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SUMMARY

T his thesis describes stud ies of th e  s tru c tu re  and o rgan isa tion  of th e  O li-2 region of the  
m itochondria l genom e from  wild type , d rug  res istan t (01i2 . O ssl ) an d  mit s tra in s  of 
the yeast Saccharom yces cercvisiac  . In ad d itio n  a tte m p ts  have been  m ade to  identify 
the locus of cy toplasm ic, nonm itoch ondria l m arkers ( V E \  , TE T  , Rh& G*), to  drugs 
which affect m itochondria l energy m etabolism .
F irstly , a fine s tru c tu re  genetic m ap of th e  Oli-2 region of the m ito ch on d ria l genom e has 
been generated  by p e tite  deletion  m apping. Tw o mit m uta tions (pho8  and pho9) have 
been m apped upstream  an d  one mit m u ta tio n  (m it-175) has been m app ed  dow nstream  of 
the 01i2 locus (C hapter-2). A problem  w as identified regard ing the effect of a  nuclear gene 
( kar-1) on  the copy num ber an d  tran sm issio n  o f p e tite  (p ) m ito ch on d ria l genomes 
I C hapter-3). T o  circum vent th is  problem  the  relevent portions of th e  m itochondria l DNA 
l m t-D N A ) from  various m u ta n ts  of th e  Oli-2 region have been clo ned  in a  m ulticopy 
plasm id. p.AT 153 of E. coll, for th e ir  am plification  and  p ropagation  (C h ap te r-4 ).
T he cloned DMAs have been sequenced using the  single s tran d ed  phage, M 13 as a 
sequencing vector. A sequence of ab o u t 4000 bp. s ta r tin g  from the C arb o x y l term ina l end 
of cytochrom e oxidase su b u n it-1 (Oxi-3) to  1500 bp dow nstream  of 01i2 has been 
sequenced. T hree m ain read ing fram es have been identified in th is  s tre tc h  of the  DNA 
segm ent. T he m u ta tio n s  (0/i'2 , O a  1 ) leading to  th e  resistiv ity  to w ard s  th e  drugs oli- 
gom ycin and  ossam ycin have been located  in th e  read ing fram e for sub u n it-6 . T he mit 
m u ta tion  (pho9) has been found not to  lie on  the  s tru c tu ra l gene for su bu n it-8  which is 
located upstream  of the  gene for su b un it-6 . It is assum ed th a t th e  m u ta tio n  is possibly 
located in th e  intergenic regu la to ry  region of the  genes. A p u ta tiv e  read ing  fram e has 
been identified dow nstream  of su bu n it-6  reading fram e, which could be th e  possible site 
for the  genetic locus, m it-175 (C hap ter-5 ).
Models for the  secondary  and te r t ia ry  s tru c tu re s  o f subun it-6 , su b u n it-8 , and subun it-9  
have been proposed on a  theore tica l basis using hydrophobic ity  p lo ts an d  a modified C hou 
and F asm an  m ethod (C hou & F asm an, 1978). Suggestions as to  th e  m echanism  of inhibi
tion of ox idative phosp hory la tion  by oligom ycin and ossam ycin have been m ade on the 
basis of these models. T he p resen t s tud ies also ind ica te  th a t su b u n it-8  has s tru c tu ra l 
analogies to  subun it-b  of E. colt A T P  sy n th e tase  (C hapter-6).
An a tte m p t has also been m ade to  iden tify  a cy toplasm ic cand ida te  for nonm itochondrial, 
cy toplasm ic genetic m arkers (P£,V R, T E T R, R h6G R ) w ith  special em ph asis  on stud ies of 
the 3 p  plasm id (C hapter-7). It has been d em on stra ted  th a t  the 2 p  p lasm id , or dsRN A s 
found in th e  cy toplasm  are no t th e  b earer of these genetic m arkers. In sp ite  of the  fact 
th a t  the 3 p  DN’A species under inv estig a tio n  has an insertion , no  evidence has been 
obta ined  th a t  th e  3 p  p lasm id co n ta in  th e  above m arkers. The ex isten ce  of a high molec
ular w eight plasm id in th e  cy top lasm  of S. cercvisiae has also been d em o n stra ted .
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C H A P T E R  - 1

G E N E R A L  I N T R O D U C T I O N

1. M i to c h o n d r ia :  p o w e r  p l a n t  o f  liv in g  ce lls

M itochondria  are  called th e  pow er p lan ts  of living cells because m ost of the  en ergy  in a 
living cell w ith th e  exception o f the  p rok ary o tes  is p rovided by m itochondria . E nergy is 
produced in the  form  of A T P  by a process of aerobic m etabolism  called o x id a tiv e  phos
pho ry la tion . T he p a rtic ip a tio n  o f m itochond ria  in  aerobic m etabolism  in fact s t a r t s  with 
the  ox id ative  de-carboxy lation  o f p y ru v a te  (a g lycolytic p rod u ct of sugars) to  acety l-C oA  
which a re  fu rth er oxidised to  C 0 2 by a cycle called th e  tricarboxylic acid (T C A ) cycle. 
D uring th is  process, N A D  ' m olecules are reduced to  N A D H .T he NADH m olecules are 
reoxidised to  NAD and, in th e  process electrons are transfe rred  through a re sp ira to ry  
chain and  genera te  a p ro to n  g rad ie n t across th e  m em brane. A t the  end of th e  process, a 
m u ltip ro te in  enzym e called A T P  sy n thase , pum ps these p ro tons th rough  i t s  in ter
m em brane com plex channel to  i ts  ca ta ly tic  site  w here th e  p ro ton s (H  ) fac ilita te  th e  reac
tion  of ADP m olecules w ith  inorganic ph o sp h ate  ( P j  to  produce A T P (M itchell, 1961, 
1966, 1979a, 1979b).

T he cen tra l in te rm ed ia te  in m itochond ria l m etabolism  is acetyl-C oA  which can  n o t only 
be derived from p y ru v a te , b u t also from th e  ox id ation  o f fa tty  acids and am inoac ids. The 
enzym es required are all located  in the  m a trix  of m itochondria . T he re la tio nsh ip  am ong 
the  m a jo r ox id ative  pa thw ay s o f m itochond ria  and th e ir  u ltim a te  connection to  th e  term i
nal A T P  genera tin g  p ro to n  pu m p  is ou tlined  in  Fig. 1.1.

2 . M i to c h o n d r ia  a s  s e m i- a u to n o m o u s  o rg a n e l le s

T he biochem ical reac tions ou tlin ed  in the  earlie r section  underline the  fact th a t  i t  requires 
a considerable num ber of p ro te in  products: som e are soluble ca ta ly tic  enzym es w hile  o th 
ers are m em brane in teg ra ted  s tru c tu ra l p ro teins which m ay also have ca ta ly tic  functions. 
However, m ost of these pro te in s (abou t 95% ) are tran sp o rted  from  the  cy to p lasm  where



F ig u re  1 .1 . T he relationsh ip  am ong the m ajor oxidative pathw ays of m itochondria  and 
the ir u ltim a te  connection to  th e  term inal A T P generating  p ro to n  pum p (th e  A T P syn
thase or the  O .S .A T P ase  or th e  Complex-V). For details See Nicholls (1982). I, II, III, IV, 
and V are various resp ira to ry  com plexes found in the m itochondrial inner m em brane (See 
Hatefi e t al, 1962; R acker, 1979). 1, NADU - UQ oxidoreductase; II, S uccinate dehydro
genase (succinate UQ reductase); III, U Q //2 - C ytochrom e c reductase ( cy tochrom e 6c, 
complex; IV, C ytochrom e c oxidase; V, A T P synthase or the O .S .A T Pase.
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they are synthesised  under the  d irec tion  of nuclear coded D N A . A sm all (abou t 5% ) b u t 
significant am oun t are  coded by m itochondria l DNA (m t-D N A ), w hich contro ls the  whole 
m achinery of resp ira tio n , electron  tra n s p o r t  and ox idative p h o sp ho ry la tion  inside m ito
chondria. The m t-D N A  does no t only provide the  in fo rm atio n  for these  polypeptides of 
the  inner m em brane b u t also possesses its  ow n m achinery (rR N A s, tR N A s) to  synthesize 
them . T his au ton o m y  contro lled  by th e  tra n sp o r t  of som e o th e r  fac to rs  which are nuclear 
coded cy toplasm ic pro te in s has m ade the  organelles sem i-au to nom o us. T he ex ten t of 
au tonom y can be b est und erstood  by th e  s tu d y  of the  m itochond ria l genom e itself.

3. T h e  m i to c h o n d r ia l  g e n o m e  a n d  i ts  d iv e r s i ty

The m itochondrial genom e or m t-D N A  is clearly  d is tingu ishab le  from  th e  nuclear genom e 
by its s tru c tu re , size, shape and base com position . T he genom e is highly A + T  rich and 
the buoyant density  is lighter th a n  th a t  o f nuclear DNA. It does no t form  a nucleo-histone 
complex (or nucleosom e) and w ith  th e  exception  of c ilia tes form s circu lar, superhelical 
s tru c tu res . However, s tu dy  of th e  m t-D N A  from  various o rgan ism s stud ied  so far, have 
little  in com m on. T ab le  1.1 sum m arises som e of the  fea tu re s  from  various phylogenetic 
groups. For fu rth e r  de ta il, th e  reader can  co nsu lt the  review s: G illham , 1978; G ray , 1982; 
G ray & D oolittle, 1980; W allace, 1982; E vans, 1983; and D u jon , 1983. Briefly, m etazoan  
m t-D N A s are sm aller and circu lar w ith  a  size of 15-16 k ilobase pa ir (K bp). Fungal m t- 
DNAs are circu lar w ith  variab le  sizes (18 K bp - 78 K bp) (exceptions: H ansenula mrakii, 
W esolowski & F u k u h a ra , 1981; C andida rhagii, K ovak et al, 1984); p lan t m t-D N A s are 
heterogenous and m ay, or may not be c ircu lar and size varies  from  95 K bp to  ab o u t 200 
K bp. M t-D N A  of Saccharom yces cerevisiae, which is und er in v estig a tion  in the  present 
study , is a circle o f ab o u t 25 p. in co n to u r len g th  corresponding  to  a  m olecular w eight of 
ab ou t 75 K bp (H ollenberg et al, 1970). T he following section  describes the  m t-genom e of 
the yeast S.cerevisiae.



- 4 -

TABLE 1.1. Size and Shape of Mitochondrial DNAs

Organisms from 
Various Taxanomic 
Categories Shape Length

(Aim)

Molecular

(daltons) 
x 106

weight

(Kbp) References

PROTOZOA
Acanthamoeba castellanii Circular 12.7 26 38 Bohnert and

Leishmania terantolae Circular 9.9(max i) 20 60
Herrmann (1974) 
Borst & Hoeijma

Paramecium aurelia Linear

0.28(mini) 0.56 

13.8 30-35

1.7 

* 42

-kers ( 1979); 
Challberg and 
Englund (1980) 
Goddard and

Plasmodium lophura C i rcular 10.3 21.5 32
Cummings (1975) 
Kilejian (1975)

Tetrahymena pyriformis Linear ' 15 ' 30 * 45 Goldbach et al

Trypanosoma mega Circular 9.0(maxi) 16.1 27
(1977)

SLIME MOLDS 
Physarum polycephalum Circular

0.74(mini) 1.49 

19.1 41

2.2

57.3

Borst & Hoeij- 
makers (1979)

Bohnert (1977)

FUNGI
Yeasts
Brettanomyces anomalus Circular 18.2 ' 38 ' 54 Clark-Walker &

Brettanomyces custersii * 34 ' 71 10.2
McArthur (1978) 
Clark-Walker et

Candida parapsilosis Circular 11.1 23.1 33
al. (1981b) 

O'Connor et al

Candida rhagii Linear 10 15 30
(1975)

Kovac et al.

Hansenula mrakii 

Hansenula wingei

Linear

Circular 8.2

36.4

17.3 ' 25

(1984)
Wesolowski and 
Fukuhara (1981) 
O'Connor et al.

Kloeckera africana Circular 8.3 * 17.5 ' 25
(1975)

Clark-Walker &

Kluyveromyces lactis Circular 11.4 24.0 ' 34
McArthur (1978) 
O'Connor et al.

Saccharomyces cerevisiae Circular 21-25 46-52 70-76
(1975)

Gillham (1978)

Saccharomyops is Circular ' 14 ' 29 ' 42 Wesolowski et
lipolytica 

Saprolegina sp. Circular 14 28 42
al. (1981) 

Borst & Flavell

Schizosaccharomyces pombe Circular 6.0 12.5 18
(1976)

O'Connor et al

Torulops is glabrata Circular 6.0 12.8 18
(1975)

O'Connor et al
( 1975)
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Organisms from 
Various Taxanomic

Molecular weight

Categor ies Shape Length
(um)

(daltons) 
x 104

(Kbp)

Filamentous fungi 
Aspergillus nidulans Circular 10-10.6 20-21 * 32

Neurospora crassa Circular 18-22 41 * 54

Podospora anserina Circular 31 61-63 95

METAZOA

Nematoda
Ascaris lumbricoides Circular 4.8 ' 10.1 ' 15

Crustacea 
Aretemia salina Circular 5.1 ' 10.7 ' 16

Insecta
Drosophila melanogaster Circular 6.2 12-35 18

Echinodermata 
Lytechinus pictus Circular 4.7 ' 9.9 ' 15

Pisces
Carrassius carrassius Circular 5.4 ' 11.3 ' 16.5

A m p h i b i a  
Xenopus laevis Circular 5.8 ' 12.2 ' 18

Rept ilia
Terrapene ornata Circular 5.3 * 11.1 ' 16.5
Aves
Gallus domesticus Circular 5.4 " 11.3 ' 16.5

Mammalia 
Bos sp. Circular ' 5.2 ' 10.9 ' 16.3

Homo sapiens Circular * 5.2 ' 10.9 ' 16.3
ALGAE
Chlamydomonas reinhardtii Circular 4.5 9.8 ' 15

EMBRYOPHYTA 
Monocot yledoneae 
Triticum aestivium Circular 1-30 140-200

1

References

Lopez-Perez & 
Turner (1975) 
Bernardi et 

al. (1975) 
Cummings et 

al. (1979)

Flavell(1976)

Borst and 
Flavell(1976 )

Wolstenholme
(1976)

Flavell(1976)

Borst and 
Flavell(1976)

Borst and 
Flavell(1976)

Borst and 
Flavell(1976)

Glaus
et al (1980)

Anderson 
et al(1982) 

Brown et al. 
(1979)

Mahler and 
Perlman(1979)

Bonen & Gray 
(1980);

Quetier and Vedel 
(1977, 1980)
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TABLE 1.1 Contd.

Organisms from Molecular weight
Various Taxanomic ________________
Categories Shape Length

(Aim)
(dal tons) 

x 106
(Kbp) References

Zea mays 

Dicotyledoneae

Circular 0.5-30 ' 300 570 Ward et al. 
(1981) ; Lonsdale 

et al (1984)

Brassica oleracea Circular 20-30 217 Chetrit et al 
(1984)

Glycine max Circular 5.9-29.9 150-240 Synenski et al 
(1978 ) ; Levings 
& Pring (1979)

Oenothera berteriana Circular ' 31 " 66 Brennicke

Parthenocissus

Linear 

Linear &

' 22 ' 45 (1980)

tricuspidata Circles 5-30 60-165 Quetier & Vedel 
(1977, 1980)

Pisum sativum C i rcular 5-30 ' 231 Kolodner and 
Tewari (1972); 

Ward et al (1981)

Solunum tuberosum Linear ' 100 Vedal and 
Quet ier(1974)

Vicia faba Circular ' 70 Kolodner and 
Tewari (1972)
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4. T h e  m i to c h o n d r i a l  g e n o m e  o f  Saccharom yces cerevisiae

Over th e  p a s t  fifteen years, the  m itochond ria l genom e of the  b a k e r’s y east S. cerevisiae, 
has a t tr a c te d  a  g rea t deal of a tte n tio n  from  m any m olecular b iologists and m olecular 
geneticists, for in tensive studies. T h is  is p a rtly  due to  th e  well know n genetics of th is  
yeast species an d  p a rtly  due to  th e  ease w ith  w hich various types of m u ta tions  in th e  m t- 
DNA could be iso lated  (G illham ,1974). Being a  facu lta tiv e  anaerobic organ ism , it can  live 
on n o n -fe rm en ta tiv e  m edia (glycerol, e th ano l o r T C A  cycle in te rm ed ia te s), while its  m t- 
DNA is fu n c tio n a l. In th e  case of m itochond ria l m u ta tio n s  it can  survive on ferm en ta tive  
m edia such as  glucose. T herefore, i t  would be useful to  consider briefly the  various types 
of m u ta tio n s  iso la ted  in  S. cerevisiae  and th e  m ethods w hich have been em ployed to  m ap 
these m u ta tio n s  genetically  and physically  on th e  m t-genom e. It is, how ever, w orth  m en
tioning th a t  th e  various m u ta tio n s  an d  the ir localisa tion  on m t-D N A  by genetic and phy
sical m app ing  has d em o nstra ted  th a t  w ith in  th e  various s tra in s  o f S. cerevisiae, th e  size 
of these genom es m ay vary  from  a  leng th  of 70 K bp (S hort form ) to  ab o u t 76 K bp (Long 
form) (P ru n e ll e t al, 1977; Sanders et al, 1977; M orim oto  & R abinow itz, 1979).

I. M itoch o n dria l m uta tio ns:

All types o f m itochondria l m u ta tio n s  isolated from  S. cerevisiae  can be broadly  divided 
in to  five m a in  types: p e tite  m u ta tio n s , drug re s is ta n t m u ta tio n s , mil m u ta tions , syn 
m u ta tion s  an d  m im  m uta tions. In th e  following p a rag rap h s  th e re  is a b rief descrip tion  of 
each typ e  o f m u ta tio n  ob ta ined  from  S. cerevisiae. For de ta ils  the  read er is referred to  
reviews by B o rs t & G rivell (1978); D u jon  (1983).

(a) P e tite  m u ta tio n s

P e tite  m u ta tio n s , first described by E phrussi et al (1949) were th e  first cy toplasm ic m u ta 
tions to  be show n associated  w ith  m t-D N A  or th e  so-called rho-fac to r (p). They resu lt 
from the  larg e  deletions of g rande m t-genom e an d  lead to  a  non revertib le  resp ira to ry  
deficiency (L ocker et al, 1974, F ay e et al, 1973). A p e tite  m igh t lose all of its  m t-D N A  
which is te rm e d  as p° or, may have a  p a rt  of th e  grande genom e (hence called p ) w hich is
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am plified to  th e  ex ten t of w ild  type genom e (F u k u h a ra  Sc W esolowski,1977). T hese p 
pe tites  are useful to  b iochem ists and m olecular biologists for th ree reasons. F ir s t ,  
am plification  of residual m t-D N A  sequences p rov ide a useful source of a  sm aller seg m en t 
of g rand e m t-D N A  in large q u a n titie s  for variou s typ es of m olecular analysis, hy b rid iza 
tio n  analysis, DNA sequencing analysis e tc . Secondly , by having a defined portion  o f th e  
genom e which can  be tra n s m itte d  to  fu rth e r  genera tio n s w ith ou t m ajor errors, they p ro 
vide a  system  to  u n d erstan d  th e  m olecular m echan ism  of replication , recom bination, gene 
regu la tio n  on iso lated  segm ents an d  th e ir  co n trib u tio n  to  the  to ta l function of the  m t-  
genom e. T h ird , p e tite  m u ta n ts  due to  th e ir  ab ility  to  m a te  w ith  wild type cells (p x p ) 
and to  tran sfe r the  genetic m ark e rs  con ta ined  in th e ir  m t-D N A  to  the wild type p D N A , 
allow th e  ch arac te risa tio n  of th e  genetic ch a rac te r  o f the  m t-D N A  segm ent to  be re ta in ed  
(C arig nan i et al, 1979). p° s tra in s , on th e  o th e r h and , help to  locate any newly iso la ted  
genetic m arker on m t-D N A  an d  to  tran sfe r one m t-genom e of one pa rticu la r nuclear b a c k 
ground to  an o ther (by the  process of cy to du c tion ) while study in g  the  nuclear effect on  
specific m itochondria l m arkers  (L ancashire Sc M a tto o n , 1979a).

(b) A n tib io tic  o r in h ib ito r-re s is tan t m u ta tio n s

V arious an tib io tics  or in h ib ito rs  which im p a ir th e  m itochondria l function have been used  
to  s tudy  the  steps of com plex biochem ical reactions, such as electron  tran sp o rt and o x id a 
tive pho sp hory la tion  etc. (See Tzagoloff, 1982). M u ta tio n s  offering resistance against th e se  
an tib io tic s  or inh ib ito rs  provide a useful tool to  look deeper in to  the  m olecular m echan ism  
of those reactions. Such m u ta tio n s  are b road ly  of tw o  categories: those which block ox i
da tiv e  pho sp hory la tion  or e lec tro n  tra n sp o rt and those  which inh ib it m itochondrial p ro 
te in  synthesis. Based on these  m u ta n ts  ch loram phenico l(C ) (B unn et al, 1970), e ry th ro 
m ycin (E), Spiram ycin  (Spi) (L innane et al, 1968), an tim ycin -A  (A) (Schweyen et al, 1978), 
P arom om ycin  (P) (W olf et al, 1973, L innane and N agley, 1978), O ligom ycin (O) (A vner et 
al, 1973, A vner Sc G riffiths, 1973a, 1973b), O ssam ycin  (Oss) (H oughton et al, 1974; L a n 
cashire Sc M attoo n , 1979b), ven turicid in(V E N ), tr ie th y ltin (T E T ) (Lancashire Sc G riffith s, 
1975a, 1975b), etc. loci have been identified. T ab le  1.2 describes a  list of various d ru g s



TABLE 1.2. Antibiotic inhibitors of mitochondrial functions and the 
associated genetic loci on yeast mitochondrial genome (After Tzagoloff, 1982)

Ant ibiot ic Genetic locus Site of inhibition

Chloramphenicol cap
Erythromycin ery
Paromomycin par
01 igomyc in Olii, Oli 3

01i2, Oli 4
Ventur ic id in Ven
Ossamycin Ossi, 0ss2
Ant imyc in anal, ana2
Funiculos in fun
Mucidin mue
Diuron diu

Large ribosomal subunit 
Large ribosomal subunit 
Small ribosomal subunit 

ATPase 
ATPase 
ATPase 
ATPase

CoenzymeQH2_cytochrome c reductase 
CoenzymeQH2-cytochrome c reductase 
CoenzymeQH2_cytochrome c reductase 
CoenzymeQH2_cytochrome c reductase
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and an tib io tic s  w ith  th e ir  sites o f in h ib itio n  an d  associated  genetic loci on the  m t-DNA.

(c) m it~  m u ta tio n s

Tzagoloff et al (1975a, 1976) were th e  first to  iso late  an d  ch aracte rise  a useful category of 
m u ta tio n s  design ated  as mit . T hose m u ta tio n s  which affect a  specific region of the  mito
chondria l genom e and  im pa ir cellu lar re sp ira tio n  so th a t  the  m u ta tio ns  canno t grow on 
n on -fe rm en ta tiv e  carb on  sources (e.g. glycerol o r e th ano l) b u t re ta in  m itochondrial pro
te in  syn thesis  unlike p cells. T he m it~  m u ta tio n s  are o ften  revertib le  and resp ira tion  can 
be resto red  a fte r crossing to  a p genom e possessing norm al sequences of the  affected area.

(d) Syn~  m u ta tio n s

Syn~  m u ta tio n s  are  specifically defective in  m ito ch on d ria l p ro te in  synthesis and norm al 
alleles of these m u ta n ts  are  essen tial for th e  m a in tenan ce  of th e  wild type ( p ) s ta te . 
T hey  have been localised e ith er on  th e  rR N A s (D avenish et al, 1978; B olotin-Fukuhara,
1979) , tR N A s (D ujon et al, 1977) o r on  th e  tR N A  b iosy thetic  locus (M artin  & 
U nderbrink-L yon, 1979)

(e) M im  m u ta tio n s

A ty p e  o f m itochond ria l po in t m u ta tio n s  w hich suppress th e  mit phenotype, are term ed 
m im  m u ta tio n s . T hese m u ta tio n s  them selves do no t confer a  m u ta n t phonotype. A t least 
tw o loci for mim  m u ta tio n s  have been assigned.
M im -1  is located w ith in  the  large rR N A  gene and resto res th e  wild type phenotype of 

som e m it-m u ta tio n s , p robab ly  by decreasing th e  fidelity  of tran s la tio n  (D ujard in  et al,
1980) . M im -2  on  th e  co n tra ry , is a  locus w ith in  in tro n  4 of th e  Oxi-3 gene which can 
suppress th e  m u ta tio n  o f in tron-4  of th e  C ob-box gene, p robably  by ac tiva ting  an  o ther
wise d o rm an t m a tu ra se  (D uja rd in  et al, 1982). An ochre suppressor has also been 
discovered, which m aps near the  sm all rR N A  gene (Fox & Staem pfli, 1982).

II. M apping of m itochond ria l genes
M apping  of m itochond ria l genes has been acheived bo th  genetically  (genetic m apping) and
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F ig u r e  1 .2 . Physical and genetic m ap of the  m itochondria l genom e of th e  yeast Sac- 
i-haromyces cerevisiae. T h e  m ap has been tak en  from  D ujon (1983). R estric tion  m ap 
(inner circles) shown here is from  the  "long s tra in "  (KL14-4A). For com parison w ith  the 
sh o rt s tra in , see M orim oto  & R abinow itz  (1979). T h e genes have been placed on the 
genetic m ap (ou ter circle) on  scale w ith  respect to  re s tric tion s ites. T he references for 
various genes have been given in th e  tex t. exons, IT*«*» **l open read ing  ram es,

in trons.
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physically a t D N A  level (physical m apping). A co m bin a tio n  o f b o th  has led to  the  con
s tru c tio n  of th e  c ircu lar 76 K bp m ap  o f m t-genom e from  S. cerevisiae  which is show n in 
Fig. 1.2.

(a) G enetic m apping

T he high frequency of reco m bin a tion  in th e  m itochond ria l genom e poses the problem  of 
unam biguous location  of genes in  o rd er by classical reco m bin a tion  analysis (T hom as & 
W ilkie, 1968; L innane et al, 1972; D u jon  et al, 1974). T herefore, genetic  m apping of m ito
chondrial genes are done by the  frequency of co -re ten tion  an d  co -deletion  studies (Molloy 
et al, 1975; Schw eyen et al, 1976; Schw eyen et al, 1978). T h is  m e th od  allows the  genetic 
dem o n stra tio n  th a t  the  m t-genom e o f S. cerevisiae  is c ircu lar (M olloy et al, 1975). O ther 
m ethods like zygotic gene rescue (B u tow  et al, 1977; S trau sb e rg  & Butow, 1977) which 
involve genetic co m p lem en ta tio n  o f a  cross betw een a  mit (b u t p )  te s te r  s tra in  and a p 
s tra in  of a  defined m t-genom e, are  used ex tensively . A co m b in a tio n  o f both  co-retention  
and co-deletion s tu d ies  of a p e tite  genom ic DNA and th e ir  su bsequ en t cross to  a  (p ) tes
te r s tra in  w hich is som etim es referred  to  as p e tite  de le tion  m app ing , is a very powerful 
tool for genera ting  a  fine s tru c tu re  m ap o f a piece of m t-D N A  segm ent (C arignani et al, 
1979).

(a) Physical m apping

Physical m apping is achieved by an y  one o r a  com bina tion  o f th e  follow ing m ethods: 

i) R estric tion  d igest analysis

T he specificity of res tric tio n  enzym es (R o b e rts ,1981) enables g en e ra tio n  of an  ordered 
s tru c tu re  of fragm ents. Using a  co m b in a tio n  of res tric tio n  enzym es, a  restric tion  m ap of 
m t-D N A  from tw o  s tra in s  o f S.cerev isia e  (S hort form  and Long form ) has been obta ined  
(M orim oto  et al, 1977; M orim oto  & R abinow itz , 1979a,1979b)

(ii) H y brid izatio n  analysis

Using m t-D N A  from  a defined p e tite  as a  probe th e  re la tio n  betw een  th e  genetic m arkers
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ca rried  by various p e tites  could be analysed  by S o u thern  hyb rid iza tion  analysis (M orim oto  
et al. 1976; Sanders et al, 1976) T h is  could be re la ted  back to  the  wild ty p e  m t-genom e to  
c o n stru c t a de tailed  m ap (B orst et al, 1979).

L abelled  m t-RN A s could also be em ployed to  find o u t th e  location  o f a specific gene. 
tR N A s & rRN As were located on m t-D N A  by such m ethods (M orim oto  et at, 1978; 
S an d ers  et al, 1975).

