest flourescence in 
s u b s e q u e n t  p o p u l a t i o n s  it w a s  p o s s i b l e  to p r o d u c e  a p o p u l a t i o n  
with an average 40-fold increase in DHFR copy number after only 
10 sortings. They concluded that amplification events occurred at 
a rate of approximately 1 x 10”3 per cell division in previously 
u n a m p l i f i e d  c e l l s  a n d  t h a t  c e l l s  a l r e a d y  p o s s e s s i n g  
amplifications underwent further events at rates as high as 3 x 
1 0 “ ^ per cell d i v i sion. A s u b s e t  of cells t h e r e f o r e  c o n t a i n s  a 
DHFR copy number greater than the average in any population.

Mariani & Schimke (1984) suggested that this amplification 
p h e n o m e n o n  c o u l d  c o m e  a b o u t  by re r e p l i c a t i o n  of DMA d u r i n g  S - 
phase. An idealised cell cycle is depicted in fig 1.6. By using a 
synchronised cell culture they were able to show that a transient 
blockage of replication by hydroxyurea after the initiation of S 
phase increased the frequency of DHFR amplification 10-100 fold. 
This b l o c k a g e  c a u s e d  v i r t u a l l y  all the DNA r e p l i c a t e d  p r i o r  to 
the b l o ckage, v/hich could be up to 10p of the g e n ome, to be 
r e r e p l i c a t e d  a f t e r  its rem o v a l .  U n d e r  the s a m e  e x p e r i m e n t a l  
c o n d i t i o n s  d ' A n n a  e. _t a.1. ( 1 9 8 6 )  f o u n d  t h a t  D NA u n d e r g o i n g  
r e p l i c a t i o n  p r i o r  to the b l o c k a g e  could b e c o m e  e x t e n d e d  to 
lengths greater than average replicon size. However Morgan e_t a_1 
( 1986) u s i n g  c y t o g e n e t i c  t e c h n i q u e s  f o u n d  no e v i d e n c e  of 
r e r e p 1i c a t i o n  u n d e r  these c o n d i t i o n s  and s u g g e s t e d  a b n o r m a l  
segregation of chromosomal fragments induced by the hydroxyurea 
followed by rereplication in a second cell cycle was responsible 
for the a m p l i f i c a t i o n .  Hill & S c h i m k e  (1985) used FACS to s how



that after hydroxyurea treatment the subpopulation with increased 
DHFR gene c o n t e n t  s h o w e d  an i n c r e a s e d  i n c i d e n c e  of c h r o m o s o m a l  
abnormalities such as polyploidy, endoreduplication, chromosome 
fragmentation and e x trachromosomal DNA.

O t h e r  w o r k  has c o n f i r m e d  the i m p o r t a n c e  of S p h ase in the 
amplification process. Kleinberger et. a_l ( 1 986) used carcinogens 
to e n h a n c e  m e t h o t r e x a t e  r e s i s t a n c e  a n d  s h o w e d  t h a t  the 
carcinogens used induced a transient enhancement of methotrexate 
r e s i s t a n c e  due to DHFR g e n e  a m p l i f i c a t i o n .  This e n h a n c e m e n t  
i n c r e a s e d  for 72 to 96 h o u r s  a f t e r  t r e a t m e n t  and d e c l i n e d  
thereafter and the enhancement was maximal when the cells were 
t r e a t e d  in e a r l y  S phase. J o h n s t o n  e_t a 1. (1986) s h o w e d  that a 
b l o c k a g e  of the cell c y cle at the G^- S  p h ase b o u n d a r y  by the 
inhibition of DNA synthesis resulted in an overproduction of DHFR 
enzyme (whose production is cell-cycle regulated and maximal in 
e a r l y  S p h a s e )  a n d  t h i s  w a s  due to an a l t e r a t i o n  in the 
e x p r e s s i o n  p a t t e r n s  of the p a r e n t a l  DHFR genes. The levels of 
other proteins were also increased and the authors suggest that 
the overabundance of these proteins, including DHFR, presumed to 
be involved in DNA synthesis, allows the observed overreplication 
of DNA to o c c u r  w h e n  the b l o c k a g e  is r e m o v e d  and DNA s y n t h e s i s  
resumes. Rice e. _t a JL. (1986) u sed a c o m b i n a t i o n  of FACS and 
s t a i n i n g  w i t h  H o e c h s t  3 3 3 4 2, a v i a b l e  DMA dye, to a n a l y s e  an 
asynchronous cell population. They found that hypoxia, associated 
w i t h  p o r t i o n s  of s o l i d  tu m o u r s ,  c a u s e d  an i n h i b i t i o n  of DMA 
synthesis and that release from hypoxia caused overreplication of 
DNA. F A C S  a l s o  s h o w e d  t h a t  the s u b p o p u l a t i o n c o n t a i n i n g  
overreplicated DNA was more resistant to methotrexate than was 
the s u b p o p u l a t i o n  c o n t a i n i n g  n o r m a l  q u a n t i t i e s  of DMA. By 
incorporating a pulse of BrdUrd into an asynchronous population 
and m e a s u r i n g  total DNA c o n t e n t  Rice .et. ,a_l (1986) w e r e  able to 
distinguish between the G-,, S and G2 /H phases of the cell cycle. 
This enabled them to show that the cells in S phase when hypoxia 
was a p p l i e d  w e r e  the ones w h i c h  u n d e r w e n t  DNA o v e r r e p l i c a t i o n  
when hypoxia was removed and that more than 60$ of S phase cells 
(34$ of total cells) did so. F u r t h e r m o r e  cells w e r e  m a x i m a l l y  
resistant to methotrexate 12 hours after release from hypoxia.
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Fig 1*7 Unequal sister chromatid exchange. The first line shows 
the two chromatids correctly aligned, these then become 
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sister chromatids (third line).
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O t h e r  f a c t o r s  c an c o n t r i b u t e  to the f r e q u e n c y  of 
amplification. That the position in the genome of the gene under 
selection alters the frequency of amplification was shown by Wahl 
e t al (1984) u s i n g  a t r a n s f e c t e d  C A D - c o n t a i n i n g  cosmid. One 
t r a n s f o r m a n t  had an a m p l i f i c a t i o n  f r e q u e n c y  at least 100-fold 
h i g h e r  than that of o t h e r  t r a n s f o r m a n t s .  By u s i n g  a s u b c l o n e  of 
this line w h i c h  c a r r i e d  the a m p l i f i e d  CAD g e n e s  on 250 kbp 
epi s o m e s ,  C a r r o l l  e._t al (1987) w e r e  able to s h o w  that the CAD 
g e n e s  had a c q u i r e d  a f u n c t i o n a l  o r i g i n  of r e p l i c a t i o n ,  m o s t  
probably by integrating close to it in the original transformant. 
Interestingly the episomes showed virtually identical replication 
p a t t e r n s  to t h ose of r i b o s o m a l  R N A g e n e s  w h i c h  are k n o w n  to 
replicate in early S phase. Lavi (1981) showed that amplification 
of an i n t e g r a t e d  S V 4 0 g e n o m e  r e q u i r e s  a f u n c t i o n a l  o r i g i n  of 
replica tion.

A n o t h e r  f a c t o r  is the g e n e t i c  b a c k g r o u n d .  By s e l e c t i n g  
simultaneously for resistance to methotrexate and PALA, Giulotto 
et al ( 1 987) were able to isolate cells which showed an enhanced 
tendency toward DM A amplification as shown by an increase in the 
frequency of resistance to other selective agents. The frequency 
of d o u b l y - r e s i s t a n t  c e l l s  in the o r i g i n a l  s c r e e n i n g  w a s  
a p p r o x i m a t e l y  1 x 10"^. B e c a u s e  the f r e q u e n c y  of c l a s s i c a l  
mutation is of this order or lower and since the observed doubly- 
r e s i s t a n t  f r e q u e n c y  is the m u l t i p l i c a n t  of t h r e e  f a c t o r s  
( p r o p o r t i o n  of cells w i t h  " a m p l i f  icator" p h e n o t y p e  dr. the 
p a r e n t a l  p o p u l a t i o n ;  the p r o p o r t i o n  of ” a m p l i f i c a t o r "  cells 
possessing amplified DHFR genes; the proportion of "anplificator" 
cells p o s s e s s i n g  a m p l i f i e d  CAD genes) the a u t h o r s  s u g g e s t  that 
the " a m p l i f i c a t o r "  p h e n o t y p e  m a y  i t s e l f  be d u e  to a g e n e  
amplification phenomenon.

1.11 Models of amplification
Gene amplification is a multifaceted problem and the models 

a v a i l a b l e  are c o n t e n t  to a d d r e s s  t h e m s e l v e s  to the q u e s t i o n  of 
how the e x t r a  DNA is g e n e r a t e d  and to let the d e t a i l s  take care 
of themselves.

One p o s s i b l e  m o d e l  is u n e q u a l  s i s t e r  c h r o m a t i d  e x c h a n g e
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Fig 1.8a The effects of transposition in linear chromosomes 
(Stark & Wahl, 1984), if the curved lines are ignored the event 
is interchromosomal rather than the intrachromosornal event 
depicted. The transposing sequence is defined by LR, lr in the 
first diagram. It transposes into a new site and DNA replication 
(dotted lines) occurs (second diagram). The potential 
recombination points are numbered and depending on their 
association a simple insertion at a new site (bottom left) or an 
inversion (intrachromosornal) or a translocation (interchromsomal) 
can occur (bottom right).

Fig 1.8b The proposed overreplication model for yeast 2u;1 
plasmids (Futcher, 1986). DMA replication begins bidirectionally 
from "O'1, the origin. Soon after it commences one of the 
replicated inverted repeats (open boxes) recombines with the 
unreplicated inverted repeat. This flips the direction of one 
replication fork so that both move in the same direction to 
produce a loop of DMA containing many copies of the same 
sequence.
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Fig 1.9 The "onionskin"- a model of multiple initiations of DNA 
replication from a single replication origin producing a nested 
series of replication forks. Note that only the outermost strands 
are connected to the chromosome and that all other strands 
possess free, and therefore recombinogenic, ends.
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where two chromatids become misaligned at mitosis and reciprocal 
r e c o m b i n a t i o n  g e n e r a t e s  a d u p l i c a t i o n  and a d e l e t i o n  (see fig 
1.7). The w e i g h t  of e v i d e n c e  s e e m s  f i r m l y  a g a i n s t  this model. 
U n e q u a l  e x c h a n g e  can g e n e r a t e  only an i n c r e a s e  of t w o - f o l d  in 
the copy n u m b e r  in any one e x c h a n g e  e v ent and m u l t i p l e  events 
m u s t  be p o s t u l a t e d  to g e n e r a t e  the 6-12 fold i n c r e a s e  observed. 
U n e q u a l  e x c h a n g e s  are e q u a l l y  l i k e l y  to g e n e r a t e  a loss of copy 
number as a gain and this would contradict the rapid generation 
and relative stability shown by amplified chromosomal structures. 
Unequal exchange does not explain the observations of structures 
c o n t a i n i n g  DMA f r o m  v a r i o u s  p a rts of the g e n o m e  or c h r o m o s o m a l  
rearrangements frequently?- associated with amplification. Unequal 
e x c h a n g e  does not p r e d i c t  the i m p o r t a n c e  of the r e p l i c a t i o n  
process in the primary events of amplification.

Another possible model suggests that transposition, akin to 
that seen in ba c t e r i a ,  m ay be the p r i m e  m o v e r  in a m p l i f i c a t i o n  
(see fig 1.8). Transposition in bacteria can lead to reproduction 
of the t r a n s p o s i n g  s e q u e n c e  at its i n s e r t i o n  (acceptor) site or 
to the formation of a cointegrate intermediate on which both old 
and new transposing sequences are present. Cointegrate structures 
form when either the donor or acceptor structure is circular and 
s i n c e  e u k a r y o t i c  c h r o m o s o m e s  a re l i n e a r  the r e s u l t s  of 
transposition are capable of producing a reciprocal translocation 
between chromosomes or an inversion of sequences between the old 
and new transposing sequences on one chromosome.

The final general model is that of multiple initiations of 
r e p l i c a t i o n  f r o m  one r e p l i c a t i o n  origin. In its t i d i e s t  form 
multiple initiations produce the "onionskin" model- (see fig 1.9) 
a nested series of replication forks which produce a gradient of 
decreasing amplification from the centre outwards and which is 
responsible for the p rogrammed amplification of the Drosophila 
chorion genes.

Both of these models are one-way processes in that the same 
mechanism which produces the amplification cannot be invoked to 
r e m o v e  it w h i c h  is in k e e p i n g  w i t h  t h e  s t a b i l i t y  of 
amplifications and both require that replication takes place.

Transposition has the advantage of providing a direct link
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between the m o v e m e n t  of DMA and its amplification which multiple 
i n i t i a t i o n s  do n o t .  A s i n g l e  t r a n s p o s i t i o n  d o e s  n o t  
however explainthe multiple copies produced in one amplification 
event and t r a n s p o s i t i o n  m u s t  t h e r e f o r e  be p o s t u l a t e d  to induce 
m u l t i p l e  i n i t i a t i o n s  at its i n s e r t i o n  site. One p o t e n t i a l  
c o n s e q u e n c e  of b a c t e r i a l  t r a n s p o s i t i o n  is the p r o d u c t i o n  of 
m u l t i p l e  c o p i e s  by r o l l i n g  circ l e  r e p l i c a t i o n  w h e r e  only one 
i n i t i a t i o n  of r e p l i c a t i o n  is r e q u i r e d  to give rise to m u l t i p l e  
linear d i r e c t  re p e a t s ;  it does h o w e v e r  r e q u i r e  a c i r c u l a r  
starting element the generation of which would remove the direct 
a s s o c i a t i o n  b e t w e e n  m o v e m e n t  and a m p l i f i c a t i o n  in m a m m a l i a n  
t r a n s p o s i t i o n .  T r a n s p o s i t i o n  m u s t  be c o n s i d e r e d  as an u n u s u a l  
event in m a m m a l i a n  cells and it would be required to occur many 
times in one cell cycle to satisfy the observations of multiple 
copies and the quantity of the genome which is overreplicated.

The c o m m o n  o c c u r r e n c e  of i n v e r t e d  r e p e a t  s t r u c t u r e s  in 
a m p l i f i e d  DMA and t h e i r  f o r m a t i o n  e a r l y  i n t h e  a m p l i f i c a t i o n  
process led P a s s a n a n t i  et a. 1. (1987) to p r o p o s e  that the initial 
e v e n t  in a m p l i f i c a t i o n  is the f o r m a t i o n  of a c i r c u l a r  
e x t r a c h r o m o s o m a l  e l e m e n t  c o n t a i n i n g  two g e n e s  in i n v e r t e d  
o r i e n t a t i o n  and one r e p l i c a t i o n  origin. By a n a l o g y  to the model 
proposed by Futcher (1986) for the overreplication of the yeast 2 
uM plasmid they propose that after replication has initiated, a 
homologous recomb i n a t i o n  event flips the direction of one of the 
replication forks and a double rolling circle is produced which 
p r o d u c e s  a loop of i n v e r t e d  r e p e a t s  (see fig 1.8). This m o d e l 
r e q u i r e s  i n v e r t e d  r e p e a t s  to f u n c t i o n  w h i c h  m e a n s  it c a n n o t  
d i r e c t l y  a c c o u n t  for d i r e c t  repeats. It also r e q u i r e s  the 
p r o d u c t i o n  of a s p e c i f i c  e x t r a c h r o m o s o m a l  i n t e r m e d i a t e  and it 
will only produce homogeneous units.

Multiple initiations from a single origin of replication as 
a model for gene amplification has several attractions, not least 
b e c a u s e  it g e n e r a t e s  a g r e a t  d e a l  of u n a t t a c h e d ,  h i g h l y  
recom b i n o g e n i c  DNA w h i c h  can be held to p r o d u c e  a l m o s t  any 
s t r u c t u r e  g i v e n  an a p p r o p r i a t e l y  m o d e l l e d  recombination event. 
A n o t h e r  p o i n t  in its f a v o u r  is that it has been s h o w n  that 
m u l t i p l e  i n i t i a t i o n s  p r o d u c e  the £ r..o.s o .jd  h. i. JL.iL c h o r i o n  g e n e



amplification.
S c h i m k e e t a. JL ( 1 9 8 6 )  h a v e  t a k e n  the c o n s e q u e n c e s  of 

overreplication and loss of replication control well beyond the 
b o u n d a r i e s  of the DNA a m p l i f i c a t i o n  p h e n o m e n o n .  T h e i r  model  
suggests that inhibition of normal DMA synthesis results in the 
temporary decoupling of protein production and DMA synthesis with 
the result that an overaccumulation of proteins involved in DMA 
synthesis occurs. When DNA synthesis resumes these proteins are 
capable of multiple reinitiations of synthesis with the resulting 
o v e r r e p l i c a t i o n  of DMA. D M A  r e p l i c a t i o n  o c c u r s  in the 
nucleoskeleton (Razin et. al., 1986; Jackson & Cook, 1 98 6), as does 
t r a n s c r i p t i o n  ( J a c k s o n  & Cook, 1985) w h i c h  has been s h o w n  to be 
involved in chorion gene amplification, and the chromosomal DMA 
exists as loops anchored at the nucleoskeleton (Vogelstein e_t a l . 
1980). S c h i m k e  e._t a._l (1986) o b s e r v e  that this s t r u c t u r e  w ill  
pr o d u c e  free ends in c l ose contact, if m u l t i p l e  i n i t i a t i o n s  
occur, a s i t u a t i o n  w h e r e  r e c o m b i n a t i o n  is l i k e l y  to occur 
(Anderson & Eliason, 1986). The potential outcomes of a modelled 
r e c o m b i n a t i o n  in this s i t u a t i o n  i n c l u d e  c i r c u l a r  or linear 
e x t r a c h r o m o s o m a l  e l e m e n t s ,  c h r o m a t i d  b r e a k a g e ,  c h r o m a t i d  
exchange, inversion or a breakage-bridge fusion chromosome all of 
which have been observed by Hill & Schimke (1935). Because of the 
n u c l e o s k e l e t o n  l o c a l i z a t i o n  of the r e p l i c a t i o n  m a c h i n e r y  it is 
likely that in a d d i t i o n  to b r i n g i n g  free ends d e r i v e d  from a 
single origin into close proximity free ends from several origins 
will be in close proximity which could recombine to produce the 
DNA r e a r r a n g e m e n t s  seen. Roth & W i l s o n  (1986) s h o w e d  that 
c o m p l e m e n t a r i t y  of b e t w e e n  one and six bases at the ends of DMA 
d u p l e x e s  w a s  s u f f i c i e n t  to i n d u c e  e n d - j o i n i n g  of o t h e r w i s e  
nonhomologous sequences.

S c h i m k e  e_t a,! (1986) p r o p o s e  that o v e r r e p l i c a t i o n  and
r e c o m b i n a t i o n  m a y  h a v e  p r o f o u n d  i m p l i c a t i o n s .  E x a m p l e s  of 
a m p l i f i e d  o n c o g e n e s  f r o m  t u m o u r  lines are now c o m m o n  in the 
literature and Schimke e_t .al. ( 1 986) suggest that this reflects a 
loss of replication control which could be a primary event in the 
c r e a t i o n  of a t u m o u r i g e n i c  cell. A g i n g  at the c e l l u l a r  level is 
c h a r a c t e r i s e d  by an i n c r e a s e  in c h r o m o s o m a l  a b e r r a t i o n s  and
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overre piication-recombination is one way to create them.

1.12 Amplification and evolution
E v o l u t i o n  too m a y  be a f f e c t e d  by o v e r r e p l i c a t i o n -  

r e c o m b i n a t i o n  since it p r o v i d e s  a m e a n s  of c r e a t i n g  m u l t i g e n e  
f a m i l i e s ,  c h a n g i n g  g e n o m e  size, a l t e r i n g  s e q u e n c e  copy number, 
rearranging chromosomes or changing ploidy. Schimke ,e_t a_l (1 986) 
n o t e  t h a t  m a j o r  g e n o m i c  c h a n g e  is o f t e n  a s s o c i a t e d  w i t h  
population divergence in plants and that 90-98$ of m a m m a l i a n  germ 
cells d e g e n e r a t e ,  both of w h i c h  could be a c o n s e q u e n c e  of the 
loss of replication control. Bernstein (1977) has suggested that 
m e i o s i s  may f u n c t i o n  to s c r e e n  c h r o m o s o m e s  and g e n o m e s  for 
a b e r r a t i o n s  by c h r o m o s o m e s  p a i r i n g  w h i c h  can act to repair  
a b e r r a n t  s e q u e n c e s  or to p r e v e n t  the p r i m o r d i a  from b e c o m i n g  
game t e s .

Multigene families display features reminiscent of amplified 
genes. Numerous studies have revealed genes within families to be 
a r r a n g e d  in d i r e c t  r e p e a t s  and clustered, cal l i p h o r i n  genes 
(Schenkel ejt aJL, 1 985), kallikrein genes (Mason .ejt a_i, 1 983); or 
clustered and in inverted repeats, apolipoproteins (Karathanasis, 
1985), m o u s e  m a j o r  u r i n a r y  p r o t e i n s  ( B i s h o p  e_t a. 1., 1 9 8 5 ). The
mouse major urinary proteins are arranged in Inverted pairs where 
one of the pair is f u n c t i o n a l  and the o t h e r  is i n a c t i v a t e d  by a 
n o n s e n s e  m u t a t i o n  in c o don 7 (Ghazal e.Jt .al., 1985). Units w h i c h  
c o n t a i n  m u l t i p l e  t r a n s c r i p t i o n  m o d u l e s  are known, for e x a m p l e  
units c o n t a i n i n g  all five types of h i s t o n e  gene are a r r a n g e d  in 
tandem repeats in Xenopus (Perry e_t al,, 1 985).

I n  a d d i t i o n  to p r o d u c i n g  m u l t i g e n e  f a m i l i e s  D M A  
a m p l i f i c a t i o n  m a y  a l s o  p l a y  a r o l e  in m a i n t a i n i n g  t h e i r  
homogeneity and hence function. Weiner & Denison (1982) suggest 
t h a t  a f u n c t i o n a l  m e m b e r  of a m u l t i g e n e  f a m i l y  m a y  be 
p e r i o d i c a l l y  a m p l i f i e d  and o v e r w h e l m  the a c c u m u l a t e d  s e q u e n c e  
d i v e r g e n c e  of the rest of the family. This w o u l d  lead to the 
a c c u m u l a t i o n  of d i v e r g e n t  n o n ™ f u n c t i o n a l  g e n e s  and the a u t h o r s 
note that there are 10 t i mes m o r e  h u m a n  U1 s m a l l  n u c l e a r  RNA 
pseudogenes than there are functional genes.



Msx resistance

CCL 61

2  jjM KG1 pro- Q2 pro+ -------- G102 aprf pro*

25  pM KGT-1-5 KG1M G102M

5mM
1 f

KG1M52 KG1MS C4-M

8 pM KG1MS C4-0

Fig 1.10 A diagram shows the derivation of the various Chinese 
hamster ovary K1 cell lines used in the study of the glutamine 
synthetase gene system. The level of methiomine sulphoximine to 
which each cell line is resistant is listed on the left-hand 
side. The KG1M-5 line is a subclone of the KG1M line and KG1M-52 
is an uncloned descendant line of KG1M-5. C4M is a subclone of 
the KG1MS line subcloned after KG1MS achieved resistance to 
levels of 5mM Max.
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1.13 Glutamine synthetase- an introduction to the system 
1 . 13-il g JLut3ffl.i.ng sxojaig ^ a g er the protein

The glutamine synthatase enzyme is a universal housekeeping 
e n z y m e  f o u n d  in o r g a n i s m s  as d i v e r s e  as bacteria, plants, 
chickens and Chinese hamsters. Converting, as it does, glutamate 
and a m m o n i a  to glutamine its action links the TCA cycle with the 
metabolism of the amino acids and hence the enzyme represents an 
important regulatory point in cellular metabolism.

The level of GS p r o t e i n  v a r i e s  fro m  v e r t e b r a t e  t i s s u e  to 
tissue and can constitute between 0.01 - 0.1$ of soluble protein
in m o s t  t i s s u e s  and >1$ in c e r t a i n  h e p a t o c y t e s ,  a d i p o c y t e s  and 
glial cells. GS a c t i v i t y  is r e g u l a t e d  at the t r a n s c r i p t i o n a l  
level by the a c t i o n  of g l u c o c o r t i c o i d  s t e r o i d s  and c A M P  w h i l s t  
e x t e r n a l  g l u t a m i n e  a p p e a r s  to r e g u l a t e  GS l e v e l s  p o s t -  
transcriptional ly via ADP-ribosylation. In Chinese hamsters GS is 
a 42 kDa protein whose predicted amino acid sequence shows strong 
h o m o l o g i e s  to b o v i n e  and o t h e r  GS s e q u e n c e s  and r e g i o n s  of 
h o m o l o g y  to the GS of the c y a n o b a c t e r i u m  A n a b a e n a  and plants 
(Hayward .§_£ al., 1 986 ).

The c r e a t i o n  of g l u t a m i n e  f r o m  g l u t a m a t e  and a m m o n i a  is a 
complex reaction. The hydrolysis of ATP leads to the formation of 
an e n z y m e - g a m m a  glutamyl-phosphate complex which is attacked by 
ammonia to yield glutamine, phosphate and ADP. To date no regions 
of the GS p r o t e i n  have been i d e n t i f i e d  as b e ing p o t e n t i a l  
s u b s t r a t e  b i n d i n g  s i t e s  by v i r t u e  of their h o m o l o g y  to o t her 
known binding domains.

j .13.2 The CHO cell lines- a history
M e t h i o n i n e  s u l p h o x i m i n e  (Msx) acts as a t r a n s i t i o n  state 

analogue for all known glutamine synthetase proteins and it is an 
i r r e v e r s i b l e  i n h i bitor. S t u d i e s  of the g l u t a m i n e  s y n t h e t a s e  in 
CHO c e lls w e r e  i n i t i a t e d  by Dr R.H.Wilson b e c a u s e  of the u s e f u l  
properties of the CHO cells- good somatic genetics, the ability 
to g r o w  in d e f i n e d  media, the e x i s t e n c e  of a u x o t r o p h s  a l l o w i n g  
the use of complementation genetics.

The CH0-K1 line was obtained from the American Type Culture 
C o l l e c t i o n  as CCL 61. A n a l y s i s  of these cells s h o w e d  that 0.1$
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had r e v e r t e d  to a £jig+ p h e n o t y p e  and this s u b p o p u l a t i o n  was 
designated G2 (see fig 1.10). From G2 cells was isolated the G102 
line which has the aprt-  phenotype making it an otherwise wild- 
type cell line capable of com p l e m e n t a t i o n  with the K G 1 cell line 
for f u s i o n / c o m p l e m e n t a t i o n  studies. The remainder of CCL 61 had 
r e t a i n e d  the o—  p h e n o t y p e  and w e r e  d e s i g n a t e d  KG1 (for K 1 - 
filasgow).

