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ABSTRACT

C ytochrom e b_ is an am phipathic protein  w ith  a p rosth etic  haem  group. It is 

found in various tissu es  such as liver, kidney, heart and brain as w ell as in 

eryth rocytes. Liver m icrosom al cytochrom e bg is 133 am ino acids in length . 

The carboxy-term inal 36 am ino acids co n stitu te  a hydrophobic ta il and em bed  

the protein  in the m em brane. M icrosom al cytochrom e bg functions in the  

cytochrom e P450 m ono-oxygenase system , actin g  to  m etab o lise  both  

exogenous and endogenous substances. E rythrocyte cytochrom e bg is 

truncated  a fte r  am ino acid  97 and th e  protein  is cy to so lic . It functions in 

eryth rocytes to  reduce m ethaem oglobin . An absence o f  functional cytochrom e  

bg in ery th rocytes has been shown to  lead  to  the m ed ica l disorder, 

m ethaem oglobinaem ia.

W ithin a sp ec ies , am ino acids 1 to  96 are id en tica l b etw een  m icrosom al 

and eryth rocyte  cytochrom e bg - only am ino acid  97 d iffers, in a ll sp ec ies  

ex cep t bovine. It was not known w hether there w ere one or tw o gen es coding  

for the tw o form s o f  cytochrom e bg. If there was only one gene, the primary 

transcript m ay undergo d ifferen tia l RNA sp licing to  produce tw o d ifferen t  

m ature cytochrom e bg m RNAs.

R at cytochrom e bg cD N A  probes w ere used to  screen  a rat genom ic

library. Six d ifferen t genom ic c lon es w ere iso la ted  which contained  regions

hom ologous to  cytochrom e bg . T hese c lon es w ere analysed  by restr ic tion

mapping, hybridization stud ies and DNA sequencing. Two o f  the genom ic

clon es contained  sequence for the sam e rat cytochrom e b_ processed ,o
truncated  pseudogene. From analysis o f  the other genom ic c lon es, the

functional m icrosom al cytochrom e bg gene is m ore than 23 kb in length  and

con sists  o f  a t lea st f iv e  exons. Only four exons from  the functional rat

cytochrom e bg gene w ere iso la ted  - the exon or exons contain ing am ino acids

1-42  inclusive w ere not loca ted . Due to th is  fa c t  and the com p lica ted  pattern

o f  hybridizing bands on a genom ic Southern b lot, it  is s till  not c lear  w hether

th ere  are one or tw o cytochrom e b_ genes.o
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kb - kilobase

kD - kilodalton

- m icro litre

M - m olar

jum - m icrom etre

jiM - m icrom olar

mA - m illiam p

MES - 2-[N-M orpholino] ethanesu lphonic acid

mg - m illigram

ml - m illilitre

mm - m illim etre

mM - m illim olar

m RNA - m essenger ribonucleic acid

NAD - nicotinam ide adenine d in ucleotide

NADH - reduced nicotinam ide adenine d inucleotide

NADPH - nicotinam ide adenine d in u cleotid e  phosphate

ng - nanogram

N -term in al - am ino-term inal

OD - op tica l density

OLB - oligo  labelling buffer
32p - phosphorus th irty-tw o

pfu - plaque form ing unit

phage - bacteriophage

pm ol - p icom ole

RF - rep lica tive  form

RNA - ribonucleic acid

R N ase - ribonuclease

35S - sulphur th ir ty -five

SDS - sodium dodecyl sulphate

SSC - standard sodium c itr a te

SSPE - standard saline phosphate EDTA

T - thym ine

- 15 -



TBE

Td
TEMED 

TLC 

Tris-C l

TTP

uv

V

w
w /v

tris borate EDTA

tem perature o f  d issociation

N, N , N \N ’-te  tr am ethyle thylenediam ine

thin layer chrom atography

Tris (hydroxym ethyl) am inoethane, pH w ith

hydrochloric acid

thym idine triphosphate

ultra v io le t

vo lt

w att

w eight / volum e
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1 INTRODUCTION

1.1 Form s o f  cy toch rom e

C ytochrom e b_ is a typ e  b cy toch rom e, contain ing  th e  sam e p ro sth etic  haem  o
group, protoporphyrin IX, as haem oglobin  and m yoglobin  (S tr ittm a tte r  and 

V elick , 1956). It is a ubiquitous protein  and is  found in sev era l subcellu lar  

o rgan elles , such as th e  endoplasm ic reticu lu m  (Ito and Sato , 1968), G olgi 

bod ies (Bergeron e t  a l ., 1973), nuclear m em branes (B erezn ey  and C rane, 1971; 

Franke e t  a l ., 1970) and the ou ter  m em brane o f  m itochondria  (S o tto ca sa  e t  

a l., 1967).

1 .1 .1  Endoplasm ic reticu lu m  cytoch rom e b^

M icrosom al cy toch rom e b^ is an am phipathic protein  (Spatz and S tr ittm a tte r , 

1971) w ith  a m olecu lar w eigh t o f  18100 D altons (B eck  von Bodm an e t  a l ., 

1986). It is com posed  o f  a hydrophobic ta il  o f  36 am ino ac id  resid u es (F lem ing  

e t  a l., 1978), lo ca ted  a t the carboxy-term inus (O zols, 1972) w hich anchors th e  

p rotein  in to  m em branes and a hydrophilic portion  con ta in in g  th e  haem  binding  

dom ain (Ito and Sato , 1968).

A m ino acid  sequencing o f  m icrosom al cy toch rom e bg p rotein s from  

p orcin e (O zols, 1974; O zols and Gerard, 1977a; A be e t  a l ., 1985), bovine  

(O zols, 1975; F lem ing e t  a l ., 1978), horse (O zols e t  a l ., 1976; O zo ls and 

G erard, 1977b), rat (O zols and H einem ann, 1982) and rabbit liv er  (O zols, 1970; 

Kondo e t  a l., 1979), rev ea led  th a t the protein  is 133 am ino acid s long and th at  

th e  prim ary stru ctu re  is  highly con served  b e tw een  sp ec ie s . M ost o f  the  

in te rsp ec ie s  h etero g en e ity  lie s  a t th e  am ino- and carboxy- term in a ls  and at  

the junction  o f  the hydrophilic and hydrophobic dom ains o f  th e  liver  

cytoch rom e b_.o

1 .1 .2  E ryth rocyte  cy toch rom e b o
A s shown by e lec tro n  m icroscop y, the m ature m am m alian ery th ro cy te  is  

w ithout m em branous stru ctu res, including endoplasm ic reticu lu m  (B eam s and 

K esse l, 1966). It w as th erefo re  assum ed th a t m icrosom al redox p rotein s would  

not be found in ery th rocy tes . H ow ever, a haem oprotein  w ith  p rop erties  

sim ilar to  th e  cytoch rom e b purified  from  so lu b ilized  m icrosom al m em branestD
w as found in th e  supernatant o f  r e d -c e ll h aem olysa tes  (Passon e t  a l ., 1972). A  

com parison  o f  th e  cy toch rom e b protein  iso la ted  from  e ith er  trypsin  oru
d eterg en t so lu b ilized  m icrosom al m em branes w ith  the cy toch rom e b_ lo ca ted  

in ery th ro cy tes , rev ea led  th at th e  sp ectra l p rop erties  and m o lecu lar  w eigh ts  

o f  th e  tw o  proteins w ere sim ilar (Passon e t  a l ., 1972). The p ro sth etic  group o f  

ery th ro cy te  cy toch rom e b^ w as id en tified  by paper chrom atography to  be
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protohaem  IX (Passon e t  a l., 1972), which w as the sam e as that reported  for

solub ilized  liver m icrosom al cytochrom e bg (S tr ittm atter  and V elick , 1956;

B ois-P oltoratsky and Ehrenberg, 1967). The r e a ctiv ity  o f  the tw o proteins

w ith  various compounds was also com pared. The reduced form  o f  the

solub ilized  liver cytochrom e bg does not bind carbon m onoxide (Petragnani e t

a l., 1959), but is ox id ized  by oxygen, cytochrom e c  and m ethaem oglobin

(Passon and H ultquist, 1972; H ultquist and Passon, 1971). The sam e properties

w ere found for ery throcyte cytochrom e bg (Passon e t  a l ., 1972). Both the

eryth rocyte  and m icrosom al cytochrom es bg oxid ize cytochrom e bg reductase

[EC1.6.2.2] iso la ted  from  liver m icrosom al m em branes and ery th rocytes

(Passon and H ultquist, 1972).

Im m unochem ical stu d ies (Kuma e t  a l., 1976; G oto-Tam ura e t  a l ., 1976)

a lso  supported the sim ilarity  b etw een  the tw o form s o f  cytochrom e bg. An

antibody raised  to solub ilized  cytochrom e b_ from  rat liver m icrosom es

inhibited the reduction o f  eryth rocyte  cytochrom e b by NADH ando
cytochrom e bg reductase.

The e x isten ce  o f  an eryth rocytic  form  o f  cytochrom e bg w as confirm ed

when the am ino acid  sequence o f  the protein  iso la ted  from  rabbit (Schafer and

H ultquist, 1983), human, porcine and bovine sources (Abe e t  a l., 1985) was

determ ined. In all ca ses  the eryth rocyte  cytochrom e b was found to be 97o
am ino acids in length. C ytochrom e bg in ery th rocytes is  36 am ino acids  

shorter than the in tact m icrosom al m em brane cytochrom e bg, but id en tica l in 

length  to the hydrophilic segm ent o f  m icrosom al m em brane cytochrom e bg 

(Douglas and H ultquist, 1978; Slaughter e t  a l ., 1982) (Fig. 1)
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(1) L iver m icrosom al m em brane cytochrom e b_o

1 97 133

contains haem  binding domain m em brane anchoring  

- cy to so lic  domain

(2) E rythrocyte cytochrom e bg

1 97

contains haem  binding domain  

- cy to so lic

Figure 1. S tructures o f  cytochrom e b_. Num bers ind icate  am ino acid  position.&
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1 .1 .3  R elationship  b etw een  m icrosom al m em brane-bound and cy to so lic

eryth rocyte  cytochrom e bg

The m urine Friend virus-induced erythroleukaem ic c e ll- l in e  has m any o f  the

c h a ra cter istic s  o f  im m ature erythroblasts and upon trea tm en t w ith  DMSO,

d ifferen tia te  as norm al ery th rocytes to  polychrom atophilic- and

orthochrom atophilic-like c e lls  (Sato e t  a l., 1971). T hese changes have been

m onitored by developm ent o f  erythrocyte m em brane antibody (Ikawa e t  a l. ,

1973), accum ulation  o f  globin m RNAs (Ross e t  a l., 1972) and syn th esis o f

globin proteins (Boyer e t  a l ., 1972; O stertag  e t  a l., 1972).

This c e ll  line has been  used as a m odel to  study cytochrom e b during&
erythroid  d ifferen tia tion  (Slaughter and H ultquist, 1979). The Friend

erythroleukaem ic c e lls  w ere assayed  for lev e ls  o f  m em brane-bound and

soluble form s o f  cytochrom e b_ at various sta g es  o f  developm ent. It waso
found that cytochrom e b is only present in th e  m em brane fraction  o f  theo
erythroleukaem ic c e ll and that DM SO-induced d ifferen tia tion  o f  th e  c e lls  to

the polychrom atophilic or orthochrom atophilic erythroblast s ta g e s  does not

resu lt in cytochrom e bg in the soluble fraction . H ow ever, it  is not known at

which stage  the v switch" b etw een  the m em brane-bound and soluble form s o f

cytochrom e b_ occurs during erythroid m aturation, o
From the observation that during erythroid m aturation the

disappearance o f  endoplasm ic reticu lum  resu lts in the appearance o f  soluble

cytochrom e b_, it  was proposed that p roteo lysis o f  m icrosom al cytochrom e b_ & &
occurs during eryth rocyte  developm ent, producing the soluble form  o f  the

protein  (Slaughter and H ultquist, 1979). This theory w as supported by the

am ino acid  analysis o f  tryp tic  peptid es from  bovine ery th rocyte  cytochrom e

b r (Slaughter e t  a l., 1982). When th is sequence w as com pared w ith  the am ino  o
acid  sequence o f  the bovine liver m icrosom al protein  (O zols, 1975; F lem ing e t

a l., 1978), the hydrophilic segm ent o f  m icrosom al cytochrom e bg was

id en tica l to  th e  ery th rocytic  protein.

H ow ever, com parison o f  the amino acid  sequences o f  human, porcine

(Kimura e t  a l., 1984; A be e t  a l., 1985) and rabbit cytochrom es b_ (Schafer ando
H ultquist, 1983), in d ica tes that, although w ithin a sp ec ies  the liver  and 

eryth rocyte  form s o f  cytochrom e bg are id en tica l for the first 96 am ino acids, 

the carboxy-term inal am ino acid  o f  the eryth rocyte  protein , am ino acid  97, is 

d ifferen t, (Fig. 2).



am ino acids 1-96 am ino acid  97

Liver E rythrocyte Liver E rythrocyte

Bovine Identical Ser Ser

Human Identical Thr PRO

R abbit Identical Thr PRO

Porcine Identical Thr SER

Figure 2. Am ino acid  sequence com parison b etw een  liver  and

eryth rocyte  cytochrom e b_ in severa l sp ecies.o

The changes in am ino acid  97 correspond to  substitu tion  o f  the fir st  base in 

the codon.

The am ino acid  sequence inform ation su ggests that there is one gene,

rather than tw o, coding for cytochrom e bg. If  there is just a single gene

producing both the ery th rocytic  and m icrosom al m em brane form s o f

cytochrom e bg by m eans other than p roteolysis, the tw o proteins are m ost

lik ely  to arise due to  d ifferen tia l RNA splicing as occurs in the ca lc iton in /

CGRP gene (Amara e t  a l .. 1982). The term inal am ino acid , am ino acid  97, in

eryth rocyte  cytochrom e bg can d iffer , in som e sp ec ies, from  am ino acid  97 in

m icrosom al m em brane cytochrom e b_. T herefore, there would have to  ex ist5
tw o a ltern ate  exons, w ithin the primary RNA transcript, contain ing sequence  

around the codon for am ino acid  97. Depending on the tissu e  in which the  

cytochrom e bg protein  is  to  be expressed, one exon would be sp liced  out and 

the other rem ain in the m ature m RNA. The codons for am ino acid  97 in the  

tw o exons would not be the sam e in those sp ec ie s  where am ino acid  97 

d iffered  in th e  final proteins. The liver m icrosom al m RNA would also contain  

codons for am ino acids 98 to  133, derived from  one or m ore exons, w hereas  

the eryth rocyte  m RNA would be truncated  a fte r  am ino acid  97 and its  3 ’ non­

coding region.

1 .1 .4  M itochondrial cytochrom e bg

A cytochrom e b -like protein , bound to  the outer m itochondrial m em brane, o
has been found in various tissu es such as liver, kidney, heart, m uscle  and brain 

(Raw and M ahler, 1959; Ito, 1980a).
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The protein  from  the outer m itochondrial m em brane was shown, a fter

so lub ilization  w ith  trypsin, to  be d ifferen t from  the m icrosom al cytochrom e

b in its  im m unological properties and by sp ectra l and tryp tic  analysis

(Fukushima and Sato, 1973; Ito, 1980b). The am ino acid  sequence o f  the haem -

binding dom ain o f  the rat outer m itochondrial m em brane cytochrom e bg was

determ ined by Lederer e t  a l., (1983). A  com parison o f  the fir st 91 am ino acids

b etw een  rat m itochondrial and m icrosom al cytochrom e b_ show ed that theo
tw o proteins w ere 58% hom ologous. C onservation at the am ino acid  lev e l is 

stron gest in the cen tra l region o f  the protein  (Lederer e t  a l., 1983) (Fig. 3) 

around the haem  c rev ice  (M athews e t  a l., 1971, 1972) (Fig. 4). The area  

b etw een  the proxim al H is (amino acid  43) and the d ista l H is (am ino acid  67) o f  

rat m itochondrial and m icrosom al cytochrom e b_ is grea ter  than 76%U
hom ologous. Substitu tions b etw een  the bovine m icrosom al and m itochondrial 

cytochrom es bg are all found at the surface o f  the 3D structure as postu lated  

by M athew s e t  a l., (1971; 1972) ex cep t for the substitu tion  o f  H is-19 by Arg.
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otoc
42

ocoe
50

OUX
60

O&c
68

r a t  E H P G G E E V L L E Q A G A D A T E S F E D V G H S
m ito
b-
r a t  E H P G G E E V L R E Q A G G D A T E N F E D V G H S
mi c

F ig u r e  3 . Com parison b etw een  r a t  m it o c h o n d r ia l  cy toch rom e b^ 
( r a t  m ito  b,-) and r a t  m icrosom al cy to ch ro m e  b^ ( r a t  mic b,.) 
amino a c i d  s e q u e n c e  around th e  p r o x im a l  (am ino a c id  43) and 
d i s t a l  (amino a c i d  67) h i s t i d i n e s .  The haem b in d in g  h i s t i d i n e  
r e s i d u e s  a r e  h i g h l i g h t e d  in  b o ld .  Homology b e tw een  th e  
m it o c h o n d r ia l  and m icrosom al s e q u e n c e s  i s  shown by v e r t i c a l  
l i n e s .
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Figure 4. Schem atic  v iew  o f  c a lf  liver cytochrom e bg. The haem  is  held  

b etw een  H is-43 and H is-67, w ith the proxim al h istid ine arrowed. The haem  

plane is at right angles to  the page.
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1.2 C ytochrom e bg reductase

C ytochrom e b reductase [E C l.6 .2 .2 ] is a flavoprotein  o f  m olecu lar w eight  o
33kD (Yubisui and Takeshita, 1980). It contains one m ole o f  FAD per m ole o f  

enzym e (Kuma and Inom ata, 1972).

C ytochrom e bg red u ctase  ex ists , like cytochrom e bg, in both  soluble  

and m em brane-bound form s. The protein  is m em brane-bound on the  

endoplasm ic reticu lum , the outer m itochondrial m em brane (S o ttocasa  et_al., 

1967; B orgese and M endolesi, 1980), G olgi m em branes (Borgese and M endolesi, 

1980; Hino e t  a l., 1978), and on outer nuclear m em branes (Sagara e t  a l ., 1978) 

as w ell as ex istin g  as a soluble protein  in ery th rocytes (Passon and H ultquist, 

1972; Kuma and Inom ata, 1972).

It functions in th e  liver  w ith cytochrom e bg (section  1.3) in fa tty  acid  

m etabolism  (H olloway, 1971; Oshino e t  a l ., 1971) and the cy toch rom e P450  

m onooxygenase system  (Hildebrandt and Estabrook, 1971; O rtiz de M ontillado,

1986). In erythrocytes, cytoch rom e b_ reductase is involved in the reduction
□

o f  m ethaem oglobin v ia  the soluble form  o f cytochrom e bg (H ultquist and 

Passon, 1971).

C ytochrom e bg red u ctase  is an am phipathic protein  w ith a large  

hydrophilic c a ta ly tic  dom ain and a sm aller hydrophobic m em brane-binding  

sec tio n  (Spatz and S tr ittm a tter , 1973). In the liver the protein  is  300 am ino  

acid s in length (O zols e t  a l., 1985) and in ery th rocytes it  is 275 am ino acids in 

length  (Yubisui e t  a l., 1986).

The m em brane-binding dom ain o f  cytochrom e bg red u ctase  has been  

reported  to  be at the carboxy-term inal, when cytochrom e bg red u ctase  from  

rabbit liver m icrosom al m em branes was d igested  w ith carboxypeptidase  

(Mihari e t  a l.. 1978) and at th e  am ino-term inal end when cy toch rom e bg 

reductase from  steer  liver  w as d igested  with carboxypeptidase (K ensil e t  a l., 

1983). A nalysis o f  the am ino-term inal dom ain o f  cytochrom e bg reductase  

from  steer  liver (O zols e t  a l., 1984) showed th at it  com prises 25 am ino acids  

and that the am ino-term inal g lycin e  is m odified  by m yristic  acid . A  

com parison o f  the am ino acid  sequence o f  cytochrom e b_ red u ctase  iso la tedD
from  steer  (O zols e t  a l., 1985) and porcine liver  (Crabb e t  a l., 1980) w ith the

am ino acid  sequence o f  human eryth rocyte  cytochrom e b_ red u ctase  (Yubisuio
e t  a l., 1986) shows th at the ery th rocyte  protein  begins at am ino acid  26 o f  the  

ste e r  liver sequence. This su ggests  that the hydrophobic dom ain o f  

cytoch rom e bg reductase is lo ca ted  at the am ino-term inus. The sequence o f  a

human liver cytochrom e b_ red u ctase  cD N A  clon e (Yubisui e t  a l., 1987), 575 -------
b ases short at the 5’ end and a fu ll-len g th  human liver m icrosom al cDN A  

clon e (Bull, 1990) confirm s the ev id en ce.
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Am ino acid sequencing (Yubisui e t  a l ., 1986) has shown that only one

residue in the first 23 amino acids in the human eryth rocyte  cytochrom e bg

red u ctase , Ser-12, is d ifferen t from  the corresponding amino acids in s te e r  or

porcine liver. T herefore, there is c lea r ly  a c lo se  link b etw een  ery th rocytic

and m em brane-bound cytochrom e bg redu ctase . The soluble ery th rocyte  form

o f  cytochrom e bg reductase has been  shown to  have sim ilar properties to  the

m em brane-bound form  o f  cytochrom e b redu ctase . They are flavoproteinso
having sim ilar m olecular w eights and both  c a ta ly z e  the reduction o f

cytochrom e b reductase iso la ted  from  human eryth rocytes (Passon and o
H ultquist, 1972; Kuma and Inom ata, 1972). Im m unological stud ies have also

supported th e  suggestion that there is a s im ilarity  b etw een  the m em brane-

bound and soluble form s o f cytochrom e bg redu ctase . An antibody raised

against solubilized  N A D H -cytochrom e b_ red u ctase  from  rat liver m icrosom eso
inhibits the rate  o f cytochrom e bg reduction  by NADH (Kuma e t  a l., 1976;

B orgese e t  a l ., 1982).

From studies on m ethaem oglob inaem ic p atien ts it  appears that the tw o

form s o f  th e  protein are the products o f  one gen e (Leroux e t  a l., 1975;

L ostanlen e t  al., 1981). The gen era lized  d e fic ien cy  o f  cytochrom e b_o
red u ctase  seen  in about 10% o f  con gen ita l m ethaem oglob inaem ic p a tien ts  is 

due to  a d efic ien cy  in both the m em brane-bound and soluble form s o f  the  

protein  (section  1 .3 .3 .1). The hydrophilic dom ain o f  human liver m em brane-

bound cytochrom e b_ reductase (Yubisui e t  a l., 1987) is id en tica l a t the am ino
5

acid  lev e l w ith  the soluble human ery th rocy te  cytochrom e bg reductase  

(Yubisui e t  a l ., 1986). This ind icates th at both form s o f  the protein  are 

encoded  by the sam e gene and th at th e  soluble form  arises e ith er  by  

p roteo lysis  o f  the m em brane-bound cytoch rom e bg reductase during erythroid  

m aturation , the use o f  an a ltern ate  prom oter or by d ifferen tia l sp licing  o f  one  

prim ary RN A transcript giving rise  to  tw o  m RNAs.

A cD N A  clone coding for human cytoch rom e bg reductase has been  

used  to  analyze hum an-rodent som atic  c e ll  hybrids by Southern b lot  

hybridization. These findings ind icate  th at cytochrom e bg reductase is  

encoded by a single gene loca ted  on human chrom osom e 22 (Bull e t  a l., 1988).

1 .2 .1  Interaction  betw een  cytochrom es bg and bg reductase

M odifications o f  7 lysine residues on cytoch rom e b reductase leads to  theo
loss o f  the association  w ith cytochrom e b (Loverde and S tr ittm atter , 1968)0
as observed by analyzing c a ta ly tic  a c tiv ity . A nalysis o f  the tertiary  structure  

o f  cytochrom e b shows that the su rface  o f  the protein  has a large area o f  

n ega tive ly  charged side-chain  carboxyl groups and a n egatively  charged  

exposed  haem  propionate group (M athew s e t  a l., 1971). B etw een  sp ec ies  th ese
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carboxyl groups are highly conserved. M odification  o f  the carboxyl groups o f

cytochrom e bg in d icates that the cytochrom e b& carboxyl side chains o f  Glu-

47 ,-48  and -52 and the haem  propionate are involved in the in teraction  w ith

cytochrom e b reductase (D ailey  and S tr ittm atter , 1979). o

1.3 Functions o f  cytochrom e b&

1.3 .1  C ytochrom e P450 m onooxygenase system

C ytochrom es P450 are the term inal oxidases o f  th e  h ep atic  m icrosom al 

m ixed-fu nction  m onooxygenase system . C ytochrom es P450 play a cen tra l role  

in the m etabolism  o f  various compounds. Som e are endogenous like steroids  

and fa tty  acid s (section  1.3 .2), w hereas others are foreign  com pounds such as 

drugs, carcinogens and environm ental pollu tants (O rtiz de M ontillado, 1986).

The preferred  source o f  the tw o reducing equ ivalen ts required for the  

reduction  o f  various com pounds oxid ized  by the cytochrom e P450 system  is 

generally  NADPH. H ow ever, NADH can also  a c t  as an e lec tro n  donor to  

cytochrom es P450, although th e  reaction s tend to  p roceed  at a slow er ra te  

(Fig. 5). A ddition o f  NADH to  a reaction  being supported by NADPH  

som etim es enhances the ra te  o f  reaction  (N ilsson and Johnson, 1963).
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NADPH Cytochrome P450 
red u cta se

NADH Cytochrome b, 
r ed u cta se

Cytochrom es
P450

m e ta b o lis e  
endogenous 
and fo r e ig n  

compounds

CYTOCHROME f a t t y  a c id  
d e sa tu r a se  

or
e lo n g a se

F igu re 5 . F u n ction  o f  m icrosom al cytochrom e b^. 

________ ^ shows p assage  o f  e le c t r o n s .
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N A D PH -cytochrom e P450 reductase (N A D PH -cytochrom e c  reductase)

[EC 1.6.2.4] is an FAD and FMN containing enzym e (Iyanagi and M ason, 1973)

and has been shown to  p artic ip ate  in the cytochrom e P450 m onooxygenase

system . The requirem ent o f  e lec tro n  transfer from  cytochrom e P450

reductase to  cytochrom es P450 (Fig. 5) was shown by stu d ies using antibodies

sp e c if ic  for cytochrom e P450 reductase (R a fte ll and Orrenius, 1970; Omura,

1969; M asters e t  a l., 1971; Prough and Burke, 1975; Noshiro and Omura, 1978).

A t lea st one e lec tro n  m ust be transferred  by cytochrom e P450 red u ctase to

cy tochrom es P450.

Cohen and Estabrook (1971a; 1971b; 1971c) observed that NADH

actu a lly  prom otes the NADPH driven cytochrom e P450 dependent N-

dem ethylation  o f  am inopyrine to  a greater  ex te n t than could be accou n ted  for

by their com bined e f fe c ts .  They dem onstrated  that cytochrom e b_ was

functional in the supply o f  e lec tron s to cytochrom es P450 and postu la ted  that

the syn erg istic  e f f e c t  was due to  m ore e ff ic ie n t  u tiliza tio n  o f  the second

e lec tro n  from  NADH via cytoch rom e bg. This conclusion  w as supported by

C orreia and M annering, (1973a; 1973b) who nam ed it  SNADH synergism ’. The

syn erg istic  e f f e c t  was la ter  studied using sp e c if ic  inhibitory antibodies which

confirm ed  the involvem ent o f  cytochrom e bg in certa in  P450 ca ta ly zed

reaction s. A cytochrom e b_ antibody was used to study the dem ethylation  o f5
ethylm orphine (Mannering e t  a l ., 1974). The antibody inhibited ethylm orphine

N -d em eth ylase  in the presen ce o f  both NADH and NADPH togeth er , w hereas

in th e  presen ce  o f  NADPH alone, th e  cytochrom e bg antibody had l it t le  e f f e c t

on the reaction . If the cytochrom e b_ antibody w as pre-incubated  w ith pureo
cytochrom e b_, the inhibitory e f f e c t  o f  the antibody on ethylm orphine

5
m etabolism  w as neutralized . T hese resu lts in d ica te  th at cytochrom e bg can  

a c t to  donate the second e lec tro n  to  cytochrom es P450 in the presen ce  o f  

NADH. H ow ever, when NADPH alone is presen t, cytochrom e bg has l it t le ,  i f  

any, e f f e c t  as an electron  donor to  cytochrom es P450. In th is situation , som e  

other compound, such as P450 red uctase, m ust provide the second  e lectron . 

Any transfer o f  e lectron s from  NADPH to  cytochrom e bg which does take  

p lace  has been  shown to  be v ia  P450 reductase (Enoch and S tr ittm a tter , 1979) 

(Fig. 5).

From stu d ies with recon stitu ted  rabbit liver m icrosom es, cytochrom e

bg seem s to  be obligatory, as is P450 reductase, in the p -n itroan iso le-o-

dem ethylation  reaction  (Sugiyam a e t  a l., 1979). This process is ca ta ly z ed  by a

sp e c if ic  cytochrom e P450 which has a high a ffin ity  for cytochrom e b .o
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The overa ll conclusion from  th e above data is th at th e  fir st  e lectron

donated to  reduce cytochrom es P450 is provided by N A D PH -dependent

cytochrom e P450 reductase. In the presen ce  o f  NADH, the secon d  e lectron

can be donated to  certa in  cytochrom es P450 by cytochrom e bg. Indeed, in

som e in stan ces, cytochrom e b_ m ay even  be obligatory, as in theo
recon stitu ted  p -n itroaniso le  O -dem ethylation  system  (Sugiyam a e t  a l., 1979).

A dm inistration o f  certa in  drugs is known to  enhance th e  hydroxylation

o f  those drugs, and som etim es other com pounds as w ell, by se le c tiv e ly

inducing cytochrom es P450 and cytochrom e P450 reductase (R em m er, 1972;

N ebert and G elboin, 1968). This e f f e c t  was fir st observed on adm inistration o f

phenobarbital to  anim als (Orrenius and Ernster, 1964).

S e le c t iv e  induction o f  cytochrom e bg has also been  observed  (Denk e t

a l., 1977). G riseofulvin  trea ted  m ice  had higher lev e ls  o f  m ixed-fu nction

oxygenase a c tiv it ie s , d esp ite  a d ecreased  cytochrom e P450 lev e l. The

induction o f  cytochrom e b by certa in  com pounds stim u la tes  the supply o f  theo
second  e lec tro n  to  cy tochrom es P450. This resu lts in an increase in the rate  

o f  breakdown o f  the applied compound.

1 .3 .1 .1  In teraction  o f  cytochrom e b r and cy tochrom es P450o
Phospholipid has been  found to  greatly  stim u la te  cytochrom e bg-m ed iated  

cytochrom e P450 hydroxylation reaction s (Chiang, 1981).

A s studied  by electronp aram agnetic  resonance, the haem  plane o f  

cytoch rom es P450 is in th e  sam e plane as the m em brane surface. The

cytochrom e b^ haem , how ever, has a random orientation  (R ich e t  a l., 1979).5
T hese fa c ts  su ggest that there is  no tigh t com plex b etw een  cytoch rom es P450

and cytochrom e b_. They appear to in teract by random co llis ion s or o
a ltern a tive ly  v ia  other in term ed iate  sp ec ies .

1 .3 .2  F a tty  acid  and stero id  m etabolism

1 .3 .2 .1  F a tty  acid  desaturation

A t lea st  three d ifferen t fa tty  acid  desaturation  reaction s are known to occur  

in ra t liver m icrosom al m em branes. T hese are ca ta ly zed  by the A9, A 6  and A 

5-desaturases:-

(1) A 9-desatu rase con verts steary l CoA to  o ley l CoA and con verts pa lm itic  

acid  to  p a lm iteo le ic  acid  (Marsh and Jam es, 1962).

(2 ) A 6 -desaturase introduces double bonds b etw een  C6  and C7 o f  certa in  

fa tty  acids such as o le ic  acid  and lin o le ic  acid  (Brenner and P e lu ffo , 1966).

(3) A 5-d esatu rase  d esatu rates fa tty  acids contain ing 20 carbon atom s  

(C astum a e t  a l., 1972).
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A ll th ree  fa tty  acid  d esa tu rase-ca ta lyzed  reaction s appear to  require

e ith er  NADPH or NADH and m olecular oxygen (Fig. 5)

Stearyl-C oA  desaturase, a A 9 desaturase, is th e  m ost studied o f  th ese

enzym es. In the p resen ce o f  NADPH, the desaturation  o f  steary l CoA by rat

liver  m icrosom al m em branes has been  shown to  involve the reduction  o f

cytochrom e b by cytochrom e P450 red u ctase (Enoch and S tr ittm a tter , 1979). o
C ytochrom es P450 are not functional com ponents o f  the desaturase system

(Oshino e t  a l., 1966).

In v itro  stud ies show ed that N A D H -supported steary l CoA desaturation

requires cytochrom e b (H ollow ay and K atz, 1972) and cytochrom e b_o o
red u ctase  (H ollow ay and Wakil, 1970). A cytochrom e bg antibody inhibits  

NADH - and N A D P H -stim ulated  steary l CoA desaturation. Both e lec tro n  

donors are equally sen sitiv e  to  the antibody inhibition (Oshino and Omura,

1973). T herefore, cytochrom e bg is the com m on fa cto r  in th e  tw o routes (Fig. 

5).

E xperim ents in v itro  w ith rat liver m icrosom al m em branes in d ica te  the  

im portance o f  the hydrophobic m em brane-binding sectio n  o f  cytochrom e bg in 

desaturation  reaction s. Substitu tion o f  the hydrophilic fragm ent o f  

cytochrom e bg for the com p lete  am phipathic protein  p revents d e tec ta b le  

N A D H -dependent steary l CoA desaturase a c tiv ity  (Shim akata e t  a l .. 1972; 

S tr ittm a tter  e t  a l., 1974). A ntibodies raised  against the hydrophilic portion o f  

cytochrom e b_ have also been  used to  show th at cytochrom e b_ is  a
5  O

com ponent o f  the A 6 -desaturation  o f  lin o le ic  acid  and o le ic  acid  in rat liver

m icrosom es (Okayasu e t  a l ., 1976; L ee e t  a l ., 1977).

1 .3 .2 .2  F a tty  acid  elongation

F a tty  acid  elongation  in m icrosom al m em branes requires e ith er  NADH or

NADPH to  provide the reducing equivalents (S to ffe l and Arch, 1964;

N ugteren , 1965). With the use o f  antibodies, cy tochrom e b_ has been  shown to5
p artic ip a te  in fa tty  acid  chain elongation  in itia ted  by NADPH and involving

cytoch rom e bg reductase (Ilan e t  a l., 1981; N agao e t  a l ., 1983) (Fig. 5).

C ytochrom e b_ is also necessary  for the tran sfer o f  e lec tro n s from  NADH via  5
cytochrom e b_ reductase to  an elongase enzym e system  (K eyes e t  a l., 1979)

(Fig. 5). When m alonyl CoA, the precursor for fa tty  acid  e lon gation  in liver

m icrosom al m em branes, is added to a rat liver m icrosom al m em brane system

in th e  presen ce  o f  ATP it  stim u la tes the reoxidation  o f  cytochrom e b_ tw o- to
5

fou r-fo ld  (A lfano and C inti, 1977; K eyes e t  a l., 1979). Correspondingly, 

m alonyl CoA is incorporated into ex istin g  m icrosom al fa tty  acids. The 

involvem ent o f  cytochrom e b w as confirm ed by the use o f  an antibody  

against cytochrom e bg. In the p resen ce o f  the antibody the incorporation o f

- 31 -



m alonyl CoA into fa tty  acids was reduced by 60% in a reco n stitu ted  system  

(K eyes e t  a l ., 1979).

Brain m icrosom al m em branes have also been found to  involve the  

cytochrom e b /b_reductase system  in fa tty  acid  elongation . C ytochrom e b
U  u  u

red u ctase  antibodies inhibit N A D H -cytochrom e bg red u ctase  a c tiv ity  and 

palm itoy l CoA elongation  (Takeshita e t  a l., 1985).

1 .3 .2 .3  C h olesterol b iosynthesis

L anosterol is converted  to  ch o lestero l by a ser ies o f  p rocesses in the rat liver.