(iii) In  vitro tran sc rip tio n  and tra n s la tio n  an alyses

T ra n sc rip tio n  and tran s la tio n  of m t-D N A  segm ents  in vitro  has been em ployed to  iden
tify  an d  iocate a p a rticu la r gene p ro d u c t on  th e  m t-genom e (M orim oto  et al, 1978; 
G rive ll & M oorm an, 1977).

(iv) EM  studies

H eterodup lex analyses including p a rtia l d e n a tu ra tio n  m apping and RN A -D N A  he terodu 
plexes under electron  m icroscope have been em ployed to  localise th e  s tru c tu re -fu n c tio n  
re la tio nsh ip  of a  p a rticu la r gene on th e  wild ty p e  m t-genom e (Bos et al, 1978; Faye et al, 
1979).

5 . Mitochondrial g e n e s

I. In Saccharom yces cerevisiae

M ost genes and the ir p roducts  identified in S. cerevisiae  have been show n in Fig. 1.2 and 
T ab le  1.3 on the basis o f genetic analysis an d  DN A sequence analysis from  various s tra in s  
of y e a s ts  ("long form " or "sh ort fo rm "). T h is  section , how ever, provides a synopsis of all 
these results. For de tails  see B orst & G rivell, 1978; M orim oto  & R abinow itz , 1979a, 1979b; 
D u jon, 1983; Evans, 1983).

(a) G enes for ribosom al RNAs (com ponen ts for p ro te in  syn thesising  m achinery)

In S . cerevisiae, the tw o rRN A genes, large rR N A  & sm all rRN A  genes a re  separa ted  by a 
leng th  o f about 25K bp DNA and they  are n o t co -transcribed , a phenom enon which is 
qu ite  com m on in  nuclear rDNA clu sters (S anders et al, 1975; B orst, 1977). C ontro lling  ele-
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T a b le  1.3 Gene and  Gene P roducts of Yeast M itochondria
M itochondrial

Complexes
Gene

P ro duc ts
Associated 

Genetic Loci
A pproxim ate Map 

Locations
Cytochrome c Subunit-1 Oxi-3 53-50
oxidase Subunit-II Oxl-1 13
(Complex IV) Subunit-III Oxi-2 21

Cytochrome 6c x Complex Apocytochrome b cob-1 & cob-2, box 1-10 72-82
(Complex n i) a n a  , f u n  , d iu  , m u c

O.S.A TPase Com plex Subunit-0 01i2, oli4, O ssl, phol 00-05
(Complex V) Subunit-8 pho8 (?) 58

Subunit-0 O lil, Oli3, pho2 82-84
Subunit-3 (?) f

Ribosome Com plex M itoribosome associated var-1, var-2, var-3 87
polym orphic protein
21S rRNA rib-1, rib-2, rib-3 90-100

c a p  , sp ir a  , c r y

15S rRN A p a r '35-38

25 tRNAs tRNAs Several s y n  m utan ts

tRNA biosynthetic  locus C ataly tic  R N A  (?) s y n 20
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merits reg u la tin g  equal p rodu ction  o f the  tw o R N A s, however, are unknow n.

(i) 21S rR N A  gene

This gene is transcribed  to  produce 21S rR N A  (analogous to  the  p rokary o te  23S & 
eukaryotic  26S rRNAs) needed for the  biogenesis of the  large ribosom al subun it (50S) of 
the m ito  ribosom e. DNA sequence analysis of th is  gene has been com pleted  (Dujon, 1980). 
P o larity  o f recom bination , associated  w ith th e  genetic  locus om ega (u>), in th is  region was 
shown to  be due to  an  in sertio n  o f 1.1 K bp D N A  in  cj s tra in s  (D ujon, 1980; Jacque e t al, 
1977 ). D N A  sequence analysis has confirm ed th e  location  of an  in tro n  (of precise len g th  
1.143 K bp) an d  identified an o th e r sm aller in se r tio n  of 66 bp, located 156 bp up s tream  of 
the form er. T h e  la tte r  in sertion  how ever, is n o t spliced unlike the  longer in tro n  from  the  
functional 21S rRN A and does no t im pair th e  n o rm a l function  of th e  ribosom e. P a r t  of 
the sm all in sertio n  (5’-T T C G G G G T T C C G G -3 ’) is identical to  o th e r (G  +  C) rich clu sters  
found elsew here in the  genom e (P runell & B ern a rd i, 1977) w hich led D ujon to  suggest its 
probable tran sp o so n  ac tiv ity . T he discovery o f a n  open read ing fram e (of 235 am inoacids) 
w ith in  th e  long  in tron  by DNA sequencing an a ly s is  has raised th e  question  o f the func tio n  
of th is  h y p o the tica l p ro tein , e ith er in uj p o la rity  or as a rem in iscen t of a  "fossil" gene. 
The 3 ’ end o f the rRN A gene is highly hom ologous w ith 23S rR N A  from  E. coli, and 
ch loroplasts, which suggests th a t  th e  sequence o f th is  region is functionally  im p o rta n t. In 
fact, tw o  chloram phenicol re s is tan t m u ta tio n s  have been localised in  th is region 
(Dujon, 1980).

(ii) 15S rR N A  gene

This gene codes for 15S rR N A  (analogous to  p ro k a ry o tic  16S rR N A  and eukaryo tic  18S 
rRNA) w hich assem ble w ith  ribosom al p ro te in s  to  form  sm all (37S) m ito-ribosom al su b u n 
its. T he gene has been sequenced (Sor & F u k u h a ra , 1980) and is estim a ted  to  be 1659 bp 
long (the rR N A  sequence is no t known) based  on  com parison w ith  E. coli 16S rR N A . 
A ssociation o f parqm om ycin resistiv ity  w ith  th is  gene, which had been a con troversy  for 
several years, has however, been confirm ed by sequencing analysis of par' gene by Li et al
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(1982). N o Shine Sc D a lgarno  sequence (Shine & D algarno, 1975), w hich is involved in  
m RNA binding to  the  ribosom e for tra n s la tio n a l in itia tio n , has been found. However, a 
p u ta tiv e  Shine Sc D a lgarno  like sequence (3 ’-A A A T T C T A T A -5 ’) has been proposed by 
TzagolofT (1982) on th e  basis of a  co m p lem en tary  sequence found u pstream  of the  in it ia 
tion  codon of several m it-genes (See also Li et al, 1982).

(b) G enes for tR N A s (co m p o n en ts  for p ro te in  sy thesis ing  m achinery)

25 tR N A  genes have been localised on m t-D N A  of w hich DNA sequences from 23 are  
know n (See D ujon,1981). H y brid iza tio n  an aly sis  of labelled tR N A s and DNA sequence 
analysis has estab lished  th a t  th e  m a jo rity  of th em  (19) are located betw een 21 S rR N A  
and the  O xi-2  locus (encoding su b u n it 3 of cy tochrom e oxidase). F our tR N A s (tR N A "1’1, 
tR N A r’° , tR N A l’r - 1 an d  2) are  sc a tte re d  w ith in  20-50 m ap u n itio f  th e  genome (see Fig. 
1.2), while one each o f t R N A an d  tR N A '”  occur in the  rem aining portion  o f th e  
genom e. T he tR N A s in  th e  c lu ste r are  sep a ra ted  by vary ing  lengths of DNA from 3 bp to  
85 bp (Bos et al, 1979; B onitz Sc Tzagoloff, 1980). T h e  genes are  m ostly 70-80 bp long and  
lack coding sequences for th e  3 ’-C C A  (am inoacid  b ind ing site) te rm in u s which is p resum 
ably added p o s t-tran sc rip tio n a lly . T h e m t-tR N A s have a  low (~ 18-35% ) (G + C ) C ontent, 
b u t show typical "clover-leaf" s tru c tu re s  (Holley et al, 1965) w ith -T 'P C -, D, an ticodon  
loops an d  acceptor s tem . An an om aly  is found  in tR N A “' p (Bonitz Sc Tzagoloff, 1980). 
T he ex istence of only 25 tR N A s av ailab le  for th e  recognition  of all possible codons in  
m R N A  underm ines C ric k ’s w obble hyp othesis (C rick , 1966) which requires a  m inim um  of 
32 tR N A s.

(c) tR N A  biosynthesis locus

A t 29 m ap un its of th e  m t-D N A  of S. cerevisiae, a locus has been described to  be respon
sible for processing tR N A s (U n d erb rin k  Sc L yon e t al, 1983). DNA sequencing analysis 
suggests th a t  th is region codes for a  9S (A + U ) rich R N A  w hich is necessary for the  c a ta 
ly tic ac tiv ity  of a  R N A  processing enzym e sim ilar to  the  R N ase P observed in E. colt 
(M iller et al, 1983).
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(d) Genes for cy tochrom e o x id ase  (com ponents of the re sp ira to ry  chain)

Three large subun its  of cy tochrom e-c oxidase (su bun it-I, subun it-II and subun it-III) are 
coded by th e  m itochondria l genom e. T hey  are  not a rran g ed  in an operon, a fea tu re  found 
in the p rokaryotic  genom e,

i) Subunit I of cy tochrom e oxidase

This subun it is encoded by a  complex genetic locus O xi-3 w hich produces a po lypeptide of 
m olecular w eight of 55.933 da ltons. T he com plete DNA sequence has been de term ined  by 
Bonitz et al (1980) in " sh o r t  form " (D273-10B) and by Hensgens et al (1983) in  "long 
form" (KL14-4A and 777-3A ) of yeast s tra in s . T he D N A  sequence analysis ind ica tes  th a t  
the yeast gene consists o f seven  to  eigh t exons sep ara ted  by 6 to  7 in trons  (a ll to  al7) in 
short form while in long fo rm , nine to  ten  exons are se p a ra te d  by eight to  nine in tro n s  ( aJl 
to  aJ9). T he u n certa in ty  arises  due to  th e  lack of p ro te in  sequencing d a ta  for th is  su b u n it 
from yeast. P o ten tia l exon  - in tron  boundaries and co d in g  sequences have been d e te r
mined by com parison w ith  hum an C O l (cytochrom e oxidase I) gene. T he first four 
introns, (five in th e  case o f  "long form "), however, c o n ta in  long open read ing  fram es 
(ORFs) in phase w ith  th e ir  upstream  exons and are p o te n tia lly  able to  specify po lypep
tides of 30 to  80 K ilo da lton s  (Bonitz et al, 1980a; Hensgens et al, 1983). T he expression of 
subunit-I has been show n to  be contro lled by "m atu rase"  coded by C ob-box in tro n  (6 /4). 
Surprisingly, no O zi-S  m u ta tio n s  have been identified to  occur in th e  in trons, a rem a rk 
able difference from th e  C ob-box or apocytochrom e b gene (see next). T he recen t 
discovery of mim-3-1 m u ta tio n s  and nam-3-1 m uta tions (D ujon  et al, 1983) have dem on
stra ted  th a t  in tron  aJl w h ich  has a s tro ng  sequence horology w ith th e  fourth  in tro n  o f the  
cytochrom e b gene (6 /4) can  m u ta te  to  specify an active m a tu ra se . R ecently , G roud insky  
et al (1983) have provided som e evidence th a t  the firs t in tro n  (a /t ) m ight code for a 
m aturase.

The m olecular w eight of th is  subun it derived from D N A  sequence analysis is d ifferent 
from the observed mol. w t. (44 000 daltons) in SDS gels (R u b in  & Tzagoloff, 1973). P o s t
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tran s la tio n a l m odification  could be a  reaso n  for th is  anom aly .

ii) S u b u n it II of cy tochrom e oxidase

This su b u n it of cy tochrom e oxidase is encoded by the  Oxi-1 genetic locus. T he DNA 
sequence analysis o f th is  gene has been co m pleted  by C oruzzi 8c Tzagoloff (1979) and Fox 
(1979). T he gene is 756 nucleotides long (specifying 251 am inoacid  con ta in ing  polypep
tides) w ith  a 27%  (G +  C) co n ten t. T h e  deduced am inoacid  sequence from  nucleotide 
sequence analysis is co n sisten t w ith  th e  am inoacid  com position  and m olecular w eight of 
yeast cy tochrom e oxidase su bu n it II (P o y to n  8c Schatz , 1975; P o y to n  et al, 1978).

iii) S u b u n it III of cy tochrom e oxidase

T his po ly peptid e is encoded by the  genetic  locus Oxi-2. T h e  DNA sequence has been 
determ ined  by T halen fe ld  and Tzagoloff (1980). N o in tro n  has been observed w ith in  a 
coding fram e of 807 nucleotides (269 am inoacids). T h e  deduced am inoacid  com position  is 
co n sisten t w ith  th e  am inoacid  co m position  d a ta  o b ta in ed  d irec tly  by an alysing  the  pro
tein  (T halen fe ld  8c Tzagoloff, 1980). T h e  m olecular w eight (30, 340 daltons) deduced from 
DNA sequence analysis is 20%  higher th a n  the  previous es tim a tes  by SDS-gel e lectro
phoresis (P oy to n  8c S ch atz , 1975).

(e) G ene for ap ocy to chrom e b (com ponen t o f re sp ira to ry  chain)

T his is an o th er exam ple of a  spliced gene in  yeast m itochondria , coded by a com plex locus 
called "C ob-B ox". T h e com plete DNA sequence from  a "sh o rt form " s tra in  (D273-10B) 
has been determ ined  by N obrega 8c T zagoloff (1980) and th a t  from  a "long form " s tra in  
by de la Salle et al (1982) and p a rtia lly  by L azow aska et al (1980). M u tan ts  res is tan t to  
an tim ycin  A (ana), d iu ro n  (diu), funicu losin  (fan) and m ucidin (m uc) m ap to  th is  region 
(M ahler et al, 1978). E xtensive b iochem ical genetic and m olecular s tud ies have produced 
m any in te resting  resu lts  as well as pu b lica tio n s, w ith  reference to  the  splicing m echanism  
of th is  gene (C hurch et al, 1979; L azow ska et al, 1980; N obrega 8c Tzagoloff, 1980; Hal- 
breich et al, 1980; D u jard in  et al, 1980a, 1980b; de la Salle et al, 1982).
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G enetic stud ies revealed th a t  m u ta tio n s  in the C ob-box region fall in to  tw o  groups: (A) 
box-1, box-2, box-4, box-5, box-6, box-8, and box-9 which were assum ed to  co n ta in  exons 
and (B) box-3, box-7 and box-10 w hich co n ta in  the  non coding in tro n s  (Slonim ski et 
al, 1978). M oreover, box-3, box-7 and b o x -10 m u ta n ts  were p le io trop ic  an d  blocked expres
sion of the Oxi-5 gene ("box" effect). W hen m ore detailed  physical s tru c tu re s  of the  Cob 
region were ob ta ined , it  w as found th a t  the  gene s tru c tu re  was s tra in  dependen t. In its 
"long form ", the gene co n ta ins six exons (B , - f lB) and five in tro n s  ( / ,  - / 5) while in its 
"short form" it con tains th ree  exons and  tw o in trons. T he sh o rt form  of the gene is 
related  to  the  long form an d  can be derived by rem oval of l x - I3 and  fusion of B x - B t  
(Fig, 1.3a). In addition , th e  long form  of the gene contains a t  least tw o long open reading 
fram es which are continuous w ith th e  proceeding exon. These are / ,  - B 2 - l 2 (span over 
box-3) and B t - l t  (span over box-7, F ig. 1.3b).

A m echanism  for the m a tu ra tio n  of th e  prim ary tran sc rip t of th e  C ob-box  region has been 
proposed by Lazowska et al (1980) w hich is depicted  in Fig. 1.3c. T h e  firs t splicing reac
tio n  fuses flj to  B l w ith th e  rem oval o f 7, as a c ircu lar 10S rR N A  m olecule (C hurch  et al, 
1979; Van O m m en et al, 1980). T his s tep  is regulated  by nuclear coded enzym e(s) and pro
duces a m RNA for syn thesis of a p ro te in  called box-3 RNA m a tu ra se . T h e  tran s la tio n  of 
th e  protein  follows open read ing fram e from B x, B 2 in to  box-3 o f I2 (Lazow ska et al, 
1980). This could be visualised by th e  presence of the  first 143 am ino ac id s o f cy tochrom e 
b a t  its N -term inal end, connected  to  280 am inoacids of l 2. T he box-3 m a tu ra se  is neces
sary  for the second processing step  w hich specifically rem oves l 2 and ca talyse«the fusion of 
B 3 to  B 2 B x. T he next s tep s  of the processing are still not well ch a rac te rised , bu t ev en tu 
ally lead to  fusion of B x B 2 B3 and f l4 B s f l ,  by rem oving I3 l t  I b. Box-7 o r I t has also an 
open reading fram e and probably  codes for ano ther tran s  ac ting  fac to r (T A F ) w hich is 
hom ologous to  aJt  of cy tochrom e oxidase subun it-I (see above). T h e  p le io trop ic  effect of 
box-7 has a d irec t effect on  Oxi -3 expression while the effect o f box-3 seem ed to  be a 
consequence of its effect on box-7 (D haw ale et a /,1981). A lthough no p ro te in  hom ologous 
to  I2 or / 4 in tron  coded m a tu rases are  seen in the  gel, the an tibod ies ag a in s t a syn the tic
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bOX- 5 , 4
(a)

lb)

(c)

A p o c y t o c h r o m e  b mRNA

F ig u r e  1.3 O rg an isa tion  and expression of the  C O B  gene in y east m itochond ria  (after 
C hurch  et al, 1979).

(a) L ocation  of the  box m u ta tio n  clusters in re la tio n  to  the  exon (shaded boxes) and 
in tro n s  (th in  line) com ponents of the  gene.
(b) S ho rt form  of th e  gene w ith  th ree  exons (shaded) and tw o  in trons  (unshaded).
(c) P roposed schem e for the  syn thesis of m a tu re  apocytochrom e b m R N A  from  pri
m ary tran sc rip t o f long form of the  gene (w ith six exons (shaded) and five in trons 
(unshaded)). O pen  reading fram es w ith in  in tro n s  a re  cross-hatched .
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oligo-peptide (deduced from  th e  O RF of the in tron ) has identified a  p ro te in  em phasising 
the  fac t th a t  th e  reading fram e is expressed a t  th e  p ro tein  level (B anroques et at, 1984; 
G u iso  et at, 1984).

(f) G enes for th e  O .S. A T P ase (Com plex V)

Mt-DN’A codes for some of th e  subun its of the  m em brane sector (Fa) of A T P  synthase or 
O .S .A T P ase. A t least th ree  genes have been identified on the m t- genom e: genes for 
subun it-6 , su b u n it-8  and subun it-9 . T he purpose of th is  thesis is to  iden tify  and  sequence 
subun it-6  and subun it-8  genes w ith genetic and physical m apping involving bo th  norm al 
and various d rug  and an tib io tic  resistan t and mit m u ta tio n  related  to  these genes. 
T herefore, they  will be m entioned la te r in th is  ch ap te r in a separa te  sec tio n  on oxidative 
phosphory la tion . Subunit-9  or DCCD binding p ro tein  and its  gene has already been 
characte rised  (H ensgens et at, 1979; M acino & TzagolofT, 1979). V arious m u ta tio n s  have 
been located in  th is  su b u n it of A T P synthase com plex (Avner Sc G riffith s, 1970; Lan
cashire Sc G riffiths, 1975a, 1975b; Sebald et at, 1979). This proteolipid is th e  sm allest 
su b u n it (Mol. w t. 7 .5K ilodaltons) in th is  com plex. C onventionally  th e  su b u n it  is called 
proteo lip id , b u t no lipid molecule has been shown to  rem ain  conjugated  w ith  i t  covalently. 
T he s tab ility  o f th is  sub un it in organic solvent (phenol/chloroform ) has led to  the use of 
th is  term . T h e  gene has been sequenced independently  by Hensgens et at (1979) and 
M acino Sc T zagoloff (1979). T he reading fram e (228 nucleotides long) has been  correlated 
w ith  the am inoacid  sequence from direc t sequencing of the  protein  (Sebald  Sc W achter, 
1978).

(g) Var-1 gene

T h is  has been re la ted  to  th e  V a r-l locus which has been extensively s tu d ied  by Butow and 
his colleagues (D ouglas Sc Butow, 1976; Butow et at, 1977, 1980). The gene encodes a pro
te in  associated w ith  the sm all subun it of the  m itoribosom e (Grooi et at, 1979). As the  
nam e im plies, th e  size of th e  Var-1 protein  is variable (40-44 kilo d a lto n ) w ith ou t any 
a lte ra tio n  of functio n . T he varia tion  in mol. w t. of the  pro tein  has been co rre la ted  w ith
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v a ria tio n  in  th e  size o f the  genes (H udspeth  et al, 1984). A fter th e  initia l controversy  
reg a rd in g  iden tifica tion  of th is  gene due to  h igh A + T  co n ten t (see Tzagoloff et al, 1980), 
the ex isten ce  of Var-1 gene has been se ttled  an d  th e  gene has been sequenced by H udspeth 
et al (1982). An in sertio na l phenom enon has been co rre la ted  w ith  th e  v a ria tio n  o f the  size 
of th e  p ro te in  as well as to  the  p o la rity  phenom enon, s im ilar to  th e  locus o f 21S rRN A  
gene (S trau sb e rg  & B utow ,1981). R ecently , H udspeth  et al have sequenced 6 species of 
Var-1 gene and have d e m o n stra ted  how in-fram e in sertio n  o f th is  locus brings ab ou t the  
m olecu la r w eight size v a riab ility  o f th is  p ro te in  (H udspeth  et al, 1984).

(h) U nassigned  R eading  F ram es (U R Fs)

DNA sequencing s tu d ies  of p a rts  o f m t-D N A  of y east have yielded som e 10 unknow n read
ing fram es:

(i) O n e  h as been found in  the  long op tio nal in tro n  of th e  2 IS rR N A  gene (D ujon, 1980)

(ii) T h re e  have been found in th e  in tro n s  o f th e  gene for ap ocy to chrom e b (C ob -box) 
(N o b ra g a  & Tzagoloff, 1980; Lazow ska et al, 1980, 1981).

(iii) F o u r  lie in the  in tro n s  of O zi-3 or the  cy tochrom e c oxidase subun it-1  gene (Bonitz et 
al, 1980).

(iv) O n e  is s itu a ted  n ea r the  Oxi-3 gene (Coruzzi et al, 1981)

(v) O n e  lies betw een th e  Oli-2 an d  th e  Cob-box gene.

T he U R F s found w ith in  the in tro n s  have been specu lated  to  be "m a tu rases"  which are 
invo lved  in  the  splicing m echanism  of the  associated  R NAs. O ne n ear the  Oxi-1 gene has 
also been  advocated  to  have m a tu ra se  like functio n , as a  resu lt of th e  hom ology w ith  the 
in tro n  coded read ing  fram e. H owever, none o f them  has been show n to  be hom ologous 
w ith th e  U R Fs observed  in m am m als or o th e r  o rgan ism s (see nex t section). O ne recent 
p u b lica tio n  (Z im m erm an, 1983) has revealed th a t  a group  of p lan t R N A  viruses encodes 
som e p ro te in s  which have  a su b s ta n tia l hom ology (15 - 23% ) w ith  th e  yeast m itochondria l 
in tro n s . T h e  significance of th is  is n o t known.



II. M itochondrial genes in  o the r organ ism s

T he m itochondria l genes in 5. cerevisiae described in th e  earlier section are co m m on  to  all 
m itochondria lly  coded genes from o the r organism s, except for the  following dev ia tion s:

(i) G enes for subun it-9  o f O .S. A T P ase or A T P syn th ase  are specified by th e  nuclear 
genom e in o the r organ ism s (H um an, Bovine, Mouse, R a t, X eurospora, Aspergillus, Droso
phila). In X eurospora  how ever, besides its  functional nuclear gene, one silent gene  (mal) 
has been discovered on th e  m itochondria l genom e (V an den B oogaart et al, 1982).

(ii) In m am m als, only 22 tR N A s genes ex ist (A nderson et al, 1981, 1982; Bibb e t al, 1981) 
as opposed to  25 in yeast.

(iii) In p lan t m itochondria , m t-D N A  seem s to  encode m ore proteins th an  o th e rs . It has 
already  been show n th a t  th e  5S rRN A  gene which is ab sen t in m itochondrial ribosom e 
from  o th e r organism s, does exist on p la n t m t-D N A  an d  is transcribed  (Leaver & Har- 
m ey,1976). T he a  sub un it o f the  F , sector of the O .S. A T P ase has also been show n to  be 
coded by th e  m t-genom e in m aize (Leaver et al, 1983).

(iv) A t least 8 L’R Fs have been found to  occur in m am m alian  m t-DN A which h a v e  been 
sequenced from  hum an (A nderson et al, 1981), mouse (Bibb et al, 1981), ra t (G rossk op f & 
F eldm an. 1981; G o rtz  8c F eldm an, 1982; C an ta to re  et al, 1982), bovine (A nderson et al, 
1982). 11 L 'RFs have been identified in Aspergillus (G risi et al, 1982; N etzkar et al, 1982; 
Scazzacchio et al, 1983). Som e of the m am m alian  U RFs have been shown to  be expressed 
(M ario ttin i et al, 1983; O liver et al, 1983) b u t the  functions of these still rem ain unknow n. 
Four Aspergillus  L'RFs have been co rrela ted  w ith four o f the m am m als on the  basis  of 
hom ology (Scazzacchio et al, 1983). URF X of A spergillus and URF A6L of m am m als 
have been show n to  be hom ologous to  the  subun it-8  of th e  O .S. A T Pase complex o f yeast.

(v) In tro n  coded U RFs found in  S . cerevisiae have not been observed in o ther o rgan ism s.

8. O r g a n i s a t io n  o f  th e  m i to c h o n d r ia l  g e n o m e  o f  Saccharom yces cerevisiae 

M t-D N A  of S.cerevisiae  has one of the  low est G + C  co n ten ts  (18% ) of any func tio na l
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DNA. B ern ard i and  his co-w orkers have  s tu d ied  th e  genom ic o rg an isa tio n  of S . cerevisiae  
in de ta il an d  has estab lished  four d is tin c t sequence elem ents in m t-D N A  (B ernard i et al, 
1972; P ru n e d  & B ernardi, 1977; P ru n e d  et al, 1977; F o n ty  et al, 1978):

(i) (A + T ) rich  s tre tch es  (G C < 5 % )  w ith  an  average m ass of 9 x 105 daltons; these m ake 
up ab o u t 50%  of th e  DNA and are  called "spacers" by B ernardi.

(ii) In te rm e d ia te  G C -rich  s tre tch es  (G C  vary in g  from  22-65% ) ab o u t th e  sam e size as the  
AT rich s tre tch e s  and called "genes" by B ernard i; these also co n stitu te  ab ou t 50%  of the  
DNA.

(iii) S ite  c lu ste rs , w hich are  sh o rt e lem en ts  co n ta in in g  several recognition  sites for res tric 
tion  endonucleases Hae III (G G C C ) an d  Hpa  II (C C G G ).

(iv) G C  rich  c lusters which are also  sh o rt b u t ch arac te rised  by the  absence o f any of the  
te tran u c leo tid es  G G C C , C C G G  an d  G C G C .

B ernardi e t al proposed th a t  these  sequence elem ents are arrang ed  in un its  as follows: 
-(G + C ) rich  clu ster - site  c lu ste r - genes - spacer-. A possible functio n  of th is  o rg an iza tio n  
as p ropo sed  by B ernardi et al, is t h a t  repeated  sequences w ith in  th e  G C  clu sters  and A T  
spacers p rov id e  regions of hom ology for illeg itim ate , site  specific recom bina tion , giving 
rise to  th e  observed po lym orphism  of th e  m itochondria l genom e as a  result o f dup lica tion , 
inversion, tran s lo ca tio n  and de letion . In a m ore ex trem e case, DN A sequence analysis has 
revealed t h a t  the  rearrang em en ts  o f th e  genom e th a t  occur d uring  th e  fo rm ation  of the  
petite m u ta tio n  follow the  excision o f a sm all frag m en t o f th e  genom e and th is  excision 
occurs p re fe ren tia lly  a t a repea ted  s ite  w ith in  th e  G C  clu sters  or A T  spacers (Faugeron- 
Fonty et al, 1980; Baldacci et al, 1980; G a illa rd  et al, 1980). T h is  function, how ever, has 
been questio ned  by B orst et al (1977) and  they  have proposed th a t  A T  rich segm ents  are  
involved in  th e  processing of p recurso r R N A s and  illeg itim ate  recom bina tion  and conse
quent rea rran g em en ts  of genom e a re  th e  side effects. A n o ther in trigu in g  possib ility  has 
been sug g ested  by th e  o bserva tions on th e  co n tro l o f gene expression by regions d is ta n t 
from th e  coding sequences, p a rtic u la rly  th e  possib ility  th a t  supercoiling and  superhelix
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density  m ay be im p o rta n t in th e  regula tion  of tran sc rip tio n  (S m ith ,1981). T he A T -spacers  
may, therefo re , influence m itochondria l gene expression by an  effect on DNA s tru c tu re , 
ra th e r  th a n  by a  d irec t effect on the  processes them selves.