Methionine sulphoximine is toxic to both KG1 and G102 cells 
at l e v e l s  e x c e e d i n g  2 uM. S t e p w i s e  s e l e c t i o n  for KG1 or G102 
cells w i t h  r e s i s t a n c e  to c o n c e n t r a t i o n s  of Ms x  above 2 uM 
p r o d u c e d  cell l i n e s  r e s i s t a n t  to l e v e l s  of 25 uM ( K G1M and 
G102M). By c o m p l e m e ntation/cell fusion studies invoving the Msx- 
s e n s i t i v e  p a r e n t a l  l i n e s  it w a s  s h o w n  that the cause of Msx- 
resistance acted as a s e m i - d o m i n a n t  genetic marker. The site of 
a c t i o n  of M s x  w a s  s h o w n  to be s p e c i f i c  to the g e n e r a t i o n  of 
g l u t a m i n e  w h e n  20 uM g l u t a m i n e  w a s  s h o w n  to r e l i e v e  the toxic 
e f f e c t  of 20 m M  M s x  w h e n  both w e r e  a p p l i e d  to M s x - s e n s i t i v e  
cells.

F u r t h e r  s t e p w i s e  s e l e c t i o n  for M sx r e s i s t a n c e  of the K G 1 M  
line p r o d u c e d  the K G 1 M S  line, r e s i s t a n t  to 5 m M  Msx, of w h i c h  
K G 1 M S C 4 - M  ( C 4 M ) is a clonal d erivative. This line s h o w s  an 
increase in GS protein level which can be seen on SDS-PAGE gels. 
Fron the C4M line was derived the revertant KG1MSC4-0 (C40) line 
w h i c h  is r e s i s t a n t  to only 8 uM Msx. Dr R.H.Wilson (pers. comm.) 
r e p o r t s  that w h e n  M s x  is not p r e s e n t  in the C 4 M g r o w t h  m e d i u m ,  
where its presence is essential to maintain the selection for the 
1000 active GS genes, the cells appear to fail to grow or divide 
for a f ew days b e f o r e  g r o w t h  i n i t i a i t e s  at a few foci, and f rom  
these foci came C40.
-1 * 1 3 .3 Glutamine synthetase- the amplified DNA

P a r a l l e l  r e s t r i c t i o n  d i g e s t s  of KG1, C 4 M and C 4 0 DNA, w h e n  
gel e 1 e c t r o p h o r e s e d  s h o w e d  that d i s c r e t e  restriction fragments 
could be seen in C4M DNA lanes but not in KG 1 or C40 DNA lanes. 
By probing these gels with a probe made from total poly-A+ mRNA, 
radiolabelled using reverse transcriptase, a subset of these C 4 M - 
s p e c i f i c  f r a g m e n t s  w a s  i d e n t i f e d  as c o n t a i n i n g  the a m p l i f i e d  
g l u t a m i n e  s y n t h e t a s e  gene. Of these f r a g m e n t s  an 8.2 kbp Bglll
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f r a g m e n t  w a s  s e l e c t e d  as b e i n g  large e n o u g h  to c o n t a i n  the 
m a j o r i t y  of t h e  GS D N A  s e q u e n c e s  a n d  s m a l l  e n o u g h  to be 
u n a m b i g u o u s l y  i d e n t i f e d  on an a g a r o s e  gel. This f r a g m e n t  was 
isolated from a LMP-agarose gel and, after purification, cloned 
into the BamHI site of the pUC-9 vector plasmid. After screening 
the inserts with radiolabelled total C4M poly-A+ mRNA two plasmid 
species were isolated and designated pGS-1 and pGS-2. pGS-2 was 
later shown to contain the pGS-1 insert in reverse orientation.

Us i n g  a s e r i e s  of s e r i a l  d i l u t i o n s  of pGS-1 and C 4 M  DNA 
d i g e s t e d  w i t h  B g l l l  w h i c h  w e r e  gel e 1 e c t r o p h o r e s e d , S o u t h e r n  
blotted and probed with radiolabelled pGS-1 the copy number of GS 
genes in C4M cells was shown to be approximately 1000.

A l a m b d a  l i b r a r y  of C 4M DNA w a s  c r e a t e d  by l i g a t i n g  size 
selected C4M DNA partially digested with Sau3A to lambda vector 
L 4 7.1 DNA d i g e s t e d  w i t h  BamHI. P r o b i n g  this l i b r a r y  w i t h  pGS-1 
produced two lambda clones which were used to extend the cloned 
r e g i o n  3.4 kbp ( l a m b d a  86/2) and 5.4 kbp ( l a m b d a  11/3) to e i t h e r  
side of pGS-1 (Sanders & Wilson, 1984). These lambda clones were 
s u b c l o n e d  i n t o  pUC-9 p l a s m i d s  and a d e s c r i p t i o n  of these and 
their later history is to be found in chapter 3.

H a v i n g  l o c a t e d  the e x o n s  of the GS gene w i t h i n  this c l oned 
region, initially by S1 nuclease protection experiments and later 
by h e t e r o d u p l e x  m a p p i n g ,  the GS cDNA w as c l oned at C e l l t e c h  for 
sound c o m m ercial reasons and to allow a comparison of the CHO GS 
eDNA s e q u e n c e  w i t h  the a v a i l a b l e  g e n o m i c  s e q u e n c e  and w i t h  the 
sequence of other proteins. The cDNA was cloned from C4M mRNA and 
the procedure involved a classical first strand synthesis using 
o l i g o - d T  p r i m e r s  and a s e c o n d  s t r a n d  s y n t h e s i s  u s i n g  RNase H 
e n z y m e  w h i c h  is c a p a b l e  of p r i m i n g  d i r e c t l y  o f f  RNA. A 
p r e s u m p t i v e  full l e n g t h  cDNA clone was i s o l a t e d  f r o m  a p l a s m i d  
li b r a r y  c r e a t e d  by the l i g a t i o n  of C - t a i l e d  cDNA to pBR322  
plasmid G-tailed at the PstI site. Selection of the clone (pGSC- 
45) w a s  a c h e i v e d  by p r o b i n g  i n i t i a l l y  for 5* s e q u e n c e s  and then 
r e s c r e e n i n g  for 3 1 s e q u e n c e s  ( H a y w a r d  et a l , 1986). pG S C - 4 5  w as  
s h o w n  to be 2.8 kbp long, the e x p e c t e d  size of the l a r g e r  of the 
two species of mRNA which code for GS protein (Sanders & Wilson,
1 984) .



CHAPTER 2

Materials and Methods



C-hemicals and Biocheraicals
General chemicals 
and organic compounds

Media
General biochemicals 
Agarose, X-gal 
Antibiotics 
-Restriction enzymes

35S-dNTP, 32P-dNTP 
3H-dCTP

General Solutions 
TE: 1OmM Tris.Cl, 1mM E D T A , pH 7.5
P BS A : 10g NaCl, 0.25g KC1, 1.15g N a 2H P 0 i|, 0.212g K H 2P 0 4 , pH 7.2 
in 11 dH2 0
20 x S S C : 175.3g NaCl, 88.2g NaCitrate, pH 7 in 11 dH2 0

2.1.1 Cell culture
pCe l l s  in r o u t i n e  c u l t u r e  w e r e  m a i n t a i n e d  in 25cm. p l a s t i c  

culture vessels under 10ml of appropriate media at 37°C and were 
passaged when confluent (approximately once a week).

The c e l l s  w e r e  p a s s a g e d  by the r e m o v a l  of the old m e d i a  by 
aspiration followed by a wash with 5ml of versene, also removed, 
f o l l o w e d  by t r e a t m e n t  w i t h  0.5ml t r y p s i n - v e r s e n e  to d e t a c h  the 
cell sheet. The l o ose cells w e r e  s q u i r t e d  t h r o u g h  a p i p e t t e  
several times after the addition of 9.5ml of fresh media and, if 
necessary, their n u m b e r  a s s e s s e d  using a h a e n o c y t o m e t e r .  Fresh 
c u l t u r e s  w e r e  then i n i t i a t e d  w i t h  1/4 to 1 / 1 2 01 h v o l u m e  of the 
d e t a c h e d  cells m a d e  up to 1 0 m l  w i t h  a p p r o p r i a t e  media. The 
c u l t u r e s  w e r e  then g a s s e d  to the c o r r e c t  pH (as j u d g e d  by the 
media colour) using 5% C02 .

When experiments involving genomic DNA or large numbers of 
cells w e r e  p l a n n e d  cells w e r e  c u l t u r e d  first in 1 2 5 c m ̂  v e s s e l s  
and when the cultures were confluent transferred to burrlers to 
increase cell number to 1-3 x 10®.

B.D.H., Hopkins and Williams 
Koch Light Laboratories, May 

and Baker 
Difco, Oxoid 
Sigma 
BRL 
Sigma
BRL, Boehringer Mannheim 
New England Biolabs 
MEN
Amersham
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Media solution
300 ml water
36 ml BHK 21 (Glasgow Dulbecco's Minimal E a g l e ’s M x 10)
4 ml Non-essential amino acids solution 
4 ml 50mM proline 
4 ml nucleotides solution 
4 ml 100mM sodium pyruvate
13*4 ml 7.5$ sodium bicarbonate (pH indicator) 
and
40 ml of foetal calf serum or dialysed foetal calf serum 

N o n - e s s e n t i a l  a m i n o  a c i d s  w e r e  alanine, a s p a r t a t e ,  glycine, 
serine at 100 uM and asparagine, glutamate and proline at 500 uM. 
Nucleotide solution was adenosine, guanosine, cytidine, uridine 
at 30 uM and thymidine at 10 uM.
i e r s e n e :  8g NaCl, 0.2g KC1, 1.15g NagHPO^, 0.2g K H2P0ij, 0.2g
EDTA, 1.5ml 1$ P h e n o l  Red, pH 7.1-7.3 in 11. P r e f i l t e r  and
autoclave before use.

2 , 1 . 2 Fr e e z i n g cells
C e lls w e r e  g r o w n  to c o n f l u e n c y  in 1 2 5 c m 2 v e s s e l s  and the 

cell s h eet d e t a c h e d  as for p a s s a g i n g  (except that 10ml versene, 
2ml trypsin-versene and 18ml of media were used). The cell number 
was determined using a haemoc y t o m e t e r  and the cells then pelleted 
at 1500 r pm for 5 m i n u t e s  in a bench c entrifuge. The cells w e r e  
then r e s u s p e n d e d  in f r e e z i n g  m e d i u m  at 5-10 x 10  ̂ c e l l s / m l  and 
frozen at -70°C in 1ral aliquots.

Cells were recovered from storage by thawing an aliquot at 
room temperature and adding it to 9ml of appropriate media in a 
25cm2 vessel and incubating it at 37°C.
Freezing solution

8 volumes of the growth medium 
1 volume of foetal calf serum 
1 volume sterile dimethyl sulphoxide

2L*.l_i3. S e lection for glutamine synthetase gene am pi if ica tion
This w a s  c a r r i e d  out u s ing s u b c l o n e d  cell lines in m e d i a  

c o n t a i n i n g  10$ d i a l y s e d  foetal calf s e r u m  and a p p r o p r i a t e  
c o n c e n t r a t i o n s  of m e t h i o n i n e  s u l p h o x i m i n e .  See c h a p t e r  5 for
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d-e t a i 1 s .

2 .1 ,4 Cell, lines
Two stock cell lines were routinely cultured- both Chinese 

h a m s t e r  o v a r y  cell lines. The KG 1 line, o b t a i n e d  as CCL 61 from 
the A m e r i c a n  T y p e  C u l t u r e  C o l l e c t i o n ,  R o c k v i l l e  HD., w a s  
c u l t u r e d  in m e d i a  c o n t a i n i n g  10$ foetal calf s e r u m  and the 
KG1MSC4-M line in media containing 10$ dialysed foetal calf serum 
-and 5mM m ethionine sulphoximine.

2.1.5 Dialysis of foetal calf serum
F o e t a l  c a l f  s e r u m  c o n t a i n s  g l u t a m i n e  w h i c h  is r e m o v e d  by 

dialysis. 500ml of serum was dialysed at 4°C against 5*lg NaCl in 
2 l i t r e s  PBSA and 6 l i t r e s  of d i s t i l l e d  w a t e r  for 12 h o urs twice, 
and then a g a i n s t  72g NaCl in 8 l i t r e s  of d H 2 0 for a f u r t h e r  12 
h o u r s .

The d i a l y s e d  s e r u m  w a s  then M i l l i p o r e  f i l t e r e d  and 1, 0.3 > 
and 0.1ml of the f i l t r a t e  w e r e  i n c u b a t e d  at 37°C for 2 days in 
20ml of bacterial g r owth medium (L-broth) to check for bacterial 
c o n t a m i n a t i o n .  U n c o n t a m i n a t e d  s e r u m  wa s  s t o r e d  at -20°C w h i l e  
contaminated serum was refiltered and retested.

2.1 .6 Subcloning
Cells were g r own in a petri dish under 2-3 ml of media which

was c h a n g e d  d a i l y  in a C O 2 i ncubator. U h e n  cell c o l o n i e s  w e r e
v i s i b l e  a c l o n i n g  ring w a s  used to i s o l a t e  a colony w h i c h  was 
then washed with versene and removed into a Pasteur pipette after 
t r y p s i n - v e r s e n e  t r e a t m e n t .  Each c o lony so i s o l a t e d  w a s  used as 
the basis for a fresh subclone line.

2.2.1 Bacteria
The Escherichia co1i strain used in this study was ^  M 1 5 and 

i n t e n d e d  for use w i t h  the b l u e - w h i t e  X-gal s e l e c t i o n  of the 
PUC8 ,9, 1 8 and 19 s e r i e s  of p l a s m i d s  d e v e l o p e d  by V i e i r a  and 
M e s s i n g  ( 1 9 8 2 )  a n d  Y a n i s h - P e r r o n  et al (1985). It h a d  the 
following genotype- A f lac or o 1 jflS Od 1 a.cZAH 1 5

It wa s  g r o w n  in l i q u i d  c u l t u r e  in L - b r o t h  (plus 5 0 u g / m l
ampicillin when containing pUC plasmids) at 3 7 0 C and was aerated
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by shaking.
When grown on solid support it was plated onto 25ml L-agar 

p lates ( c o n t a i n i n g  5 0/ig/ ra 1 a m p i c i l l i n  and 20/ig/ml X - gal w h e n  
appropriate) and incubated overnight inverted at 37°C.

For e x t e n d e d  s t o r a g e  s t a b s  in L - a g a r  w e r e  m a d e  and stored, 
sealed, at r o o m  t e m p e r a t u r e  or 1ml of a log phase c u l t u r e  was 
mixed with 1ml of a 202 glycerol, 2% peptone solution and stored 
at either -20 or -70°C.

L - B r o t h  w a s  10g tryptone, 5g y e a s t  extract, 5g NaCl, 1g 
glucose, 20 mg thymine, made up to 1 litre in distilled water and 
adjusted to pH 7 with NaOH.

L-Agar was L-broth plus 15g/l agar and lacking glucose.
They were sterilised by autoclaving at 120°C for 15 minutes.
A m p i c i l l i n  a n d  X - g a l  ( 5 - B r o m o - 4 c h l o r o - 3 - i n d o l y l - j 3 -  

galactoside) were stored solid at -2Q°C and made up as required. 
The X-gal was dissolved in dimethyl sulphoxide at 10mg/ml.

2.2.2 Transformation
A 2.5ml starter culture was grown overnight and 1 n: 1 of this 

transferred to 20ml of fresh L-broth and this was grown, shaking, 
at 37°C for 3 hours. The cells w e r e  p e l l e t e d  (2 m i n u t e s  at 2.7 
Krpm) and resuspended in 10ml of ice-cold 50mt! calcium chloride. 
After 10 m i n u t e s  on ice the cells w e r e  r e p e l l e t e d  as b e f o r e  and 
re suspended in 2ml of the calcium chloride and kept on ice. 200ul 
aliquots were transformed by the addition of the appropriate DMA. 
After 15 minutes on ice the cells were heat-shocked (2.5 minutes 
at 4 2 0 C or 5 m i n u t e s  at 37°C) and r e t u r n e d  to the ice for a 
f u r t h e r  10 m i n u t e s .  80 0^1 of L - b r o t h  was then added to each 
a l i q u o t  and the r e s u l t  i n c u b a t e d  at 37°C for 60 minutes. The 
cu l t u r e  w a s  then p l a t e d  out in 200^1 a l i q u o t s  and the plates 
incubated overnight at 37°C.

2.2.2 Selection for plasmid inserts
A M 1 5  lacks a functional p-galactosidase gene but produces a 

t r u n c a t e d  f o r m  of the e n z y m e  l a c k i n g  part of the a l pha d o m a i n  
which can be c omplemented by the alpha polypeptide encoded by the 
PUC p l a s m i d  r e g i o n  e n c o m p a s s i n g  the p o l y l i n k e r  region. A c t i n g  
together these polypeptides are capable of converting X-gal to a
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„blue m e t a b o l i s e d  form. An i n s e r t i o n  into the p o l y l i n k e r  region 
will p r e v e n t  this c o m p l e m e n t a t i o n  and leave the X-gal in its 
white, u n m e t a b o l i s e d ,  form. A s i m p l e  visual i n s p e c t i o n  of the 
blue or w h i t e  c o l o n i e s  w i l l  r e v e a l  those h a r b o u r i n g  p l a s m i d s  
containing inserts which can then be further analysed.

Colonies selected for further analysis were patched out onto 
plates in 1 c m 2 and the r e s u l t a n t  s m e a r  s c r a p e d  off using a 
sterile toothpick and placed in 200^1 single colony final sample 
buffer for 15 minutes. This was spun in an Eppendorf tube (12000 
rpm, 15 m i n u t e s )  and 3 0 - 4 0 ^ 1  of each s a m p l e  loaded onto an 
agarose gel and electrophoresed to determine the relative sizes 
of the inserts.

Colonies selected from this second round of selection were 
g r o w n  up in 20 ml L - b r o t h  and p l a s m i d  DNA p r e p a r e d  using a 
modified version of the technique of Birnboim and Doly (Maniatis, 
1982). T h e  p l a s m i d  D N A  w a s  t h e n  a n a l y s e d  by r e s t r i c t i o n  
e n d o n u c l e a s e  d i g e s t i o n  a n d  a g a r o s e  a n d / o r  a c r y l a m i d e  gel 
electrophoresis.
S i n g l e  C o l o n y  G e l  L o a d i n g  B u f f e r :  2% Ficoll, 1$ SDS, 0.01$
Bromophenol Blue, 0.01$ Orange G in TEA

2.3 DNA Preparation and Manipulation

2.3.1 Ethanol precipitation of DHA
The D NA s o l u t i o n  w a s  m a d e  0.3M N a O A c  w i t h  the a d d i t i o n  of 3M 

NaOAc, pH5.2, and two volumes of absolute ethanol were added. The 
solutions were mixed and placed at -20°C for at least an hour to 
precipitate the DNA before centrifugation at 10 Krpn or more for 
at least 10 minutes.

2.3.2 P l a s m i d  p r e p a r a ti o n-this w as an a p p r o p r i a t e l y  scaled 
v e r s i o n  of the a l k a l i n e  l y sis t e c h n i q u e  of B i r n b o i m  and Doly 
d e s c r i b e d  in M a n i a t i s  _e_t & X  ( 1 9 8 2 )  w i t h  v a r i o u s  f i n a l  
purification methods.
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"Solutions
I 50nM glucose 

1OraM EDTA
25mM Tris.Cl pH 8 
4 mg/ml lysozyme

II 0.2 M NaOH 
155 SDS

III 3 M P o t a s s i u m  A c e t a t e  pH 4.8
(100ml solution contains 60ml 5 M potassium acetate, 11.5ml 
glacial acetic acid, 28.5ml water)

For a 200 ml bacterial culture the following procedure was 
employed: The bacteria were pelleted by centrifugation at 10 Krpm
for 10 m i n u t e s  and r e s u s p e n d e d  in 10 ml of s o l u t i o n  I. After 5 
m i n u t e s  at r o o m  t e m p e r a t u r e  20 ml of s o l u t i o n  II was added and 
the mixture placed on ice for 5 minutes before 15 ml of solution 
III w as added. A f t e r  a f u r t h e r  5 m i n u t e s  on ice the p r e p a r a t i o n  
was c e n t r i f u g e d  at 10 K r p m  for 10 m i n u t e s  at 4°C. The s u p e r n a t a n t  
was t r a n s f e r r e d  to 250 ml pots t h r o u g h  m e d i c a l  gauze to r e m o v e  
any particulate matter and 90 ml of ethanol added to precipitate 
the n u c l e i c  acids. A f t e r  s t o r a g e  at -20°C for 60 m i n u t e s  it was 
centrifuged at 10 Krpm for 10 minutes.

For 2 0 0 m l  p r e p a r a t i o n s  the n u c l e i c  acid p r e c i p i t a t e  was 
r e s u s p e n d e d  in 6 ial of TE and 6.6g of c a e s i u m  c h l o r i d e  and 1.5mg 
ethidium bromide added. This was centrifuged at 49 Krpm, 20°C for 
16 h o u r s  in a B e c k m a n  Ti 70 r o t o r  in an u 11 r a c e n t r i f u g e. After  
c e n t r i f u g a t i o n  the p l a s m i d  band ( e i t h e r  v i s i b l e  or f l o u r e s c e n t  
under ultra-violet illumination) was removed. Two volumes of TE 
were added and the ethidium bromide removed by partitioning into 
several c h a n g e s  of p r o p a n - 2 - o l .  The v o l u m e  of the a q u e o u s  phase 
was maintained at its original level by further additions of TE 
during the p a r t i t i o n i n g  process. The DMA was then e t h a n o l  
precipitated, washed in 7055 ethanol, dried and resuspended in TE 
at 0.1 -1 m g / m l .  Its p u r i t y  and i n t a c t n e s s  w e r e  a s s a y e d  by gel 
electrophoresis.

For 20 ml and 1.5 ml p r e p a r a t i o n s  the p r e c i p i t a t e  was 
resuspended in water and extracted twice against an equal volume 
of p h e n o l :c h l o r o f o r m  (2 :1) and once a g a i n s t  an equal v o l u m e  of
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qhloroform before being reprecipitated.

2 . 3.3 Genomic DMA preparation
The cell s h e e t  is r e m o v e d  u s ing t r y p s i n-v e r s e n e and the 

burrlers washed with PBSA solution at 4°C. The cells are pelleted 
and resuspended in ice-cold TE at approximately 108 cells/ml. 10 
v o l u m e s  of 0.5 M E D T A  (pH 8 ), 100 /lg/ml p r o t e i n a s e  K , 0.5?.
S a r c o s y l  is added. The s o l u t i o n  is left at 50°C fpr three hours 
.and s w i r l e d  o c c a s i o n a l l y .  The DMA is g e n t l y  e x t r a c t e d  a g a i n s t 
phenol 3 t i m e s  (the p h enol f o r m s  the u p p e r  phase) and is then 
dialysed against 41 of 50 mM Tris.Cl (pH 8), 10raM EDTA, 10mM MaCl 
w ith s e v e r a l  c h a n g e s  of the solution. T r eat the DMA w i t h  100 
^ug/ml D N A a s e - f r e e  RIIAase at 37°C for 3 h o u r s  and e x t r a c t  t w ice 
a g a i n s t  p h e n o l / c h l o r o f o r m .  D i a l y s e  e x t e n s i v e l y  a g a i n s t  TE. 
(Maniatis e_t a_l, 1 982).

2.8.4 Restriction digests
F our d i g e s t i o n  b u f f e r s  w e r e  r o u t i n e l y  used c o n t a i n i n g  

v a r i o u s  c o n c e n t r a t i o n s  of II a C 1. T h e s e  w e r e  s t o r e d  as x 1 0 
concentrates a at - 2 0 ° C  prior to use. The d i g e s t i o n  c o n d i t i o n s  
used were derived from the Mew England Biolabs enzyme catalogue 
(see p 7-29 and p 110). Digestion volumes vie re generally as small 
as possible while taking into account the requirements to have a 
final g l y c e r o l  c o n c e n t r a t i o n  of <5$ and to dilu t e  the D H A 
solution at least fourfold. The amount of restriction enzyme used 
to ensure complete digestion was 2-3 fold in excess for plasmid 
DNA and 5-10 fold e x c e s s  for m a m m a l i a n  DMA (based on 1 e n z y m e  
unit per ug of DMA). D i g e s t i o n  p e r i o d s  of over one hour were 
routinely used and for large quantities of m a m m a l i a n  DNA (>20/ig) 
a second aliquot of enzyme was frequently added two hours after 
the start of incubation. The reaction was stopped by the addition 
of EDTA to 10 mM final concentration.
Restriction enzvme buffers x J_Q.
Low salt : 100mM Tris.Cl pH 7.5 

100mM MgC l2 
Medium salt : 100mM Tris.Cl pH 7.5 

10 0 mM M gCl2 
500mM MaCl
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'High salt : 500mM Tris.Cl pH 7.5 
10 0 mM M g C l2 
1OOOmM NaCl 

150mM salt : 500raM Tris.Cl p H 7 .5 
100mM MgC l2 
1500mM NaCl

2..t3.t,5.. Ligations
Th e s e  w e r e  g e n e r a l l y  p e r f o r m e d  in a final v o l u m e  of 2 0/il 

with insert sequences in a 3-4 fold excess over vector sequences,
1-2 U of D MA l i g a s e  and 2/il of a 10 m M  ATP solution. I n c u b a t i o n  
was at 16°C overnight or, occassionally, at room temperature for 
3 hours. The r e a c t i o n  w a s  s t o p p e d  by f r e e z i n g  at -20°C or 
immediate use in the transformation of E.coli. Generally 5 jul of 
the reaction mixture was added to 200/il of the cells in calcium 
chloride. Vector alone was ligated and transformed as a control. 
Ligation buffer x JJ1 500mM Tris.Cl pH 7.4

100 mM M g C 12 
100raM dithiothreitol 
10mM ATP 

1 mg/ml BSA

2.3.6 DNA preparation for pulse field gel electrophoresis- 
The cell sheet was detached from the burrler by trypsin-versene 
t r e a t m e n t  and b r o k e n  up by p a s s a g e  t h r o u g h  a p i p e t t e  after the 
addition of cold PBSA. A h a emocytometer was used to discover the 
n u m b e r  of cells p r e s e n t  and these w e r e  p e l l e t e d  using a bench 
centrifuge. They were resuspended in PBSA which was prewarmed to 
39°C. Molten 2.5$ low melting point agarose (which had previously 
been t r e a t e d  w i t h  D E A E - c e 11u 1o s e ) at 39°C wa s  then added and 
100ul a l i q u o t s  put into the slots of the block f o r m e r  w h i c h  was 
then p l a c e d  at 4°C u n til the a g a r o s e  had set. The PBS A :agarose 
ratio w a s  2:1 and the final v o l u m e  gave a cell c o n c e n t r a t i o n  of 
106 cells/100/il. Using an alcohol sterilised spatula end the cell 
blocks w e r e  p u s h e d  into the lysis m i x t u r e  (0.5ra1/ block) and 
i n c u b a t e d  at 50°C for 16-48 hours a f ter w h i c h  the b l ocks and 
mixture were stored at 4°C.
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Lvsis solution 0.5 M EDTA pH 9.5 
\% sarcosyl
0.25 mg/ml proteinase K

2.3.7 Restriction endonuclease digestion for PFGE
The DNA handling techniques described are modifications of 

those of Bernards e_t .al. ( 1 986 ).
The b l o c k s  to be d i g e s t e d  w e r e  i m m e r s e d  o v e r n i g h t  in 10 mM  

Tris.Cl pH 7.5, 10 m M  EDTA, 0 .1 m M P M S F  (10 ml per block) at room 
temperature and then transferred to the appropriate restriction 
buffer (lacking di thi o t hr ei t o 1) plus 0.1 mH PMSF and 0.25? gelatin 
(10 ml per block) for 1 hour. D i g e s t i o n  took place in 50^il 
restriction buffer containing the restriction enzyme(s) per half 
block d i g ested. 30 u n i t s  of e n z y m e  w e r e  used for each d i g e s t i o n  
w h i c h  l a s t e d  f o r  6 h o u r s  at the a p p r o p r i a t e  i n c u b a t i o n  
temperature unless otherwise stated. The reaction was stopped by 
the addition of EDTA to 5 0 m M  final concentration.