Im m unological ev id en ce ind icates th at m icrosom al cytochrom e b_ is involvedo
in the introduction o f  the C5 double bond in ch o lestero l b iosynth esis (Reddy e t

a l., 1976). It is  also required as part o f  an N A D H -dependent e lec tro n  transport

system  to  dem e thy la te  lanosterol a t C4. This was dem onstrated  by treatin g

m icrosom es w ith  trypsin which destroys cytochrom e b_ and leads to  the losso
o f  dem ethylation  ac tiv ity . The a c tiv ity  is restored  w ith  the addition o f  pure 

cytochrom e b_ (Fukushima e t  a l., 1981).U

1 .3 .2 .4  Prostaglandin synthesis

Prostaglandin syn th etase  is an enzym e system  bound to  the endoplasm ic  

reticu lum  (R ollins and Sm ith, 1980). The a c tiv ity  has been  recon stitu ted  in 

phospholipid v e s ic le s  (S tr ittm atter  e t  a l., 1982). Binding o f  cy tochrom es b_O
and b t  reductase to  th ese  v e s ic le s  in the p resen ce o f  NADH in d ica tes that o
reduced cytochrom e b_ is used as an e lectron  donor in prostaglandinD
form ation.

1 .3 .2 .5  P lasm alogen  b iosynthesis

P lasm alogen  synthesis in porcine sp leen  m icrosom es has been  shown by using a 

s p e c if ic  cytochrom e bg antibody to  require cytochrom e bg (P a ltau f e t  a l ..

1974). The cytochrom e bg antibody inhibited p lasm alogen synthesis to  the  

sam e ex ten t w hether NADH or NADPH was actin g  as th e  e lec tro n  donor. The 

m echanism  for plasm alogen synthesis, th erefore, appears to  be sim ilar to  that  

o f  th e  steary l CoA desaturase system  in rat liver  m icrosom es (Oshino e t  a l., 

1966), (section  1.3.2.1).

1 .3 .3  R eduction  o f  m ethaem oglobin  in eryth rocytes

H aem oglobin is  m aintained in its  a c tiv e  s ta te  in ery th rocytes by reduced  

pyridine nucleotides. T hese u ltim ately  reduce the ferr ic  haem  in 

m ethaem oglobin  to  cou n teract the autooxidation o f  haem oglobin (Gutmann e t  

al., 1947; J a ffe  and Neum ann, 1968). NADH is  responsible for m ost o f  the  

m ethaem oglobin  reducing cap acity  in ery th rocytes (Gibson, 1948; S co tt e t  a l .,
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1965; H egesh  and Avron, 1967a; S co tt and M cGraw, 1962). NADPH - 

dehydrogenase a c tiv ity  is not neutra lized  by antibody raised  against  

m ethaem oglobin  reductase (Leroux and Kaplan, 1972) and is presen t a t norm al 

lev e ls  in the ery th rocytes o f  m ethaem oglob inaem ic p a tien ts.

The m ajor ery th rocytic  NA DH -diaphorase was iso la ted  from  norm al 

human eryth rocytes and shown to  reduce m ethaem oglobin  (S co tt and M cGraw, 

1962). The enzym e was purified  and its  m olecu lar properties w ere studied  

(Kuma and Inom ata, 1972). It was determ ined to  have a m olecu lar w eight o f  

approxim ately 33kD w ith one m ole o f  FAD, as the p rosth etic  group, per m ole  

o f  enzym e. This id en tified  the protein  as being sim ilar to  N A D H -dependent 

cytoch rom e bg reductase (S tr ittm atter  and V elick , 1957; Passon and 

H ultquist, 1972) and N A D H -m ethaem oglobin  red u ctase  (H ultquist and Passon,

1971). M ethaem oglob inaem ic p a tien ts  (section  1 .3 .3 .1 ) w ith N A D H -diaphorase

d e fic ien cy  (S co tt, 1960) w ere also shown to  have a d e fic ien cy  in cytochrom e

b_ reductase (K itao e t  a l., 1974; Leroux e t  a l., 1975). o -------
T hese fa c ts  ind icated  that a single protein  was responsible for the

a c tiv it ie s  observed and it  is now c la ss ified  as cytochrom e b_ reductase5
[E C l.6 .2 .2 ] (section  1.2).

In both haem olysa tes and recon stitu ted  sy stem s, cytoch rom e b_
5

red u ctase  reduces m ethaem oglobin  m uch m ore slow ly than in vivo (H egesh  

and Avron, 1967b; Abe and Sugita, 1979). T herefore, i t  was rea lised  that  

another com ponent was involved  in the m ethaem oglobin  reduction  system . 

C ytochrom e bg was iso la ted  from  human ery th rocy tes (Passon e t  a l.,

1972) and found to  be reduced by cytochrom e b reductase in v itro  (Passon&
and H ultquist, 1972). When cytochrom e bg is  added to  an in v itro  system  

contain ing  NADH and cytochrom e bg redu ctase , it  s tim u la tes  the reduction  o f  

m ethaem oglob in  by cytochrom e bg reductase (H ultquist and Passon, 1971; 

Passon and H ultquist, 1972).

C ytochrom e bg and N A D H -cytochrom e bg red u ctase  to g eth er  w ere, 

th erefore , postu lated  to be responsible for m ethaem oglobin  reduction  and a 

m odel for the transfer o f  e lec tron s was proposed (H ultquist and Passon, 1971) 

(F ig. 6 ).

N A D H   ̂ c y to c h r o m e  ^ c y to c h r o m e   ̂ m ethaem oglobin

b_ reductase b_5 5

Figure 6 . Function o f  ery th rocyte  cytochrom e b_o
 ^ in d ica tes p assage o f  e lectron s
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This m odel is  a lso supported by the observation  th at d e fic ien c ie s  in

cytochrom e b reductase, cytochrom e b_ or in the generation  o f  NADH all o o
lead  to  sym ptom s o f  m ethaem oglob inaem ia (section  1 .3 .3 .1).

1 .3 .3 .1  M ethaem oglob inaem ia

In norm al ery th rocytes, le ss  than 1% o f  the to ta l haem oglobin is in the

m ethaem oglobin  form  (Jaffe^ 1964). This lev e l is  m aintained by a

m ethaem oglobin  reductase system  com prising cytochrom e b_ and cytochrom eo
b_ reductase (section  1.3.3). o

Any d efic ien cy  in th is system  resu lts in the accum ulation  o f  the  

m ethaem oglobin  in ery th rocytes, as the autooxidation  o f  haem oglobin ex ceed s  

the cap acity  o f  the reduction  system .

H ereditary m ethaem oglob inaem ia has severa l possib le cau ses:-

(1)'m ethaem oglobin  M d iseases which are dom inantly inherited  and are due to  

an a ltera tion , in one o f  severa l w ays, to  the am ino acid  sequence o f  the haem  

pocket in adult globin chains.

(2) m ethaem oglob inaem ia w ith  d e fic ien t generation  o f  NADH due to  

decreased  g lu tath ione synthesis (Townes and M orrison, 1962).

(3) m ethaem oglob inaem ia  w ith  cytochrom e bg reductase d efic ien cy  (Gibson, 

1948; S co tt and G riffith , 1959; S co tt, 1960; Leroux e t  a l., 1975; Kaplan and 

B eutler, 1967; Schw artz e t  a l ., 1972; Schw artz e t  a l ., 1983) which is 

r e cess iv e ly  inherited  and has been  reported  in over 150 p a tien ts  worldwide. 

There are, in fa ct, three typ es o f  m ethaem oglob inaem ia due to  d efic ien cy  in

cytochrom e b t  reductase.5
(a) Type I - the d e fic ien cy  is restr ic ted  to  ery th rocytes. The d isease  is 

benign and the only c lin ica l sym ptom  is cyanosis, which rarely n eeds trea tin g  

(Gibson, 1948; S c o tt  and G riffith , 1959). This uncom plicated  

m ethaem oglob inaem ia resu lts  from  a m utation  in paired a lle le s  which a f fe c ts  

the stab ility , function  or possib ly  so lu b ilization  o f  the hydrophilic segm en t o f  

the protein.

(b) Type II - th is m ore serious form  o f  the d isease  is found in about 10% o f

p atien ts. In addition to high m ethaem oglobin  lev e ls  in ery th rocy tes they  show

d efic ien t cytochrom e bg red u ctase  a c tiv ity  in m icrosom al m em branes o f

m any tissu es including th e  brain. P a tien ts  w ith type II cytoch rom e b_o
red u ctase  d e fic ien cy  are m en ta lly  retarded and die prem aturely  (Leroux e t

a l., 1975). A s m yelin  phospholipid is usually rich in o ley l CoA, it  is thought

that reduced desaturation  o f  fa tty  acids due to  cytochrom e b_ reductase
5

d efic ien cy  m ay be partly responsible for the e f f e c t s  on the cen tra l nervous 

system . A  p a tien t w ith the sev ere  form  o f  m ethaem oglob inaem ia  a sso cia ted  

w ith m ental retardation  w as assayed  for the ab ility  to e lon ga te  fa tty  acid s in
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p la te le ts  and leu k o cy tes . C om pared to  norm al su b jects  on ly  60% a c t iv ity  w as  

found in th e  m eth a em o g lo b in a em ic  p a tie n t (T akesh ita  e t  a l ., 1987). R ed u ction  

in th e  c a p a c ity  to  e lo n g a te  fa t ty  acid s m ay a lso , th e re fo r e , r e su lt  in 

n eu ro log ica l dam age.

Type n  m eth aem og lob in aem ia  is  thought to  b e  due to  e ith e r  g en e  

d e le tio n s  or a m u ta tion  in paired  a lle le s  a f fe c t in g  b oth  th e  hydrophobic and 

hydrophilic se c t io n s  o f  cy to ch ro m e bg red u ctase . T his cou ld  a f f e c t  th e  

a c t iv ity , s ta b ility  or a tta c h m e n t o f  th e  p rote in  to  th e  en d op lasm ic  reticu lu m .

(c) Type m  - th is  form  o f  m eth aem og lob in aem ia  is  d e fin ed  by d e f ic ie n c y  o f  

cy to ch ro m e bg red u cta se  in e r y th ro cy tes , leu k o c y te s  and p la te le ts . P a tie n ts  

do n ot show g e n e r a lize d  d e f ic ie n c y  or th e  n eu ro log ica l sym p tom s a sso c ia ted  

w ith  typ e  II m eth aem og lob in aem ia  (Arnold e t  a l ., 1978; T anisham a e t  a l ., 

1985). The cy to ch ro m e bg red u cta se  d e f ic ie n c y  is, in th e se  p a tie n ts , 

r e s tr ic te d  to  h a em o p o ie tic  c e lls . This ty p e  o f  m eth aem og lob in aem ia  can n ot  

b e exp la in ed  by th e  sim p le th eory  o f  d iffe r e n t  m u ta tion s a t th e  sam e locu s  

lea d in g  to  ery th r o c y tic  or g en e r a lize d  cy to ch ro m e bg r e d u cta se  d e f ic ie n c y . A  

tran scr ip tion  fa c to r  cou ld  p ossib ly  be ab sen t in the h a e m o p io e tic  c e ll - l in e  o f  

th e se  p a tien ts .

(4) M eth aem oglob in aem ia  w ith  cy to ch ro m e bg d e f ic ie n c y  in er y th r o c y tes

has b een  rep orted  in one p a tie n t (H egesh  e t  a l ., 1986). This individual had

norm al cy to ch ro m e b g red u cta se  le v e ls  and th is  p rotein , w hen p u rified  from

th e  p a t ie n t ’s b lood, had a ll th e  e x p e c te d  p rop erties . H ow ever, th e  le v e l  o f

cy to ch ro m e  b_ p rote in  iso la te d  from  th e p a t ie n t’s e r y th r o c y tes  w as  o
ap p rox im ately  25% o f  th e  norm al va lu e . The h a em o ly sa te  from  th e  

e r y th r o c y tes  o f  th e  p a tie n t show ed  a  very  low  ra te  o f  m eth aem og lob in  

red u ction  in th e  p resen ce  o f  e x c e s s  NA DH  and added pure cy to ch ro m e  bg  

r ed u c ta se . A d dition  o f  pure cy to ch ro m e bg to  th e  h a em o ly sa te  en h an ced  th e  

r a te  o f  m eth aem oglob in  red u ction . T h ese  r e su lts  in d ica te  th a t  

m eth a em o g lo b in a em ia  can  b e  cau sed  by cy to ch ro m e bg d e f ic ie n c y . It a lso  

co n firm s th a t cy to ch ro m e b is  required  in th e  m eth aem og lob in  red u ctionU
sy ste m .

1 .3 .4  F un ction  o f  m itochondria l cy to ch ro m e bg

It is  thought th a t both  m icrosom al and m itochondria l liv er  m em branes p o ssess  

a r o te n o n e-in sen sit iv e  N A D H -cytoch rom e c  red u cta se  sy stem  involv ing  

c y to ch ro m e bg and cy to ch ro m e bg red u cta se  (S tr ittm a tte r , 1963; R aw  e t  a l ., 

1958; M ahler e t  a l ., 1958; R aw  and M ahler, 1959; R aw  e t  a l ., 1960).
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M itochondrial cytochrom e b_ has been  shown to  play a ro le  in theo
N A D H -cytochrom e c reductase system  associa ted  w ith  the outer  

m itochondrial m em brane (Fig. 7) by analysis w ith  sp e c if ic  antibodies against 

m icrosom al and m itochondrial cytochrom e bg (Ito, 1980b).

NADH ______^ cytochrom e  ^ cytoch rom e  ^ cytochrom e

b_ red u ctase  b_ c5 o

Figure 7. Function o f  m itochondrial cytochrom e b_ in the NADH&
cytochrom e c  reductase system  in m itochondria.

 ^ in d ica tes passage o f  e lec tro n s
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1.4 Aim

The aim  o f  th is project w as to  iso la te  and ch a ra cter ize  genom ic c lon es coding

for rat cytochrom e b_. T hese c lon es w ere to be partia lly  sequenced  to  allow

the in tron /exon  borders to  be defined. This inform ation  would provide

ev id en ce concern ing the m ode o f  origin o f  the tru ncated  form  o f  cytochrom e

b in ery th rocytes. F irstly , it  was o f  in terest to  determ in e w hether th ere  was o
an in tron /exon  boundary near the codon for am ino acid  97. If so, th is would

provide support for the e x is te n c e  o f  one cytochrom e b gene. If an intron waso
not lo ca ted  at th is point, the theory that tw o gen es code for cytoch rom e b_ 

would have m ore cred en ce. Secondly, the cytochrom e bg exons w ithin the  

genom ic c lon es would be m apped in re la tion  to  severa l restr ic tion  

endonuclease s ite s . The s iz e s  o f  restr ic tion  fragm ents o f  rat genom ic DNA on 

Southern b lo ts probed w ith  a rat liver cytochrom e bg cD N A  clon e could  then  

be com pared to  the ex p ec ted  s iz e s  from  the analysis o f  th e  genom ic c lon es. In 

th is way, genom ic DNA restr ic tio n  fragm ents could be shown to  contain  liver

cytochrom e b_ exons. If  a ll the cytochrom e b exons w ere iso la ted  and& &
accounted  for, any rem aining genom ic DNA fragm ents which hybridized to  

the rat liver cD N A  clon e m ust be due to  another cytoch rom e bg gen e , 

although not n ecessarily  a functional one.
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2  MATERIALS AND METHODS

2.1 B acteria l Growth M edia

2 .1 . 1  Liquid M edia

B acto tryp ton e, B actoyeast e x tra c t and B actoagar w ere from  D ifco . A garose  

was from  Sigm a.

LB Medium: B actotryptone (lOg), B a ctoyeast ex tr a c t  (5g) and N aC l (lOg) w ere  

disso lved  in w ater, the pH adjusted to  7.5, the volum e m ade up to  1 litre  and 

au toclaved .

2xTY Medium: B actotryptone (16g), B a ctoyeast e x tr a c t  (lOg) and N aC l (5g) 

w ere m ade up to  1  litre  w ith  w ater and autoclaved .

M9 Medium: N a2 H P 0 4  (6 g), KH2 P 0 4  (3g), NaC l (0 .5g) and NH 4 C1 ( lg )  w ere  

disso lved  in w ater, the pH adjusted to  7.4 and the volum e m ade up to  1 litre . 

A fte r  au toclaving , the fo llow ing com ponents (each  ste r ilize d  separately ) w ere  

added:- 1 M M gS0 4  (2 m l), 20% glu cose  (1 0 m l) and 1 M C aC l2  (0 .1 m l).

SOB M edium: B actotryptone (20g), B actoyeast ex tr a c t  (5g), N aC l (0.58g) and 

KC1 (0.19g) w ere dissolved  in w ater and m ade up to  1  litre  (pH 6.8-7.0). This 

w as au toc laved  for 30 m inutes and used w ithin 2 -3  w eeks.

SOB/M g^+: a 2M sto ck  o f  Mg^+ (1M M gCl2 , 1M M gS 04 ) w as m ade in w ater

and s te r ilize d  by filtra tion  through a 0.45jum f ilte r  (M illipore). This w as added
2+to  au toc laved  SOB just before  use, to  a final con cen tra tion  o f  20mM  Mg .

SOC: a 2 M stock  o f  g lucose was m ade in w ater and ste r ilize d  by filtra tio n  

through a 0.45;um filte r  (M illipore). This w as added to  au toclaved  SOB just 

b efo re  u se, to  a final concentration  o f  20mM.

2 .1 .2  M edia contain ing agar

Liquid m ed ia w ere prepared according to the recip es  g iven  above, ex cep t that 

b efore  au toclav in g  the appropriate am ount o f  B actoagar was added: for  

p la tes , 1 5 g /litr e  and for top agar 7 g /litre .
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2 .1 .3  M edia contain ing agarose

Liquid m edia w ere prepared according to th e  recip es  above e x c ep t that before  

autoclaving  th e  appropriate am ount o f  agarose w as added: for p la te s  1 5 g /litre  

and for top agarose 7 g /litre .

2 .1 .4  A n tib io tics

M edia w ere coo led  to 5 5 °C b efore  addition o f  an tib io tic .

A m picillin  (Amp): a stock  solu tion  o f  the sodium  sa lt o f  Amp (B eecham ) was 

m ade up to  50m g/m l in w ater , s ter ilized  by filtra tio n  through a 0.45pm  

n itrocellu lose  f ilte r  (M illipore) and stored  in aliquots a t -20°C. Amp was 

added to the appropriate s te r ile  m ed ia a t a con cen tra tion  o f  50pg/m l. Liquid 

m edia contain ing Amp w as used im m ediately . P la te s  contain ing  Amp w ere  

stored  at 4°C and used w ithin 1 - 2  w eeks.

2 . 2  B acteria l Strains

Three strains o f  E scherich ia  c o li (E. co li) w ere used in th ese  stu d ies:- 

JM101: supE, th i, A (lac-proA B ), |F ’ traD 36, proAB, lacI^Z M15).

JM109: r e c A l, en d A l, gyrA 96, th i, h sd lr l7 , supE44, r e l lA l ,  A (lac-proA B ), {F \ 

traD 36, proAB, lacI^Z M15}.

The b acteria  w ere streaked  on an M9 agar p la te  and incubated  at 37 °C for 1-2  

days. The p la tes  w ere then sea led  and stored  a t  4°C . The b a cter ia  w ere  

restreaked  every  4 w eeks. T hese tw o strains (M essing, 1979) w ere used for the  

grow th o f  recom binant M13 bacteriophage.

VCS 257: th is strain  (obtained from  S tratagene) is a subclone o f  DP50 supF. It 

w as used to  p la te  out the lam bda Charon 4A  library as it  has a high lam bda 

phage DNA p latin g  e ff ic in c y . The b a cter ia  w ere streaked  on an LB agar p la te  

and incubated overnight a t 37 °C to  obtain sin gle  co lon ies. The p la te  was 

sea led  and stored  at 4°C . The b acter ia  w ere rep lated  every  1 - 2  m onths.
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2 .3  R estr ic tion  Endonuclease D igestion

2 .3 .1  D igestion  bu ffers

lOx Low salt: lOOmM Tris-C l(pH 7.5)/100m M  M gCl2  - used for Sacl.

lOx M edium salt: lOOmM Tris-C l(pH 7.5)/100m M  M gCl2 /500m M  N aC l - used

for EcoRI, HindTTI, PstI and Alul.

lOx High salt: lOOmM Tris-C l(pH 7.5)/100m M  M gCl2 /lM  N aC l - used for  

BamHI and Sail.

lOx Sm al buffer: 200mM  KCl/lOOmM Tris-C l(pH 7.5)/100m M  M gCl2  - used for 

Sm al only.

The volum e o f  the d igest varied  according to  th e  am ount o f  DNA and the  

con centration  o f  the restr ic tio n  endonuclease. D igestion s genera lly  contained  

fin a l concentration s o f  10-100pg/m l DNA, lOOpg/ml BSA (Pentax fraction  V, 

M iles S c ien tific , nu clease  fre e )/lm M  d ith iothreito l/4m M  sperm idine (Sigm a)/ 

lO pg/m l R N ase A / lx  sa lt b u ffer  (see  above) and 2-10  units o f  restr ic tion  

endonuclease per jug o f  DNA. Sam ples w ere incubated  in w ater baths a t 37 °C 

for a ll restr ic tion  endonucleases used, other than Sm al which w as incubated at 

25°C , for 1-3  hours or for 16 hours in the ca se  o f  genom ic DNA. R eaction  

m ixtures w ere e ith er  loaded d irectly  onto agarose g e ls  (sec tion  2 .4 .2 ) stored  

at -2 0 °C for la ter  analysis or d igested  w ith a secon d  restr ic tio n  endonuclease.

2 .4  E lectrophoresis o f  DNA

2.4 .1  S tock  solu tions

lOx TBE: 108g Tris base, 55g Boric acid  and 9 .3 g  EDTA m ade up to  1 litre  

w ith w ater (pH approxim ately 8.3).

Ethidium  Bromide: m ade up as a lO m g/m l or lm g /m l so lu tion  in w ater  and 

stored  in the dark at 4°C.

lOx Load Buffer: 25% F ico ll (w /v), 0.025% brom ophenol b lue, 0.025%  xylene  

cyanol.

2 .4 .2  A garose G els

DNA was electrop h oresed  in horizontal agarose g e ls  contain ing  ethidium  

brom ide. Varying p ercen tages w ere used (0 .3 -1 .8 %) depending on the s iz e  o f  

the DNA to  be analyzed  and the resolution  required. A garose (Sigma) was 

dissolved  in l x  TBE by h eating , coo led  to  approxim ately  55 °C and m ade to  a 

final con cen tration  o f  0 .5p g /m l w ith resp ect to  ethidium  brom ide. The 

solu tion  was poured into a tem p la te  contain ing a com b to  form  w ells. The gel 

w as allow ed to  so lid ify  for 45-60  m inutes a t room  tem peratu re or a t 4°C i f
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the p ercen tage  agarose w as below  0.6%. O ne-ten th  volum e o f  lOx load buffer  

was added to  the DNA sam ples and DNA m olecu lar w eight m arkers b efore  

loading onto gels . The m ost com m only used m arker was a lk b  ladder (BRL) 

w ith 23 d ifferen t s ized  fragm ents ranging from  75bp-12.2kb. E lectrophoresis  

was carried  out in lx  TBE b u ffer contain ing 0 .5p g /m l ethidium  brom ide, at 

lO V/cm  for approxim ately 1.5 hours or at 1 .5V /cm  for 16 hours. DNA was 

visu alised  by photography under u ltra -v io le t ligh t using Polaroid  55 film  in a 

Polaroid  Land cam era (f4 .5  for 45 seconds) f it te d  w ith  a red f ilte r . The s ize s  

o f  the DN A restr ic tion  fragm ents w ere determ ined  by fir st  drawing a 

standard curve from  the DNA m olecular w eight m arkers (Southern, 1975).

2 .5  Iso lation  o f  P lasm id DNA

2.5 .1  G rowth and H arvesting o f  B acteria  (on a la rge-sca le )

LB m edium  (100m l) contain ing the appropriate a n tib io tic  (50pg/m l Amp) was 

inocu lated  w ith 0 . 1 m l o f  b acter ia  from  a g lycero l stock  cu lture. The cu lture  

was incubated  overnight a t 37° C in a 250m l flask  w ith  shaking. The b acteria l 

c e lls  w ere harvested  by cen tr ifu gation  at 4000g for 1 0  m inutes at 4°C . The 

p e lle t  w as washed on ic e  by resuspending it  in 15m l o f  ic e -c o ld  lOmM Tris- 

Cl(pH8.0)/lOOmM N aC l/lm M  EDTA. This was then respun at 4000g  for 10 

m inutes a t 4°C .

2 .5 .2  Isolation  o f  Plasm id DNA (on a large-sca le )

P lasm id DNA w as iso la ted  as described  by Birnboim and D oly (1979) and 

m odified  by Ish-H orow icz and Burke (1981).

S tock  Solutions

Solution I: 50mM glucose/25m M  Tris-C l(pH 8.0)/10m M  EDTA. This solu tion
2

was au toc laved  for 15 m inutes at 1 0 1 b /in  and stored  a t 4°C .

Solution II: 0 .2 N N aO H /1 % SDS. This w as m ade up from  stock  solu tions (10N  

NaOH and 10% SDS) in w ater  just b efore  use.

Solution HI: potassium  a c e ta te  (pH4.8) was m ade up as fo llow s:- to  60m l 5M 

potassium  a c e ta te  was added 11.5m l g lacia l a c e t ic  acid  and 28 .5m l w ater. 

This solu tion  was stored  at 4°C.

The w ashed b acter ia l p e lle t  was resuspended in 4m l o f  co ld  so lu tion  I, le f t  at 

room tem perature for 5 m inutes, then transferred  to a 50m l capped  

polypropylene cen tr ifu ge tube. 8 m l o f  fresh ly  prepared solu tion  II w as added, 

the tube capped and the con ten ts  m ixed  by gen tly  inverting  the tube severa l
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tim es. A fter  10 m inutes on ic e , 4m l o f  solution HI w as added and th e  co n ten ts  

m ixed  by inversion severa l tim es. The tube was incubated  on ic e  for  a further  

10 m inutes, then cen tr ifu ged  at lOOOOg for 10 m inu tes a t 4°C . The 

supernatant w as transferred  to  a 30m l Corex tube. Isopropanol (0 .6  volum es) 

w as added to  th e  supernatant, the tube con ten ts  m ixed  w ell and incubated  at  

room  tem peratu re for 15 m inutes. The tube w as then  spun a t 9000g  for 30 

m inutes at room  tem peratu re. The p e lle t  was w ashed in 70% eth anol, dried  

and resuspended in 1.25m l lOmM T ris-C l(pH 8.0)/lm M  EDTA. The solu tion  w as 

transferred  to  s te r ile  m icrofu ge tubes and 39jj1 o f  5M N aC l plus 25jil o f  1 0 m g/ 

m l R N ase A  w as added. This was incubated at 37°C for 90 m inutes. The 

sam ple was fir st ex tr a c ted  w ith an equal volum e o f  b u ffered  phenol [the  

phenol was b u ffered  once w ith  1M T ris-C l(pH 8.0)/lm M  EDTA and tw ice  w ith  

lOOmM T ris-C l(pH 8.0)/lm M  EDTA], then w ith an equal volum e o f  b u ffered  

phenol/ch loroform /isoam yla lch ohol (25:24:1) and fin a lly  w ith  an equal volum e  

o f  ch loroform /isoam ylalchohol (24:1). Lengthy vortex in g  (1 m inute) was 

carried  out a t each  s ta g e  o f  ex traction . The phases w ere sep arated  by 

cen trifu gation  in a m icrofu ge for 2  m inutes. To th e  final aqueous phase, tw o  

volum es o f  absolute ethanol w ere added and m ixed  w ell. The tubes w ere  

stored  at -7 0 °C for 20 m inutes. The plasm id DN A w as p e lle ted  by 

cen trifu gation  in a m icrofu ge for 15 m inutes at room  tem peratu re. The 

p e lle ts  w ere rinsed w ith  70% ethanol, dried b r iefly  and resuspended in 0 .1m l 

lOmM T ris-C l(pH 8.0)/lm M  EDTA. The resuspended DNA w as h ea ted  at 65°C  

for 5 m inutes to  destroy  endogenous nu cleases and stored  a t -2 0 °C.

2 .5 .3  S m all-sca le  Rapid P lasm id Preparation

5m l o f  LB m edium  (contain ing the appropriate an tib io tic) w as in ocu la ted  w ith  

5pl o f  a b a cter ia l g lycero l sto ck  and incubated w ith  shaking a t 37 °C 

overnight. S tock  solu tions w ere as described  in se c tio n  2 .5 .2 . 1 .5m l o f  the  

overnight cu lture was tran sferred  to  a 1.5m l m icrofu ge tube and cen tr ifu ged  

for 1  m inute a t room  tem perature in a m icrofuge. The m edium  w as rem oved  

and th e  dry p e lle t  resuspended by vortexing  in lOOpl o f  ic e -c o ld  solu tion  I. The 

tube w as stored  at room tem perature for 5 m inutes, then  200pl o f  fresh ly  

prepared solu tion  II w as added. The con ten ts o f  the tube w ere m ixed  by 

inverting  the tube rapidly 2 -3  tim es and the sam ple p laced  on ic e  for 5 

m inutes. 150pl o f  ice -co ld  solution III was then added, th e  tube vortexed  

g en tly  in an in verted  position  for 10 seconds and p laced  on ic e  for 5 m inutes. 

The tube was then  cen tr ifu ged  for 10 m inutes a t room  tem peratu re in a 

m icrofu ge. The supernatant was ex tra cted  w ith an equal volum e o f  b u ffered  

phenol/ch loroform /isoam yla lch ohol (25:24:1) w ith  thorough vortex in g  (1 

m inute). Two volum es o f  ethanol w ere added to  the aqueous phase and the
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co n ten ts  o f  the tube m ixed . The tube was le f t  to  stand at room  tem peratu re  

for 2 m inutes, then cen tr ifu ged  for 5 m inutes in a m icrofu ge a t room  

tem perature. The supernatant was rem oved, th e  p e lle t  w ashed w ith  1m l o f  

70% ethanol then dried briefly . The p e lle t  was fin a lly  resuspended in lQpl o f  

lOmM T ris-C l(pH 8.0)/lm M  EDTA. The sam ple w as h ea ted  at 65°C  for 5 

m inutes to  destroy  endogenous nucleases and stored  a t -2 0 °C.

2 .6  Preparation o f  to ta l cD N A  insert and sm aller  restr ic tio n  fragm ents o f  

cD N A  insert from  plasm id DNA

2.6 .1  R estr ic tion  E ndonuclease D igestion  and G el E lectrophoresis  

C losed  circular plasm id DNA was d igested  w ith  the appropriate restr ic tio n  

endonuclease(s), as described  in sectio n  2.3 . The d igest w as then  

electrop h oresed  on a horizontal agarose g e l contain ing  ethidium  brom ide, as 

described  in sec tio n  2 .4 . The g e l was then v isu a lised  under uv light in order to  

lo ca te  and e x c ise  the required band.

2 .6 .2  Isolation  o f  DNA fragm ent from  gel

The fragm ents w ere iso la ted  in one o f  tw o w ays:-

2 .6 .2 .1  DEAE A ffin ity

DEAE paper (Sch leicher and Schuell NA45 M em brane f ilte r , 0.45jnm) w as cu t  

to  a s iz e  s ligh tly  w ider than the g e l tracks and sligh tly  deeper than the gel. 

Two s lits  w ere cu t in th e  agarose g e l using a sca lp e l b lade, one just in front  

and one behind the DNA band to  be iso la ted . Two p ie c e s  o f  NA 45 paper w ere  

p laced  in the s lits  and the g e l electroph oresed  a t 200V for 3 m inu tes to  run 

the DNA fragm ent onto th e  NA45 paper in front. The p ie ce  o f  NA 45 paper  

behind serves to  prevent unw anted DNA being elu ted . U ltra  v io le t  ligh t was  

used  to  ensure th at the DNA o f  in terest had tran sferred  to  the NA 45 paper  

and w as now absent in the agarose gel. The NA 45 paper w ith  the DNA  

fragm ent o f  in terest bound was rinsed b riefly  in lOmM T ris-C l(pH 8.0)/lm M  

EDTA, then p laced  in a m icrofu ge tube contain ing  400jul o f  1M N aC l/50m M  

A rginine (Sigm a) (ster ile  filtered ). The tube w as incubated  at 7 0 °C for 1 - 2  

hours to  e lu te  the DNA from  the NA45 paper. The liquid was then rem oved  to  

a fresh  tube and 1 m l o f  absolute ethanol added. The tube co n ten ts  w ere m ixed  

and p laced  on dry ice  for 15 m inutes, then brought to room tem peratu re and 

cen trifu ged  for 15 m inutes in a m icrofuge a t room  tem peratu re. The p e lle t  

was w ashed in 70% ethanol, dried and resuspended in 40jul o f  lOmM Tris- 

C l(pH 8.0)/lm M  EDTA. This was ex tra cted  w ith  an equal volum e o f  buffered  

p h enol/ch loroform /isoam ylalch ohol (25:24:1) and then  the organic fraction
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w as b ack -ex tra cted  w ith lOjul o f  lOmM T ris-C l(pH 8.0)/lm M  EDTA. The 

aqueous layers w ere com bined and one volum e o f  4M am m onium  a c e ta te /fo u r  

volum es o f  absolute ethanol w ere added. The co n ten ts  o f  the tube w ere m ixed  

and p laced  on dry ice  for 15 m inutes. A fte r  the tube had reach ed  room  

tem perature it  w as cen tr ifu ged  for 15 m inutes a t room  tem perature in a 

m icrofu ge. The p e lle t  was rinsed w ith 70% ethanol, dried b r iefly  and 

resuspended in lOpl o f  lOmM T ris-C l(pH 8.0)/lm M  EDTA.

2 .6 .2 .2  ’G lassm ilk’

The G en eclean  kit (BIO101 Inc.) was used to  iso la te  DN A fragm ents from  

agarose ge ls . The band o f  DNA required w as cu t out o f  the g e l using a sca lp el 

blade and w eighed in a m icrofu ge tube. 2 -3  volum es o f  sa tu rated  sodium  

iodide solution w ere added and the tube incubated  a t 45-55°C  for 5 m inutes to  

disso lve  the agarose. For solu tions contain ing up to  5jug DNA, 5pl o f  the  

’G lassm ilk’ (an insoluble s ilica  m atrix) was added. An additional lp l  o f  

’G lassm ilk’ is added for each  0 .5pg DNA above 5jug. The tube co n ten ts  w ere  

m ixed  and p laced  on ic e  for 5 m inutes. The s ilica  m atrix  w ith  th e  DNA bound 

w as cen tr ifu ged  for 5 seconds a t room tem perature in a m icrofu ge. The 

sodium  iodide supernatant was discarded and the p e lle t  w ashed three tim es  

w ith  10-50 volum es o f  ic e -c o ld  ’NEW w ash’ (N aC l/T ris-C l/E D T A /48%  ethanol 

pH 7-8.5  depending on the tem perature). W ashing was carried  out by 

resuspending th e  p e lle t  gen tly  using a p ip e tte , then cen tr ifu g in g  for 5 seconds  

at room  tem perature in a m icrofu ge. A fter  the supernatant from  the third  

wash had been  rem oved, the tube was cen tr ifu ged  again for 2 -3  seconds to  

ensure all the liquid had been  rem oved. The DNA was e lu ted  from  the  

’G lassm ilk’ by resuspending the p e lle t  in 5jul or m ore o f  lOmM T ris-C l(pH 8.0)/ 

Im M  EDTA then incubating a t 45 -5 5 °C for 2 -3  m inutes. The tube was 

cen trifu ged  for 30 seconds a t room tem perature in a m icrofu ge and the  

supernatant contain ing the e lu ted  DNA p laced  in a new tube. A  secon d  elu tion  

o f  D N A  from  th e ’G lassm ilk’ was carried  out as described  above to  increase  

recovery .

2 .6 .2 .3  Q uantitation  o f  the DNA fragm ent iso la ted

A sam ple o f  th e  DNA fragm ent iso la ted  by one o f  the m ethods described  

above was loaded onto an agarose g e l w ith  known am ounts o f  a DNA fragm ent 

o f  th e  sam e s iz e  in adjacent tracks. T hese standards w ere derived  from  

restr ic tion  endonuclease d igests  o f  caesium  chloride plasm id preparations. 