7. Mitochondrial transcription

T ran sc rip tio n  o f m t-D N A  of S. cerevisiae  appears to  be different from th a t of m am m als. 
In m am m als, th e  whole m t-D N A  is transcribed  com pletely an d  sym m etrically (M u rp h y  et 
al, 1975), even though  m ost of the  genes are localised on the  H s trand  with a  few o n  th e  L 
s tra n d . Evidence for th e  existence of a  single p rom otor near the  H stran d  rep lic a tio n  ori
gin (C a n ta to re  & A tta rd i, 1980) has been cited (A m alric et al, 1978). A "tR N A  p u n c tu a 
tion" model fo r processing m RNA has been advocated  (M okaka et al, 1981), due to  the 
occurrence o f tR N A s a t  th e  5 ’ and 3 ’ end of m ost of th e  p ro tein  coding reading fram es. 
However, the  occurrence o f a 30 to  60 fold higher level of rRN A transcrip ts  has led to  
questioning o f such a sim ple contro l m echanism  (A tta rd i et al, 1983). In S. cerevisiae, the 
existence of m ultip le  p ro m o to rs  and splicing m achinery to  process "m osaic" genes a n d  co- 
tran sc rip tio n  o f ce rta in  genes have m ade the  whole process much more com plex (See 
G rivell,1983).

(i) M itochondria l RNA polym erase

Levens et al (1981), purified a  D N A -dependent R NA polym erase from yeast m itochond ria  
which uses m t-D N A  as a  preferred n a tu ra l tem p la te  and poly d(AT) as sy n th e tic  tem 
plate. T his is sim ilar to  th e  properties of X enopus laevis m itochondrial RNA po lym erase 
(W u & D avid, 1972), w ith  respect to  its  sa lt sensitiv ity  an d  a -am an itin  and r ifam ic in  
insensitiv ity  b u t  different from  equivalen t nuclear and bacteria l enzymes.

(ii) P ro m o to rs  and in itia tio n  of tran scrip tio n

Some 19 different RNAs are capable o f capping reactions w ith  guanylyl tran sfe rase  and 
[ a —32P ]-G T P , suggesting  th a t  they represent sep ara te  d is tin c t tran scrip tion  in it ia tio n  
sites w ith  d is tin c t p ro m o to rs  (Edw ards et al, 1983). 13 of them  have been m apped in  the 
sequenced region o f th e  S. cerevisiae m t-genom e, e ith er upstream  of known genes o r in  the
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p  p r o m o t e r  

Q o r i g i n

F ig u re  1.4 T ra n sc rip tio n a l m ap o f the  im ito ch on d ria l genom e of Saccharom yces cerev- 
isiae (a fte rT ab ak  e t al, 1983) (a) Physical ̂ of y e a s t m t-D N A  showing sites for in itia tio n  of 
transcrip tio n  and o rig in s  of DN A rep lication . F illed in flags are proven sites for in itia tio n  
and open flags a re  positions co n ta in in g  th e  in itia tio n  sequence (see tex t). C ircles indicate 
replication origins w ith  the  arrow  show ing th e  d irec tion  o f replication.

Large rRNA Thr

Val com

fMet tRNA

f n  r -
locus Pro

r r -
CO 1 ATPase 8 ATPase 6

r Glu Cyt.b

ATPase 9 Ser Varl

(b) Possible m ultig ene  tran sc rip tio n  un its in  y e a st m t-D N A . S tipp led  lines ind icate  uncer
ta in ty  in the ex ac t lim its  of p rim ary  tran sc rip ts , which are  no t draw n to  scale.
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p u ta tiv e  origins of D N A rep lica tion  (O ri or rep sequences, see la te r  section). It has been 
observed th a t  R NA synthesis s ta r t s  in all cases w ith in  a  sho rt nonanucleotide conserved 
sequence: A T A T A A G T A " (O singa et al, 1982) or a close v a ria n t of it  (Edw ards et al, 
1983; T ab ak  et al, 1983). Several genes w hich lack th is  m otif are transcribed  together 
w ith the  nearest p rom o tor of o th e r  genes an d  are assum ed to  be processed subsequently 
(Fig. 1.4a & 1.4b). Som e evidence, how ever, suggests th a t  these "nonanucleotide boxes" 
them selves m ight be insufficient for in itia tio n  of tran sc rip tio n  (T ab ak  et al, 1983).

(iii) Processing of tran sc rip ts

Processing of m ultigenic tra n sc r ip ts  in y east, unlike tR N A  signalling processing of m am 
m alian and S. pom be tran sc rip ts  is th o u g h t to  be m ediated  v ia  some so rt of signal 
sequences occuring w ith in  the  in te rgen ic region of m t-D N A . The cleavage signal of a hepta 
nucleotide (AAUAUAA) in betw een th e  Var-1 gene and A T P ase subun it-9  +  tR N A “ ' gene 
does no t seem to  be universal (Z assenhaus & Butow , 1983). Thalenfeld  et at, (1983) have 
proposed a sequence of "A T T C T T A " w hich is involved as a processing signal between 
subunit-9  and tR N A “ '  of the  sam e tra n sc r ip t. T he role of the  G + C  rich palindrom e as a 
processing signal w hich occurs in  th e  in tergen ic po rtio n  o f the  m itochondrial genome has 
also been suggested (Tzagoloff et al, 1980). T he tR N A  clustered  region which is co
transcribed , is processed via a  " tR N A  biosyn thetic  locus" depend ent factor (m entioned 
earlier).

Processing of "sp lit genes" app ears  to  be a  com plex m echanism  involving in tron  coded 
m aturases (Lazow ska et al, 1980; W eiss-B rum m er et al, 1982; D u jard in  et al, 1982; Anzi- 
ano et al, 1982); num erous nuc lear encoded p roducts (D ieckm ann et al, 1982; Faye & 
Simon, 1983; D ieckm ann et al, 1984); c ritica l sequences aw ay from  the  spliced junctions 
(W eiss-Brum m er et al, 1982; A nzaino et al, 1982; N e tte r  et al, 1982; Schmelzer et al, 
1982; de La Salle et al, 1982) an d  p robable in te rna l secondary s tru c tu re  of the  introns 
(Davies et al, 1982; M ichel et al, 1982).

M itochondrial in tro n s  are b road ly  of tw o  types:
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(a) G roup I in trons have a  com m on p o ten tia l secon dary  s tru c tu re , essential for splicing, 
and reading fram es, when p resen t, co n ta in  a  reg ion  of sequence hom ology bounded by 
d istinctive decapeptide blocks (W arin g  et al, 1982; Hensgens et al, 1983).

(b) G roup II in trons have a  d ifferent b u t d is tin c tiv e  p o ten tia l secondary  s tru c tu re  (M ichel 
& D ujon, 1983); they have a  sequence hom ology a t  3’ ends (Schm elzer et al, 1982) and 
produce covalently closed c ircu la r  RN A s a fte r  excision ( A n nberg  et al, 1980; H albreich et 
al, 1980; Hensgens et al, 1983). R eading fram es m igh t also occur in them  (B onitz et al, 
1980).

As G roup I in trons are conserved in  the  nuc lear rD N A  of T etrahym ena  and Physarum , 
Davies et al (1983) suggest t h a t  th e re  m igh t be an  ev o lu tion a ry  relationsh ip  of a  splicing 
m echanism , irrespective of w h e th e r th ey  code for "m a tu rases" .

8. Mitochondrial translation

D etailed reviews on th is  a sp e c t can be found in  G ray  (1982) and E vans (1983) T hree 
poin ts m ust be m entioned here :

(i) M itochondrial rRN As show  a  low level o f p ost tran sc rip tio n a l m odification, a featu re 
com m on am ongst p rok ary o tes  ra th e r  th a n  eu k ary o te s. How th is  is re la ted  w ith  ribosom e 
s tru c tu re  and tran s la tio n  is y e t  to  be discovered.

(ii) Like prokaryotes, p ro te in  tra n s la tio n  alw ays s ta r ts  w ith  f-m et which rem ains 
uncleaved in the m atured p ro te in  (B ianche tti et al, 1977).

(iii) T he "N on -standard" genetic  codes used in m ito ch o nd ria  are different from  the 
"universal code" as well as from  each o th e r. T ab le  1.4 shows som e o f th e  ch arac te ris tic  
features of the m itochondria l code from  d ifferent organ ism s. For de ta ils  see G rivell 
(1983).
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Table 1.4 "Non standard” genetic code in Mitochondria

C odon U niversal code Y east M am m al Insect P lan t
UGA S T O P T ry p to p h an T ry p to p h an T ry p to p h an S T O P
AGA A rginine A rginine S T O P Serine
AUA Isoleucine M ethionine M ethionine M ethionine Isoleucine
CUN Leucine T hreonine Isoleucine Isoleucine Isoleucine

W hy the  m t-D N A  codon recognition  ra le  is so different am ong different organism s is not 
clear. The d issim ilarity  of th e  codon rule estab lishes th e  fact th a t  if they  have a common 
origin they have been fixed a t  different tim es in different o rgan ism s during the  course of 
evolution  (see G ray , 1982).

9. Replication of the mt-genome

R eplication of yeast m t-D N A  is n o t as well und erstood  as it is in th e  m am m alian  mit- 
genome. In m am m alian  m t-D N A  rep lica tion  begins a t  a unique origin (Crew s et al, 1979; 
Gilum  & C lay ton , 1979) w ith  th e  sy n thesis  of ab o u t 680 nucleotides of H stran d  (7S 
DNA). This form s a  d isp lacem ent loop (D-loop) by base pairing  to  the  pa ren ta l L strand . 
R eplication continues by th e  ex tension  o f som e of th e  7S DNA molecule, thus  extending 
the D-loop. In yeast m itochond ria , s im ilar D-loop s tru c tu res  have been identified (Locker 
et al, 1974). M apping an d  h y b rid iza tio n  s tud ies have established th a t  th e  yeast mt- 
genom e co n ta ins a t  least seven p u ta tiv e  orig ins of rep lication  ("o ri") sequences unevenly 
d is tribu ted  over the  genom e (de Z am aroczy et al, 1981). All "ori" sequences have a  com
mon 265 bp s tru c tu re  w ith  tw o sh o rt G-t-C rich c lusters (A <fc B) flanked by a  23 bp A + T  
rich palindrom e, a t  one end , sep ara ted  from  an o ther G + C  rich clu ster (C) a t the o ther 
end by an  extensive A + T  rich sequence. In "hyper-suppressive" petites, Blanc & Dujon 
(1980) have d em o n stra ted  th a t  th e ir  m t-genom es co n ta in  am plified "ori" sequences which 
could be th e  reason for th e ir  hyp er-suppressiv ity . ("ori" sequences are represented  as 
"rep" sequences by Blanc & D ujon, 1982). T he lack of "ori" sequences in some petites



- 3 0 -

ind icates th a t  m t-D N A  polym erase can  recognise and rep lic a te  v irtua lly  any  m t-D N A  
sequence, b u t does so m ost efficiently in  th e  presence of "ori" sequences.

Evidence exists th a t  "ori" sequences can  behave like A R S (au tonom ous replication  
sequences) in the  cytoplasm  of y e a s t (F an g m an  et al, 1984). In  a  p a rticu la r clone "rep-2" 
of S. cerevisiae, it has been su ggested  th a t  ARS ac tiv ity  o f "o ri"  sequences could be due 
to  tw o  types of sequences:

(i) a palindrom e in the  G C  c lu s te r  of rep-2
A C T(ii) a consensus l l b p  ARS like sequence — A A — A T  AAA —T T  A

It has also been noted th a t  "ori" sequences of m itochond ria  of S.cerevisiae  w ork like ARS 
in the ir own bu t undergo rea rran g em en t in  S. pom be and do n o t exhibit ARS ac tiv ity . O n 
the co n tra ry , "ori" sequences from  S . pombe ex h ib it ARS ac tiv ity  in th e  cy top lasm  of 
both  species.

A m t-D N A  polym erase from y east w hich is very sensitive to  Ain2 and d ifferent from  th a t  
of the  nuclear polym erase has also been  reported  (W in te rsb erg er & B lutson, 1976).

10. Mitochondrial recombinantion

Very little  is know n of the m ito ch o nd ria l recom bination  m echanism  in S. cerevisiae. For 
details  see Birky, 1978; D. W ilkie, 1983; Fon ty  et al, 1978. F rom  genetic analysis it is 
know n th a t  the  ra te  of reco m b ina tio n  is very high (Birky, 1978). R ecom bination  s tud ies 
in our labora tory  have d e m o n stra ted  th a t  in tra-codon  reco m bina tion  could be as high as 
0.01 to  0.1%  (C onnerton et al, 1984b). E. Sena (1984) has reported , from  EM  studies, 
th a t  2 .2%  of the to ta l m t-DN A m olecules observed on the  EM  grids possess a  "X" s tru c 
ture. Higher percentages of A + T  sequences in m it-D N A  p ro b ab ly  provide som e so rt of 
hom ologous blocks for recom bination .

11. Genetic interaction between nuclei and mitochondria

M itochondria, privileged by th e ir ow n  genom ic DNA, alb eit lim ited  in coding capab ility ,
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regulate som e of th e ir  ow n functions. N uclear DNA still p lays th e  m ajor role in encoding 
m ost of the  p ro teins needed for th e  m ain tenance  of th e ir genom e as well as o the r func
tions. T herefore, i t  is expected th a t  th e re  would be a continuous in te rac tio n  along the 
nuclear-m itochondria l axis.

(a) F rom  nucleus to  m itochond ria

A bout 95%  o f m itochondria l p ro te in s  are  encoded by the  nuclear DNA. It is therefore 
obvious th a t  th e  nucleus o f the cell has m ost contro l over m itochondria l function . Vari
ous m u ta tio n s  have been identified in  the  nucleus which m odu la te  the  m itochondria l func
tions. T hey are  generally  of th ree  types: pet m u ta tio n s  (M ichaelis et al, 1982; Sherm an, 
1963), nuclear drug re s is ta n t m u ta tio n s  (see E vans, 1983), and  NAM (nuclear accom oda
tion o f m itochondria), a  ty pe  of nuc lear suppresso r m u ta tio n  th a t  acts on specific mit loci 
(D ujard in  et al, 1980). Som e tem p e ra tu re  sensitive m u ta n ts  which block the  tra n sp o rt of 
proteins to  th e  m itochondria  are  also w o rth  m entioning (B urke et al, 1976; Yaffe, 1983; 
Yaffe & Schatz, 1984). M olecular analyses of these m u ta n ts  would be in s tru m en ta l in 
understand ing  the basic contro l of th e  nucleus in m itochondria l function.

(b) From  m itochond ria  to  nucleus

There is no d irec t evidence th a t  m ito ch o nd ria  can  contro l nuclear function . Some cir
cu m stan tial evidence how ever, suggests th a t  m itochondria  are  somehow involved in func
tions ou tside their ow n m em brane te rr ito ry . It has been observed th a t  resp iratory  
deficient p e tite  m u ta tio n s  (p ) ex h ib it changes in the  cell surface characte ris itics , for 
exam ple concavanavalin  A ag g lu tin a tio n , perm eab ility  to  ce rta in  sugars and o th e r m eta
bolites, flocculation ch arac te ris tics  and p a rtitio n in g  behaviour in a biphasic polym er sys
tem (see W ilkie & E vans, 1982). It has been suggested th a t  these  effects m igh t n o t be due 
to  lesions in m t-D N A , b u t due to  ce rta in  m itochondria l functions th a t m odulate  the  func
tion  of nuclear genes expressed in  th e  cell surface. A possible candidate  for such a  func
tion  could be Ca ' depend en t p ro te in  or Ca2 f itse lf whose am o u n t and d is tr ib u tio n  in the 
cytoplasm  is contro lled  by the  m itochondria l m em brane system  (W ilkie, 1983). Energy,
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or A T P  m olecules, could also be a key elem ent in  th e  m itochond ria l con tro l of nuclear 
functions. However, m t-D N A  itself m ig h t have som e reg u la to ry  m echanism  of nuclear 
functions. It is know n th a t  p s tra in s  o f  yeast could be well m ain ta ined  in co n tra s t to  p° 
s tra in s  which grow and divide, a lb e it slow ly, and ten d  to  die in the  stock  cu lture. T he 
fact th a t  p and p° cells are both  re sp ira to ry  deficient and depend  on energy produced by 
ferm en ta tion  raises the  question of w h a t  co n trib u tio n  the p D N A  m ake for relative s ta 
b ility  of p over p° (see W ilkie, 1983).

There are, in add ition , several s tud ies w hich suggest th a t  th e  function  o f m t-D N A  and 
m itochondria  is m uch wider th a n  prev io usly  th o u g h t:

(i) Some genes of C lass I an tigen  of th e  h istoco m patib ility  com plex are contro lled by a 
m a ternally  tra n sm itte d  fac to r ,m t f  (L in d ah l et al, 1983).

(ii) C hanges in m itochondria l p ro te in  co m ponen ts  occur follow ing tran sfo rm atio n  of the  
mouse 3T3 cells by the  v iral SV40 D N A  (Zuckerm an et al, 1984).

(iii) M any carcinogenic drugs specifically in terfere w ith  the m itochondria l tran scrip tion a l 
process (W ilkie, 1983).

(c) M obility  of m t-D N A

A lthough bo th  d irec t and indirect ev idence suggest th a t  th e  nuclear m itochondrial 
in te rac tions play a  m ajor role in th e  living processes of cells across th e ir  D N A /R N A  
im perm eable m em brane, yet ano ther m echan ism  m igh t play a  m ajor role in  such in te rac
tion. T h a t  is, "prom iscu ity" of o rg an elle  DNA (Ellis, 1982). D iscoveries th a t  hom ologous 
ch loroplast DNA can in teg ra te  s tab ly  in to  p lan t m t-D N A  (S te rn  & Lonsdale, 1982) and 
m t-D N A  can tran slo ca te  to  nuclear D N A  in yeast (Farrelly  & Butow, 1983), sea urchin 
(Jacob et al , 1983), locust (Gellissen e t  al, 1983), P odosp ora  (W rig h t & C um m ings, 1983) 
indicate th e  fac t th a t  the  so-called D N A /R N A  im perm eab le m em brane m ight no t be 
im perm eable in th e  evolu tionary  scale an d  th is has probably  p layed a m ajor role in the

ofevolution^organelle genom es as well as in  speciation.
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Evidence from m aize (Scherdl et al, 1984) suggests th a t  th e  m itochondria l genom e under
goes recom bination  w ith  m itochondria l p lasm ids w hich happ en  to  be linear, and can pro
duce linear m itochondria l chrom osom es. Hence, p lasm id  m ediated  transfe r o f characters 
w ith in different genom es (eg. nuclear, ch lo ro p las t or m itochondria l) could be a possible 
m echanism  for the  prom iscuous n a tu re  of DN A in living organism s.

12. Oxidative phosphorylation

O xidative pho sphory lation , th e  single m ost im p o rta n t functio n  of m itochondria , is the 
process whereby the  energy released from  th e  ox id ation  reac tion  of the  e lec tron  transfer 
chain is used for the  syn thesis of A T P  m olecules. T h e enzym e com plex w hich catalyses 
th is reaction  is called A T P  synthase , w hich is also found in the  E. coli p lasm a m em brane 
and the  ch loroplast m em brane. T he m itochondria l A T P  syn th ase  however, shows specific 
sensitiv ity  tow ards th e  an tib io tic  oligom ycin and is hence referred to  as th e  oligom ycin 
sensitive A T Pase or O .S . A T Pase. W ith  su b s ta n tia l effort and tim e invested (40 years), 
b iochem ists are still n o t in a position  to  describe ox idative  phosp hory la tion  substan tive ly . 
However, a broad o u tlin e  of th e  m echanism  is now know n (See Nicholls, 1982). T o  under
stand  th e  process in  d e ta il, a tte m p ts  have been m ade recently  along w ith  a  classical 
biochem ical approach  using inh ib ito rs, uncouplers or ionophores, to  use genetical and 
m olecular biological m ethods. T he la tte r  tw o  branches have opened a new horizon of 
understanding  of th e  biogenetic process o f th e  enzym e concerned and the  m echanism  of 
biochem ical reac tion  and its inh ib ition  by various inh ib ito rs.

T he p resen t thesis is d irec ted  tow ards these  new approaches w ith  the  sam e purpose, to  
understand  the m echanism  of oxidative ph o sp h o ry la tion  and its  im pairm en t by various 
inh ib ito rs. T herefore, in  th is section I shall describe briefly the  s tru c tu ra l aspects of the 
enzym e which have been discovered biochem ically  and som e basic genetics s tud ies which 
have been carried o u t during the  last decade ,w ith  special reference to  the  yeast Sacharo- 
m yces cerevisiae.
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F ig u r e  1.5 T he possible s tru c tu re  of th e  O .S .A T P ase  or A T P  synthase . T he schem e is 
hypothetical, a ,  (}, -y, 5, and e are various su b u n it com ponents of the F ,  segm ent. 6, 8, 9 
are th ree  recognised subun its  of the  F0 sec to r. T he O ligom ycin-sensitiv ity  conferring pro
te in  (O SC P), th e  uncoupler binding p ro te in  (UBF), Factor-6  (F a), F actor-B  (F ,)  have been 
ten ta tive ly  placed in  the  diagram . 1 is th e  A T P ase inh ib ito r p ro te in  which probably  
rem ains a tta ch ed  to  the  (J subun it.
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I. The structure of the O.S. ATPase complex

T he functional com ponent o f m itochondria l O .S. A T P ase  has been resolved in to  th ree  seg
m ents (Fig. 1.5)

(1) F ,,  an  oligom ycin-insensitive and  w ater soluble A T P ase

(2) F0 or m em brane sector which rem ains buried  in th e  lipid b ilayer and is the  assum ed 
site  of ac tion  for oligom ycin, ossam ycin, v en tu ric id in , T ri-e th y l tin  com pounds, etc.

(3) O .S .C .P  (or oligom ycin sensitive conferring pro te in ), a  w a te r soluble p ro te in  th a t  binds 
F t and  F 0, and probably  serve as a  physical link betw een  them  (Tzagoloff,1970). 

A dditionally , a  n a tu ra l F l in h ib ito r has been iso la ted  and characte rised  no t only from 
yeast (Ebner, 1974) b u t also from  beef-heart (P u llm an  & M onroy,1963). Some properties 
of various coupling factors o f ox idative p h o sp h o ry la tio n  associated  w ith th e  O .S .A T P ase 
are given in tab le  1.5a.

a) F j sector of the  O.S. A T P ase

F , A T P ase has a complex s tru c tu re  which consists o f five sub u n its: a ,  P, y ,  8 and e (see 
T able 1.5b) w ith a s to ich io m etry  o f 3 a  : 3p  : ly  : 18 : le  (T odd et al, 1980). It can  be iso
lated  by m echanical d isru p tion  or by chloroform  ex trac tio n . Iso lated F 1 has only A T P 
hydrolysis ac tiv ity  (i.e. A T P ase  ac tiv ity ) b u t no oligom ycin sensitiv ity . P -subun it has 
been proposed to  have th e  ca ta ly tic  s ite  (Ho & W ang, 1983; See Tzagoloff, 1982). 
R ecently  the DNA sequence of a  an d  P genes from  m u ta n ts  have been determ ined  from  E. 
colt (N oum i et al, 1984) an d  y east (Saltzgaber-M uller et al, 1983). B iogenetic s tud ies 
using yeast m u ta n ts  have proved th a t  all the  su b u n its  in  F t are coded by the  nucleus and 
synthesized on the  cytoribosom es. In yeast, an  e x tra  p ro te in  band of mol. w t. 33 000 is 
found whose function  is n o t know n (See T ab le  1.5b and Tzagoloff, 1982).

b) O .S .C .P . and F t inh ib ito r p ro te in

O .S .C .P . or oligom ycin sen sitiv ity  conferring p ro te in  has been isolated from  yeast (T za
goloff, 1970). It has a  m olecular w eight of 18 000 d a lto n s  and is synthesized on th e  cy tori- 
bosom e. Unlike beef h eart, O S C P  from  yeast rem ains loosely bound to  F , and does not



T a b le  1 .5 a  P r o p e r t i e s  o f  C o u p lin g  F a c to r s  o f  O x id a t iv e P h o s p h o r y la t io n
F actor A lte rn a te  nam e M ol.w t In trinsic  ac tiv ity Functions in  vitro
r t 360,000 A T P ase Hydrolysis of A T P, 

S tim u la tion  of:
P /O , A T P  - P. 
exchange, NAD  
reduction , T ran sh y 
drogenation .

F0 200,000 None P ro to n  transloca tion
F , F, 8,000 N one S tim u la tion  of: 

P /O , A T P  - P>. 
exchange, NAD
reduction , T ran sh y 
drogenation .

OSCP 18,000 None S tim u lation  of: 
P /O , A T P - Pf 
exchange, NAD
reduction , T ran sh y 
drogenation .

F ac to r B F 2 12,000 None S tim u lation  of: 
P /O , A T P  - P, 
exchange, NAD t 
reduction , T ran sh y 
drogenation . S tim u
la tio n  of A T P -P j 
exchange in 
O .S .A T Pase

TABLE 1.5b Components and properties of the O.S.ATPase complex of Yeast
Subunit M olecular weight F u nc tion C om ponent
OL 58,000 ? Ft
ß 55,000 N ucleotide b ind ing  site 

and ca ta ly tic  site F ,

33,000 ? Fi
y 29,000 ? Fi
5 14,000 Binding s ite  for O S C P Fi€ 8,000 ? Fi
5 28,000 ? F06 22,000 ? F07 18,000 Binding of F , to  F0 O S C P
8 12,000 ? F09 7,500 Binding s ite  for DCCD 

and O ligom vcin F0
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form  a  com plex w ith  F ,  (Tzagoloff,1970).

F , inh ib ito r (m ol. w t. 10 000 daltons) po ly peptide (Ebner, 1974) is also synthesised on th e  
cy toribosom es b u t is n o t coupled to  th e  syn thesis  o f F l .

c) F0 sector of th e  O .S. A T P ase

F0 is the  in trigu ing  p a r t  of th e  whole O .S . A T P ase  com plex in yeast. It is still not know n 
definitely, how m any su b u n its  o r polypeptides c o n stitu te  th is  m em brane sector of the p ro 
tein . E arly biogenetic s tud ies using radiolabelled  am inoacids in th e  presence of cyclohexi- 
mide which inh ib its  th e  cy toplasm ic p ro te in  syn thesis, d em o n stra ted  th a t  four m itochon- 
drially  synthesized po ly peptides in th e  O .S. A T P ase  from  yeast could be p rec ip ita ted  
using an tiserum  ag a in st F , (Tzagoloff & M eagher, 1972). T he rad ioactive peaks of th e  
labelled p ro du cts  were co rre la ted  w ith  th e  O .S. A T P ase  su b u n its  of 29 000, 22 000, 12 000 
and 7 500 daltons. L a te r experim en ts  suggested  th a t  th e  22 000 and 7 500 d a lto n s  
(DCCD binding p ro tein ) polypeptide species are th e  real com ponents o f the  F0 sector an d  
are nam ed as subun it-6  and subun it-9  respectively . T he 29 000 d a lto n  species was show n 
to  be a co n tam in an t from  the  cy tochrom e oxidase su b u n it and the  existence of the 12 000 
da ltons su bu n it ( la te r described as 10 000 daltons) w ith  O .S. A T P ase was questioned 
(O rian  et al, 1981; O rian  & M arzuki, 1981). It will be d em o nstra ted  in th is  thesis and has 
been show n by o the r groups (M acreadie et al, 1983; V elours et al, 1984) during the course 
of my research, th a t  th e  10 000 d a lto n  species (subunit-8) is a  real com ponent of the O .S . 
A T P ase and encoded by a gene (nam ed A a p l)  betw een Oxi-3 and Oli-2 genetic m arkers on  
m t-D N A . Therefore, as of now , only th ree  com ponents of F0 sector can be positively  
identified. R ecently A lk o u tay an i et al (1983) have reported  a 30 000 d a lto n  hydrophobic 
p ro te in  which is synthesized on  m itoribosom es and im m unologically different from th e  32 
000 d a lto n  cy tochrom e 6c, com plex p ro te in . W hether or no t th is  p ro te in  is a  com ponent 
of th e  O .S .A T P ase com plex is n o t known.

d) O th er coupling fac to rs  associated  w ith  th e  O .S. A T P ase

T hree m ore coupling facto rs have been claim ed to  be associated  w ith  the  O .S. A T Pase o f
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form a  com plex w ith  F ,  (Tzagoloff,1970).