P M S F  w a s  p h e n y 1 m e t h y  1 s u l p h o n y 1 f l o u r i d e  (BDH) and stored 
solid at r o o m  t e m p e r a t u r e .  It w a s  d i s s o l v e d  in a c e t o n e  prior to 
u s e .

2.4 Pulsed field gel electrophoresis
See fig 4.2. The system used was that described by Carle and 

Olson (1984). A 10 x 10 cm a g a r o s e  gel w as placed b e t w e e n  two 
sets of p l a t i n u m  e l e c t r o d e s  p l a c e d  at the d i a g o n a l s  of the gel. 
A l t e r n a t i o n  of the c u r r e n t  b e t w e e n  these sets of e l e c t r o d e s  
p r o v i d e s  the d i r e c t i o n a  11y v a r y i n g  e l e c t r i c  field used to 
s e p a r a t e  m o l e c u l e s  > 2 0 k b p  in length. The length of tim e  each 
e l e c t r o d e  pai r  was a c t i v a t e d  was the s a m e  for both pairs and 
v a r i e d  f r o m  5 s e c o n d s  to 40 s e c o n d s  d e p e n d i n g  on the r e s o l u t i o n  
of s i z e s  required. The v o l t a g e  s u p p l i e d  w as chos e n  a c c o r d i n g  to 
the r e q u i r e d  run l e n g t h  and wa s  s u p p l i e d  by a V o k a m  2197 unit 
ca p a b l e  of p r o d u c i n g  0 - 2 5 0 0  V. It was a l t e r n a t e d  b e t w e e n  the 
e l e c t r o d e  p a i r s  by the use of an RS 348 -403 s w i t c h  c o u p l e d  to a 
RS 3 4 5 - 3 7 5  t i m i n g  m e c h a n i s m .  S t a n d a r d  a g a r o s e  in 0.25 x TBE was 
used to f o r m  the gel and the gel slots w e r e  able to a c c o m o d a t e  
half an a g a r o s e  block. The b l o c k s  w e r e  placed in the gel slots 
using an a l c o h o l  s t e r i l i s e d  s p a t u l a  and s e a l e d  in place using
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m o l t e n  1 % low m e l t i n g  p o int a g a r o s e  in PBSA. The 0.25 x TBE 
buffer was recirculated through a heat exchanger during operation 
to m a i n t a i n  a t e m p e r a t u r e  of 14°C. As a p r e c a u t i o n  to p r e v e n t  
buffer m o v e m e n t  washing the gel from its horizontal glass plate a 
n a r r o w  s t r i p  of d o u b l e - s i d e d  s e l l o t a p e  w a s  p l a c e d  on the glass 
plate at its top and bottori and the m o l t e n  a g a r o s e  p o u r e d  onto 
it. After gel electrophoresis was complete the gel was removed, 
s t a i n e d  w i t h  e t h i d i u m  b r o m i d e  and t r e a t e d  t h e r e a f t e r  as a 
s t a n d a r d  a g a r o s e  gel. F r e s h  b u f f e r  w a s  added prior to each run 
( a p p r o x i m a t e l y  1 5 0 0 m l )  until the gel w as 5-10 m m  s u b m e r g e d  to 
ensure that the b u f f e r  did not b e c o m e  e x h a u s t e d  and the s a m e  
a m o u n t  of b u f f e r  w a s  r e m o v e d  at the end of each run. It was 
impractical to completely drain the system owing to the amount of 
peripheral tubing involved.

Size m a r k e r s  for the s y s t e m  w e r e  l a m b d a  m u l t i m e r s .  L a m b d a  
DNA produced within the department was mixed with PBSA and DEAE- 
c e l l u l o s e  t r e a t e d  2.5$ low m e l t i n g  p o int a g a r o s e  m a d e  in PBSA 
(2:1 ratio) to giv e  a final DNA c o n c e n t r a t i o n  of 1ug/ml. The 
m i x t u r e  w a s  a l l o w e d  to set in the b l o c k  f o r m e r  and kept in PBSA 
solution for at least two weeks at room temperature to allow the 
cohesive ends to come together and produce multimers. The blocks 
were stored at 4°C in PBSA.

2.5 . 1 Metaphase s preads for karvotvpic analysis
An a c t i v e l y  d i v i d i n g  s u b - c o n f 1 uent f l ask of cells was 

s e l e c t e d  and 100 ul of a 1 O O u g / m l  s o l u t i o n  of c o l c h i c i n e  added to 
it to a r r e s t  the c e l l s  in m e t a p h a s e .  A f t e r  90 m i n u t e s  of 
i n c u b a t i o n  at 3 7 0 C the m e d i u m  w a s  c a r e f u l l y  d r a w n  off and the 
cells gently washed with 5 m 1 of versene which v/as also carefully 
d r a w n  off. 0.5ml of t r y p s i n-v e r s e ne w a s  then added and the 
culture vessel gently tapped until the majority of the cells had 
detached (visualised using x100 inverting microscope). The cells 
were collected by the gentle addition of 5ml of the media/versene 
mix and the r e t u r n  of 5.5ml to the mixture. This w as then 
centrifuged at 1500 rpm for 5 minutes in a bench centrifuge. The 
m a j o r i t y  of the l i q u i d  w a s  a s p i r a t e d  o f f  a nd the c e l l s  
resuspended in the remainder using gentle passage up and down a 
P a s t e u r  pipette. 10ml of 75 m M  K C 1 wa s  then added and the m i x t u r e
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left to s t a n d  at r o o m  t e m p e r a t u r e  for 2 0 m i n u t e s  (KG1) or 25 
minutes (C4M). The cells were then repelleted as before and again 
most of the liquid aspirated off and the cells gently resuspended 
in the remainder. The suspension was slowly added to 10ml of ice- 
cold fresh fixative (Analar grade methanol: glacial acetic acid,
3:1) and lef t  on ice for 10 minutes. A f t e r  c e n t r i f u g a t i o n  and 
r e s u s p e n s i o n  as b e f o r e  (the p e l l e t  is u s u a l l y  i n v i s i b l e  at this 
stage) a f u r t h e r  10ml of i c e - c o l d  f i x a t i v e  is added and left on 
ice f o r  a f u r t h e r  10 m i n u t e s .  A f t e r  a n o t h e r  r o u n d  of 
centrifugation and resuspension a drop was dropped onto a clean 
slide and e x a m i n e d  w i t h  a x100 i n v e r t i n g  m i c r o s c o p e .  If a 
reasonable number of well-spread, but not dispersed, chromosome 
spreads were apparent the remainder of the suspension was dropped 
onto slides from approximately 30 cms and allowed to air dry.

2.5.2 Trvpsin-Giemsa banding
A f t e r  d r y i n g  for 3 days the s p r e a d s  are ready for use. 

Placed h o r i z o n t a l  a s l i d e  is c o v e r e d  by a t r y p s i n - v e r s e n e  
s o l u t i o n  for 30 to 90 s e c o n d s  ( d e p e n d i n g  on how r e a d i l y  the 
c h r o m o s o m e s  are d i g e s t e d )  and this is w ashed off w i t h  PBSA. A 102- 
s o l u t i o n  of G i e m s a  s t a i n  (Gurr R66) in a p h o s p h a t e  buffer (2mM 
N a 2 H P 0 ij, 2 m M K H 2 P 0 jj, pH7) c o v e r s  the slide for 2 to 5 m i n u t e s  
( d e p e n d i n g  on the s t a i n i n g  e f f i c i e n c y  of the G i e m s a  batch) and 
this is w a s h e d  off u s i n g  d i s t i l l e d  w a t e r  and the slide placed 
near v e r t i c a l l y  to air-dry. The slide w as then e x a m i n e d  at x 4 0 
and x250 m a g n i f i c a t i o n  and if s u c c e s s f u l l y  banded m o r e  slides 
w e r e  so t r e a t e d  and s u b s e q u e n t l y  p h o t o g r a p h e d  using a Leitz 
Vario-Orthomat automatic photomicrographic system mounted on a 
Leitz O r t h o p l a n  u n i v e r s a l  l a r g e f i e l d  m i c r o s c o p e  wit h  Kodak 
Panatomic-X 400 ASA black and white film. The magnification was 
approximately x 1000.

Slides were cleaned by immersion in 992 ethanol 12 HC1.

2...5.3 In Situ hybridization
M e t a p h a s e  s p r e a d s  w e r e  p r e p a r e d  as for t r y p s i n - G i e m s a  

b a n d i n g  e x c e p t  they w e r e  used w i t h i n  2 days of preparation. The 
m e t h o d  w a s  that of P a r d u e  (1985). S l i d e s  w e r e  p l aced in an 
upright rack which was transferred from one solution to another.
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-1- D i g e s t  w i t h  R M a s e  A ( b o i l e d  for 10 m i n u t e s  p r e v i o u s l y )  at 
100 p g / m l  in 2 x SSC for 60 minutes at 37°C.
2 Wash in 2 x SSC (3 x 10 minutes).
3 D e h y d r a t e  w i t h  70% e t h a n o l  (2 x 10 m i n u t e s )  f o l l o w e d  by 95% 
ethanol (1 x 5 minutes) and allow to air dry.
4 D e n a t u r e  DNA w i t h  70% f o r m a m i d e  in 2 x SSC for 2 m i n u t e s  at 
70 °C.
5 Dehydrate as in 3.
.6 50 p i  of the p r obe s o l u t i o n  is p l a c e d  on each slide. (See
note) .
7 Seal under a coverslip using cowgum paste.
8 Incubate at 37°C for >11 hours.
9 Remove the coverslip and wash in 5 0% formamide in 2 x SSC (2 x
10 minutes) at 39°C.
10 Wash in 2 x SSC for 10 minutes at 39°C.
11 Dehydrate as in 3.
12 Cover with autoradiographic emulsion and expose in the dark at 
4°C for at least 3 days.
13 Develop for 5 minutes in Kodak D19 developer, gently rinse in 
tap wate r ,  and fix for 4 m i n u t e s  in I l f o r d  H y p a m  and rinse gently 
again. The temperature should be 18-20°C.
14 W h i l e  w e t  s t a i n  for 1 m i n u t e  in 5% G i e m s a  s t ain in water, 
rinse gently in tap water and then in distilled water.
15 Dry the s l i d e  c o m p l e t e l y  and m o u n t  a c o v e r s l i p  u s i n g  D.P.X.
( B D H )
16 E x a m i n e  and p h o t o g r a p h  u n d e r  a m i c r o s c o p e  as for trypsin- 
Giemsa banding.

Notes
The f o r m a m i d e  is d e i o n i z e d  prior to use by s t i r r i n g  w ith a 

deionizing resin (Amberlite MB-1 from Sigma) for 30 minutes and 
filtering to remove the resin.
The probe is prepared by random primer synthesis using 50 uCi of 
3 H - d N T P i n s t e a d  of 3 2 p _ cjN -pp. The probe s o l u t i o n  c o n s i s t s  of 50$ 
f o r m a m i d e ,  0.3M NaCl, 3 0 m  M t r i s o d i u m  citrate, 40 m M s o d i u m 
p h o s p h a t e  pH 6 , r a d i o l a b e l l e d  DNA at 0.05-0.2 ^ g /  ml and a 1000- 
fold e x c e s s  of s h e a r e d  s a l m o n  s p e r m  DNA. The DNAs are d e n a t u r e d  
by b o i l i n g  for 10 m i n u t e s  and are added to the r e m a i n d e r  of the
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c o m p o n e n t s  of the p r o b e  s o l u t i o n  at 70°C just p r ior to its 
application.
A u t o r a d i o g r a p h i c  e m u l s i o n  is I l f o r d  K5 e m u l s i o n  d i l u t e d  1:2 
emulsion:dH2 0 which is stored in 15ml aliquots in the dark at 4°C
and thawed to 47°C just prior to use.
20 x SSC is 175.3g NaCl, 88.2g NaCitrate in 11, pH 7.
C o v e r s l i p s  w e r e  b o i l e d  in 1 M HC1 and r i n s e d  in 10m M s o dium  
phosphate pH7 prior to use to neutralise any soluble alkali they 
contained.

2 .6 DNA radiolabelling
Nick translation was used initially to radiolabel DMA probes 

but latterly the technique of random synthesis off hexanucleotide 
primers has been employed which is consistently more efficient 
and reproducible than nick translation.

2.6.1 Nick translation- the final volume is 50 yul, 9 yul of which
c o m p r i s e  l a b e l l i n g  s o l u t i o n s ,  l e a v i n g  41 ji 1 to be a p p o r t i o n e d
b e t w e e n  the p r o b e  DNA solution, the r a d i o l a b e l  s o l u t i o n  and 
water. 5 >u 1 of 10 x n i c k - t r a n s l a t i o n  b u f f e r  is m i x e d  w i t h  1 ul of 
a 1 mM solution of each of the three cold deoxynucleotides (=3 /ul) 
the probe DNA solution (0.1-1 p g  DNA) and the radiolabel solution 
(30-50 yUCi of either ^^S-dNTP or an<j water. 0.5 p i  of a
0.1 yug/ml D N A a s e  I s o l u t i o n  ( p r e p a r e d  by a 10^ d i l u t i o n  of a 1 
mg / ml solution into nick translation buffer in 5 0% glycerol which 
can be stored at -20°C) is added on ice and left for 2 minutes. 5 
units of E .c o 1 i DNA p o l y m e r a s e  I is added and i n c u b a t e d  for 1 
hour at 16°C. The r e a c t i o n  is s t o p p e d  by 2 p i  0.5 M EDTA.
-Nick translation buffer x U X  

0.5M Tris.Cl pH 7.2
0 . 1 M  MgSOjj
1mM DTT
500 ug/ml BSA (fraction V)

2.6.2 R.aji d o m  p r i m e r  s y n t h e s i s - the final v o l u m e  is 50 pi, *13 p i  
of w h i c h  c o m p r i s e  the l a b e l l i n g  solutions, le a v i n g  37 p  1 to be 
apportioned between the probe DNA solution, distilled water and 
radi o l a b e l .  100 to 400 ng of DNA are used and 30 to 50 ̂ uCi of a
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32 p radiolabel. The probe DNA solution plus the water are boiled 
 ̂ for 10 minutes and rapidly placed on ice. 10^1 of the appropriate 
Jj labelling solution is added (these are made up lacking one of the 
I four d e o x y  n u c l e o t i d e s )  f o l l o w e d  by 2 p  1 of BS A (10 mg/ml,
i f r a c t i o n  V) and the r a d i o l a b e l .  5 units of K l e n o w  f r a g m e n t  are
I then a d d e d  and an o v e r n i g h t  r o o m  t e m p e r a t u r e  i n c u b a t i o n  begun.
' The reaction is stopped either by separation directly through a

S e p h a d e x  c o l u m n  ( G 5 0 - 1 5 0  in TE) or by a d d i n g  50 )x\ of stop
. s o l u t i o n  ( w h i c h  p e r m i t s  a ’c o l d ’ chase s y n t h e s i s )  w a i t i n g  30
minutes and then separating DNA from unincorporated nucleotides 
using a Sephadex column.
Random primer synthesis solutions

The final l a b e l l i n g  s o l u t i o n  w a s  a c o m p o s i t e  of several 
subsidiary solutions and these are given here.
Solution I : 1.2511 Tris.Cl pH 8 

0.125M M g C12 
Individual dll TP solutions were made 100 nM in TE 
Solution A : 1 ml of solution I

18/11 B-mercap toe tha nol 
3 of the dNTP solutions (5/il each)

Solution B : 2M HEPES made to pH 6.6 x-/ith 411 NaOH
Solution C : Hexadeoxyribonucleotides (Pharmacia, PL No. 2166) in

TE at 90 O.D units/ml 
Labelling solution is A : B : C ,100:250:1 50 
Stop solution : 2 0mM NaCl

2 0raK Tris.Cl pH 7*5 
2 mM EDTA 
0.25% SDS 
1mM of each dNTP

The labelling solution was stored at -20°C and the stop solution
at 4° C .

2.,t 7 Southern blotting
Tw o  v e r s i o n s  of S o u t h e r n  b l o t t i n g  (Southern, 1975) w e r e  

employed depending on the mem b r a n e  type onto which the DNA was
tr a n s f e r r e d .  For m o s t  p u r p o s e s  the n y l o n - b a s e d  B i o d y n e  A (Pall
U l t r a f i n e  F i l t r a t i o n  Corp.) m e m b r a n e  was used a c c o r d i n g  to the 
m a n u f a c t u r e r s  i n s t r u c t i o n s  w h i l e  for p r o b i n g  s i n g l e  c o p y
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' s e q u e n c e s  n i t r o c e l l u l o s e  ( S c h l e i c h e r  & Schuell) membranes were 
used.

In both cases the agarose gel was gently shaken in 0.2 M HC1 
at room temperature for 15 minutes followed by 30 minutes gentle 
s h a k i n g  in 1 ,5 M N a C l ,  0.5 M NaOH.

For DMA transfer to Pall m e m brane the gel was immersed in 3M 
s o d i u m  a c e t a t e  pH 5.5 for 30 m i n u t e s  w h i l e  for n i t r o c e l l u l o s e 
0.5 M T r i s . C l  pH 7.5, 1 .5 M N a C l  w a s  used. D N A  t r a n s f e r  w a s
accomplished by the capillary action of the migration of 20 x SSC 
from the r e s e r v o i r  t h r o u g h  the gel and m e m b r a n e  and s u b s e q u e n t  
tissue layers.

After overnight transfer the Pall m e m brane was immediately 
baked at 80°C for 1-2 hours or irradiated with ultraviolet light 
for 2 minutes to fix the DNA on the membrane. The nitrocellulose 
was b r i e f l y  s o a k e d  in 3 x SSC and a l l o w e d  to a i r - d r y  before 
baking at 80°C for 1-2 hours to fix the DMA.

2.7.1 Probing DNA bound to Pall membranes
T h e  m e m b r a n e  w a s  p r e h y b r i d i z e d  fo r  1-3 h o u r s  at the 

hybridization temperature (68°C) in 4 ml hybridization solution 
per 100 cm^ m e m b r a n e  plus l O O ^ g / m l  n o n h o m o l o g o u s  DNA. This 
s o l u t i o n  w a s  r e m o v e d  a n d  an a p p r o p r i a t e  v o l u m e  r e p l a c e d  
c o n t a i n i n g  the r a d i o l a b e l l e d  probe (2ml s o l u t i o n/100 cm^) and 
incubated for >16 hours. After incubation was complete the blot 
was w a s h e d  3 t i m e s  for 30 m i n u t e s  in was h  b u f f e r  at room 
temperature and put to autoradiograph thereafter.

Pall solutions
Hybridization solution: 5 x D e n h a r d t ’s buffer

5 x SSPE 
0,2% SDS
lOO^g/ml nonhomologous DNA 

Wash buffer: 5mM sodium phosphate pH 7 
1mM EDTA 
0,2% SDS

100 x D e n h a r d t 1s buffer: 2% Ficoll
(filter sterilised) 2% P o l y vinylpyrolidone

2% BSA
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20 x S S P E : 3.6M NaCl
0.2M sodium phosphate pH 7.7 
2 0 mM EDTA

For both Pall and nitrocellulose membranes the nonhomologous 
DNA and the p r o b e  DNA w e r e  d e n a t u r e d  by b o i l i n g  for 10 m i n u t e s  
followed by their addition to hybridization solution prewarmed to 
the incubation temperature. The nonhomologous DMA used was salmon 
s p e r m  DNA m a d e  up at 1 0 m g / m l  and s h e a r e d  by r e p e a t e d  p a s sage  
through an 18 guage needle.

At l e a s t  5 x 10^ cpm (0 ̂  P ) or (35s) w e r e  used to probe a 
blot. A u t o r a d i o g r a p h y  w a s  p e r f o r m e d  at - 7 0 ° C  a nd w i t h  
intensifying screens for 3 2 p _ ^ a 5e ^2ed probes.

2.7.2 Probing DNA bound to nitrocellulose membranes
The m e m b r a n e  was p r e w e t t e d  u s ing 2 x SSC p r ior to sealing 

i n t o  t h e  h y b r i d i z a t i o n  b a g  ( f o r  e a s e  of h a n d l i n g ) .  
The m e m b r a n e  w a s  p r e h y b r i d i z e d  for 1-2 hours at 68°C in the 
hybridization solution plus lOO^g/ml nonhomologous DMA before the 
radiolabelled probe DNA was added and incubation continued for a 
f u r t h e r  16 hours. A f t e r  i n c u b a t i o n  the m e m b r a n e  w as w ashed 
p r o g r e s s i v e l y  in 5 x, 1 x, a n d  0.2 x S E T  w i t h  0.1 p s o d i u m  
pyrophosphate, 0.1% SDS added.
Hybridization solution: 4 x SET

0 .1% sodium pyrophosphate 
5 x D e n h a r d t ’s buffer

20 x SET: 3M NaCl
0.4M Tris.Cl pH 7.8 
2 0mM EDTA

2 .8 Conventional agarose gel electrophoresis
V a r i o u s  gel s i zes and b u f f e r s  w e r e  used in the c o u r s e  of 

this investigation. The horizontal gel sizes ranged from minigels 
of 5 x 7.5 cms h o l d i n g  25 m i s  of a g a r o s e  to large gels of 16.5 x 
20 cms h o l d i n g  200 mis of agarose. E t h i d i u m  b r o m i d e  w a s  added 
w h i l e  the a g a r o s e  w as m o l t e n  at 0.5/Jg/nil to e l i m i n a t e  the 
necessity to stain the gel after electrophoresis. Electrophoresis 
b u f f e r s  w e r e  1 x TEA, 1 x TBE, and 0.5 x TBE. The size of DNA
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" r e s t r i c t i o n  f r a g m e n t s  ( b o t h  v i s i b l e  and as r e v e a l e d  by 
r a d i o l a b e l l e d  p r o bing) wa s  e s t i m a t e d  f r o m  g r a p h s  of the 1og 10 
molecular size plotted against the distance migrated according to 
the formula: logM = A - B x D (Helling et al, 1974)

M = molecular size in bp 
D = distance migrated 

B and A = arbitrary constants 
Molecular size standards were obtained by the use of 123 bp

or 1 k b p  l a d d e r s  f r o m  B R L  ( 5 2 0 - 5 6 1 3 5  A a n d  5 2 0 - 5 6 1 5 5 A  
r e s p e c t i v e l y )  or t he r e s t r i c t i o n  of l a m b d a  cl85 7.Sam7 D NA 
(Phillippsen et al, 1978).

2.8.1 Electrophoresis buffers
10 x TBE: 108g Tris, 55g B o r i c  Acid, 9.3g EDTA m a d e  up to 1 litre
with distilled water; pH is 8.3
10 x TEA: 48.4g Tris, 16.4g NaOAc, 3.6g EDTA m ade up to 1 litre 
with distilled water, pH adjusted to 8.2 with acetic acid.

2.8.2 Pho t ogr aching; of g e l s : Ethidium bromide stained gels were
v i e w e d  on a 2 5 4 nm uv t r a n s i l l u m i n a t o r  and p h o t o g r a p h e d  using a 
P o l a r o i d  c a m e r a  lo a d e d  w i t h  P o l a r o i d  4 x 5 Land f i l m  (no 57) or a 
P e ntax 35m m  SLR l o a d e d  w i t h  I l f o r d  HP5 film. Both c a m e r a s  were 
fitted with a Kodak Wratten filter Mo.9.

2.9 Extraction of DM A from agarose
Two procedures were employed to remove a desired band of DNA 

from a g a r o s e  a f t e r  gel e l e c t r o p h o r e s i s  and e t h i d i u m  b r o m i d e  
staining. Both are described in Maniatis e_t a_l ( 1 982).

If the a g a r o s e  was low m e l t i n g  point the DNA band was 
e x c i s e d  u s i n g  a s c a l p e l  w h i l e  u n d e r  long w a v e  u l t r a v i o l e t  
i l l u m i n a t i o n .  Five v o l u m e s  of TE pH 8 w e r e  added to the a g a r o s e  
block and it was then h e a t e d  at 65°C for 10 m i n u t e s  to m e l t  the 
agarose. After the solution had cooled to room temperature it was 
e x t r a c t e d  f o u r  t i m e s  a g a i n s t  p h e n o l  an d  o n c e  a g a i n s t  
p h enol:chloroform before the DNA was precipitated using ethanol. 
The recovery of the DNA was checked by gel electrophoresis after 
the DNA was resuspended in TE.