Com parison o f  th e  in ten sity  o f  the bands under uv ligh t gave a good ind ication  

o f  th e  am ount o f  DNA in the sam ple e lu ted  from  the ge l.
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QO
2.7 [ P] rad ioactive  labelling o f  DNA

2.7 .1  Random  Prim er Labelling

The pb (1)D cD N A  insert and the 280bp SacI/E coR I restr ic tio n  fragm ent from5
pb_(l)D  (sec tio n  3 .1 .2) w ere prepared as described  in sectio n  2 .6 . Just before  o
eith er  probe w as required for labelling, a sam ple w as boiled  for 3 m inutes to  

denature th e  DNA, then p laced  im m ed ia te ly  on ic e  to  quick-cool. The random  

prim er lab ellin g  was carried out as described  by F einberg  and V ogelstein , 

(1984).

Solutions

Solution O: 1.25M  Tris-C l(pH 8.0)/0.125M  M gClg,

Solution A: 1m l solution 0/18jnl 2 -m ercap toeth an o l/5 ;il dATP/5jul dTTP/5jul 

dGTP (each  triphosphate previously d isso lved  in 3mM Tris-C l(pH 7.0)/0.2m M  

EDTA at a con cen tration  o f  O.lmM),

Solution B: 2M HEPES (pH6 . 6  w ith 4M NaOH),

Solution C; H exadeoxyribonucleotides even ly  suspended in 3mM Tris- 

C l(pH 7.0)/0.2m M  EDTA at 90 OD u n its/m l,

O ligo labelling  buffer (OLB): solutions A:B:C w ere m ixed  in a ratio  o f  

100:250:150.

The labelling  reaction  was carried out by addition o f  th e  fo llow ing  

com ponents in th e  sta ted  order: H „ 0  (to  a fin a l volum e o f  50^il), lO^il OLB, 2f&\ 

BSA (lO m g/m l), DNA (up to  32.5jul), 2 .5pl [oc P]-dC TP (New England Nuclear; 

N eg013A , 800C i/m m ol.l0pC i/ju l), 5 units o f  K lenow  fragm ent o f  E scherich ia  

c o li DNA polym erase I.

The reaction  w as le f t  a t room tem perature for 3-16  hours. The e ff ic ie n c y  o f

incorporation o f  rad ioactiv ity  was determ in ed  using W hatman DE81 paper

(M aniatis e t  a l.. 1982). ljul o f  the reaction  m ixture w as sp o tted  in duplicate

onto 1 cm  square p ie ce s  o f  Whatman DE81 paper. One p ie ce  was used to

determ ine to ta l counts, the second to  determ in e incorporated  counts. The

incorporated counts w ere assayed  by washing the f ilte r  paper 6  tim es for 5

m inutes ea ch  in 0.5M  disodium hydrogen orthophosphate, tw ice  for one m inute

each  in d istilled  w ater and once for 1  m inute in 95% ethanol. Both filters

w ere dried under a heat lamp. R ad ioactiv ity  on the f ilte r s  was determ ined by

liquid sc in tilla tio n  spectrophotom etry (Phillips m odel 4700 sc in tilla tion

counter) in 4m l o f  Aquasol (New England N uclear). Incorporation o f

rad ioactiv ity  w as generally  in the range 50-80% . D N A  sam ples w ere labelled
8  9to  a sp e c if ic  a c tiv ity  o f  3x10 -1x10 cpm/jug. U nincorporated  

deoxyribonucleotides w ere separated  from  the lab elled  DNA by
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chrom atography on a colum n (0 .6 x8 cm ) o f  Sephadex G -50 (Pharm acia) 

suspended in 5xSSPE (20xSSPE is 3.6M  N aC l, 0.2M  NaH^PO^, 0.02M  EDTA, 

adjusted to  pH 7.4). The colum n w as w ashed w ith  3 volum es o f  5xSSPE, 

satu rated  w ith denatured salm on sperm  DNA (Sigm a) (lOOpg), then  w ashed  

w ith  1 volum e o f  5xSSPE. The sam ple w as loaded onto th e  colum n and the  

lab elled  DNA e lu ted  w ith  5xSSPE. lOOjul fraction s contain ing  rad ioactively  

lab elled  DNA w ere com bined (to ta l volum e 0 .4 -0 .5m l) and the DNA  

concentration  determ ined  on W hatman DE81 paper by liquid sc in tilla tio n  

spectrophotom etry .

2 .7 .2  R ad ioactive  Labelling o f  cD N A  insert using M13 phage  

The recom binant bacteriophage mE4.3II sin gle-stranded  DNA w as kindly 

supplied by D r.A .A shw orth from  th is laboratory (sec tio n  3 .1 .2). 2pg o f  mE4.3II 

w as prim ed by incubating 8;li1 o f  DNA w ith  2pl (15ng) o f  the 17m er M13 

universal prim er, ljul lOOmM Tris-C l(pH 8.5) and lOOmM M gCl2  in a m icrofu ge  

tube a t 55°C for 1 hour fo llow ed  by slow  coo lin g  to room  tem peratu re for 30  

m inutes. This prim ed M13 w as then  lab elled  by incubating w ith  IjliI lOOmM 

Tris-C l(pH 8.5)/100m M  M gCl0 , lp l  0.5m M  dATP, lp l  0.5m M  dGTP, lp l  0.5m M
Q O

dTTP, ljul 50mM dCTP, 5jul (50juCi) [oc P]-dCTP and 5 units o f  th e  K lenow  

fragm ent o f  E. co li polym erase I, a t room tem perature for 15 m inutes. This 

was fo llow ed  by addition o f  lp l  0.5m M  dCTP as a co ld  ch ase  and incubation at 

room  tem perature for a further 15 m inutes. The p ercen tage  incorporation and 

sp e c if ic  a c tiv ity  w ere determ ined  as described  in sectio n  2 .7 .1 . The lab elled  

M13 clon e m E4.3II w as then d igested  w ith  the restr ic tio n  endonuclease EcoRI 

(sec tio n  2.3) to  e x c ise  the rat cytoch rom e bg cD N A  insert subcloned in to  th is  

M13 bacteriophage vector . SDS w as added to  th e  d igested  m E4.3II to  a final 

con centration  o f  0.1%. The sam ple w as then ex tr a c ted  w ith  an equal volum e  

o f  b u ffered  phenol/ch loroform /isoam yla lch ohol (25:24:1) and th e  organic  

phase re -e x tra c ted  w ith lQpl o f  lOmM T ris-C l(pH 8.0)/lm M  EDTA. An equal 

volum e o f  4M am m onium  a c e ta te  and 4 volum es o f  absolute  ethanol w ere  

added to  the com bined aqueous phases. The tube was p laced  on dry ic e  for 15 

m inutes, brought to  room  tem perature and cen tr ifu ged  for 1 0  m inutes in a 

m icrofu ge at room  tem perature. The p e lle t  w as w ashed in 70% ethanol, dried  

b riefly  and resuspended in 15pl lOmM T ris-C l(pH 8.0)/lm M  EDTA. The DNA  

w as e lectroph oresed  on a 1.5% agarose g e l and the EcoR I cD N A  fragm ent 

iso la ted  from  the ge l using NA45 paper as described  in sec tio n  2 .6 .2 . 1  ex cep t  

th at once the DN A had been  e lu ted  from  the NA45 paper in 1M N aC l/50m M  

A rginine, it  w as used d irectly .
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2 .7 .3  [H P] R ad ioactive  L abelling o f  DNA by end-lab elling

O ligonucleotid es w ere en d -lab elled  using T4 po lyn u cleotid e  kinase (M aniatis

e t  a l ., 1982). The reaction  m ix contained  2 .5p l 4x kinase b u ffer  [0 .2 M Tris-

Cl(pH7.6), 40mM M gC U , 2 0 mM dith ioth reito l, 400pM sperm idine, 400jliM
EDTA], lp l  (lOpCi P]-A TP (New England N uclear, 800C i/m m ole) and ljul

(lO units) T4 p o lynucleotide kinase. The rea ctio n  w as incubated  at 3 7 °C for 1

hour. The e ff ic ie n c y  o f  incorporation o f  rad ioactiv ity  and th e  s p e c if ic  a c tiv ity

w as assayed  using W hatman DE81 paper, as described  in sec tio n  2 .7 .1 .

Incorporation o f  rad ioactiv ity  w as generally  in the range 70-90% and the
7 8s p e c if ic  a c tiv ity  7x10 -1x10 . U nincorporated deoxyrib onucleotid es w ere  

separated  from  the lab elled  DNA by ion -exchange chrom atography on a 

colum n (0.7x4cm ) contain ing  DE52 ce llu lo se  (Whatman) equilibrated  w ith  0.1M  

N aC l/lO m M  T ris-C l(pH 8.0)/lm M  EDTA. Follow ing application  o f  th e  sam ple, 

th e  unincorporated n u cleo tid es w ere w ashed from  the colum n w ith  0.1M  

N aC l/lO m M  T ris-C l(pH 8.0)/lm M  EDTA. The labelled  o ligon u cleo tid e  was 

e lu ted  w ith 1M NaC l/lO m M  T ris-C l(pH 8.0)/lm M  EDTA. lOOjul fraction s  

contain ing  rad ioactively  lab elled  o ligon u cleotid e  w ere com bined (to ta l volum e  

0 .4 -0 .7ml) and the con cen tra tion  o f  the DN A determ in ed  by liquid  

sc in tilla tio n  spectrophotom etry .

2 .8  G enom ic Library

A  rat genom ic library in th e  lam bda Charon 4A  v ecto r  w as kindly supplied by 

Sargent e t  a l ., 1979.

2 .8 .1  Preparation o f  P la tin g  B acteria

Single co lon ies from  streaked  VCS 257 p la te s  w ere inocu lated  into  5m l LB 

m edium  supplem ented w ith  lOmM MgSO^ (1 M MgSC>4  stock ) and 0 .2 % m altose  

(20% m altose  stock) a fte r  au toclav ing  the m edium . The 1 M M gS0 4  and 20% 

m altose  stock s w ere s te r ilize d  through a 0.45;um filter . The cu lture o f  VCS 

257 w as grown overnight a t 30°C, to  prevent overgrow th, w ith  shaking. The 

fo llow in g  day, the b a cter ia  w ere p e lle ted  a t 2500g for 10 m inutes and 

resuspended in 0.4 t im es  the original volum e o f  lOmM M gS 04 - The b a cter ia l 

suspension w as stored  at 4°C  and used w ithin 1 - 2  days. A ltern a tiv e ly , the VCS 

257 culture was se t  up as above, incubated for 7 hours a t 3 7 °C w ith shaking  

and used w ithout further trea tm en t the sam e day.



2 .8 .2  A dsorption o f  Phage

For p lating  on 82m m  petri d ishes, 200p.l (7 hour cu lture) or lOOjul (overnight 

cu lture resuspended in 0 .4x original volum e o f  lOmM MgSO^) o f  p lating  c e lls  

w ere m ixed  w ith  the required dilution o f  b acteriophage. For p la tin g  on 150m m  

p etri d ishes, 300jul (7 hour culture) or 15Q^il (overnight cu lture resuspended in 

0.4x  original volum e o f  lOmM MgSC>4 ) o f  p la tin g  c e lls  w ere m ixed  w ith  the  

required dilution o f  bacteriophage. In both  ca ses  th e  b a c ter ia  and phage w ere  

m ixed  gen tly  and incubated at 37 °C for 2 0  m inu tes to  a llow  adsorption.

2 .8 .3  P la tin g  out the phage

3m l o f  0.7% LB top agar, or 0.7% top agarose i f  screen in g  a library (to  

p reven t f ilte r s  peelin g  o f f  the top layer) contain ing  lOmM MgSC>4  (ster ile  

f ilte r e d  and added a fter  agar/agarose is  au toclaved) w as added to  the  

adsorbed phage. This m ixture was vortexed  g en tly  and poured onto dry, 

prew arm ed 1.5% LB bottom  agar p la tes. T hese p la te s  w ere incubated  and 

inverted  at 37°C  for 14-16 hours.

2 .8 .4  T itring o f  phage library

A ser ie s  o f  d ilutions o f the lam bda Charon 4A  genom ic libraries w ere  

prepared in lam bda diluent (lOOmM N aC l/50m M  T ris-C l(pH 7.5)/10m M  MgSC>4 ) 

and p la ted  out as described in sectio n s 2 .8 .2  and 2 .8 .3 .

2 .8 .5  Screen ing o f  G enom ic Library

2 .8 .5 .1  Im m obilization o f  phage DNA onto n itroce llu lo se  or nylon f ilte r s
4

A pproxim ately  4x10 pfu w ere p la ted  out in 0.7% LB agarose onto 1.5% LB 

bottom  agar in 150mm petri dishes as described  in sec tio n s  2 .8 .2  and 2 .8 .3  and 

incubated  a t 3 7 °C for 14 hours. The p la te s  w ere ch illed  a t 4°C  for 1  hour to  

allow  the agarose to harden. N itroce llu lo se  f ilte r s  (M illipore, typ e HA,

0.45jLim) or H ybond-N nylon f ilte r s  (Am ersham  International, 0.45^im) w ere  

laid  on the p la te  and m arked asym m etrica lly  w ith  Indian ink using a 25 gauge  

n eed le . The f ilte r s  w ere rem oved and the phage DNA denatured by flo a tin g  

th e  f ilte r s  on puddles o f  0.5M  NaO H /1.5M  N aC l, D N A -side up for 45-60  

secon ds, then n eutra lized  by floa tin g  on puddles o f  0.5M  T ris-C l(pH 8.0)/1.5M  

N aC l for 5 m inutes, again D N A -side up. The f ilte r s  w ere then b r iefly  rinsed in 

2xSSPE and air dried prior to  fix ing  the DNA. This was carried  out by baking  

at 80°C  for 1 .5 -2  hours under vacuum  for the n itro ce llu lo se  f ilte r s  or exposure



to  uv light wrapped in Saran wrap, D N A -side down on a transillum inator for 3 

m inu tes for the nylon filter s . D u p licate  f ilte r s  w ere prepared by a secon d  

round o f  rep lica  p lating  as above, ex cep t th a t the f ilte r s  w ere le f t  in co n ta ct  

w ith  the p la te s  for 2  m inutes.

2 .8 .5 .2  Prew ash

T hese b ak ed /u v-fixed  f ilte r s  w ere then  prew ashed a t 4 2 °C for 1 - 2  hours in 

50mM  Tris-C l(pH 8 .0 ) /lM  N aC l/lm M  EDTA/0.1%  SDS w ith  shaking to  rem ove  

b a cter ia  and other debris. The f ilte r s  w ere then prehybridized and hybridized  

w ith  the appropriate probe.

322 .8 .5 .3  Prehybridization procedure for [<*. P ]-lab elled  probes  

Solutions

D eion ised  form am ide: form am ide (BDH) w as deion ised  b atch w ise  by stirring  

at room  tem perature for 30 m inutes w ith A m berlite  ion exchange resin  and 

stored  at -2 0 °C.

D enatured salm on sperm DNA: th is was d isso lved  in w ater (lO m g/m l) then  

sheared  severa l tim es through a 25 gauge n eed le , denatured by boiling for 10 

m inu tes and stored  at -20 °C. The DNA was reboiled  for 5 m inu tes prior to  use  

and then quickly coo led  on ice .

D enatured E scherich ia  c o li DNA: th is w as d issolved  in w ater ( lm g /m l), 

denatured by boiling for 10 m inutes and stored  a t -2 0 °C. The DNA was 

reboiled  for 5 m inutes prior to use and then quickly coo led  on ice .

50x D enhardt’s solution w ith  BSA; f ic o ll (5g), polyvinylpyrolydine (5g) and BSA 

(5g) (Pentax fraction  V, M iles S c ien tific )  w ere d isso lved  in w ater and the  

volum e m ade up to  500m l. The solu tion  was f ilte r  s te r ilize d  through a 0.45pm  

n itroce llu lo se  f ilte r  (M illipore) (Denhardt, 1966).

20xSSPE: 3.6M  N aC l, 0.2M  NaH 2 PC>4 , 0.02M  EDTA (pH7.4).

P rehybrid ization  b u ffer  

This con sisted  o f  either:

(1 ) form am ide buffer: 50% form am ide/5x  Denhardt’s  w ith  BSA/5xSSPE/0.1%  

S D S/200p g/m l salm on sperm  D N A /lO pg/m l E. co li DNA,

or,

(2 ) aqueous buffer: 5x D enhardt’s w ith BSA/5xSSPE/0.1%  SD S/200p g/m l 

salm on sperm D N A /lO pg/m l E. co li DNA.

The f ilte r s  w ere h eat sea led  in a p la stic  bag w ith  prehybridization b u ffer  
2

(lOOpl/cm filter ) and incubated  at 4 2 °C w ith  form am ide b u ffer /65°C  w ith  

aqueous buffer for 4-16  hours.
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322 .8 .5 .4  H ybridization procedure for [ot P ]-lab elled  probes 

Solutions

T h ese w ere as described for prehybridization (section  2 .8 .5 .3 .).

H ybridization bu ffer  

This con sisted  o f  either:

(1 ) form am ide buffer: 50% form am id e/2 x Denhardt’s w ith BSA/5xSSPE/0.1%  

S D S /1 0 0 jug/ml salm on sperm  D N A /lO pg/m l E. c o li D N A /6 % (w /v) po lyeth y len e  

g ly co l 6000,

or,

(2 ) aqueous buffer: 2 x D enhardt’s solu tion  w ith  BSA/5xSSPE/0.1%  SDS/10Qjug/ 

m l salm on sperm  D N A /lO pg/m l E. c o li D N A /6 % p olyeth y len e  (w /v) g lyco l 

6000.

The prehybridization b u ffer w as rem oved from  the bag, hybridization buffer  
2

added (50p l/cm  ) and incubated at 42°C  w ith  form am ide b u ffer /65°C  w ith  

aqueous b u ffer for 1  hour.

2 .8 .5 .5  A ddition o f  probe
32

m E4.3II insert lab elled  w ith  [e< P]-dCTP (section  2 .7 .2 ), pbg(l)D  insert or the

280bp SacI/E coR I restr ic tion  fragm ent from  pb_(l)D  insert both lab elled  w ith  
32lex PJ-dCTP (sec tion  2 .7 .1 ) w ere boiled  for 3 m inutes, coo led  on ic e  and 

added at an equivalent o f  2ng/m l o f  hybridization buffer. H ybridization was 

a llow ed  to  p roceed  for 16-20  hours.

2 .8 .5 . 6  F ilter  w ashes

The f ilte r s  w ere washed tw ic e  w ith  2xSSPE/0.1%  SDS for 15 m inutes each  at 

room  tem peratu re and tw ic e  w ith O .lx SSPE/0.1%  SDS for 15 m inu tes each  at 

room  tem peratu re. The f ilte r s  w ere b lo tted  dry, wrapped in Seiran wrap and 

autoradiographed at -70°C.

2 .8 .5 .7  L ocation  o f  p ositive  signal

P laques g iving p o sitiv e  signals on the dup licate f ilte r s  w ere lo ca ted  by  

alignm ent o f  the f ilte r s  on the p la tes. A gar plugs w ere p icked  using p ip e tte  

tip s and the phage e lu ted  in 1m l o f  lambda diluent (lOOmM N aC l/50m M  Tris- 

Cl(pH 7.5)/10m M  M gS04 ) a t room  tem perature for 2 hours, then stored  at 4°C  

w ith  50pl o f  chloroform .
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2 .8 .5 . 8  Further screens

P o sitiv es  from  the fir st  screen  w ere titred , p la ted  out on 82m m  p etr i dishes
3

at a density  o f  1-2x10 pfu and screen ed  as above. This w as continued until

the phage w ere plaque-pure - usually by the third screen  when th e  phage are
2

p la ted  out a t a density  o f  1 x 1 0  pfu.

2 .8 .6  Rapid sm a ll-sca le  iso la tion  o f  lam bda phage DNA

2 .8 .6 .1  A m p lification  o f  phage

VCS 257 p lating b acter ia  (sec tion  2 .8 .1 ) w ere added to  LB top agar w ithout 

bacteriophage and poured onto LB b ottom  agar p la te s  (sec tion  2 .8 .3 ). When 

th e  agar had se t, 2 - 1 2 p l o f  bacteriophage in lam bda diluent w ere p ip e tted  in a 

con cen tra ted  spot onto the top agar. When the b acteriophage so lu tion  had 

dried, the p la te s  w ere incubated  at 37°C for 14 hours. The large plaques w ere  

picked  into 1 m l o f  lam bda diluent, le f t  at room  tem peratu re for 2  hours and 

stored  a t 4°C w ith 50/ul o f  chloroform . This am p lifica tion  step  w as rep eated  

as above using the prim ary am p lification  o f  b acteriophage to  obtain a highly  

am plified  phage stock .

2 .8 .6 . 2  P la te  Lysis
9

1 0 0 -2 0 0 jul o f  the secondary am p lifica tion  o f  b acteriophage suspension (>1 x 1 0  

pfu /m l) (section  2 .8 .6 .1 ) from  the p o sitiv e  plaque w as p la ted  out in top  

agarose (section s 2 .8 .2 , 2 .8 .3 ) and poured onto a w et, prew arm ed b ottom  

agarose p la te . The p la te  w as incubated  upright wrapped in w et tissu es  in a 

box, to  encourage lysis, a t 37°C for 14 hours. 5m l o f  lam bda d iluent w as 

p ip e tted  onto the p la te  which was then rocked gen tly  a t room  tem peratu re for  

1 - 2  hours to  e lu te  the phage. The lam bda diluent, contain ing  the  

b acteriophage, was then  transferred  to  a Corex cen tr ifu ge  tube and 

cen tr ifu ged  at 8000g for 1 0  m inutes at 4°C. The supernatant w as incubated  at  

37 °C for 30 m inutes w ith R N ase A  and D N ase I, both a t a con cen tra tion  o f  

ljug/m l. An equal volum e o f  an ic e -c o ld  so lu tion  contain ing  20% (w /v) 

p olyeth y len e g lyco l 6000 and 2M NaC l in lam bda d iluent w as added and 

incubated  at 0°C for 1 hour. This w as then  cen tr ifu ged  at lOOOOg for 20  

m inu tes a t 4°C , the p rec ip ita ted  phage resuspended by vortex ing  in 0 .5m l o f  

lam bda diluent and tran sferred  to  a m icrofu ge tube. The tube w as cen tr ifu ged  

for 5 seconds a t room  tem perature in a m icrofu ge to  rem ove debris. 5jul o f  

10% SDS and 5jul o f  0.5M  EDTA(pH8.0) w ere added prior to  incubation at 6 8 °C 

for 15 m inutes. This m ixture was ex tra c ted  on ce w ith  an equal volum e o f  

b u ffered  phenol/ch loroform /isoam yla lcoh ol (25:24:1) and once w ith  

ch loroform /isoam yla lcohol (24:1). An equal volum e o f  isopropanol w as added
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to  th e  final aqueous phase and incubated a t -70°C  for 2 0  m inutes to  

p rec ip ita te  th e  DNA. The tube was cen tr ifu ged  for 15 m inutes a t room  

tem perature in a m icrofu ge, the p e lle t  w ashed w ith  70% ethanol and dried. 

The DN A was resuspended in 50pl o f  lOmM T ris-C l(pH 8.0)/lm M  EDTA.

2 .8 .7  Rapid la rg e -sca le  Iso lation  o f  lam bda phage DNA

A fte r  the am plified  phage had been  titred  (sec tio n s 2 .8 .6 .1  and 2 .8 .4
g

resp ectiv e ly ), 1 .25x10 b acteriophage w ere m ixed  w ith  5m l o f  fresh  VCS 257  

p la tin g  c e lls  from  an overnight cu lture (section s 2 .8 .1 ) in a 1 litre  flask . This 

w as incubated  at room  tem perature for 5 m inutes. 250m l o f  prew arm ed LB 

m ed ia  contain ing lOmM MgSO^ w as added to  the fla sk  and the con ten ts  

incubated  at 3 7 °C w ith shaking to  ach ieve  lysis (5-8  hours). O nce th is  had 

occurred, so lid  NaC l w as added to  a con cen tration  o f  0.5M  w ith  1 m l o f  

chloroform  and th e  flask  incubated a t 37 °C for 5 m inu tes w ith shaking. The 

ly sa te  was cen tr ifu ged  at 6000g for 1 0  m inutes to  rem ove debris and the  

supernatant stored  at 4°C  w ith  1 m l o f  chloroform  overnight. The supernatant 

w as taken w ithout chloroform  and incubated  at 37 °C for 1  hour w ith  D N ase I 

and R N ase A , both  a t a fin a l con cen tration  o f  lp g /m l. P o lyeth y len e  g ly co l  

6000 so lid  w as added to a fin a l con cen tration  o f  1 0 % (w /v) and the m ixture  

stirred  a t room  tem perature until the p o lyeth y len e g ly co l had d issolved . This 

w as incubated  for 1  hour a t 0 °C, then cen tr ifu ged  at 6000g for 10 m inutes to  

p rec ip ita te  the phage. The p e lle ts  w ere resuspended in 5m l o f  lam bda diluent 

w ith  lOpl o f  s ilicon e  antifoam ing agent (BDH) added. The suspension was 

cen tr ifu ged  at 6000g for 2  m inutes to  rem ove debris, the supernatant 

e x tr a c ted  once w ith an equal volum e o f  ch loroform /isoam yla lcoh ol (24:1) and 

then th e  organic layer r e -e x tra c ted  w ith 1m l o f  lam bda diluent. 50pl o f  10% 

SDS and 50pl o f  0.5M  EDTA(pH8.0) w ere added to  the com bined aqueous 

phases prior to  incubation a t 6 8 °C for 15 m inutes. This m ixture w as e x tra c ted  

on ce w ith  an equal volum e o f  buffered  phenol, once w ith  phenol/ch loroform / 

isoam yla lcohol (25:24:1) and once w ith  ch loroform /isoam yla lcoh ol (24:1). An  

equal volum e o f  isopropanol w as added to  the fin a l aqueous phase and 

incubated  at -70°C  for 2 0  m inutes. The thaw ed solu tion  w as cen tr ifu ged  at  

9000g for 30 m inu tes a t room  tem perature. The p e lle t  was w ashed in 70% 

eth anol, dried and resuspended in 300jul o f  lOmM T ris-C l(pH 8.0)/lm M  EDTA.
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2 .9  Southern B lot A nalysis

This m ethod w as devised  by Southern, 1975.

2 .9 .1  Preparation o f  the f ilte r

In order to  analyze the DNA on an agarose g e l by hybridization, a fte r  the g e l  

had been  photographed it  w as trea ted  as described  by Southern, 1975. The g e l  

w as soaked in 0.5M  NaO H /1.5M  NaC l (2m l/m l o f  gel) tw ic e  for 15 m inutes  

each  and then tw ic e  in 0.5M  T ris-C l(pH 7.5)/1.5M  N aC l for 15 m inutes each  

w ith g en tle  shaking at room  tem perature. The DNA w as transferred  e ith er  to  

n itroce llu lo se  or nylon (Hybond-N, A m ersham  International). A  g lass p la te  was 

covered  w ith W hatman 3MM paper ’w icks’ and p laced  so that the ’w icks’ w ere  

in a reservoir o f  20xSSC [3M N aC l/0 .3M  sodium  c itr a te  (pH7.0)]. The g e l was 

p laced  fa c e  downwards on top o f  the satu rated  ’w ick’. A  p ie ce  o f  m em brane  

w as cu t to  the sam e s iz e  as th e  g e l, soaked in d istilled  w ater for 5 m inutes in 

th e  c a se  o f  n itroce llu lo se  and p laced  on top o f  the ge l. Two sh e e ts  o f  

W hatman 3MM paper cu t to  the sam e s iz e  as the m em brane and soaked in 

2xSSC w ere put on top o f  th e  m em brane. Two layers o f  d isposable nappy w ere  

p laced  on to  the W hatman 3MM paper on top o f  the m em brane to  draw the  

tran sfer  b u ffer up through the g e l and m em brane. The side o f  the nappy that  

would be next to  the baby’s b ottom  is p laced  downwards in d irect c o n ta ct w ith  

th e  p ie c e s  o f  W hatman paper. F inally , a second  g lass p la te  and a 500g w eight  

w ere p laced  on top o f  the disposable nappy. The g e l w as b lo tted  for 4 -16  

hours, depending on the s iz e  o f  the DNA fragm ents being  transferred . A fter  

tran sfer  had taken p lace , the position  o f  the w e lls  w ere m arked on the  

m em bane w ith a pen cil and the m em brane e ith er  baked at 8 0 °C for 1 .5 -2  

hours under vacuum  i f  it w as n itroce llu lo se  or fixed  under uv ligh t for 3 

m in u tes i f  it  w as a  nylon m em brane.

32
2 . 1 0  Southern B lot H ybridization Procedure for [<x P ]-lab elled  Probe

2 .10 .1  Prehybridization o f  th e  F ilter

The prehybridization b u ffer w as e ith er  a form am ide based  or an aqueous 

bu ffer .

Solutions

The sto ck  solu tions used w ere as described  in sectio n  2 .8 .5 .3  for screen in g  a 

g en om ic library.
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Prehybrid ization  buffer:

(1 ) form am ide buffer: 50% form am ide/5x  D enhardt’s w ith  BSA/5xSSPE/0.1%  

SD S/2 0 0 jug/ml salm on sperm  DNA,

or,

(2 ) aqueous buffer: 5 x D enhardt’s w ith BSA/5xSSPE/0.1%  S D S/200/ig /m l 

salm on sperm  DNA.

Prehybridization: -

The f ilte r  w as h eat sea led  in a p la stic  bag w ith  prehybridization flu id  (lOOjul/2
cm  filter ) and incubated at 42°C  w ith  form am ide b u ffer /65°C  w ith  aqueous 

b u ffer  for 4 -16  hours.

2 .1 0 .2  H ybridization o f  th e  F ilter

The hybridization b u ffer was e ith er  a form am ide based  or aqueous based  

bu ffer .

Solutions

T h ese w ere as described  in sectio n  2 .8 .5 .4  for screen ing  a gen om ic library. 

H ybridization buffer:

(1 ) form am ide buffer: 50% form am id e/2 x Denhardt’s w ith  BSA/5xSSPE/0.1%  

SDS/lO Opg/m l salm on sperm  D N A /6 % (w /v) p o lyeth y len e g ly co l 6000,

or,

(2) aqueous buffer: 2x D enhardt’s w ith BSA/5xSSPE/0.1%  SDS/lO Opg/m l 

salm on sperm  D N A /6 % (w /v) p o lyeth y len e g ly co l 6000.

The prehybridization bu ffer  was rem oved from  the bag, hybrid ization  b u ffer  2
added (50p l/cm  filter ) and the f ilte r  incubated  at 4 2 °C w ith  form am ide  

b u ffer /65°C  w ith  aqueous b u ffer  for 1  hour.

2 .1 0 .3  A ddition o f  Probe

P robe, labelled  using the random prim er m ethod  (section  2 .7 .1 ) w as bo iled  for 

3 m inu tes, co o led  on ic e  and added at an equivalent o f  2n g/m l o f  hybridization  

b u ffer  for p lasm id Southerns or lO ng/m l for genom ic Southerns. The f ilte r  was 

hybridized for 18-20 hours a t 42°C w ith  a form am ide b u ffer /65°C  w ith  an 

aqueous buffer.

2 .1 0 .4  F ilter  w ashes
32To rem ove the unbound [<* P ]-lab elled  probe the f ilte r  w as w ashed tw ice  

w ith 2 xSSPE/0 .1 % SDS for 15 m inutes each  a t room  tem peratu re, once w ith  

0.1xSSPE/0.1%  SDS for 15 m inu tes a t room  tem peratu re and once w ith
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O.lxSSPE/O.1% SDS for 15 m inutes a t 5 0 °C. The f ilte r  w as b lo tte d  dry, 

covered  in Saran wrap and autoradiographed at -70°C  using Fuji or Kodak X- 

O m at X -ray film . If n ecessary , the f ilte r  w as w ashed again for 15 m inu tes in 

0.1xSSPE/0.1%  SDS at tem peratu res ranging from  5 5 -6 5 °C and the b lo t r e ­

exposed  to  autoradiographic film .

2 .11 H ybridization procedure for [ f l^ P ]-lab elled  o ligon u cleo tid e  probes 

Solutions
32T hese w ere as for |c>c P] hybrid izations (sec tion  2 .10), e x c ep t for the use o f  

6 xSSC instead  o f  5xSSPE.

2 0 xSSC: NaC l (175 .3g) and sodium c itr a te  (8 8 .2 g) w ere d isso lved  in w ater  and 

the volum e m ade up to  1  l itre  and autoclaved .

2 .11 .1  Pr ehybr idi z at ion

F ilters  w ere prehybridized at 5°C below  the m eltin g  tem peratu re o f  the  

duplex (T^) as ca lcu la ted  by the equation:

Td = 94 - 820 - 1.2(100-h) + 8  

1

w here l= length o f  the o ligon u cleo tid e , h=% hom ology; for n u cleo tid es  > 24  

b ases (Lathe, 1985)

or using the equation:

T^ = 4°C(G .C) + 2 °C(T.A); for n u cleo tid es < 24 b ases (Itakura e t  a l ., 1984)

w here T^ is the recom m ended stringent wash tem peratu re in d egrees C under 

sa lt  conditions o f  6 xSSC.

P rehybrid ization  b u ffer

6 xS S C /1 0 x D enhardt’s so lu tion  w ith BSA/0.1%  SDS/5Qiug/ml salm on sperm  

DNA.

The f ilte r  was h ea t sea led  in a p la stic  bag w ith prehybridization b u ffer  (100/il/ 
2

cm  filter ) and incubated for 2  hours a t 5°C below  the ca lcu la ted  T ,.
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2 .11 .2  H ybridization  

H ybridization buffer

This had the sam e con stitu tion  and volum e as the prehybridization b u ffer  

(sec tio n  2 .1 1 . 1 ).

The prehybridization b u ffer  was rem oved  and hybridization flu id  added to  the  
2

bag (50jul/cm filter). H ybridization w as carried  out a t the sam e tem perature  

as th e  prehybridization step .

2 .1 1 .3  A ddition o f  Probe 
32[ t  P] end-lab elled  o ligon u cleo tid e  probe (section  2 .7 .3 ) was added w ith  the  

hybridization buffer a t a con cen tration  o f  l-2 n g /m l o f  hybridization fluid. The 

f ilte r  was hybridized for 3 -4  hours a t 5°C below  the T^.

2 .1 1 .4  F ilter  washes

The f ilte r  was washed in 6xSSC/0.1%  SDS/0.05%  sodium  pyrophosphate three  

tim es  for 5 m inutes each  a t room  tem peratu re, then in the sam e so lu tion  for 2 

m inu tes at the T^ o f the o ligon u cleotid e  probe. F ilters  w ere covered  in Saran 

wrap and autoradiographed at -70°C .

2 . 1 2  C om plete rem oval o f  probe from  f ilte r s

R ad iolabelled  DNA was rem oved from  Southern b lots and phage l if ts  by 

incubating in boiling 0 . 1 % SDS w ith  g en tle  shaking until the solu tion  reached  

room  tem perature - approxim ately  1 hour. The f ilte r  w as exposed  overnight to  

X -ray film  to  ensure th at a ll the probe had been  rem oved.

2 .13  H ybridization procedure for D ried G els

2 .13 .1  Preparation o f  A garose G el

The genom ic DNA, d igested  (sec tion  2 .3) and run out on an agarose g e l  

(sec tio n  2.4), was denatured by soaking the g e l in 0.5M  N aO H /0.15M  N aC l for  

30 m inutes a t room tem perature w ith  g e n tle  shaking. The DNA w as then  

n eu tra lized  by soaking th e  g e l in 0.5M  T ris-C l(pH 8.0)/0.15M  N aC l for 30 

m inu tes at 4°C  w ith shaking. The g e l w as then p laced  on tw o sh e e ts  o f  

W hatman 3MM paper and covered  w ith Saran wrap. It w as dried w ith  only the  

vacuum  until the ge l was nearly f la t  (approxim ately  30 m inutes), then  w ith  

h eatin g  a t 60°C under vacuum  until the g e l w as co m p lete ly  dry (0 .5 -1  hour). 

The g e l was stored  on th e  paper, covered  in Saran wrap until use.



2.13 .2  H ybridization

The dried g e l w as separated  from  the 3MM paper by soaking in a shallow  dish

o f  d istilled  w ater. The g e l w ith  i t ’s supporting paper, w as then p laced  in a

p la stic  hybridization bag, pressed  against the p la stic  and sep arated  from  the

paper. The g e l w as prehybridized in the h ea t sea led  p la stic  bag w ith  a solu tion

o f  6xSSC /10x Denhardt’s/0.1%  SDS/lO/ug/m l denatured salm on sperm  DNA
2

using 50/il o f  flu id /cm  o f  g e l. This w as carried out a t 1 2 °C below  th e  T , o f
6th e  o ligon u cleotid e . A fte r  2 hours, 2x10 cpm  o f  en d -lab elled  o ligon u cleo tid e  

(section  2 .7 .3 ) w as added and hybridization allow ed  to  p roceed  for 16 hours.