F , inh ib ito r (m ol. w t. 10 000 daltons) po lypeptide (E b ner, 1974) is also synthesised  on  th e  
cytoribosom es b u t is n o t coupled to  the  syn thesis o f F , .

c) F0 sector of the  O .S . A T P ase

F„ is the  in trigu in g  p a r t  o f the  whole O .S. A T P ase  com plex in y east. It is still n o t know n 
definitely, how m any su b u n its  or po lypeptides c o n s ti tu te  th is  m em brane sector of th e  pro
tein. E arly biogenetic s tu d ies  using radiolabelled am inoacids in  the  presence of cyclohexi- 
mide which inh ib its  th e  cy top lasm ic p ro te in  sy n th esis , d em o nstra ted  th a t  four m itochon- 
drially synthesized po ly pep tid es in  th e  O .S. A T P ase  from  y east could be p rec ip ita ted  
using an tiserum  ag a in s t F ,  (Tzagoloff & M eagher, 1972). T he rad ioactive peaks of the  
labelled products  w ere co rrela ted  w ith  the  O .S. A T P a se  subun its  of 29 000, 22 000, 12 000 
and 7 500 daltons. L a te r  experim en ts suggested  th a t  the 22 000 and 7 500 d a ltons  
(DCCD binding p ro te in ) po ly peptide species are th e  rea l com ponents o f the  Fa sector and 
are nam ed as su bu n it-6  an d  subun it-9  respectively . T h e  29 000 d a lto n  species was show n 
to be a  co n tam in an t from  the  cy tochrom e oxidase su b u n it and th e  existence of the  12 000 
daltons sub un it ( la te r  described as 10 000 d a lto ns) w ith  O .S. A T P ase  was questioned 
(O rian  et al, 1981; O ria n  & M arzuki, 1981). It will be d em o nstra ted  in th is  thesis and has 
been show n by o th e r g roup s (M acreadie et al, 1983; V elours et al, 1984) during the  course 
of my research, th a t  th e  10 000 d a lto n  species (su bu n it-8 ) is a real com ponent of the  O .S . 
A T Pase and encoded by a gene (nam ed A ap l) be tw een  Oxi-3 and Oli-2 genetic m arkers on  
m t-DN A. T herefore, as of now, only th ree co m po n en ts  of F0 sector can be positively 
identified. Recently A lk o u tay an i et al (1983) have rep o rted  a 30 000 d a lto n  hydrophobic 
protein  which is syn thesized  on m itoribosom es and  im m unologically  different from  th e  32 
000 d a lto n  cy tochrom e 6c, com plex pro tein . W h e th e r o r not th is  p ro te in  is a  com ponent 
of the O .S .A T P ase com plex is not known.

d) O th er coupling fac to rs  associated  w ith  the  O .S. A T P ase

T hree more coupling fac to rs  have been claim ed to  be associated  w ith  th e  O.S. A T P ase  of



- 38 -

m itocho n d ria . C oupling fac to r F ,X  (V an de s ta d t  et al, 1974) has been re la ted  w ith  F , 
(See Tzagoloff,1982), while Fa (K an ner et al, 1976) and F ac to r B (Sanadi, 1982) have been 
presum ed to  rem ain  associated  w ith  th e  m em brane sector. All these fac to rs  have been 
repo rted  from  m am m alian  m ito ch on d ria . Am ong them , F ,  (MW  8 000) and  F ac to r B 
(M W  15 500) deserve special a tte n tio n . T h e  Fa has been purified and show n to  be involved 
in  th e  b ind ing of F ,  to  F0 as well as in th e  res to ra tio n  of oxidative pho sp ho ry la tion  and 
A T P  d epend en t reac tions in d ep le ted  partic les  (K anner et al, 1976). F ac to r B (cadm ium  
bind ing p ro te in ) has also been purified an d  has been show n to  be inh ib ited  by sulphydry l 
(SH) reag en ts  in  th e  s tim u la tio n  o f o x id ative  pho sp hory lation  (K ap lay  et al, 1984; Sanadi 
et al, 1984; L ak shm ik an tham  et al, 1984) It has been suggested th a t  th e  p ro te in  m ay exert 
its  effect by decreasing the  p e rm eab ility  o f the  m em brane to  protons.

Q. Genetics of oxidative phosphorylation

T he genetic s tud ies o f ox idative ph o sp h o ry la tio n  s ta r te d  w ith  the  developm ent of different 
com pounds th a t  specifically in h ib it m itochondria l resp ira tion , electron  tra n sp o rt, energy 
coupling an d  consequently  block th e  grow th  of yeast cells on non-ferm entab le  m edia. In 
Dr. G riffith ’s lab o ra to ry , ex tensive use has been m ade of m itochondria l d rug -res is tan t 
m u ta n ts  (See G riffiths et al, 1972) based on the  following criteria:

(i) Drugs w hich affect m itochondria l energy conservation  reactions (inh ib ito rs , uncouplers, 
ionophores) and have specific in h ib ito r sites  w ith  specific p rotein  sub un its  of th e  oxidative 
ph o sp h o ry la tio n  com plex located  in the  inner m itochondria l m em brane, have been used to  
genera te  re s is tan t m u tan ts .

(ii) D rug re s is ta n t m u ta n ts  th u s  g enera ted  have been show n to  exhib it th e  m odified sensi
tiv ity  to  th e  drug  a t  the  w hole cell, m itochondrial, sub-m itochondria l and  specified 
enzym e levels.
(iii) T he in h e ritance  of these d ru g  re s is ta n t m arkers and  the ir location  on specific m ap 
po in t of m itochond ria l genom e ind ica te  th a t  the  specific m itochondrial gene p rodu c t of 
ox id ative  p ho sp hory la tion  has been modified.
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T a b le  1.8 M itochondrial drugs used in the genetic s tu d ies  o f oxidative phosphory lation  
and th e ir possible location  of ac tion  (a fte r Griffiths, 1976)

Drug Biochem ical locus 
of action

R es is ta n t m u tan ts  
iso la ted  and locus

A ntim ycin A E lec tro n  tra n sp o rt Yes; nuclear
C C C P U ncoupling ag en t Yes; cytoplasm ic
T T F B U ncoupling ag en t Yes; cytoplasm ic
1799 U ncoupling agent Yes; cytoplasm ic

Oligom ycin O .S .A T Pase Yes; nuc lear & cy toplasm ic
Ossam ycin O .S .A T Pase Yes; cytoplasm ic

V enturicidin O .S .A T Pase Yes; nuclear, m itochondria l & cy toplasm ic
T ria lk y ltin O .S .A T Pase Yes; nuc lear & cy toplasm ic
A urovertin F , A T Pase Yes; nuclear

Dio 9 F , A T Pase Yes, nuclear
R hodam ine 6G A D P  translocase(?) Yes; cy toplasm ic
Bongkrekic acid A D P translocase Yes; n uc lear 8c cy toplasm ic

Valinom vcin K  tran sp o rt Yes: m itochondrial
C C C P , C arbony lcyan ide m -chlorophenylhydrazone; T T F B , 4, 5, 6, 7 -tetrachloro-2- 
trifluorom ethylbenzim idazole; 1799, a , a  bis (hexafluoroacetonyl) acetone
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A list o f th e  d rugs used in th e  s tu d y  (G riffith s ,1976) w hich sa tisfy  the  general c r ite r ia  o u t
lined above is show n in  th e  tab le  1.6.

The tab le  reveals th a t  th e  locus of the  d ru g  res is tan t m arker m ay lie in th e  nucleus, in the 
m itochond ria  an d  also on som e o the r unidentified  genom e (cytop lasm ic or m itochondrial 
plasm id?). T h e em phasis in such  a  s tu d y  has been given on biochem ical genetic s tud ies of 
oligom ycin re s is ta n t, v en tu ric id in  re s is ta n t and tr i-e th y ltin -re s is ta n t m u ta n ts  for a 
num ber o f good reasons. T he m ost im p o rta n t one is th a t  all of them  have definite binding 
sites on  th e  O .S. A T P ase  com plex (G riffiths & H o ug h to n ,1974). T he m ajor conclusions 
draw n from  these s tud ies (A vner & G riffiths, 1973a, 1973b; Lancashire & G riffiths, 1975a, 
1975b; G riffiths et a/, 1975 L ancash ire  & M attoo n , 1979b) are:-

1. O lig om ycin -resis tan t m u ta n ts  can be d ivided in to  tw o  general classes (class I and class 
II) on  th e  basis of cross resistance  to  o th e r  m itochondria l drugs. C lass I m u ta n ts  show 
cross resistance  to  au ro v ertin , Dio-9, v en tu ric id in , tr i-e th y ltin , uncouplers and o th e r m ito
chondrial drugs. In co n tra s t, class II m u ta n ts  are specifically re s is ta n t to  oligom ycin and 
s tru c tu ra lly  re la ted  an tib io tic s  and show no cross resistance to  ven tu ricid in , tri-e th y ltin , 
DCCD or uncoupling ag en ts  (T able 1.7A). All class II m u ta n ts  exh ib it typ ical cy to
plasm ic in h e ritance  and resistance  d e te rm in an ts  have been located  a t  tw o d is tin c t loci, 
OLI (O li 1) an d  OLII (01i2) o f m t-D N A  by genetic m apping analyses. B iochem ical stud ies 
are co n sis ten t w ith  the  m odification  of tw o  of the  m itochondria lly  synthesised  com ponents 
of the  O .S . A T P ase  com plex.

2. V en tu ric id in  re s is tan t m u ta n ts  also fall in to  tw o general classes (T able 1.7B). Am ong 
them  class I is cross-resis tan t to  a  wide v a rie ty  of o the r d rugs including som e inh ib ito rs  of 
p ro tein  syn thesis  in m itochondria . A m em brane drug-perm eab ility , or o th e r non-specific 
effect seem s to  be involved. C lass II (V .O ) m u tan ts  show cross resistance to  oligom ycin 
and th e  resistance allele is located  on m t-D N A  a t a locus which is closely linked to  OLI, 
called OLIII (OH3). C lass II (V .T .) m u ta n ts  are cy toplasm ic m u ta n ts  which show cross 
resistance to  tr ie th y ltin , and are  sim ilar to  cy toplasm ic tr ie th y ltin  m u ta n ts  (T ab le  1.7C). 
G enetic analysis ind icates th a t  these resistance alleles are unlinked to  o th e r m itochondrial
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F ig u r e  1.6 Linkage map o f various oligom ycin-, tr ie th y ltin - , an d  ven tu ric id in  res is tan t 
m u ta tio n s  in yeast (A fter G riffiths et al, 1976a) OL I (O lil) , O L II (01i2) and OL III (OU3) 
are th ree  oligom ycin re s is tan t genetic loci of which OLIII (OU3) shows cross re s is tan t to  
venturicid in . T he non m itochondria l cytoplasm ic m arkers  (V E N  , T E T  ) have been 
placed on the locus V I /T  I, o u tsid e  the  lim it of the  m ito ch on d ria l genom e (do tted  line). 
T he values show n are to ta l recom bination  frequencies observed  in hom osexual (u> x  o> 
and io x  u) genetic crosses (Lancasire & G riffiths, 1974). See G riffiths et al for details.

25%
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T a b le  1.7 C ross resistiv ity  o f various classes of m u ta n ts  of ox id ative  pho sp hory la tion  
(after Avner & G riffiths, 1973a, 1973b; L ancash ire  & G riffiths 1975a, 1975b; L ancashire & 
M attoon, 1979b).

T ab le  1.7a. C ro ss resistance of O lieom vcin  re s is ta n t m u tan ts
Class R esistance level X p a re n ta l s tra in

O L IG O VEN T E T 1799 (MD)
I >  50 > 5 0 10-25 > 2 0 3-5
II > 5 0 1 1 1 1

T able 1.7b C ro ss resistance of v en tu ric id in  re s is ta n t m u tan ts
C lass R esistance level X p a re n ta l s tra in

O L IG O VEN T E T 1799 (MD)
I > 5 0 > 5 0 10-20 > 2 0 3-5

II (V.O) 100 100 1 1 1
II (V ,T) 1 50 20 10 1

T ab le  1.7c C ro ss  resistance o f t r ie th v ltin  resistant m u tan ts
C lass R esistance level X p a ren ta l s tra in

O L IG O VEN T E T 1799 (MD)
I > 5 0 > 5 0 > 2 0 > 2 0 5-10

Ha 1 > 5 0 > 2 0 1 1
lib 1 > 5 0 > 2 0 10 1
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loci and are located  on a different m olecule of DNA.

3. In terac tion  and co -operative effects betw een different b ind ing s ites  o n  the  m itochondria l 
A T Pase have provided stro n g  evidence for separa te  b u t in te ra c tin g  reac tion  sites for oli- 
gom ycin, tr ie th y ltin  and v en tu ric id in . T h is  in tu rn  indicates th a t  th e se  m u tan ts  a re  due 
to  m odification of drug  receptor s ites  on  the  m em brane bound su b u n its  of th e  O.S. 
A T Pase complex.

The whole linkage group in th is  reg ion  as shown by L ancashire & G riffith s  (1975a, 1975b) 
is show n in Fig. 1.6. R ecom binatio n  ra te s  w ith in  the  groups sh o w n  in the F igure, seem 
unexceptional. Between th e  first fou r groups the  recom bination  r a te  is approxim ate ly  
co nstan t a t  ab o u t 25% . T h is  behav iour is no t understood. O f eq u a l in te rest is th e  high 
(abou t 45% ) an d  ap prox im ate ly  c o n s ta n t recom bination  ra te  found to  occur betw een the 
fifth group and th e  o the r four. T h e  exceptionally  high ra te  in d ic a te s  th a t  the  four linked 
groups are no t linked to  th e  group  V m arkers (i.e., to ta lly  ran d o m  asso rtm en t). As the 
group I-IV m arkers have been proved to  be located on the  m ito cho nd ria l genom e, it is 
expected th a t group  V m arkers are o n  a  second molecule of cy to p lasm ic  DNA. It has been 
shown th a t  VEN R, T E T R alleles (G rou p  V m arkers) are  re ta in ed  in  a  p° p e tite  in  which 
mt- DNA is ab sen t (G riffiths et al, 1975). The au th o rs  concluded t h a t  the  G roup  V m ark
ers are  probably  s itu a ted  on a second m t-D N A  molecule and m ay fo rm  p a rt o f th e  m ito
chondrial genom e. They also te n ta tiv e ly  suggested th a t  2 p  p la sm id  DNA, term ed 
om icron-D N A  (o-DNA) (C lark -W alker, 1973) m igh t be the  possible can d id a te . However, it 
will be seen in C h ap te r  7 th a t  th is  2 p  does not carry  these m arkers.

13. The aim of the present project

O n th e  basis o f observed au tonom y o f th e  m itochondrial genom e o f  y east discussed in the 
earlier sections, and  its  m ajor co n trib u tio n  to  the  form ation  of th e  F0 sector of th e  O.S. 
A T P ase evidenced by genetic analyses, it was ap p aren t th a t  m olecu lar s tu d y  of the 
specific sector of th e  m itochondria l genom e from  various d ru g -re s is ta n t m u ta n ts  w ould be 
in s trum en ta l in elu c idating  som e o f the  m echanism s of o x id a tiv e  pho sphory lation .
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T herefore, th e  aim s of th e  p resen t th esis  were:

(i) T o  g enerate  a  fine s tru c tu re  m ap o f th e  Oli-2 region, to g e th e r  w ith  discrete petites, 
each  having sep a ra te  genetic m arkers. T his is very im p o rta n t because th e  segm ent spans 
a  leng th  of ab o u t 4.4 K bp region of y east m t-D N A  betw een O li-2 and  Cob-box w ith  m ul
tip le  drug re s is ta n t and m it loci.

(ii) Sequencing analyses o f the  m t-D N A  from  each ind iv idual p e tite  clones.

(iii) T o  estab lish  from  th e  DNA sequence analyses how m any genes are  coded by th is  
reg ion  and to  de te rm in e  w h a t so rt o f a lte ra tio n  in th e  DNA sequences as well as p redicted  
am inoacid  sequences leads to  d rug  resistance  and th e  m it phenotype.

(iv) To co rre la te  specific genetic locus (or loci) w ith  a specific p ro te in  su b u n it of the  O.S. 
A T P ase .

(v) T o  p red ic t, if possible, the  p rob ab le  m em brane co n fo rm ation  o f various subun its  and 
th e ir  p robable in te ra c tio n  w ith variou s an tib io tics  (oligom ycin & ossam ycin) during oxida
tiv e  pho sphory lation .

(vi) C om parison  o f the  p rim ary  am inoacid  sequences o f th e  y east m itochondria lly  coded 
su b u n its  of O .S. A T P ase  w ith  those  o f o th e r various o rgan ism s, for which d a ta  are avail
ab le , and to  e s tab lish  th e  co n se rv a tio n  of th e  su b u n its , if any, d u rin g  the  course o f evolu
tio n .

(v ii) E x am in a tion  of variou s au to no m o u sly  rep lica ting  elem en ts  in the cy top lasm  of S. 
cerevisiae  to  iden tify  a  c a n d id a te  w hich could be a ca rrie r o f som e ye t unidentified genetic 
loci (e.g., VEN R , T E T R , R h 6 G R, etc .).
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CHAPTER-2

Isolation of discriminating petites from the Oli-2 Region by further Fine Struc

ture Mapping of the Oli-2 Region of the Mitochondrial Genome of Saccharo- 
m yces Cerevisiae.

Introduction

To elu cidate  the role of the p a r t  of th e  m itochondria l genom e c o n ta in in g  the  O li-2 locus 
betw een Oxi-3 (the locus responsible for synthesising  su bu n it 1 o f cy toch rom e oxidase) 
and C ob-box (com plete locus coding for apocytochrom e-b), it was fe lt to  be im p o rta n t to  
generate  a  fine s tru c tu re  m ap o f th is  region using the  available mil m u ta n ts  and  drug  
res is tan t m u tan ts  d irected  to w ards  th is  p a rticu la r s tre tc h  of th e  m ito ch o n d ria l genom e. 
The procedure was to  use the  pow erful genetic too l of p e tite  d e le tio n  m apping. T his 
involves th e  generation  of several d iscre te  pe tites  of th is  p a r t  o f th e  m itochondria l 
genom e, and to  cross them  w ith  d ifferen t mit and d rug  res is tan t m u ta n ts .  T he re su ltan t 
diploids would then  be tested  for co m p lem en ta tio n  analysis of th e  respec tive  pe tites  (res
to ra tio n  of resp iratory  function  o r suppression  of th e  drugR pheno type. T he resu lting  co
re ten tio n  and co-deletion s tu d ies  o f th e  petites, to g e th er w ith co m p lem en ta tio n  resu lts  
helped to  order different genetic m arke rs  (mii or drug*) on the  m ito ch o n d ria l genom e 
and thereby  yielding a fine s tru c tu re  m ap  (C arignani et al, 1979).

O th er procedures such as reco m bin a tion  analysis from  the  cross of d ifferen t m u ta n ts  helps 
to  genera te  linkage m aps. T h is  is o f lim ited  value in  generating  a  fine s tru c tu re  m ap, a t  
ieast as far as the  m itochondria l genom e is concerned, due to  high reco m b in a tio n  values 
and m ap expansion effects observed in  m itochondria l genetic crosses (See B irky, 1978). 
N onetheless the approach  helped to  produce a  gross linkage m ap, p ro v id in g  th e  basis for 
genera ting  a  fine s tru c tu re  m ap.

A fu rth e r  m ethod em ployed to g e th e r w ith  p e tite  de letion  m apping w as th e  physical m ap
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ping o f th e  p e tite  genom e an d  its  co m parison  w ith  the  p a ren ta l genom e by re s tric tion  
analysis  and D N A /D N A  h y b rid isa tio n  (M orim o to  et al, 1976; 1977; B orst et at, 1979). 
T h is  is a very pow erful techn ique  indeed. B u t th is  m ethod, as will be described in the 
nex t ch ap te r was found to  be unsuccessful due to  the  in terference of a  nuc lear m u ta tio n  
kar-1  on the  m itochondria l DN A copy num ber a n d /o r  mt-DN 'A rep lica tion , the reby  yield
ing an  insufficient q u an tity  o f m itochondria l D N A  for m olecular analyses. N evertheless 
som e m ethods were em ployed to  c ircu m ven t th is  difficulty w hich will also  be described in 
th e  nex t ch ap te r. T his ch ap te r  how ever, describes a  fine s tru c tu re  m ap o f the  O li-2 region 
by p e tite  de letion  m apping.

Materials and Methods

A) Materials

1. Y east S tra in s

T h e  genotypes and origin of th e  g rande druyR an d  mit te s te r  s tra in s  o f Saccharom yces  
cerevisiae  used in th is  s tu d y  are listed  in  T ab le  2.1. T h e d isc rim ina tive  p clones 
p resen ted  here are all derived from  the  s ta r t in g  g rand e  C D 40 (OIi2 R , Oat 1B) by e th id ium  
brom id e m utagenesis.

2. M edia and C hem icals

N O , N3, W O , YPD, Y P10 are  essentially  as described by L ancashire (1974) and their 
co m ponen ts  are given in th e  A ppendix. For solid  m edia 2 .3%  agar w as added to  the 
above. A n tib io tic  m edia (N301 an d  N30S)were p repa red  by ad d ing  m ethano lic  so lu tions of 
O ligom ycin  (1.0 p.g/m l) an d  O ssam ycin  (2.0 p .g /m l) respectively  to  N3 m edium  after 
au to c lav in g  as described previously  (L ancash ire  an d  G riffiths 1975b). O ligom ycin  was 
pu rch ased  from  Sigm a and ossam ycin  was a  g ift from  Dr. H. Schm itz, B risto l M yers Co.
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B) General Methods

1. S te riliza tio n

S te riliza tio n  was norm ally  achieved by au toc lav ing  a t  15 p.s.i. p ressu re  for 15 m inutes. 
P ip e tte s  were sterilized  e ith er by a u to  clav ing  in th e  sam e way, o r by h ea ting  to  160° C 
overn igh t.

2. Subcloning and S u b cu ltu ring

Newly iso lated  s tra in s  were subclo ned  tw ice on N O  or N 3 solid m edia before s to rag e  on 
agar slopes (prepared in  B ijou b o ttle s)  a t  4° C . S tra in s  w ere rou tine ly  su b cu ltu red  every 
four to  six m onths.

3. S ta r te r  C u ltu re

S ta r te r  cu ltu res were norm ally  g row n for 24 to  48 hours in  50 ml N O  liquid  m edia in  250 
ml conical flasks on a  ro ta ry  shaker a t  29° C .

4. L aw ns for M ating

Cells, g row n as described above, w ere h a rv ested  by low speed (1500 x g) cen trifu ga tion , 
and w ashed twice in sterile  d is tilled  w a te r. A p p ro x im ate ly  2 x 107 cells were th e n  p la ted  
o n to  th e  ap p ro p ria te  m edia.

5. T em p e ra tu re

U nless o therw ise s ta te d , all in cu b a tio n s  were perform ed a t  29 ± 1 ° C

C ) Special Methods

1. E th id iu m  Brom ide M utagenesis

T he  g ran d e  CD40 w as grow n to  la te  log phase  in  liquid Y PD  m edia. A p prox im ate ly  5 X 
10s cells were then  d ilu ted  in 50 ml Y PD  plus 10 p .g /m l e th id ium  brom ide in  a  250 ml 
conical flask, and in cu b a ted  w ith  sh ak in g  in  th e  d a rk  for 24 hours a t  29° C. T he cu ltu re  
was fu r th e r  d ilu ted  in to  Y PD plus 20 p-g/m l e th id iu m  brom ide an d  incu b a ted  ag ain  w ith  
sh ak in g . Sam ples w ere w ith d raw n  from  th e  cu ltu re  a fte r  4 and 8 hou rs and  e ith e r  w ashed 
and p la ted  on solid Y PD  to  give ap p ro x im a te ly  100 colonies per p la te , or su b jec ted  to
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further sequential t re a tm e n t w ith  e th id iu m  brom ide .

2. Screening of p C lones

The screening of p clones w as perform ed as essen tially  described in "p roced u re  A" by 
C arignani et al (1979).

3 . R estoration  T es t of mit m u ta n ts  by p clones

The mit s tra ins of the  sensitive s tra in  D27 or o th e r mil s tra in s  like C D 24, CD41, m it 
175 were grown to  la te  log phase in  e ith e r  Y P10 o r liquid YPD and a cell suspension  was 
spread on to  W O p la tes (ab o u t 2 xlO7 cells per p la te), p clones were th e n  cross replica 
p lated from  NO m aste r p la tes  to  th e  te s te r  law n. T h e m ating  p la tes were in c u b a te d  for 3 
days a t  29° C. T h e resu lting  dip lo id  g row th  was th e n  velveteen rep licated  o n  to  N3, N301 
and N 3 0 S  plates an d  g row th  w as scored a fte r  3 days a t  29° C.

RESULTS

Isolation of initial p petites in the Oli-2 Region.

The s tra in  CD40 possessing o ligom ycin  an d  ossam ycin resistiv ity  w as co n stru c ted  from  
the paren ta l g rand e s tra in  D27 (C o n n erto n  et al, 1984). Sequential e th id iu m  brom ide 
tre a tm en t of the  C D 40 s tra in  led to  th e  gen era tion  of tho u sand s of p c lones of which 
over 1000 were screened for th e ir  re ten tio n  and d iscrim ina tion  of genetic m ark e rs  d irec ted  
tow ards the O li-2 region of th e  m itochond ria l genom e. A pproxim ately  26%  of the  to ta l 
p clones screened had d e tec tab le  fu n ctio n al genetic in fo rm ation . O f these 75%  com ple
m ented the  mit te s te rs  M 9-3 /L , M 9-94/L  and M 5-16/L  deficient in cy toch rom e oxidase 
ac tiv ity  (Slonim ski & Tzagoloff 1976). T h e  rem aining 25%  ap pear to  re ta in  equally  po r
tions of the  C O B -box and th e  O li-2 regions as ascerta ined  by th e  re s to ra tio n  o f ox idative  
grow th and d rug  resistiv ity  in  m u ta n ts  deficient in  cy tochrom e b o r d irec ted  a t  
oligom ycin-sensitive A T P ase function .

R epresenta tives of the  classes o f p clones produced by in itia l e th id iu m  brom ide 
m utagenesis are given in  T ab le  2.2, show ing the  m it and ant* x p re s to ra tio n  crosses in
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m atrix  form. From  T able 2.2 it  is ev iden t th a t  .V1R53 is a  su itab le  s tra in  for fu rth e r  dele
tion studies which has re tained  all genetic m arkers betw een Oxi-3 and CO B -box. It is 
im po rtan t to  m ention th a t the  s tra in s  s tud ied  here are in general based on the sh o rt m ito
chondrial genome o f D273-10B/A1 (Tzagoloff et al, 1975) w ith the exception o f m it-175 
which is derived from  the grande FF1210-6C  (B o lo tin -F uku hara  et al, 1977). T h e  mil 
s tra in s  pho 9 and pho 8 were orig inally  genera ted  in a  nuclear m u tan t (O p l)  of th e  pa ren 
tal s tra in  D603-3B (D arlison Si L ancashire , 1980) and la te r cy toducted  in to  C D 24 and 
C'D41 respectively to  possess defined nuclear genom es of opposite m ating types (Lan
cashire Si M attoo n , 1979b).

Isolation of discriminative petites from the Oli-2 region by further Ethidium 

bromide mutagenesis

Subsequent tran sfe r of M R53 s tra in s  w hich have retain ed  genetically all the  m arkers  
betw een Oxi-3 (M 5-16/L) and C ob-box (M 17-231) in to  e th id ium  brom ide co n ta in in g  cul
tu re  led to the genera tion  of all ranges of possible pe tites  in th is  region, rep resen ta tives  of 
which were shown in Fig 2.1.

Figure 2.1 Representative of discrete petites from the Oli-2 region
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The theore tica lly  possible and ex p erim en ta lly  produced pe tites  w ith  different genotypes 
for co -reten tion  a n d  co-deletion s tu d ies  are  show n in T ab le  2.3 (d a ta  o f one experim en t 
only).