If the agarose was standard type the DNA band was visualised
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u-sing long w a v e  u l t r v i o l e t  i l l u m i n a t i o n  and a slit mad e  in the 
gel in f r o n t  of the DNA band. Into this slit was placed a piece 
of W h a t m a n  3MII papaer backed by dialysis tubing. Electrophoresis 
was continued until the DNA had migrated into the Whatman paper. 
The paper and the tubing were then removed into a 400^1 Eppendorf 
tube w h i c h  had had a n e e d l e  hol e  m a d e  in its bottom. This tube 
was placed inside a 1.5ml Eppendorf tube and the two centrifuged 
for 15 seconds. The e l u a t e  (in the 1.5ml tube) was r e m o v e d  and 
■1 0 0 u 1 of e l u t i o n  b u f f e r  a d d e d  to the p a p e r  and the t u b e s  
r e c e n t r i f u g e d  to r e c o v e r  the eluate. This w as r e p e a t e d  twice 
more. The combined eluates were then extracted twice against an 
equal v o l u m e  of p h e n o l :chlor o f o r m  and the DNA w a s  t h e n e t h a n o l  
p r e c i p i t a t e d .  R e c o v e r y  of the D N A  w a s  c h e c k e d  u s i n g  gel 
e l c t r ophoresis.
Elution solution: 0.2M NaCl

50mM Tris.Cl pH 7.6 
1mM EDTA 
0.1$ SDS
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£*_1H Pe.scxl.D_t.io n,3 of the Southern blots found in the text
All gels are orientated to show the wells at the top of the 

page and the direction of DNA migration is down the page. Unless 
o t h e r w i s e  s t a t e d  all the gels w e r e  t r e a t e d  w i t h  HC1 d u r i n g  the 
Southern transfer procedure and the autoradiography occurred at 
-70°C in the presence of intensifying screens.

2.10.1 Conventional agarose gels
All of the g els w e r e  run in 1 x TEA buffer, t r a n s f e r r e d  to 

Pall m e m b r a n e  and p r o b e d  w i t h  3 5 s _ l a b e l l e d  c o m p l e t e  p l a s m i d s  
labelled using the nick translation procedure.

The s p e c i f i c  d e t a i l s  for each f i g u r e  are g i v e n  as follows: 
$ a g a rose: p r o b e  used, i n c o r p o r a t i o n  as cpm x 108 /ug DNA, cpm x
1 06 used ug DNA/lane: autoradiograph incubation time

3.4a: 1$: p G S - 2 16, 0.6, 0 .2 : 0.75: 1 m o n t h : No HC1
3.4b: 1$: pGS-268 , 0.7, 6 : 0.75: 2 months : No HC1
3.6 : 1$ : pGS-268 , 0.7, 6 : 1 : 4 days
5.4a: 1$ : pGS-1, 1 , 5: 1 : 10 days
5.4b: 0.8$ : pGS-1 , 5: 0 .75 : 8 days

2.10.2 Pulse field gels
Each t r a c k  w a s  l o a d e d  w i t h  an a g a r o s e  plug c o n t a i n i n g  5 x 

105 c e l l s  and all p r o b i n g s  w e r e  done using ^ P - l a b e l l e d  Di] h

fragments isolated from agarose. All probes were made using the
r a n d o m  p r i m e r  s y n t h e s i s  m e t h o d  w h i c h  gave a p p r o x i m a t e l y  6 5? 
incorporation in all cases, equivalent to an incorporation of 4 x 
108 c p m / u g  of probe. U n l e s s  o t h e r w i s e  s t a t e d  the gels were 
c o m p o s e d  of 1$ a g a r o s e  in 0.25 x TBE. The s p e c i f i c  details of 
each f i g u r e  are g i v e n  as f o lio w s : m e m b r a n e  type: cpm x 108
applied, fragment type: electrophoresis conditions- run time in
hours, run voltage, s w i t c h i n g  f r e q u e n c y  in s e c o n d s -  for both 
f i r s t  (i) a n d  s e c o n d  ( ii) r e g i m e s  w h e r e  a p p r o p r i a t e :  
autoradiograph incubation time.
Fig 4.5: Pall: 4, I: 8, 300, 5: 2 days

4.7: Pall: 4.8, I: 7, 300, 5: 24 hours
4.9: Pall: 7, II: (i) 6, 300, 20, (ii) 16, 110, 5: 5 hrs
4.10b: Pall: 7, II: (i) 16, 105, 41, (ii) 6, 290, 5: 17 hrs
4.11a: Pall: 8, III: (i) 6, 300, 20, (ii) 16, 110, 5: 26 hrs
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4.11b: Pall: 2, IV: (i) 16, 105, 41, (ii) 6, 290, 5: 17 hrs 
4.13: Pall: 8 , pGS-113: 15, 300, 50: 24 hrs: Gel was 1.5*
5.1: Nitro: 8 , pGS - 1 1 3 :  U )  14.5, 117, 41, (ii) 6, 290, 5: 1 

hr at room temperature 
5.2 : Nitro: 8 , pGS-113: (± ) 16, 105, 41, ( i i)6 , 290, 5 : 17 hrs 
5.5: as fig 4 .9
5.6: Nitro: 8 , pGS-113: (i )16, 105, 41, (ii) 6, 290, 5: 1 wk
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3.1 Isolation of the genomic glutamine synthetase gene
When high molecular weight genomic DNA from C4 M is digested 

with r e s t r i c t i o n  e n z y m e s  and size f r a c t i o n a t e d  on agarose gels 
discrete b a nds are v i s i b l e  w h i c h  are not present in si m i l a r 
r e s t r i c t i o n  d i g e s t s  of KG 1 DNA .By s u m m i n g  the sizes of these 
bands an e s t i m a t e  of the size of the a m p l i f i e d  unit was made as 
60 kbp. On the a s s u m p t i o n  that an i n c r e a s e  in the gene copy 
number of GS and an increase in the level of GS protein would be 
m a t c h e d  by an i n c r e a s e  in the l e v e l  of GS m R N A r e v e r s e  
t r a n s c r i p t a s e  w a s  u s e d  to p r o d u c e  a r a d i o 1 a b e 11ed p r o b e  
c o m p l e m e n t a r y  to total C 4 M nRKA. Whe n  this was used to probe 
size-fractionated restriction-digested C4M DNA an 8.2 kbp Bglll 
f r a g m e n t  ( a m o n g  others) was identified. This 8.2 kbp band was 
purified from LMP agarose by Dr. P.G.Sanders and cloned into the 
BamHI site of the pUC-9 vector plasmid (Vieira and Messing 1982) 
to p r o d u c e  the r e c o m b i n a n t  p l a s m i d  pGS-1.

Dr. R.H.Wilson c r e a t e d  a l a m b d a  library of C 4 M by cloning 
S a u 3 A - p a r t i a l l y  d i g e s t e d  C 4 M DMA into the B a m H I  site of the 
lambda c l o n i n g  v e c t o r  L, 4 7 .1 (Loenen & B r a m m a r ,  1980 ). Plasmid 
pGS-1 w a s  then used as a probe by Dr. R.H. W i l s o n  to isolate two 
o v e r l a p p i n g  l a m b d a  clones (86/2 and 11/ 3) w h i c h  extended the 
cloned GS DNA to approximately 15 kbp.

One m a j o r  exon had been l o c ated (see fig 3*1) using S1
nuclease protection experiments.

3.2 Initial experiments to characterise the cloned region
G i v e n  a u n i t  s i z e  of at l e a s t  60 kbp and a p a r t i a l l y  

c h a r a c t e r i z e d  r e g i o n  of 15 kbp as its only k n o w n  region it was 
desirable both to further characterize the known region and to 
use probes f r o m  it to f u r t h e r  extend the k n o w n  region. Since it 
w as l i k e l y  t h a t  the D NA c o n t a i n i n g  the GS g e n e  w o u l d  be
r e l a t i v e l y  s t a b l e  b e c a u s e  of the s e l e c t i o n  for f u n c tional GS 
genes and h e n c e  DNA f i d e l i t y  any i n f o r m a t i o n  r e l a t i n g  to the 
amplification process would only be obtained through study of the 
DNA at some distance from the GS gene.
2-^xl J3GS-31 1

T o w a r d s  this end the g e n o m i c  DNA w i t h i n  l a mbda 86/2 was
s u b c l o n e d  by me into the pUC-9 vector. A H i n diII d i g e s t i o n  of
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3-2

1k bp &
pGS-311

pGS-1.

3-3 to- M M M M

1kbp

Figures 3 .2  and 3 .3
Fig  3.2 T h e  r e s t r i c t i o n  m a p  o f  pG3-311 s h o w i n g  its o v e r l a p  to the 
3* end o f  p G S - 1 .
F ig  3 . 3 T h e  r e s t r c t i o n  m a p  o f  t h e  i n s e r t s  o f  p G S - 2 1 5  a n d  p G S - 2 3 3  
s h o w i n g  t h e  l o c a t i o n  o f  t h e  M s p I  s i t e s .  T h e  m a p  r u n s  f r o m  t h e  
B a m H I - l a m b d a  j u n c t i o n  in p G S - 2 3 3  to  t h e  3 ’ e n d  o f  p G S - 2 1 6  ( l e f t  
t o  r i g h t ) .  T h e  a r r o w s  i n d i c a t e  t h e  e x t e n t  o f  a r e a s  w h i c h  c o u l d  
c o n t a i n  f u r t h e r  M s p I  s i t e s .  T h e  s y m b o l s  a r e  t B a m H I ,  Y B g l l l ,  
9  EcoRI, Y  Hindlll, Y  Kpnl, M  MspI, 4  PstI, 4  SstI, f  Xbal.



86/2 DNA w a s  p e r f o r m e d  and the f r a g m e n t s  p r o d u c e d  c l o n e d  into 
HindiII cut pUC-9 and used to transform E.coli M15. One plasmid 
containing a 6.8 kbp i n s e r t  r e p r e s e n t e d  the m o s t  3* s e c t i o n  of 
the cloned region (3* being defined with respect to the direction 
of transcription of the GS gene) and was designated pGS-311.

Further restriction analysis using a variety of single and 
double restriction enzyme regimes produced the map shown in fig
3.2 w h i c h  did not d i f f e r  f r o m  the m a p  of the g e n o m i c  DNA o b t a i n e d  
by probing restriction digests with pGS-1. Having mapped pGS-311 
it w a s  s c r e e n e d  for r e g i o n s  w h i c h  w e r e  both 31 to the r e g i o n  
contained in pGS-1 and free f r o m  r e p e t i t i v e  DNA seq u e n c e s .  A 
Southern blot was made of various restriction digests of pGS-311 
and this was probed with radiolabelled total KG1 genomic DNA. Any 
hybridization detected would be due to highly repeated sequences 
in the p r obe DNA a n n e a l i n g  to s i m i l a r  s e q u e n c e s  in the p l a s m i d  
DMA. The r e s u l t  s h o w e d  that the 3 ’ r e g i o n  of pGS-311 c o n t a i n e d  
extensive repetitive sequences and it could not therefore be used 
as a r e l i a b l e  p r o b e  to f u r t h e r  e x t e n d  our k n o w l e d g e  of the 
amplification unit. Further experiments involving the 3'-side of 
the GS gene were not therefore attempted.

3.2.2 Locating 5 * Hpall sites using cloned DNA
Several plasmid subclones of the other, 5 ’, lambda 11/3 had 

been m a d e  by Dr. P.G.Sanders and u n d e r g r a d u a t e s  A . C h u d l e i g h  and 
P.Bell. T w o  of t h ese w e r e  the 5.5 kbp E c oRI f r a g m e n t  w h i c h  
included 1.9 kbp of lambda sequence contained in pGS-233 and the
5.9 kbp Hindlll fragment contained in pGS-216.

On the a s s u m p t i o n  that the m o s t  5 ’ GS exon lay w i t h i n  the 
cloned r e g i o n  the CCGG sites w i t h i n  pG S - 2 1 6  and pG S - 2 3 3  w e r e 
located by Hpall digestion. The c o m m onest form of base alteration 
in e u k a r y o t i c  DNA is the m e t h y l a t i o n  of the c y t o s i n e  of a CpG 
Pair. The p r e c i s e  role of this m o d i f i c a t i o n ,  or lack of it, in 
gene regulation is still a matter of debate but CG-rich "islands” 
a n d h y p o m e t h y l a t i o n  are o f t e n  a s s o c i a t e d  w i t h  the p r o m o t e r  
regions of e u k a r y o t i c  genes. The r e s t r i c t i o n  m a p  of p G S - 2 1 6  and 
PGS-233 is s h o w n  in fig 3.3. It can be s e e n  that a c l u s t e r  of 
Hpall s i tes e x i s t s  at the m o s t  5 ’ area of the clon e d  C4M DNA- a 
result indicative of a CG "island" and by inference the start of
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the GS gene (see Bird, 1986). B e c a u s e  the DNA was cloned, rather 
than native, d i g e s t i o n  of it could not reveal the m e t h y l a t i o n  
status of the CCGG sites mapped.
8.2.8 S'-hvpomethvlation studies

Two isoschizoraeric enzymes- Hpall and MspI- exist for the 
CCGG s e q u e n c e  but d i f f e r  in their s e n s i t i v i t y  to m e t h y l a t i o n  
status. MspI is unaffected by methylation status and will cleave 
either CCGG or C C M e GG w h e r e a s  Hpall w i l l  only cleave CCGG. To 
i d e n t i f y  the m e t h y l a t e d  CCGG s i tes a s e ries of par a l l e l  double 
d i g e s t s  u t i l i s i n g  H p a l l  or M s p I  w i t h  a v a r i e t y  of o t h e r  
r e s t r i c t i o n  e n z y m e s  w e r e  p e r f o r m e d  on g e n o m i c  C 4 M DNA. The 
results were split, gel electrophoresed and transferred onto tv/o 
identical Southern blots. One blot was probed with radiolabelled 
pGS-216 and the other with pGS-268. The results are shown in fig 
3.4. G i v e n  the m a p  of CCGG sites p r e s e n t e d  p r e v i o u s l y  (fig 3.3) 
for the cloned region of the amplification.unit an equivalent map 
can be constructed for the genomic data.

The p a t t e r n  g e n e r a t e d  by Msp I  d i g e s t i o n  of C4M DNA is, 
w i t h i n  the b o u n d s  of e x p e r i m e n t a l  variation, the s ame as that 
p a ttern f o und in the c l o n e d  DNA and this is to be e x p ected as 
MspI is methylation insensitive. This identity of pattern between 
C4M DNA (the p o p u l a t i o n  of a m p l i f i e d  units) and the cloned DNA 
(an individual of that population) indicates that lambda 11/3 did 
not, by chance, contain an atypical unit.

It c a n  be s e e n  f r o m  the t w o  a u t o r a d i o g r a p h s  t hat (a) 
p r e s e n t s  a s i m p l e r  s i t u a t i o n  than (b) judged by the n u m b e r s  of 
s u b s i d i a r y  bands p r e s e n t  in (a) and (b). The p l a s m i d  m a p p i n g  
r e v e a l e d  r e g i o n s  c o n t a i n i n g  c l u s t e r s  of C C G G  s i t e s  w h o s e  
i n d i v i d u a l  s i t e s  lie too c l o s e  t o g e t h e r  to be m a p p e d ,  or 
numbered, u s i n g  1 % a g a r o s e  gels. It should be noted that
although MspI digestion will reveal only the positions of those 
CCGG s i tes at the e x t r e m i t i e s  of the c l u s t e r  these sites may be 
r e s i s t a n t  to H p a l l  d i g e s t i o n  w h i l e  other, m o r e  central, CCGG 
sites are not.

Fig 3.5 s h o w s  the r e g i o n s  w h i c h  w o u l d  h y b r i d i s e  to the 
probes p G S-216 and pGS-268. Fig 3.4a s h o w s  that only the two 
largest of the several p o t e n t i a l  MspI f r a g m e n t s  h y b r i d i s e d  
s t r o n g l y  w i t h  pGS-216 (these are m a r k e d  by open boxes in fig
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Fig 3.4 The mapping of 
the hypomethylated region 
towards the 5*-end of the 
GS gene using C4M DMA. 
3.4a was probed with pGS- 
216 and 3.4b with pGS~ 
268. In both figures:

C4M DMA digested 
with Hpall.

MspI
Hpall + EcoRI 
MspI + EcoRI 
Hpall Hindlll 
MspI Hindlll 
Hpall + PstI 
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The size markers are in 
kbp. For details see p.43
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3'. 5). T he f a i l u r e  of t he s m a l l e r  (<1 kbp) to h y b r i d i s e  is 
presumably due to poor transfer during the blotting procedure, a 
problem w h i c h  did not a r i s e  in the gel w h i c h  is r e p r e s e n t e d  in 
fig 3.4b. All f r a g m e n t s  p r o d u c e d  by EcoRI, Hindlll, or PstI 
digestion a l o n e  h y b r i d i s e d  s u c c e s s f u l l y  w i t h  pGS-216. Double  
digests w i t h  M s p I  and EcoRI, Hindlll, or PstI p r o d u c e  the 
expected r e s u l t s .  ( E c o R I  + MspI) d i g e s t i o n  l e aves only the 
truncated 3 * - M s p I  f r a g m e n t  s u f f i c i e n t l y  large to h y b r i d i s e  
successfully; ( H i n d l l l  + MspI) d i g e s t i o n  l e a v e s  the 5 ’- M s p I  
fragment unaltered while truncating the 3 r-MspI fragment; (PstI + 
MspI) digestion truncates the 3'-PstI to a size indistinguishable 
from its o r i g i n a l l y  s m a l l e r  m o r e - 5’ f r a g m e n t s  w h i l e  f u r t h e r  
shortening the central PstI fragment and rendering the remains of 
the 5'-PstI f r a g m e n t  incapable of hybridizing successfully.

The results obtained with Hpall replacing MspI indicate that 
the m a j o r i t y  of CCGG s i tes e x i s t  in the C C ^ e GG f o r m  and are 
resistant to H p a l l  d i g e s t i o n .  H p a l l  d i g e s t i o n  alone p r o d u c e s  
several fra g m e n t s  with sizes in excess of 10 kbp which indicates 
that (i) there are no unmethylated CCGG sites in the vicinity of 
the GS gene, e x c l u d i n g  t h ose m a r k e d  in fig 3.5 and (ii) not all 
sites w h i c h  can e x i s t  in the u n m e t h y l a t e d  f o r m  do so in every 
amplified unit.

The p r e c i s e  l o c a t i o n  of the H p all s i tes (ie u n m e t h y l a t e d  
CCGG s e q u e n c e s )  can be d e r i v e d  f r o m  a n a l y s i s  of the d o u b l e  
digests. (Hpall + EcoRI) digestion cleaves only the larger of the 
two EcoRI fra g m e n t s  to produce two fragments of approximately 2.2 
and 2.1 kbp w h i c h  i n d i c a t e s  the p r e s e n c e  of at least one Hpall 
site c l ose to the 5' t e r m i n u s  of the H i n d l l l  f r a g m e n t  c o n t a i n e d  
in the p G S - 2 1 6  probe. ( H p a l l  + Hindlll) d i g e s t i o n  p r o d u c e s  a 
doublet of 5.4 and 5.2 kbp suggesting two Hpall sites are present 
at the 5' t e r m i n u s .  ( H pall + PstI) d i g e s t i o n  p a t t e r n s  s u g g e s t  
that the l o w e r  of the PstI bands is in fact c o m p o s e d  of two 
Populations of DNA f r a g m e n t s  only one of w h i c h  is c l e a v e d  by 
Hpall digestion and that the fragments so produced are too small 
to be det e c t e d .  The f i nal r e s u l t  i n d i c a t e s  the p r e s e n c e  of two 
Hpall-sensitive sites separated by as little as 200 bp where (i) 
the m o r e  5» of w h i c h  is a l w a y s  u n m e t h y l a t e d  and the m o r e  3’ of 
which is o n l y  u n m e t h y l a t e d  in a p r o p o r t i o n  of the GS g e n e s  or
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Fig 3.6 Upstream probing with pGS-268 of CUM OUA showing the 
homogeneity of the GS amplification unit. The size markers are 
lambda Hindlll- 23, 9.4, 6.5, 4.3, 2.3 and 2.0 kbp. Lane A, C4M 
DNA digested with BamHI; 3, Bgll; C, Bglll; D, EcoRI; S, Hindlll; 
F, Hpal; G, Kpnl; H, PstI; J, PvuII; I, Xbal.For details see p.43
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(ii) at least one or other site is unraethylated in every GS gene.
The data present in autoradiograph (b) confirms and extends 

the r e s u l t  d e r i v e d  f r o m  a u t o r a d i o g r a p h  (a) w h i l e  a d d i n g  
complexity in the form of many subsidiary bands. Considering only 
the m a j o r  b a n d s  it can be s e e n  that the m a j o r  s p e c i e s  is a very 
small f r a g m e n t  w h i c h  is t r i m m e d  by both H i n d l l l  and PstI 
digestion. The location of the probe DNA is shown in fig 3.5 and 
it can be s e e n  that a H p a l l / M s p I  f r a g m e n t  w h o s e  3' t e r m i n u s  was 
the 51 Hpall site in (a) would indeed be appropriately trimmed by 
further d i g e s t i o n  w i t h  H i n d l l l  or PstI. S i nce the probe size is 
greater t han the size of this sole f r a g m e n t  (870 bp and 600 bp 
r e s p e c t i v e l y )  it f o l l o w s  that s i nce no o t h e r  f r a g m e n t s  are 
revealed after (Hpall/MspI + Hindlll) digestion more unmethylated 
CCGG s i t e s  m u s t  e x i s t  b e y o n d  the 5 ! t e r m i n u s  of this f r a g m e n t  
which are sufficiently close to one another to generate fragments 
too s m a l l  to be detected. The a p p e a r a n c e  of a s i ngle Hpall 
fragment also indicates that the 3' unmethylated CCGG (equivalent 
to the 5' CCGG of (a)) must always be unmethylated.

The d a t a  s h o w s  that of the CCGG s i tes in the e n v i r o n s  of the 
GS g e n e  o n l y  a s u b s e t  are u s u a l l y  found in the u n m e t h y l a t e d  state 
and that this u n m e t h y l a t e d  s u b s e t  e x ists as a tight c l u s t e r  of 
sites towards the 5' end of the GS gene and suggest the existence 
of a C G - r i c h  ' i s l a n d 1. In this c l u s t e r  one or other of the two 
most 3* s i t e s  are unraethylated in the GS gene s e q u e n c e s  w h i l e  the 
next site is a l w a y s  u n m e t h y l a t e d  and those in the 5 f tight 
cluster are probably only unmethylated in a proportion of the GS 
gene sequences.

A complete analysis of the minor bands of autoradiograph (b) 
is not p o s s i b l e  due to the p l e t h o r a  of bands. Two p o ints are 
worthy of note however. The next 5' CCGG sequence would appear to 
lie c l o s e  to the 3 1 side of the next H i n d l l l  site and w o uld 
also a p p e a r  to m a r k  the b e g i n n i n g  of a n o t h e r  c l u s t e r  of CCGG 
sites which show variation in their methylation status. The minor 
band b e n e a t h  the m a j o r  H i n d l l l  band s u g g e s t s  that a small 
proportion of the amplified units have undergone a rearrangement 
or deletion which has reduced the size of this Hindlll fragment.

Extending the restriction map o_f .the, GS unit:
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To map the DN A beyond the cloned region C4 M genomic DMA was 
cut w i t h  a v a r i e t y  of r e s t r i c t i o n  e n z y m e s ,  gel e 1 e c t r o p h o r e s e d  
and S o u t h e r n  b l o t s  made. T h e s e  blots w e r e  probed w i t h  v a r i o u s  
r a d i o l a b e l l e d  f r a g m e n t s  d e r i v e d  f r o m  the c l oned r e g i o n  and the 
results obtained are shown in fig 3.6. The results show that the 
structure of the amplified units is homogeneous for a distance of 
approximately 20 kbp upstream of the cloned region.

3.4 Summary
An 8.2 kbp B g l l l  band wa s  c l o n e d  into pUC-9 a f t e r  its 

i d e n t i f i c a t i o n  by d i f f e r e n t i a l  h y b r i d i z a t i o n  of r a d i o l a b e l l e d  
total C 4 M  and KG1 cDNAs. The c l o n e d  r e g i o n  w a s  e x t e n d e d  f u r t h e r  
with two overlapping fragments derived from a C4M lambda library. 
R a d i o l a b e l l e d  c l o n e d  p r o b e s  w e r e  used to m a p  the p r o x i m a t e  
r e g i o n s  o f  t h e  a m p l i f i c a t i o n  u n i t  a n d  to i d e n t i f y  a 
hypomethylated CCGG cluster towards the 5 ’ end of the glutamine 
synthetase gene.

3 .5 Further developments
H e t e r o d u p l e x  m a p p i n g  by Dr. L.Coggins (B e a t s o n  Institute, 

Glasgow) using cloned DNA and C4M mRNA revealed the intron-exon 
structure of the GS gene and I participated in the cloning of the 
GS cDNA ( H a y w a r d  et a 1 , 1986). S e q u e n c e  a n a l y s i s  of the cDNA and 
corresponding genomic regions (A.Hussain, this laboratory) showed 
the p r e s e n c e  of an u n t r a n s l a t e d  5' exon not c o n t a i n e d  in the 
previously cloned DMA. By cloning a 5.0 kbp Xbal-Hindlll fragment 
from low melting point agarose C.Gibbs (this laboratory) isolated 
pGS-501 w h i c h  c o n t a i n e d  the 5'- u n t r a n s l a t e d  exon. This data is 
s h o w n  in fig 3.7.

It can be s e e n  that the l o c a t i o n  of the h y p o m e t h y l a t e d  
sites does c o r r e s p o n d  to the 5* r e g i o n  of the GS gene and 
s e q u e n c e  a n a l y s i s  and a m o r e  d e t a i l e d  r e s t r i c t i o n  a n a l y s i s  by 
other m e m b e r s  of the g r o u p  have s h o w n  that this r e g i o n  is rich in 
CG sequences.
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F i g u r e  3.6 s h o w e d  that the r e s t r i c t i o n  p a t t e r n s  of the D N A 
s u r r o u n d i n g  th e  GS g e n e  w a s  the s a m e  for a d i s t a n c e  of
a p p r o x i m a t e l y  40 kbp t a k i n g  into a c c o u n t  the cloned r e g i o n  as 
well. As far as c o u l d  be i n v e s t i g a t e d ,  therefore, w i t h  the 
available probes the DNA was homogeneous and the relationship of 
one GS g e n e  to a n o t h e r  w a s  still o b s c u r e  as w as the form of the 
DNA outwith the probed region.