2 .13 .3  D ried G el W ashes

The g e l w as f ir st  w ashed in the p la stic  hybridization bag for 15 m inu tes at 

room  tem perature in 6 xSSC. It w as then w ashed in th e  sam e w ay on a p ie ce  o f  

Saran wrap using a pump to  rem ove the liquid. The f ilte r  w as then  strin gen tly  

w ashed in 6 xSSC for 2 .5  m inutes at 5°C below  the T^ o f  the o ligon u cleo tid e  

on Saran wrap as before . The ge l was then covered  in Saran wrap and exposed  

to  Kodak X -O m at AR film  b etw een  tw o in ten sify in g  screen s a t -70°C . A  

further wash for 1  m inute in 6 xSSC at 5°C below  the T^ o f  the o ligon u cleo tid e  

probe was used if  necessary .

2 .14 Subcloning o f  DNA into  plasm id v ecto rs  pSPT19 and pUC19

2.14 .1  L igation o f  DNA fragm ents into plasm id v e c to rs  pSPT19 or pU C19  

DNA from  a lam bda genom ic clon e w as d igested  w ith the appropriate  

restr ic tio n  endonuclease (sec tio n  2 .3), as w as the p lasm id DNA. Sam ples o f  

th ese  d igests  w ere then run on agarose g e ls  (sec tion  2 .4) to  ensure th at the  

en zym e had cu t the DNA. The volum e o f  the rest o f  th e  d igest w as m ade up 

to  50/11, w ith  lOmM T ris-C l(pH 8.0)/lm M  EDTA, SDS added to  a final 

con cen tration  o f  0.1% and EDTA added to  a final con cen tra tion  o f  0.01M . 

T hese d igests  w ere then ex tr a c ted  once w ith  an equal volum e o f  phenol/ 

ch loroform /isoam yla lcoh ol (25:24:1) and the DNA p rec ip ita ted  w ith  1 volum e  

o f  4M am m onium  a c e ta te /4  volum es absolute ethanol on dry ic e  for 15  

m inutes. The DN A was p e lle te d  by cen tr ifu gation  for 15 m inutes in a  

m icrofu ge a t room  tem perature. The p e lle t  was w ashed in 70% ethanol, dried  

and resuspended in w ater. A ltern a tiv e ly , i f  there w ere m any fragm ents  

gen erated  by the restr ic tio n  endonuclease d igest o f  the lam bda DN A and only 

one w as required in the plasm id v ec to r , the fragm ent w as s e le c te d  prior to  

ligation . This was ach ieved  by d igesting  the DNA w ith  one or m ore su itab le  

endonucleases, running the w hole d igest on an agarose g e l and e lu tin g  the  

required DNA fragm ent onto NA45 paper (section  2 .6 .2 .1) or ex tra c tin g  using
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th e  G eneclean  kit (section  2 .6 .2 .2 ). 200ng o f  d igested  lam bda c lon e  DNA was  

m ixed  w ith lOng o f  d igested  plasm id v ec to r  in a volum e o f  10pl, contain ing  

60mM  Tris-C l(pH 7.5)/6m M  M gClg/lOm M  D T T /lm M  ATP and 10 units o f  T4 

DN A ligase . The m ixture w as incubated a t 1 2 °C for 16 hours or a t room  

tem peratu re for 1-16 hours.

2 .1 4 .2  Sim ple transform ation  o f  E .co li JM 101 and JM 109 by pSPT19 and

pU C 19 recom binant plasm id

Solutions

SB2  transform ation  buffer: KC1 (7.4g), M nC lg^H gO  (8.9g), C aC lg^ H gO  (1.5g) 

w ere d isso lved  in d istilled  deion ized  w ater. 20m l o f  a 0.5M  K-MES(pH6.3) 

sto ck  w as added and the volum e m ade up to  1 litre . The final pH w as 6.2. This 

w as f ilte r e d  through a 0.45pm  f ilte r  and stored  at 4°C.

For p U C l9  transform ations only: 5 -b rom o-4-ch loro-3-in d oyl-b eta  ga lacto sid e  

(BCIG) w as m ade up as a 2 0 m g/m l stock  solu tion  in d im ethylform am ide and 

stored  in aliquots a t -20°C , isop rop yl-b eta-D -th io-ga lactop yran osid e  (IPTG) 

w as m ade up as a 0.5M  solu tion  in w ater and stored  in aliquots a t -20°C .

C om peten t c e lls  w ere prepared by the m ethod o f  Hanahan (1985).

A  sin g le  JM 101/JM 109 colony from  an M9 p la te  was in ocu la ted  into  1 m l o f  

SOB and vortexed  to d istribute the b acteria . The b a cter ia l suspension was 

added to  9m l o f  SOB in a w ell-r in sed  ste r ile  250m l flask  and incubated  at 

3 7 °C w ith g en tle  shaking until an op tica l density  o f  0 .3 5 -0 .6  OD u n its/m l a t a 

w avelen gth  o f  550nm w as reach ed  for JM 109 and 0 .2 -0 .4  OD u n its/m l a t a 

w avelen gth  o f  550nm was reach ed  for JM 101. This tak es 1 .5 -3 .5  hours. The 

cu ltu re  was transferred  to  50m l polypropylene Falcon tubes and ch illed  on ic e  

for 10-60  m inutes. The c e lls  w ere p e lle ted  by cen tr ifu gation  a t 900g  for 15 

m inu tes a t 4°C . The p e lle ts  w ere then resuspended in a volum e o f  SB2 that  

w as ^/g^d o f  th e  original cu lture volum e by g en tle  p ipetting . The tubes w ere  

p la ced  on ice  for 10-60 m inutes then recen trifu ged  as above. The c e lls  w ere  

resuspended in a volum e o f  SB2  that was ^  5 ^  original cu lture

volum e i.e . 2 .5m l o f  c e lls  w ere resuspended in 200jul. 200pl a liquots o f  

co m p eten t c e lls  w ere put into polypropylene tubes and the liga ted  m ixture  

added. A s controls, ln g  (lOjul) o f  uncut plasm id v ecto r  and a re lig a ted  vecto r  

con tro l w ere a lso  added to  a 200pl aliquot o f  com p eten t c e lls . The tube  

co n ten ts  w ere sw irled gen tly  and p laced  on ic e  for 30-60  m inutes. Follow ing  

th is, th e  c e lls  w ere heat-sh ock ed  by incubation in a 42° C w ater bath for  

ex a c tly  90 seconds and then  im m ed iate ly  ch illed  on ice . To each  tube was 

added 0 .2 m l o f  SOC and th ese  w ere then incubated  at 37°C for 45-60  m inutes  

w ith  g e n tle  shaking.
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2 .1 4 .2 .1  P latin g  out o f  pSPT19 transform ants

lOOpl and 20pl aliquots o f  the ligation  m ix /co m p eten t c e lls  w ere spread onto  

LB agar p la tes , contain ing 100/ig /m l Am p, using a g lass spreader. The sm aller  

volum e w as d ilu ted  on the p la te  w ith  SOB to  a volum e o f  lOOpl. For th e  uncut 

v ec to r , lOjil and 50pl aliquots (diluted in SOB on the p la te  as above) w ere  

taken  and spread on LB agar p la tes , contain ing lOOpg/ml Am p. P la te s  w ere  

in verted  and incubated overnight a t 37°C.

2 .1 4 .2 .2  P la tin g  out o f  pU C19 transform ants

Just b efo re  use, LB p la tes  contain ing lOOpg/ml Am p w ere taken and 4Q/ul o f

2 0 m g /m l BCIG and 40pl o f  0.5M  IPTG w ere spread onto the p la te s  w ith  a g lass

spreader. The com p eten t c e ll/lig a t io n  m ixture w as then spread as for the

pSPT19 transform ation. P la te s  w ere incubated  in verted  at 3 7 °C overnight.
5 7E ffic ien cy  o f  transform ation  for both v e c to rs  w as b etw een  1x10 and 1x10  

cfu  /)lg.

2 .1 4 .3  Preparation  o f  recom binant p lasm id DNA

Transform ed co lon ies w ere p icked  using tooth p ick s into 3m l SOB w ith  Amp  

(50/ig /m l) and incubated a t 37°C  overnight w ith  shaking. 1 .5m l o f  th is cu lture  

w as poured into a m icrofu ge tube and cen tr ifu ged  for 1  m inute a t room  

tem p eratu re in a m icrofuge. A  sm a ll-sca le  rapid plasm id preparation was 

carried  out on th e  p e lle t  (section  2 .5 .3 ). This p lasm id  DNA w as d igested  w ith  

th e  appropriate restr ic tion  endonuclease and e lectrop h oresed  on an agarose  

g e l to  s iz e  the in serts in the plasm id vector . From  the rem aining cu lture, 

0 .5m l aliquots w ere d ilu ted  1:1 w ith 30% g lycero l/L B  and stored  a t -70°C to  

form  a stock .

2 .15  DN A sequence determ ination

The seq uence o f  the c lon ed  DNA fragm ents w as determ in ed  by the M13 

did eoxyn u cleotid e chain term ination  m ethod (Sanger e t  a l., 1977; 1980) using  

the v e c to r s  o f  M essing and V ieira (1982).

2 .15 .1  C loning o f  DNA fragm ents into M13 v e c to rs

DN A restr ic tio n  fragm ents from  the inserts in the plasm id v ec to rs  pSPT19
32and pU C19 which hybridized to  the [o< P]-dCTP lab elled  rat cytoch rom e b 

32cD N A  and/or to  [Jf PJ-ATP lab elled  o ligon u cleo tid es sp e c if ic  for rat

cy toch rom e b , w ere subcloned into M 13m pl8 or M 13m pl9  vecto rs . The M13 &
v e c to r  w as d igested  w ith  the appropriate restr ic tio n  endonuclease(s) and a 

sam ple o f  the d igest run on an agarose ge l to  ensure it  had cu t to  com p letion .
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The rem ainder o f  the d ig est w as m ade up to  a volum e o f  50/il w ith  lOmM Tris- 

C l(pH 8.0)/lm M  EDTA, SDS added to a fin a l con cen tra tion  o f  0.1% and EDTA  

added to  a fina l con cen tra tion  o f  0.01M . The d igest w as then e x tr a c ted  once  

w ith an equal volum e o f  phen o l/ch loroform /isoam yla lcoh o l (25:24:1) and the  

DNA p rec ip ita ted  w ith 1 volum e o f  4M am m onium  a c e ta te /4  volum es absolute  

ethanol on dry ic e  for 15 m inutes. The DNA was p e lle te d  by cen tr ifu ga tion  for  

15 m inutes in a m icrofu ge a t room  tem peratu re. The p e lle t  w as w ashed in 

70% ethanol, dried and resuspended in w ater.

The DN A fragm ents from  the plasm id c lon es w ere prepared in the sam e  

w ay as described  for the M13 v ec to rs  above unless th ere  w ere severa l 

fragm en ts gen era ted  by th e  restr ic tio n  endonuclease d igest. The sin g le  

fragm ent required w as then  iso la ted  on an agarose g e l as described  in sectio n

2 .6 .2 .1  or sec tio n  2 .6 .2 .2 .

2 .1 5 .1 .1  L igation  o f  DNA fragm ents to  the M13 r e p lica tiv e  form  (RF) DNA  

DNA fragm ents (lOOng) from  the plasm ids w ere m ixed  w ith  lOng o f  M 13m pl8  

or M 13m pl9 R F form  DN A in a final volum e o f  lO/il contain ing  66mM Tris- 

Cl(pH 7.5)/6m M  M gClg/lO m M  D T T /lm M  ATP and 10 units o f  T4 DNA ligase . 

The m ixture w as incubated  at 12 °C for 16 hours or a t room  tem peratu re for  

1-16 hours. A  contro l liga tion  o f  cut v ec to r  re -lig a te d  under th e  sam e  

conditions was also perform ed.

2 .1 5 .1 .2  Transform ation o f  E .co li JM 101 and JM 109 by recom binant M13 

phage

To prepare com p eten t c e lls , severa l sin gle  co lon ies from  a fresh ly  streaked

culture o f  JM 101 or JM 109 (on M9 m inim al m edia) w ere in ocu la ted  in to  20m l

2xTY m edium  in a 250m l fla sk  and incubated  at 37°C w ith  shaking until an

op tica l density  o f  0 .3 5 -0 .6  OD u n its/m l a t a w avelength  o f  550nm  w as reach ed

for JM 109 and 0 .2 -0 .4  OD u n its/m l a t a w avelength  o f  550nm  w as reach ed  for

JM 101. (1 .5 -3 .5  hours). A ltern a tiv e ly , a sin gle  colony o f  E .co li JM 101/JM 109

w as in ocu la ted  into  10m l 2xTY m edium  in a U niversal tube and incubated  at

37 °C overnight. Then 1m l o f  th is cu lture w as added to  20m l 2xTY m edium  in a

250m l flask  and incubated  at 3 7 °C w ith  shaking until the optim um  O D - - -  o f
550

the cu lture w as reached , as above (1-2 hours). A t the sam e tim e as in itia tin g  

the cu lture to  prepare the com p eten t c e lls , tw o drops o f  an overnight cu lture  

o f  JM 101/JM 109 in 2xTY m ed ia  w ere added to  10m l o f  2xTY  m edia. This was 

incubated  at 3 7 °C w ith shaking until th e  O D ^ ^  is approxim ately  0 .3  (3-4  

hours) (exp onentia l grow th phase) and w as stored  on ic e  until the co m p eten t  

c e lls  had been  prepared. The JM 101/JM 109 com p eten t c e lls  w ere prepared as 

described  in se c tio n  2 .14 .2  up to  the s ta g e  o f  ch illing
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on ic e  a fte r  h ea t shock. Then each  lig a tio n /co m p eten t c e ll  m ixture w as sp lit 

in h a lf in to  p re-ch illed  polypropylene tubes. An uncut M13 v ec to r  control 

(ln g ) w as also included as for the plasm id transform ations (sec tio n  2 .14 .2). 

This w as a liqu oted  out a t th is s ta g e  into  lO/il and lOO/il volum es.

2 .1 5 .1 .3  P la tin g  out o f  transform ation

To 3m l o f  lx T Y  top agar (at 45°C) 40/il o f  20m g/m l BCIG, 40/il o f  0.5M  EPTG 

(se c tio n  2 .14 .2 ) and 200pl o f  the exponentia l cu lture o f  JM 101/JM 109 w ere  

added. This was vortexed  b r iefly , poured into the tube contain ing  the  

tran sform ed c e lls , m ixed  by inversion and poured onto the su rface  o f  a p re­

w arm ed, dry lx T Y  agar p la te . A fte r  th e  top agar had so lid ified , the p la tes

w ere in verted  and incubated  at 3 7 °C overnight.
5 6E ff ic ie n c y  o f  transform ation  was 5x10 -1x10 pfu/jig.

2 .1 5 .2  P reparation o f  sin gle  - stranded M13 recom binant b acteriophage DNA  

A  sin g le  colony o f  E .co li JM 101/JM 109 w as inocu lated  in to  5m l o f  2xTY  

m edium  and incubated  overnight a t 37 °C w ith  shaking. This cu lture w as then  

dilu ted  1 0 0 -fo ld  in 2xTY m edia. R ecom binant (w hite) plaques w ere p icked  

using toothp icks into 2m l o f  th e  d ilu ted  cu lture and incubated at 37 °C w ith  

shaking for 5 hours. 1 .5m l o f  th is cu lture was poured into a m icrofu ge tube 

and cen tr ifu ged  for 5 m inutes a t room tem perature in a m icrofu ge. 800jul o f  

th e  supernatant w as tran sferred  to  a fresh  m icrofu ge tube and m ixed  w ith  

200pl o f  2.5M  NaCl/20%  (w /v) p o lyeth y len e g lyco l 6000 and incubated  a t room  

tem p eratu re  for 30 m inutes. The solu tion  w as then cen tr ifu ged  for 10 m inutes  

a t room  tem perature in a  m icrofu ge and a ll the p o lyeth y len e  g lyco l 

supernatant rem oved. The p e lle t  w as resuspended in 100jul lOmM Tris- 

C l(pH 8.0)/lm M  EDTA by g en tle  vortexing . 50/ lI o f  b u ffered  phenol w as added, 

th e  m ixture vortexed  for 20 seconds, le f t  a t room  tem peratu re for 15 m inutes  

then  re -v o rtex ed  for 20 seconds. The tubes w ere cen tr ifu ged  for 2 m inutes in 

a m icro fu ge  a t room  tem perature. To th e  aqueous phase w as added lO/il o f  3M 

sodium  a c e ta te  (pH6.0) and 300jul o f  absolute ethanol. The tube was p laced  on 

dry ic e  for 20 m inu tes and the DNA recovered  by cen tr ifu gation  for 15 

m in u tes a t room tem peratu re in a m icrofuge. The p e lle t  w as w ashed w ith  

200/il o f  absolute ethanol, dried and resuspended in 35pl o f  lOmM Tris- 

C l(pH 8.0)/0.1m M  EDTA. 5jul o f  th is M13 sin g le-stranded  DNA preparation was 

run on a 0.6% agarose g e l alongside M l3 sin gle-stranded  DNA contain ing  no 

in sert, to  s e le c t  recom binant c lon es. The rem ainder o f  the DNA w as used for  

sequencin g reaction s i f  th ey  contained  the insert o f  in terest. The r est o f  the  

phage supernatant and p e lle t  w ere stored  at -2 0 °C.
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2 .1 5 .3  Preparation  o f  R F DN A from  M 13 recom binant b acteriop h age  

The recom binant (w hite plaques) w ere p icked  using tooth p ick s and grown up in 

2xTY  m edia contain ing JM 101/JM 109 and grown for 5 hours a t 37 °C as for  

sin g le-stran d ed  M13 DNA preparation (sec tio n  2 .15 .2 ). 1 .5m l o f  the cu lture  

w as then  spun down in a m icrofu ge tube for 5 m inutes a t room  tem peratu re. 

The supernatant was rem oved  and the p e lle t  resuspended in lOOjil so lu tion  I 

for p lasm id  preparations (section  2 .5 .2 ). The RF M13 DNA w as prepared on a 

sm a ll-sc a le  as for p lasm id DNA described  in sec tio n  2 .5 .3 .

2 .1 6  DNA sequencing reaction s

2 .16 .1  K lenow fragm ent o f  DNA polym erase I ca ta ly sed  reaction s
35D N A  sequencin g reaction s w ere perform ed w ith  [c* S]-dATP (Biggin e t  a l . t 

1983).

2 .1 6 .1 .1  Prim ing

7jil o f  recom binant M13 sin g le-stranded  phage DNA (sec tio n  2 .15 .2 ) was 

com bined w ith  l / i l  lOOmM T ris-C l(pH 8.5)/100m M  M gC ^  and l / i l  (1.25ng) 

U n iversal M13 17m er sequencing prim er (5’G TAAAACGACGGCCAGT3’). This 

w as h ea ted  at 55-60°C  for 30-60  m inutes in an oven and a llow ed  to  co o l to  

room  tem peratu re. If not used  im m ed ia te ly , th is  w as stored  at -2 0 °C.

2 .1 6 .1 .2  Sequencing reaction s

2 .1 6 .1 .2 .1  N on -com m ercia lly  prepared sequencing m ixes  

D eoxyn u cleo tid es  w ere stored  as 0.5m M  stock s in w ater. Working so lu tions  

(m ade up in lOmM Tris-C l(pH 8.0)/0.1m M  EDTA) were:

T°: 10pM dTTP/220pM  dCTP/220pM  dGTP 

C°: 220/iM  dTTP/lOpM  dCTP/220juM dGTP 

G°: 220jliM dTTP/220pM  dCTP/10juM dGTP 

A°: 220pM  dTTP/220/uM dCTP/220pM  dGTP

D id eoxyn u cleo tid es w ere stored  as lOmM stock s in w ater. Working stock s  

(m ade up in lOmM Tris-C l(pH 8.0)/0.1m M  EDTA) w ere 0.5m M  ddTTP, 0.2m M  

ddCTP, 0.3m M  ddGTP, O.lmM  ddATP.

R ea ctio n  m ixes for T, C, G and A  w ere m ade by m ixing equal volum es o f  the  

appropriate deoxy- and d id eoxy-n u cleotid e  working s to ck  solu tions.
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2 .1 6 .1 .2 .2  ’S tra tagen e’ prepared sequencing m ixes

DNA sequencin g m ixes w ere also  used  as supplied by ’S tra tagen e  C loning  

S ystem s’. The DNA sequencin g reaction s had the fo llow in g  fin a l 

concentration s:

T C G A

Tris-C l(pH 7.5) 50mM 50mM 50mM 50mM

M gCl2 5mM 5mM 5mM 5mM

DTT 5mM 5mM 5mM 5mM

ddATP 0 0 0 112pM

ddCTP 0 36pM 0 0

ddGTP 0 0 60pM 0

ddTTP lOOpM 0 0 0

dA TP(cold) lpM lpM lpM lpM

dATP[35S] 1/iM IjliM lpM lpM

dCTP 20/iM 2pM 20pM 20pM

dGTP 20>iM 20pM 3pM 20pM

dTTP 2pM 20pM 20juM 20pM

352 .1 6 .1 .2 .3  Incorporation o f  [<x S] for K lenow based  reaction s
35To th e  prim ed m ix was added 15pCi [oc S]-dATP (N ew  England N uclear; 

600C i/m m ole) and 5 un its o f  th e  K lenow  fragm ent o f  DN A p olym erase I. 2.5jul 

aliqu ots w ere dispensed in to  four m icrofu ge tubes lab elled  T, C, G and A. To 

each  tube 2pl o f  the re levan t n u cleo tid e  reaction  m ix w as added and the  

sam ple incubated  at room  tem peratu re for 20 m inutes, lp l  o f  0.5m M  dATP  

con ta in in g  0.1 un its o f  K lenow  polym erase w as added to  each  o f  th e  four 

tu b es and the incubation continued  for a further 20 m inu tes a t room  

tem p eratu re . The sam ples w ere then sp lit in to  tw o  or th ree  tubes depending  

on th e  s iz e  o f  th e  com bs to  be used  for the v e r tica l p o lyacry lam id e/u rea  g e ls  

and e ith e r  loaded d irectly , or stored  a t -2 0 °C for up to  one w eek.

2 .1 6 .2  ’Sequenase’ c a ta ly sed  reaction s

’Seq u en ase’ (U nited  S ta te s  B ioch em ica l Corporation) is a m od ifica tion  o f  

b acteriop h age T7 DNA polym erase (Tabor and R ichardson, 1987). The m ethod  

o f  sequencin g w ith  ’Sequenase’ is a m od ifica tion  o f  th at used w ith  the K lenow  

fragm en t o f  DNA polym erase I as outlined  above.
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2 .1 6 .2 .1  Prim ing

7pl o f  recom binant M13 sin g le-stran d ed  phage DN A (sec tio n  2 .15 .2 ) was 

com bined w ith  2pl Sequenase bu ffer  (200mM  T ris-C l(pH 7.5)/100m M  M gC \^ j  

250m M  NaCl) and lp l  (0.5pm ol) 17m er U niversal Sequencing prim er. This 

m ixture w as h ea ted  at 5 5 -6 0 °C for 30-60  m inutes in an oven , then  a llow ed  to  

slow  coo l to  room  tem peratu re. If not used  im m ed ia te ly  the prim ed  

recom binant DNA w as stored  at -2 0 °C.

2 .1 6 .2 .2  Sequenase sequencing reaction  m ixes  

S tock  solutions:

dGTP labelling  m ix (5x concentrate):7 .5pM  dG TP/7.5pM  dC TP/7.5pM  dTTP

ddG term in ation  mix: 80pM dGTP, 80jliM dATP, 80pM dCTP, 80jjM dTTP, 8pM 

ddGTP, 50mM N aC l

ddA term in ation  mix: 80pM dGTP, 80pM dATP, 80pM dCTP, 80pM dTTP, 8pM 

ddATP, 50mM N aC l

ddT term in ation  mix: 80pM dGTP, 80pM dATP, 80pM dCTP, 80juM dTTP, 8pM 

ddTTP, 50mM N aC l

ddC term in ation  mix: 80pM dGTP, 80pM dATP, 80pM dCTP, 80pM dTTP, 8pM 

ddCTP, 50mM N aC l

352 .1 6 .2 .3  Incorporation o f  [<x S]-dATP for Sequenase based  reaction s

2 .1 6 .2 .3 .1  For standard reaction s (1-500 b ases from  the prim er)

To th e  prim ed m ix w as added lp l  0.1M  DTT, 2pl lxdG T P lab ellin g  m ix (d ilute
QK

5x con cen tra te  w ith  w ater), 5pCi [oc S]-dATP (600C i/m m ol) and 2pl o f  

Sequenase en zym e d ilu ted  1:8 in ic e -c o ld  lOmM T ris-C l(pH 8.0)/lm M  EDTA. 

This w as incubated  at room  tem peratu re for 5 m inutes. M eanw hile, 2 .5p l o f  

the ddT/ddC /ddG /ddA  term in ation  m ixes w ere added to  tubes la b e lled  T, C,

G, A  re sp ec tiv e ly  and th e se  w ere prew arm ed at 37°C for 1 -5  m inutes. When 

the labelling  rea ctio n  w as co m p lete , 3 .5p l o f  the lab elled  m ix w as added to  

each  tube contain ing  a d ideoxynucleotide term in ation  m ix. Incubation w as  

a llow ed  to  p roceed  a t 3 7 °C for 5 m inutes. The rea ctio n s w ere sp lit in to  tw o or 

th ree  tubes depending on the s iz e  o f  th e  com bs to  be used  for the  

p olyacry lam id e/u rea  sequencing g e l and e ith er  loaded d irec tly  onto the g e l or 

stored  a t -20 °C for up to  one w eek.
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2 .1 6 .2 .3 .2  For ex ten d ed  rea ctio n s (beyond 500 n u cleo tid es)

The sam e protoco l as above w as used e x c ep t th a t con cen tra tion s o f  dNTPs in
35the labelling  rea ctio n  w as in creased  5 -fo ld , the am ount o f  [<* S]-dATP w as 

in creased  to  lOpCi and th e  lab ellin g  reaction  len gthened  to  10 m inutes.

2 .16 .3  G el e lectrop h oresis  o f  sequencin g reaction s  

Stock  solu tions

B is-aerylam ide (40%): acrylam ide (BDH E lectran  grade) (38g) and N ,N ’- 

m eth ylen eb isacry lam id e (2g) w ere d isso lved  in w ater  and m ade up to  100m l. 

The solu tion  w as deion ised  by stirring for 30 m inu tes w ith  5g o f  m ixed-bed  

resin  (Sigm a, MB1), f ilte r e d  and stored  in the dark at 4°C .

Form am ide dyes: 98% deion ised  form am ide/25m M  ED TA (pH 8.0)/0.03%  

brom ophenol blue/0.03%  xy len e cyanol.

IOxTBE: as d eta iled  in se c tio n  2 .4 .1 .

6% polyacrylam ide/7M  urea g e ls  (50m l) w ere m ade up by m ixing 5m l o f  

IOxTBE, 7 .5m l o f  s to ck  40% b is-acry lam id e, 21g  urea (BRL, ultrapure) and 

10m l o f  w ater. This w as stirred  a t room  tem peratu re until th e  urea had 

dissolved . The volum e w as m ade up to  50m l w ith  w ater. Freshly m ade  

am m onium  persu lphate (0 .4m l o f  a 10% solution) and TEMED (40pl) w ere  

added, the so lu tion  sw irled  to  m ix and th e  g e l poured im m ed ia te ly  in to  a  

sequencing c a s s e t te  ly ing a t 45°. The c a s se t te  w as 40cm  long by 20cm  w ide by 

0.35m m  thick. Shark’s-to o th  com bs (BRL) w ere clam ped  into  p osition  w ith  the  

te e th  ou term ost to  form  th e  top o f  the gel. The g e l w as a llow ed  to  po lym erise  

for a t  lea st  1 hour and w as used w ithin 24 hours. The com bs w ere rem oved  and 

then  rep laced  w ith  th e  te e th  just touch ing th e  su rface  o f  th e  g e l to  form  the  

w ells . Sequencing rea ctio n  products (2 .5pl w ith  th e  w ider com bs (24 w ells) or 

2pl w ith  the narrow com bs (48 w ells) w ere m ixed  w ith  form am ide dyes (3/ul), 

the sam ples b o iled  for 3 m inu tes and loaded im m ed ia te ly  onto th e  g e l. The 

e lectrop h oresis  b u ffer  w as lxT B E . E lectrop h oresis w as a t 30m A  

(approxim ately  1500V) for t im es  b etw een  1.5 and 6 hours. G els w ere  

tran sferred  to  W hatman 3MM paper, covered  w ith  Saran wrap and dried a t  

80°C for 40 m in u tes under vacuum . The Saran wrap w as rem oved  and the g e l  

exp osed  to e ith er  Fuji RX or Kodak X -O m at X -ray film  overnight a t room  

tem peratu re w ithout an in ten sify in g  screen .
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2 .17  P u rifica tion  o f  o ligon u cleo tid es

O ligon u cleotid es w ere syn th esised  on o ligon u cleo tid e  syn th esiser  au tom ated  

m achines.

2 .17 .1  D ep rotection  o f  b ases and c lea v a g e

The fr it  a t one end o f  the colum n w as p ierced . 1m l o f  am m onium  hydroxide  

w as taken up in a syringe and in serted  into  the o th er end o f  the colum n. The 

open end o f  th e  colum n was p laced  inside a screw  cap tube and th e  am m onium  

hydroxide g en tly  flushed through th e  colum n in to  th e  tube ensuring th a t the  

beads w ere d eposited  in the tube. The capped tube was then  p laced  in a 

w aterbath  at 5 5 °C for 5 hours fo llow ed  by coo lin g  to  room  tem p eratu re  by 

p lacin g  a t -2 0 °C (for approxim ately  30 m inutes). The o ligon u cleo tid e  w as  

dried down in a freeze-d r ier  overnight then resuspended in w ater  (100^x1). This 

w as then butanol e x tra c ted  until the volum e w as about 50jil (tw o or th ree  

extraction s).

2 .17 .2  G el p urification

The o ligon u cleo tid es w ere then p urified  by e lectrop h oresis  on 20% 

polyacrylam ide/7M  urea g e ls . S tock  solu tions used  w ere as for sequencin g  g e ls  

(sec tion  2 .16 .3 ). The g e l w as m ade up by m ixing 5m l IOxTBE, 25m l 40% bis-  

acrylam ide sto ck  and 21g urea then  m aking the volum e up to  50m l.

Am m onium  persulphate (0 .4m l o f  fresh  10% solution) and TEMED (40jul) w ere  

added to  the so lu tion  and th e  g e l poured im m ed ia te ly  in to  a sequencing  

c a s se t te  (40cm  long by 20cm  w ide by 0.35m m  thick) ly ing a t 45°. Shark’s- 

too th  com bs (BRL) w ere clam ped  in to  position  and th e  g e l a llow ed  to  

polym erise  for 1 hour. Form am ide dyes (2jul) w ere added to  a liquots o f  th e  

o ligon u cleo tid e  (3pl) and loaded onto the ge l. The e lec trop h oresis  b u ffer  w as  

lxT B E  and proceed ed  at 37W for  lVfc-S hours depending on th e  s iz e  o f  th e  

o ligon u cleo tid e  being purified. A s a guide, brom ophenol b lue runs a t 10 b ases  

and xy len e cyanol a t 28 bases.

A fte r  e lectrop h oresis  the g e l w as rem oved  from  th e  p la te  onto Saran wrap. 

The g e l w as covered  w ith  another p ie c e  o f  Saran wrap and th e  o ligon u cleo tid e  

v isu a lized  by uv shadowing. This invo lves p lacing  th e  wrapped g e l on a  TLC  

p la te  and v iew in g  under long-w ave uv light. The p osition  o f  the  

oligon u cleo tid e  w as m arked and th e  g e l s lic e  cu t out. The o ligon u cleo tid e  w as  

e lu ted  from  th e  g e l s lic e  by p lacing  in a m icrofu ge tube, grinding w ith  a 

toothp ick , then  adding approxim ately  0 .75m l o f  0.1M  am m onium  b icarb on ate , 

regrinding, and incubating a t 50°C for 10 m inutes. The tube w as then  p la ced  

on a slow ly  ro ta tin g  daisyw heel overnight a t room  tem peratu re. The tube w as  

cen tr ifu ged  b r iefly  and the supernatant tran sferred  to  a fresh  m icro fu ge  tube.

- 66 -



The acrylam ide was w ashed w ith  0.1M  am m onium  b icarb onate (100;ul), 

cen trifu ged  b riefly  and th e  supernatants com bined. The volum e w as m ade up 

to  ex a c tly  1m l w ith 0.1M  am m onium  bicarbonate. The o ligon u cleo tid e  w as 

purified  on a p reca librated  Sephadex G25 colum n (Pharm acia, N A P -10 

colum n, 1.3 x 2 .7cm  g e l bed). The N A P-10 colum n w as equilibrated  w ith  20% 

ethanol (approxim ately 20m l). The 1m l sam ple w as then added and e lu ted  w ith  

1.5m l 20% ethanol in to  a g lass C orex tube. The sam ple w as lyoph ilised  

overnight in a  freeze-d r ier , th e  DNA resuspended in s te r ile  w ater  (lOOjul) and 

the A 2 gQ read in a sp ectrop h otom eter  to  a ssess  th e  con cen tra tion  o f  the  

o ligon u cleo tid e , knowing th at 1 OD unit rep resen ts th e  equ iva len t o f  20p g /m l 

o f  DNA.

2 .18 Isolation  o f  G enom ic DN A from  Frozen  T issue  

Solutions

E xtraction  solution:

A  0.5M  EDTA solution (pH8.0) w as au toclaved . To th is  w as added so lid  

p rotein ase  K to  a con cen tra tion  o f  lOOpg/ml and sarcosy l to  a con cen tra tion  

o f  0.5%.

Frozen liver from  Sprague-D aw ley ra ts w as ground w ith  dry ic e  p e lle ts  in a 

c o f fe e  grinder, l g  o f  t issu e  w as w eighed  out and added to  5m l o f  ex tra c tio n  

solu tion . This m ixture w as incubated  overnight a t 5 0 °C. Ensuring th a t th e  

so lu tion  was hom ogeneously  v iscou s, th e  DNA w as e x tr a c ted  th ree  t im e s  w ith  

an equal volum e o f  b u ffered  phenol. The phenol ex tra c tio n  w as carried  out by  

g en tle  shaking on a ro ller  p latform  to  ensure th at th e  D N A  rem ained  in ta c t. 

The fin a l aqueous so lu tion  w as trea ted  w ith  lOOpg/ml o f  D N a se-free  R N ase A  

a t 37 °C for 3 hours. The sam ple w as g en tly  e x tr a c ted  tw ic e  w ith  phenol/ 

ch loroform /isoam yla lcoh ol (25:24:1) and on ce w ith  ch loroform /isoam yla lcoh o l 

(24:1). To the aqueous so lu tion , tw o volum es o f  eth anol w ere added, th e  

so lu tion  m ixed  gen tly  and the DNA spooled  out w ith  a hooked pasteur p ip e tte  

in to  400pl o f  lOmM T ris-C l/lm M  EDTA. The DNA w as le f t  to  d isso lve  a t 4°C  

then th e  con cen tra tion  determ ined . The DNA w as stored  a t 4°C .
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The *X g t l l  l ib r a r y  was s c r e e n e d  u s in g  
a n tib o d y  r a i s e d  in  r a b b i t .

p o ly c lo n a l



3 RESULTS

3.1 Iso lation  o f  genom ic c lon es

3 .1 .1  Libraries

Two rat liver  genom ic libraries, kindly supplied  by Sargent e t  a l . (1979), w ere  

screen ed  w ith  partia l and fu ll- len g th  rat cy toch rom e b^ cD N A  c lon es. T hese  

libraries w ere prepared by partia l d igestion  o f  rat (Sprague-D aw ley) genom ic  

DNA w ith  e ith er  EcoRI or H aeld  restr ic tio n  endonu cleases. The EcoR I  

fragm ents w ere in serted  d irec tly  in to  the EcoR I s ite  o f  lam bda Charon 4A  

(Fig. 8) and the HaeUI fragm en ts w ere lig a ted  to  EcoR I linkers b efore  

insertion  in to  Charon 4A  at th e  sam e s ite .