T a b l e  2 .3

G enotyp es
N u m ber of finally R ep resen ta tives

selected  petites show n in  Fig 2.1

Oli2R Oaa l R pho8 pho9 5 M R53
Oli2R Oaa l R pho8 0 -
Oli2R O aalR pho9 5 M R33
Oli2R pho8  pho9 2 M R06
0U 2R O aa\R 2 M R 10
Oli 2R pho9 12 MR66
O li2R pho8 0 -
Oss \ R 2 M R23
pho8 pho9 1 MR21
O a«lR pho9 0 -
Oli 2r 7 M R60
pho9 8 M R50
pho8 0 -

0p 9 MR61

From Table 2.3 it is apparent that while pho90/*2R, Oaa 1R, pho9 Oli 2R, Oli 2fi Oat 1R 

and pho8 pho9 are co-retained, no combination such as pho9 OaalR, pho8 Oaa Is or pho8 

0li2R were ever observed. This is possible only when the order of these markers are 

pho8-pho9-Oh'2R-0 «  1*. All co-retention and co-deletion data in petites allow a map
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Figure 2. 
represent 
-sent the

M5-16/L

. Fine structure map of the Oli-2 region. The enclosed boxes 
the recognised genes while the thin lines between the boxes repre- 
intergenic regions containing hitherto unassigned mutations.

pho8 pho9 Ol i2 Ossi phol mit-175 Ml 7-2 31
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and order to  be deduced for the m arkers  which are sum m arised  in Fig 2.2.

It should be borne in m ind, th a t  the  co -re ten tio n  and co -deletion  of th e  m arkers in the p 
clones are only co nsis ten t w ith the  assu m p tio n  th a t  none of the  m u ta n ts  presented  here 
have doubly deleted or genetically rearrang ed  genom es.

3. Localisation of the mit-175 (mit ) mutation

Previous s tu dy  by B o lo tin -F uk ahara  e t at (1979) has show n th a t  m it-175 is a  non condi
tional mit m u ta tio n  located betw een th e  Oli-1 and th e  Oli-2 regions of the  m itochon
drial genom e. No o th e r a tte m p t has been m ade to  localise th is  m u ta tio n  to  any,specific 
region of th e  m itochondria l genom e, so it was in te re s tin g  to  note w hether or no t th is  mt< 
m arker m aps in the Oli-2 region. O u r p e tite  d e le tio n  s tu dy  (see T ab le  2.2) shows th a t 
m it-175 in fact, lies betw een 01 \2 R an d  C ob-box an d  d ow nstream  of the  0 m 1S m arker. 
T o  su b s tan tia te  th is  resu lt fu rth er th e  m it-175 s tra in  was crossed w ith  a p e tite  s tra in  
CDS-14, a  cy to d u c tan t of DS-14. DS-14 is a d iscre te  well know n p e tite  produced in Dr. A. 
Tzagoloff’s lab o ra to ry  (M acino & Tzagoloff, 1980) w hose com bined genetic and physical 
m ap tog e th er w ith alm ost all its DN A sequence is know n. It has re ta ined  the  whole of 7 th 
fragm ent and p a rt of the  6 th  fragm en t of the  E co R l d igests of th e  wild type m itochon
drial genom e (See C h ap te r 4). It does no t re ta in  any p o rtio n  of tR X A a‘'  gene or Cob-box. 
T he diplo id produced by the  cross be tw een  CDS-14 (sim ilar to  DS-14 as checked by res
tric tio n  enzym e analysis; see next ch ap te r) an d  m it-175  restored  the  norm al grow th on 
glycerol m edia. T his clearly estab lishes th a t  th e  m it-175  locus is s itu a ted  dow nstream  of 
th e  OH2 and O ssl loci and probably  w ith in  th e  1.7kb DNA E coR l fragm ent (band 7) 
found betw een th e  O li2 locus and th e  C ob-box locus and re ta in ed  by CDS-14. Unfor
tu na te ly , no p e tite  was ob ta ined  only w ith  th e  m it-175  m arker in th is  pe tite  deletion 
s tu dy . T h is  could be due to  problem s w ith  rep lica tio n  in  th is  region o f the  genome.

DISCUSSION

T he d a ta  p resented  here (sum m arised  in  Fig. 2.2) rep resen ts  a  genetic d issection of the
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m itochondrial genom e be tw een  Oxi-3 an d  C ob-box. T his has been possible due to  the  
availab ility  of large n u m b ers  of m u ta tio n a l sites in  th is  region of th e  m itochondria l 
genome. M ost of the  m u ta n ts  pho8, pho9, Oli2R a n d  0 s a lR have been produced  in th is  
labora to ry  in the p a st, an d  some o f th em  are g e n e ra ted  in  o th e r  lab o ra to rie s  (see T ab le  
2.1). T he p ic ture w hich now em erges, is th a t  th e  pho8  and pho9 m u ta tio n s  are no t allelic 
w ith the  p h o l m u ta tio n s  of M28-81 an d  M 6-239 (D arlison  & L ancashire , 1980), the  tw o  
groups are in fact s e p a ra te d  by th e  OU2 an d  O ss l resistance  loci. P e tite s  d iscrim ina ting  
the  pho8 and pho9 m u ta tio n s  have a lso  been iso la ted , ind icating  th a t  these  alleles are no t 
hom oalleles. T his o b se rv a tio n  is im p o rta n t since th e  purpose of th e  p resen t p ro jec t was 
to  find o u t the c o n tr ib u tio n  of th is  p a r t  o f th e  m itochondria l genom e tow ards th e  
biogenesis of the  m itoch on d rio n  or m ore specifically to  th a t  of m itochond ria l A T P syn the
tase.

T he OU2 and O ssl m a rk e rs  used in  th is  s tu d y  belong  to  the  un ique g roup s "D" and "E" 
respectively, as described  by L ancash ire  & M atto o n , (1979). T h is  design ates th a t  they  are 
specifically res istan t to w a rd s  these d rugs ra th e r  th a n  a wide range o f cross resistances 
which fall in to  g roup s "A ", "B" an d  "C " . So as fa r as th e  a im  of th is  p ro jec t is con
cerned, sequence an a ly sis  of m t-DN'A from  d isc re te  p clones co n ta in in g  th e  Oli-2 and 
Oss-1 res is tan t loci w ill help to  p red ic t specific d ru g -p ro te in  in te ra c tio n s  in  re la tio n  to  
oxidative p ho sp h o ry la tio n  of m itochond ria .

T he localisation  of a  new  mit m u ta tio n , m it-175 be tw een  O li-2 and C ob-box  is a  useful 
step  tow ards the  id en tifica tio n  of a  p ro d u c t from  a h ith e rto  unknow n gene. It is an tic i
pa ted  th a t  Oli2R and 0»«1R probab ly  lie w ith in  th e  coding sequences for subun it-6  o f oli- 
gom ycin sensitive A T P a se  (M acino & Tzagoloff, 1980). T h e p h o l m u ta tio n s  are also 
likely to  be w ith in  th is  s tru c tu ra l gene. T h e lo ca tio n  of th e  pho8, pho9 and m it-175 
m u ta tio ns  is open to  sp ecu la tio n . P ho 8  an d  Pho9  lie on  th e  Oxi-3 side o f O li-2, w hile 
m it-175 lies a t  C ob -bo x  side o f O li-2. Sequencing d a ta  u p stream  of O li-2, published 
recently by M acreadie e t al, 1983) h a s  revealed a  p u ta tiv e  read ing  fram e for 48 am inoa- 
cids, coding a  p ro te in  w hich has been nam ed as A A P 1. R ecently  V elours e t al, 1984, have
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sequenced a 10 KD lipop ro te in  associated  w ith  th e  O .S .A T P ase  com plex and have shown 
it to  be in  peifect hom ology w ith  predicted  am inoacid sequences of AAP1 from DNA 
sequencing d a ta . So i t  is an tic ip a ted  th a t  e ith er pho8 and pho9 will be located  w ith in th is 
AAP1 gene (a ph o sp h ate  binding A T P ase associated  pro tein ) o r in  the 5 ’ flanking contro l
ling region of the O li-2 gene. T h e location  of th e  m it-175 locus to  any o the r gene product 
involved in  oxidative pho sp hory la tion , or some gene con tro lling  tran sc rip tio n  a n d /o r  pro
cessing tran sc rip ts  of th is  region, would also be in te resting . DNA sequencing analysis of 
th is  region of m itochondria l DNA will ra tiona lise  all these a lte rn a tiv es  (See C hapter-5).
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CHAPTER 3

Effect of the kar-1 mutation on the transmission and the copy number of the 

petite mitochondrial genome of Saccharom yces cerevisiae

Introduction

Kar-1 is a  nuclear fusion m u ta tio n  (C onde & F ink , 1976) in  th e  yeast Saccharom yces  
cerevisiae, which has been a  too l in  th e  genetic research  on organelle  genom e and e x tra  
chrom osonal inheritance. T h e general m ethod , called cy tod u c tio n  (L ancash ire  & M atto o n , 
1979a) utilises th is m u ta tio n  in  m itochond ria l genetic s tud ies to  develop a  series of 
mit ,iyn  , druyR s tra in s  in  isonuc lear b ackgrounds, so th a t  the  b iochem ical effects of these 
m u tan ts  could be analysed sy stem atica lly . T h is  also  po ten tia lly  e lim ina tes  any  argum en ts  
against possible nuclear invo lv em en t on  b iochem ical ch a rac te ris tic s  of respective m ito- 
chondrially  inherited  m u ta tio n s .

To achieve th is  goal, th is  la b o ra to ry  has g en e ra ted  a  series of m it (pho8 ,pho9) and  drugR 
(e.g. O li2R , 0 m  1R) m u ta tio n s  in  an  isonuclear back g rou n d  (a leu kar-1). As a  basic a im  of 
the presen t projec t to  s tu dy  th e  O li-2 region (betw een  C ob-box & Oxi-3) o f m itochond ria l 
genome in  m itochondrial biogenesis, a lm o st all s tra in s  used have th e  above 
genotypes.T herefore all th e  p s tra in s  g en e ra ted  during  p e ti te  de letion  m app ing  (as 
described in a previous ch ap te r)  have th e  kar-1  m u ta tio n  w ith in  the  nucleus. W hen 
a tte m p ts  were m ade to  iso late  m itochond ria l D N A  from  these p e ti te s  for physical ch a rac 
terisa tion , it  was found im possib le  to  iso late enough m t-D N A  for fu ther m olecular an a 
lyses by th e  available s ta n d a rd  techniques (L ang et al, 1977; W illiam son  & F ennell, 1975; 
F uk uh ara , 1969; B ernardi, et al, 1972; H u dsp e th  et al, 1980). A fte r recu rren t fa ilu re  to  
isolate m t-D N A  in sufficient q u a n tity  for physical m apping by re s tric tio n  endonucleases 
and for sequencing of DNA, we und ertook  a  sy s tem atic  s tudy  to  look a t  th e  effect o f the  
kar-1 gene on the su ppressiv ity  o f th e  p e tite s  em ployed, the  a m o u n t of m t-D N A  an d  th e  
copy num bers they re ta ined . In teresting ly  we found  th a t  kar-1 has a p ro found  effect,a t 
least in  our pe tites, bo th  on  th e  copy n u m b er of th e  m t-D N A  genom e and on  its



- 58 -

suppressivity .

MATERIALS & METHODS

1. Yeast Strains

The genotypes and o rig in  of the g rand e and p e tite  s tra in  of S .cercvisiae  used in th is  s tudy  
are listed in  T able 3.1. T he prefix CD of the  g rande s tra in s  ind icates the ir cy to d u c tan t 
origin by s tan d a rd  technique (L ancashire & M attoo n , 1979a).

2. Media & Chemicals

S tan dard  m edia for y east cu ltu re , m ain tenance and nuclear and m itochondrial genetic 
analysis were used as described in  C h ap te r  2. T he recipes o f th e  m edia are given in the  
Appendix. T he sources of oligom ycin and ossam ycin are  th e  sam e as m entioned in 
C hap te r 2.

3. Basic Cytoduction Procedure

The basic cy toduc tion  procedure w as sim ilar to  th a t  described by L ancashire & M attoo n  
(1979). Briefly, com plem entary  cells [a leu ka r-l p° and a  (p ,m it or An<fi)] were precul
tu red  separa te ly  in N O  m edia for 24 hours. T h e fresh cells were then  mixed toge ther in 
equal p ropo rtions on solid YPD p la tes  or in liquid m edium  (2 XlO7 cells/m l). T he mix
tures were allowed to  incubate a t  30°C for ab ou t 4 hours. Sam pling  for the  fo rm ation  of 
zygotes were som etim es carried o u t to  get appreciab le num bers of zygotes w hich we found 
4 hours in  m ost cases. Then cells were harvested  by cen trifu g a tion  and suspended in 
sterile d istilled  w ater. Then, e ith e r  th e  zygotes were m icrom anipu lated  on a  th in  Y EP 
agar slab  and the zygotic buds w ere rem oved and cu ltu red , as described by L ancashire 8c 
M attoon  (1979a), or processed by spread ing  them  on to  W O  p la tes  supplem ented w ith  the  
respective agent for an  au xotrophic nuclear m arker to  be selected for.In all cases before 
m an ipu la tion  of zygotic buds, th e  p la tes  were incubated  in a  hum idified cham ber a t  30° C. 
In the  la te r  case, th e  cy to d u c tan ts  w ith  p or mit phenotype are easily identifiable from
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T a b l e  3 .1  Y e a s t  s t r a i n s  u s e d  i n  t h e  s t u d y
S tra in N uclear G enotype M itoch ondria l G enotype O rig in

D273-10B/A1 a  m et PP OU2' O s t i ’ M acino & Tzagoloff 
(1980)
Subclone of D273-10B/A1D27 a  m et P ' Oli 2* Oh  1*

CD40 a leu kar-1 P Oli2R 0 s«1R Dr. L ancashire
CD24 a  his kar-1 P mit pho9 Dr. L ancashire
CD41 a  his kar-1 P mit pho8 

Oli2* Oh i "
Dr. Lancashire

LP81 a leu kar-1 P Dr. L ancashire
LPA12 a leu kar-1 P pho9 Dr. L ancashire
V1R53 a leu kar-1 P Oli2R Om R pho8 pho9 T his thesis
M R60 a leu k a r -1 P Oli2R T his thesis
M R23 a leu kar-1 P Oss Ì R T his thesis
M R50
MR61

a leu kar-1 
a leu kar-1 Pop

pho9 T his thesis 
T his thesis

D S -14 a  met p Oli2R O lii ' M acino & Tzagoloff(1980)
DS14(a) a ade2 p Oli2R O lii ' T his thesis
C D S14(a) a  his kar-1 p Oli2R O lii ' This thesis
CDS-14 a leu k a r- l p Oli2R O lii ' T his thesis
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diploids (which form la rg e r colonies). T he suspected cy to d u c tan ts  are th e n  tested  for 
the ir nuclear and m itochondria l m arkers  by s tan d a rd  genetic techniques (Coruzzi et al, 
1979).

4. Determination of Suppressivity

Suppressivity  is the  frequency of transm ission  of a p m itochondrial genom e in a cross of 
p x  p ' .  A p a ren ta l p e ti te  is called highly suppressive if the  frequency of pe tite  (p ) 

zygotic colonies are m uch higher th a n  th e  frequency of spontaneous p e tite  m u ta n ts  in the 
p paren t.A  p e tite  is called  neu tra l o r zero-suppressive if the frequency of zygotic colonies 
produced are  no higher th a n  the frequency of spontaneous pe tite  gen e ra ted  in the  p ' 

paren t. A ccordingly, p° s tra in s  are called  zero suppressive or neu tra l p e tites . T he degree of 
suppressiv ity  is m easured by the  eq u a tio n  of E phrussi and G ran dcham p (1965)

S = X -Y----------x 100
100- Y

where, S =  degree o f suppressiv ity  (% )
X =  percentage o f en tire ly  p e tite  zygotic clones 
Y =  spon taneou s frequency o f pe tites observed in grande tester 

s tra in .

In prac tice, s tra in s  to  be tested  for suppressiv ity  were crossed w ith a  g ran d e  (p *) tes te r 
s tra in  in a  liquid NO m edia  (5 XlO® cells/m l). T he m ating  m edia was in cu b a ted  a t 30° C 
w ith shak in g  for ab ou t 4 hours. T h e  cells were th en  harvested  by cen trifu ga tion , washed 
in s terile  d istilled  w a te r and p la ted  o n to  solid W O  m edia w ith proper d ilu tio n  to  get 
abou t 100-200 colonies per plate. A fter 3 days of incubation  a t  30° C, zygo tic  clones were 
velveteen rep lica p la ted  o n to  NO & N3 solid m edia and incubated  for a fu r th e r  2 days a t 
30° C. T h e p e tites  ( p ) were identified and scored by their non-ability  to  grow  on nonfer
m en ta tive  m edia.
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5. Isolation of Mitochondrial D NA  (mit-DNA)

M itochondrial DNA was isolated by b isbenzim ide-C sC l b u o y an t d en sity  cen trifu ga tion  as 
described by H udspeth  et al (1980). B riefly , y east cells were h a rv ested , w ashed in  s te rile  
d istilled  w a te r and re-suspended in  a  b reak in g  buffer (0.25M  M ann ito l, lOmM E D T A , 
50m M  T ris-C l, pH 7.5) w ith or w ith o u t 0 .1%  Bovine serum  a lb u m in  (BSA) and  th e  
suspended  cells (1 g m /m l) were tra n s fe rre d  to  a  250m l b o ttle  co n ta in in g  glass beads o f 
0.5m m  d iam eter and then  broken by th e  "h an d sh ak e"  procedure (Lang et al, 1977) a t  4° 
C. T h e cells were, in fact, shaken  th re e  to  four tim es (2 m inu tes each) w ith  a  one m inu te  
in te rv a l on  ice. M ore th a n  90%  of th e  cells appeared  to  be b roken , as m onitored  by ligh t 
m icroscopy. T he liquid was d ecan ted  an d  th e  beads were rinsed w ith  five volum es o f 
b reakage buffer. T he su p e rn a ta n t w as th e n  cen trifuged  a t  2000 X g to  sp in  dow n th e  cell 
debris an d  glass beads which escape d u rin g  w ashing. T h e  s u p e rn a ta n t was th e n  re- 
cen trifu ged  a t  16000 X g for 30 m in u tes  a t  4 C. T h e pelleted  m ito ch o n d ria  were w ashed 
w ith  M T E  buffer (0.25 M M annito l, lOm M  T ris-C l,pH  7.4,10 m M  ED TA ) and repelleted  
a t  16000 X g by cen trifu gation .

T he m ito ch on d ria l pellets were th e n  lysed  in lysis buffer (lO m M  T ris-C l, pH 8.0, lOmM  
ED TA , lOOmM N aC l, 2%  S arkosy l o r 1% SDS) an d  e x tra c ted  w ith  phenol and 
phenol:chloroform :isoam yl alcohol m ix tu re  (24:24:1) repeated ly  to  rem ove p ro teins and  
o the r ce llu lar debris. T he aqueous p h a se  w as collected , m ade up to  0.3M  N a-ace ta te  and  
DNA w as p rec ip ita ted  w ith 2 Vol. o f e th an o l (overn igh t a t  -20° C  o r 2 hours a t  - 70° C). 
T he c ru de  DNA pellet was collected by cen trifu g a tio n  a t  10,000 X g, dissolved in  T E  
buffer (lO m M  T ris , pH 7.5, Im M  E D T A ). T h en  C sC l so lu tio n  (0.9 g m /m l)  was added to  
the  D N A  so lu tion  to  give a re frac tiv e  index of 1.390. T h e b isbenzim ide (H oechst 33258) 
was th e n  added to  give a  final so lu tio n  o f 100 p.g /m l. C e n tr ifu g a tio n  w as th e n  carried  o u t 
in a  50 T i ro to r (Beckm an) a t  45 K r .p .m .(a t  15° C) for 24-42 hrs.

A fter cen trifu g a tio n  the  green fluorescing bands were co llected  und er long-w ave UV 
illum in a tion . T he m t-D N A  ap p ears  a t  th e  low density  zone, o r to w ard s  th e  to p  o f th e  
g rad ie n t and the  nuclear DNA, r-D N A  sa te llite , 3 p. p lasm ids are  banded  sucessively
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tow ards th e  bo tto m  o f th e  tube . T h e  collected bands were ex trac ted  w ith  CsCl sa tu ra te d  
isopropanol to  rem ove bisbenzim ide and th e n  dialysed ag a in st T E  buffer (lOm M  T ris.C l, 
pH 7.5, Im M  ED TA  overn igh t). T h e  DNA w as p rec ip ita ted  by ad ju stin g  the  so lu tion  to  
0.3M  N a-ace ta te  and adding  2 volum es of e thano l. Several o ther m ethods for m t-DN A 
iso lation  (using C sC l-e th id iu m  brom ide, C sC l only, C sC l-D A PI grad ien ts) were also 
em ployed (see W illiam son  & F en nel, 1975; F u k u h ara , 1969; Bernardi ct al, 1972).

6. Restriction-endonuclease Analysis and Gel-electrophoresis

R estric tio n  enzym es w ere bou ght from  com m ercial sources (from  BRL, BCL, PBL). The 
d igestion  was carried  o u t  as per su p p lie r’s in struction s. T h e digests were heat shocked a t 
65° C  for 3-5 m inu tes before load ing  o n to  th e  gel. T he agarose gel (generally 1% ) was 
electrophoresed in 50 mM  T ris-B o ra te , Im M  EDTA, pH 8.3, buffer and sta ined  w ith 1 
p .g /m l e th id ium  b rom id e so lu tion  (for 15-20 m inutes) before exam ination  on a  UV tran sil
lu m in a to r (F otodyne,U K ). P h o to g rap h s  were tak en  using a  Polaroid-665 land  cam era 
(P o laro id  UK L td.) w ith  a K odak 23A  W ra tte n  filter (orange).

7. Dot-hybridization

T he double s tran d ed  DNA (dsD N A ) was d en a tu red  in  form aldehyde - form am ide buffer 
(50 %  F orm am ide,2 M F orm aldehy de, 2.5 mM  EDTA, 40 mM T ris-H C l,pH  7.5) and dot- 
sp o tted  o n to  a sheet o f nitrocellu lose filter. T h e  filter w as baked a t  80° C  for 2 hours in a 
vacuum  oven, before h y b rid iza tion  w ith  a specific labelled probe (see below).

8. Southern Hybridization

T his was carried o u t according to  the  m ethod of S ou thern  (1975). Briefly, the  sam ples of 
re s tric tio n  digests w ere ru n  in agarose  gel as described above, visualised on a  UV tran sil
lu m in a to r after e th id iu m  brom ide stain ing , and pho tographed . T he gel was th e n  shaken 
in  a tra y  contain ing  0.5M  N aO H , 1M N aC l for 45 m inu tes a t  room tem p era tu re . T he gel 
was th e n  neu tra lised  in  the  presence of 50m M  N a-phosphate buffer (pH 7.0) by several 
changes. T he gel w as rinsed in  d istilled  w a te r before tran sferrin g  in to  the  neu tra lising
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solution . T he gel was th e n  eq u ilib ria ted  in  50m M  T ris-H C l pH  7.5, 10 X  SSC for 20 
m inutes. T h e  DNA was th en  tra n s fe rre d  to  a  n itrocellu lose filter overn igh t, follow ing the 
sam e procedure of S ou thern  (1975). T h e  n itrocellu lose filter w as a ir-dried  and  baked  a t  
80° C for 1-2 hours in a  vacuum  oven. T h e  filter was pre-hyb rid ised  in a  p re -hyb rid isa tion  
buffer (4 X SSC, 10 X D e n h a rd t’s so lu tio n , 0.1 %  SDS, 0.1 m g /m l h ea t d e n a tu red  C T  
DNA) for 2-4 hours a t 65° C in a  sealed  p lastic bag. T he p re-h y b rid isa tio n  m ix tu re  was 
squeezed o u t and the  bag was refilled w ith  p re-w arm ed (65° C) h yb rid iza tio n  mix co n ta in 
ing probe (th e  labelled DNA). T h e  h y b rid isa tio n  was carried  o u t overn igh t a t  65° C. T he 
filter was w ashed successively in  2 X SSC , 1 X SSC, 0.1 X SSC (w ith  o r w ith o u t 0.1%  
SDS) for 30 m inu tes each, a t  50° C . T h e  filter w as th e n  a ir-d ried  and exposed w ith  film 
(K odak, X O m at) for th e  desired tim e , d epend ing  on th e  rad io ac tiv ity  of th e  filter, as m on
ito red  by a  hand co un ter. T he au to ra d io g ra m s  w ere developed and fixed according to  
s tan d a rd  procedures using K o d ak ’s U n iversa l developer (1:9 d ilu tion ) and  rap id  fix (1:4 
d ilu tion).

9. Fluorescent Staining of Yeast Cells with DAPI

T he y east cells were s ta in ed  w ith  th e  A + T  base p referen tia l D N A -binding dye DA PI to 
visualise m itochond ria  o r ch o n d rio ly te s  as described by W illiam son  & Fennell (1975). 
Briefly, a sam ple of cu ltu re  o f y e a st cells was m ixed e ith er d irec tly  w ith  2 volum es of 
e thano l, o r pelleted cells were re-su spended  in 70%  (V /V ) e th ano l. A fte r ab o u t 30 
m inu tes th e  cells were w ashed once in  d istilled  w a te r and re-suspended in  a  so lu tion  of 
0.1-0.5 p.g D A P I/m l. T he cells w ere exam ined  im m edia te ly  und er a fluorescen t m icro
scope and pho tographed .

RESULTS

Suppressivity of different strains used in the experiment

W hen th e  pe tites  w ith  kar-1 n uc lear m a rk e r (M R 53,M R 50,M R 60) were crossed to  a  p 
s tra in  D27 and m easured for th e  su p p ress iv ity  o f th e  p genom e, it  w as observed th a t
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they have an  average of 15-25%  suppressiv ity  (T ab le  3.2). T h is  low suppressiv ity , as it 
was assum ed, could be due to  absence o f  the  "O ri"  sequences in  th e  retained  m itochon
drial genom e w hich fail to  tra n sm it in to  the  buds due to  low copy num ber, p petite, 
DS14 how ever showed a 45%  (w ith a ade-S  nuclear background) to  68%  (w ith  a  met 
nuclear back- g round) suppressiv ity .

T ab le  3.2 S uppressiv ity  of various p s tra in s
S tra in N uclear genotype S uppressiv ity

M R 53 a leu  k a r- l 23-25%
M R 60 a leu k a r- l 16-20%
M R50 a leu  k a r- l 15-20%
M R 23 a  leu  k a r- l 17-18%
DS14 «  m et 68%

DS14(a) a  ade2 45%
C D S 14 (a) a  his k a r- l 22%

CDS14 a leu k a r- l 28%

T o find o u t w hether ka r-l  h as any effect on  the suppressiv ity  of th is  p genom e, th e  DS14 
ir '-g e n o m e  w as cy to d uc ted  in to  tw o ka r- l  backgrounds (a  ka r-l his and a ka r-l leu), 
nam ed as C D S l4 (a )  an d  CDS14 respectively, and th e  suppressiveness of the genom e was 
m easured (see T ab le  3.2). In the  new ka r-l background CDS14 m t-genom e showed 
reduced sup p ress iv ity  value, 22%  (in a  his ka r-l background) to  28%  (in a leu ka r-l  back
ground). T h is  d em o n stra te s  th a t  the  k a r - l  m u ta tio n  is som ehow affecting the transm ission  
of the p m t-D N A .

Isolation of mt-DNA from various petites

Several m e tho d s have been em ployed to  isolate m t-D N A  from g rand e and p e tite  s tra in s  of 
the  y east Saccharom yces cerevisiae. W e found bisbenzim ide-CsCI density  g rad ien t
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they  have an average o f 15-25% su ppressiv ity  (T ab le  3.2). T h is  low suppressiv ity , as it 
w as assum ed, could be due to  absence o f th e  "O ri"  sequences in  th e  re ta ined  m itochon
dria l genom e w hich fail to  tra n sm it in to  th e  bud s due to  low copy num ber, p pe tite , 
DS14 however show ed a 45%  (w ith  a ade-8  nuc lear background) to  68%  (w ith  a  m et 
nuclear back- ground) suppressiv ity .

T ab le  3.2 S up pressiv ity  of various p s tra in s

S tra in N u clear genotype Suppressiv ity

M R53 a leu kar-1 23-25%
M R60 a  leu kar-1 16-20%
M R50 a  leu kar-1 15-20%
M R23 a  leu kar-1 17-18%
DS14 a  m et 68%

DS14(a) a ade2 45%
C D S 14(a) a  his kar-1 22%

CDS14 a leu kar-1 28%

T o  find o u t w h ether kar-1  has any effect on  the  suppressiv ity  of th is  p genom e, th e  DS14 
m t-genom e was cy to d u c ted  in to  tw o kar-1 backgrounds (a  kar-1 his and  a kar-1 leu), 
nam ed as C D S l4 (a )  an d  CDS14 respectively , and the  suppressiveness of th e  genom e was 
m easured (see T ab le  3.2). In the  new kar-1 backgroun d  CDS14 m t-genom e showed 
reduced suppressiv ity  value, 22%  (in a  his kar-1 background) to  28%  (in a leu kar-1  back
ground). T his d em o n s tra te s  th a t  th e  kar-1 m u ta tio n  is som ehow affecting the  transm ission  
o f the  p m t-D N A .