To try to g a i n  s o m e  m e a s u r e  of a ny v a r i a t i o n  in the
structures of the amplified units an attempt was made to produce 
a p r obe w h i c h  c o n t a i n e d  all a m p l i f i e d  DNA. This e n t a i l e d  a 
p r o c e d u r e  m o d i f i e d  f r o m  that d e t a i l e d  by Caiz z i  and B o s t o c k  
(1982). C 4 M g e n o m i c  DNA w a s  s h e a r e d  and r a d i o l a b e l l e d .  After 
h e a ting to 100 °C to c o m p l e t e l y  d e n a t u r e  it it was a l l o w e d  to 
re a n n e a l  to C Q t 1 0 “ "* at w h i c h  p o i n t  only s e q u e n c e s  p r e s e n t  in 
copy n u m b e r s  in e x c e s s  of 10000 w o u l d  be d o u b l e  stranded. 
Hydroxyapatite was used to remove these double stranded sequences 
and the remainder of the DNA was split into two portions. To one 
portion nothing was added and to the other a 1000-fold excess of
cold KG1 DNA. This c o m p e t i t o r  DNA w o u l d  have the e f f e c t  of
d i l u t i n g  1 0 0 0 - f o l d  the s p e c i f i c  a c t i v i t y  of any n o n - a m p l i f i e d  
s e q u e n c e s  w h i l e  only d e c r e a s i n g  2 - f o l d  the s p e c i f i c  a c t i vityof 
sequences amplified 1000 times. The probes created both with and 
without competitor DNA were used to probe identical genomic DNA 
S o u t h e r n  b l ots to see if a s u b s e t  of bands w h i c h  h y b r i d i z e d  to 
probe minus competitor would hybridize to probe plus competitor 
and would thus reveal a collection of amplified DNA fragments. In 
the event no hybridization w as detected and no further attempts 
were made to pursue this line of enquiry.

j). 1 The Plan to map the amplification units
Analysis of the region of the amplification unit accessible 

by the p r o b e s  a v a i l a b l e  s h o w e d  that the data o b t a i n e d  c o uld not 
shed l i g h t  u p o n  the rest of the a m p l i f i c a t i o n  unit nor reveal the 
existence and nature of any DNA interspersed between or flanking 
the units.

T h r e e  a p p r o a c h e s  w e r e  p l a n n e d  to i n v e s t i g a t e  the 
a m p l i f i c a t i o n  p h e n o m e n o n  on a l a r g e r  s c a l e  t h a n  c o u l d  be 
a t t e m p t e d  u s i n g  c o n v e n t i o n a l  a g a r o s e  gel e l e c t r o p h o r e s i s .  The
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Fig 4.1 A diagrammatic representation (not to scale) of the pulse 
field gel electrophoresis equipment. It shows the components of 
the peripheral system, the direction of buffer recirculation and 
the positioning and relative sizes of the electrodes.
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first of these approaches is reported in chapter 6. It involved a 
karyological examination of the parental and amplified cell lines 
and a i m e d  to d i s c o v e r  the r e a r r a n g e m e n t s  at the c h r o m o s o m a l  
level a s s o c i a t e d  w i t h  the a m p l i f i c a t i o n  of the g l u t a m i n e  
synthetase gene. An _i_n situ hybridization to locate the amplified 
GS genes w a s  p e r f o r m e d  to d i s c o v e r  w h e t h e r  the a m p l i f i c a t i o n  
units were in a single cluster, several or scattered throughout 
the g e n o m e  w h i c h  r e s u l t  w o u l d  b e a r  u p o n  the q u e s t i o n  of 
s t r u c t u r a l  v a r i a t i o n  w i t h i n  the units and the n a ture of any 
flanking DNA.

The s e c o n d  a p p r o a c h  w as to a t t e m p t  to is o l a t e  several 
e x a m p l e s  of the u n c l o n e d  r e g i o n s  of the a m p l i f i c a t i o n  unit. An 
analysis of the restriction patterns of these clones would have 
shown any variation in the structure of the amplified units and 
w h e t h e r  the a m p l i f i e d  u n i t s  w e r e  s e p a r a t e d  f rom each other by 
st r e t c h e s  of " r a n d o m "  DMA. N u m e r o u s  a t t e m p t s  w e r e  m a d e  to 
con s t r u c t  a C 4 M c o s m i d  l i b r a r y  by l i g a t i n g  S a u 3 A - p a r t i a l l y  
digested C 4 M DNA to B a m H I - d i g e s t e d  c o s m i d  v e c t o r  pJB8 and to 
package the r e s u l t  u s i n g  an ijn v itro p a c k a g i n g  s y s t e m  but no 
attempt was successful.

T h e  t h i r d  a p p r o a c h  w a s  to u s e  p u l s e  f i e l d  g e l  
e l e c t r o p h o r e s i s  to s e p a r a t e  l a r g e  DMA r e s t r i c t i o n  f r a g m e n t s  to 
attempt to define an entire amplification unit.

4-.2 Pulse Field Gel Electrophoresis
This technique was developed by Schwartz & Cantor (Schwartz 

JLl» 1 982; Schwartz & Cantor, 198 4) to separate very large DNA 
molecules. It has b een used to v i s u a l i s e  y e a s t  (Carle & Olson, 
1985) and t r y p a n o s o m e  (van der Ploeg e. _t a._l, 198 4 a & b; J o h n s o n  & 
Borst, 1 9 8 6 )  c h r o m o s o m e s  w i t h  i m p o r t a n t  c o n s e q u e n c e s  for 
k a r y o l o g i c a l  a n a l y s i s  and gene e x p r e s s i o n  studies. W i t h  the 
advent of restriction enzyme digestion techniques allowing the
d i g e s t i o n  of DMA e m b e d d e d  in a g a r o s e  ( B e r n a r d s  .e _t a.!, 1986)
several groups have applied PFGE to m a m m a l i a n  genetics. Brown & 
Bird (1986) i n v e s t i g a t e d  C G ’islands', H a rdy _e_t a,_1 (1986) the
human major histocompatability complex, Graham „e.t a 1. (1987) the
chorionic gonadotropin B-subunit gene and Ken wrick ejt aJL (1 987) 
the Duchenne muscular dystrophy region.
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Several variations in design now exist (Anand, 1986; McPeek 
et. a l , 1986; C a r l e  e. _t a_l, 1986; G a r d i n e r  ej, a. 1., 1 9 8 6 ). The
apparatus used in my experiments was built in the Genetics Dept, 
workshop of E d i n b u r g h  U n i v e r s i t y  to a d e s i g n  of C a r l e  A O l s o n  
(1984) and is d i a g r a m m e d  in fig 4.1.

In c o n v e n t i o n a l  gel e l e c t r o p h o r e s i s  a s i n g l e  c o n t i n u o u s  
electric f i e l d  is a p p l i e d  p a r a l l e l  to the gel. The DMA, being  
negatively charged, migrates towards the positive electrode at a 
rate r e l a t e d  to its length. In this s y s t e m  DU A f r a g m e n t s  can be 
envisaged as r i g i d  s t r u c t u r e s  w h i c h  m i g r a t e  t h r o u g h  the m a t r i x  
formed by a g a r o s e  m o l e c u l e s .  If the DU A f r a g m e n t s  are a b o v e  a 
certain length they are uniformly retarded in the matrix and are 
not r e s o l v e d .  P u l s e  f i e l d  gel e l e c t r o p h o r e s i s  o p e r a t e s  by 
exposing the DMA to a variable electric field supplied, in this 
case, b}/ the a l t e r n a t e  use of two p a i r s  of e l e c t r o d e s .  B e c a u s e  
the d i r e c t i o n  of t he f i e l d  c h a n g e s  as t he e l e c t r o d e  p a i r  
activated is c h a n g e d  the DMA f r a g m e n t s  are r e q u i r e d  to a l ter 
their o r i e n t a t i o n  w i t h i n  the gel matrix. The f r a g m e n t s  are not 
rigid while this process occurs and can therefore migrate through 
the gel m a t r i x .  The ease w i t h  w h i c h  this r e o r i e n t a t i o n  can be 
performed decreases with increasing fragment length and therefore 
migration distance through the gel becomes, as with conventional 
gel electrophoresis, a measure of the size of the DMA fragment.

The time taken by the DMA fragment to completly reorientate 
to the new d i r e c t i o n  of the e l e c t r i c  field is a f u n c t i o n  of its 
length. By choosing one or more switching frequencies the m a x i m u m  
separation of the size r a nge of i n t e r e s t  can be achieved. To 
s e p a r a t e  f r a g m e n t s  of up to 4 00 k b p  I u s e d  t w o  s w i t c h i n g  
frequencies- 40 s e c o n d s  or 20 s e c o n d s  in the f i r s t  p art of the 
s eparation and 5 s e c o n d s  in the s e c o n d  part. The p e n a l t y  for 
a c h i e v i n g  t h i s  r e s o l u t i o n  w a s  the p r e s e n c e  of a s e v e r e  
compression zone where the majority of fragments longer than 400 
kbp a c c u m u l a t e d  (see fig 4.2). S e p a r a t i o n  of m o l e c u l e s  of up to 
2000 kbp (eg y e a s t  c h r o m o s o m e s )  r e q u i r e s  a l o n g e r  s w i t c h i n g  
frequency (50 seconds), a higher voltage (300 V) and a longer run 
time (18 h o u r s ).

B e c a u s e  of the size of the f r a g m e n t s  w h i c h  can be r e s o l v e d  
using pulse field gel electrophoresis is so large the handling of
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the DNA requires that opportunity for mechanical shearing should 
be kept to a m i n i m u m .  This r e q u i r e m e n t  r u les out the use of DNA 
in s o l u t i o n  and t e c h n i q u e s  for e m b e d d i n g  l i v i n g  cells (or 
organisms) in a g a r o s e  and then m a k i n g  the DNA they c o n t a i n  
a c c e s s i b l e  h a v e  b e e n  d e v e l o p e d .  T h e  t e c h n i q u e  I u s e d  to 
encapsulate, lyse and r e s t r i c t  DNA u as a v e r s i o n  of that of 
Bernards .ej: aJL ( 1 9 8 6 ) with PBSA solution, routinely used in cell 
culture, r e p l a c i n g  the (PSG) s o l u t i o n  used for t r y p a n o s o n e  
•handling. The size m a r k e r s  use d  w e r e  c o n c a t a m e r s  of l a m b d a  DNA 
which w e r e  f o r m e d  by the a n n e a l i n g  of c. cgs sites of l a m b d a  
suspended in agarose.

The s y s t e m  c o m p r i s e d  a gel tank in a c l o s e d  c i r c u i t  of 
tubing through which the electrophoresis buffer was recirculated 
and w h i c h  a l l o w e d  the s y s t e m  to be m a i n t a i n e d  at 1 0 - 1 5 o C by 
passage through a heat exchange system. The volume of the system 
was 2.5-3 litres and of this volume 1.5 litres was replaced with 
fresh buffer prior to each run. Although the voltage required to 
operate the s y s t e m  wa s  r e l a t i v e l y  mo d e s t ,  at m o s t  300 V , the 
stress c a u s e d  by m o m e n t a r y  b r e a k s  in the c i r c u i t  d u r i n g  the 
m echanical sw i t c h i n g  f r o m  one e l e c t r o d e  pair to the o t h e r  
required a robust power supply. The power supply used initially a 
Chandos E.37 was unable to meet these requirements of the sj^stem 
and w a s  s u b s t i t u t e d  w i t h  a n o t h e r  s e q u e n c i n g  p o w e r p a c k ,  an LKB 
2197.

The b u f f e r  o r i g i n a l l y  used w a s  1 x TBE but it w a s  f o u n d  that 
the i o n i c  s t r e n g t h  of this b u f f e r  w a s  too g r e a t  and c a u s e d  the 
current to increase as the electrophoresis continued eventually 
causing the voltage to drop as the powerpack reached the limits 
of its output. This p r o b l e m  w a s  r e m e d i e d  by the i n t r o d u c t i o n  of
0.25 x TBE as the electrophoresis buffer.

ij-3. PFGE Experiments
It v/ i. 1 1 be s e e n  f r o m  the v a r i o u s  p h o t o g r a p h s  and 

autoradiographs presented in this section that DMA fractionated 
by pulse field gel electrophoresis adopts a curved track through 
the gel. A g r a p h i c a l  r e p r e s e n t a t i o n  of the s t r a i g h t  line l e n g t h  
°f m i g r a t i o n ,  that is one t a k i n g  no a c c o u n t  of the l a t e r a l  
Migration of the DNA, r e v e a l s  that there are two types of
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Fig 4.5 Southern blot of pulse field gel (PPG) probed with 
fragment I (see fig 4.6). Lane I is lambda multimer markers- 50, 
100, 150 and 200 kbp; lane 2 C4M, lane 3 KG1 DMA digested with 
3 a ill Ell; 4 (C4M), 5 (SGI) with Sstll; and 6 (C4M), 7 (KG1) with 
XhoI.For details see p.43
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separation (fig 4.3 and 4.4) Those fragments which would normally 
be r e s o l v e d  on a c o n v e n t i o n a l  15 a g a r o s e  gel (<30kbp) m i g r a t e  a 
distance p r o p o r t i o n a l  to the log of their size w h i l e  l a r g e r  
fragments migrate a. distance proportional to their linear length. 
The migration distance of these larger fragments also appears to 
be r e l a t e d  to the p u l s e  f r e q u e n c i e s  use d  in that a g r a p h i c a l  
r e p r e s e n t a t i o n  w i l l  s h o w  two g r a d i e n t s ,  one c r e a t e d  by the 
movement of very large fragments (>200kbp) and one by the lesser 
•fragments (see fig 4.4) w h i c h  could be g e n e r a t e d  by the g r e a t e r  
ease of m i g r a t i o n  of s m a l l e r  f r a g m e n t s  at f a s t e r  p u l s e  
frequenci e s .

U n f o r t u n a t e l y  the d i s t o r t i o n  due to c u r v a t u r e  c a n n o t  be 
discounted w hen attempting to compare fragments from different 
lanes and this " c u r v a t u r e  f a c t o r "  m e a n s  that the s i z e s  of 
fragments can o n l y  be e s t i m a t e d  u s i n g  the m a r k e r  lane as a 
reference.

The first successful PFGE experiments were performed using a 
5 second s w i t c h  f r e q u e n c y  a l o n e  w h i c h  r e s o l v e d  up to 200 kbp (see 
fig 4.5) and u t i l i s e d  r e s t r i c t i o n  e n z y m e s  w h i c h  w e r e  k n o w n  to 
produce l a r g e  f r a g m e n t s  in the r e g i o n  of the GS gene. The PFGE 
gel was Southern blotted and probed with the fragmentl shown in 
fig 4.6. The autoradiograph shows that (i) DNA fragments specific 
to the a m p l i f i e d  lin e  are b e i n g  d e t e c t e d  and (ii) the d i g e s t i o n  
procedure itself does not significantly degrade the DNA and (iii) 
the d e t e c t i o n  of m o r e  than one f r a g m e n t  in each of the C4M 
digestion l a nes i n d i c a t e s  a c o m p l e x  s i t u a t i o n  exists. L a c k i n g  
markers for s i z e s  b e l o w  50 kbp the size of the m a j o r  Xhol 
fragment c a n n o t  be e s t i m a t e d  but, based on c o n v e n t i o n a l  gel 
electrophoresis sizing, it should be 18 kbp. The secondary Xhol 
is approximately 70 kbp in size. The three Sstll fragments have 
sizes of 80, 160 and 210 kbp. The B am HI f r a g m e n t s  are p o o r l y
re solved but a similar situation of multiple bands is suggested 
in the a u t o r a d i o g r a p h .  T w o  e x p l a n a t i o n s  could a c c o u n t  for this 
m u l t i t u d e  of b a n d s .  F i r s t l y  t h e y  c o u l d  r e p r e s e n t  p a r t i a l  
digestion p r o d u c t s  of a h o m o g e n e o u s  and o r d e r e d  a r r a y  as the 
Presence of discrete bands larger than the first fragment (which 
must c o n t a i n  the k n o w n  h o m o g e n e o u s  r e g i o n  of the GS gene) can 
°uly be a c c o u n t e d  for if all GS g e n e s  p o s s e s s  the s a m e  o u t l y i n g
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Fig 4.6 Diagram of fragments used as probes in t h e  PFGE 
experiments. The restriction map is a detail of the region around 
the start of the GS gene (see fig 3*7), the arrow is tne tirsc 
exon and the direction of transcription.

in

IV

1kbp

Fig 4.7 Southern blot of 
PFG probed with fragment
1. Lane 1, X Xhol markers;
2, lambda nultiners; 9, 
XHindlll. Lanes 3-7 C4M 
DNA digested with Sstll: 
25, 6.4, 1.6, 0.4 and 0.1 
U. Lane 8, with Clal. 
Lane 10, undigested.
For details see p.43
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r e s t r i c t i o n  p a t terns. A l t e r n a t i v e l y  the bands could r e p r e s e n t  
s e v e r a l  f a m i l i e s  of r e s t r i c t i o n  p o l y m o r p h i s m s ,  e a c h  o n e  
h o m o g e n e o u s  but d i f f e r i n g  in the p o s i t i o n  of the S s t l l  site 
distant from the GS gene.

To d i s t i n g u i s h  b e t w e e n  t h ese two p o s s i b i l i t e s  a s e r i e s  of 
digests were p e r formed using different amounts of Sstll enzyme 
from 0.1 U to 25 U (see fig 4.7) and the r e s u l t  s h o w s  that the 
mu l t i p l e  b a n d s  are due to p a r t i a l  d i g e s t i o n  of a n o r d e r e d  a r r a y  
as the polymorphic population explanation would predict that the 
relative amounts of DNA in each fragment would be independent of 
enzyme c o n c e n t r a t i o n .  The s i z e s  of the two S s tll f r a g m e n t s  
resolved are 75 and 150 kbp.

4.4 The initial model of the amplification units
The f act that a s u m m a t i o n  of the s i zes of C 4 M - s p e c i f i c  

r e s t r i c t i o n  f r a g m e n t s  g i v e s  a p p r o x i m a t e l y  60 kbp of h i g h l y  
a m p l i f i e d  DNA w h e n  c o u p l e d  w i t h  the data f r o m  S s tll d i g e s t i o n s  
suggests that the 75 kbp S s t l l  f r a g m e n t  could r e p r e s e n t  a 
complete a m p l i f i c a t i o n  u n i t  and that t h e s e  u n its c o u l d  be 
arranged in arrays such that the 150 kbp fragment could represent 
two complete am p l i f i c a t i o n  units and so on (see fig 4.3).

This idea p r e d i c t s  that any o t h e r  r e s t r i c t i o n  e n z y m e w h i c h  
cuts the a m p l i f i c a t i o n  unit o nce w i l l  also y i e l d  f r a g m e n t s  the 
same size as t h ose g e n e r a t e d  by S s t l l  cleavage. The r e c o g n i t i o n  
sequence of Sstll is CCGCGG and contains two CpG sequences which 
are rare in e u k a r y o t i c  DNA. In an a t t e m p t  to find o t h e r  e q u a l l y  
rare s i t e s  s e v e r a l  r e s t r i c t i o n  e n z y m e s  w e r e  e m p l o y e d -  M l u l  
(ACGCGT), N o t l  (GCGGCCGC), Sail (GTCGAC) and Sfil (G G C O N 5 G G C C )- 
all of which would be expected to cut rarely. Digestion with Mlul 
p r o d u c e d  a f r a g m e n t  w h i c h  m i g r a t e d  no f u r t h e r  t h a n  the 
c o m p r e s s i o n  z one i n d i c a t i n g  a size in e x c e s s  of 400 kbp and the 
Notl d i g e s t i o n  e i t h e r  f a i l e d  to w o r k  or p r o d u c e d  a f r a g m e n t  so 
large it w a s  u n a b l e  to m i g r a t e  f r o m  the well. Both the M l u l  and 
Notl lanes showed DNA had been digested when compared to the DNA 

the control, sham, digest lane; data not shown.
Fig 4.9 shows the results of Sail, Sfil and Sstll digestions 

0 f C 4 M DNA w h e n  S o u t h e r n  b l o t t e d  and p r o b e d  w i t h  r a d i o l a b e l l e d  
fragmen tlI (see fig 4.6). The sizes of the S s tll and m a j o r  Sail
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75kbp Direct repeat model

Fig 4.8 Initial modal of the amplification units. The arrowheads 
define the end of a unit and its orientation. S is Sstll.

4
t

Fig 4.9 Southern blot of PFG probed with fragment II. Lane 1, 
XHindlll markers (23, 9.4 and 6.5 kbp); lane 3 lambda rnultimers. 
Lane 2, C4M DMA digested with Sail; lane 4, Sfil; lane 6, Sstll. 
For details see p.43
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f r a g m e n t s  l i e  b e t w e e n  6 0  a n d  9 0  k b p  w h i l e  t h e  s i z e  o f  t h e  S f i l  
f r a g m e n t  l i e s  b e t w e e n  1 8 0  a n d  2 9 0  k b p .  T h e  s u b s i d i a r y  S a i l  
f r a g m e n t s  h a v e  s i z e s  o f  3 0  a n d  4 0  k b p .  T h e  a p p a r e n t  i d e n t i t y  in  
s i z e  b e t w e e n  t h e  S s t l l  f r a g m e n t  a n d  t h e  m a j o r  S a i l  f r a g m e n t  l e n d s  
c r e d e n c e  t o  t h e  c o n c e p t  o f  a n  a m p l i f i c a t i o n  u n i t  a p p r o x i m a t e l y  7 5  
kbp i n  s i z e  w h i c h  c o n t a i n s  a s e r i e s  o f  S a i l  s i t e s  3 1 o f  t h e  G S  
g e n e .  T h e  s i z e  o f  t h e  S f i l  f r a g m e n t  ( t h e  t r u e  s i z e  o f  t h i s  
f r a g m e n t  i s  a l m o s t  c e r t a i n l y  l e s s  t h a n  t h e  f i g u r e  s t a t e d  b e c a u s e  
of t h e  " c u r v a t u r e  f a c t o r " )  i s  h o w e v e r  g r e a t e r  t h a n  t h a t  o f  t h e  
S s t l l  f r a g m e n t  a n d  c a n n o t  b e  a c c o u n t e d  f o r  w i t h i n  a h e a d - t o - t a i l  
a r r a n g e m e n t  o f  h o m o g e n e o u s  7 5  k b p  u n i t s .  O n e  p o s s i b l e  e x p l a n a t i o n  
c o u l d  b e  t h e  o c c u r r e n c e  o f  a S f i l  r e c o g n i t i o n  s e q u e n c e  i n  e v e r y  
o t h e r  u n i t  i n  t h e  a r r a y  t h o u g h  t h e  e x i s t e n c e  o f  t h i s  d e g r e e  of  
o r d e r  i n  u n i t  a r r a y s  i s  l e s s  e a s y  t o  c r e d i t  t h a n  a s i m p l e  a r r a y .

An a l t e r n a t i v e  i s  t h a t  t h e  S f i l  f r a g m e n t  r e p r e s e n t s  t h e  t r u e  
unit s i z e  a n d  t h a t  i t  i s  f o r t u i t o u s  t h a t  t h e  t w o  S s t l l  f r a g m e n t s  
c o n t a i n e d  w i t h i n  i t  a r e  t h e  s a m e  s i z e  a n d  h e n c e  g i v e  a m i s l e a d i n g  
p a r t i a l  d i g e s t  g e l ;  b u t  f u r t h e r  i n c r e a s i n g  t h e  s i z e  o f  t h e  
a m p l i f i c a t i o n  u n i t  c o n f l i c t s  w i t h  t h e  l e n g t h  o f  t h e  a m p l i f i e d  D N A  
d e r i v e d  f r o m  c o n v e n t i o n a l  g e l  e l e c t r o p h o r e s i s .

4.5 L a t e r  m o d e l s  o f  t h e  a m p l i f i c a t i o n  u n i t s
A s e r i e s  o f  S f i l  o r  S s t l l  p a r t i a l  d i g e s t s  o f  C 4 M  D N A  w e r e  

made a n d  s i z e  s e p a r a t e d  b y  P F G E ,  S o u t h e r n  b l o t t e d  a n d  p r o b e d  w i t h  
f r a g m e n t  I I  i n  o r d e r  t o  a s c e r t a i n  t h e  n a t u r e  o f  t h e  a m p l i f i e d  
u n i t s .  T h e  r e s u l t  is  s h o w n  i n  f i g  4 . 1 0 .  T h e  s i z e s  o f  t h e  
f r a g m e n t s  a r e  l i s t e d  i n  t h e  l e g e n d  a n d  w e r e  e s t i m a t e d  t a k i n g  
a c c o u n t  o f  t h e  " c u r v a t u r e  f a c t o r " .  A s s u m i n g  t h a t  t h e  f i r s t  t h r e e  
S s t l l  f r a g m e n t s  ( n u m b e r e d  s =  1 - 3  u p  t h e  s i d e  o f  f i g  4 . 1 0 b )  a r e  
tho s e  f r a g m e n t s  v i s i b l e  i n  t h e  p h o t o g r a p h  o f  t h e  g e l  ( 4 . 1 0 a )  
t h e i r  s i z e  c a n  b e  t a k e n  d i r e c t l y  f r o m  t h e  p h o t o g r a p h .  I t  is 
a p p a r e n t  t h a t  t h e  s i z e s  o f  t h e  S s t l l  a n d  S f i l  f r a g m e n t s  p r e c l u d e  
the s i m p l e  d i r e c t  r e p e a t  s t r u c t u r e  p r o p o s e d  i n  f i g  4 . 8  a n d  t h a t  
p r e v i o u s  e s t i m a t e s  o f  t h e  s i z e  o f  t h e  f i r s t  S s t l l  f r a g m e n t  w e r e  
in e r r o r .

Fig 4.11 shows the hybridization pattern found when the 
Southern blots of fig 4.9 and 4.10b were stripped of their first 
Probe and reprobed with fragments III and IV respectively. Fig 
4.11a shows that the size of the C4M Sail fragments revealed has

5 8



:

Fig 4.10 PFG of C4M DNA digested with various amounts of Sfil 
(lanes 1-3) or Sstll (lanes 5-8). 4.10a shows the ethidium
bromide stained gel showing the Sstll doublet structure while 
4.10b shows the equivalent Southern blot probed with fragment II. 
For details see p 43. The five Sstll bands (s=l-5) have sizes of 
55, 140, 195, 250-275 and 350-400 kbp while the five Sfil bands 
(f=1-5) have sizes of 105, 140, 185, 210 and 250-275 kbp.
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1 2  3 5

Fig 4.11 Reprobings of 
the Southern blots of fig 
4.9 (4.11a) and 4.10b
(4.11b) with fragments
III and IV respectively
to show the differences
in hybridization patterns 
between fragment II and 
fragments III and IV. See 
p 43 for details. 9
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i n c r e a s e d  a b o v e  t h e  s i z e  o f  t h e  f i r s t  S s t l l  f r a g m e n t  a n d  t h a t  t h e  
i n t e n s i t y  o f  s i g n a l  f r o m  t h a t  S s t l l  f r a g m e n t  h a s  d r o p p e d  
d r a m a t i c a l l y  c o m p a r e d  t o  f i g  4 . 9 .  F i g  4 . 1 1 b  s h o w s  t h a t ,  w h e n  
p r o b e d  w i t h  f r a g m e n t  I V ,  t h e  f i r s t  S s t l l  f r a g m e n t  i s  n o t  r e v e a l e d  
at a l l  w h i l e  t h e  f i r s t  S f i l  f r a g m e n t  i s  s t i l l  s h o w n .