3 .1 .2  cD N A  probes

The rat liver  cytoch rom e b^ cD N A  c lon es used  in th is in v estig a tio n  w ere  

iso la ted  from  a rat liver ^ g t l l  library. The cD N A  c lon es w ere seq u en ced  by 

Dr. A shw orth in Dr. Shephard’s laboratory.
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mE4.3II

An in itia l screen  o f  the H aein  rat liver  gen om ic library w as carried  out using  

a partia l len gth  cD N A  clon e coding for rat cy toch rom e b^, as a fu ll-len g th  

c lon e had not been iso la ted  a t th is sta g e . This c lon e  w as 560bp in len gth  and 

contained  th e  sequence from  th e f ir st  poly [A] ta il to  th e  codon for  am ino acid  

40 (Fig. 9). The cD N A  insert had previously  been  subcloned in to  th e  M13 

b acteriophage vecto r  and ca lled  mE4.3II. When screen in g  th e  gen om ic  

libraries it  w as necessary  to  p revent cross-hybrid ization  b e tw een  th e  se c tio n s  

o f  the lac  gen e presen t in both the M13 and lam bda Charon 4A  v ecto rs . 

T h erefore, th e  cytochrom e b^ cD N A  insert w as iso la ted  from  th e M 13 vector . 

The sin g le-stranded  DNA form  o f  m E4.3II w as prim ed using th e  universal 

sequencing prim er, then rad ioactively  lab elled  as described  in se c tio n  2 .7 .2 , to  

obtain a probe w ith high sp e c if ic  a c tiv ity . The double stranded c lon e  w as then  

d igested  w ith  the restr ic tion  endonu clease EcoRI and the cD N A  insert  

iso la ted  on a 1.5% agarose g e l (sec tio n  2 .7 .2).

pb^(l)D

O nce a fu ll-len g th  cytochrom e b cD N A  clon e b ecam e ava ilab le  (sequ en ceo
shown in Fig. 9), th is was then used to  carry out further rescreen in g  o f  the  

libraries. The cD N A  insert o f  th is c lon e w as in serted  in to  th e  EcoR I s ite  o f  

th e  plasm id v e c to r  pSPT19 and ca lled  pb5(l)D . For screen in g  th e  gen om ic  

libraries, the to ta l cD N A  insert w as separated  from  th e v e c to r  by d igestion  

w ith the restr ic tio n  endonuclease EcoRI. The d igest w as e lectrop h oresed  on a 

1%  agarose g e l and the 820bp cy toch rom e b^ cD N A  insert iso la ted  (sec tio n  

2.6) and rad ioactively  labelled  (sec tio n  2 .7 .1 ).
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1
I ----------

Met Ala Glu Gin Ser Asp 
GGCTGTGTTGCAGGGCCCGGAAGCCTCACTGTTCCGAA ATG GCC GAG CAG TCA GAC

10 20 

------ 36mer------------------------------ |
Lys Asp Val Lys Tyr Tyr Thr Leu 
AAG GAT GTG AAG TAC TAC ACT CTG

Ser Lys Ser Thr Trp Val lie Leu 
AGC AAG AGC ACC TGG GTG ATC CTA

40

Lys Phe Leu Glu Glu His Pro Gly 
AAG TTT CTC GAA GAG CAT CCT GGT

60

|--15mer-------
Ala Gly Gly Asp Ala Thr Glu Asn 
GCT GGG GGT GAT GCT ACT GAG AAC

70

Asp Ala Arg Glu Leu Ser Lys Thr 
GAT GCA CGA GAA CTG TCC AAA ACA

90

|--------------------27mer---
Asp Asp Arg Ser Lys lie Ala Lys 
GAT GAC AGA TCA AAG ATA GCC AAG

--------- 26mer---|

Val Glu Ser Asn Ser Ser Trp Trp 
GTC GAG TCT AAT TCC AGT TGG TGG

120

Ser Ala Leu Val Val Ala Leu Met 
TCA GCC CTG GTG GTA GCT CTG ATG

Glu Glu lie Gin Lys His Lys Asp 
GAG GAG ATT CAG AAG CAC AAA GAC

30

His His Lys Val Tyr Asp Leu Thr 
CAT CAT AAG GTG TAC GAT CTG ACC

50

Gly Glu Glu Val Leu Arg Glu Gin 
GGG GAA GAA GTC CTA AGA GAG CAA

Phe Glu Asp Val Gly His Ser Thr 
TTT GAG GAC GTC GGG CAC TCT ACG

80
| -SacI-|

Tyr lie lie Gly Glu Leu His Pro 
TAC ATC ATC GGG GAG CTC CAT CCA

100

-------| |---I8mer-------
Pro Ser Glu Thr Leu lie Thr Thr
CCT TCG GAA ACC CTT ATC ACT ACT

110

Thr Asn Trp Val lie Pro Ala lie 
ACC AAC TGG GTG ATC CCA GCC ATC

130

Tyr Arg Leu Tyr Met Ala Glu Asp 
TAT CGC CTC TAC ATG GCA GAA GAT
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Ter
TAACCTGTCTGTCCGAAGCCAAGGAAGGAAAAGACTGCCCCAGAGAGGGGAGAAAAGAAGCCAG 
TGTTAATCACTTCCACTGACAGAAACCCTCCCCCTGAGAATGTAATTGTAATATATCTGTCTCC 
CTCTCCTCCTATGCTAGGAGAACAAACATGGGACTCTTTGTACTCTTAAACTTTCAAATGTGCC 
TTTTTACTCAACTTCATTTTGACATTTCT^CACTACGTAATTTACTTATTGTAAACATGATCTT 
TTTAAAATATATCTGGCTTGTAAAGTACA CCAGGTGTGCCTGTTTGTGTGGTATTTTATATTT 
AGTATTTAGTGTTTTGGAGTTGTTTAACAGAATTGCTTAACGTACTAACTGTTTGGACCCAAAA 
AAAA

Figure 9. Amino acid and cDNA sequence of rat cytochrome b,.. The 
first poly[A] addition site is indicated (*). The SacI site used 
to create a 5* fragment for screening the genomic libraries is 
shown (SacI) and the positions of the five oligonucleotides used 
are marked. The proximal and distal histidines are highlighted.

! Possible poly[A] addition sites are underlined. The numbering
|

relates to the amino acid position.
|

f
i
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5̂  SacI/E coR I fragm ent o f  pbp.(l)D

A  third rat cy toch rom e b_ cD N A  derived  probe w as la te r  used  to  rescreenD
both the gen om ic libraries. C h aracteriza tion  o f  all the original gen om ic

c lon es show ed th at the 5’ cod ing seq uence o f  cy toch rom e b^ had not been

obtained . This cD N A  probe w as designed to  p reven t th e  iso la tion  o f  c lon es

that only con ta in ed  3 ’ coding sequence. U se  w as m ade o f  a sin g le  SacI

restr ic tio n  endonuclease s ite  cen tred  at am ino acid  82 o f  th e  rat cy toch rom e

b protein . The p b _(l)D  recom binant p lasm id con stru ct w as d ig ested  w ith  the  o &
restr ic tio n  endonu cleases EcoR I and SacI. The d igest w as e lec trop h oresed  on a 

1.2% agarose g e l, the fragm ent contain ing  th e  5 ’ end o f  th e  cD N A  - 282bp in 

length  - e lu ted  from  the g e l (section s 2.6) and ra d ioactively  lab elled  (sec tion

2 .7 .1). This SacI/E coR I fragm ent con sisted  o f  a short se c tio n  o f  the 5’ non­

coding region  and th e  coding region  from  am ino acid s 1-81 in clu sive  o f  th e  rat 

cytoch rom e b^ cD N A  (Fig. 9).

3 .1 .3  Screen ing o f  rat gen om ic libraries
g

The fir st tim e th e  libraries w ere screen ed , approxim ately  1x10 p laques from

the HaelH library w ere p la ted  in top agarose (sec tio n s 2 .8 .1 , 2 .8 .2 , 2 .8 .3 ).

T hese plaques w ere  probed w ith  the tru n cated  rat cy toch rom e b cD N A  inserto
from  mE4.3II (sec tio n  3 .1 .2 ). B acteriophage DN A w as tran sferred  to

n itroce llu lo se  or nylon m em branes in du p licate  and fix ed  by baking

(n itrocellu lose) or uv ligh t (nylon) (sec tio n  2 .8 .5 .1 ). The f ilte r s  w ere then

prew ashed (sec tio n  2 .8 .5 .2 ) to  rem ove th e  agarose and b a cter ia l debris. The
32bound DNA w as hybridized to  [oc P]-dCTP lab elled  m E4.3II in sert (sec tio n

3.1 .2) as described  in se c tio n s  2 .8 .5 .3 , 2 .8 .5 .4  and 2 .8 .5 .5  under hybrid ization

conditions o f  50% form am ide/5xSSPE  a t 42°C . Two fin a l w ashes a t room

tem peratu re for 15 m inu tes each  in O .lxSSPE (sec tio n  2 .8 .5 .6 ) w ere carried

out prior to  exposure to  X -ray film . P laques g iv ing  a p o sitiv e  signal w ith  the

m E4.3II cD N A  insert (Fig. 10a) w ere lo ca te d  on the agarose p la te s  and large2
areas p icked  (approxim ately  7mm ). The phage iso la ted  w ere e lu ted  from  the  

agarose plugs (sec tio n  2 .8 .5 .7 ) and p la ted  out in top agarose a t a low er density  

(sec tion  2 .8 .5 .8 ). The DN A w as tran sferred  to  f ilte r s  as b efo re  and hybridized  

w ith th e  sam e probe, m E4.3II, under th e  sam e cond itions (Fig. 10b). This 

screen ing  was carried  out a third tim e , a fte r  which th e  p o sitiv e  plaques could  

be iso la ted  from  the p la te s  individually (Fig. 10c). Two d ifferen t plaque-pure

clon es, R gb _ l and Rgb_4, w ere iso la ted  from  th e  HaelH genom ic library a tD 5
th is stage .
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B efore  co m p le te  analysis o f  th ese  tw o  gen om ic c lo n es  w as carried  out, 

a fu ll-len g th  ra t cy toch rom e b cD N A  clon e b ecam e ava ilab le . The librariesD
w ere then both screen ed  w ith  the fu ll-len g th  rat cy toch rom e b_ cD N A  insert

5
from  pb5( l)D , gen era ted  as described  in se c tio n  3 .1 .2 , in c a se  R gbgl  and 

R gb -4  to g eth er  did not conta in  th e  w hole cy toch rom e b_ gen e. The only
5  5

clon es iso la ted  from  p latin g  out another 5x10 plaques from  each  library using

the fu ll-len g th  cy toch rom e b_ cD N A  insert w ere id en tica l to  R g b _ l or Rgb_4.o o o



Figure 10a. Prim ary screen of genomic library. F ilte rs  in duplicate - A and B.
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Figure 10b. Secondary screen of genomic library.
F ilte rs  in duplicate - A and B.
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Figure 10c. Tertiary  screen of genomic library. F ilters in duplicate - A and B.
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U n ce it  had been  esta b lish ed  by hybrid ization  and seq u en cin g  th a t  

n eith er  R g b ^ l nor R gbg4 con ta in ed  th e  5 ’ end o f  th e  cy to ch ro m e bg g en e , th e  

th ird cD N A  d erived  probe w as used  to  re screen  both  th e  rat gen om ic  libraries.

T his w as th e  5’ SacI/E coR I fragm en t o f  p b _ (l)D , ob ta in ed  as d escrib ed  in
5se c t io n  3 .1 .2 . A p p roxim ately  5x10 b acter iop h age  from  ea ch  library w ere  

p la ted  out (se c tio n s  2 .8 .1 , 2 .8 .2 , 2 .8 .3 ). F ive  add itional c lo n es w ere  iso la ted  

and d esign a ted  R gbg2, R gbg 3, R gbg5, R gbg6 and R gbg7. The g en om ic  c lo n es  

R gbg3 and R gbg 7 w ere id e n tic a l to  ea ch  o th er, w h ilst th e  r e s t  a ll d iffered .

The gen o m ic  c lo n e  Rgb^6 w as iso la te d  from  th e  H a em  library, w h ilst th e  

R gbg2, R gbg3, R gbg5 and R gbg 7 c lo n es w ere  a ll from  th e  E coR I library.

3 .2  C h aracteriza tion  o f  gen o m ic  c lon es

3 .2 .1  R e s tr ic tio n  m apping o f  th e  gen om ic  c lo n es  w ith  EcoR I and Southern b lo t  

h ybrid ization  w ith  a fu ll- le n g th  rat cy toch rom e b g cD N A  c lon e  

D N A  from  p laque-pure p o s it iv e s  a t third screen  w as iso la ted  - on a sm all-  

sc a le  in itia lly  (se c tio n  2 .8 .6 ). The phage D N A  w as d ig e ste d  w ith  th e  

r e str ic t io n  en d on u clease  EcoR I, w hich sep a ra tes  th e  lam bda arm s from  th e  

in sert and c u ts  th e  in sert in tern a lly . The d ig e sts  w ere  then  e lec tro p h o resed  on 

a 20cm  0.6% agarose g e l to  ensure good  sep aration  (se c tio n  2 .4 ). The s iz e s  o f  

th e  EcoR I fragm en ts  from  each  gen om ic  c lo n e  are show n in ta b le  1. A ll th e  

lam bda c lo n es  co n ta in ed  to ta l  in sert s iz e s  o f  b e tw e e n  10 .1  and 14.2kb.



la D ie  j. rragments rrom a n  rat cytocnrome d,. genomic clones 
digested with EcoRI.

Rat b, 
clone'

Rgb 1
(HT

6150

Rgb 2
( E T

3800

Rgb 3/7
( E T

6500

j Sizes 4700 3200 2400 3000 3400 2400
1
j frags. 1200 2450 2200 870 2200 1600
j cut
j with 200 2200 1300 400 15,50
j EcoRI
1 (bp) 1450 850 1300

700 500

400

j Total
SB 9 5 S S SS 85 SS SB 95

jsize of 12250 14200 13250 10170 12500 13750
j insert

Rgb 4 
(HT

6300

Rgb 5
( E T

6500

Rgb 6
(HT

6500

The underlined fragments indicate those which hybridize to the 
full-length rat cytochrome b5 cDNA clone. The 1300bp fragment 
(from Rgb53/7 genomic clones) only hybridized under reduced 
stringency (section 3.2.4) - hybridization at 60°C/final wash at 
50°C in O.lxSSPE. Restriction endonuclease sites, E - EcoRI and H 
- Haelll, indicate from which library the clone was isolated. 
Sizes given are in base pairs.
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m e  u c o ± a  a ig e s t e a  g e n o m ic  c lo n e s  w e r e  a n a iy z e a  Dy o o u tn ern  Dior 

h y b r id iza tio n  ( se c t io n  2 .9  and 2 .1 0 ) u sin g  a s  a  p rob e th e  fu ll- le n g th  r a t  

c y to c h r o m e  b cD N A  in se r t  fro m  pb (1)D . T h e c o n d itio n s  o f  h y b r id iza tio no o
w e r e  in  a q u eo u s so lu tio n /5 x S S P E  a t  65 °C  (s e c t io n s  2 .1 0 .1 , 2 .1 0 .2  and 2 .1 0 .3 ) .

A  f in a l w a sh  w a s c a r r ie d  o u t fo r  15 m in u te s  in O .lxSS P E  a t  5 0 ° C (s e c t io n  

2 .1 0 .4 ) .

^ ^ 5 -
T his g e n o m ic  c lo n e , i s o la te d  from  th e  H a e m  lib rary , h a s a  6 .15k b  E coR I  

fra g m e n t w h ich  h y b r id ize s  to  th e  r a t  c y to c h r o m e  b g c D N A  (F ig . 11).

R gb5i
A lso  is o la te d  fro m  th e  H aeU I lib rary , R gb g4  h a s an 870bp  E coR I fr a g m e n t  

w h ich  h y b r id ize s  to  th e  r a t  c y to c h r o m e  b g  cD N A  (F ig . 11).

R gb52

Iso la te d  fro m  th e  E coR I lib rary , R gb g2  h a s a  2 .2k b  fr a g m e n t w h ich  h y b r id ize s  

to  th e  r a t  c y to c h r o m e  bg  cD N A  (F ig . 12).

R gb 5 3 /R g b 5 7

T h ese  g e n o m ic  c lo n e s , i s o la te d  fro m  th e  E coR I lib rary , a re  id e n t ic a l  in  te r m s  

o f  th e  lo c a t io n  o f  th e  E coR I s it e s .  T h ey  h a v e  a  2 .2 k b  E coR I fr a g m e n t w h ich  

h y b r id izes  to  th e  r a t  c y to c h r o m e  bg  c D N A  (F ig . 12). T h e 1300bp  E coR I  

fr a g m e n t o n ly  h y b r id ize s  under r e d u c e d  s tr in g e n c y  c o n d it io n s  (h y b r id ize  6 0 °C f  

f in a l w ash  5 0 °C in  O .lxSS P E ) ( s e c t io n  3 .2 .4 ) .

R gb g5

T his c lo n e , is o la te d  fro m  th e  E coR I lib rary  h as a  6 .5k b  E coR I fr a g m e n t w h ich  

h y b r id izes  to  th e  r a t  c y to c h r o m e  bg  cD N A  (F ig . 12).

R gb 56

T he f in a l c lo n e , i s o la te d  fro m  th e  H a e m  lib rary  h as a  1 .6k b  E coR I fr a g m e n t  

w h ich  h y b r id ize s  to  th e  r a t  c y to c h r o m e  bg cD N A  (F ig . 12).

N on e o f  th e  o th e r  E co R I fr a g m e n ts  in any o f  th e  g e n o m ic  c lo n e s  h y b r id ized  to  

th e  r a t  c y to c h r o m e  bg  c D N A  under th e s e  s tr in g e n t  c o n d itio n s .
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a b c

6  k b  

5  k b -  

4  k b  ~  

3 k b

1 - 6  k  b -  

1 k b ~

F igure  11A. P hotograph  o f lam bda genom ic clones Rgb 1 and Rgb 4 d igestedo o
w ith  EcoR I and run on a 0.6% agarose  gel. Lane a - lk b  ladder (BRL m arker),

lane b - Rgb 1 d ig ested  w ith  EcoRI, lane c - Rgb 4 d igested  w ith  EcoRI. Sizes o o
given in k ilobase pairs.
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0 b

6 • 15 k b

—  8 SO bp

Figure 11B. Southern blot of agarose gel (Figure 11A) probed with the full-

length ra t cytochrom e b cDNA. Final wash a t 50°C. Lane a - R gb_l, lane b -o 5
Rgb.,4. Sizes given in kilobase pairs. marks the wells,o ^

- 82 -



a b c d e f

—  6  k  b

- 3  k b

_ 2  k b
—  1 6 k b

1 k b

Figure 12A. Photograph of lambda genomic clones Rgb 2, Rgb 3, Rgb 7,O D D
Rgb 5 and Rgb 6 digested with EcoRI and run on a 0.6% agarose gel. Lane a - o 0
Rgbg7 digested with EcoRI, lane b - Rgb^2 digested with EcoRI, lane c - 

Rgb 3 digested with EcoRI, lane d - Rgb 5 digested with EcoRI, lane e -
D D

Rgb^6 digested with EcoRI, lane f - lkb  ladder (BRL m arker). Sizes given in 

kilobase pairs.
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a b c d c

2-2 kb -

L- 6 5kb

-  I•6kb

Figure 12B. Southern blot of agarose gel probed with the full-length labelled

ra t cytochrom e b cDNA. Final wash a t 50°C. Lane a - Rgb 7, lane b - Rgb 2, 
o 5 5

lane c - Rgbg3, lane d - Rgb55, lane e - Rgb^G. Sizes given in kilobase pairs. 
 . m arks the wells.
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d . z r z  DUDcioning 0 1  lam oaa ii.com  iragm en ts  in to  p iasm ia  v e c to r s , re str ic tio n  

m apping and Southern b lo t hybrid ization .

To enable th e  gen om ic  c lo n es  to  be m apped, th ey  w ere  d ig ested  w ith  th e  

restr ic tio n  end on u clease  EcoR I and th e  fragm en ts subcloned  in to  e ith er  o f  th e  

plasm id  v e c to r s  pSPT19 (Pharm acia) (F ig. 13a) or pU C 19 (Fig. 13b) cu t w ith  

EcoR I. The nom en cla tu re  o f  th e  EcoR I fragm en ts in pSPT19 and pU C 19 is  

shown in ta b le  2.

The larger EcoR I fragm en ts in pSPT19 and pU C 19 (6150bp and 6500bp)

w hich hybrid ized  to  th e  ra t cy toch rom e b^ cD N A  w ere restr ic t io n  m apped by

sin g le  and double en zym e d ig ests . T hese w ere  1 .3 , derived  from  th e  R g b g l

g en om ic c lon e  (F ig. 14A(1)) and 6.5E , derived  from  th e  R gb_5 gen om ic  c lon eo
(F ig. 15) r e sp ec tiv e ly . The sim ilar ity  o f  th e  r e str ic tio n  m ap o f  subclone 6.5E  

(F ig. 15) to  subclone 1 .2  (F ig. 14A(2)) is  d iscu ssed  in se c tio n  3 .2 .3 .2  and Fig.

26.

A n alysis o f  1 .3  and 6 .5E  by Southern b lo t hybrid ization  w as th en  carried  

out to  find  sm aller  re str ic t io n  fragm en ts w hich con ta in ed  cod ing regions. The 

fu ll- len g th  rat cy toch rom e b_ cD N A  in sert from  p b _(l)D  w as used  as a  probeO &
(Figs. 16 and 17 r esp ec tiv e ly ). H ybrid ization  w as under aqueous cond itions  

con ta in in g  5xSSPE a t 6 5 °C w ith  a  fin a l w ash a t 5 0 °C for  15 m in u tes in 

O .lxSSPE (sec tio n  2 .10).
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Table 2 Nomenclature of plasmid subclones.

| Rat cytochrome b,. 
| genomic clone

Size of EcoRI 
fragment (bp)

Nomenclature of | 
fragment in plasmid j 

pSPT19 j

Rgb5l 6150 1 .3 |

*gb5i 4700 1.2 |

Rgb5i 200 1.24 |

1 Rgb54 6300 4.14 |

1 Rgb ,.4 3000 4.20 |

1 Rgb54 870 4.10 |

1 I I  1 
1 I I  1 
1 I I  1
| Rat cytochrome b^ 
| genomic clone

Size of EcoRI 
fragment (bp)

Nomenclature of | 
fragment in plasmid j 

pUC19 |

Rgb55 6500 6.5E |

Rgb52 2200 E1.2B |

Rgb53/7 2200 E3.1o |

Rgb53/7 1300 E3.lv |

Rgb56 1600 H4.1T |

- 86 -



( a )
A>flCTTGCATGCCTGC*GGTCG*CTCTAGoaaHCCCCaOfiT»CCa«gCTCCAATTC

GAATTCaAGCTCGGTAr CCGGGGATCCTCTAGAOTCGUCCTGCACGCATOCAACCTT

Sac I K*nl Saul

/

M u lti P r o b e '”
pSPTia/19

-oiooao

( b ) 2tT*
INI i in

XflM I «**
Scat
2177

pUC18/19
26Mbp

AMI I 1217

MuMt-cMM* M m  (m eal

MS Mai Ml 7>itI mi *— I maa _ I
puCIS M r *AfiCTTOCATOCCTGCAGOTCaACTCTAflAaOATCCCCC<iOT*OCaAOCTCaAgTTCsm 

"sS T i-  M l  Saaai I M a • W
M l

, to* I 1—1 Mil Ml M* I
oticii M  aaATrgttAOCTccaTACCcoooQATCcTCTAaAoTeSAOCTOCAaoCATaCAAasTlM 

l w  a Aia I xaa I *■ • ■
Sac l Smal

Figure 13(a). Map o f  the plasm id clon ing v ec to r  pSPT19 (Pharm acia). The 

m ultip le clon ing s ite  is shown sep arate ly  in d eta il.

Figure 13(b). Map o f  the plasm id clon ing v ec to r  pU C 19. The m ultip le  clon ing  

s ite  is shown sep ara te ly  in deta il.
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(1)  1 . 3  (6150bp)

I P  P Sma H P Sac E

I 1--------------------------------------- 1-------------1---------------H — I---------------- 1
400 2500 800 900 150 300 1100

<£ >

HYBRIDIZES 
TO CDNA

(2) 1 .2  (4700bp)

E B P Sac P Sac B E

M ------------------ 1------- 1-----H--------------H
130 1650 850 550 50 1300 200

does not  h y b r id i z e  to  cDNA

(3)  1 .2 4  (200bp)  

E E
does  not  c l e a v e  w i th  Hind II I

200

does  not  h y b r i d i z e  to  cDNA

Figure  14A

R e s t r i c t i o n  maps o f  Rgb^l su bc lo nes  in pSPT19 i n c l u d in g  fragments  h y b r i d i z i n g  to  ra t

cytochrome b_ cDNA. S i z e s  g iv en  are  in base p a i r s .5

E = EcoRI, P = P s t I ,  Sma * Smal,  H = H i n d l l l ,  Sac ■ SacI ,  B ■ BamHI
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(1) 4 . 1 0  (870 bp)

E Sac E

I--------- 1--------------------------------------------------- 1
120 750

4 ------------------------------------------------------- >

HYBRIDIZES TO cDNA

(2) 4 . 2 0  (3000bp)

E H

I----------- 1------------------------------------------
200 2800

does  not  h y b r id i z e  t o  cDNA

(3) 4 . 1 4  (6300bp)

E Sac B H Sac E

I-------------------------------------------H ---------------- h-H
4200 200 1700 150 50

does  not  h y b r i d i z e  to  cDNA

Figure  14B

R e s t r i c t i o n  maps o f  Rgb,. 4 subc lo nes  in pSPT19 in c l u d in g  fragments  h y b r i d i z i n g  to  ra t  

cytochrome b,. cDNA . S i z e s  g i ve n  are  in base  p a i r s .

E = EcoRI, Sac = SacI ,  H * Hindi 11 , B -  BamHI.

(1)  6 . 5E (6500bp)

E Sac B P Sac P Sac B E

I------- 1----------- 1----------------1---------1-----H--------------H
750 1200 1650 850 550 50 1300 200

<  >

HYBRIDIZES 
TO cDNA

Figure  15

R e s t r i c t i o n  map o f  Rgb,_5 sub c lone  in pUC19 in c l u d in g  f ragments  h y b r i d i z i n g  to  ra t  

cytochrome b^ cDNA. S i z e s  g i ve n  are in base  p a i r s .

E * EcoRI, Sac ■ SacI ,  B * BamHI, P = Pst I
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a b c d e f g h i j  k

3 0  
2.0
1.6 

1.0

0-4

Figure 16A. Photograph of subclone 1.3, from the lambda genomic clone

Rgb 1, digested with various enzymes (single and double digests) run out on a o
1.2% agarose gel. Lane a - lkb (BRL m arker), lane b - 1.3 digested with Smal, 
lane c - 1.3 digested with SacI and Smal, lane d - 1.3 digested with SacI, lane 
e - 1.3 digested with SacI and Sail, lane f  - 1.3 digested with Smal and Sail, 
lane g - 1.3 digested with Sail, lane h - 1.3 digested with Smal and Hindm, 
lane i - 1.3 digested with HindHI, lane j - 1.3 digested with Hindm and Sail, 
lane k - 1.3 digested with SacI and HindHI. Sizes given in kilobase pairs.

- 90 -



a b c d e f g h

Figure 16B. Southern blot of the gel from Figure 16A probed with the full- 

length ra t cytochrom e b^ cDNA. Final wash a t 50°C. Lane a - 1.3 digested 

with SacI and Smal, lane b - 1.3 digested with SacI, lane c - 1.3 digested with 

SacI and Sail, lane d - 1.3 digested with Smal and Sail, lane e - 1.3 digested 

with Sail, lane f  - 1.3 digested with Smal and HindHI, lane g - 1.3 digested 

with HindHI, lane h - 1.3 digested with Hindm and Sail. Sizes shown are in 

kilobase pairs (kb). marks the wells.

- 91 -



a b e d  e f S

4
3 . 0  -

0.5

Figure 17A. Photograph of subclone 6.5E, from the lambda genomic clone 

Rgb55, digested with various res tric tio n  endonucleases and run out on a 0 .8 °/c  

agarose gel. Lane a - lkb  (BRL m arker), lane b - 6.5E digested with BamHI, 

lane c - 6.5E digested with PstI and BamHI, lane d - 6.5E digested with PstI, 

lane e - 6.5E digested with SacI and PstI, lane f  - 6.5E digested with SacI, lane 

g - 6.5E digested with SacI and BamHI. Sizes shown are  in kilobase pairs (kb).
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a  b  c  d  e  f

Figure 17B. Southern  b lo t o f th e  gel from  F igure  17A probed w ith  th e  full-

leng th  r a t  cy tochrom e b cDNA. F inal wash a t  50°C. Lane a - 6.5E d igestedo
w ith BamHI, lane b - 6.5E d igested  w ith P s tI and BamHI, lane c - 6.5E 

d igested  w ith  P stI, lane d - 6.5E d ig ested  w ith  SacI and P stI, lane e - 6.5E 

d ig ested  w ith  SacI, lane f  - 6.5E d ig ested  w ith  SacI and BamHI. S izes shown 

a re  in kilobase p a irs  (kb). ^ m arks th e  w ells.
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R gb g l and R gb .̂4

B efore genom ic c lo n es  other than R gb _ l and Rgb_4 w ere iso la ted  and w hilstO u
the libraries w ere  being  rescreen ed , the gen om ic c lon es R gb ^ l and Rgb^4 

w ere studied  in g rea ter  d e ta il to  enable the ordering o f  th e ir  EcoRI fragm ents  

within th e  lam bda arm s. This w as carried  out by d igestin g  a ll th e  EcoRI 

fragm ents subcloned into  pSPT19 - 1 .3 , 1 .2 , 1 .24 (F ig. 14A) and 4 .10 , 4 .20,

4.14 (F ig. 14B) - w ith  th e  restr ic tio n  endonu cleases SacI, BamHI and HindHI.
[

The genom ic c lon es in lam bda Charon 4A  w ere a lso  d ig ested  w ith  th ese  

enzym es and Southern b lo ts  o f  the agarose g e ls  probed w ith  the fu ll-len gth  

cytochrom e bg cD N A  c lon e  (data not shown). From  a know ledge o f  the  

restr ic tion  endonu clease s ite s  p resen t in the lam bda arm s and th e  individual 

plasm id subclone EcoR I gen om ic fragm ents, the restr ic tio n  m aps o f  R gb g l 

and R gbK4 gen om ic c lo n es w ere produced (Figs. 18 and 19 resp ectiv e ly ). TheseU
d eta iled  restr ic tio n  m aps show that the genom ic c lon es R gb ^ l and Rgbg4 do 

not overlap. The p ossib ility  th a t the genom ic clon e R gbg5 overlaps R gb g l and

Rgb_4 is d iscussed  in se c tio n  3 .2 .3 .2  and Fig. 26.
5

3 .2 .3  Southern b lo t hybrid ization  o f  c lon es using o ligon u cleo tid es  as probes.

A s there w ere such sm all areas o f  coding region w ithin  large  lam bda genom ic

clon es, i t  was a  p ossib ility  th at m ore exons e x is te d  w ith in  them  which w ere

too  short to  hybrid ize to  th e  cD N A  probe. The gen om ic c lon es and/or their

plasm id subclones w ere  screen ed  w ith  each  one o f  four o ligon u cleo tid es  - the

26m er, th e  27m er, th e  15m er and the 36m er (Fig. 20). The subclones from  the

genom ic c lon es R g b g l and Rgb^4 w ere analysed  w ith  th e  o ligon u cleo tid es

a fter  th e  restr ic tio n  fragm en ts hybridizing to  th e  rat cy toch rom e b g cD N A

had been  sequenced  (th e  l . lk b  SacI fragm ent from  subclone 1.3 and the 870bp

EcoRI fragm ent from  subclone 4.10; sectio n  3 .2 .4). The gen om ic c lon es

iso la ted  la ter  on, R gb&2, R gb g3 /7 , R gb&5 and R gbg6, w ere d ig ested  w ith

EcoRI and hybridized w ith  a ll th e  o ligon u cleotid es. This a llow ed  th e  location

o f  various regions o f  rat cytoch rom e b_ coding seq u en ce w ithin  the genom ico
clon es to  be quickly ascerta in ed . The subclones w ere then  stu d ied  in greater  

detail.

The c lon es or subclones w hich hybridized to any o f  th ese  

o ligon u cleotid es are d iscu ssed  below .
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3 .2 .3 .1  O ligonucleotid e probes
32F ive sp e c if ic a lly  designed  o ligon u cleo tid es, en d -lab elled  w ith  P l-A T P

(section  2 .11), w ere used. The seq u en ces o f  th e  o ligon u cleo tid es  are shown in

Fig. 20 and their  p osition s w ithin  th e  rat cy toch rom e b_ cD N A  seq u en ce ino
Fig. 9.

The 27m er (Fig. 20), running from  am ino acid s 87 to  95 in c lu sive , is a

sp e c if ic  probe for the hydrophilic segm en t o f  cy toch rom e b_.o

A 26m er o ligon u cleo tid e  (Fig. 20), running from  am ino acid  98 to  w ith in  

am ino acid  106, provides a probe sp e c if ic  for th e  3 ’ hydrophobic segm en t o f  

cytoch rom e bg.

An 18m er o ligon u cleo tid e  (Fig. 20) running from  am ino acid  98 to  am ino  

acid  103 in clu sive , is a shorter probe sp e c if ic  for th e  hydrophobic segm en t o f  

cytoch rom e bg.

The fourth  o ligon u cleo tid e  is a 36m er (F ig. 20) w hich cod es for am ino  

acid s 4 to  15 inclusive. C lones w ere screen ed  for the p resen ce  or absen ce o f  

the 5 ’ end o f  th e  coding region  w ith  the 36m er.

The fin a l o ligon u cleo tid e , a 15m er (Fig. 20) coding for am ino acid s 58 

to  62 inclusive o f  th e  rat cytoch rom e bg p rotein  w as a lso  used to  id en tify  

exons in gen om ic c lon es.
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(1 )  15mer -  a n t i s e n s e  s t r a n d .  = 3 6 °C.

62 58
5 '  AAA GTT CTC AGT AGC

(2 )  18mer -  s e n s e  s t r a n d .  = 4 7 °C

98 103
5 '  CTT ATC ACT ACT GTC GAG 3'

(3 )  26mer -  com p lem en tary  s t r a n d .  T^ = 70°C .

98 106
5 '  GAA TTA GAC TCG ACA GTA GTG ATA AG 3

(4 )  2 7mer -  a n t i s e n s e  s t r a n d .  T^ = 71°C .

95 87
5 '  CGA AGG CTT GGC TAT CTT TGA TCT GTC 3

(5 )  36mer -  s e n s e  s t r a n d .  T^ = 7 9 °C.

4 15
5 ' TCA GAC AAG GAT GTG AAG TAC TAC ACT CTG GAG GAG

F ig u r e  2 0 .  S e q u e n c e s  o f  t h e  o l i g o n u c l e o t i d e s  u se d  w i t h  t h e i r  
d i s s o c i a t i o n  t e m p e r a tu r e s  ( T ^ ) . The numbers i n d i c a t e  amino  
a c i d  p o s i t i o n .
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3 .2 .3 .2 Southern b lot hybrid ization  w ith  o ligon u cleo tid e  probes

R e str ic tio n  endonuclease d ig ests  o f  th e  genom ic c lon es in lam bda Charon 4A  

or o f  th e  subclones in p lasm id  v e c to rs  w ere  b lo tted  by th e  m ethod  o f  Southern  

(1975) and probed w ith  the o ligon u cleo tid es  described  above (se c tio n  3 .2 .3 .1 ). 

Stringent hybridization and washing conditions w ere used a fte r  ca lcu la tion  o f  

the tem p eratu re  o f  d issocia tion  o f  th e  duplex (T^) (sec tio n  2 .11 .1 ), unless  

oth erw ise  s ta ted .

Rgb 1 derived  subclonesO
Southern b lot hybrid ization  using the 26m er (am ino acid s 98-106) and 27m er  

(am ino acid s 87-95) o ligon u cleo tid es  rev ea led  additional in form ation  on th e

Rgb 1 derived  subclones 1.2 and 1.3 in th e  p lasm id  v e c to r  pSPT19 (Fig. 21).o

26m er - th e  26m er o ligon u cleo tid e  (am ino acid s 98-106), hybridized to  the  

800bp P stl/S m a l fragm ent o f  th e  6.15kb EcoRI subclone in pSPT19 (subclone

1.3  - F ig. 21(1)) a t a hybridization tem peratu re o f  65°C (T^ -5°C ) and w ith  a 

fin a l str in gen t wash o f  2 m inu tes in 6xSSC at 70°C (T^) (Fig. 22A).