Isolation of mt-DNA from various petites

Several m ethods have  been em ployed to  iso late m t-D N A  from  grande and pe tite  s tra in s  of 
th e  yeast Saccharom yces cerevisiae. W e found bisbenzim ide-C sCl density  grad ien t



Figure 3.1 F rac tio n a tio n  and iso la tion  of m t-D N A s from  various y e a st s tra in s , (a) A 
C sC l b isbenzim ide density  g rad ie n t to  show th e  position o f m t-D N A  (M) an d  nuclear DNA 
(N ). (i) is a p rep a ra tio n  from  p° cells and (ii) is th e  p rep a ra tio n  from th e  grande s tra in  
(C D 40).
(b) E coR l d igests  of nuclear DNA (N) and m t-D N A  (M ). T he DNA fragm ents were 
an a ly sed  in 1%  A garose gel electrophoresis. 1, 2, 3, 4, 5, 6, 7, 8, and 9 are various m t- 
D N A  E coR l fragm en ts  w ith  th e  m olecular s iz e s  : 32.5, 17.0, 7.10, 5.10, 3.5, 2.55, 1.70, 
0 .90  an d  0.15 K bp respectively (see C h ap te r 4).
(c) Analysis of DN As from  p~ cells w ith  Kar-1  and w ith o u t K a r-l nuclear m arker, (i) 
F ro m  p° (M R61). (ii) F rom  p (M R53) and (Hi) from  p" (D S-14). See tab le  3.1 for geno
ty p e s  o f the s tra in s .
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F ig u re  3.1 F rac tio n a tio n  and iso la tion  of m t-D N A s from various yeast s tra ins, (a) A 
CsCI bisbenzim ide density  g rad ien t to  show the  position of m t-D N A  (M) and nuclear DNA 
( \ ) .  (i) is a p rep a ra tio n  from p* cells and (ii) is the  p rep a ra tio n  from the  grande s tra in  
(CD 10).
(b) F coR l d igests  of nuclear DNA ( \ )  and m t-D N A  (VI). T he DNA fragm ents were 
analysed in l° c  A garose gel electrophoresis. I, 2, 3, I. a. 6. 7. 8. and 9 are various mt- 
DNA Ki'oR 1 fragm en ts  w ith the m olecular s iz e s  : 32.5, 17.0. 7.10. 5.10, 3.5, 2.5a. 1.70. 
0.90 and 0.15 K bp respectively (see C h ap te r 1).
(c) Analysis of DNAs from p" cells w ith Kar I and w ith ou t Kar 1 nuclear m arker, (i) 
From  p (M R61). (ii) From  p” (M R53) and (iii) from p" (DS-I l). See tab le  3.1 for geno
types of the  s tra in s .
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cen trifu gation  to  be th e  best m ethod for th is  purpose. Fig. 3 .1a shows a ty p ica l 
(bisbenzim ide-C sC l) g rad ie n t from  a g rand e and  p° s tra in s  which shows the  p o s itio n  of 
various bands o f DNA. E ach  band o f DNA was identified by restric tion  analysis  (Fig. 
3.1b) and S ou th ern  h yb rid iza tion . D ifficulty arose w hen a tte m p ts  were m ade to  iso late  
m t-DN A from  defined p p e tite s  (e.g. M R53, M R50, M R60, etc .,) described in C h a p te r  2. 
It was im possible to  iso la te  m t-D N A  in  analysab le am ou n ts  from  the  petites hav ing  kar-1 
genotype. S ta r tin g  w ith  2 litres  of cu ltu red  cells, only a little  or no fluorescence w as visi
ble in th e  m t-D N A  p ositio n  of the  g rad ien t (F ig. 3.1c). T he question we ask ed  was 
w hether it  was due to  difficulty  w ith  th e  bisbenzim ide-C sC l m ethod, or to  the  low ab u n 
dance of m t-D N A  in these petites. T o  solve th is  questio n  th ree  types of experim en ts  were 
perform ed.

F irs t using o th e r av ailab le  m ethods to  iso late m t-D N A  from  the  sam e stra ins. Secondly , 
to  iso late m t-D N A  from  w ell-know n petites, DS-14 from  Dr. Tzagoloff’s lab o ra to ry , by 
bisbenzim ide-C sC l g rad ie n t m ethod. T h ird ly , by d o t hyb rid iza tion  analysis of to ta l  DNA 
of the p e tite s  w ith  a m t-D N A  specific probe.

Using o th e r  m ethods we w ere no t successful in iso la ting  m t-D N A  from  petites h a v in g  the 
kar-1 nuclear genotype, so  it  ap pears  th a t  failure w as no t due to  any specific m e thod . 
W hen we tried  to  iso late m t-D N A  from  DS-14, we found th e  m t-D N A  from th is  p e tite  
gave a good yield, para lle l to  any g rand e s tra in  (0.6 p.g - 0.8 pg/lO * cells). H ow ever, 
when CDS-14 (a  kar-1 , O li2R ), a cy to d u c tan t s tra in  o f DS-14, was used the yield o f  mt- 
DNA decreased to  ab o u t 0.2 p.g/109 cells), a  three-fo ld  reduction  of the  orig inal. T his 
shows th a t  kar-1 is som ehow  affecting the  am o u n t of m t-D N A  in a haploid cell. One 
in te resting  aspect of the  la te r  experim en t was th a t  a lthough  the  am oun t of m t-D N A  in 
CDS14 was reduced th ree-fo ld  due to  kar-1 m arker, nevertheless it was possible to  iso late  
m t-D N A  from  a 2 litres o f cu ltu re  (40-44gm  w et w eight of cells) for fu rther re s tric tio n  
analysis, e tc . T h is  is in  c o n tra s t to  o th e r  pe tites  s tud ied  here, except MR53 w here only  a 
trace am o u n t of fluorescence of m t-D N A  was visible in the  grad ien t, from a sim ilar 
am ount o f cells, and was n o t enough for fu rth er res tric tio n  study . In MR53 how ever, it
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was possible to  isolate m t-D N A  (Fig. 3.4a), b u t in lower yield in  com parison  to  CDS 14. 
The reason for th is  d iscrepancy is n o t clear. It is possible th a t  th e  in te ra c tio n  of kar-1  
w ith m t-D N A  rep lication  a n d /o r  copy num ber is som ehow d epend en t upon  th e  residual 
DNA sequences of p e tites. In o th e r w ords, kar-1 itse lf is n o t affecting m t-D N A  copy 
num ber a n d /o r  rep lica tion  directly , ra th e r  i t ’s ac tion  is in d irec t and depends upon th e  
presence o r absence of a  ce rta in  class of sequences in th e  m t-D N A .

We also a t te m p te d  to  find o u t w hether o r n o t th e  p e tite  in  th e  s tudy  re ta in s  m t-D N A  by 
d o t-hy b rid iza tio n  analysis. Fig. 3.2 show s the  resu lt of such an  experim en t. All p s tra in s  
used in th is  experim en t show ed Oli-2 specific hybrid izab le  sequences toge ther w ith  th a t  of 
the grande s tra in s  CD40. M R61, a  p° s tra in , as expected , d id  no t show any positive
hybrid izable sequences. T h is  proves conclusively th a t  all th e  p e tite s  described re ta in  th e ir  
genetic m a rk e rs  as well as respective m t-D N A  sequences, b u t th e ir  copy num bers, being 
low, im pose difficulty iso lating  in large am o u n ts  for fu rth e r analyses.

Copy numbers of mt-DNA in different Petites

From  the  re su lt  of an a ly tica l cen trifu g a tio n  of m t-D N A  an d  d o t-h y b rid iza tio n  analysis, it 
was possible to  ca lcu late  th e  copy num bers of m t-D N A  in  th e  different p e tite s  used. For 
wild type s tra in s , a va lue of 1.7 x 10 a p.g m t-D N A  per cell can  be ca lcu la ted  from  th e  
value of 10l ° da lton s DNA per haploid  nucleus (H artw ell, 1970; Bicknell & D ouglas, 1970), 
assum ing t h a t  10% of th e  to ta l DN A is m itochondria l and th a t  th e  am o u n t of nuclear 
DNA does n o t  vary during  the  cell cycle. It has also been suggested  th a t  a  haploid cell 
contains a b o u t  50 copies o f m t-D N A  molecule (G rim es et al, 1974). Based on these  
values, it  co u ld  be ca lcu la ted  th a t  50 x 10* copies of m t-D N A  m olecule should  give a  yield 
of 1.7 p.g D N A . In our experim en ts, th e  yield of m t-D N A  was ab o u t 1.5 pg/io" cells (cal
cu lating 0 .6  pLg D N A /108 cells as 40%  recovery in  C sC l-bisbenzim ide g rad ie n t, d a ta  no t 
shown; see also H udspeth  et al, 1980), which gives a va lue o f 44 copies of m t-D N A  
molecule p e r haploid cell bo th  in g rand e  s tra in  and p e tite  DS-14. In CDS-14 the  yield 
decreases a b o u t 3-fold and gives rise to  ab o u t 15 copies per cell. In o th e r  p e tite  lines
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F ig u re  3 .2  D ot hy b rid iza tio n  analysis to  show the re ten tion  of th e  m t-DNAs in  p petites 
with kar-1 nuc lear background . T he crude DNA^isolated from m itochonjlrujjl^pellets were 
spo tted  o n to  a  sheet of nitrocellulose. T h en  the filter was probed withi,DS-14 m t-DN A. 
(a) p° DNA (M R61) (b) p" DNA (MR5Q), (c) p~ DNA (M R53), (d) p f m t-D N A  (CD-
40).
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F ig u re  3 .2  Dot hy b rid iza tio n  analysis to  show the  re ten tio n  of the m t-D N A s in p petites 
w ith  kar 1 nuclear background. T he c;rude D NAt iso lated  from  m itochonjjrigj^pellets were 
sp o tted  o n to  a  sheet of nitrocellulose. T hen  the  filter was probed w ith> ,t)S -ll m t-D N A . 
(a) p° DNA (M R61) (b) DNA (MR5Q), (c) p~ DNA (M R53), (d) p ‘ m t-D N A  (OD
IO).
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M R53, M R50, M R60, M R 51, th e  yield decreases ab ou t 16 to  18 fold which m eans th a t  
copy num bers in these p e tites  are betw een 2 to  3 per cell. Using to ta l  DNA from  th e  sam e 
num ber of cells from  variou s s tra in s  and hybrid ising  w ith  a labelled  Oli-2 region specific 
probe (cloned in E.coli), i t  w as possible to  calcu late  the  relative m t-D N A  copy num bers 
which paralleled w ith  those  determ ined  from the yield of m t-D N A  by analy tica l 
bisbenzim ide-C sCl g rad ien t.

Fluorescent microscopy studies of DAPI-stained cells of various strains

As a m ore d irect approach  to  v isualise the  effect of kar-1 on the  s ta te  or num ber o f chron- 
d rialy tes in various s tra in s  of y east was em ployed using the  fluorescen t probe DA PI. Fig. 
3.3 shows the  fluorescence p ho tom icrog raphs of an  experim ent. T h e  pho tograph  displays 
the  nucleus as a  single large conspicuous body in the  cells. T he m t-D N A  in th e  form  of 
condensed chondrio ly tes are  sca tte re d  in th e  cy toplasm , preferab ly  tow ards the  periphery , 
as m inu te s tained  partic les  w hich are  ab sen t in p° s tra ins. B oth  th e  grande s tra in s  and 
petite  DS-14 showed ab o u t 25-30 such partic les  per cell (d a ta  no t show n). T his is com par
able to  th e  resu lts  o b ta in ed  by W illiam son et at (1975) who observed  an  average of 38 
stained  m t-D N A  ag gregates per cell. T he num ber of counts were m uch less th a n  th e  sup
posed, 50 m t-D N A  m olecules per cell. P resum ably  the  v isu a lisa to n  of m t-D N A  as a 
s tained  fluorescent body depends upon the  num ber of m t-D N A s in  an  aggregate a n d /o r  
th e  condensation  s ta te  of respective m t-D N A  molecules. H ow ever, o ther p e tite s  like 
M R53, M R50, M R60, MR51 etc (Fig. 3.3) did no t show m any s ta in ed  partic les in  the  
cy toplasm . T w o or th ree  sca tte re d  fluorescent im ages in  the  cy to p lasm  are in fac t com 
parab le  w ith  the  de term ined  copy num ber of m t-D N A  in these p e ti te s  (2-3 per cell). How
ever som e of the  cells did have th e  appearance o f p° cells which m eans a  frac tion  of cell 
pop u la tion  m ay be devoid o f m t-D N A .

Southern Hybridization Analysis of Petite mt-DNA

Because o f th e  iso lation  problem  of m t-D N A  from  the  petites an  ind irec t approach  was 
ad op ted  to  stu d y  the  span  of p e tite  m itochondrial genomes in com parison  to  th a t  o f wild



-70-

a

b

F ig u re  3 .3  DA PI stained  cells of a  p~ w ith  ka r-i and a  p s tra in .
(a) p° cells (MR61)
(b) p" cells (MR53)

Note th a t  th e  nucleus is th e  m ajo r fluorescing body in the  cells and in  M R53.2-3 fluoresc
ing chondrio ly tes sca tte red  in  th e  cy top lasm .
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a

b

F ig u re  3 .3  D A PI stained  cells of a p“ w ith ka r-t and a p s tra in .
(a) p° cells (M R61)
(b) p" cells (M R53)

Note th a t  the  nucleus is th e  m ajor fluorescing body in the cells and in M R53.2-3 fluoresc
ing chondrio ly tes sca tte red  in the cytoplasm .
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1 2 3

E ig u re  3 .4  Identification of th e  p m t-D N A s from  the s tra in s  w ith kar-I nuc lear back
ground.
(a) A eth id ium  brom ide s ta in ing  gel. T he m t-D N A s isolated  from the  wild ty p e  stra in  
(D273-10B/A1) (Lane 2) and the  p e tite  s tra in  (M R53) (Lane 3) were digested w ith  the res
tric tion  endonuclease E coR l and analysed on a  1%  agarose gel. \  DNA (H indlll +  
EcoRI 1 digests (Lane I) was used as th e  m arker DNA. Note th a t  MR53 has re ta ined  2.4 
Kbp (m itochondrial KcoRl fragm ent-6  which is shorter th a n  the fragm ent (2.56) of the 
wild type D273-10B/A1) and 1.7 K bp (m itochondrial EcoR 1 fragm ent-7) fragm ents. The 
size of the m arker \  DNA fragm ents are  (in decreasing order): 21.7, 5.15, 5.00, 4.27, 3.48, 
1.98, 1.90 1.59, 1.37, 0.94, 0.83 K bp respectively.
(b) Sou thern  hybrid ization  analysis. T h e m t-D N A s from the  s tra in  D27 (Lane 1), MR60 
(Lane 2) and D273-10B/A1 (Lane 3) were d igested w ith EcoR 1 and tran sfe rred  onto  a 
sheet of nitrocellulose filter by S ou th ern  b lo tting . T he filter was hybridised firs t w ith the 
unlabelled p° nuclear DNA to  m ask th e  co n tam in a ted  nuclear DNA on the  filter and then 
rehybridized w ith the  nick tran s la te d  32 P labelled MR53 DNA. T he au to rad iogram  
shows th a t MR53 m t-genom e has re ta in ed  hybrid izable sequences of both  the  Eco-6 (2.55 
kbp) and Eco-7 (1.70) fragm ents of th e  wild ty pe  m t-DNA while MR60 has re ta in ed  only 
the Eco-6 fragm ent. T he s tra in  D27 shows a  sm aller Eco-6 fragm ent and th e  norm al 
Eco-7 fragm ent.



-71-

b .

F ig u re  3 .4  Identification o f th e  p m t-DN As from  the s tra in s  w ith kar-1 nuclear back
ground.
(a) A eth id iurn  brom ide s ta in in g  gel. T he m t-D N A s isolated  from the  wild type  stra in  
(D273-10B/A1) (Lane 2) and th e  p e tite  s tra in  (M R53) (Lane 3) were digested w ith  the res
tric tio n  endonuclease E coR l and analysed on a  1%  agarose gel. k DNA fHindlH +  
E coR l) d igests (Lane 1) was used as the m arker DNA. N ote th a t  MR53 has re tained  2.4 
Kbp (m itochondrial E coR l fragm ent-6  which is shorter th a n  the  fragm ent (2.56) of the 
wild type D273-10B/A1) and 1.7 K bp (m itochondrial E coR l fragm ent-7) fragm ents. The 
size of th e  m arker \  DNA fragm ents  are (in decreasing order): 21.7, 5.15, 5.00, 4.27, 3.48, 
1.98, 1.90 1.59, 1.37, 0.94, 0.83 K bp respectively.
(b) S ou thern  hybrid ization  analysis. The m t-D N A s from th e  s tra in  D27 (Lane 1), MR60 
(Lane 2) and D273-10B/A1 (Lane 3) were digested  w ith E coR l and transferred  on to  a 
sheet of nitrocellulose filter by S ou thern  b lo tting . T he filter was hybridised first w ith  the 
unlabelled p° nuclear DNA to  m ask the co n tam in ated  nuclear DNA on th e  filter and then 
rehybrid ized w ith th e  nick tran s la te d  3J P  labelled M R53 DNA. T he au torad iogram  
shows th a t  MR53 m t-genom e has retained  hybrid izable sequences of bo th  th e  Eco-6 (2.55 
kbp) and Eco-7 (1.70) fragm ents o f the wild typ e  m t-DN A while MR60 ha« re tained  only 
the Eco-6 fragm ent. T he s tra in  D27 shows a  sm aller Eco-6 fragm ent and the  norm al 
Eco-7 fragm ent.
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type. T he technique w as to  S o u th e rn  b lo t th e  re s tric tio n  digest of w ild type m t-D N A  
genom e o n to  nitrocellu lose and its  sa tu ra tio n  h y b rid isa tio n  w ith  unlabelled p° ce llu lar 
DNA. T he filter w as th en  re-hybrid ized  w ith  labelled ce llu lar DNA from  the  m itochon
drial frac tion  of p e tite s  (assum ing th a t  th is  w ould co n ta in  m t-D N A  plus co n tam in a tin g  
nuclear DNA). P re -h y b rid isa tio n  of th e  filter w ith  p° ce llu lar DNA m asked m ost o f th e  
co n tam in ated  nuc lear DNA in wild ty pe  m t-D N A  res tric tio n  digests. T herefore nuclear 
DNA in pe tites  w hich was labelled along w ith  its  tra ce  a m o u n t of m t-D N A  was not ab le 
to  hybrid ize nuclear sequences on th e  filter. O nly  m t-D N A  gave the  positive signal show 
ing the  ex ten t o f th e  p e tite  m itochond ria l genom e. F ig. 3 .4b shows th e  results of th is  
indirect h y b rid iza tio n  analysis. It app ears  th a t  the  p e tite  M R53 has re ta in ed  th e  6 th  and  
7 th  bands of E coR  1 d igests of w ild type m t-D N A  (s tra in  D 273-10B/A 1), which w as 
expected to  co n ta in  th e  Oli-2 region from  th e  published  physical m ap o f the yeast m ito 
chondrial genom e (M orim oto  & R obinow itz, 1979). T h e  s tra in  M R60 w hich has re ta in ed  
the  0 /i 2R allele only  show s the  positive hy b rid iza tio n  s ig na l for the  Eco-6 fragm ent whose 
m obility is sligh tly  faster. T he s tra in  D27 w hich was used  as the  second contro l for p 
grande s tra in  also show s the  faster m igra ting  Eco-6 f ra g m e n t in co n junc tion  w ith  the  nor
mal Eco-7 fragm ent.

DISCUSSION

T he observation  o f reduced suppressiveness of th e  p e tite  m itochondria l genom e in a  kar-1  
nuclear backgroun d  could be a t tr ib u te d  to  th e  effect of th e  kar-1 gene on th e  transm issio n  
of p e tite  m itochondria l DNA. Sena (1982) for th e  first tim e  repo rted  th a t  ce rta in  p 
genomes in  a  kar 1 background  could n o t be tran sfe rred  to  an o th er nuclear background by 
cy toduction . She po in ted  o u t th a t  th is  could be due to

(i) inefficient rep lica tio n  of m itochondria l genom e by c e rta in  nuclear backgrounds re su lt
ing in low in p u t o f p genom e and consequent reduced genom e transm issio n  frequencies;

(ii) incom plete m ixing of p a ren ta l m itochondria l genetic  un its  leading to  zygotic bud s 
receiving m t-D N A  from  only one p a ren t.
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(iü) D ifferential organelle o rg an isa tion  in different nuc lear backgrounds resu lting  in  the  
m o d u la tion  of suppressiveness.

(iv) S tru c tu ra l changes associated  w ith  th e  m itochond ria l genom e during  cy toduc tion  
m ig h t lead to  the  in s tab ility  o f the  p genom e resu ltin g  in th e  p roduction  o f n eu tra l 
p e tite s  which in tu rn  leads to  low suppressiveness in ce ll-p opula tion  levels.

P o in t (iv) is very unlikely as a  possible m echanism  due to  th e  fact th a t  when th e  DS-14 
m itochondria l genom e is transfe rred  to  the  kar-1 nuclear background , producing CDS-14, 
th e  m t-D N A  rem ains unchanged, as evidenced by re s tric tio n  analysis (d a ta  n o t shown). 
T h e possibility  of a  change a t th e  single nucleotide level how ever can  no t be ruled ou t. 

C opy num ber analysis by an a ly tica l u ltrac en tr ifu g a tio n  and  fluorescent m icroscopic s tu 
dies o f cytoplasm ic chondrio ly tes favours th e  hyp othesis th a t  kar-1 m ediates its  effect by 
copy num ber determ inatio n . T h is  could e ith e r  be th ro u g h  d irec t in terference w ith  DNA 
rep lica tion , or th rou g h  m itochondria l sequence specific ac tion . T he la tte r  p ro bab ility  is 
reflected in the  copy num ber v a ria tio n  o f CDS-14 an d  th e  res t of th e  pe tites  (M R53, 
M R 50, M R60, M R23) used in  th is  s tu d y . In  any case, low copy num bers o f pe tite  
genom es in the kar-1 nuclear background resu lts  in lower suppressiveness th ro u g h  one or 
all o f th e  first th ree  possible m echanism s s ta te d  early  in  th e  discussion. In th is  co n tex t it 
is im p o rta n t to  discuss the  o rgan isa tion  o f m itochondria l DNA w ith in  m itochondria . 
G rim es et al (1974), de term ined  th a t  there w ould be ap pro x im ate ly  50 copies o f m t-D N A  
m olecule per haploid cell, paralleled by a b o u t 10 m itochondria  which are doubled  in 
dip lo ids. From  these values one may conclude th a t  th e re  would be ab o u t 5 m t-D N A  
m olecules per m itochondria  o r m itochondria l chondrio lites. Y et from  our d a ta  w ith  
D A PI-stained haploid yeast cells as well as th a t  of W illiam son et al (1974) it ap pears  th a t  
each chondriolite has only one to  two condensed m itochondria l genom es. It is possible 
th a t  each chondriolite con tains one m itochondria l m olecule in a  condensed form , th e  lower 
n u m b er of observed chondrio lites may be due to  th e ir  functional s ta te  and consequently  
n o t condensed to  be visible by th e  D A PI-stain ing m ethod . C onsidering Hoffman & A vers’ 
re su lt (1973) of e lectron  m icroscopy, the section  of a  y east cell show ing only one b ranched
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m itochondrion, it is p robable th a t  ch ondria lites  are a local ag g rega te  of each ind iv idual 
m itochondrial genetic un it.

The evidence for a  branched  s tru c tu re  of y east m itochond ria  also  com es from  th e  ind irec t 
observation  th a t  the  iso lation  o f in ta c t m itochond ria  su itab le  for oxidative phosphory la
tion  s tud ies is difficult. T h is  u ltra -s tru c tu ra l o rgan isa tion  ca n  be used to  explain  the 
suppressive m od u la tion  by kar 1 o f th e  p -  genom es. D uring zygotic transm ission , frag
m en ta tion  of large m itochond ria  o r b iosynthesis of new m ito ch o n d ria  produce functional 
vesicles in the  absence of m t-D N A  which m ay lead to  the low suppressiveness am ong the 
zygotic clones. In th is  scenario, k a r-l  p robably  plays a role in  th e  fau lty  transm issio n  of 
the cell’s m itochondria  in to  d a u g h te r  cells by influencing the  u ltra -s tru c tu ra l  a rch itec tu re . 

D o t-hybrid iza tion  and S ou thern  h y b rid iza tio n  analyses prove definitely  th a t  pe tites  still 
m ain ta in  the ir respective p” genom e which were not d e tec tab le  a t  th e  indiv idual cell level, 
bu t a t  the  cell p op u la tion  level. T he tran sfe r of these p~ genom es by cy toduc tion  to  
an other nuclear background w ith o u t ka r-l has not proved to  be successful so far. T h ere
fore it rem ains undeterm ined  w h ether or not these p p e tite  genom es in an o th er nuclear 
background will recover higher suppressiv ity  and consequently  h igher yields of the ir m ito
chondrial DMA.

Recently by co m plem enta tio n  analysis, the  ka r-l  gene has been cloned and sequenced 
(R ose & Fink, 1984). F rom  the  am inoacid  sequence deduced from  the  DNA sequence 
analysis of cloned DNA, it ap p ears  th a t  the  p rod u c t of the  gene could be a M AP (M icro tu 
bule associated p ro tein ). T he po ly peptide has a  hydrophobic dom ain  a t  one end which 
m ight help to  anchor th e  pep tide  in  a lipid b ilayer.T h is  la te r finding is very in te re s tin g  in 
the sense th a t  if th is  p ro te in  is involved in the  o rg an isa tiona l a rch itec tu re  of the  m ito
chondria w ith in  the cell, by connecting  them  w ith  cellular ne tw ork  of m icro tubules for 
exam ple, it m igh t affect the  tran sm issab ility  of the  o rganelle  (and consequently  i t ’s 
genome) in to  d au g h te r cells. M u ta tio n s  in th is  gene, therefore, m igh t affect suppressiv ity  
of a p a rticu la r m it-genom e. B ut why it is rho genom e (p~) specific rem ains unexpla inable .
The physiological effect o f th is  gene has been reported  to  be tox ic  for the  cells w ith  high 
copy num ber) Rose, M., personal com m unication).
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CHAPTER-4

Cloning of the Oli-2 region from various strains of yeast
in E. colt

INTRODUCTION

It has been ou tlined  in th e  previous ch ap te r th a t  th e  p e tite s  genera ted  in  a  ka.r-1 back
ground do no t yield m t-D N A  in sufficient q u an titie s  th a t  can  be used for fu rth e r molecu
lar analyses. T herefore it  w as desirable as an  a lte rn a tiv e  approach  to  clone th e  oli-2 
regions of m t-D N A  in a  su itab le  cloning vector for th e ir am plification  and p ropagation . 
In th is  chap ter I will describe th e  cloning s tra teg ie s  used for cloning the  oli-2 region in a 
high copy num ber plasm id of E. colt and the  ch a rac te risa tio n  o f these clones.

I. Plasmids as cloning vehicles

Plasm ids are ex trachrom osom al genetic elem ents w hich have th e  ab ility  to  replicate 
independently  o f the  chrom osom e. G enerally  they  are do u b le-stranded , covalen tly  closed 
circu lar DNA m olecules ranging in  size from  1 kbp  to  g rea te r  th a n  200 kbp (Broda, 1979). 
A range of phenotypes (e.g. resistance to  an tib io tics , p ro d u c tio n  of an tib io tics , degrada
tion  of organic com pounds, p ro du c tio n  of en tero tox in s, p ro du c tion  of res tric tion  and 
m odification enzym es, e tc .) are conferred by different p lasm ids on  th e ir  host cells. O n  the 
basis of their copy num ber per cell they  could be categorised  as relaxed plasm ids (higher 
copy num ber, 10-200) or s trin g en t plasm ids (low and lim ited  copy num ber, 1-3) (see 
Novick et.al, 1976)

Any useful plasm id cloning vector should have th e  following p roperties:

(i) It should be relatively  sm all and  should rep lica te  in a relaxed fashion.

(ii) I t should ca rry  one or m ore selectable m arkers  to  allow iden tifica tion  of tran sfo rm an ts  
and to  m a in ta in  them  in the  host cell.