C o n s i d e r a t i o n  of  t h e  d a t a  c o n t a i n e d  i n  f i g s  4 . 1 0 b  a n d  4 . 1 1 b  
a l l o w s  c e r t a i n  p r o p o s a l s  t o  b e  m a d e  a b o u t  t h e  s t r u c t u r e  o f  t h e  
D N A  c o n t a i n i n g  t h e  a m p l i f i e d  g l u t a m i n e  s y n t h e t a s e  g e n e .  T h e  s = 2  
S s t l l  f r a g m e n t  i s  r e v e a l e d  r e l a t i v e l y  p o o r l y  b y  f r a g m e n t  II 
p r o b i n g ,  t h a t  i t  i s  r e v e a l e d  a t  a l l  m i g h t  i n  f a c t  b e  a n  a r t e f a c t  
due t o  t h e  f a c t  t h e  f r a g m e n t  I I  p r o b e  w a s  p r e p a r e d  f r o m  a p l a s m i d  
( p G S - 2 3 3 ) w h i c h  c o n t a i n s  s e q u e n c e s  5 ’ o f  t h e  c l o s e r  S s t l l  s i t e  
w h o s e  s i z e  i s  s u f f i c i e n t l y  c l o s e  t o  t h a t  o f  f r a g m e n t  I I  t o  a l l o w  
for s o m e  c o n t a m i n a t i o n  d u r i n g  f r a g m e n t  p r e p a r a t i o n .

I t  f o l l o w s  f r o m  t h e  h y b r i d i z a t i o n  p a t t e r n s  o f  t h e  s = l  a n d
s=2 S s t l l  f r a g m e n t s  t h a t  t h e y  r e p r e s e n t  t w o  d i s t i n c t  S s t l l
f r a g m e n t s ,  o n e  5 5  k b p  l o n g  ( s = l )  c o n t a i n i n g  t h e  b u l k  o f  t h e  G S
g e n e  a n d  o n e  1 4 0  k b p  l o n g  ( s = 2 )  c o n t a i n i n g  t h e  p r o m o t e r  r e g i o n  o f  
the G S  g e n e .  S i n c e  b o t h  c o n t a i n  p o r t i o n s  o f  t h e  G S  g e n e  t h e y  m u s t  
be l i n k e d  i n  a c o n s i s t e n t  f a s h i o n  t h r o u g h o u t  t h e  a m p l i f i e d  u n i t  
p o p u l a t i o n .  A s s u m i n g  t h a t  a n  o r d e r e d  s t r u c t u r e  d o e s  n o t  c e a s e
b e y o n d  t h e  S s t l l  s i t e s  a t  t h e  e n d s  o f  t h e  s = l  a n d  s = 2  f r a g m e n t s
or t h a t  t h e  n e x t  S s t l l  f r a g m e n t s  a r e  l a r g e  e n o u g h  t o  m i g r a t e  i n
the c o m p r e s s i o n  z o n e  i t  f o l l o w s  t h a t  t h e  s = 3 ,  4 a n d  5 b a n d s  a r e  
a s s o c i a t e d  w i t h  t h e  s = l  a n d  2 f r a g m e n t s  a n d  t h a t  t h e s e  b a n d s  a r e  
a l s o  c o n s i s t e n t  i n  s i z e  t h r o u g h o u t  t h e  a m p l i f i e d  u n i t  p o p u l a t i o n .

F i g  4 . 1 0 b  s h o w s  n o  h y b r i d i z a t i o n  i n  t h e  S s t l l  l a n e s  a r o u n d  
110 k b p .  T h i s  l a c k  m e a n s  t h a t  t w o  s = l  f r a g m e n t s  c a n n o t  b e  p l a c e d  
t o g e t h e r  i n  t h e  u n i t  s t r u c t u r e .  T h e  s = 3  b a n d  i s  1 9 5  k b p  i n  s i z e  
and c o n t a i n s  a f r a g m e n t  I I  s e q u e n c e  a n d  t h e r e f o r e  a s = l  f r a g m e n t :  
s=3 i s  c o m p o s e d  o f  t w o  S s t l l  f r a g m e n t s ,  o n e  5 5  k b p  a n d  o n e  1 4 0  
k b p -  w h i c h  i s  r e m a r k a b l y  c l o s e  t o  t h e  s i z e  o f  s = 2 .  S i n c e  t h e  s = l  
and s = 2  f r a g m e n t s  m u s t  a d j o i n  t h e  o b s e r v a t i o n  t h a t  f r a g m e n t  I V  
does n o t  c o n c l u s i v e l y  r e v e a l  t h e  s = 3  b a n d  m u s t  be  a r t e f a c t u a l  in  
n a t u r e .  T h e  s = 4 b a n d  h a s  a s i z e  b e t w e e n  2 5 0  a n d  2 7 5  k b p  a n d
c o n t a i n s  b o t h  f r a g m e n t  II  a n d  f r a g m e n t  I V  s e q u e n c e s  w h i c h  m e a n s
it c a n n o t  b e  c o n s t r u c t e d  o f  t w o  s = 2  f r a g m e n t s  a l o n e  ( = 2 8 0  k b p )  
and t h e r e f o r e  i t  i s  m o s t  l i k e l y  t o  c o n s i s t  o f  t w o  s = l  f r a g m e n t s
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and o n e  s = 2  f r a g m e n t  ( = 2 5 5  k b p ) .  T h e  s = 5  b a n d  h a s  a s i z e  b e t w e e n  
350 a n d  4 0 0  k b p  a n d  t w o  s = l  a n d  t w o  s = 2  f r a g m e n t s  t o g e t h e r  w i l l  
g i v e  3 9 5  k b p .

H a v i n g  e s t a b l i s h e d  t h a t  n e i t h e r  t h e  s = l  n o r  t h e  s = 2
f r a g m e n t s  a p p e a r  to j o i n  d i r e c t l y  t o  a n o t h e r  o f  t h e i r  o w n
f r a g m e n t  t y p e  a n d  s i n c e  t h e  s = 3 ,  4 a n d  5 b a n d s  d o  n o t  r e q u i r e  t h e
e x i s t e n c e  o f  f u r t h e r  S s t l l  f r a g m e n t s  t o  a c c o u n t  f o r  t h e i r  s i z e s  
the p r o p o s e d  m a p  o f  t h e  S s t l l  f r a g m e n t s  i s  s i m p l e .  I t  c o n s i s t s  of 
a l t e r n a t i n g  s = l  a n d  s = 2  f r a g m e n t s .

A  s i m i l a r  a n a l y s i s  c a n  b e  d o n e  o n  t h e  S f i l  f r a g m e n t s .  T h e  
f=l S f i l  f r a g m e n t  i s  1 0 5  k b p  i n  s i z e  a n d  i s  r e v e a l e d  b y  b o t h  
f r a g m e n t  I I  a n d  I V  w h i c h  m e a n s  t h e  f = l  f r a g m e n t  m u s t  o v e r l a p  t h e  
s=l a n d  s = 2  S s t l l  f r a g m e n t s .  A  v a r i e t y  o f  p o s s i b l e  o v e r l a p s  c a n  
be c o n s i d e r e d .  T h e  p l a c i n g s  o f  t h e  S s t l l  f r a g m e n t s  d o e s  n o t
i m p o s e  a n  o r i e n t a t i o n  i n  t h a t  t h e y  c o u l d  b e  i n  a d i r e c t  r e p e a t  
s t r u c t u r e  o r  a n  i n v e r t e d  r e p e a t  s t r u c t u r e  w i t h  t h e  i n v e r s i o n  
p o i n t s  s i t u a t e d  a t  t h e  c e n t r e s  o f  e a c h  S s t l l  f r a g m e n t  m a k i n g  t h e m  
95 k b p  a p a r t  ( s e e  f i g  4 . 1 2 a ) .  A s s u m i n g  a n  i n v e r t e d  r e p e a t
s t r u c t u r e  t w o  p o s s i b l e  p l a c i n g s  a r e  a v a i l a b l e  f o r  t h e  f = l  S f i l  
f r a g m e n t .  I f  o n e  o f  t h e  f = l  S f i l  s i t e s  i s  p l a c e d  w i t h i n  t h e  s = l  
f r a g m e n t  i t  i s  c l e a r  t h a t  t h e  o t h e r  f = l  s i t e  w i l l  m a p  b e y o n d  t h e  
i n v e r s i o n  p o i n t  i n  t h e  s = 2  f r a g m e n t  w h i c h  w o u l d  v i o l a t e  b o t h  t h e  
s y m m e t r y  a n d  h o m o g e n e i t y  o f  t h e  u n i t s ,  t h i s  m a p p i n g  p o s s i b i l i t y  
is, t h e r e f o r e ,  a n  u n l i k e l y  o n e .  T h e  o t h e r  p o s s i b i l i t y  ( s e e  f i g
4 . 1 2 a )  i n  t h e  i n v e r t e d  r e p e a t  s t r u c t u r e  i s  f o r  t h e  f = l  f r a g m e n t  
to c o m p l e t e l y  c o n t a i n  t h e  s = l  f r a g m e n t  a n d ,  s i n c e  i n v e r t e d  
r e p e a t s  r e q u i r e  s y m m e t r y  t h i s  w o u l d  p l a c e  t h e  f = l  S f i l  s i t e s  25 
kbp b e y o n d  t h e  S s t l l  s i t e s .  T h e  d i s t a n c e  b e t w e e n  t h e s e  S f i l  s i t e s  
a c r o s s  t h e  s = 2  i n v e r s i o n  p o i n t  i s  t h e n  9 0  k b p .  T h e  f = 2  S f i l  b a n d  
is 1 4 0  k b p  i n  s i z e  w h i c h  i m p l i e s  t h a t  a d i s t a n c e  o f  3 5  k b p
( 1 4 0 - 1 0 5 )  l i e s  b e t w e e n  t h e  f = l  s i t e  a n d  t h e  f = 2  s i t e .  T h e
s y m m e t r y  o f  i n v e r t e d  r e p e a t s  r e q u i r e s  t h a t  t h e  f = 2  s i t e  i s  a d d e d  
on to b o t h  s i d e s  o f  t h e  s = 2  i n v e r s i o n  p o i n t  a n d  t h e  d i s t a n c e  
b e t w e e n  t h e  f = 2  s i t e s  i s  t h e n  2 0  k b p .  T h e  f = 3  b a n d  i s  4 5  k b p  
l a r g e r  t h a n  t h e  f = 2  b a n d  a n d  t h i s  s i z e  c a n n o t  b e  a c c o u n t e d  f o r  i n  
t his m o d e l .  T w o  m o d e l s  w h i c h  i n c o r p o r a t e  t h e  s i m p l e  a l t e r n a t i o n  
°f t h e  s = 1 a n d  s = 2  f r a g m e n t s  a r e  d i a g r a m m e d  i n  f i g  4 . 1 2 .
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Fig 4.13 Southern blot of PFG run under condition capable of 
resolving up to 2000 kbp. C4M DNA was digested with various 
levels of Sstll and probed with pGS-113. The lines are lambda 
multimers. See p 43 for details.
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contradictory. If the doublet is a running artefact it is both 
odd and repeatable, if it is real it should further complicate 
the Sfil restriction pattern and appear on other Southern blots- 
it could be present in fig 4.9 and it is not present in fig 5.1.

4.8 Probing beyond s=5
In an attempt to discover how many Sstll fragments are 

linked together pulse field gels were run which were capable of 
resolving up to 2000 kbp. C4M DNA was digested with various 
amounts of Sstll and e l e c t r o p h o r e s e d . A typical result is shown
in fig 4.13. It can be seen that the same two fragments are
revealed in all lanes. The photograph of the ethidium bromide 
stained gel (not shown) shows that the C4M DNA front did not
migrate as far as the largest lambda multimer band and the Sstll
fragments seen probably represent the fragments previously 
discussed which have migrated anomalously under this regime.
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CHAPTER 5

The Amplification Units of other KG1-derived Cell
Lines



Fig 5.1 Nitrocellulose 
Southern blot of PFG 
probed with pGS-113 (see 
fig 3.1). Lane M, lambda 
inul timers. Lane 1, CM M 
DMA digested with Clal; 
2, Mlul; 3, Sail; 5, 
Sfil; 6, SstI; 7, Sstll; 
8, Xhol.
For details see p.43

Fig 5.2 Nitrocellulose 
Southern blot of PFG 
probed with pGS--113. Lane 
5, lambda multimers. Lane 
1, KG1H DMA digested with 
Mlul; 2, Sail; 3, Sfil; 
M, SstI; 6 , SstII; 7, 
Xhol.For details see p.43

1 2 3 4 5 6 7
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5~. 1 Introduction
Fig 5.1 s h o w s  the basic r e s t r i c t i o n  p a t t e r n  of the C4M 

a mp l i f i e d  unit. This s t r u c t u r e  is the end r e s u l t  of a s e l e c t i o n  
process begun when the parental KG1 cells were first challenged 
with m e t h i o n i n e  s u l p h o x i m i n e .  S i n c e  that i n i t i a l  e v e n t  the GS 
gene p o p u l a t i o n  has bee n  i n c r e a s e d  a p p r o x i m a t e l y  1 0 0 0 - f o l d  and 
has been m a i n t a i n e d  at that level for m a n y  cell g e n e r a t i o n s .  In 
that t i m e  it is very p r o b a b l e  that the a m p l i f i c a t i o n  u n i t  w i l l  
have evolved into a form different from the DHA surrounding the 
original GS gene. VJork by Dr. A.P. H a c C a b e  (this l a b o r a t o r y )  has 
shown that the C *1M GS g e n e  is i d e n t i c a l  to that of KG1 to s o m e  20 
kbp u p s t r e a m  of the CAP site d i f f e r i n g  o n l y  by an i n s e r t i o n  of 
0.5 kbp s e v e r a l  kil o  b a s e s  u p s t r e a m  of the CAP site. 20 kbp 
d o w n s t r e a m  of the CAP s ite the r e s t r i c t i o n  m a p s  of the C4H and 
KG1 diverge. I hav e  s h o w n  that the KG1 C-S gene is c o n t a i n e d  
within a 190 kbp Sfi l  f r a g m e n t  w h i c h  c o n s t i t u t e s  a s i g n i f i c a n t  
difference from the 110 kbp Sfil fragment of C4M and implies that 
sign i f i c a n t  s t r u c t u r a l  a l t e r a t i o n s  have o c c u r r e d  d u r i n g  the 
development of the amplification unit.

5.2 The amplification unit of the K G 11I cell line
A cell line exists which is an intermediate in the evolution 

of KG1 to C 4 11. K G 1 M  is r e s i s t a n t  to leve l s  of 25 u I! II s x and is 
c a p a b l e  of r e a d i l y  a m p l i f y i n g  f u r t h e r  the s i z e  of i ts GS 
population. Fig 5.2 s h o w s  a p u lse field gel r e s t r i c t i o n  m a p p i n g  
of K G 1 M  u s i n g  the s a m e  e n z y m e s  as fig 5.1. A c o m p a r i s o n  of the 
two restriction patterns reveals several things. The size of the 
Sst I f r a g m e n t  (approx. 18 kbp by c o n v e n t i o n a l  m a p ping), w h i c h  
contains the m a j o r i t y  of the GS gen e  c o d i n g  s e q u e n c e s ,  has 
remained c o n s t a n t  as has the Xho I f r a g m e n t .  The Sal I f r a g m e n t  
of the KG 1 II unit is a p p r o x i m a t e l y  the s a m e  size as the Xho I 
fragment and appears to be a single fragment, the Sal I fragment 
of C4M has a l t e r e d  in size. The C4M Sal I f r a g m e n t  e x h i b i t s  
complex behaviour, in this autoradiograph it shows a primary band 
equivalent in size to the C4M Sst II fragment with a smear below 
it while in fig 5.5 multiple C4M Sal I fragments are visible the 
largest of w h i c h  is the size of the C4I-I Sst II f r a g m e n t .  This C 4 M 
Sal I c o m p l e x i t y  w as also o b s e r v e d  by Dr. A.?, k a c C a b e  u s i n g
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Fig 5.3 Photograph of efchidiurn bromide stained gel of XG1M.52 DMA 
restricted with Bglll, EcoRI, Hindlll, PstI, PvuII (left to 
right) to show the visible discrete bands of amplified fragments. 
The markers are XBstEII (left) and XHindlll (right).
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conventional gel electrophoresis.
While the C 4 M Sail fragment size has increased, that of the 

SstI I f r a g m e n t  has decreased, r e l a t i v e  to that of the K G 1 M  Sst 
II, f r o m  90 kbp to 75 kbp, and the size of the Sfi I f r a g m e n t s  
are the same at 110 kbp.

The differences in restriction pattern indicates that some 
rearrangement in the structure of the amplified unit has occurred 
in the p r o g r e s s i o n  f r o m  K G 1 M  to C 4 M . S i n c e  the GS g e n e  of C 4 M 
cells and the p a r e n t a l  c e l l s  is the s a m e  and since this r e g i o n  
i n c l u d e s  the m a p p e d  Sst II s ite and the p r o b e  use d  lies 3 ’ to 
this site any r e arrangement must have occurred d o w n s t r e a m  of the 
GS gene. The size of the Sfi I f r a g m e n t  d oes not c h a n g e  b e t w e e n  
K G 1 M  and C 4 M u n i t s  w h i l e  the size of the Sst II f r a g m e n t  does, 
therefore the Sst II fragment cannot be contained within the Sfi 
I f r a g m e n t .  This m e a n s  that one Sfil site m u s t  lie w i t h i n  the 
55 kbp S s t l l  f r a g m e n t  w h i c h  is i n c o m p a t i b l e  in the i n v e r t e d  
repeat structures discussed in chapter 4 but easily accomodated 
in the direct repeat structure. Fig 5.2 shows a second Sfil band 
w h o s e  size is l a r g e r  t han the f=2 C 4 M S f i l U  band (see fig 4.10b) 
and this is consistent with a direct repeat mod*-1 .

A l t h o u g h  r e p o r t s  in the l i t e r a t u r e  do i n d i c a t e  that the 
a m o u n t  of D N A c o a m p l i f i e d  w i t h  each g e n e  does d e c r e a s e  as the 
copy n u m b e r  of the g e n e  i n c r e a s e s  ( G i u l o t t o  e_t a l , 1 9 8 6 ),
presumably for reasons of the metabolic load of large quantities 
of e x c e s s  DMA or for the g r e a t e r  e a s e  of s e c o n d a r i l y  a m p l i f y i n g  a 
smaller a m p l i f i c a t i o n  unit, it is unlikely that the reduction in 
unit size from KG1M to C 4 M falls into this category. Giulotto e._t 
al (1986) observed a decrease from 10^ kbp DNA amplified per gene 
to lO^ kbp per g ene m a k i n g  a d e c r e a s e  of 45 kbp f a i r l y  
insignificant. Furthermore the postulated size of the KG1M unit 
( a p p r o x .  2 5 0  kbp) m a k e s  it o n e  of t h e  s m a l l e s t  " n a t u r a l ” 
a m p l i f i c a t i o n  u n i t s , c o n p a r a b l e  to the 2 2 0 / 2 6 0  kbp u n i t s  of 
L o o n e y  & H a m l i n  (1987) w h i c h  hav e  a c opy n u m b e r  of at least 500 
in CH0 cells. It is m o r e  p r o b a b l e  that the p r e s e n t  C 4M u n i t s  
r e p r e s e n t  a s t o c h a s t i c  e v ent w h i c h  has c o m e  to d o m i n a t e  the 
population and are not the end result of a necessary decrease in 
size.
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Fig 5.4 Southern blots of 
Dll As of cell l i nes 
derived from KG1M, both 
h av e  X H i n d i 1 1  s i z e  
markers and were probed 
with p G S - 1. Fig 5 . 4 a : 
Lane A, K G 1 M. 52  DMA 
digested with Hindlll;
B, C4M with Hindlll;
C, KG1M.51 with Hindlll;
D, C4H with Bglll;
E, KG1M.51 with Bglll;
F, KG1M.52 with Bglll.

Fig 5.4b: Lane A, KG 1 M.51 
DMA digested with Hpal;
B, KG1M.52 with Hpal;
C, KG1M.51 with Kpnl;
D, KG 113.52 with Kpnl;
E, KG1K.51 with SstI;
F, KG1M.51 with SstI.
F o r  d e t a i l s  see p . 43
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s i z e .

5. 3 The araplif ication ujn i_t o£ a cell line derived from K G 1M
In o r d e r  to a t t e m p t  to a n a l y s e  the v a r i a b i l i t y  of the 

a m p l i f i c a t i o n  p r o c e s s  c l o n e s  w e r e  i s o l a t e d  f r o m  eac h of th re e 
cell lines, I( G 1 , K G 1 M and K G 1 M S - C 4 0 , and use d  as the s t a r t i n g  
points for rounds of stepwis e selection for increasing resistance 
to Msx. T h o s e  l i n e s  w i t h  an i n i t i a l  r e s i s t a n c e  c l o s e  to w i l d  
type, ie. KG1 and C4 0 d e r i v e d  lines, f a i l e d  to a c h i e v e  any 
consistent increase in resistance to Msx after 7 passages while 
the line d e r i v e d  f r o m  K G 1 K  had, in the s a m e  n u m b e r  of pas s a g e s ,  
become resistant to 5 mK Msx, a 200-fold increase in resistance 
levels. G e n o m i c  DM A w a s  i s o l a t e d  f r o m  t h ese K G 1 M - d e r i v e d  cell 
lines wi th i n  3 passages of their becoming resistant to 5 mi! Msx 
which r e d u c e s  the p o s s i b i l i t y  of a l t e r a t i o n s  to the a m p l i f i e d  
unit as a result of extended culture. The DMA was restricted and 
gel e l e c t r o p h o r e s e d  (see fig 5.3)* As is the case for C 4 H SNA 
di scr e t e  b a n d s  can be seen, a s u m m a t i o n  of the s i zes of t h e s e  
bands produces 110-120 kbp indicating that the amplif ic ation unit 
in these cell lines is s o m e w h a t  larger than that of C4M. numero us 
S o u t h e r n  b l ot s of t h es e DMA s  e l e c t r o p h o r e s e d  b e s i d e  e q u i v a l e n t  
digests of C 4 M DMA w e r e  m a d e  and p r o b e d  (see fig 5.4a and b) and 
the r e s u l t s  s h o w e d  that the DMA s t r u c t u r e  of all these cell  lines 
a p p e a r e d  i d e n t i c a l  in the i m m e d i a t e  v i c i n i t y  of the GS gene. 
KG1M.52 DMA w as  p r e p a r e d  for PFGE, a g a i n  d e r i v e d  f r o m  cells
w i t h i n  3 p a s s a g e s  of b e c o m i n g  r e s i s t a n t  to 5 ni M Msx. A PFCE of
equivalent digests of C4M and KG1M.52 was performed and Southern 
b l o t t e d  ( s e e  f i g  5.5). P r o b i n g  t h i s  s h o w s  t h a t  t h e  t w o  
amplification units are not the same. Because of the compression 
of the siz e m a r k e r s  and the i n t e n s i t y  of the b a n d s  a c c u r a t e
sizing of the l a r g e r  b a nds is not p o s s ib le. It can be seen that
the K G 1 M . 5 2  uni t s t r u c t u r e  is s i m p l e r  than that of the C 4 M uni t 
judg ing  by the d i f f e r e n c e  in Sal I r e s t r i c t i o n  patte rn s. It can 
also be se e n  that the size of the K G 1 M . 5 2  Sal I f r a g m e n t  lies 
b e t w e e n  23 and 50 kbp, the Sfi I f r a g m e n t  is a p p r o x i m a t e l y  the 
same size as that of C 4 II and the Sst II f r a g m e n t  is l a r g e r  then 
that of C 4 M . A c o m p a r i s o n  of the se r e l a t i v e  s i z e s  to tho se of 
fig. 5.5 s u g g e s t s  that the a m p l i f i e d  u nit  in K G 1 M.52  cells m a y
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1 2  3 4 5 6 7

Fig 5-5 Southern blot of 
PFG probed with fragment 
II. Lane 1,X Hindlll size 
markers; lane 8 lambda 
Liu 1 timers. Lane 2, C4M 
DMA digested with Sail; 
4, Sfil; 6, Sstll. Lane 
3, KG1M.52 DMA digested 
with Sail; 5, Sfil; 7, 
Sstll. For details see p.43

5-6

i /
Fig 5.6 Nitrocellulose 
Southern blot of PFG 
probed with pGS~113. Lane 

^ 4, lambda multimers. Lane
1, KG1MSC4-0 DMA digested 

—  with Clal; 2, Mlul; 3,
Sail; 5, Sfil; 6, SstI; 
7, Sstll; 8, Xhol.
For details see p.43
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W.e 1 1 be the s a m e  as that of K G 1 M cells. If this is the case it 
reveals that the secondary ampli f i c a t i o n  process does not require 
a DMA r e a r r a n g e m e n t  and that the a l t e r a t i o n  in the C 4 M u n i t  m a y  
t h e r e f o r e  be a c o n s e q u e n c e  of e x t e n d e d  c u l t u r e  r a t h e r  th a n  
amplifi ca t i o n .