27m er - th e  27m er o ligon u cleo tid e  (am ino acid s 87-95) hybrid ized  to  the  

1800bp P stI fragm ent o f  th e  4.7kb EcoRI subclone in pSPT19 (subclone 1.2 - 

Fig. 21(2)) a t a hybrid ization  tem peratu re o f  66°C (T^ -5°C ) and w ith  a final 

str in gen t wash o f  2 m inu tes in 6xSSC a t 71 °C (T^) (F ig. 22B).
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(1)  1 . 3  ( 6 1 50bp)

E P P Sma H P Sac E

400 2500 800 900 150 300 1100

HYBRIDIZES 
TO 26mer

(2)  1 . 2  (4700bp)

E B P Sac P Sac B E

130 1650 850 550 50 1300 200

0P "S
B A A A A P

400 250 870 150 290

< >

HYBRIDIZES 
TO 27mer

(3)  4 . 1 0  (870bp)

E Sac E

I-------1--------------------------------- 1
120 750

<  >

HYBRIDIZES TO 
15mer

F igure  21

R e s t r i c t i o n  maps o f  Rgb_l and Rgb_4 su b c l o ne s  in pSPT19 i n c l u d in g  fragments  h y b r id i z in g
b b

to  th e  26mer,  27mer and 15mer o l i g o n u c l e o t i d e s .  S i z e s  g iv en  are  in base  p a i r s .

E ■ EcoRI, P * P s t I ,  Sma = Smal, H = Hindi  11r Sac = SacI ,  B = BamHI, A = A lul
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B
■> r

a b c d e f g h i  j k l m n

1 .
0  H-

0 . 5

7 . 0

6 0 X J :
5 - 0  ^  

4 . 0

3 . 0  - 4 -

2.0  -

1.6 -

I

Figure 22(1). Photograph of the subclones 1.3(A) and 1.2(B), from the lambda 
genomic clone R gb^l, digested with various res tric tio n  endonucleases and run
out on a 0.8% agarose gel. A positive control of the ra t  cytochrom e b_ cDNA5
is included (pb^(l)D).
A) Lane a - lkb  ladder (BRL m arker), lane b - 1.3 digested with Smal, lane c -

1.3 digested with Smal and PstI, lane d - 1.3 digested with PstI, lane e - 1.3
digested with SacI and PstI, lane f - 1.3 digested with SacI, lane g - pbr (l)Do
digested with EcoRI.
B) Lane h - pb (1)D digested with EcoRI, lane i - lkb  ladder (BRL m arker),O
lane j - 1.2 digested with PstI, lane k - 1.2 digested with PstI and BamHI, lane 
1 -1 .2  digested with BamHI, lane m - 1.2 digested with SacI and PstI, lane n -
1.2 digested with SacI.
Sizes are in kilobase pairs (kb).
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Figure 22(2)A. Southern blot of the gel from Figure 22(1)A, probed with the 

end-labelled 26mer oligonucleotide. Hybridized a t -5°C. Lane a - lkb 

ladder (BRL m arker), lane b - 1.3 digested with Smal, lane c - 1.3 digested 
with Smal and PstI, lane d - 1.3 digested with PstI, lane e - 1.3 digested with 
SacI and PstI, lane f  - 1.3 digested with SacI, lane g - pb (1)D digested withO
EcoRI.

Figure 22(2)B. Southern blot of the gel from Figure 22(1 )B, probed with the 

end-labelled 27mer oligonucleotide. Hybridized a t T , -5°C. Lane h - pb_(l)D
Cl 5

digested with EcoRI, lane i - lkb  ladder (BRL marker), lane j - 1.2 digested 

with PstI, lane k - 1.2 digested with PstI and BamHI, lane 1 - 1.2 digested with 

BamHI, lane m - 1.2 digested with SacI and PstI, lane n - 1.2 digested with 
SacI. Sizes are in kilobase pairs (kb). _____ ^ marks the wells.
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T h erefore, to g eth er , th ese  tw o R gb ^ l derived EcoRI fragm ents - th e  800bp 

P stl/S m a l fragm ent from  1.3  and the 1800bp PstI fragm ent from  1.2  - m ust 

contain  a t lea st  am ino acids 87 to  106 in tw o exons separated  by an intron  

greater  than 7kb in length  (Fig. 18) The fu ll restr ic tion  m aps o f  subclones 1.3  

and 1.2 ind icating  the s ite s  o f  o ligonu cleotide hybridization are as shown in 

Fig. 21.

The rat cytoch rom e bg cD N A  clon e did not hybridize to  the 800bp P stI/ 

Sm al fragm ent o f  subclone 1.3 nor to  the 1800bp PstI fragm ent o f  subclone

1.2 under the usual stringent hybridization conditions o f  65°C in aqueous 

solution/5xSSPE w ith  a fin a l str ingent wash o f  15 m inutes a t 50°C in O.lxSSPE  

(section  2.10). This w as due to  th e  fa c t  th at the tw o  exons are very  short. The 

lengths o f  the exons as determ ined  by DNA sequencing w ere 35 and 30 bp 

resp ectiv e ly  (section  3 .2.4).

RgbQ4 derived subclones

15m er - the 15m er o ligon u cleotid e  (amino acids 58-62) hybridized to  the  

870bp EcoRI fragm ent in pSPT19 (subclone 4 .10 , Fig. 21(3)) under 

hybridization conditions o f  31°C  (T^ -5°C) and w ith  a final wash for 2 m inutes  

in 6xSSC at 3 6 8 C (T^) (data not shown).

Rgb ̂ .5 derived subclones

27m er - th e  27m er o ligon u cleo tid e  (amino acids 87-95) hybridized to  the 6.5kb  

EcoRI fragm ent o f  the Rgbg5 genom ic clon e (Fig. 23). This o ligon u cleotid e  

was used to  probe a Southern b lo t o f  restr ic tion  d igests  o f  th is fragm ent 

subcloned in to  pU C19 (6.5E), run out on an agarose g e l (Fig. 24). The 

restr ic tion  m ap o f  the Rgbg5 subclone 6.5E in re la tion  to  the 27m er  

oligon u cleotid e  hybridization, can be seen  in F ig. 25(1).
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a b

12.0
7 . 0

4 . 0  
3 - 0

2.0

0 . 5  -

Figure 23(1). Photograph of the lambda genomic clone, Rgb 5, digested witho
EcoRI and run out on a 0.6% agarose gel. Lane a - lkb  (BRL m arker), lane b - 
Rgbg5 digested with EcoRI. Sizes are in kilobase pairs (kb).
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Figure 23(2)A. Southern blot of the gel from Figure 23(1), probed with the 
end-labelled 27mer oligonucleotide. Hybridized at -5°C. Lane A - Rgb^5 

digested with EcoRI.

Figure 23(2)B. Southern blot of the gel from Figure 23(1), probed with the 

end-labelled 15mer oligonucleotide. Final wash a t -5°C. Lane B - Rgb^.5 
digested with EcoRI.
Sizes are in kilobase pairs (kb).  ^ marks the wells.
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Figure 24. Southern blot of the agarose gel from Figure 17A, probed with the 
end-labelled 27mer oligonucleotide. Hybridized a t -5°C. Lane a - lkb  (BRL 

m arker), lane b - 6.5E digested with BamHI, lane c - 6.5E digested with PstI 

and BamHI, lane d - 6.5E digested with PstI, lane e - 6.5E digested with SacI 
and PstI, lane f - 6.5E digested with SacI, lane g - 6.5E digested with SacI and 

BamHI. Sizes are in kilobase pairs (kb).  . m arks the wells.
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(1)  6 . 5E from Rgb_5 genomic c lo n e  (6500bp)  
b

E Sac B P Sac P Sac

I------- 1----------- 1----------------- 1------- 1-----H----------
750 1200 1650 850 550 50 1300

<  > <  >

HYBRIDIZES HYBRIDIZES
TO cDNA TO 27mer

AND 15mer

(2)  H4.1T from Rgb_6 genomic c lo n e  (1600bp)  
b

900 700

<  >

HYBRIDIZES TO 
cDNA, 36mer 

and 15mer

(3)  E3.1o from Rgb_3/7 genomic c l o n e s  (2200bp)  
b

E P E

1500 700

^ -----------

HYBRIDIZES TO 
cDNA, 36mer 

and 15mer

B E

200
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(4)  E 3 . l v  from Rgb_3/7 genomic c l o n e s  (1300bp)b

E E

1----------------------------------- 1
1300

 >

HYBRIDIZES TO cDNA (under reduced s t r i n g e n c y  -
h y b r i d i z e  6 0 " C / f i n a l  wash 50°C in O. lxSSPE)

(5)  E1.2B from Rgb^2 genomic c l o n e  (2200bp)

E B H H B Sac E

I-----1----------- 1-------1----1------1------------------1
200 450 300 250 200 800

An EcoRI fragment  o f  t h i s  s i z e  h y b r i d i z e s  t o  th e  
r a t  cytochrome b,. cDNA and 36mer on ly  when in th e  
lambda c l o n e .  On s u b c l o n in g  i n t o  a p lasmid v e c t o r ,  
t h i s  fragment (E1.2B)  does  no t  h y b r i d i z e  t o  t h e s e  
two p ro b es .

F igu re  25 .

R e s t r i c t i o n  maps o f  EcoRI fragment s  from Rgb- c l o n e s  in pUC19 i n c l u d i n g  f ragment sb
h y b r i d i z i n g  t o  r a t  cy tochrome b^ cDNA and o l i g o n u c l e o t i d e s .  S i z e s  g i v e n  are  in base  

p a i r s .

E -  EcoRI,  Sac = S a cI ,  B -  BamHI, P = P s t I ,  H -  Hindi  11
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15m er - the 15m er o ligonu cleotide (amino acid s 58-62) hybridized to  the 6.5kb

EcoRI fragm ent o f  the Rgb 5 genom ic clone (Fig. 23) under hybridizationo
conditions o f  31 °C (T^ -5°C) and w ith  a final wash o f  2 m inutes in 6xSSC at 

3 6 °C (T^). The restr iction  map o f  the Rgb^5 subclone 6.5E in re la tion  to  the  

15m er o ligonu cleotide hybridization can be seen  in Fig. 25(1).

T herefore, the Rgb^5 genom ic clon e contains a 6.5kb EcoRI fragm ent to  

which both the 15m er and 27m er hybridize.

Com paring the genom ic EcoRI subclone 6.5E (from  Rgb 5) w ith  the tw oo
subclones 4 .10 (from  Rgb^4) and 1.2 (from  R gb g l) shows that 6.5E is id en tica l

in term s o f  a restr ic tion  map and hybridization pattern  to  4 .10 and 1.2

togeth er  (Fig. 26). The fu ll restr iction  m aps o f  the lam bda c lon es R gb _ l (Fig.o
18) and Rgbg4 (Fig. 19) show that as th ese  c lon es are iso la ted  from  the H aein  

library, th ey  have HaelH restr iction  s ite s , rather than EcoRI s ite s  a t one end 

o f  both o f  the subclones 4 .10  and 1.2 (Fig. 26). From th is it  appears that there  

is a 950bp HaeUI fragm ent m issing b etw een  th e  subclones 4 .10 and 1.2 and 

that subclone 6.5E from  the lambda clone Rgb 5 (iso la ted  from  the EcoRI 

library) represents an overlapping fragm ent. Sequence data  (section  3 .2 .4) also  

supports th is idea, as 200bp o f  DNA sequence is id en tica l b etw een  the  

subclones 6.5E and 1.2. H ow ever, on looking a t the s iz e s  o f  the other EcoRI 

fragm ents observed in R gb _ l and Rgb_4 (Table 1 and Figs. 11 and 12) it  canO u
be seen  th at there are no other com m on EcoRI fragm ents. The EcoRI

fragm ents on e ith er  side o f  the 6.5E subclone are not the sam e s iz e  as those

ex p ected  from  the R gb g l (Fig. 18) or Rgbg4 (Fig. 19) restr ic tion  m aps.

T herefore, from  th is it  would appear th at the lambda c lon e Rgb_5 is  not ino
fa c t  an overlapping clone o f  R gb gl and Rgbg4.
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Rgb54 - 4 . 10 R gbg l -1 .2

E Sac Ha Ha B P Sac P Sac B E

I-------- H  H------------------- 1------ 1---- H---------- M
750 120 130 1650 850 550 50 1300 200

E Sac Ha Ha B P Sac P Sac B E

I-------- H --------H------------------- 1------ 1---- H---------- 1—I
750 120 950 130 1650 850 550 50 1300 200

Rgb55 -6 . 5E

Figure 26

Overlap o f  the  Rgb_5 su b c l on e  6.5E wi th  the  Rgb_l su b c l on e  1 .2  5 b
and the  Rgb,. 4 su b c l on e  4 . 1 0 .  S i z e s  are  in base  p a i r s .

E » EcoRI, Sac = Sac I,  B = BamHI, P = Ps t  I , Ha = H a e l l l .
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This could  be exp la ined  in one o f  tw o  w ays. The lam bda gen om ic clone  

Rgb_5 could  rep resent a d ifferen t gen e  to  th at o f  th e  R g b _ l and R gb_4 c lon esD O Q
and th ere  are tw o gen es coding for cy toch rom e bg. This seem s unlikely  

b ecau se  the restr ic tio n  m aps over 5.5kb o f  DN A are id en tica l (Fig. 26) and the  

seq uence data show s th at th ey  are th e  sam e over 200bp. The other possib ility  

is th at one o f  th e  libraries has rearranged to  resu lt in th e  ju xtap osition  o f  

EcoRI fragm ents which do not lie  side by side in th e  rat genom e.

R gbr 3 /R gb r7 and R gbr6 derived  subclones  
5 5 O

The gen om ic c lo n es Rgbg3 and Rgbg7 are id en tica l, as seen  by th e  s iz e s  o f  the  

EcoRI fragm en ts (Fig. 12).

36m er - the 36m er o ligon u cleo tid e  (am ino acid s 4 -15) hybridized w eakly to  

the 2.2kb EcoRI fragm ent o f  the gen om ic c lon es R gbg3 or R gbg7 and to  the  

1.6kb EcoRI fragm ent o f  Rgb 6 under norm al cond itions (data not shown).U
The 700bp P stl/E coR I fragm ent o f  the 2.2kb EcoR I subclone from

Rgb 3 /7  in p U C l9 , E 3.1o (Fig. 25(3)), hybridized to  th e  36m er under s ligh tly  o
reduced str in gen cy  conditions (Fig. 27). H ybrid ization  w as a t 65°C  (T^ -14°C ) 

w ith the fin a l wash in 6xSSC for 2 m inu tes a t 70°C  (T^ -9°C ). This w as carried  

out b ecau se  th ere  w as in itia lly  no signal w ith  th e  36m er a t 74°C  (T^ -5°C ). 

There w as th e  p ossib ility  th at the o ligon u cleo tid e  w as spanning an intron so  

that a 100% m atch  w as not being  ach ieved .
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a b c

Figure 27A. Photograph of the subclone E3.1o (from the lambda genomic 
clone Rgb^3) digested with PstI and EcoRI and run out on a 0.8% agarose gel.
Lane a - lkb  ladder (BRL m arker), lane b - E3.1o digested with PstI and

EcoRI, lane c - pb5(l)D digested with EcoRI. p b 5 (1 ) D i s  t h e  f u l l - l e n g t h  cDNA
Sizes shown are in kilobase pairs (kb).
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Figure 27B. Southern blot of the agarose gel from Figure 27A, probed with

the end-labelled 36mer oligonucleotide. Hybridization a t -14°C / final

wash a t -9°C. Lane a - E3.1o digested with PstI and EcoRI, lane b -
pb (1)D digested with EcoRI. Sizes shown are in base pairs (bp), o

^ m arks the wells.
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The restr ic tion  m aps o f  th e  hybridizing EcoRI fragm ents from  R gbg3/7  

(from  the EcoRI genom ic library) and Rgb^6 (from  the H aeffl genom ic library)

- subclones E 3.1o and H 4.1T in pUC19 resp ec tiv e ly , su ggest th at they  are 

id en tica l over the fir st 1.6kb. It then appears that the E3.1o insert extend s for  

600bp beyond the H 4.1T insert (Figs. 25(2) and 25(3)). Only the restr iction  

endonuclease PstI, o f  six  com m on enzym es tried , cut e ith er  insert. If H 4.1T  

and E3.1o are cu t w ith the restr ic tion  endonucleases EcoRI (c lea v es  within  

the m ultip le cloning s ite  o f  pUC19) and PstI and the d igests  run on an agarose  

g e l, both g ive  a 700bp P stl/E coR I fragm ent to  which the 36m er  

oligonu cleotide (amino acids 4-15) hybridizes (Fig. 27). From the EcoRI 

restr ic tion  fragm ents o f  Rgbg3 /7  and R gbg6 (table 1) it  can be seen  that th ese  

clon es overlap (Fig. 28).

Rgbg2 derived subclones

The Rgbg2 genom ic clon e contains a 2.2kb EcoRI fragm ent to  which the rat 

cytochrom e b^ cD N A  hybridizes (Fig. 12). The 36m er o ligonu cleotide (amino 

acids 4 -15) also hybridized to  th is  2.2kb EcoRI fragm ent under the sligh tly  

reduced stringency conditions used for the 36m er w ith all the genom ic clon es  

(Fig. 29). H ow ever, even  when th is 2.2kb EcoRI fragm ent w as sp ec ifica lly  

iso la ted  from  an agarose g e l and subcloned into the plasm id v ecto r  pUC19, 

nam ed E1.2B (Fig. 25(5)), the fragm ent no longer hybridized to  e ith er  the rat 

cytochrom e bg cD N A  or to  the 36m er o ligonu cleotide under the sam e  

conditions.

The restr ic tion  map (Fig. 25(5)) shows th at the pUC19 subclone, E1.2B

is not the sam e as the pUC19 subclone E 3.1o (Fig. 25(3)) - the 2.2kb EcoRI

fragm ent derived from  Rgb_3.o

- 114 -



1

5 ’

Rgb56

h y b r i d i z e s  
t o  cDNA

Figure 28.
Diagram of the overlap of Rgb^3/7 and Rgb,.6 genomic clones. 
Sizes given are in base pairs. The names of the subclones are 
indicated above the relevant EcoRI fragments - E3.lv, E3.1o and 
H4.1T.

E * EcoRI, Hae - Haelll

E3.lv E3.1o

E E E
I-------- 1---h
850 1300 2200

Hae E
I h

^  or
E

 h
6500 2400 

E E

Rgb53/7 

E Hae
\ -------- h

1600 6500 2400 1550 1300 500
or |______________ |

H4.1T order unknown
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Figure 29A. Photograph of the lambda genomic clone Rgb 2 digested withO
EcoRI and run out on a 0.6% agarose gel. Lane a - lkb  ladder (BRL m arker), 
lane b - Rgb,.2 digested with EcoRI. Sizes shown are in kilobase pairs (kb).

Figure 29B. Southern blot of the agarose gel from  Figure 29A, probed with 
the end-labelled 36mer oligonucleotide. H ybridization a t -14°C / final 
wash a t -9°C. Lane a - Rgb^.2 digested with EcoRI. Sizes shown are in 
kilobase pairs (kb).   m arks the wells.



3 .2 .4  Sequence analysis

From  th e inform ation obtained  by restr ic tio n  m apping and Southern b lo t  

hybridization using rat cytoch rom e b^ cD N A  and o ligon u cleotid e  probes, 

certa in  restr ic tion  fragm ents w ere chosen  to  subclone into M 13m pl8 and 

M 13m pl9 v ecto rs  (sec tion  2 .15). S ingle-stranded  DNA from  the M13 

con stru cts w as prepared (sec tio n  2 .15 .2 ) for sequence analysis (sec tion  2.16).

Rgbg4 ^ subclone 4 .10

The 870bp EcoRI fragm ent (subclone 4 .10  in pSPT19, F ig. 14B) from  the

Rgbg4 genom ic c lon e, which hybridized to  th e  rat cytoch rom e bg cD N A  (Fig.

11) was subcloned in to  EcoRI cu t M 13m pl9 in both orien tations.

Sequencing, ca ta ly z ed  by the K lenow  fragm ent o f  DN A polym erase I,

from  the EcoRI s ite  a t th e  ex trem e left-h an d  end o f  the R gb_4 gen om ic clon eo
(Fig. 19) lo ca ted  one exon a fte r  approxim ately  110 b ases o f  intron (F igs. 30

and 31). This exon conta ined  b ases coding for am ino acid  85 to  am ino acid  43

inclusive o f  th e  rat cytoch rom e b^ protein  and w as fo llow ed  by m ore intron

sequence. This 870bp EcoR I fragm ent contained  no further coding sequence as

determ ined by sequencing from  both ends o f  th e  EcoRI fragm ent.

The rem ainder o f  th e  Rgb^4 genom ic c lon e (9.9kb) a lso  conta ined  no

coding seq uence, as deduced by hybridization stu d ies w ith  th e  rat cytochrom e

bg cD N A  and the 36m er o ligon u cleo tid e  (am ino acid s 4-15). H ow ever, i t  is

s til l  possib le th at a sm all exon does e x is t  w ithin th e  Rgb_4 gen om ic clon eo
which is too  short to  hybridize to  e ith er , or both, o f  th ese  probes.

R gb^l - subclone 1.3  — o
Two restr ic tion  fragm ents from  the 6.15kb EcoRI fragm ent o f  th e  R gb _ lo
genom ic clon e (subclone 1 .3  in pSPT19, F ig. 14A) w ere subcloned into  M13 

vecto rs  for sequencing.
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1

Met Ala Glu Gin Ser Asp 
GGCTGTGTTGCAGGGCCCGGAAGCCTCACTGTTCCGAA ATG GCC GAG CAG TCA GAC

10 20

Lys Asp Val Lys Tyr Tyr Thr Leu Glu Glu lie Gin Lys His Lys Asp 
AAG GAT GTG AAG TAC TAC ACT CTG GAG GAG ATT CAG AAG CAC AAA GAC

30

Ser Lys Ser Thr Trp Val lie Leu His His Lys Val Tyr Asp Leu Thr 
AGC AAG AGC ACC TGG GTG ATC CTA CAT CAT AAG GTG TAC GAT CTG ACC

40

Lys Phe Leu Glu 
AAG TTT CTC GAA

Ala Gly Gly Asp 
GCT GGG GGT GAT

INTRON >)
I

Glu His Pro Gly 
GAG CAT CCT GGT

60

Ala Thr Glu Asn 
GCT ACT GAG AAC

Gly Glu Glu Val 
GGG GAA GAA GTC

Phe.Glu Asp Val 
TTT GAG GAC GTC

50

Leu Arg Glu Gin 
CTA AGA GAG CAA

Gly His Ser Thr 
GGG CAC TCT ACG

70 80 INTRON.':
I

Asp Ala Arg Glu Leu Ser Lys Thr Tyr lie lie Gly Glu Leu His Pro 
GAT GCA CGA GAA CTG TCC AAA ACA TAC ATC ATC GGG GAG CTC CAT CCA

90 INTRON ^ 100
I

Asp Asp Arg Ser Lys lie Ala Lys Pro Ser Glu Thr Leu lie Thr Thr 
GAT GAC AGA TCA AAG ATA GCC AAG CCT TCG GAA ACC CTT ATC ACT ACT

INTRON • 110
I

Val Glu Ser Asn Ser Ser Trp Trp Thr Asn Trp Val lie Pro Ala lie 
GTC GAG TCT AAT TCC AGT TGG TGG ACC AAC TGG GTG ATC CCA GCC ATC

120 130

Ser Ala Leu Val Val Ala Leu Met Tyr Arg Leu Tyr Met Ala Glu Asp 
TCA GCC CTG GTG GTA GCT CTG ATG TAT CGC CTC TAC ATG GCA GAA GAT
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Ter
TAACCTGTCTGTCCGAAGCCAAGGAAGGAAAAGACTGCCCCAGAGAGGGGAGAAAAGAAG^CCAG 
TGTTAATCACTTCCACTGACAGAAACCCTCCCCCTGAGAATGTAATTGTAATATATCTGTCTCC 
CTCTCCTCCTATGCTAGGAGAACAAACATGGGACTCTTTGTACTCTTAAACTTTCAAATGTGCC 
TTTTTACTCAACTTCATTTTGACATTTCTJCACTACGTAATTTACTTATTGTAAACATGATCTT 
TTTAAAATATATCTGGCTTGTAAAGTACA CCAGGTGTGCCTGTTTGTGTGGTATTTTATATTT 
AGTATTTAGTGTTTTGGAGTTGTTTAACAGAATTGCTTAACGTACTAACTGTTTGGACCCAAAA 
AAAA

Figure 30. Sequence of cytochrome b^ cDNA with known intron sites 
marked. Numbering indicates amino acid position. The proximal and 
distal histidines are highlighted. Possible poly[A] addition sites 
are underlined. The first poly[A] addition site is indicated (*).
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The l . lk b  SacI fragm ent from  1.3 (Fig. 14A) which hybridized to  the rat

cytochrom e b_ cD N A  (Fig. 11) w as subcloned into  SacI cu t M 13m pl9 in both  o
orientations. This fragm ent lie s  a t the ex trem e right-hand end o f  the R gb g l 

genom ic clone (Fig. 18). Sequencing, ca ta ly sed  by the K lenow fragm ent o f  

DNA polym erase I, from  the internal SacI s ite  lo ca ted  an exon which ran from  

w ithin am ino acid  107 o f  rat cytochrom e bg through to  am ino acid  133 and 

into the 3’ non-coding sequence. The coding sequence began a fte r  270bp o f  

intron from  the internal SacI s ite  (Figs. 30 and 32).

The second restr ic tion  fragm ent subcloned into M13 vecto rs  from  the  

plasm id subclone 1 .3  was th e  800bp P stl/S m al fragm ent (Fig. 14A) which  

hybridized to  the 26m er oligonu cleotide (amino acids 98-106) (Fig. 21(1)). This 

fragm ent was subcloned in to  both M 13m pl8 and M 13m pl9 cu t w ith the  

restr iction  endonucleases Sm al and PstI. A fter  sequencing lOObp o f  intron  

from  the Sm al s ite  in M 13m pl9, using the 'Sequenase’ enzym e (section  

2.16.2), a sm all exon o f  35 base pairs w as found which ran from  within amino 

acid  107 to  am ino acid  96. This was fo llow ed  by intron sequence (Figs. 30 and 

33).

R gbp.1 ^ subclone 1.2

Within the 4.7kb EcoRI fragm ent o f  the R gb^l genom ic clon e (subclone 1.2 in 

pSPT19) a 1650bp Bam H I/PstI fragm ent (Fig. 14A) hybridized to  the 27m er  

oligonucleotide  ̂ amino acids 87-95) (Fig. 21(2)). This Bam H I/PstI fragm ent 

was subcloned into  both M 13m pl8 and M 13m pl9 cut w ith the restr ic tion  

endonucleases BamHI and PstI. Sequencing from  e ith er  end using the  

'Sequenase’ enzym e (section  2 .16 .2 ) did not revea l any coding region. This 

indicated  that th e  exon lay beyond 490bp from  the PstI s ite  and beyond 370bp 

from  the BamHI s ite .

T herefore, a restr ic tion  endonuclease w ith  a recogn ition  s ite  o f  four 

b ases that produces blunt ends on DNA c leavage  was chosen to  d igest the  

1650bp Bam H I/PstI fragm ent o f  the subclone 1.2. This would allow  sm aller  

sectio n s to  ]3e liga ted  into the Sm al s ite  o f  M 13m pl9 - Sm al being a 

restr ic tion  endonuclease producing blunt ends. The restr ic tion  endonuclease  

A lu l was chosen because it  did not cut too o ften  nor too l it t le  w ithin the  

sequence o f  the 1650bp Bam H I/PstI fragm ent read so far. For ease  o f  

digestion , the plasm id subclone 1.2 , was cut just w ith the restr iction  enzym e  

PstI. A s there is a single PstI s ite  in the m ultip le cloning s ite  o f  pSPT19, th is  

d igest produces an 1800bp fragm ent, within which is the 1650bp Bam H I/PstI 

fragm ent that hybridized to  the 27m er oligonu cleotide (amino acids 87-95) 

(F ig. 21(2)). The d igest was then electroph oresed  on a 0.8% agarose g e l, the  

1800bp PstI fragm ent was sliced  out and the DNA purified  using s G lassm ilk’
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(sec tio n  2 .6 .2 .2 ). This 1800bp fragm ent w as then  d ig ested  w ith  th e  restr ic tio n  

endonu clease A lu l w hich cu t w ith in  th e  fragm ent four tim es. This m ean t th at  

th ere  w ere th ree  p ossib le  A lu l/A lu l b lunt-end ed  fragm en ts ab le to  in sert in to  

th e  Sm al cu t M 13m pl9 v ec to r . T hese A lu l fragm en ts w ere lig a ted  in to  the  

M 13m pl9 v ec to r  in both  or ien ta tion s and transform ed into  JM 101 (section

2 .15 .1 ). S m all-sca le  p lasm id preparations o f  th e  rep lica tiv e  form  (RF) o f  the  

M 13 recom binants w ere  carried  out (sec tio n  2 .15 .3 ) and th e  DN A d igested  

w ith  the restr ic tio n  end on u cleases EcoR I and PstI, w hich cu t e ith er  side o f  

th e  insert. (The Sm al s ite s  are not regen era ted  w ith  A lu l cu t in serts). The 

d igests  w ere then  e lectrop h oresed  on a 1.2% agarose g e l (sec tio n  2 .4). This g e l  

w as b lo tted  by th e  m ethod  o f  Southern (1975) and probed w ith  th e  27m er  

o ligon u cleotid e  (am ino acid s 87-95) to  determ in e w hich o f  th e  recom binant  

c lon es contained  th e  rat cy toch rom e b^ exon. Two M 13m p l9  A lu l c lon es  

contain ing an 870bp insert w hich hybridized to  the 27m er (am ino acid s 87-95) 

w ere sequenced  using th e  'S eq u en ase’ en zym e (sec tio n  2 .16 .2 ). The c lon es  

w ere found to  be in opposite  orien tation s. W ithin one o f  th ese  w as found an 

exon o f  30 b ase pairs, w hich ran from  am ino acid  86 to  am ino ac id  95 o f  the  

rat cytoch rom e bg protein . Intron seq u en ce lay  e ith er  side (F igs. 30 and 34).

R gbp.5 ^ subclone 6.5E

The 6.5kb EcoR I fragm en t (6.5E in pU C 19, F ig. 25(1)) w as ch a ra cter ized  by  

partia l seq iiencing. The 6.5E  subclone w as d ig ested  w ith  th e  restr ic tio n  

endonucleases P stI and BamHI and the fragm ents c lon ed  in to  M 13m pl8 . One 

o f  th ese  M 13 subclones analyzed  w as sequenced  from  th e PstI s it e  and found  

to  have id en tica l seq uence over 200 b ases to  th e  Bam H I/PstI in sert from  the  

plasm id subclone 1.2 (Fig. 14A) o f  th e  R g b g l gen om ic c lon e.

R gb&6 and R gb .̂3 /7

To analyze th e  EcoRI fragm en t from  Rgb^6 w hich hybrid ized  to  th e  36m er  

o ligon u cleo tid e  (am ino acid s 4 -15), th e  H 4.1T  subclone in pU C19 (Fig. 25(2)) 

w as d igested  w ith  th e  restr ic tio n  endonu cleases EcoR I and PstI. This gave tw o  

possib le  P stl/E coR I restr ic tio n  fragm en ts to  lig a te  in to  M 13m pl9  cu t w ith  

th e se  en zym es. The 700bp fragm ent in M 13m p l9 , w hich hybrid izes to  the  

36m er o ligon u cleo tid e , w as ca lled  H 4 .1 A /m p l9  P st/E co  and sequenced . It w as 

e x p e c te d  that the 5* end o f  th e  rat cytoch rom e b_ gen e would be found.U
H ow ever, reading from  the EcoR I s ite  revea led  seq uence th at w as very  

sim ilar , although not id en tica l to  the rat cytoch rom e b_ cD N A . The EcoRI
O

s ite  w as i t s e l f  part o f  th is seq uence - one base a ltera tion  around am ino acid  

105 produces an EcoR I s ite  (Fig. 35). Longer runs o f  th e  700bp fragm ent, 

H 4 .1 A /m p l9  P st/E co , on sequencin g g e ls  com bined to  g iv e  seq u en ce sim ilar to
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EcoRI > 100 bases 43 EXON 85 110 bases EcoRI
in tronin tro n

(PvLG(Py) AAACAG GTAAGT

F igure 31.
Rgbg4 4 .1 0  EcoRI su b c lo n e  showing in tro n  sequence d ata  on e i t h e r  end o f  th e  exon.  
U nderlined  bases show homology to  consen sus  in tr o n /e x o n  border seq u ence .

SacI 270 bases in tron
atoc
133 > 60 bases  EcoRI

TAA-------------------------- 1
3' noncoding

(Py) ATGTG(P.y)GCTAG

Figure 32.
Rgbj.1 1 .3  EcoRI/SacI fragment (from 6 . 15kb EcoRI su b c lon e)  showing in tr o n /e x o n  border.  
U nderlined bases  show homology to  consensus in tr o n /e x o n  border seq u en ce .

P stI
evX- or«C

96 EXON 107 Smal

665bp in tro n 35bp I lOObp in tron

TGGTGTTCCAG GTNAGt

Figure 33.
Location o f  exon w ith in  800bp S m al/P stI  fragment from Rgb^l EcoRI su b c lo n e  1 .3 .  
Underlined b a ses  show homology to  consensus  in tr o n /e x o n  border se q u en ce .

kTo r ^&

P E B  A A 86 95 A A P

130 400 250 540 30bp 300 150 290
or  300 or 540

( P y ) f - A ( P y ) (. ACAG GTAAGT

Figure 34 .
L ocation  o f  exon w ith in  1800bp P stI  fragment from Rgb 1 EcoRI su b c lo n e  1 .2 .
P « P s t I ,  E = EcoRI, A = A lu l ,  B = BamHI.
U nderlined  b a ses  i n d i c a t e  homology to  consensus in tr o n /e x o n  border seq u ence .  
S iz e s  g iv e n  are  in  base  p a ir s .
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Figure 35. Sequencing gel of the ra t cytochrom e b pseudogene clone, H4.1/o
m pl9 Pst/E co. This is the 700bp Pstl/EcoR I fragm ent from the plasmid
subclone H4.1T (Fig. 25(2)), from the genomic clone Rgb 6. The gel waso
electrophoresed for IV2 hours. The 5’ end is a t the top of the gel. The EcoRI 

site  (CTTAAG) is labelled. A reference  sequence of CCTTG is also labelled to 
indicate where to line up the gel with th a t in figure 36. The tracks are T, C, 
G, A from le ft to  right.
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rat cytochrom e bg cD N A  from  am ino acid  105 (the EcoRI s ite )  to  w ithin  the 5 ’

non-coding region w ithout any intervening "non-coding" sequence (Figs. 36 and

37). A s th is  sequence sim ilarity  begins w ithin the rat cytochrom e bg cD N A

sequence, a Southern b lot o f  Rgbg6 and Rgbg3 c lon es d igested  w ith the

restr ic tion  endonuclease EcoRI w as hybridized w ith the rat cytochrom e b_o
cD N A  under reduced stringency conditions (hybridize a t 60°C not 65°C , final

wash at 50°C for 15 m inutes in O.lxSSPE). This would ascerta in  w hether the

EcoRI fragm ent adjacent to  th at already subcloned and p artia lly  sequenced,

or any other w ithin the genom ic clon es, continued the sim ilarity  to the

cytochrom e b_ cD N A  sequence beyond am ino acid  105. Under th ese  reduced  o
stringency conditions the 1.3kb EcoRI fragm ent in Rgbg7 and Rgbg3 appeared  

to  be hybridizing to  the rat cytochrom e bg cD N A  (data not shown). This was 

confirm ed by sequencing the 1.3kb fragm ent from  Rgbg3, subclone E 3 .lv , 

inserted  in to  M 13m pl9 a t the EcoRI s ite . The subclone in M 13m pl9, E 3.1v2/ 

m p l9  Eco, reading from  the EcoRI s ite  began im m ediately  w ith  sequence  

sim ilar to  the rat cytochrom e bg cD N A  at am ino acid  106 and continued  

through to  am ino acid  119 or 120 w ithout any intervening sequence. (Fig. 38). 