(iii) I t  should co n ta in  a  single recognition  site  for one o r m ore res tric tio n  enzym es in 
regions of the plasm ids th a t  are n o t essential for rep lica tion  and which could be used for 
insertion  of foreign DNA.
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2. Use of pAT153 for primary cloning of the Oli-2 region

pAT153, a  deriva tive  of pB R  322 (B o livar et.al, 1977) is a  useful cloning vector possessing 
all th e  c rite r ia  m entioned above. It w a s  co n stru c ted  by T w igg and  S h e rra tt  (1980) by 
deleting th e  H aell B and G frag m en ts , w hich span  a  region o f th e  p lasm id genomes 
involved in  co n tro l of copy num ber. I ts  copy num ber per cell is 1.5 to  3 tim es m ore th a n  
th a t  of of pB R  322. F ig .4.1 describes th e  physical an d  genetic m ap  o f pA T153 which has 
been used as a  p rim ary  cloning vector o f  th e  O li-2 region of th e  m itochond ria l genom e.

MATERIALS and METHODS

1. Materials

All chem icals used are of an a ly tica l g rad e  unless o therw ise s ta te d . T he restric tion  
enzym es and ligase are from  com m ercia l sources, (BRL, BCL). A ha III was a gift from  
P& S Biochem icals. Ligase was e ith e r  b o u g h t from  BRL or BCL or was a  gift from  
A nglian B iotechnology. W hen lyophilized  re s tric tio n  endonucleases (Lyphozym es, BRL) 
were bought, they  were reco n stitu ted  acco rd ing  to  th e  su p p lie r’s recom m endations. Bac
te ria l a lkaline p ho sp hatase  (BA P) a n d  ca lf th y m u s  in te s tin a l ph o sp h a tase  (C IP) were 
bought from  Sigm a. A m picillin, T e tra c y c lin , ch loram phenico l w ere also bough t from  
Sigm a. E lec trop horetic  g rade of ag arose  w as purch ased  e ith er from  Sigm a or from  BRL. 
O ne p a rticu la r b a tch  was bou ght from  S e rv a  w hich w as found to  be inferior to  th e  form er 
tw o. Low m elting  poin t agarose was b o u g h t from  BRL. A cry lam ide and bis-acrylam ide 
were bought e ith er from  Sigm a or B D H . E th id iu m  brom ide, bis-benzim ide (H oechst 
33258) and DAPI were bou ght from  S igm a. C aesium  ch loride (C sC l) w as purchased from  
Fisons. N itrocellulose sheets were b o u g h t from  Schleicher & Schull.

2. Growth Media and Culture of Strains

T he m edia an d  cu ltu re  of yeast were p e rfo rm ed  as described in  C h a p te r  2. E. colt s tra in s  
were grow n in  LB m edia w ith  or w ith o u t an tib io tics . D etailed  recipes are given in th e  
Appendix. T h e stock  of yeast s tra in s  w as m a in ta in ed  as described  in  C h ap te r  2. T he
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EcoRI

F ig u re  4.1 Physical and genetic m ap o f pA T  153. T he m ap has been draw n afte r M ani- 
atis  et al, 1982. The size of pA T 153 is 3 .6K bp w ith the  selective m arkers A m p ' and 
Tet’ . The single restric tion  sites (A v al. P s t l . B am H l. C la l. S ail. E coR l and H in d llll have 
been shown on the  m ap. Insertion  a t  P s t l  s ite  inac tiv a te s  th e  A m p ' gene. Insertion  in  the  
B am H l. H indlll and Sail site  in ac tiv a te s  th e  T et' gene Insertion a t  H indlll site is variable. 
The plasm id was developed by Tw igg & S h e rra tt (1980) by deletion of tw o Haell^ restric
tion fragm ents of the plasm id pBR322. For com parison w ith pBR322 m ap see A ppendix.
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stock of E. colt s tra in s  w ere e ith er m a in ta in ed  on LB p la tes  by m onth ly  s treak ing  o r in 
7.5%  DM SO a t  - 70° C.

3. Strains used

Yeast s tra in s  used in th is  ch ap te r  are  g iven in  T ab le  4.1. T h e  E. colt s tra in  HB101 was 
used for tran s fo rm a tio n , w hose genotype is g iven in  T ab le  4.2.

4. Isolation of mt-DNA

The m t-D N A  w as iso lated  accord ing  to  th e  m ethod  o f H udspeth  el al (1980) by CsCl: bis- 
benzimide d e n sity  g rad ien t c en trifu g a tio n  w hich has been described in C h ap te r  3.

5. Isolation of Plasmid DNA

Plasm id D N A  w as iso lated  e ith e r  in large scale or in  mini scale p repa ra tions .

Large scale p re p a ra tio n  of P lasm id

Plasm id D N A s w ere iso lated  in  large scale accord ing  to  th e  m ethod  of K a tz  ct al (1973). 
15-20 ml o f LB m edium  co n ta in in g  th e  ap p ro p ria te  a n tib io tic s  (A m picillin  100 p .g/m l or 
T etracyclin  12.5 p .g/m l) w as inoculated  w ith  a  single b ac te ria l colony. T hey  were grow n 
overnight w ith  vigorous shak in g  a t  37°C. N ex t m orning, th is  overn igh t la te  log cu ltu re  
were inocu la ted  in to  one litre  o f LB m edium  w ith  th e  proper an tib io tic  (w ith  or w ith o u t 
0.5%  glucose) an d  shaken for 4-6 hours a t  37° C  ( T h e O.D.too of the  cu ltu re  would be 
approxim ate ly  0.4). Then 5m l o f a so lu tio n  o f ch loram phenico l (34m g/m l in  ethanol) was 
added to  it  (final co n cen tra tio n  of ch loram phenico l was 170 p .g /m l) and incubated  a t  37° 
C w ith v igorous shaking for a  fu rth er 12-16 hours (overn igh t). T he cells were harvested  
by cen trifu g a tio n  a t  5000rpm  for 10 m inu tes a t  4° C (Sorvall G SA  rotor) an d  washed w ith  
20ml of 10 m M  T ris-C l, Im M  ED TA , pH 8.0. T h e cells were resuspended in  8.4ml of 25%  
sucrose, 50m M  T ris-C l, pH 8.0 and tran sfe rred  to  an  E rlenm eyer flask. T hen  1.4ml of 
lysozyme (lO m g /m l in 50m M  T ris-C l,pH  8.0) w as added to  it  and k ep t in  ice for 5 
m inutes w ith  g en tle  sw irling. 4.6m l of 0 .25m M  E D T A  (pH 8.0) was added  to  it  slowly 
and kept on  ice for an o ther 10 m inu tes w ith  gen tle  sw irling. T hen  9.6m l of lysis mix



T a b le  4 .1  Y e a s t  s t r a in s
S train N uclear genotype M itochondrial genotype Source

D273-10B/A1 a  m et P, Dr. Tzagoloff
D27 a  m et P Subclone o f D273-10B/A1
CD40 a leu kar-1 P* Oli2R Om 1s D r.Lancashire
CD24 a  his k a r- l P, mit pho9 n
CD41 a  his kar-1 P, mit _pho8 n
D27/76 a  m et P Oli 2* n
D27/92 a  m et P, Oas 1R n
mit-175 c l  ura P mit B olo tin -F uk uhara  e t al(1979)
D22 a ade2 P Dr. W ilkie
DS-14 a  m et P OU2r Oli4' Dr. Tzagoloff

T able 4.2 E. colt s tra in
s tra in
HB101

G enotype
F , hsd S20 ( rö  , 
mB  ), rec A13, ara-14, 
p roA j, lac Y l, gal K2, 
rps L20 (5m r ), xyl-5, 
m tl-1, SupE44,

Reference
Bolivar & B ackm an (1979)
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(50ml 20%  T riton -X , 125ml 0.25m M  E D T A , 25m l 1M T ris-C l,pH  8.0 an d  300ml w a te r) 
was added to  i t  slowly w ith  sw irling. A fter 10 to  15 m inu tes the  chrom osom al D N A  w as 
spun o u t e ith er a t  19000 r.p .m . (Sorvall SS34 ro to r) for 1 hour or a t  30,000 r.p .m .(T i5 0  
ro tor,B eckm an) for 45 m inu tes. T h e s u p e rn a ta n t w as ex trac ted  w ith  phenol two o r th ree  
tim es and ad ju sted  to  0.3M  N a-ace ta te  before th e  ad d itio n  of tw o  volum es of cold 
e thanol. T h e DNA was sp u n  dow n a t  10,000 r.p .m . for 10 m inutes a t  4° C and redis
solved in T E  Buffer (lOm M  T ris-C l, pH 7.5, Im M  ED TA ) A bou t lOgm of CsCl w as dis
solved in to  th e  DNA so lu tio n  an d  th e  final volum e was m ade to  11 ml (a refractive index 
of 1.39). E th id iu m  brom ide w as added in to  it  to  a final co n cen tra tion  of ab ou t 200 to  300 
p .g /m l (from  a lO m g/m l s tock  solu tion). T h e so lu tio n  w as cen trifuged  a t  45,000 r.p .m . for 
36-40 hours in  a  B eckm an 50 T i or 65 ro to r  a t  15° C. T h e  plasm id bands were collected 
e ith er w ith  a  fine tipped  P a s te u r  p ip e tte , or w ith  th e  help o f a  syringe. E th id ium  brom ide 
was ex trac ted  (th ree tim es) w ith  isoam yl alcohol (sa tu ra ted  w ith  C sC l) from  the collected 
fractions w hich was th en  d ialysed ag a in st T E  buffer (tw o or th ree changes) a t  4° C  for 
overn ight. DNA was p rec ip ita ted  w ith  2 vol. o f e th an o l and  0.3M  N a-ace ta te  (final cone.) 
a t  - 70° C for 3 hrs. or a t  - 20° C overn igh t.

M ini-scale p rep a ra tio n  o f p lasm id  ("M in i-lysate" m ethod)

T h is  procedure was generally  followed to  screen  a  large num ber o f tran s fo rm an ts  a t  a 
tim e . T he m ethod  is m ore or less s im ilar to  th a t  described by B irnboim  & Doly (1979). 
Sm all shaking overn igh t cu ltu res  (ab ou t 1ml each) were cen trifuged  in  a 1.5ml m icrofuge 
tu b e  (Eppendorf tube) for 2 to  3 m inu tes. T h e  su p e rn a ta n t was d iscarded  and th e  cells 
were resuspended in 0.1m l lysis so lu tion  (25m M  T ris-C l,pH  8.0, lOmM ED TA , 50m M  or 
1% glucose, 2 m g /m l lysozym e) by vortex ing  an d  left on ice for 30 m inu tes. T hen  0 .2m l of 
a lkaline SDS so lu tion  (0.2M  N aO H , 1% SDS) w as added an d  the  tubes w ere left on  ice for 
5 m inutes w ith  occasional m ixing by inversion. T h e suspensions should become viscous, 
th en  0.15m l o f high sa lt so lu tio n  (3M  N a-ace ta te ,p H  5.0) is added, m ixed and th e  tubes 
are  left on  ice for an o th er 60 m inutes. A heavy  w hite p rec ip ita te  should  form w hich is 
rem oved by centrifuging for 10 m inutes a t  room  tem p era tu re .
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T he su p ern a tan ts  were transfe rred  to  new m icrofuge tubes. 1ml of e th an o l was added to  
each tu be  and placed a t  - 20° C  for 30 m inu tes. T h ey  were cen trifuged  ag a in  in  th e  m icro
fuge for 3-5 m inutes. T he pellets were th e n  d issolved in 0.1m l of 0.1M  N a-ace ta te  (pH 
6.0) and 2.0m l of cold ethanol was added  to  th e m  an d  left a t  - 20° C  for 10 m inutes. They 
were centrifuged again for 5 m inu tes and th e  D N A  pellets were dried  under vacuum . T he 
dried DNA pellets were dissolved in 20-50 p.1 o f T E  Buffer which could be digested w ith  
m ost restric tion  enzym es w ith ou t fu rth e r pu rifica tio n .

6. Restriction enzyme digestion.

All restric tion  buffers were m ade a t  10 tim es co n cen tra ted  so lu tion  so th a t  m t-D N A , or 
plasm id DNA w ith  lower co n cen tra tion  (i.e la rg e r volum e of DNA so lu tion ) could be dig
ested  w ith  m inim al increase in the  volum e. A ssay buffer and conditions w ere according to  
su pp lie r’s recom m endations. O ccasionally  core buffer was used to  d igest a  sam ple of DNA 
w ith  m ore th a n  one enzym e. A lis t of buffers for com m only used enzym es are given in  the  
appendix. During double or tr ip le  enzym e d ig estio n , enzym es requiring  low sa lt and low 
pH were used first, followed by th e  enzym es w ith  a  high sa lt o r higher pH (ad ju sted  by 
adding  an  ap p ro p ria te  am oun t of co n cen tra ted  s a l t  so lu tion  or buffer o f higher pH). All 
enzym es were inac tiva ted  by h ea t shock (65° C  for 5 m inutes) o r w here needed, by phenol 
ex trac tion . A loading buffer of a  10 tim es co n cen tra ted  so lu tion  (50%  glycerol, 25m M  
E D T A ,0.1%  B rom ophenol Blue) was added to  th e  res tric tio n  d igests before the ir analysis 
by gel electrophoresis.

7. Analysis of Restriction Fragments.

R estric tion  digests were analysed e ith er by ag aro se  gel (0.7%  to  1.5% ) electrophoresis or 
by polyacrylam ide gel electrophoresis (3%  to  4% )  depending upon the  size of th e  expected 
re s tric tion  fragm ents (See M ania tis  et al, 1982). For screening purposes a  "m ini-gel" 
ap p a ra tu s  was used. Agarose gel electrophoresis w ere done generally  in  subm erged condi
tio n  whereas polyacrylam ide gel electrophoresis w ere done in a  vertica l gel ap p ara tu s . 
E lectrophoresis was carried o u t in  50m M  T ris -b o ra te  (pH 8.3), Im M  ED TA ,



- 82 -

(electrophoretic buffer). T h e  v o ltage  used was generally  5-6 V o lts /cm  of gel length  and in 
th is  condition i t  tak es  ab o u t 3-4 h ou rs  (in a  20 x 20 cm gel o f 0.3cm  thickness).

G els were sta ined  in  1 fxg/m l e th id iu m  brom ide so lu tion  (in  50m M  T ris-bora te ,pH  8.3, 
Im M  EDTA ) for 15-20 m inu tes an d  were observed on a  300nm  UV trans-illum ina to r 
(Fotodyne, UK). T he p ho to g rap h s  w ere tak en  using a P ola ro id  type  665 (positive-negative 
film) cam era (P olaro id  UK L td .) w ith  the  help of a  K odak 23A w ra tte n  filter.

8. Labelling DNA

DNAs were labelled e ith er by nick tra n s la tio n  or by end labelling.

N ick tran s la tio n

T h e m ethod is th e  sim ilar to  one described by R igby et at (1977). In a  typ ical reaction  
m ix tu re of 50 p i volum e th e  follow ing are m ixed:

5 p i of 10 x nick tra n s la tio n  buffer (See A ppendix)
1 p.g of D N A  to  be labelled
1 nm ole o f each of un labelled  d N T P s  (1 p i o f a  Im M  solution)
100 pm oles o f [a —3aP ]-d N T P  
H 20  to  m ake 45 p i.

T h e m ixture was chilled to  0° C  an d  5 p i  of DNA polym erase I and  DN ase I mix (5 un its 
of DNA polym erase I and 0.5 p i o f 0.1 p g /m l D N asel) w as added to  it  and incubated  a t 
15° C  for 60 m inu tes .T he  reac tio n  w as stopped  by ad d ition  of 5 p i  of 0.25M  ED TA ,pH  
8.0. T he un in corpora ted  d N T P s  w ere separa ted  by eth ano l rep rec ip ita tio n  in the  presence 
of am m onium  ac e ta te  (2.5M  final cone.). O ccasionally  nick tra n s la tio n  was carried  o u t 
using a com m ercially av ailab le  nick tra n s la tio n  k it (BRL).

E nd-labelling of DNA:

(i) Filling in o f 3 ’- ends w ith  K lenow fragm ents.

For som e experim en ts DN As were end  labelled by filling in  th e  recessed 3 ’ ends of double 
s tran d ed  DNA, w ith  th e  help of targe fragm ents o f DNA P olym erase I (K lenow fragm ent). 
T h e m ethod is s im ilar to  one th a t  h as been described by M an ia tis  et at (1982). In brief, 1 
p g  of DNA was d igested  w ith  th e  desired res tric tio n  enzym e in 25 p i of th e  ap p ro p ria te
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buffer. 2.0 p C i of th e  ap p ro p ria te  [ a - 3aP ]-d N T P  an d  1.0 u n it o f th e  Klenow fragm en t of 
E. coli DNA P o ly m erase  were th e n  ad ded  to  i t  and  incubated  for 30 m inutes a t  30° C. 
The DNAs were e ith e r  p rec ip ita ted  w ith  e th ano l in the  presence of 0.3M  N a-ace ta te  or, 
when needed loaded d irec tly  on  to  gel for electrophoresis. T h e  labelled DNA fragm en ts  
were ex trac ted  from  th e  gel for fu rth e r  analysis.

(ii) 5 ’ end-labelling o f D N A  by P o ly nucleo tide K inase

This was done accord ing  to  M axam  & G ilb e rt (1977). D ephosphory lated  DNA fragm ents  
a t  the ir 5’-ends (by B A P  tre a tm e n t, see below) were tak en  in  siliconised eppendorf tube 
with the  following reac tio n  m ixture:

5 p i  D ephospho ry lated  DNA (1-50 pm oles 5 ’ ends)
35 p i  d istilled  w a te r 
5 p i  10 X P N K  buffer (See A ppendix)
5 p i  -y[3aP ]-A T P (>  1000 C i/nm o le )
1 p i  T4 P o ly nucleo tide  K inase (20 units)

The m ixture was in c u b a te d  a t  37°C for 30 m ins, and the  reac tio n  was stopped w ith  the  
addition  of 200 p.1 2 .5  M A m m onium  ace ta te , 1 p i tR N A  (1 m g /m l), 750 p i of 95%  
ethanol. They were m ixed  thorough ly  an d  chilled a t  - 70° C (d ry  ice-m ethanol b a th ) for 5 
mins and centrifuged a t  1200 X g for 5 m in s.fa t 4° C ).A fter rem oval of the  s u p e rn a ta n t 
the pellet was d issolved in  250 p i of 0 .3  M N a-ace ta te . T he DNA were rep rec ip ita ted  
w ith 3 Volumes of cold e th an o l (- 70° C ). DNA pellets were finally dried  and dissolved in 
TE  buffer.

9 . L ig a t io n

(i) BAP or C IP  d igestio n  of vector DNA

The plasm id DNAs, (pA T 153 in m ost cases) was cu t w ith  EcoRI and checked for com plete  
digestion in a  "m ini ge l"  ap p ara tu s . T h e  enzym e was in ac tiv a ted  by incubating  th e  tubes 
a t  65° C for 10 m inu tes. T he pH of th e  E co R I  buffer was raised  to  pH 8.0. T hen  ab o u t 
0.1 un it of bacterial a lk a lin e  ph o sp h a tase  (BA P) o r calf in te stin a l phosphatase  (C IP) was 
added to  the reaction  m ix  (generally 100 p i)  and incubated  a t  37° C for 1 hr. D uring C IP  
digestion, a final co n cen tra tio n  o f 10 m M  CaC7a was used in  the  reac tion  m ix tu re  by
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adding an  ap p ro p ria te  am o u n t o f 1M C a Clt  so lu tion . T he reac tion  w as s topped  by 
adding e ith er E D T A  or E G T A  (F inal C o n ce n tra tio n  20mM ) and in cu b a tin g  a t  70° C for 
10 m inutes.

The reac tion  m ix was first ex tra c ted  w ith  equal volum es of phenol (tw ice) and  th en  w ith  
equal volum es o f e ith er ch loroform  or d i-ethy l e th er (once), successively. T h e  so lu tion  was 
then  m ade 0.3M  N a-ace ta te  and  DNAs were p rec ip ita ted  w ith  2.5 volum es of e th ano l a t  - 
70° C  for 1-2 hours or a t  - 20° C  o v ern ig h t. T h e DNAs were spun down a t  10,000 r.p .m . a t  
4° C, w ashed once w ith  95%  e th an o l and  vacuum  dried. T he dried D N A s w ere dissolved 
finally in T E  buffer (10 mM T ris-C l, 0.1 mM  ED TA , pH 7.5). (W hen D N A s w ere digested  
w ith res tric tio n  enzym es requiring  higher pH (e.g. pH 8.0), as in the case o f H ind[\\, BAP 
or C IP  were added direc tly  to  th e  reac tio n  mix).

ii) R estric tio n  Enzym e D igestion o f T a rg e t DNAs

Parallel w ith  res tric tio n  enzym e digestions and BAP or C IP  trea tm en t o f  vecto r DNAs, 
the ta rg e t DNAs were digested  w ith  cloning site  com patib le  enzymes. D u rin g  cloning of 
EcoR  1 fragm ents, m t-D N A s were d igested  w ith  E coR  1 and checked in m inigel for p roper 
digestion. T he reac tion  was s topped  a t  65° C  and ex trac ted  w ith phenol. T h e  DNAs were 
p rec ip ita ted  w ith  eth ano l and dried  und er vaccum . T he dried DNAs w ere disolved in T E  
buffer.

iii) Set up of L igation  R eaction

Typical L igation  reac tion  was carried  o u t in a  20 p i reac tion  volum e as s ta te d  below:

V ector DNA 0.1 pg
T a rg e t DNA 0.1 p g
H t O  to  m ake 15.0 p i
10 x liga tion  buffer 2.0 p i
(See A ppendix)
10 mM  A T P 2.0 p i
Ligase (1 u n i t /p l ) 1.0 p i
T o ta l 20.0 p i

T he reac tion  m ix was incubated  a t  15° C  for 12-16 hours (overnight) by w hich  tim e m ore 
th a n  90%  liga tions are achieved.
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10. Transformation

T ran sfo rm atio n  was carried  o u t by th e  ca lcium  chloride p rocedure described by M andel & 
Higa (1970). E . coli s tra in  HB101 was g row n up in  LB m edium  o v e rn igh t a t  37° C . T he 
overn ight b acteria l cu ltu re  w as d ilu ted  100 tim es in fresh LB (e.g. 0 .1m l in  a  10ml fresh 
cu lture) and grow n a t 37° C w ith  vigorous shak ing  to  a density  o f ~ 5 x 107 ce lls/m l. T his 
usually tak es th ree  and a ha lf to  four hou rs (2.0 O.D. S50 is equ iva len t to  " 5 x 107 
cells/m l). T h e cu ltu re was chilled on ice for 10 m inutes an d  the  cells were harvested  by 
cen trifu gation  a t  4000g for 5 m inutes. T h e  cells were resuspended in  ha lf o f the original 
cu ltu re volum e o f an ice-cold sterile  so lu tio n  of 50mM  C a Cl2 ,10m M  T ris-C l (pH 8.0) and 
k ep t in an  ice b a th  for 15-20 m inutes. T h e  cells were re-cen trifuged  a t  4000g for 5 
m inutes and resuspended in 1 /15  o f the  orig inal volum e o f an  ice cold s te rile  so lu tion  of 
50m M  C a Cl2 ,10m M  T ris-C l, pH 8.0.

0.2m l of these co m peten t cells were a liq uo ted  in to  pre-chilled E ppen dorf tubes. T ransfo r
m ation  was carried  o u t im m edia te ly  or w ith in  24 hours by add ing  liga tion  m ix d irectly  to  
aliquoted co m peten t cells an d  the  m ix tu res kep t on  ice for 30-40 m inu tes. T h e  cells were 
h ea t shocked a t  42° C for 2 m inu tes and 1.0m l of L b ro th  w as th e n  ad ded  and  the m ixtu re 
incubated  a t  37° for 30 m inu tes (te tracy c lin e  selection) o r 1 hour (am picillin  selection) 
w ith ou t shaking. For am picillin  selection, th e  recovered cells were sp read  d irectly  on to  
am picillin  co n tain ing  LB p la tes, 200 p.1 o n to  each p late. F o r te tracy c lin e  selection  cells 
were spun dow n and resuspended in 100 p.1 o f sterile w ater an d  sp read  o n to  a  single te t r a 
cycline p la te . T h e plates were kep t inve rted  a t  37° C for 10-12 hours.

11. Colony Hybridization

Colony hyb rid ization  was carried  o u t using th e  m ethod o f G ru n ste in  & Hogness (1975). A 
nitrocellulose filter was placed o n to  an  ag a r p la te  co n ta in in g  th e  selective an tib io tic . 
T hen , using sterile  to o th p ick s  each ind iv idual bacterial colony to  be screened was 
transferred  o n to  the  filter and then  o n to  a  m aste r agar p la te ,w hich  also  co n ta ins selective 
an tib io tic . E ach colony w as s treaked  in an  identical position  on bo th  p la tes. A bout 150
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to  200 colonies were s treaked  on each 85 m m  p la te . T h e p la tes  were k e p t inverted  and 
incubated a t  37° C  for overn igh t. T h e m aste r p la te  w as th e n  tran sfe rred  to  4° C for 
storage and  th e  n itrocellulose filter was tran s fe rre d  o n to  an o th er ag ar p la te  contain ing  
chloram phenicol (10 p .g /m l) and incubated  for 8-12 hou rs a t  37° C . A fter th is  
am plification step , the  filter was peeled off fro m  the  ch loram phenico l p la te , and placed 
colony side up o n to  a SD S-im pregnated  W h a tm a n  3MM paper for 3 m inu tes. T he filter 
was then tran sfe rred  o n to  a second sheet of 3M M  paper s a tu ra te d  w ith  den a tu rin g  solu
tion (0.5M N aO H ,1.5M  N aCl) and kep t for 5 m in u tes . T he  filter was th e n  neu tra lised  by 
transferrin g  it o n to  an o th er 3M M  paper s a tu ra te d  w ith  neu tra lisin g  so lu tio n  (1.5M  N aCl, 
0.5M T ris-C l, pH 8.0) for 5 m inutes. T he filter w as transfe rred  finally o n to  a  fourth  sheet 
of 3MM paper s a tu ra te d  w ith  2 x SSPE (0 .36M  N aC l,20m M  N a //2P 0 4, pH 7.4,2m M  
EDTA, pH 7.4). T he filter was dried  a t  room te m p e ra tu re  on a  dry 3M M  paper for 30-60 
m inutes and  then  baked a t  80° C  in a  vacuum  oven  for 2 hours. T he baked  filters were 
floated on th e  surface o f a  tra y  of 6 x SSC u n ti l  they  had becom e tho rou gh ly  w et from 
beneath. T h e filters were th en  kep t subm erged fo r 5 m inutes. T he filters were pre-w ashed 
in a pre-w ashing so lu tion  (50m M  T ris-C l pH 8 .0 , 1M N a C l.lm M  E D T A , 0 .1%  SDS) by 
incubation  for 1-2 hours a t  42° C, w ith  shak ing  w hen m ore th a n  tw o filters were used in 
the sam e con ta iner. T he filters were th en  pre-hyb rid ized  and  hybrid ized using th e  sam e 
conditions as described for S ou thern  h y b rid isa tio n  in  C h ap te r  3.

12. Isolation and purification of DNA from Gel

DNA fragm ents were iso lated  from  gel e ith er by elec tro  e lu tion  or by ex tra c tio n  from  low 
m elting po in t agarose.

E lectro-elu tion  m ethod

E letro-elu tion  was done e ith er in a dialysis sac a s  described by M cDonnel el al (1977) or 
by an  ap p a ra tu s  (Fig. 4.2) designed in  th is  lab o ra to ry .

A. E lectro-elu tion  in to  a dialysis sac



Figure 4.2 Apparatus for electro-elution of DNA fragnents from
gel.
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The DNA band of in te re s t  was c u t o u t as a  slice o f th e  gel w ith  th e  help o f a  sharp  scal
pel. T he gel slice w as th e n  p u t inside a  d ialysis bag (preboiled in  th e  presence o f EDTA 
for 10-15 mins.) co n ta in in g  50m M  T ris  b o ra te , IraM  E D T A  buffer. T hen  th e  bag was tied 
a t  the ends w ith a  m in im um  volum e o f buffer inside. T he bag was im m ersed in  a  shallow 
layer of TBE e lec tro p ho re tic  buffer in  an  elec trop h o re tic  tan k . C u rren t was passed for 1-2 
hrs. a t  150 V during  w hich tim e m ost of the  DNAs is electroelu ted  in to  th e  buffer sur
rounding the  gel. T h e n  th e  p o la rity  o f the  cu rren t is reversed for 1-2 m ins, to  release the 
DNA bound to  the  w all o f the  d ia lysis bag. T h e  buffer was collected and e ith e r  ex tracted  
w ith butanol to  reduce th e  volum e or direc tly  e x tra c ted  w ith  phenol-chloroform  (1:1) and 
diethy lether successively. DNA w as p rec ip ita ted  by e th an o l p recip ita tion . T he DNA from 
butanol co ncen tra ted  buffer was also  p rec ip ita ted  by e th an o l and was resuspended in 200 
p.1 of w ater to  w hich 25 p.1 o f 3M  sodium  ac e ta te  w as added. T he DNA w ere reprecipi
ta ted  w ith ethanol an d  th e  pelleted  DNA w as rinsed first w ith 70%  e th ano l and  then 
dried.