5.4 The amplif icati on unit of the rever tant cell line. C4 0
F i g  5.6 s h o w s  the  r e s t r i c t i o n  p a t t e r n  of C 40 c e l l s  

. e q u i v a l e n t  to f i g s  5.1 a n d  5.2. C o n s i d e r i n g  t h a t  t h e s e  
e x p e r i m e n t s  w e r e  d e s i g n e d  to be e q u i v a l e n t  to e ach  o t h e r  it is 
possible to say, very approximately, from the incubation times of 
the v a r i o u s  a u t o r a d i o g r a p h s  that  the n u m b e r  of h y b r i d i z i n g  
s e q u e n c e s  in the C40 c e lls has bee n  r e d u c e d  at l e a s t  1 0 - f o l d  
relative to the KG1H cells and at least 200-fold relative to the 
C4M cells. B a s e d  on t h ei r r e l a t i v e  p o s i t i o n s  and the lack  of 
c o m p l e x i t y  in the Sal I track, the Sal I, Sst I and Xho I ban ds  
suggest that the DM A structure around the GS gene resembl es that 
of KG1M rather than that of C4M. Since C40 is descended from 04 M 
r a t h e r  t h a n  K G 1 M it is p o s s i b l e  to a c c o u n t  f o r  t h e  l o c a l  
s t r u c t u r e  by s u p p o s i n g  that e i t h e r  the C 4 M r e a r r a n g e m e n t  e v e n t  
o c c ur red a f t e r  the C40 l i n e a g e  w a s  b e g u n  or that the r e d u c e d  
n u m b e r s  of GS g e n e s  in C40 h a v e  been d e r i v e d  f r o m  one of the 
several a l t e r n a t i v e s  p r e s e n t  in C 4 H cells and it h a p p e n s  to be 
the o n e  w h i c h  r e s e n b l e s  t he  X G 1 H  GS g e ne.  An a l t e r n a t i v e  
explanation is to suggest that the C40 GS genes are derived from 
a population of genes which were separated from the C4M GS genes 
and p r e s e n t  in s m a l l  n u m b e r s ,  p o s s i b l y  a r e l i c  of e a r l y  
amplification events or direct descendants of the other ancestral 
GS gene. The lack of a Sst II band is, p r e s u m a b l y ,  a r e s u l t  of 
nondigestion rather than very major rea rran ge ment although the 
Sfi I b and  is approx. 175 kbp in size w h i c h  m e a n s  s o m e  c h a n g e  has 
occurred to enlarge the amplif ic ation unit.
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CHAPTER 6

The Chronosomes of KG1 and KG1HSC4-M Cells and the 
Localization of the Amplified Glutamine Synthetase 

Genes by XE Situ Hybridization
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6'. 1 In troduc tion
The D N A of a cell is p a c k a g e d  w i t h i n  the n u c l e u s  in the 

form of chromosomes. At metaphase in the cell cycle c hromosomes 
co n d e n s e  int o  a s t a t e  w h e r e  they can be v i s u a l i s e d  u s i n g  a  

microscope, numerous methods have been devised for investigating 
metaphase chromosomes. Several dyes exist which bind to chromatin 
or specific subsets thereof in a consistent fashion giving the 
opportunity to map chromosomes. Tritiated DMA probes may also be 
’used, in a f a s h i o n  a n a l o g o u s  to p r o b i n g  DU A i m m o b i l i s e d  on 
membranes, to localise sequences of interest to specific regions 
of a chromosome.

The t e c h n i q u e  of t r y p s i n - G i e m s a  b a n d i n g  w a s  d e v e l o p e d  by 
S e a b r i g h t  (1971) and i n v o l v e s  a p a r t i a l  d i g e s t i o n  of m e t a p h a s e  
chromosomes followed by staining with the Gierasa dye. The result 
is a c o n s i s t e n t  s e r i e s  of dark and l i g h t  b a n d s  w h i c h  i d e n t i f i e s  
each c h r o m o s o m a l  r e g i o n  and p e r m i t s  d e t a i l e d  a n a l y s i s  of 
rearrangements, additions or deletions of the chromosome.

An analysis of the banding patterns of the parental line and 
its g l u t a m i n e  s ynthetase-amplified daughter line was undertaken 
to p r o v i d e  data on the d e g r e e  of a l t e r a t i o n  b e t w e e n  t h e m  and 
b e t w e e n  the p a r e n t a l  line and o t h e r  s u b l i n e s  of the C h i n e s e  
hamster ovary cell line.
6 .2 CHO in the 1i terature

The C h i n e s e  h a m s t e r ,  C r i t i c e l us .^riselus, has a d i p l o i d

Fig 6.1: A d i a g r a m m a t i c  r e p r e s e n t a t i o n  of the c h r o m o s o m e s  of
Chinese hamster ovary cells. Line (a) shows the karyotype of the 
f e m a l e  C h i n e s e  h a m s t e r  d e p i s t i n g  at l e a s t  one e x a m p l e  of each 
c h r o m o s o m e  pair. C h r o m o s o m e  p a irs 1, 6, 9 and 11 are o n l y
r e p r e s e n t e d  once as n e i t h e r  of the pair is r e a r r a n g e d .  The
s t a n d a r d  k a r y o t y p e  c o n t a i n s  22 c h r o m o s o m e s .  H n  e. (b ) s h o w s  the 
CHO k a r y o t y p e  of VJorton e_t ill ( 1 97 7) and the b r a c k e t s  on the
right hand sides of the chromosomes indicate their relationship 
to the wild-type chromosomes. The standard karyotype contains 21 
chromosomes due to the loss of an 11. Line (c) shows the further 
rearrangements c o m m o n  to the K1 lineage cells analysed by Vorton 
(1978). B r a c k e t s  to the left hand s i des of the c h r o m o s o m e s
indicate their relationship to the CHO chromosomes.
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state of 2 2 c h r o m o s o m e s ,  10 a u t o s o m a l  c h r o m o s o m e  p a i r s  and the 
X / Y pair. In 1957 Puck e. jt a 1 (1958) b e g a n  the c u l t u r e  of the
C h i n e s e  h a m s t e r  o v a r y  (CHO) cell line and s e v e r a l  k a r y o t y p i c  
investigations have been undertaken using various sublines since 
that time. Kao and Puck (1969) observed a quasidiploid karyotype 
of 21 chro m o s o m e s  containing 9 altered c h r o mosones (which were 
d e s i g n a t e d  Z - 1 to Z-9) and 37 less total c h r o m a t i n  than the 
normal chromosome complement.

A more detailed investigation by Deaven and Petersen (1973) 
r e v e a l e d  a q u a s i d i p l o i d  k a r y o t y p e  of m o d a l  n u m b e r  21 w h i c h  
contained 13 rearranged c hromosomes (Z chromosomes). Using these 
r e s u l t s  as a r e f e r e n c e  p o i n t  H o r t o n  a n d  h i s  c o ~ w o r k e r s
investigated the variations in karyotype between sublines of the 
CHO lin e  (H o r t o n  e. _t a l , 1977; H o r t o n ,  1973). They s h o w e d  that
although there were many reaarangements c o m m o n  to all sublines
each s u b l i n e  p o s s e s s e d  one or m o r e  r e a r r a n g e m e n t s  u n i q u e  to 
itself.

Two CHO sublines were analysed by Horton (1978), both of the 
K1 l i n e a g e  f r o m  w h i c h  my p a r e n t a l  line- KG1- is d e r ived, and 
c o m p a r e d  to his r e f e r e n c e  CHO k a r y o t y p e .  Bot h  l i n e s  had 3 new 
rearranged c h r o m osomes in c o m m o n  derived from the breakage and
fusion of one normal chro m o s o m e  and two Z c h r o m o s o m e s  though in 
one l ine one of t h e s e  new c h r o m o s o m e s  was f u r t h e r  a d d e d  to. A 
d i a g r a m m a t i c  r e p r e s e n t a t i o n  of the d e r i v a t i o n  of a l l  the 
c hromosomes c o m m o n  to these two sublines is presented in fig 6.1 
(see fig 1s of Horton e_t a_l, 1 97 7; U orton. 1978).

chroaosomes 1n comparison to 1 iterature chromosomes
56 metaphase spreads of KG1 were photographed after trypsin- 

G i e m s a  b a n d i n g  and 36 q u a s i d i p l o i d  and one q u a s i t e t r a p l o i d  
karyotypes were analysed. The most c o m m o n  karyotype contained 20 
c h r o m o s o m e s .  S e v e n t e e n  c h r o m o s o m e s  w e r e  s e e n  w h i c h  w e r e  
identifiable as c h r o m o s o m e s  described in the literature and which 
included the three K1 marker chromosomes. Of the remaining three 
chromosomes one was too small to be unambiguously identified and 
the other two were marker c hromosomes unique to KG1 designated K 
and A. T h e  s t a n d a r d  k a r y o t y p e  is p r e s e n t e d  in fi g  6.2 a n d  
contains the K 1 marker chromosome (Z-3q) in the (Z"3q)p+ form. In
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6-2

KG1 karyotype including deletion variant of chromosome 1, A1. 
Left to right: I . Al1,2,Z-2,K6q,Xq),Z-/*

I I :  t(Xp;Z-3p)(CZ-3q)p^-8,Z-9,6,6 
HI: Z-7,K,Z-5,A 
If:  9/IO,11/Z-13,Z-12
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addition to marker c h r o m o s o m e s  K and A a small proportion of the 
k a r y o t y p e s  c o n t a i n e d  another, a d d i t i o n a l ,  m a r k e r  c h r o m o s o m e  
designated G.

6.  ̂ The karvotvpic variation of KG1 chromosomes
K a r y o t y p i c  v a r i a t i o n  can m a n i f e s t  i t s e l f  in s e v e r a l  ways. 

C e l l s  c a n  b e c o m e  q u a s i t e t r a p l o i d  in n a t u r e ,  t h a t  is the 
quasidploid c o m p l e m e n t  can be approximately doubled w i t h i n  the 
cell, or c h r o m o s o m e s  can be lost or further rearranged while the 
quasidiploid state is maintained.

Qualitative
The m a j o r i t y  of the v a r i a t i o n  s e e n  w a s  due to the c o m p l e t e  

absence of one or more of the smaller chromosomes. Three partial 
d e l e t i o n s  of one p - a r m  of a c h r o m o s o m e  1 w e r e  seen, as w a s  a 
p r o b a b l e  b r e a k a g e  due to the f i x a t i o n  p r o c e s s  in the s a m e  p l a c e  
on the p-arm. A loss of the t(8 q ;X p ) w a s  seen c o u p l e d  w i t h  the 
appearance of a new chromosome resembling the (Z-3q)p+ .

Quantitative
The k a r y o t y p i c  v a r i a t i o n  due to c h r o m o s o m e  loss w a s  v ery 

c o n s i d e r a b l e  in this analysis. 605 of the 110 m e t a p h a s e  s p r e a d s  
of t he s t a n d a r d  C H O  l i n e  e x a m i n e d  by H o r t o n  e._t a. 1. ( 1 9 7 7 ) 
p o s s e s s e d  one of two k a r y o t y p e s  each c o n t a i n i n g  21 c h r o m o s o m e s  
and d i f f e r i n g  s o l e l y  by the a d d i t i o n  of an e x t r a  band to the q » 
arm of one of the 6 c h r o m o s o m e  pair. O t h e r  CHO l i nes i n v e s t i g a t e d  
in the same study showed a similarly homogeneous population. Both 
Deaven and Petersen (1973) anc Horton jet al. (1977) show that the 
vast m a j o r i t y  of t h eir cells (38 of 50 and >605 r e s p e c t i v e l y )  
p o s s e s s  the m o d a l  n u m b e r  of c h r o m o s o m e s  and that this is 
numerically coincident with the most c o m m o n  karyotype. This was 
not the case in this analysis.

The most c o m m o n  karyotype occurred 6 times (8 including two 
with additional chromosomes) and possessed 20 chromosomes. Uhile 
21 c h r o m o s o m e s  is the m o d a l  n u m b e r  u s u a l l y  r e p o r t e d  in the 
l i t e r a t u r e  20 c h r o m o s o m e s  w as the m o d a l  n u m b e r  of the s u b l i n e  
possessing (Z-3q)p+ (VJorton, 1978) and this was due to the fusion 
of the 2 — 10 c h r o m o s o m e  w i t h  one of the 6 c h r o m o s o m e  pair. This
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F ig u res  6.3 and 6.4 Tables of the karyotypic variation of the 36 
KG1 (6.3) and 25 C4M (6.4) karyotypes analysed. The "-" sign 
shows a designated chromosome is missing while a "+" sign 
indicates , the presence of a new chromosome. In the KG1 table the 
new chromosomes are the G subpopulation marker or ’’other” while 
in the C4M table they are "large” or "small". The A  indicates the 
deletion of a telomeric portion of the p-arm of a chromosome 1, 
an example of which is shown in fig 5.2
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6-5

Standard C4M karyotype:
left to right:1: 1,1fC(A2,t(8q;Xq),Z-4

D: t(Xp;Z-Bp),(Z-3q)prZ-8,Z-9,6,6 
I :  D,K,Z-5,G 
IV:9,10,t1/Z-13,E
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f u s i o n  has not o c c u r r e d  in K G 1 . KG1 l a c k s  a Z-10, a 9 and e i t h e r  
an 11 or a Z — 1 3 c h r o m o s o m e .  It is m o s t  p r o b a b l e  that a f u s i o n  
between the 9 and the 11/Z -1 3 produced the A c h r o m o s o m e  and that 
the a d d i t i o n  of m a t e r i a l  to Z-10 (a t e l o m e r i c  c h r o m o s o m e )  
p r o d u c e d  the a c r o c e n t r i c  K c h r o m o s o m e .  T w e l v e  k a r y o t y p e s  
possessed 19 c h r o m o s o m e s  and a further eleven possessed 18. Thus 
the c o m m o n e s t  k a r y o t y p e  does not o c c u r  m o s t  of the t i m e  nor is 
there a m o d a l  n u m b e r  of c h r o m o s o m e s .  See fig 6.3 for a d e t a i l e d  
description of the karyotypic variation.

6.3 The CMM cell line
C4M cells possess approximately 1000 copies of the GS gene 

which, a s s u m i n g  a unit size of 75 kbp (see c h a p t e r  4), w o u l d  
c o m p r i s e  at l e ast 2% of the h a p l o i d  g e n o m e  (bas e d  on a g e n o m e  
size of 3 x 10 ̂  kbp). An a d d i t i o n  to the g e n o m e  of this size 
should produce some karyotypic effects.

F o r t y - f i v e  C 4 M m e t a p h a s e  s p r e a d s  w e r e  p h o t o g r a p h e d  a f t e r  
try psin-C-iemsa banding and 25 quasidiploid and 2 quasi te trap! oi d 
s p r e a d s  w e r e  an a l y s e d .  S i x t e e n  c h r o m o s o m e s  w e r e  s e e n  w h i c h  
closely resembled c h r o m o s o m e s  present in KG 1 ; four C4M specific 
c h r o m o s o m e s  w e r e  s e e n  t h ree of w h i c h  w e r e  the p r o d u c t s  of 
rearrangements and one whose origin is uncertain but was shown to 
c o n t a i n  the a m p l i f i e d  GS DMA. See fig 6.5. O t h e r  r e a r r a n g e d  
chro m o s o m e s  were observed occassionally.

6.6 Karvotvpio variation of the C4 K cell line

Qualitative
L i k e  the K G 1 k a r y o t y p e s  the m a j o r i t y  of the v a r i a t i o n  tv as 

due to the loss of c o m p l e t e  c h r o m o s o m e s .  U n l i k e  K G 1 k a r y o t y p e s  
this loss i n v o l v e d  both l a r g e r  and s m a l l e r  c h r o m o s o m e s  and the 
generation of novel chromosomes. C415 cells also showed a higher 
frequency of quasitetraploidization than K G 1 cells.

Quantitative
In the q u a s i d i p l o i d  s p r e a d s  a n a l y s e d  t w e l v e  s p e c i e s  of 

c h r o m o s o m e  w e r e  lost one or s e v e r a l  times. The c o m m o n e s t  
k a r y o t y p e  p o s s e s s e d  20 c h r o m o s o m e s  (n = 5) and 20 w a s  a lso the
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ra.odal number of chro m o s o m e s  (n = 10). Five quasitetraploid spreads 
wer e  s e e n  in the 45 s p r e a d s  p h o t o g r a p h e d .  See fig 6.4 for a 
detailed description of the karyotypic variation.

Consensus
The most c o m m o n  karyotype contains 20 chromosomes. Sixteen 

of t h e s e  are K G 1 c h r o m o s o m e s  but t h e i r  n u m b e r  i n c l u d e s  the G 
c h r o m o s o m e  w h i c h  is p r e s e n t  only in a sub p o p u l a t i o n  of KG1. The 
-K G 1 c h r o m o s o m e s  lost in C 4 i 1 are the 2, Z - 2 , Z - 7 , Z -1 2 and the A 
wh i c h  h ave b e e n  r e p l a c e d  by the A 2 ,  C, D and S c h r o m o s o m e s ;  
those r e t a i n e d  are the 1 pair, t ( 8 q ; X q ) , Z-4, t(Xp;Z-3P)> (Z-
3q) p + , Z-8, Z-9, Z-5, the 6 pair, K, 9, 10, 1 1 / 2 - 1 3  and the G
chromosome. See fig 6.5

6.7 Analysis of the karyotypic variation of KG1 and C4H

N u m e r i c a 1 variation
The n u m e r i c a l  v a r i a t i o n  in the k a r y o t y p e s  of both KG1 and 

C 4 M is more pronounced than any in the literature, especially as 
the f r e q u e n c y  of c h r o m o s o m a l  r e a r r a n g e m e n t s  d oes not s h o w  a 
corresponding in cease. Several possibilities suggest themselves 
to account for this variation

(i) random c h r o m o s o m e  loss incurred during the fixation of
the metaphase spreads.

(ii)a g e n e t i c  t e n d e n c y  of the KC-1 line (and c o n s e q u e n t l y  
its daughter line C4H) to lose chromosomes.

(iii)a lessening of the selective pressure on the genome due 
to the c u l t u r e  c o n d i t i o n s  a l l o w i n g  v i a b i l i t y  to be 
maintained with chromosomes lost.

(iv)the o c c u r r e n c e  of s t r e s s f u l  c u l t u r e  c o n d i t i o n s  just 
p r i o r  to the h a r v e s t i n g  of the s p r e a d s  c a u s i n g  
karyotypic aberrations.

H one of t h ese e x p l a n a t i o n s  are a d e q u a t e  in t h e m s e l v e s  to 
a c c o u n t  for all the n u m e r i c a l  v a r i a t i o n .  The p o s s i b i l i t y  that 
stressful culture conditions can alter karyotype was addressed by 
Rice e.t. al (1986) and wa s  found to be the case. H o w e v e r  far f r o m  
causing chro m o s o m e  loss stress causes overreplication of DNA and
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the consequent generation of rearranged c h r o mosomes and amplified 
DMA. It is t h e r e f o r e  u n l i k e l y  that this p o s s i b i l i t y  a f f e c t s  the 
numerical variation observed.

The c u l t u r e  c o n d i t i o n s  u n d e r  w h i c h  K G 1 and C 4 M are grown, 
th o u g h  d i f f e r e n t ,  w o u l d  s e e m  to be m o r e  s t r i n g e n t  t han those 
e m p l o y e d  by U o r t o n  _e_t a 1, (1977) w h o  w e r e  u s i n g  a m e d i u m  w h i c h  
c o n t a i n e d  a g r e a t e r  v a r i e t y  of a m i n o  a c i d s  t h a n  d oes our m e d i a  
and als o  s e v e r a l  o t h e r  a d d i t i v e s  not u sed in our m e d i a  (see 
-Stanners, 1 971 » for their media recipe). It is therefore unlikely 
that the variation in c h r o mosome number is due to a lessening of 
selective pressure due to the culture conditions of KG1 and C4M.

A genetic tendency to lose c h r o m o s o m e s  would have a serious 
n e g a t i v e  e f f e c t  on the v i a b i l i t y  of t h o s e  cells p o s s e s s i n g  it 
u n l e s s  it c o e x i s t e d  w i t h  a p p r o p r i a t e l y  b e n e f i c i a l  c u l t u r e  
conditions. The endpoint of such a happy conjunction would be the 
d e f i n i t i o n  of a new m i n i m u m  k a r y o t y p e  w h i c h  s h o u l d  be a p p a r e n t  
from this analysis unless those spreads were taken from a culture 
just s t a r t i n g  d o w n  that path. W o r t o n  e._t a. 1. (1977) f o u n d  that 
w h i l e  s o m e  l i n e s  s h o w e d  a g r e a t e r  t e n d e n c y  to p r o d u c e  
quasitetraploids (up to 155 of cells analysed in one line) these 
l i n e s  s t i l l  s h o w e d  a s t r o n g  m o n o n u m e r i c a l  b i a s  in t h e i r  
q u a s i d i p l o i d  c e l l s .  A g e n e t i c  t e n d e n c y  to r a n d o m l y  l o s e  
c hromosomes is therefore unlikely both because it would adversely 
affect cell viability and because the observed tendency is to do 
p r e c i s e l y  t he o p p o s i t e ,  ie. i n c r e a s e  c h r o m o s o m e  n u m b e r .  
Furthermore the C4 H line shows a marked increase in the tendency 
to p r o d u c e  q u a s i t e t r a p l o i d s  (5 of 4 5, >10 7, as a g a i n s t  1 of 56, 
<2%) which seems at odds with a tendency to lose chromosomes.

L o s s  of c h r o m o s o m e s  d u r i n g  f i x a t i o n  is c e r t a i n  to happen, 
e s p e c i a l l y  in the K G 1 line as I o b s e r v e d  KC-1 cells w e r e  very  
l i a b l e  to d i s r u p t  if not h a n d l e d  gently. F u r t h e r m o r e  in the K G 1 
line m o s t  of the c h r o m o s o m e s  lost w e r e  the s m a l l e r  ones w h i c h  
would most easily have been borne away by the fixative after the 
n u c l e u s  r u p t u r e s  . In the C4M line all s i z e s  of c h r o m o s o m e  w e r e  
lost a l t h o u g h  s m a l l e r  ones w e r e  lost s o m e w h a t  m o r e  f r e q u e n t l y  
than larger ones. Thus the pattern of loss varies between the two 
lines and unless c hromosome loss during preparation affected them 
d i f f e r e n t l y  it c a n n o t  t h e r e f o r e  a c c o u n t  for all the c h r o m o s o m e
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Fig 6.6 The derivation of the A2 and C chromosomes of C4M. From 
left to right, the A2 chromosome and the 2 chromosome from :<G 1 
(ootn upside down with respect to figs 6.5 and 6.2 respectively). 
Next is the C chromosome and the KG1 1-2 chromosome all aligned 
to show homologous bands. Tine brackets indicate the redisri'oution 
of the 2 'chromosome to the A2 and C chromosomes.
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loss. S i n c e  c h r o m o s o m e  loss due s o l e l y  to the f i x a t i o n  p r o c e s s  
cannot account for the different patterns of loss observed in the 
KC-1 and C 4 H lines o t h e r  i n f l u e n c e s  m u s t  act u p o n  t h ese cell 
lines. The loss of a a ny c h r o m o s o m e s  in the C 4 II line is i l l u s o r y  
s i n c e  f o r  e a c h  c h a r a c t e r i s t i c  c h r o m o s o m e  l o s t  a n e w  o n e  
f r e q u e n t l y  a p p e a r s  and this is e s p e c i a l l y  true of the l a r g e r  
c h r o m o s o m e s  a p p a r e n t l y  lost (see fig 6.4) l e a v i n g  o n l y  the loss 
of smaller c h r o m o s o m e s  to be explained by the vicissitudes of the 
fixation process. KG 1 cells have lost few large c h r o m o s o m e s  but 
many smaller ones arguing for losses during fixation. Atop this 
loss h o w e v e r  the f r e q u e n t  loss of a c h r o m o s o m e  6 a n d / o r  9 
s u g g e s t s  t h a t  t h e s e  c h r o m o s o m e s  c a n  be l o s t  w i t h o u t  
significantly harming cell viability.

B o t h  cell l i nes s h o w  an a b i l i t y  to r e a r r a n g e  one of the 
ch r o m o s o m e  1 pair. Three KG1 cells had a deletion of part of the 
p-arm and in addition to this alteration three C4M cells either 
lost the w h o l e  c h r o m o s o m e  c o m p l e t e l y  or r e a r r a n g e d  it b e y o n d  
recogni t i o n .

6.8 The ori r ins of the C4H marker chromosomes
T w o  types of k a r y o t y p i c  a b n o r m a l i t y  have been found to be 

a s s o c i a t e d  w i t h  g e n e  a m p l i f i c a t i o n -  h o m o g e n e o u s l y  s t a i n i n g  
r e g i o n s  and d o u b l e  m i n u t e s  (see S c h i m k e ,  1982, r e f e r e n c e s  
therein). D o u b l e  m i n u t e s  are s m a l l  e x t r a c h r o m o s o m a l  b o d i e s  
associated with unstable ampli f i c a t i o n  events and no evidence of 
their existence was seen in this investigation.

As p r e v i o u s l y  s t a t e d  the m a j o r i t y  of the C 4 M c h r o m o s o m e s  
a p p e a r  to be the s a m e  as the KG1 c h r o m o s o m e s  they o r i g i n a t e d  
f r o m .  T h e  r e t e n t i o n  of th e  m a j o r i t y  of c h r o m o s o m e s  in an 
u n a l t e r e d  f o r m  has been o b s e r v e d  in s e v e r a l  o t h e r  CHO gen e  
ampli f i c a t i o n  events- d i h y d r o f o l a t e  r e d u c t a s e  ( F l i n t o f f  e.jt aj,, 
1 934 ; Mil bra n d t egt iLl > 1981), multidrug resistance (Grund ejt a_l,
1983), asparagine synthetase (Andrulis and Siminovitch, 1982) and 
vincristine resistance (Teeter .ejt aJL, 1 9 8 6 ; Kuo .ejt al., 1 982). The
last e x a m p l e  also i n v o l v e d  the c r e a t i o n  cf a q u a s i t e t r a p l o i d  
s t a t e .
The chromosome and the chromosome

The A2 chromosome lacks the telomeric portion of its p~arm
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9.ncl this has been t r a n s l o c a t e d  to the end of the q-arra of the Z - 2 
c h r o mosome which is designated C. This rearrangement is shown in 
figure 6.6.
The D chromosome

This c h r o m o s o m e  a p p e a r s  to be the r e s u l t  of a d d i t i o n  of 
material to Z-7 on the p-arm and, possibly, on the q-arm.
The JE chromosome

The E marker c h r o m o s o m e  is of u n k nown origin being a small 
.undefined acrocentric chromosome.

The K m a r k e r  c h r o m o s o m e ,  u n i q u e  to KG1, is a l s o  p r e s e n t  
indicating the relationship between KG1 and C4M.

6 .9 Is C4H derived from a. distinct subpopuiation of KG1 ?
The G c h r o m o s o m e  is present in almost all the C4II karyotypes 

but onl y  a p p e a r s i n  a s u b - p o p u l a t i o n  of KG1. This fact s u g g e s t s  
t h a t  the C 4 K l i n e  w a s  d e r i v e d  f r o m  the G - c o n t a i n s  IC G 1 
subpopulation which could either be due to a fortuitous initial 
selection or a reflection of a greater tendency towards genomic 
variability in the G subpopulation.