Beyond th is, no sim ilarity  to  the coding region o f  rat cytochrom e bg cD N A  

could be found.
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Figure 36. Sequencing gel of the ra t cytochrom e b pseudogene clone, H4.1/o
m pl9 Pst/Eco. This is the 700bp Pstl/EcoR I fragm ent from the plasmid 

subclone H4.1T (Fig. 25(2)), from the genomic clone Rgb 6. The gel wasO
electrophoresed for 3 lA  hours. The 5’ end is a t the top of the gel. The 
reference  sequence CCTTG indicates where to line up the gel with th a t in 
Figure 35. The refe rence  sequence GAACCA indicates where to line up the 

gel with th a t in Figure 37. The tracks are T, C, G, A from le ft to right.



Figure 37. Sequencing gel of the ra t cytochrom e pseudogene clone, H4.1/ 

m pl9  Pst/Eco. This is the 700bp Pstl/EcoRI fragm ent from the plasmid
subclone H4.1T (Fig. 25(2)), from the genomic clone Rgb_6. The gel was

5
electrophoresed for 5 l/2 hours. The 5’ end is a t the top of the gel. The 
re ference  sequence GAACCA indicates where to line up the gel with tha t in 

Figure 36. The direct repeat sequence a t the 5’ end of the pseudogene is 

shown (5’ N A N A A A ATTG A A ATGTA 3’). The a lte red  Met codon (AGG) is 
shown. The tracks are T, C, G, A from le ft to right.
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A

Figure 38. Sequencing gel of the ra t cytochrom e b& pseudogene clone,
E3.1v2/m pl9 Eco. This is the 1300bp fragm ent from the plasmid subclone
E 3 .lv  (Fig. 25(4)) from the genomic clone Rgb 3. The gel was electrophoresedo
for V A  hours. The 5’ end is a t the bottom  of the gel. The EcoRI site 
(GAATTC) is labelled, which is the same site as th a t in Figure 35 reading in 

the opposite direction. The direct repeat sequence a t the 3’ end of the 

pseudogene is shown (5’ ACAAGAATTAGGAATGTA 3’). The tracks are T, C, 

G, A from le ft to right.
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The overall com parison o f  th e  rat cytochrom e b_ cD N A  w ith theo
sequences o f  H 4 .1A /m p l9  P st/E co  and E 3 .1v2 /m p l9  Eco is shown in Fig. 39.

H 4.1A /m p l9  P st/E co  and E 3 .1v2 /m p l9  Eco are, togeth er , 64% 

hom ologous at the am ino acid  lev e l and 78% hom ologous a t the nucleotide  

lev e l to  the rat cytochrom e bg cD N A  over th e  coding section  from  am ino  

acids 1-119 inclusive, excluding d eletion s and insertions.

In the cytochrom e b g-like sequence there is a deletion  o f  one base in 

am ino acid 6, a tw o base pair insertion around am ino acid  34, a one base pair 

insertion a fter  am ino acid  98 and a one base pair insertion around am ino acid  

109 (Fig. 39). The M et (ATG) at the 5’ end o f  the rat cytochrom e b5 cD N A  has 

also been a ltered  to  AGG (Figs. 37 and 39). The bg-like sequence appears to  

be truncated at the 3’ end, finishing a fter  am ino acid  119 or 120, although  

there is no obvious poly[A] ta il. Beyond am ino acid  120 o f  the cytochrom e b e ­

like sequence there are three regions which show hom ology to  poly[A] addition  

consensus sequences (underlined in Fig. 39) and a short stretch  o f  hom ology to  

the 3’ noncoding sequence o f  the rat cytochrom e bg cD N A  (section  4.1). Thus 

the sequence beyond am ino acid  119 does not seem  to  be an intron but rather  

a 3’ non-coding region.

It therefore appears that R gb_3/7  and Rgb_6 genom ic c lon es containo o
sequence for a rat cytochrom e bg pseudogene. This sequence cannot provide a  

functional protein  due to  the base deletion  and insertions, the truncation o f  

the 3’ end o f  the sequence and a lteration  o f  the translation  in itia tin g  M et 

codon. As there are no intervening sequences, it  appears to  be a form  o f  

processed pseudogene.
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t>5 p/gene NANAAAATTGAAATGTAGAAGAAGAAGAAGGAAGAAAGAAAGAAAGAAAGA 

b5 p/gene AAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAAACAGTGTACCACCCTGAAT

1
Met Ala Glu Gin Ser Asp 

b GGCTGTGTTGCAGGGCCCGGAAGCCTCACTGTTCCGAA ATG GCC GAG CAG TCA GAC 
b^ p/gene T T G ****GT T G G T GA G

Arg Gly Ala 

10 20
Lys Asp Val Lys Tyr Tyr Thr Leu Glu Glu lie Gin Lys His Lys Asp
AAG GAT GTG AAG TAC TAC ACT CTG GAG GAG ATT CAG AAG CAC AAA GAC
* G C GA C

Cys Gly Gin

30
Ser Lys Ser Thr Trp Val lie Leu His His Lys Val Tyr Asp Leu Thr
AGC AAG AGC ACC TGG GTG ATC CTA CAT CAT AAG GTG TAC GAT CTG ACC
T A G G G C C G 1 T

H e Asn Ser Met Arg A
TA

40 50
Lys Phe Leu Glu Glu His Pro Gly Gly Glu Glu Val Leu Arg Glu Gin
AAG TTT CTC GAA GAG CAT CCT GGT GGG GAA GAA GTC CTA AGA GAG CAA

G T A G
Leu Glu Arg

60
Ala Gly Gly Asp Ala Thr Glu Asn Phe Glu Asp Val Gly His Ser Thr
GCT GGG GGT GAT GCT ACT GAG AAC TTT GAG GAC GTC GGG CAC TCT ACG

A C C T T T C TG T
His Ser Cys

70 80
Asp Ala Arg Glu Leu Ser Lys Thr Tyr lie lie Gly Glu Leu His Pro
GAT GCA CGA GAA CTG TCC AAA ACA TAC ATC ATC GGG GAG CTC CAT CCA
A T A G GTG C T A CT T
Asn Val Gin Gly Val His Leu Phe

90
1

100
Asp Asp Arg Ser Lys lie Ala Lys Pro Ser Glu Thr Leu lie Thr Thr
GAT GAC AGA TCA AAG ATA GCC AAG CCT TCG GAA ACC CTT ATC ACT ACT
GC A AG C C T T A A A A C T G G TC 1 TGly Asn Lys Pro His Leu Thr Thr Gly Ser Ser|

(j
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110
Val Glu Ser Asn Ser Ser Trp Trp Thr Asn Trp Val lie Pro Ala lie 
GTC GAG TCT AAT TCC AGT TGG TGG ACC AAC TGG GTG ATC CCA GCC ATC 
A A TG T A  I T A G C  C
lie Lys Leu Asn ^ Cys Ala Thr

|-EcoRI-| G
site

120
Ser Ala Leu
TCA GCC CTG ________________

A G AACAAGAATTAGGAATGTAAACCAATGGAATAGAACAGAAAGGGATCCTTTTTTGA 
Val

b5 p/gene CAAATATAGCAAATATATACATTGGAAAAACGGCTTCAACAACAATGGATGCTGGG 

t>5 p/gene GAAACTGAATAGTCACACGTAGAAGAATAAAACAAGATCACTGCGTTAGTTACTTT 

t>5 p/gene CTGTTGCTGTAATGAAGCGCCACAAACAAAAGTTAAGTCACAGGGGGAAGGATTAG

Figure 39. Amino acid and nucleotide comparison of rat cytochrome 
(t>5 ) (upper lines) and its pseudogene (t>5 p/gene) (lower 

lines). Alterations in the pseudogene are indicated - both at 
nucleotide and amino acid level. Deletions in the pseudogene 
sequence are indicated (*) and insertions are beneath the 
sequence. The proximal histidine is conserved (highlighted) and 
the distal histidine is altered to a cystine (Cys) (highlighted). 
The possible poly[A] addition signals are underlined, as is the 
only likely poly[A] tail found. Numbers indicate amino acid 
position. The internal EcoRI site in the pseudogene is shown. The 
direct repeats at the start and end of the pseudogene are 
indicated.
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3.3 G enom ic Southern

G enom ic DNA from  Sprague-D aw ley rats was prepared (sec tio n  2 .18) and

d igested  w ith  th e  restr ic tion  endonuclease EcoRI (sec tio n  2.3). The d igest was

loaded onto a 0.8% agarose g e l 20cm  in length  (sec tio n  2 .4). The g e l was

trea ted  as described  in sectio n  2 .9  and b lo tted  by the m ethod o f  Southern

(1975) onto nylon m em branes. The f ix ed  b lot w as probed w ith  th e  fu ll-len g th  [<x 
32 P]-dCTP lab elled  rat cytochrom e b^ cD N A  insert prepared from  the

pbg(l)D  construct (section  2 .7 .1 ) Aqueous so lu tions w ere used for the

prehybridization and hybridization o f  the f ilte r  a t 65°C  (sec tio n  2 .10). Enough

pb_(l)D  cD N A  labelled  probe was added to  the hybrid ization  flu id  to  g ive  a
6concentration  o f  2x10 cp m /m l o f  fluid. The fin a l str in gen t wash w as in

O.lxSSPE for 15 m inutes a t 60°C . A fter  exposure o f  the f ilte r  to  X -ray film ,

up to seven  bands from  EcoRI cu t rat genom ic D N A  hybridized to  the fu ll-

length rat cytochrom e b cD N A  probe. There m ay be a doublet a t 7.5kb (theo
band is m ore in ten se  and wider than ex p ec ted  from  a sin gle  band), single  

bands a t 6.3kb, 5.2kb and 2.1kb as w ell as tw o very  fa in t bands a t 3.4kb and 

2.8kb (Fig. 40). The Southern b lot gave the sam e banding p attern  w ith  a final 

wash in O.lxSSPE for 15 m inutes at 5 0 °C (data n ot shown).

It is not c lear  from  th is  w hether there are one or tw o  functional gen es  

coding for cytochrom e bg , as d iscussed  in sec tio n  4 .2 .
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I

7. s k b  
6 3 kb 
5 2 kb

3-4 k b  -  
2 .8  k b  —

2.1 k b  _

-

F ig u re  40. Southern  b lo t of r a t  genom ic DNA d igested  w ith EcoRI, run out on
a 0.8%  agarose  gel and probed w ith the  fu ll-len g th  r a t  cy to ch ro m e b cDNA.o
Final w ash a t  60°C in O.lxSSPE. S izes shown a re  in k ilobase pa irs  (kb).
 ^  m arks th e  wells.
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4 DISCUSSION

4.1 P seudogenes

The term  pseudogene is used to  describe a DN A seq uence w hich is  

rela ted  to  a functional gen e, but is i t s e lf  d e fe c t iv e  and unable to  produce an 

a ctiv e  product.

The f ir s t  s tre tch  o f  DNA c la ss ified  as a pseudogene w as th e  5s rRNA- 

rela ted  gene from  Xenopus laev is  (Jacq e t  a l. t 1977). This pseudogene is  

truncated at the 5’ end by 16 base pairs.

The seq uence analyzed  from  the H 4.1T and E 3.1v2 genom ic DN A clon es  

in M13 v e c to rs  shows 64% hom ology to the rat cy toch rom e b^ cD N A  sequence  

at the am ino acid  le v e l and 78% at the n u cleotid e le v e l (excluding d e le tio n s/  

insertions). This DN A seq uence could not produce a fu nctional polypeptide due 

to  the presen ce  o f  various m utations (Fig. 39):

(1) deletion  o f  one base in am ino acid  6.

(2) insertion o f  tw o b ases - TA or AT - b efore or a fte r  am ino acid  

34 resp ectiv e ly .

(3) 5* ATG tran slation  in itia tion  codon converted  to  AAG.

(4) d istal H is-67 not con served  (although proxim al H is-43  is 

conserved) (by analogy w ith  globins, M athew s, 1980).

(5) insertion o f  one base a fte r  am ino acid  109.

(6) insertion o f  one base a fte r  am ino acid  98.

(7) sequence tru ncated  a t 3 ’ end - cea se s  a fte r  am ino acid  119 or 

120 .

The deletion  and in sertion s lead  to  the production o f  sev era l stop  codons.

T herefore, th is  cy toch rom e b -like sequence can be seen  to  rep resent a rato
cytochrom e b_ pseudogene.O

There are tw o c a te g o r ie s  th a t pseudogenes can fa ll  in to:-

(1) those th at re ta in  the introns found in the functional gen e

(2) those that lack  th e  in terven ing sequences o f  the fu n ction al gen e and are  

known as p rocessed  pseudogenes.

A s th ere  are no introns in the H 4.1T and E3.1v2 subclones iso la ted  from

the rat genom ic library, it  appears that th is rat cytoch rom e b pseudogene iso
a processed  one.

The ab sen ce o f  introns in processed  pseudogenes is p rec ise , such that

the DNA seq u en ce  5 ’ and 3 ’ o f  the introns is juxtaposed . This applies to  the rat

cytochrom e b_ pseudogene, o
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The sequence hom ology betw een  a pseudogene and the functional 

counterpart usually cea se s  at the points corresponding to  the 5’ and 3’ ends o f  

the transcript from  the functional gene. H ow ever, the hom ology betw een  the

cytochrom e b pseudogene and the functional cytochrom e b_ gene cea se s& 5
a fter  am ino acid  119 or possibly am ino acid  120. It does not appear that th is

represents the s ite  o f  an intron. F irstly , the rat cytochrom e b gene does noto
have an intron at th is point. Secondly, no partia lly  processed  pseudogene has 

been reported  to  date. Finally, there are th ree  (or four) p oten tia l poly[A] 

addition s ite s  shortly a fter  am ino acid  119 /120  o f  the pseudogene. T herefore, 

it  seem s th at the cytochrom e bg pseudogene is prem aturely term in ated  at 

am ino acids 119/120.

There have been other processed  pseudogenes reported to  be shorter  

than the corresponding functional m RNA, as w ill be d iscussed la ter  (section

4.1 .1).

M ost processed  pseudogenes a lso possess a poly [A] ta il im m ediately  3 ’ 

to  the point at which the hom ology b etw een  the pseudogene and its  functional 

counterpart cea se s  to  ex ist. The m ouse pseudo c*g globin gene (Nishioka e t  a l. t 

1980; Vanin et_al., 1980) is an excep tion  to  th is general rule. The point o f  

sequence divergence is 17-20 nucleotid es prior to  the s ite  o f  polyadenylation  

in the functional gene and there is no poly [A] ta il present. The rat cytochrom e  

bg gene appears to  also lack  a poly[A] ta il. From long sequencing g e ls , the  

only possib le poly[A] ta il is 5 A ’s in length. This s ta r ts  8 nucleotid es  

dow nstream  from  one AATATA sequence and 17 n u cleotid es dow nstream  from  

a second AATATA sequence. The d istance b etw een  the poly[A] addition signal 

and a poly[A] ta il is usually b etw een  10 and 30 n u cleo tid es (Proudfoot and 

B row nlee, 1976).

S tudies on the chrom osom al loca liza tion  ind icate  that m ost 

pseudogenes that reta in  introns are linked to  their  functional counterparts. 

H ow ever, processed  pseudogenes are not found on the sam e chrom osom e as 

the functional gene (B attey  et_al., 1982), so do not appear to  have arisen by 

gene duplication and intron rem oval.
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4 .1 .1  The evolu tion  o f  p rocessed  pseudogenes

P rocessed  pseudogenes have only been  found in the gen om es o f  m am m als, 

e x c ep t for a sin g le  calm odulin processed  pseudogene found in the ch icken  

(Stein  e t  a l ., 1983).

P rocessed  pseudogenes are usually co lin ear w ith  the functional m RNA  

up to  th e  position  o f  the CAP n u cleotid e  and m ost a lso possess a poly[A] ta il  

a t the 3 ’ end. It seem s probable, th erefore , th at an R N A  in term ed ia te  is the  

source o f  the pseudogenes. It is b e lieved  th at a cD N A  copy o f  the m RNA is  

in tegra ted  into the genom e to  form  the pseudogene. On insertion  it  is thought 

th a t th e  gen e is in activa ted  im m ediately , as the point o f  in tegration  is  

random . T herefore, the n ecessary  prom oter s ite s  would not be positioned  

c o r rec tly  a t the 5 ’ end.

D irect rep eats are o ften  found flanking p rocessed  pseudogenes  

(L em ischka and Sharp, 1982; Karin and R ichards, 1982; Chen e t  a l ., 1982). 

They are gen era lly  7-17bp in length  and occur im m ed ia te ly  3’ to  the poly [A] 

ta il and im m ed ia te ly  5’ to  the point w here th e  hom ology b etw een  the  

pseudogene and its  functional counterpart ce a se s .

The rat cytochrom e bg pseudogene shows d irect rep eats a t both ends o f  the  

gen e w hich are 15 base pairs in length (Fig. 41).
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NANAAAATT*GAAATGTA(GAA)4 3 ' 5 ' end o f  t h e  gen e

5 ' GTA | ACAAGAATTAGGAATGTA 3 ' 3 ' end o f  t h e  gen e
<xoc
120

F ig .  4 1 . D ir e c t  r e p e a t s  in  r a t  cy to ch ro m e p se u d o g e n e .  
H om ology b etw een  b a se s  a t  5 ' and 3 ' en d s o f  th e  cy to ch ro m e b,. 
p se u d o g e n e  i s  in d ic a t e d  by v e r t i c a l  l i n e s .
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The rep eat sequence a t the 5’ end o f the rat cytochrom e bg pseudogene occurs  

im m ed ia te ly  5 ’ to  the runs o f  (GAA) and (GAAA). The d irect repeat at the 3’ 

end o f  th e  pseudogene lie s  a lm ost im m ed iate ly  3’ to  am ino acid  120.

P rocessed  pseudogenes w ith flanking d irect rep eats as in th e  ca se  o f  

the rat cytochrom e bg pseudogene are postu la ted  to  have arisen in several 

ways. Insertion could have occurred at a staggered  break in the DNA, 

gen erated  by tw o nearby but independent topoisom erase I m olecu les that have  

m ade sin g le-stranded  breaks on opposite strands o f  the DNA. The variable  

d istance possib le b etw een  the topoisom erase m o lecu les resu lts  in d ifferen t  

len gths o f  stagger  which leads to  various len gths o f  d irect repeats.

It has been  observed that the d irect rep eats flanking pseudogenes are 

A -rich . If  the staggered  break w ere to  occur so that the A -rich  sequence was 

part o f  a 5 ’ overhang, the poly[T] sequences at the 5’ end o f  the cD N A  could  

have form ed a hybrid w ith  th ese  A -rich  seq u en ces (Moos and G allw itz , 1983). 

The com plem entary strand would then have been  syn th esized  and repair o f  the  

break would produce d irect rep eats flanking the pseudogene. The other  

a ltern a tive  is th at the staggered  break occured  so that the A -rich  sequence  

was part o f  a 3 ’ overhang. The poly[A] ta il o f  the m RNA could have form ed a 

hybrid w ith  th e  exposed  T-rich sequence (Vanin, 1985), the m RNA then being  

cop ied  by reverse  transcrip tase or by DNA polym erase Y (W eissbach, 1977). 

The m RNA would then have been  rep laced  in the next round o f  rep lication  and 

the DNA repaired to  again g ive  rise to  flanking d irect repeats. The ex trem ely  

A -rich  seq uence in the long run o f  (GAAA) rep eats at the 5’ end o f  the rat 

cytochrom e bg pseudogene could have served  in th is resp ect.

The rat cytochrom e b processed  pseudogene is not a d irect DNA copyo
o f  the m RNA. The hom ology b etw een  the pseudogene and its  functional 

counterpart appears to  c e a se  a fter  am ino acid  119 or 120. F ive processed  

pseudogenes have been  reported  which are not d irect DN A cop ies o f  their  

r esp ec tiv e  m RNA s. T hese are the pseudogenes for the m ouse oc  ̂ globin  

(N ishioka e t  a l ., 1980; Vanin e t  a l., 1980), the human Ig £  (B attey  e t  a l., 1982; 

U eda e t  a l., 1982), the human I g \ l  (H ollis e t  a l., 1982), the m ouse  

corticotrophin-/?-lipoprotein  precursor pseudogene (N otake e t  a l., 1983) and 

the human cytochrom e bg gene (Yoo and S teg g les , 1989).
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Two cytochrom e b pseudogenes have been  iso la ted  from  human liver  o
genom ic libraries (Yoo and S teg g les , 1989). One o f  th ese  conta ins the  

com p lete  nucleotide sequence o f  the human liver  cytoch rom e bg cD N A  but 

the other is truncated  at th e  5’ end, startin g  a t am ino acid  43. Both human 

pseudogenes continue into the 3’ non-coding region  but only the truncated  

pseudogene is shown to  possess a poly[A] ta il.

The X Ig light chain is encoded by an m RNA th at has V, J  and C regions  

joined togeth er. In the human pseudogene no V region  seq u en ces are presen t  

although the J and C regions are found, as in the fu nctional gene.

The functional Ig £  gene has V, D, J  and C regions jo ined  togeth er . The 

human Ig £ pseudogene contains sequence hom ologous to  th e  four exons found  

in the constan t (C) region but has no V, D or J  sequ en ces 5 ’ to  the C region  

sequences.

The m ouse corticotrophin-/?-lipoprotein  precursor pseudogene is only  

hom ologous to  the functional gene from  w ithin the secon d  exon down to  the  

polyadenylation s ite .

The m ouse pseudo gene is unusual in that the hom ology b etw een  it  

and its  functional counterpart extend s for a t lea st  350 n u cleo tid es  5’ to  the  

in itia tion  s ite  o f  ot-globin m RNA (Paulakis e t  a l., 1980). A t th e  3’ end the  

hom ology cea ses  17-20 n u cleo tid es prior to  the point o f  polyadenylation  and 

unlike other processed  pseudogenes there is no poly[A] ta il presen t (N ishioka  

e t  a l., 1980; Vanin e t  a l., 1980). This fa c t  can be explained  in th e  oc-globin 

gene by observing th at the sequence o f  the functional gen e a t the point w here  

the hom ology b etw een  it  and the pseudogene c e a se s  is GAGTAGG which could  

have been  used as a 5 ’ sp lice  s ite  (Sharp, 1981). T herefore, an ex tra  sp licing  

even t could  have rem oved the poly[A] ta il. Truncation o f  th e  gen e a t the 3 ’ 

end and th e  probable absence o f  a poly [A] ta il is a lso  seen  in th e  rat 

cytochrom e b^ gene.

Studying the rat cytoch rom e bg cD N A  sequence show s th at i f  the  

hom ology b etw een  th is sequence and the pseudogene fin ishes a fte r  am ino acid  

120, the next tw o b ases in th e  functional gen e  are GT w hich could  serve  as a 

5’ donor sp lice  s ite  (Sharp, 1981), (Fig. 42).
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119 120 121 122

r a t  cy toch rom e

r a t  cy toch rom e b,. 
p seu d o g en e

GCC CTG GTG GTA

GCA GTA ACA AGA

c o n se n su s  
5 ' in tr o n

C A
N AAG GTG AGT

seq u e n c e

F ig u r e  4 2 . P o s s i b i l i t y  o f  e x t r a  s p l i c i n g  e v e n t  g iv in g  r i s e  
t o  a tr u n c a te d  r a t  cy toch rom e b^ p seu d o g en e  w ith o u t  a p o ly [A ]  
t a i l .  The u n d e r lin e d  b a s e s  show hom ology b etw een  th e  
c o n se n su s  5 ' in tr o n  se q u e n c e  and th e  r a t  cy to ch ro m e b,. 
se q u e n c e . Numbers i n d i c a t e  am ino a c id  p o s i t i o n .
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C om paring th e  rat cy toch rom e b_ cD N A  seq u en ce  to  th e  con sen su s in trono
sp lic in g  seq u en ce  a t th is point show s good  h om ology.

I f  th ere  has been  an ex tra  sp lic in g  e v e n t in th e  fo rm a tio n  o f  th e  ra t  

cy to ch ro m e  b^ pseudogene, th is  w ould acco u n t for th e  fa c t  th a t th e  3* end o f  

th e  p ro te in  and the poly[A] ta il  is  ab sen t in th e  p seu d ogen e . C lea r ly  i f  th e  3 ’ 

end o f  th is  aberrant intron w as beyond th e  poly[A ] ta il  th en  th e  rat  

cy to ch ro m e  bg p rocessed  pseudogene w ould  n ot p o sse ss  one.

H ow ever, it  was observed  th a t th e re  are p ossib ly  th r e e  (or four) poly[A ] 

ad d ition  s ign a ls  presen t w ith in  160bp 3 ’ to  am ino a c id  119 o f  th e  ra t  

c y to ch ro m e  b pseudogene:-D
(1) AATATA

(2) AATATA

(3) AATAAA

(4) AACA(A)G A  

w h ich  are  m arked in F ig. 39.

The on ly  poly[A ] sequence w ith in  250 b a se s  o f  am ino a c id  119 o f  th e  ra t  

c y to c h r o m e  b^ pseudogene is f iv e  A's in len gth . This run is  18bp from  one o f  

th e  A A T A T A  seq u en ces so could  rep resen t a very  sh ort poly[A ] ta il . The  

seq u e n c e  o f  43  b ases im m ed ia te ly  prior to  th is  show s so m e s im ila r ity  to  th e  

seq u e n c e  in th e  functional rat cy to ch ro m e bg cD N A  ju st b e fo r e  i t s  f ir s t  

poly[A ] ta il  (F ig . 43).
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b 5P/G AAAG*GGATCCTTTT T TGACAAATATAGCAAATATATACAT TGGAAAAA 3 ’
III INI  Mi l l  MINIM III 1111 Mi l l

b AAACATGATC*TTTTTA***AAATATAGTAAAG***TACA****AAAAA 3 ’ 
cDNA | first poly[A]

tail starts
TCTGGCTT

Figure 43. Comparison of the 3 ’ noncoding region of rat cytochrome 
cDNA (b^ cDNA) and its pseudogene (b,_ P/G). Homology is 

indicated by vertical lines. The poly[A] addition sites are 
underlined.
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H ow ever, th ere  is no obvious hom ology b etw een  the rat cytoch rom e bg

pseudogene and the functional rat cytochrom e bg noncoding sec tio n  from

w here am ino acid 119 c e a se s  and the sec tio n  o f  the rat cytoch rom e b_o
pseudogene shown above (Fig. 43) begins. This covers a region o f  37bp in the

pseudogene. It is possib le that th is 3’ sec tio n  o f  the pseudogene (before the

seq u en ce o f  f iv e  A ’s) is derived from  th e  fu nctional cytoch rom e b cDN A.

H ow ever, the sequence o f  37bp b etw een  th is hom ologous region  and am ino

acid  119 o f  the cytochrom e bg pseudogene seem s to  bear no resem blance to

th e  functional cytochrom e b cD N A . The s tre tch  o f  f iv e  A ’s in th e  pseudogeneo
is  shorter than usually found in a poly[A l ta il and the region  beyond th is is  not

A -rich . If th is did represent a poly[A] ta il, it  is unclear from  w here the

seq u en ce o f  37 bases, which is not hom ologous to  the rat cytoch rom e bg

cD N A , could have been derived. The hom ology b etw een  the fu nctional rat

cy toch rom e b_ gene 3’ non-coding region  over 43 b ases to  th e  3’ sequence in o
th e  rat cytochrom e bg pseudogene could be due to  a functional region  o f  

"noncoding" DNA sequence. A ltern a tiv e ly , it  could be a chance occurrence o f  

hom ologous A /T  rich noncoding regions as it  is  a lso  p ossib le  to  line up the  

sam e s tre tch  o f  cytochrom e bg pseudogene sequence w ith  a sep arate  section  

o f  th e  cytochrom e bg 3’ noncoding region. A n alyzing  th e  area im m ed ia te ly  3 ’ 

to  th e  p ostu lated  poly[A] ta il o f  the pseudogene does not show any sequence  

w hich could  represent a d irect repeat o f  that a t the 5’ end o f  the pseudogene, 

w h ereas there is a d irect rep eat pairing b etw een  a region  a lm ost im m ed iate ly  

3’ to  am ino acid  120 and a region upstream  o f  the 5’ end o f  th e  gene.

In conclusion, it  seem s likely  that the cytoch rom e bg m RNA which gave  

r ise  to  the processed  pseudogene, underw ent an ex tra  sp lic ing  ev en t. The 5’ 

end o f  th is intron would be d irec tly  a fte r  am ino acid  120 and th e  3 ’ end would  

be beyond the poly[A] ta il o f  the rat cy toch rom e bg cD N A .
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4.2  Origins o f  liver and ery th rocyte  cytoch rom es bU
Am ino acid  sequencing o f  cytoch rom e b from  liver and ery th ro cy tes  ino
severa l sp ec ies  has gone som e w ay tow ards determ in ing the m ode o f  origin o f  

its  tw o form s. Within a sp ec ie s , am ino acid s 1-96 are id en tica l in liver  and

eryth rocyte  cytochrom e b_, w hereas am ino acid  97 can d iffer  in th e  tw o5
tissu es (section  1.1.3).

G enom ic Southern b lots w ere carried  out to  determ in e w h ether there

w ere one or two genes responsible for the tw o d ifferen t cy toch rom e b_5
proteins (section  3.3). The s iz e s  o f  the DNA restr ic tion  fragm en ts which

hybridized to  a fu ll-length  rat cy toch rom e b_ cD N A  probe on a genom ic0
Southern blot w ere to  be com pared w ith  the s iz e s  o f  known r e str ic tio n  

fragm ents from  the lambda genom ic c lon es contain ing coding seq u en ces. Both  

genom ic libraries w ere screen ed  four tim es  each , (a fter  th e  in itia l screen  o f

the HaeBI library), using as probes the fu ll-len g th  rat cy toch rom e b_ cD N A ,
5

tw o overlapping 5’ o ligon u cleotid es to  rad ioactively  label by "fill-in", the

36m er oligonu cleotide (Fig. 20) and the 5’ E coR I/SacI fragm ent from  pbg(l)D

(section  3.1 .2). U nfortunately, th e  genom ic clon es iso la ted  did n ot include

coding sequence 5’ to  am ino acid  43. T herefore, it  is  not known how m any

exons th ere  are at the 5’ end o f  th e  gen e. There is  also the added confusion

th at a t lea st one cytochrom e bg pseudogene e x ists  in rat and th ere  m ay be

m ore. A nalysis o f  the s ize s  o f  th e  EcoR I fragm ents in the gen om ic c lon es

which contain  coding sequence for  cytoch rom e bg and its  pseudogene would

lead  to  the exp ecta tion  o f  one o f  th e  fo llow ing  ser ies  o f  bands on a genom ic

Southern, I or n . The fir st p ossib ility  (I) would arise i f  th ere  w as one gene

coding for cytochrom e b_, the secon d  (II) i f  there w ere tw o g en es  coding for5
cytochrom e bg. The fragm ents are lab elled  e ith er  as strong, in d ica tin g  th at  

the band should be in tense, or as w eak, ind icating  th at th e  band w ill only be  

fa in t i f  v isib le  at all a fter  th e  fin a l str in gen t wash (60°C /0.1xSSPE ) used for  

the genom ic Southern (Fig. 40).

[I] (1) > 6150 bp (strong)

(2) 6500 bp (strong)

(3) 2200 bp (strong)

(4) 1300 bp (weak)

(5) A t lea st one other

fragm ent o f  

unknown s ize

am ino acid s 133-96 - cy toch rom e bg

am ino acid s 95-43 - cy toch rom e b_
5

cytoch rom e bg pseudogene (am ino acids  

1-105)

cytoch rom e bg pseudogene (am ino acids  

106-119)

am ino acid s 42-1  - cytoch rom e b.
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[II] (1) > 6150 bp (strong)

(2) 6500 bp (strong)

(3) > 4730 bp (weak)

(4) > 870 bp (strong)

(5) 2200 bp (strong)

(6) 1300 bp (weak)

(7) A t lea st  two

(8) other fragm ents  

o f  unknown sizes

am ino acids 133-96 - cytoch rom e bg

amino acids 95-43  - cytochrom e b_5
amino acids 95-86  - cytochrom e bg

amino acids 85-43  - cytochrom e b Ko
cytochrom e bg pseudogene (am ino acids  

1-105)

cytochrom e bg pseudogene (am ino acids  

106-119) 

both for

am ino acids 42-1  

- cytochrom e b_

If th ere  is one gene coding for cytochrom e b_ (possib ility  [I]):O

G enom ic Southern

7.5 kb (one o f  two?)

6.3 kb

2.1 kb

5.2 kb

? 7.5 kb (one o f  two?) 

not v isib le

3.4 kb

2.8  kb

Lambda Clone (EcoRI fragm ent)

> 6150 bp - amino acids 133-96  

6500 bp - amino acids 95-43  

2200 bp - pseudogene (am ino acid s 1-103) 

[? 5’ fragm ent cytochrom e bg - am ino  

, acids 42-1]

[? 5’ fragm ent cytochrom e bg - am ino  

acids 42-1]

1300 bp - pseudogene (am ino acids 106- 

119)

? unknown 

pseudogene(s)

If th ere  are tw o gen es coding for cytochrom e bg (possib ility  [II]):

G enom ic Southern

7.5 kb

6.3 kb

2.1 kb

5.2 kb

7.5 kb

3.4 kb

2.8  kb 

not v isib le

not v isib le

Lambda Clone (EcoRI fragm ent)

> 6150 bp - am ino acids 133-96  

6500 bp - amino acids 95-43

2200 bp - pseudogene (amino acids 1-103)

? > 870 bp - amino acids 85-43 and one

intense fragm ent - am ino acids 42-1

tw o 5’ fragm ents (faint) cytochrom e b_ -5
amino acids 42-1  

1300 bp - pseudogene (am ino acid s 106- 

119)

> 4730 bp - amino acid s 95-86
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From  th is, it  is not c lear  w hether there are one or tw o  gen es coding for

cytoch rom e b . There are too m any unknown factors . Iso lation  o f  the 5’ o
exon(s) (am ino acids 1-42) m ay c larify  the banding p attern  on the genom ic  

Southern.

C hicken liver cytochrom e b_ has also been  stud ied  to  determ in e5
w hether th ere  are one or tw o gen es coding for the protein  (Zhang and

Som erville , 1988). Chicken genom ic DNA d igested  w ith  EcoRI, HindHI and

BglR was e lectrop h oresed  on an agarose ge l and b lo tted  by the m ethod  o f

Southern (1975). The DNA was hybridized w ith e ith er  the fu ll-len g th  cD N A

probe or a 3’ HindHI fragm ent (amino acids 91-132) encoding the hydrophobic

dom ain. The resu lts  obtained could be explained by th ere  being  tw o gen es

coding for cytoch rom e bg, one o f  which does not p ossess the coding sequence

for the hydrophobic domain. A ltern atively , the resu lts  m ay be equally w ell

explained  by th e  e x is te n c e  o f  only one gene coding for cy toch rom e bg.