The C 4 M karyotype is more unstable than that of K G 1. This is 
s h o w n  in two ways, f i r s t l y  C ij i' cells have a g r e a t e r  t e n d e n c y  to 
p r o d u c e  a q u a s i  t e t r a p l o i d  s t a t e  (5 of 45) than K 01 c e lls (1 of 
56) and s e c o n d l y  C 4 11 cells have a g r e a t e r  t e n d e n c y  to u n d e r g o  
c h r o m o s o m a l  r e a r r a n g e m e n t s  than KG1 cells. Onl y  2 of 36 IIG1 
spreads (5.5 %) showed evidence of chromosomal alteration while
10 of 25 (40 £ ) C 4 11 s p r e a d s  p o s s e s s e d  r e a r r a n g e d  c h r o m o s o m e s .
This d i f f e r e n c e  in c h r o m o s o m e  s t a b i l i t y  c o u l d  be due to the 
selection of an unstable KG1 subpopulation as the progenitors of 
the C 4 M  line. This f o l l o w s  f r o m  the f a c t  that to s u r v i v e  the 
s e l e c t i o n  p r o c e d u r e  r e q u i r e d  an o v e r p r o d u c t i o n  of g l u t a m i n e  
synthetase protein and this was achieved by an overproduction of 
D M A  c o n t a i n i n g  t h e  g l u t a m i n e  s y n t h e t a s e  g e n e .  T h i s  
o v e r r e p l i c a t i o n  of DMA m u s t  have c a u s e d  s o m e  c h r o m o s o m a l  
a l t e r a t i o n .  C e l l s  w h i c h w e r e  m o r e  p r o n e  to c h r o m o s o m a l  
instability (including overreplication of DMA) would therefore be
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Fig 6.7 Photograph showing the localization of the a.nplfied G3 
sequences (arrowed) oy in situ hybridization to metaphase spreads 
and interphase nuclei. The metaphase spread in the left hand 
corner is an example of a non-hybridising spread.
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a-t a s e l e c t i v e  a d v a n t a g e  and w o u l d  tend to c o m p o s e  the cell 
p o p u l a t i o n  w h i c h  s u r v i v e d  the s e l e c t i o n  p r o c e d u r e  and w o u l d  
become C 4 ! I.

An a l t e r n a t i v e  e x p l a n a t i o n  for the d i f f e r e n c e  is that C 4 M 
culture conditions may be more stressful than those for PCG1 and 
this may cause a greater degree of chromosomal instability (Rice 
e t. a. JL, 1936). To s u r v i v e  in 5 m M m e t h i o n i n e  s u l p h o x i m i n e  a huge 
quantity of g l u tamine synthetase protein is required to "soak u p ” 
-the i n h i b i t o r  to e n s u r e  s o m e  a c t i v e  GS r e m a i n s .  S a n d e r s  and 
Wilson (1984) estimate approximately 3 0 5 of the cellular protein 
may be C-S in C 4 M c e lls and the e f f e c t  of this e x c e s s  p r o t e i n  on 
the osmotic balance and metabolic processes could be stressful in 
some v;ay.

6 JO In Situ hybridization to localise the amplified region
M a n y  s t u d i e s  ( W a h l  je_t a. 1., 1932; K e l l e m s  e._t _a_l> 1 93 2) have

used jjn situ hybridization techniques to localise the site(s) of 
the DMA a m p l i f i e d  in t h eir m u t a n t  cell lines. It has been found 
almost invariably that the site of the amplified DMA corresponds 
to the p o s i t i o n  of the hoiaogeneosly s t a i n i n g  r e g i o n  in the 
karyotype and that this region is located on a marker c hromosome 
associated with the mutant cell line.

To identify the locality of the amplified GS DMA in the C4H 
line an in situ hybridisation experiment was performed. Using -'H- 
l a b e l l e d  dCTP in a r a n d o m  p r i m e r  s y n t h e s i s  r e a c t i o n  ( r e p l a c i n g  
the e q u i v a l e n t  ^ P ~ l a b e l l e d dCTP) the g e n o m i c  f r a g m e n t  of the 
plasmid pGS-113 was radiolabelled and then purified on a Sephadex 
G50-50 column.

Separate sets of slides bearing metaphase spreads and cells 
of both C 4 M  and KG1 cell lines we re p r e p a r e d  in the s a m e  w a y  as 
for k a r y o t y p i n g  purposes. T h e s e  s l i d e s  w e r e  then p r o c e s s e d ,  
i n c u b a t e d  w i t h  the r a d i o l a b e l l e d  probe, w a s h e d  and c o a t e d  w i t h  
autoradiographic emulsion (Pardue, 1935).

U p o n  d e v e l o p m e n t  and s t a i n i n g  35 m e t a p h a s e  s p r e a d s  of C4 M 
w e r e  p h o t o g r a p h e d ,  24 w e r e  q u a s i d i p l o i d  a n d  11 w e r e  
quasitetraploid. Due to the extended exposure the background, as 
r e p r e s e n t e d  by the r a n d o m  o c c u r r e n c e  of s i l v e r  grains, was 
r e l a t i v e l y  hig h  (see fig 6.7). Mo p h o t o g r a p h s  of K G 1 m e t a p h a s e
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spreads were made as only background grains were present.
Eleven CMM quasidiploid metaphase spreads were analysed and 

the results revealed a karyotype like that described previously. 
A detailed analysis was not possible because the c h r o mosomes were 
onl y  G i e m s a  s t a i n e d  i n s t e a d  of b e ing t r y p s i n - G i e m s a  banded, 
h o w e v e r  the m o d a l  n u m b e r  of c h r o m o s o m e s  w a s  t w e n t y  and an 
appropriate number of large, medium and small c h r o m o s o m e s  were 
p r e s e n t .

As can be s e e n  f r o m  fig 6.7 a very s p e c i f i c  r e g i o n  has b e e n  
l o c a t e d  by the t r i t i a t e d - G S  p r o b e  (a r r o w s )  F u r t h e r m o r e  this 
region of probe c o m p l e m e n t a r i t y  can be detected in the nuclei of 
the c e l l s  as w e l l  as on the c h r o m o s o m e  spreads. The u n l a b e l l e d  
m e t a p h a s e  s p r e a d  i n d i c a t e s  that not all c e lls p o s s e s s  this 
h y b r i d i s i n g  region. A s a m p l e  of 721 cells w e r e  s c o r e d  for the 
presence or absence of this region and 89 were found to lack it. 
This r e s u l t  implies that just over 12? of C4 M  c e l l s  lack all, or 
the vast majority, of the amplified GS DMA.

A n u m b e r  of c o n c l u s i o n s  can be d r a w n  f r o m  this result. All 
b a r  t w o  of the s p r e a d s  c o n t a i n i n g  t h i s  r e g i o n  s h o w e d  an 
a p p r o x i m a t e l y  c o m p a r a b l e  area c o v e r e d  by g r a i n s  (the o t h e r  two 
had larger areas covered). Assuming that this area equivalence is 
not an artifact caused by total overexposure of various different 
d e g r e e s  of a m p l i f i c a t i o n  it i m p l i e s  t h a t  t h e  c h r o m o s o m e  
harbouring this hybridizing region contains a standard number of 
c o p i e s  of C-S DMA and C 4 M cells e i t h e r  have this r e g i o n  in its 
entirety or they do not.

L a c k  of this r e g i o n  i m p l i e s  that c e lls are u n a b l e  to m a k e  
s u f f i c e n t  GS p r o t e i n  to be r e s i s t a n t  to 5 m M Msx. The e x i s t e n c e  
of t h e s e  c e lls s u g g e s t s  t h e r e f o r e  that c e lls c o n t a i n i n g  the 
r e g i o n  can e x p o r t  GS p r o t e i n  in s u f f i c e n t  q u a n t i t i e s  to e n a b l e  
both t h e m s e l v e s  and the G S - r e d u c e d  c e lls to s u r v i v e  or that the 
a m p l i f i c a t i o n  of GS DMA is so u n s t a b l e  as to be lost in 12? of 
cells every generation.

Resistance to Msx is an unstable phenomenon in the absence 
of Msx. Dr R.H.Wilson (pers comm) suggests that the presence of 
1000 a c t i v e  c o p i e s  of the GS g e n e  may, by v i r t u e  of the huge 
quantities of GS protein they generate, have a deleterious effect 
upon cellular metabolism. When C4M cells are initially cultured
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in media free from Msx they r e m a i n  q u i e s c e n t  for s e v e r a l  days, 
n e i t h e r  g r o w i n g  nor div i d i n g ,  u n t i l  g r o w t h  is o b s e r v e d  at 
s c a t t e r e d  foci. T h e s e  foci r e p r e s e n t e d  the f o u n d e r  cells of the 
cell line KG1MSC4-0 which is resistant to 8 uM Msx.

It has been observed that the promoter elements of genes are 
closely associated with DMA sequences which have the capacity to 
b ind to the n u c l e o s k e l e t o n  ( G a s s e r  & L a e m m l i ,  1986). It is 
p o s t u l a t e d  that this c o h a b i t a t i o n  b r i n g s  the a c t i v e  p r o m o t e r  
e l e m e n t s  c l o s e  t o g e t h e r  in a r e g i o n  e n r i c h e d  w i t h  e n z y m e s  
i n v o l v e d  in t r a n s c r i p t i o n .  It is i n t e r e s t i n g  to note that the 
h y b r i d i z a t i o n  ove r  i n t e r p h a s e  n u c l e i  is c l u s t e r e d  r a t h e r  than 
dispersed, see fig 6.7.

Fig 6.8 shows representative quasidiploid metaphase spreads 
of C ^ M  cells. It can be s een f r o m  s p r e a d  (b) that the a m p l i f e d  
r e g i o n  is not l o c a t e d  on the l a rge m a r k e r  c h r o m o s o m e s  but is 
i n s t e a d  l o c a t e d  on the q - a r m  of the s m a l l  E m a r k e r  c h r o m o s o m e .  
Spread (c) is an example of the non-hybridizing karyotype yet it 
p o s s e s s e s  the m o d a l  n u m b e r  of 20 c h r o m o s o m e s  w h i c h  are aki n  to 
t h o s e  if s p r e a d  (b). An a n a l y s i s  of the a r m  l e n g t h  r a t i o s  and 
c h r o m o s o m e  size with respect to that of Z-H established that the 
dimensions of the E c h r o m o s o m e  were demonstrably different from 
t h o s e  of the t h r e e  s m a l l e r  c h r o m o s o m e s ,  9,10 and 1 1 / 2 — 13 and 
t h r e e  s i m i l a r l y  s i z e d  c h r o m o s o m e s ,  6,Z-9 and K. A s i m i l a r  
a n a l y s i s  of the c h r o m o s o m e s  v i s i b l e  in the in. s.iiu k a r y o t y p e s  
showed that they did not represent the E c h r o m o s o m e  which implies 
that the E c h r o m o s o m e  possesses the GS-hybridising region.

That the a m p l i f i e d  GS DMA s h o u l d  not be l o c a t e d  on a l a rge

F i g  6.8 The localization of the amplified GS sequences to the q- 
a r m  of the E c h r o m o s o m e .  Top line is a r e p r e s e n t a t i v e ,  t r y p s i n -  
G i e m s a  banded, C4M karyotype ordered (left to right) 1, 1, C, .2. 
t (8 q ; X q ), Z -4, t(Xp;Z-3P), ( Z - 3 q ) p + , Z-8, Z-9, 6, 6, D, K, Z-5, 
G, 9, 10, 11/Z-13 and E. The middle line is similarly ordered and
shows the localization of silver grains over the E chr o m o s o m e  and 
the l o w e r  line s h o w s  a n o n - h y b r i d i s i n g  s p r e a d  p o s s e s s i n g  a 
smaller chromosome in place of the E.
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raarker c h r o m o s o m e  is unusual. W h e t h e r  the c o r r e l a t i o n  b e t w e e n  
amplified DNA and large chromosomes represents merely the greater 
statistical likelihood that the amplified DNA will be located in 
the m a j o r i t y  p o r t i o n  of the g e n o m e  c o n t a i n e d  w i t h i n  the l a r g e r  
c h r o m o s o m e s  or does indeed represent some undefined requirement 
for the s u r v i v a l  and p r o g r e s s i o n  of the a m p l i f e d  DNA is o p e n  to 
question. Conversely the evident instability of the GS amplified 
DMA could be due to its location on the small E c h r o m o s o m e  or to 
some inherent instability which would manifest itself regardless 
of c h r o m o s o m a l  location. The m e c h a n i s m  of the loss of the 
amplified GS sequences is unclear, of the six karyotypes lacking 
the E c h r o m o s o m e  t h r e e  had a d d i t i o n a l  s m a l l  c h r o m o s o m e s  w h i c h  
co u l d  h a v e  been the r e m n a n t s  of the E c h r o m o s o m e  and t h r e e  had no 
suc h  c h r o m o s o m e s  so e i t h e r  d e l e t i o n  of the a m p l i f i e d  l o c u s  or 
c o m p l e t e  c h r o m o s o m e  loss can a p p e a r  to a c c o u n t  for the loss of 
some amplified sequences.

An alternative answer to the question of the instability of 
the amplified DNA is to suggest that the DNA resides, in part, on 
e x t r a c h r o m o s o m a l  double minutes. This is an unlikely explanation 
for several reasons. Firstly Chinese hamster cell lines are only 
r a r e l y  r e p o r t e d  to c o n t a i n  d o u b l e  mi n u t e s .  S e c o n d l y  if d o u b l e  
minutes were present they would have to coexist alongside the E 
chromosome, unless precisely segregated, within the same cell and 
the rapid emergence of deamplified cells would still require the 
loss of the amplified sequences on the E c h r o m o s o m e  so the known 
i n s t a b i l i t y  of d o u b l e  m i n u t e  a m p l i f i c a t i o n s  w o u l d  not w h o l l y  
explain the very rapid loss of Msx resistance. Thirdly the use of 
the fluorescent stain DAPI, which is capable of revealing DNA of 
the order of 150 k bp, shows no e x t r a c h romosomal DNA is present in 
C 4 M c e l l s  (Dr. R.H.Wilson, pers comm). F o u r t h l y  the m i g r a t i o n  
characteristics of undigested C4M DNA in conventional and pulse 
field gels renders it unlikely that extr a c h r o m o s o m a l  molecules 
smaller than 150 kbp exist.

Whether the rearrangement of the 2, Z-2 and Z-7 chromosomes
played some part in the amplification process or merely occurred 
serendipitously in parallel to the a mplification of the GS genes 
is u n k n o w n .  S i n c e  the c h r o m o s o m a l  l o c a t i o n  of the p a r e n t a l  GS 
g e n e  is u n k n o w n  it is p o s s i b l e  that it lies in one of the
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rearranged chromosomes and that the initial amplification event 
caused a rearrangement at that site.

Assuming that the amount of chromatin on a chromosome is 
directly proportional to that c h r o m o s o m e ’s length, or part 
thereof, measurements indicate that the q-arm of the E marker 
constitutes between 2 and 3% of the genome. Given an amplified 
unit repeated 1000 times with a minimum size of 70 kbp within a 
genome of 3 x 10 kb the amplified GS DNA will constitute at 
least 2% of the genome - a result which suggests that (i) the 
vast majority of the amplified GS DNA lies on the q-arm of the E 
marker chromosome and (ii) the bulk of the DNA present on that 
q-arm is amplified in nature.
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CHAPTER 7

O v e r a l l  D i s c u s s i o n  a n d  P r o p o s a l s  f o r  F u t u r e
Experinents



7.1 Overall Discussion
A cell line c o n t a i n i n g  a p p r o x i m a t e l y  1000 c o p i e s  of the 

g l u t a m i n e  s y n t h e t a s e  g e n e  ha s  b e e n  p r o d u c e d  by m u l t i s t e p  
selection for increasing resistance to methionine sulphoximine. I 
h a v e  s h o w n  that the k a r y o t y p e  of the C 4 M cell l ine c o n t a i n s  
several new c h r o m o s o m e s  - the products of rearrangements of the 
p a r e n t a l  KG1 c h r o m o s o m e s .  The C 4 M line e x h i b i t s  an i n c r e a s e  in 
k a r y o t y p i c  v a r i a b i l i t y  r e l a t i v e  to the KG1 line, p o s s e s s i n g  
a b e r r a n t  c h r o m o s o m e s  and q u a s i t e t r a p 1 oid c e l l s  w i t h  g r e a t e r  
f r e q u e n c y .  By in s itu h y b r i d i z a t i o n  I s h o w e d  that the GS g e n e s  
w e r e  c o n f i n e d  to the long a rm of a s m a l l  c h r o m o s o m e .  A r o u g h  
e s t i m a t e  of the size of the q - a r m  and the n u m b e r  of GS u n i t s  
present suggests that the DNA comprising the q-arm may b e a l m o s t  
entirely amplified units.

C o n v e n t i o n a l  r e s t r i c t i o n  m a p p i n g  and gel e l e c t r o p h o r e s i s  
e s t a b l i s h e d  that the DNA s u r r o u n d i n g  and i n c l u d i n g  the GS gen e  
was h o m o geneous over some 40 kbp and that there was a consistent 
hypomethylation pattern in the 5 ’ region of the GS gene.

P u l s e  f i e l d  gel e l e c t r o p h o r e s i s  s h o w e d  t h a t  the D N A  
surrounding any one GS gene was h omogeneous for distances of at 
le a s t  300 kbp. It f u r t h e r  s h o w e d  that o t h e r  cell l i nes s h o w e d  
d i f f e r e n t ,  but h o m o g e n e o u s ,  r e s t r i c t i o n  p a t t e r n s  and that the 
restriction patterns of the C4M line differed from those of the 
KG1 and K G 1 M  l i n e s  f r o m  w h i c h  it w a s  derived.

Several groups have analysed the structure of the amplified 
DNA f r o m  v a r i o u s  cell lines. T h e i r  e f f o r t s  to c o n s t r u c t  a 
c o n s i s t e n t  a m p l i f i e d  unit have m e t  w i t h  v a r i o u s  d e g r e e s  of 
success. The presence of inverted repeat structures was shown to 
be w i d e s p r e a d  by Ford & F r ied (1986); o c c u r r i n g  in e v e r y  one of 
s e v e n  cell l i nes t e s t e d  a l t h o u g h  there is no w a y  of k n o w i n g  if 
the inverted repeat structure is the sole arrangement. Cloning of 
the r e f l e c t i o n  p o i n t  ( P a s s a n a n t i  e_t a 1., 1987 ; S a i t o  & Stark,
1586; L o o n e y  & H a m l i n ,  1987) s h o w e d  that the s y m m e t r y  w a s  not 
p e r f e c t  but i n t e r r u p t e d  by a 1-2 kbp u n i q u e  f r a g m e n t  at the 
centre. To date o nly L o o n e y  & H a m l i n  (1987) h ave s u c c e e d e d  in 
cloning an entire amplified unit and although they succeeded in 
d e f i n i n g  the ends of the unit they v/ere u n a b l e  to d e d u c e  the 
relationship of one unit to another. PFC-E offered an alternative
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to c l o n i n g  and d e f i n i n g  an a v e r a g e  u n i t  and the r e s u l t s  f r o m  it 
a l l o w s  the c o n s i d e r a t i o n  of v a r i o u s  m o d e l s  of the s t r u c t u r e  of 
the amplicon cluster.

Fig 7.1 shows some of the possible models all of which have 
the following in common:

(a) t h e r e  are no " r a n d o m "  ,ie. m u l t i p l e  unique, s e q u e n c e s  
p r e s e n t .

(b) the u n i t s  are a r r a n g e d  t a n d e m l y  w i t h  no i n t e r s p e r s e d  
sequences p r e s e n t .

(c) the s t r u c t u r e  of a u nit is s i m p l e ,  ie no m u l t i p l e  
internal repeats.

(d) each u n i t  c o n t a i n s  a GS gene.
V a r i o u s  o b s e r v a t i o n s  m u s t  be i n c o r p o r a t e d  i n t o  a n y  

successful model:
(i) c o n v e n t i o n a l  r e s t r i c t i o n  a n a l y s i s  g i v e s  a u n i t  size of 

50-60 kbp.
(ii) the PFGE restriction pattern is homogeneous.
( i i i )  t h e  p r e s e n c e  of t w o  d i s c r e t e  S s t l l  f r a g m e n t s  

containing the GS gene.
(iv) the regular pattern of partial digests of Sst II or Sfi

I .
(v) the d i f f e r e n c e s  and s i m i l a r i t e s  in the r e s t r i c t i o n  

patterns of C 4 M and KG1M.
(vi) the correspondence in size between the Sst II fragment 

and the partial digest fragments of Sal I and Xho I.
(vii) the r e l a t i v e  u n d e r h y b r i d i z a t i o n  of the s e c o n d  Sst II 

f r a g m e n t .
(viii) the difference in h y b r i d i z a t i o n  p a t t e r n s  of gels 

probed with fragments to the 5' and 3' of the Sstll sites.

F i g u r e  7.1 s h o w s  s o m e  of the p o s s i b l e  m o d e l s  of the 
a m p l i f i e d  unit. The 70 kbp d i r e c t  r e p e a t  u n i t  (7.1a) m o d e l  is 
highly implausible since neither the Sstll nor the Sfil data are 
compatible with a tandem array composed of a single 70 kbp unit.

The 70 kbp i n v e r t e d  r e p e a t  unit (7.1b) m o d e l  p r e d i c t s  that 
the Sstll fragments revealed by fragments II or IV should be the 
s a m e  s i z e  ( a p p r o x  75 kbp) a n d  t h i s  is n o t  b o r n e  o ut by 
the h y b r i d i z a t i o n  p a t t e r n  of fig 4.10b and 4.11b. If the S s tll
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site is placed asymmetrically in order to produce a fragment of 
55 kbp in size for fragment II to reveal it predicts that the 
other Sstll fragment which would be revealed by fragment IV
would be 85 kbp in size and again this is not borne out by the
hybridization pattern of fig 4.11b.

The 95 kbp inverted repeat unit (7.1c) and 195 kbp direct 
repeat ( 7.Id) share similar flaws. Both predict that the Sfil 
restriction pattern should have a 195 kbp band, equivalent to 
two units or one unit respectively, and the presence of a band 
this size is definitely questionable in fig 4.10b. Similarly 
both models predict the presence of Sfil bands of lesser size 
which also may not be present, in the case of the inverted 
repeat Sfil bands of 160 and 175 kbp are expected and in the
case of the direct repeat Sfil bands of 115 and 160 kbp. In
addition the inverted repeat model would have difficulty in
accommodating the reduction in size of the smaller Sstll
fragment from 90 kbp in KG1M to 55 kbp in C4M, while the 105 kbp 
Sfil fragment, which contains completely the smaller Sstll
fragment, remains with its size unaltered.

Both of the larger size models (7.1c and 7.Id) explain 
easily the difference in hybridization patterns generated by 
fragments II and IV, an observation which must be passed off as 
an hybridization artifact in the smaller size models.

Models which incorporate a third Sstll fragment into their 
structure are of too great a size to be usefully speculated upon 
given the current data.

7.2 Future experiments
Several suggestions for localised restriction mapping are 

included in chapter 4 but the possibility that the amplified 
unit could be larger than 195 kbp will not be resolved by such 
procedures .

The only way to satisfactorily resolve these modelling 
problems is to create a cosmid library of C4M DNA and use that 
to map, in detail, an amplified unit. Because one cosmid cannot 
accommodate even the minimum size of a unit the resultant 
structure will be an average unit composed of pieces of several 
units. It will however be capable of defining the size of the 
unit and the presence or absence of inverted repeats.
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Although a considerable amount of work has been devoted to 
the primary a mplification event little has been devoted to later 
events.
Q u e s t i o n s  s u c h  as - is a s e c o n d a r y  e v e n t  j u s t  a 1 0 - f o l d  
a m p l i f i c a t i o n  of a single unit like the primary event?

Does a secondary event involve more than one unit?
Is the increase in copy number arithmetic or geometric?
H o w  does the s t r u c t u r e  of the a m p l i f i e d  u n i t  a l t e r  as its 

copy number increases?
Is the size of the unit fixed during amplification?
C o u l d  it c h a n g e  d u r i n g  a m p l i f i c a t i o n  or as a f u n c t i o n  of 

continued culture?
In the KG1M line is an ideal starting point to answer these 

q u e s t i o n s .  It r e a d i l y  u n d e r g o e s  f u r t h e r  a m p l i f i c a t i o n  and 
p o s s e s s e s  a h o m o g e n e o u s  a m p l i f i e d  unit. C l o n i n g  of this u nit 
w o u l d  f u r n i s h  a v a r i e t y  of probes, both near and d i s t a n t  to the 
GS g e n e  w h i c h  c o uld be use d  as m o n i t o r s  for s t r u c t u r a l  c h a n g e s  
d u r i n g  a m p l i f i c a t i o n  and in c o n t i n u e d  c u l t u r e  w h i l e  PFG E  w o u l d  
allow the mapping of these alterations at the multiunit level.

At the c h r o m o s o m a l  level q u e s t i o n s  of w h e t h e r  s e c o n d a r y  
amplif i c a t i o n s  result in major c hromosomal changes or whether the 
a m p l i f i e d  u n i t s  m u l t i p l y  in t h eir o r i g i n a l ,  p r i m a r y ,  p o s i t i o n  
could also be addressed using the KG 11: cell line.

On a d i f f e r e n t  tack the e x i s t e n c e  of 1 000 c o p i e s  of a 
housekeeping gene in a single cell provides an excellent vehicle 
for s t u d i e s  of the g e n e s ’ c h r o m a t i n  s t r u c t u r e .  C 4 M  c e lls r e m a i n  
r e s p o n s i v e  to g l u c o c o r t i c o i d s ,  w h i c h  i n c r e a s e  the level of GS 
pr o t e i n ,  and s t u d i e s  of the D N A a s e  I h y p e r s e n s i t i v i t y  p a t t e r n s  
s h o u l d  r e v e a l  the D N A  a r e a  a f f e c t e d  by g l u c o c o r t i c o i d  
s t i m u l a t i o n .  The h i g h  copy n u m b e r  s h o u l d  a l l o w  the r e l a t i v e l y  
e as y  a p p l i c a t i o n  of t e c h n i q u e s  w h i c h  a l l o w  the p r o b i n g  of the 
fine structure of hypersensitive sites to reveal the interaction 
of p r o t e i n ( s )  and DMA w i t h i n  the m  ( J a c k s o n  & F e l s e n f e l d ,  19 3 5) 
and to l a t e r  c h a r a c t e r i s e  and i s o l a t e  the p r o t e i n s  i n v o l v e d  
(Emerson e_t aj^, 1 98 5 ).

Investigation has shown that replication and transcription 
occur at the nucleoskeleton (Jackson & Cook, 1985b and 1986) and
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Gasser a L a e m m l i  (1986) have succeeded in defining DNA regions to 
the 5 ’ and 3' of s e v e r a l  g e n e s  w h i c h  bind to the n u c l e o s k e l e t o n .  
S i m i l a r  e x p e r i m e n t s  u s ing C 4 M cells c o uld d e f i n e  e q u i v a l e n t  
a t t a c h m e n t  r e g i o n s  w h o s e  p o s i t i o n  a n d  s e q u e n c e  c o u l d  be 
ascertained and related to the transcriptional control of the GS 
gene. Using a synchronised C4 M cell culture it should be possible 
to d e f i n e  the r e p l i c a t i o n  o r i g i n  and p l a s m i d  c l o n e s  of this 
region could then be used to analyse the interaction between the 
origin, its chromatin structure and the nucleoskeleton.
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