Sim ilar experim en ts w ere a ttem p ted  during th is PhD project, to

determ in e w h ether th ere  w as one or tw o hydrophilic cytoch rom e b_ dom ains
5

in th e  rat genom e. G enom ic DNA was d igested  sep arate ly  w ith  the restr ic tion  

en zym es EcoR I, BamHI and HindHI and e lectrop h oresed  on agarose g e ls . The 

g e ls  w ere dried down and probed d irectly  (section  2 .13) rather than being  

b lo tted  onto n itroce llu lo se  or nylon m em branes. This is reported  to  increase  

the se n s it iv ity  when using o ligonu cleotides as probes (M iyada and W allace, 

1987). The g e ls  w ere probed w ith  end-labelled  (sec tion  2 .11) d om ain -sp ecific  

o ligon u cleo tid es. T hese w ere the 27m er (amino acids 87-95) w hich hybridizes  

to  th e  hydrophilic dom ain and as a control, the 18m er (am ino acid s 98-103) 

which hybridizes sp e c if ic a lly  to  the hydrophobic dom ain. If  th e  27m er had 

hybridized to  one genom ic fragm ent this would have in d ica ted  th at th ere  was 

one gen e  coding for cytochrom e bg. The p resen ce o f  tw o  hybridizing genom ic  

fragm ents w ould have shown that there w ere tw o gen es coding for  

cytoch rom e bg. T hese experim ents, how ever, proved unsu ccessfu l - no 

hybridizing fragm ents could  be seen , even  on long exposure o f  the g e ls  to  fa st  

Kodak X -O m at X -ray film .
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4 .2 .1  Tw o gen es coding for cytochrom e b_?&
If th ere  are tw o gen es coding for cytochrom e b_, then th ey  have rem ainedo
alm ost 99% conserved  at the amino acid lev e l in rat - only am ino acid  97

d iffers  b e tw een  liver and erythrocyte cytochrom e bg over th e  f ir s t  97 am ino

acids. The hom ology b etw een  sp ecies over the first 96 am ino acid s o f  liver

cytoch rom e bg is high - human and pig cytochrom es bg show 93% hom ology at

the am ino ac id  lev e l over th is d istance. Other m ore d istan tly  re la ted  sp ec ie s

show s lig h tly  low er hom ology - cow and rabbit are 83% hom ologous, for

exam ple. H ow ever, from  th is it  is c lear that com p lete  con servation  o f  the

cytoch rom e b protein  is not necessary  for function. T h erefore , i f  th ere  are  o
tw o gen es, it  seem s unusual that the liver and ery th rocyte  form s o f

cytoch rom e bg, in a ll sp e c ie s  analyzed to date, rem ain id en tica l over th e  fir st

96 am ino acid s w ithin a sp ec ies . As both liver and ery th rocy te  form s o f

cytoch rom e b_ have been  found in d istantly re la ted  sp e c ie s , possib le

dup lication g iv ing  rise to  tw o genes could not be a recen t ev en t. H om ology

b etw een  tw o cytoch rom e b_ genes could have been m ain ta ined  by geneo
conversion  as is  seen  in both the humane*-globin (cxl,cx2) (H ess e t  a l., 1983)

A  G
and the fo e ta l  globin ( genes (Slightom  e t a l., 1980). The dup licated

fo e ta l globin gen es produce identica l polypeptides ex cep t a t one am ino acid
G A

(136) w hich is e ith er  g lycin e  ( # ) or alanine ( ), (Slightom  e t  a l ., 1980). The

tw o adult globin  gen es <*1 and oc2 encode identica l polypeptides.

T h erefore , it  is possib le that one cytochrom e bg gen e partia lly  

duplicated  early  in evo lu tion  and the tw o genes have rem ained  hom ologous in 

the sam e w ay as the human <x-globin and K-globin genes.

If  tw o  cytoch rom e b genes do ex ist, then there m ust be a m echanismu
or m echan ism s to  determ in e which gene is a c tiv e  in d ifferen t t issu es. A s  

discussed  in se c tio n  1 .1 .3 , from  experim ents with the m urine Friend virus- 

induced erythroleu kaem ic c e ll- lin e  (Slaughter and H ultquist, 1979), it  appears 

that d iffe r en tia tin g  ery th rocy tes produce m em brane-bound and not soluble  

cytoch rom e bg up to  and possib ly beyond the polychrom atophilic  and 

orthochrom atophilic  erythroblast stages. T herefore, th ere  seem s to  be a 

develop m en ta l ’sw itch ’ during erythrocyte m aturation to  produce th e  soluble  

form , w hich d oes not occur in other c e ll types. The m echan ism  o f  th is ’sw itch ’ 

is co m p le te ly  unknown for cytochrom e b . If there are tw o  gen es coding for  

cytoch rom e bg, th e  liver protein  producing gene would have to be in a ctiv a ted  

and th e  ery th ro cy te  protein  producing gene would need  to  be a c tiv a ted  only in 

develop ing ery th rocytes. For this to  occur there would need  to  be a t lea st  one  

t is su e -sp e c if ic  tran s-actin g  m olecu le  that could bind to  g en e  regu latory  

regions. T h ese m ay be a t the 5’ or 3’ ends o f  the gene or ev en  w ithin  an exon  

or intron and could  include an enhancer elem en t. Prim ary, secondary and
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tertiary  structure o f  regulatory regions as w ell as the degree and s ite s  o f  

m eth y la tion  and on a larger sca le , chrom atin stru ctu re , could all be involved  

in m odulating gen e expression in e ith er  a p o sitiv e  or n eg a tiv e  sense.

4 .2 .2  One gen e  coding for cytochrom e bg?

Liver and ery th rocyte  cytochrom es b could arise from  a sin gle  gene.o
D ifferen t proteins can be gen erated  from  one gen e by severa l m eans: -

(1) DNA rearrangem ent, as occurs in im m unoglobulin gen es to  provide  

m ultip le  proteins (Early e t  a l., 1979; Early e t  a l ., 1980a; D avis e t  a l., 1980).

(2) One gen e m ay be preced ed  by tw o prom oter regions, each  w ith  its  own 

t is su e -sp e c ific  regulatory e lem en ts. This is seen  in th e  m ouse <x-amylase gen e  

which g iv es  r ise  to  m R N A s sp e c if ic  for the liver  and salivary gland  

(H agenbuchle e t  a l ., 1981; Young e t  a l ., 1981).

(3) A  sin g le  gen e m ay resu lt in t is su e -sp e c ific  expression  o f  one o f  tw o  

d ifferen t m R N A s varying only in th e  len gth  o f  th eir  3’ untranslated  regions. 

This has been  observed  for the vim entin  gene in ch icken  (C apetanaki e t  a l ., 

1983) and is thought to  be due to  sp e c if ic  transcription  term in ation  a t one or 

the other poly[A] s ite s  or to  p ost-transcrip tional processing  o f  th e  3’ region.

(4) P rotein  sp lic ing  could occur during developm ent.

(5) Co- or p ost-transcrip tional change o f  one or m ore b ases g iv ing  rise to  tw o  

proteins from  a single prim ary transcript. This is seen  in apolipoprotein-B  

(P ow ell e t  a l., 1987).

(6) A ltern a tive  sp licing o f  a single prim ary transcript to  g ive  tw o a ltern ative  

proteins. There are m any exam p les o f  d ifferen tia l RN A processing  including  

the ca lciton in /C G R P  proteins (Amara e t  a l ., 1982).

Taking ea ch  o f  th ese  p ossib ilities , th ey  w ill be d iscu ssed  in re la tion  to  

cytochrom e bg.

The huge var ie ty  o f  im m unoglobulins arises out o f  the rearrangem ent o f  

large sec tio n s  o f  DNA b efore  transcription, to  g ive  m any com binations o f  

fragm ents. The cytochrom e bg gene, how ever, is not function ing to  provide  

variation  to  anyw here near the e x te n t o f  th e  im m unoglobulins. The 

rearrangem ent o f  what would be a sm all ex tra  fragm ent seem s highly 

unlikely. This could  be confirm ed by Southern b lot analysis o f  genom ic DNA  

iso la ted  from  c e lls  at various stages  o f  developm ent.

If a sin gle  gene is preced ed  by tw o prom oter regions, it  is only the 5 ’ 

untranslated region  which d iffers b etw een  the tw o m RNA s. The am ino acid  

con ten t is not a ffe c te d . This is  c lear ly  not the ca se  for the cytoch rom e bg 

gene.
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T issu e -sp ec ific  expression arising from  a d ifferen ce  in th e  3 ’ 

untranslated region  also  resu lts in a protein  being id en tica l in a ll tissu es  or a t  

all stages  o f  develop m ent. A gain th is would not explain  the stru ctu res o f  the  

cytochrom e proteins.

P ro teo ly tic  p rocessing  w as originally  thought to  be responsib le for the  

production o f  a tru ncated  ery th rocyte  cytochrom e bg protein  due to  the  

bovine am ino acid  sequence being id en tica l over the fir st  97 am ino acid s in 

liver and ery th rocy tes (Slaughter et_al., 1982) (sec tion  1.1 .3). H ow ever, as 

discussed previously (sec tio n  1 .1 .3), the prim ary structures o f  cytoch rom e b_u
have shown that in a ll other known ca ses , am ino acid  97 d iffers  in th e  tw o  

tissues. It is d iff icu lt  to  im agine a m echanism  involving protein  sp lic ing  th at  

would a lter  just th e  term in al am ino acid  o f  the ery th rocy tic  cytochrom e bg

protein  (or an in ternal am ino acid  in the liver  cytoch rom e b_ protein).o
An unusual form  o f  t is su e -sp e c ific  RN A processing  is  found to  produce 

tw o form s o f  apolipoprotein-B  (P ow ell e t  a l., 1987). In testin a l apolipoprotein- 

B48 (apo-B48) is co lin ear  w ith  the am ino-term inal sec tio n  o f  hep atic  

apolipoprotein-BlOO (apo-BlOO). Isolation  o f  cD N A  c lon es from  the sm all 

in testin e  showed th a t apo-B48 is id en tica l to  apo-BlOO up to  am ino acid  2152. 

There is then an a ltera tion  o f  one base in the codon for am ino acid  2153, from  

a C to a T, which produces a stop codon in apo-B48. Am ino acid  2153 is  

reported to  be g lu tam ine (CAA) in f iv e  published seq u en ces o f  h ep a tic  cD N A  

and also in three published genom ic sequences. It was shown th at apo-B is  a 

single copy gene, th at d ifferen tia l sp lic ing  was not involved  in th e  production  

o f  apo-B48 and th at the stop  codon is not found in the genom e. T h erefore, tw o  

d ifferen t proteins are being produced from  the sam e prim ary transcript due to  

a single m RNA n u cleo tid e  change.

A  sim ilar situ a tion  could be responsible for the d iversity  in cytochrom e  

bg proteins. W hichever codon is used for threonine a t am ino acid  position  97 

in the liver form  o f  cytoch rom e b^ - e ith er  A C U , A C C , A C A , or ACG, a 

single a ltera tion  o f  th e  f ir st  base o f  the tr ip le t, A , to  C, produces proline (for  

human and rabbit eryth rocytes) or to  U  g ives  serine (for porcine ery th rocytes)  

(section  1.1 .3). To produce a stop codon from  leu cin e  (CTT) a t am ino acid  98

in the rat, ch icken , horse, rabbit and porcine cytochrom e b_, th ree  base5
a lterations are required. A lthough th ese  a ltera tion s could take p la ce , it

would require severa l base changes to produce the truncated  ery th rocyte

cytochrom e b , w hereas in the case  o f  the apolipoprotein-B  proteins, only a

single base change is n ecessary  to  produce the sam e e f f e c t .  The other

a ltern ative  for cytoch rom e b_ is that a sin gle  n u cleo tid e  a ltera tion  tak eso
p lace  to  change am ino acid  97 and three additional n u cleo tid es  are in serted  

into the transcript to  produce a stop codon. This is seen  in trypanosom es,
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where n u cleo tid es are in serted  by an RNA ed itin g  m ech an ism  (Benne e t  a l . , 

1986; Feagin  e t  a l ., 1987). H ow ever, e ith er  o f  th e se  p o ss ib ilit ie s  seem s  

unnecessarily  com p lica ted  for an organism  to adopt in th e  c a se  o f  cy toch rom e

b5 ‘
The fin a l exp lanation  for th e  production o f  tw o  cy to ch ro m e b_ p rotein so

is th a t a ltern a te  sp licing o f  a sin g le  prim ary R N A  tran scrip t g iv es  r ise  to  tw o  

m ature m RNAs.

A  prim ary R N A  transcript is said to  undergo a lte r n a te  sp lic in g  i f  a t  

lea st one pair o f  donor and accep to r  s ite s  th at are jo in ed  to g e th e r  in the  

form ation  o f  one m RNA, do not do so in the form ation  o f  a secon d  m RNA.

D ifferen tia l RN A processin g  is being found in creasin g ly  to  be  

responsible for the production o f  m ore than one p rotein  from  a s in g le  gen e. It 

provides a s tra teg y  for gen eratin g  d iversity  in g en e  exp ression  and is  used  as a 

m eans o f gen eratin g  t is su e -sp e c ific  expression  and g en e  regu la tion  during 

developm ent. O rganism s ranging from  D rosophila to  hum ans, including th e ir  

RNA and DNA viruses, use a ltern a tiv e  RNA sp lic in g  to  g en e r a te  protein  

diversity .

The gen era l pattern s observed  in a ltern a te  sp lic in g  are shown b elow  in 

diagram m atic form  w ith exam p les (Fig. 44).
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1) cassette - eg. mouse oc A-crystallin gene (King and Piatigorsky,
1983)

2) mutually exclusive exons - eg. myosin light chain 1/3, found in 
chicken, rat and mouse (Periasamy et al♦, 1984; Nabeshima et al . .
1984).

3) internal acceptor site - eg. fibronectin in rat and human 
(Kornblihtt et al. , 1984a; 1984b; Schwarzbauer et al., 1983; 
Tamkun et al., 1984).

4) internal donor site - eg. human fibronectin (Kornblihtt et al., 
1984a; 1984b).
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5) retained intron - eg. Drosophila P transposable element (Laski 
et al.t 1986).

/ \  A /A

6) alternative promoters giving alternative 5* exons - eg. myosin 
light chain 1/3 (Periasamy et al♦ , 1984; Nabeshima et al. , 1984).

TATA

TATA

7) alternative polyTA1 sites giving alternative 3* exons - eg 
calcitonin (Amara et al., 1982).

AATAAA

AATAAA

Figure 44. Classification of types of differentially spliced 
genes. Boxes indicate exons, horizontal lines indicate introns. 
Alternate splicing patterns are indicated. The AATAAA sequence is 
the poly[A] addition signal. TATA is the promoter region.
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There are, o f  course, d ifferen tia lly  sp liced  prim ary tran scrip ts which

f it  into m ore than one o f  th ese  general c la ss ifica tio n  groups.

D ifferen tia l sp licing could explain the e x is te n c e  o f  the tw o cytoch rom e

b_ proteins. The point o f  d ivergence b etw een  ery th rocy te  and liver

cytochrom e b m RNAs does not correspond to  a gen om ic sp lice  junction  as o
m ight have been  ex p ected  i f  the gene was a ltern a te ly  sp liced . A n alysis o f  the

in tron /exon  structure from  sequencing the rat cy toch rom e b_ gen om ic c lon eso
shows th at th ere  is an intron b etw een  am ino acids 95 and 96 rather than a fte r  

am ino acid  97 (Fig. 30) - the term inal am ino acid  o f  ery th rocy te  cytoch rom e

b_. The next exon noted  in the genom ic clon es con ta in s codons for am ino
5

acids 96-107. T herefore, i f  the cytochrom e b& p roteins are produced by 

d ifferen tia l splicing, there m ust be an a ltern ate  exon to  th is  w hich conta ins  

codons for am ino acids 96 and 97. Am ino acid  97 w ould d iffer  in the tw o exons  

in m ost sp ec ies. There would probably also be tw o sep ara te  stop  codons and 3 ’ 

untranslated  regions - one stop codon would lie  im m ed ia te ly  a fte r  am ino acid  

97 in the u n d etected  exon to  truncate the ery th rocyte  protein , fo llow ed  by its  

3’ untranslated  region. The other stop codon has been  id en tified  in the rat 

cytochrom e b^ genom ic clon e and occurs a fter  am ino ac id  133 fo llow ed  by 3* 

untranslated  sequence. This th eo retica l situation  is  shown in d iagram m atic  

form  below  (Fig. 45). The exon containing codons for am ino acid s 96 and 97 

only plus a 3’ untranslated region could also th e o re tic a lly  lie  dow nstream  o f  

both other 3 ’ exons or b etw een  the exons for am ino acid s 96-107  and 108-133  

as w ell as upstream  o f  the exon for am ino acids 96-107  as shown. The exons  

contain ing sequence for am ino acids 1-95 would be shared by both liver  and 

eryth rocyte  m RNAs.
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-85  86-95  96-97 96-107  108-133

Rat
cytochrome b, 
gene

86 96 108 133
Liver cytochrome 
b5 mRNA

Erythrocyte 
cytochrome b, 
mRNA

86 96-97

r a

Figure 45. Showing possible alternate splicing of a single rat 
cytochrome b^ gene using alternative exons and two alternative 
poly[A] addition sites to produce a liver protein of 133 amino 
acids and a truncated erythrocyte protein of 97 amino acids. Amino 
acid 97 would differ in the two exons and thus also the two mRNAs 
in most species. Open blocks indicate coding sequence, shaded 
blocks indicate 3* untranslated regions (3* UT ) and single 
horizontal lines indicate introns. The numbers indicate amino acid 
positions.
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T herefore, th e  cytoch rom e b_ gen e in th is in stan ce would u tilize  ao
com bination o f  c a s se t te  and a ltern a tive  polyadenylation  s ite  m echanism s to

produce tw o d ifferen t m RNA s.

A  sim ilar situation  is seen  in th e  im m unoglobulin ju gene which produces

m em brane-bound ( 1 1  ) and se cr e ted  ( u ) form s o f  IgM in early  B c e lls  and m s
m ature lym phocytes resp ectiv e ly . There are tw o ft sp e c if ic  exons, th e  m ost 

3’ o f which con sists  o f  just tw o am ino acids plus a stop codon, then  its  own 3’ 

non-coding region and poly [A] addition s ite  (Early e t  a l ., 1980b) as seen  below  

in Figure 46.

It is now known that two pre-mRNAs are produced from the 
IgM gene to give rise to the membrane-bound (pm) and 
secreted (jj§) forms of the protein. Regulation of 
expression of the IgM gene is, therefore, at the level of 
transcription termination. If the postulated mechanism of 
alternate splicing of a single rat cytochrome b5 gene 
(Fig. 45) is correct, it would seem likely that 
cytochrome b5 expression is also regulated in this 
manner.

- 154 -



IgM g e n e :

P V Cpl C)i2 C)x3 C)i4 ji 1 )x l̂

*
//t

Y A
V /

secreted ( u ) mRNA: s
P V C^lC)i2Cji3C}i4 >ig
TT TTT/

/

membrane-bound ( u ) mRNA: 'm

P V CjulC>a2Ĉ i3C)i4>iml>im2

Figure 46. Splicing patterns, for IgM and /ug mRNAs using 
different 3 ’ exons and polyadenylation sites. P is the signal 
peptide exon, V is the rearranged V exon and C/il - C/i4 are the 
constant regions. The alternate exons are with its 3 ’ non­
coding region and 1 and with their 3 ’ non-coding region.
The exon only contains six bases coding for amino acids. Open
blocks indicate coding sequence, shaded blocks indicate 3 ’ 
untranslated regions and single horizontal lines indicate introns.
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The m echanism s responsible for a ltern ate  sp lic in g  rem ain unknown,

although general theories have been  postu lated . When th e  d ifferen tia l sp lic ing

arises from  the use o f  tw o polyadenylation s ite s , th e  ch o ice  o f  one over the

other has b een  hypothesized  to  be due to tran s-actin g  factors .

S tud ies o f  the immunoglobulin ju gene shows correla tion  b etw een  the

len gth  o f  the Cju4 to  ju 1 intron and the ratio o f  u to  u  m RN A s. The ' ' m ' m ' s
shorter th e  intron, the m ore the poly[A] addition s ite  is  used (Tsurushita

and Korn, 1987; G alli e t  a l., 1988). Insertion o f  hom ologous seq u en ces restores

the co rrec t expression  showing that the spacing is c r it ic a l (G alli e t  a l., 1988).

It w as the d istan ce  betw een  the poly[A] addition s ite s  rather than th e  d istan ce

b etw een  sp lice  s ite s  which m attered  (Galli e t  a l ., 1988) w hich in d ica tes that

the ch o ice  o f  poly[A] s ite  is crucial to splicing. This is supported by

exp erim en ts which impair sp licing (Galli e t  a l. , 1988). R em oval o f  the

f j ^ l  sp lice  a ccep tor  s ite , or the jim sp lice  donor s ite  w hich p reven ts norm al

Cju4 to  Jim l  sp licing, does not increase ;ug RNA production. D e le tio n  o f  the

jli 1 exon w hich prevents Cju4/ j i^ l  and ju ^ l /pm 2 sp lic in g  a lso  does not resu lt

in in creased  ûg RNA levels . T herefore, there is no apparent com p etition

b etw een  a Cju4/ u l o r  ju 1 / u  2 sp lice  even t and se le c tio n  o f  the u ' ~m m ' m s
poly [A] s ite , as was suggested  by Tsurushita and Korn, 1987. The dom inant 

fa c to r  in transcription  seem s to be poly[A] s ite  s e le c tio n  w ith  sp lic ing  

occuring a fte r  th is se lection . This is  con sisten t w ith th e  fa c t  th at generally , 

polyadenylation  is  thought to p receed  sp licing (D arnell, 1982; N evins and 

D arnell, 1978; Lai e t  a l., 1978). The ch o ice  o f  poly [A] s ite  would probably  

involve a tran s-actin g  poly[A] s ite  factor .

The ca lciton in /C G R P  gene, how ever, seem s to  show th at exon sp licing  

d ic ta te s  expression  rather than polyadenylation. This gen e  is  develop m en ta lly  

regu lated  and th e  protein products c e ll-sp e c if ic , resu ltin g  in th e  CGRP  

protein  in neurons and the calciton in  protein  in thyroid ’C’ c e lls  (Fig. 47).
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C a l c i t o n i n  gene:

common coding exons calcitonin CGRP exons
exon

Primary transcript:

AATAAA AATAAA

Mature mRNAs:

Thyroid ’C ’ cells Hypothalamus
CALCITONIN CGRP

1 2 3 4 1 2 3 5 • 6

Figure 47. Splicing patterns for calcitonin and CGRP mRNAs using 
different 3 ’ exons and polyadenylation sites. The alternate exons 
are exon 4 or exons 5 and 6 with their 3 ’ non-coding regions. Open 
blocks indicate exons and horizontal lines indicate introns.
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The poly[A] s ite  se lec tio n  does not seem  to  be regu lated  in its e lf .  

Expression o f  exons 4, 5 and 6 in d ifferen t c e ll- l in e s  does not show the poly[A l 

s ite  sp e c if ic ity  seen  w ith the whole gene (L eff e t  a l., 1987). The theory  

p ostu lated  is th at there is a neuron-specific  fa c to r  w hich com m its th e  sp licing  

o f  exons 3 to  5 by inhibiting the use o f  the ca lc iton in  poly[A] s ite . B- 

lym phocytes, which have no "splice com m itm ent m achinery", cause  

polyadenylation at the ca lciton in  s ite  (L eff e t  a l., 1987). A  gen e  w ith  a 

m utant ca lc iton in  poly[A] signal tra n sfec ted  into c e ll  lin es which norm ally  

favour ca lc iton in  production do not show sp licing o f  exons 3 to  4 (for  

calciton in) or exons 3 to  5 (for CGRP) (L eff e t  a l., 1987). R em oval o f  

sequence from  the ca lc ito n in -sp ec ific  3’-sp lice  junction  and its  rep lacem en t  

with a heterologous sp lice  accep tor showed th at th ere  could  be a c is -a c tin g  

elem en t near the ca lciton in  accep tor s ite  which inhibits th e  form ation  o f  

ca lc iton in  RNA in CGRP producing c e lls  (Em erson e t  a l ., 1989). T h erefore, 

there appears to be regulation by c is-a c tin g  sequ en ces to  which tran s-actin g  

factors m ay bind. It seem s that both sp lice  s ite  and polyadenylation  s ite  

se lec tio n  can be responsible for th is kind o f RNA processing .

If the cytochrom e b proteins arise from  a sin g le  gen e  by d ifferen tia l  

processing as suggested , e ith er  m odel o f  m RNA expression  could  explain  the  

outcom e.

It is necessary  in the future to  determ ine w hether th ere  are one or tw o

genes coding for cytochrom e b_ from  genom ic Southern b lo ts  and theo
com p lete  intron/exon structure o f  the cytochrom e bg gene(s) from  genom ic  

clones. A ltern atively , i f  cytochrom e bg cD N A  c lon es can be iso la ted  from  an 

erythroid c e ll library, th is m ay answer the question.

If there are tw o gen es coding for cytochrom e bg th e  m echanism  o f  the  

developm ental "switch" needs to be elucidated . Equally, i f  th ere  is a single  

gene coding for cytochrom e bg, the possib ilities  o f  c o -  or p ost-tran scrip tion al 

change and d ifferen tia l splicing w ill need to be in vestiga ted .
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APPENDIX: SEQUENCE DATA FROM RAT CYTOCHROME b5 GENOMIC CLONES

[ I ] Genomic c lo n e  Rqb^4 -  su b c lo n e  4 .1 0  ( 870bp EcoRI 
fr a g m e n t): 363bp o f  seq u en ce

5' ATACACAGAGTCTTTACATCAGATGAAGAG(A)AGCATGTCTAGAGTCACGCTGTA 
CATCTGAATGCAGCTTCTTT(G)ACTCTGATGGCTGACTGACTAATAAGCTAACCTCTC 
N(T)TAGCTCATCTG(C)C(G)TAN(A)GA(N) ( T)TAGTANTCATGCAACCTGTTC

c/oC
43

(T)TTAAACAG CAT CCT GGT GGG GAA GAA GTC CTA AGA GAG CAA GCT 
GGG GGT GAT GCT ACT GAG AAC TTT GAG GAC GTC GGG CAC TCT ACG

|- S a c I - |
GAT GCA CGA GAA CTG TCC AAA ACA TAC ATC ATC GGG GAG CTC CAT

b io i
85

CCA GTAAGTCATTTCTTGGGGAAATTGCTTCTTCTCTTCCAAGGCTNTTTGACATTGG 
GAAGTCTAAATTGATTTAGAATATTTCATTTGAGACAGGCTCTCAGT (AA) CTAGCC 
(C)GGTG(G) 3 ' . . .  EcoRI

m u lt ip le  c lo n in g  s i t e

[ I I ]  Genomic c lo n e  Rqb,.4 -  su b c lo n e  4 .1 0  ( 870bp EcoRI 
fr a g m e n t): 243bp o f  seq uence

EcoRI . . . 5 '  CTCCAGGTCTCATCACTGGTTGTACATCAT
m u lt ip le  c lo n in g  s i t e
AGACTCATGGCTTCCCTCTGTATTAACAATGAACTGGAGCATCTTGGAGGACTGAAATG 
ACTCTTCGAAGGGAAAGATTCTTCCTGCCGACCTGTGCGCTCGCTCCCTCCCTCCCCTC 
CCCAGATATTTCTGACTGTACGGACACAGTTACTTACA (T) TTCTCTAGAAAGAGATTC 
GGGCCTAGCCTGGCTTCCACTATCAGTTGTTGTGTCTGCTGACA 3'
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[ I l l ]  Genomic  c l o n e  Rqb .̂ 1 -  s u b c l o n e  1 . 3  ( 1 .  l k b  S a c I
f r a g m e n t ) :  386bp  o f  s e q u e n c e

m u l t i p l e  | - S a c I - |

5 '  c l o n i n g  GAGCTC TCTGTGTAAACTCCGTCCAAGAAGATAGAAGGAGAGCA 

s i t e

CTGTG( A ) TTAGTTTTCT( C )ATGGTGACAGCAGGGAAGAGTAGCGAGCGGGAGCACAC 

TAGGCGCCTGCATTGCTGCACATGAGAGCATTAGCAAAACTGAGCCAT( C ) CTTTTAGC 

CAAAGAGGTTCTAGAGGTAAGGAAAATATGCTGTGGTAGTTTTCCATCAGATGGGGTGC
oC<X cX,

107 108
GGTCTCTGCACTGAGGTTCACTCAAACAACTCTTTGCTCATGTGTCTT( T ) CTAG T TGG 

TGG ACC AAC TGG GTG ATC CCA CGC ATC TCA GCC CTG GTG GTA GCT
oQX

133 T e r
CTG ATG TAT CGC CTC TAC ATG GCA GAA GAT TAACCTGTCTGTCCGAAGC 

CAAGGAAGGAAAAGAC TGC C 3 '

[ IV ]  G en o m ic  c l o n e  R qbc 1 -  s u b c l o n e  1 .2  ( 1 . 6 kb  P s t l /B a m H I  

f r a g m e n t ) :  4 9 7 b p  o f  s e q u e n c e

3 '  GAAGTATCTGCTGAGTATAGGTGAGAGGTGCTCAAAATGCAGCAAGAAC 

( T ) CAGCTTNTTTCCTTGCTCTC( T ) CAGTAGAGAGGCGCACACAGCGG( C ) TG 

ANTTCTCTGA( G ) GTTGCAATGACTGCA( T ) T ( G)GACAGTNATGNNCNGTTTC 

AGTGCGTAATATGCAGTGATCCTACAGTGTGAGCACAAATGCCCTGATTACTCC 

AGCTCTCACCCAGTGCTGGG(A ) AAAAGGCCTGTCTGTGCCTCCCCACGCACAG 

NAATTGCACTTCTGTTTTCTGCTGTTGAAAACAAAGGGCANACTTAACATAGTG 

ATAGTAATGTGTCACAAAGATTTAAAAAAAAAATGGTGGCCTAGAATTTGAATG 

CTGTGTGTGACCATTGCTCAGAACGCGACTTTATCTTGTGGAGCACCGATTGTC 

CCCTCAAAGTCTGTCAGAGAAAAGGTTTGGGTCCTGTCCTCTTAGGTATTAGTA

| - P S t I - |  m u l t i P l e  
TGTAATGGTTTTGTTGTAAGTCAC CTGCAG c l o n i n g  5 '

s i t e
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[V] Genomic clone Rqb^l - subclone 1.2 (1.6kb Pstl/BamHI
fragment): 379bp of sequence

m u lt ip le  |-Bam H I-|
5 ' c lo n in g  TGATCC ACTCTAAACTTTGGGACTGTAGATGGAAATGCTTCTTT 

s i t e
TTTTTTTTTTTTTTTTTAAGATTTATTTTATTCCATATGAGTACACTGTGGCTGTCTTCA 
GACAACACCAGAAGAGGGGATCAGATCTCATTACAGATGGTTGTGAGCCACCATGCGGTT 
GCTGGGGATTGAACTGGAAGAGCAGTCAGTGCTCTTAACCGCTGAGCCATCTCTCCAGCC 
CGGAAATGCTTCTTTGTTCCTAACTCTACTGTTAATTTTCAAACCACATGGATCAAATTT 
NNTTT (T) AACTTTGCTGAATGC (C) TATGCTAATCATTGAATAGTAATTTCAATTCTCA 
GTACACGCAGCTTTTGGAAATGAGAC(C)TTCACACA(T)GTCT 3'

[VI] Genomic c lo n e  Rqb^ l -  su b c lo n e  1 .3  ( 800bp S m a l/P stI  
fr a g m e n t): 164bp o f  seq u en ce

cxtoc oC°c
96 107

5' TGGTGTTCCAG GAA ACC CTT ATC ACT ACT GTC GAG TCT AAT TCC AG
GTNAGGCAGTCGCTGTCTTTTTTGTTTCGCTTCTT(N)GGTTGCTGTGTTTTGAGTCNA
AGGCTCTTGGAGGGTTCAGGAGCC(N)AGAGCTGCATGGCGCCTGCTG(N)TGTTGA(C)

|-S m a l- | m u lt iPl e  
CCCGGG c lo n in g  3'

s i t e

[V II] Genomic c lo n e  Rqb .̂1 -  su b c lo n e  1 .3  ( 800bp S m a l/P stI  
fra g m en t):  153bp o f  seq u en ce

5' m u lt ip le  | - P s t I - |
c lo n in g  GACGTC AAACC(N)A(A) CCAAACCCACATACGTAAAAAGTACCAG
s i t e

AAGTACTCTTCCCGACACGATC(T)GTACGACCTTCCATCGTGTCTCAACCAATCCGTCT 
CGCCAAAGACTCAATTAGCCCAGAAGGACCAGGATGCCACTCAATTCCTCGA(N) 3'
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[ V I I I ]  Genomic c l o n e  Rgb  ̂1 -  s u b c l o n e  1 .2  ( 870bp  A l u l
f r a g m e n t  f ro m  1800bp  P s t I  f r a g m e n t ) :  450bp  o f  s e q u e n c e

5 ' AATTGCATTACTTGCTGAATGCCTTAGCTAATCATGATAGTAATTCAATTCTCAGTA 

GACGTCAGCTTTTTGGAAATGAGACTTTCACACTAGTCCTTTGACTCTTAATGCCAATTC
oCpX.

86 95
CCTTTTTTATCCCTTACAG GAT GAC AGA TCA AAG ATA GCC AAG CCT TCG

GTAAGTTTGTCCAAGTATCACAAAGGAGTGGTGGATAGAGGTAACTATGTATCTACATTG

TATGTANACATGTCAAAATGGGGCAAAGGCACAGCCTACACAGATCTTTCTAGAGAAGGG

GAATATGTAACGTATTGGTTTNAAAANTTAGTTTGGA( C ) GTTTTTTGTTTGTTCAGGTT
TTTTTTACTCGTCCACGTGCTTTTGANNNAGTTTGTATGTTACTGTGTAGAACAGAAGTA

| - A l u l - |  m u l t i p l e

TTACTCTTTTTAAACATGATAATTATCAATAAATAAATCCAGATAG c l o n i n g

s i t e  3 '

[ IX ]  G en o m ic  c l o n e  R gb ,-1 -  s u b c lo n e  1 .2  ( 8 7 0 b p  A lu l  f r a g m e n t  

f ro m  1 8 0 0 b p  P s t I  f r a g m e n t ) :  4 3 0 b p  o f  s e q u e n c e

m u l t i p l e  | - A l u l - |

5 '  c l o n i n g  CTGGAGTAATCNGGGCATTTGTGCTCACACTGTAGGATCACT

s i t e

GCATATTACNCNCTGAAAACAGCNGTGGCTNNCAATNGACTGTCCAGCAGTCATGATCAC 

TGCATATTACNCNCTGAAAACAGCNGTGGCTNNCAATNGACTGTCCAGCAGTCATTGCAA 

CCTCAGAGAAGCTGGCTGTTCTCATAAATTCTTACTCTAGATTTAATGAGCAAATCTGGG 

CGAGAAGGTCAGCTATCTGGATTTTATTTATTGATAATTATGATGTTTAAAAAGAGTCAA 

TACTTCTGTTACAAAGTAACATACAAACTCTCCTCAAAAGCACGTGGACGAGTAAAAAAA 

AACCTGAACAAAGAAAAAACTCCCAAACTAANCTTTTGCAAACCAATACGTACATAT ( T ) 

CCCTTATCTAGAAGATCTGTGT(A ) GGCTGTGACCTT( T ) GCCCATTTGACAGTGCTACA 

TACANNGATCTGTACTCTATCACACTCTTGGTCTG 3 '
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[X] Genomic c lo n e  Rgb -̂2 -  800bp S acI fragm en t: 380bp o f  
seq u en ce

m u lt ip le  | - S a c I - |
c lo n in g  GAGCTC TTAATGTTTTTGCAAAGAACCCAAGTTCAGTTCCCAGCACT
s i t e
GATATTAGGTGGCTCAGAAAAGCCCAGTAACTGGTTCGTGGGTATCTGCTGACCTTCTTCT 
GGACCCCGAGAGCAATTGCACTCTTACATATGCAAGCTAC (AC) CGATTGAAAATTATTAA 
AAAGAACATATATTTTGAAGTAGAAGAAAA (A) TTCTTTTAGCTTACATATTTTATTCATC 
CATGCCTGTGCAGAGAGTGATGATACATTTTGTTGCAGGTGTTGGGGATGATAATGCGAAC 
AAAGCAGGAAATT (G) C TC TT C C AC AT GC AGTGC AAC T AGAGAAAGGAT C C AT AAC AT AGA 
GTAAATNTTCTAGA

[XI] Genomic c lo n e  Rgb^2 -  800bp S acI fragm en tt 468bp o f  
seq u en ce

m u lt ip le  | - S a c I - |
c lo n in g  GAGCTC TTGCAGTTCCATGCTACTTGGCTTTTGACAGTGGT (N) GAAGGA
s i t e
A (T) GCCTGAGAAGAGTT (C) CAGAACCATAATGGTCCGT (T) CCTCATTTTCTTCTGTGC 
CCTCTTTGCTACCTCAGCTTTGTCCCCTCTGGCTTGTATGCTGTTCCTTGAGCAATAAA 
(A) CTGGATTCTCCCTCACCTGCACTGAAATTCCTCTCGTGAGAAGACTGCTCATCAGCTG 
TGCCTGTGGTCGATCGAG (G)C(C) TCGATGCTCTGCGTATGTCATTCTGATTG ( C) AGGC 
CACATACTCCTGCTGAGAGTGCATGTATGCGCTGCGTATATAGCAGGTGTATCTCGAGTNG 
CTGTCTCTATGCGCGCTGTGTCTCTAATAACTACC (C) TATGTT (T ) GAA (A) GA (A) T 
(C) TGC (G) ACAACCTATGTCTCTGACTGACC (C) TTACTTACAGTCATG (G) CCCCTACC 
CCCCTCGGG(G)ACGACCAGCACTCTCTCAGG(T)AAA(A )G
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