B. E lectro-elu tion by "E lec tro e lu tio n  A p p ara tu s"

The ap p ara tu s  used for th is  purpose is show n in  Fig. 4.2. T he gel slices were placed into 
one of the  cham bers co n ta in in g  th e  negative e lectrode as show n in the  figure. T he DNA 
fragm ents are d riven  from  the  gel by electrophoresis in to  the  su rrounding  d ilu ted  buffer 
(20 mM T ris borate , 1 m M  ED TA , pH 8.3) an d  accum ulated  in to  th e  o the r cham ber con
tain ing  the  positive elec trode . T h e buffer was collected and  the  volum e was reduced by 
bu tanol ex traction .. T h e  so lu tion  w as then  ex trac ted  w ith  phenol/ch loroform  and  chloro
form successively. T h e  DNA is p rec ip ita ted  w ith  cold ethanol and rinsed w ith  70% 
ethanol. F inally, th e  D N A  pellet is dried  and dissolved in  T E  buffer.

C. E x traction  of DN A from  low m elting  poin t agarose (LM P agarose)

Em ploying the sam e con d ition s  w hich has been described for norm al gel electrophoresis, 
DNA digests were ru n  in  low m elting  po in t agarose gel b u t a t  4° C. T he bands of in terest 
were excised o u t from  th e  gel w ith  a  sharp  scalpel u nd er long wave length  UV. T h e  LMP
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agarose contain ing  th e  DNA fragm en ts  w ere dissolved by heating  a t  65° C  for 5 m inutes 
and ex trac ted  w ith  an  equal va lum e of phenol a t  room  tem p era tu re . T h e  aqueous phase 
was collected a fte r cen trifu g a tio n  and re-ex trac ted  w ith  phenol and  finally  w ith  d ie thy l 
ether. T h e  DNAs were recovered by e th an o l p rec ip ita tio n  (2 hrs. a t  - 70° C ) and cen trifu 
gation. F inally , DN As were dried  under vaccum , and re-dissolved e ith er in  w a te r  or in T E  
buffer.

13. Mapping of the recombinant plasmids

M apping of the reco m binan t p lasm ids w as achieved by:

(i) D irect res tric tio n  d igest analyses.

(ii) B irn stie l’s m ethod (S m ith  Sc B irnstie l, 1976) of p a rtia l digestion of end labelled DNAs.

(iii) T he Bal-31 m ethod of m apping  (Legerski et al, 1978).

RESULTS

Strain Specific Polymorphism of mt-DNA in Saccharom yccs cerevisiae  

The physical m apping o f m t-D N A  from  S. cerevisiae  has established th a t  v a riou s  s tra in s  
generally possess e ith er of tw o form s of th e  molecule, which although  s im ila r  genetically  
differ in physical size (P runell et al, 1977; Sanders et al, 1977; M orim oto  & R obinow itz, 
1979). Based on re s tric tion  enzym e d a ta  th e  m olecules have been sized o f approx im ate ly  
70 and 76 kbp, these being term ed  the  "S h o rt"  and "Long" form s respec tively . T he e x tra  
length o f one of these m olecules has proved to  be th e  resu lt of an  increased  num ber of 
in trons w ith in  th e  sp lit genes o f th e  p a re n ta l s tra in  (see C hapter-1).

Before proceeding to  clone the  O li-2 region of m t-D N A , i t  was therefo re necessary  to  know 
w hether the re  are any difference am ong th e  s tra in s  used in th e  presen t s tu d y . D iagnosti
cally E coR  1 digestion yields ten  fragm en ts  w ith  long s tra in s , for exam ple M H41-7B and 
only nine w ith  th e  sh o rt s tra in s , for exam ple those th a t  are D273-10B based  (see M ori
m oto Sc R abinow itz, 1979). T h e  m a jo rity  o f s tra in s  stud ied  in  the  p resen t w ork fall in to
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agarose contain ing  th e  DNA fragm ents  were dissolved by heating  a t  65° C for 5 m inutes 
and ex trac ted  w ith  an  equal va lum e of phenol a t  room  tem pera tu re . T h e  aqueous phase 
was collected a fte r cen trifu g a tio n  and re -ex trac ted  w ith  phenol and finally w ith  diethyl 
ether. T he DNAs were recovered by e th ano l p rec ip ita tio n  (2 hrs. a t  - 70° C) and  centrifu
gation . F inally , DNAs were dried  under vaccum , an d  re-dissolved e ither in  w ater or in TE  
buffer.

13. Mapping of the recombinant plasmids

M apping of th e  recom binan t p lasm ids was achieved by:

(i) D irect re s tric tion  digest analyses.

(ii) B irn stie l’s m ethod (S m ith  & B irnstiel, 1976) o f p a rtia l digestion of end labelled DNAs.

(iii) T he Bal-31 m ethod of m app ing  (Legerski et al, 1978).

RESULTS

Strain Specific Polymorphism of mt-DNA in Saccharom yces cerevisiae 

T he physical m apping of m t-D N A  from  S. cerevisiae  has established th a t  various stra ins 
generally possess e ith er of tw o form s of th e  m olecule, which although  s im ilar genetically 
differ in physical size (P runell et al, 1977; Sanders et al, 1977; M orim oto  Sc R obinow itz, 
1979). Based on restric tion  enzym e d a ta  th e  m olecules have been sized o f approxim ate ly  
70 and 76 kbp , these being term ed  the "S hort"  and  "Long" form s respectively. T h e  ex tra  
length  of one of these m olecules has proved to  be th e  result o f an  increased num ber of 
in trons w ith in  the  sp lit genes of th e  p a ren ta l s tra in  (see C hapter-1).

Before proceeding to  clone th e  O li-2 region o f m t-D N A , it  was therefo re necessary to  know 
w hether th e re  are any difference am ong th e  s tra in s  used in the present s tudy . D iagnosti
cally EcoRX d igestion  yields ten  fragm ents w ith  long stra ins, for exam ple M H41-7B and 
only nine w ith  the sh o rt s tra in s , for exam ple those  th a t  are D273-10B based (see M ori
m oto  & R abinow itz, 1979). T h e m ajo rity  of s tra in s  stud ied  in th e  present work fall in to
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a b c  d  e f 9

F ig u re  4 .3  E coR l digests of th e  m t-D N A s from  the  p grande s tra in s .
Purified m t-D N A s from  CD40 (Lane a), C D 24 (Lane b), CD41 (Lane c), D603-3B (Lane d), 
D 273-10B /A I (Lane e), D22 (Lane f) and m it-175  (Lane g) were d igested  w ith E co  R1 and 
analysed on  a 0 .9%  Agarose gel.
T he m olecular size of th e  restric tio n  frag m en ts  of lane a  th roug h  to  e  corresponds to  1 
(32.50K bp), 2 (17.0Kbp), 3 (7.10Kbp), 4 (5 .10K bp), 5 (3.50K bp), 6 (2.55K bp), 7 (1.70K bp) 
and 8 (0.90K bp). T he largest fragm ent (32 .5K bp) is n o t quite visible and th e  sm allest 
fragm ent (0.150K bp) has run  o u t of the  gel.
T he m olecular w eight size of the  re s tric to n  fragm ents in lane f  (s tra in  D22) corresponds 
to: 1 (26.0K bp), 2 (24.2Kbp), 3 (lO .lO K bp), 4 (7.80K bp), 5 (3 .50K bp), 6 (2.55K bp), 7 
(1 .70K bp), 8 (0.90K bp). However, in lan e g (stra in  m it-175) th e  fragm ent sizes are: 1 
(24.20K bp), 2 (17.0Kbp), 3 (lO .lO K bp), 4 (8.30Kbp), 5 (7 .80K bp), 6 (3.50K bp), 7 
(2.55K bp), 8 (1.70K bp), 9 (0.90Kbp). T h e  fragm ents 3, 4, and 5 of lane g have been 
labelled o n  the  sam e line. T he sm allest frag m en t (0.150K bp) in all cases is n o t visible. 
T h e m olecular weight of the fragm ents h av e  been ob ta ined  by co-electrophoresis of the 
sam ples w ith  \  DNA digested w ith H in d lll o r H indlll w ith  E coR l o r by ex ternal calibra
tio n  on th e  slab gel.
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a b o d e f 9

F ig u re  4 .3  E coR l d igests of the  m t-DNAs from the p grande s tra in s .
Purified m t-D N A s from  CD 40 (Lane a), CD24 (Lane b), CD41 (I.ane r), D603-3B (Lane d), 
D273-10B/AI (Lane e), D22 (I.ane f) and m it-175 (Lane g) were digested  with Eco R 1 and 
analysed on a 0.9“% Agarose gel.
The m olecular size of the  restric tion  fragm ents of lane a  th rough  to  e  corresponds to  1 
(32.50K bp), 2 (17.0Kbp), 3 (7 .lOKbp), 4 (5.10K bp), 5 (3.50Kbp), 6 (2.55Kbp), 7 (1.70Kbp) 
and 8 (0.90Kbp). T he largest fragm ent (32.5K bp) is not quite visible and the sm allest 
fragm ent (O.loOKbp) has ru n  out. of the gel.
T he m olecular w eight size of the restric ton  fragm ents in lane f  (s tra in  D22) corresponds 
to : 1 (26.0Kbp), 2 (24.2K bp), 3 (10 .lOKbp), 4 (7.80Kbp), 5 (3.50Kbp), 6 (2.55Kbp). 7 
(1.70Kbp), 8 (0.90Kbp). However, in lane g (s tra in  m it-175) the  fragm ent sizes are: 1 
(24.20K bp), 2 ( !7 .0K bp), 3 (10. lOKbp), 4 (8.30Kbp), 5 (7.80K bp), 6 (3.50Kbp), 7 
(2.55K bp), 8 (1.70K bp), 9 (0.90Kbp). T he fragm ents 3, 4, and 5 of lane g have been 
labelled on the sam e line. T he sm allest fragm ent (0.150Kbp) in all cases is not visible. 
T he m olecular weight of th e  fragm ents have been ob ta ined  by co-electrophoresis o f the 
sam ples w ith A DNA digested  w ith Hindlll or H indlll with EcoR 1 or by ex ternal ca lib ra
tion  on the  slab gel.



T able  4.3 E co R l digested fragm ents  o f m t-D N A  from  various s tra in s
F rag m en t No. D273-10B/A1 M H41-7Bf m it-175 D22

1 32.50 24.20 24.20 26.00
2 17.00 17.00 17.00 24.20
3 7.10 10.1 10.10 10.10
4 5.10 8.30 8.30
5 3.50 7.80 7.80 7.80
6 2.55 3.50 3.50 3.50
7 1.70 2.55 2.55 2.55
8 0.90 1.70 1.70 1.70
9 0.15 0.90 0.90 0.90
10 0.15 0.15 0.15

T O T A L 70.50 76.20 76.20 76.90

t  D a ta  from  M o rim o to  et al (1977) and M orim oto  & R abinow itz  (1979).
g(Z.es oj' tix«- cWC j.yt .
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the la tte r  ca tegory , D 273-10B/A1, D27, CD40, D603-33B, CD24 and CD41 all genera ting  
nine E coR \ fragm en ts  (see Fig. 4.3). T h e s tra in  m it-175 in c o n tra s t yields te n  E c o R l  frag
m ents and hence belongs to  th e  group o f long s tra in s . However the  s tra in  D22, which has 
in previous s tu d ies  been used as the  p a ren ta l sensitive type to  m any an tib io tic  re s is tan t 
screens (L ancashire 8c G riffiths, 1975a, 1975b) yields ab e rra n t m olecular w eigh t E co R l  
fragm ents. T h is  s tra in  produces nine E co R l  fragm ents, which when ta b u la te d  suggest it 
possesses a  genom e size of nearly  77 kbp (T ab le  4.3), a  little  longer th a n  the  long s tra in s . 
The unexpectedly large genom e of D22 m ay h a rbo u r ye t fu rth e r differences in  s tru c tu re  
and o rgan isa tion  of yeast m itochondria l genes, especially when considering spliced genes.

It is ap p aren t from  the E co R l  digests (F ig .4.3) th a t  the  s tra in s  used in th e  p resen t s tudy  
do not differ m uch in the E co R l fragm ents o f lower m olecular w eights (3.50 kbp , 2.55 
kbp, 1.70 kbp , 0.90 kbp, 0.15 kbp ). T h e E c o R l  fragm ents 5, 6, 7, 8, 9 of sh o r t  form s 
(D273-10B/A1, CD40, D603-3B, CD24, CD41) correspond to  th e  E coR l frag m en ts  6, 7, 8, 
9, and 10 of th e  long forms m it-175 and D22. It has been estab lished  th a t  th e  E c o R l  frag
m ents 3 (7.10 kbp) and 4 (5.10 kbp) of the  sh o rt form s correspond, in  respec t to  th e  
genetic m ap, to  the  E coR l fragm ents 3 (10.10 kbp) and 5 (7.80 kbp) of th e  long form s, 
bu t the form ers being sho rte r by 3.0 kbp  and 2.7kbp respectively (M orim oto  e t al, 1977; 
M orim oto 8c R abinow itz, 1979) due to  the  occurrence of e x tra  in trons in  C ob-box and 
Oxi-3 respectively. E coR l fragm ent 1 (32.5 kbp) of the sho rt form  gives rise to  tw o frag
m ents in long th e  form , nam ely fragm ent 1 (24.2 kbp) and fragm ent 4 (8.3 kbp) due  to  the  
developm ent o f a  new E co R l  site  w ith in  th e  fragm ent. E co R l  fragm ent 2 (17.1 kbp) is 
sim ilar in b o th  form s. However in the  s tra in  D22, th is  fragm ent and the  fra g m e n t 4 (8.30 
kbp) of the  long form  are missing. W hen these  d a ta  are com pared w ith  th e  resu lts  of 
M orim oto et al (1979) it appears (Fig. 4.4) th a t  the  generation  of a new fra g m e n t (26.0 
kbp) in D22 is re la ted  to  the  d isappearance of th e  E coR l site  betw een the  fragm en ts  2 and 
4 which should produce a  com bined fragm ent o f m olecular w eight 25.30 kbp . A little  
higher m olecular w eight (26.0 kbp) is e ith er due to  the  acquisition  of an  in se rtio n  of 0.70 
kbp or due to  th e  low resolution  of th e  size o f fragm ents in th e  high m olecu lar w eight
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F ig u r e  4 .4  C o rre la tio n  of the  physical m ap of D22 m t-D N A  w ith th e  physical and 
genetic m ap of a  long s tra in  (KL14-4A).
T he m ap for K L14-4A has been ad ap ted  from  D ujon (1983). O nly the  E coR l physical 
m ap has been show n (inner ring). T he o u te r ring is th e  genetic m ap d raw n  for KL14-4A. 
A possible region for e x tra  sequences (0.7K bp) on th e  D22 m t-D N A  has been show n by 
e ith er a  question  m ark  (?) o r a loop.
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region of the  gel. If th e  m olecular w eight determ ined in  th is  s tu d y  is co rrec t, th e n  in the 
s tra in  D22 the new in se rtio n  would be in  betw een the reg ions of Oxi-1 and Oxi-2 o r w ith in  
them selves (see F ig .4.4). F u tu re  s tud ies of th is  region fro m  th is  s tra in  therefo re w ould be 
interesting .

Identification of the OIi-2 Region

T o identify which re s tric tio n  fragm ents co n ta in  the  O li-2  region o f th e  m itochondria l 
genome, we have m ade use of the already published g en e tic  and physical d a ta  (M arim oto  
& R obinow itz, 1979). W e also used an  Oli-2 specific D N A  probe from  a  p e tite  s tra in  
(DS-14) (M acino & Tzagoloff, 1980), which re ta in s  phy sica lly  a 4.1 kbp rep ea t of the 
grande m itochondrial genom e (D273-10B/A1) and genetica lly  only th e  Oli2R-48 co n ta in 
ing locus (See also C h a p te r  2). Fig. 4.5 shows th e  E coR  1 d igests of DS-14 m t-D N A  which 
has tw o E coR  1 frag m en ts  o f 2.4 kbp an d  1.7 kbp  sizes. W hen th is  D N A  was labelled and 
used as a probe to  hyb rid ize  the S ou thern  b lo t o f the  E co R  1 d igests o f m t-D N A  from  the 
grande stra in s, used in  th e  present s tu dy , only th ree  b a n d s  show positive hyb rid iza tion  
(Fig. 4.6). T his is in accordance w ith M acino & T zagoloff’s pub lished  physical m ap of 
DS14 m t-D N A  (M acino &  TzagolofT, 1980), which has re ta in e d  th e  w hole 1.7 kbp , m ost of 
the 2.56 kbp and p a rt o f th e  neighbouring 7.1 kbp E coR  1 bands of th e  grande m t-genom e 
(See also M arim oto  & R obinow itz, 1979).

Fig. 4.7 shows the  co m p ara tiv e  physical map for DS14 an d  wild type  m t-D N A , show ing 
the position of the 01i2 gene and the gene for su b u n it 1 o f cy tochrom e oxidase (O xi-3). In 
the realisation  th a t  E co-6 and Eco-7 contain  th e  w hole expanded  O li-2 region we pro
ceeded to  clone these tw o  fragm ents from  various s tra in s  (wild type  and  m u ta n ts , men
tioned in T able 4.1), in to  pAT153.

Cloning of Oli-2 region (Eco-6 and Eco-7 bands)

T he initia l s tra teg y  to  clone the Eco-6 and Eco-7 frag m en ts  o f th e  g rand e m itochondria l 
genome was to  ligate to ta l  EcoR  1 digests of m t-D N A  w ith  EcoRX  d igests of th e  vector, 
pAT153, and to  use th e  to ta l ligation mix to  tran sfo rm  th e  E. colt s tra in  HB101. This



F ig u re  4 .5  E co R l d igests of DS-14 m t-D N A  and a  com parison  w ith its  g ran d e  s tra in  
(D273-10B/A1).
Purified m t-D N A s were digested  w ith  E co R l and analysed on  1%  Agarose gel. L ane a, \  
IH indlll and E c o R ll d igests (m arker DNA); Lane b, D 273-10B /A I m t-D N A  and  Lane c, 
DS-14 m t-D N A . T h e m olecular size of th e  fragm ents (in K bp) has been ind icated .
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F ig u re  4 .5  KcoRl d igests  of DS-14 m t-D N A  and a  com parison with i ts  g rande s tra in  
(D273-I0B/A1).
Purified m t-DN As were d igested  w ith E^coRl and analysed on 1% Agarose gel. Lane a, \  
(Hindlll and K coR l) d igests  (m arker DNA); Lane b, D273-10B/AI m t-D N A  and Lane c, 
DS-14 m t-DNA. T he m olecu lar size of th e  fragm ents (in K bp) has been ind ica ted .
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F ig u re  4 .6  Identification  of the  res tric tio n  fragm ents  of wild type m t-genom e which 
share common sequences to  DS-14 m t-D N A .
D ' - U  m t-D NA was labelled by nick tran s la tio n  and was used as a probe to  hybrid ize 
K ■ o R 1 digests o f  wild type (D 2 73-10B /A 1) m t-D N A , transferred  to  a n itrocellu lose filter.

\) Kthidium brom ide s ta in ing  gel.
B) Autoradiogram of the  nit rocellulosefilter.

, F,-oR 1 digests o f  DS-1 t m t-DNA. |b )  F coR l d igests of the m t-DN A from  a p~ clone 
i not harai terised in the present study), (c) FcoR 1 digest of D273-10B/A1 m t-D N A .
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F ig u re  4 .6  Iden tifica tion  o f the  res tric tio n  fragm ents of wild ty p e  m t-genom e which 
share com m on sequences to  DS-14 m t-D N A .
DS-14 m t-D N A  was labelled by nick tran s la tio n  an d  was used as a  probe to  hybridize 
EcoR l d igests of w ild ty p e  (D273-10B /A 1) m t-D N A , transfe rred  to  a  nitrocellu lose filter.

(A) E th id iu m  brom ide s ta in ing  gel.
(B) A u to rad iog ram  of th e  nitrocellubsefilter.

(a) E coR l d igests o f DS-14 m t-D N A , (b) E coR l d igests of th e  m t-D N A  from  a p~ clone 
(no t charac te rised  in  th e  p resen t s tudy), (c) E coR l d igest o f D 273-10B/A 1 m t-D N A .
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F ig u re  4 .7  C o m p ara tiv e  res tric tio n  m aps of DS-14 and w ild  type m t-D N A  w ith th e  re la
tive position of the O li-2 gene.
I he linear EcoR  1 re s tric tio n  m ap of D273-10B/A1 m t-D N A  has been aligned with genetic  
map units (top). T he res tric tio n  m ap of DS-14 m t-D N A  has been aligned w ith  the 
enlarged relevant p o rtio n  of the  wild type m ap to  show th e  position  of th e  OH2 locus or 
the gene for subun it-6  of the  O .S. A T P ase . E =  E coR  1 re s tr ic tio n  site. T  =  H pall res- 
tricion site. The d o tte d  line of DS-14 m t-D N A  indicates th e  undeterm ined  sequences of 
the DNA (M acino 8c Tzagoloff, 1980). 1, 2, 3, 4, 5, 6, 7 a n d  8 are various E coR  1 frag 
ments as described in th e  tex t (see also Fig. 4.3).
Note th a t the  wild ty p e  m ap show n here was originally d ra w n  for the  sh o rt s tra in  D273- 
10B/A1 (M orim oto & R abinow itz , 1979) and hence, does no t correspond to  th e  m ap 
shown in Fig. 4.4 for th e  long s tra in  (KL14-14A).
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seemed to  w ork well. W hen such tran s fo rm an ts  were transferred  to  nitrocellu lose and 
hybridized in  situ  w ith  labelled DS-14 m t-D N A , it  was found th a t  on av erage  12.5% -20%  
were positive clones. Fig. 4.8 show s an  au to rad io g ram  of a  typ ical colony hyb rid isa tion  
filter. T he positive clones were picked up from  th e  m aster p la te  and screened for the ir 
insert(s). For th e  la tte r  purpose p lasm ids from  all th e  positive clones were iso lated  by the  
m inilysate m ethod and digested w ith  EcoRX  to  com pare them  w ith  EcoRX  d igests of m t- 
DNA from  grande s tra in s  by agarose gel electrophoresis. Fig. 4.9 d e m o n stra te s  a  typical 
e th id ium  brom ide stain ing  gel for such screening. It is clear from  th e  figure th a t  
occurrence o f th e  1.7 kbp in sert is m uch g rea te r  th a n  th a t  of 2.56 kbp in se rts  am ong the  
positive clones. T h is  is qu ite  expected  as i t  is well know n th a t  sm all in se rts  preferably 
recom bine w ith  the  vector and th e  tran sfo rm a tio n  ra te  of these are m uch  higher th a n  
those w ith  larger inserts.

It is also ap p a ren t th a t  som e reco m binan ts  have picked up som e und esirab le  DNA frag
m ents co n tam in a ted  w ith  m t-D N A . Such reco m binan ts  were generally  avoided . O nly 
those s tra in s  w hich have re ta in ed  only th e  Eco-6 and Eco-7 bands were picked up. In 
some cases desirab le  clones were m ade by secondary  cloning of in itia l "com plex" clones 
(re ta in in g  one o f th e  desirable Eco-6 and Eco-7 bands, and  one or tw o o th e r  undesirable 
bands). T he m ethod was to  iso late  to ta l p lasm id  DNA from  such "com plex" clones, then  
its d igestion  w ith  EcoRX enzym es and re liga tion  o f an  aliquot of such EcoRX  digests to  
transfo rm  the  E. coli s tra in , HB101. It has been found th a t  in such secondary  cloning 
ab ou t 25%  - 50%  of are desirable clones.

T he positive oli2 recom binants were nam ed as pSC "X " ME6 and pSC "X " M E 7: SC stands  
for S. cerevisiae, "X" denotes th e  s tra in  used (e.g. from CD 40 it is nam ed as pSC40M E6 
or pSC40M E7), M E 6 and 7 s tan d s  for m itochond ria l EcoRI fragm ents 6 an d  7, respec
tively. T h rou gh ou t th is  thesis, henceforth  th e  reco m binan ts  will be m entioned  in th is 
way. T he clones derived from  different yeast s tra in s  w ith  different m itochond ria l m arkers 
are show n in T ab le  4.4. It should  be po in ted  o u t th a t  the  recom binan t clones from the 
s tra in  m it-175 have also been nam ed as pSC175M E6 and pSC175M E7 for convenience’s
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F ig u re  4 .8  A u to rad io g ram  of colony hy b rid iza tio n  filter for the  Oli-2 recom binants.
T he E.coli s tra in  HB101 w as transfo rm ed  w ith  ligated  pA T  153 and m t-D N A  (both were 
digested w ith Eco R1 befo re ligation). T he tran s fo rm an ts  (selected by am picillin resis
tiv ity ) were rep licap la ted  o n to  a nitrocellulose filter and probed w ith radioactive DS-14 
m t-D N A  probe. T he d a rk  spots are positive clones for th e  Oli-2 region of m t-DN A.
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F ig u re  4 .8  A u to rad io g ram  of colony h yb rid iza tio n  filter for the Oli-2 recom binan ts.
T he K.coli s tra in  HB101 was transform ed w ith ligated  pA T 153 and m t-DNA (b o th  were 
digested w ith  Kco Kl before ligation). The tran s fo rm an ts  (selected by am picillin  resis
tiv ity ) were rep licap lated  on to  a nitrocellulose filter and probed with rad ioac tive  DS-14 
m t-DN A probe. The dark  spots are positive clones for the Oli-2 region of m t-D N A .
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F ig u re  4 .9  Screening for the in serts  of the Oli-2 recom binant clones.
The recom binant plasm ids were isolated from DS-14 hybrid izable positive clones by the 
m inilysate m ethod of B irnboim  S¿ Doly (1979). These were digested w ith the  restric tion  
enzym es EeoR 1 and analysed on a  1% Agarose gel, using D273-10B/A1 m t-D N A  EcoR l 
digest (Lane 1) as com parab le m arker.
Sam ples in lane 2, 6, 7, 8 and 1 1 have the 2.55 Kbp insert (Eco-6 fragm ent) and those in 
lanes 1, 5, 9, 10, 12, 13, 14, 15, 16, 17 and 18 have the 1.7Kbp insert (Eco-7 fragm ent). 
Lane c is the  E roR  1 digest o f 1)273-10 B /A 1 nuclear DMA. The clones w ith 2.55K bp 
insert were nam ed as pSCM E6 and those w ith 1.7Kbp insert were nam ed as pSCM E7. 
Note th a t  the  pA T 153 has a m olecular w eight of 3.6Kbp.
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F ig u re  4 .9  Screening for th e  inserts of the  O li-2 reco m binan t clones.
T he reco m b inan t plasm ids were isolated from DS-14 hybrid izable positive clones by the  
m inilysate m ethod  of B irnboim  & Doly (1979). T hese were digested w ith  the  restric tion  
enzym es E co R l an d  analysed on a \%  Agarose gel, using D273-10B/A1 m t-D N A  E coR l 
digest (Lane 1) as  com parab le m arker.
Sam ples in  lane 2, 6, 7, 8 an d  11 have the  2.55 K b p  insert (Eco-6 fragm ent) and those in 
lanes 4, 5, 9, 10, 12, 13, 14, 15, 16, 17 and 18 have  the  1.7K bp insert (Eco-7 fragm ent). 
Lane c is th e  E co R l digest of D273-10B/A1 n u c lear DNA. T he clones w ith  2.55K bp 
insert were nam ed  as pSCM E6 and those w ith  1.7K bp insert were nam ed as pSCM E7. 
Note th a t  th e  p A T  153 has a  m olecular w eight o f 3 .6K bp.
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T a b le  4 .4  R ecom binan t E. colt clones an d  th e  p a ren ta l yeast s tra in s .

N am e of the  reco m binan ts P a ren ta l y east s tra in M itoch ondria l genotype

PSC273M E6 & pSC273M E7 D 273-10B/A 1 p ' OU2' Oss 1 *
pSC27M E6 & pSC27M E7 D27 p O li2* Osai*

pSC603M E6 & pSC603M E7 D603-3B P
PSC22M E6 & PSC22M E7 D22 »P
pSC40M E6 & pSC40M E7 C D 40 p ’ O h 2 R O n  1R
PSC24M E6 & PSC24M E7 CD 24 m it pho9

pSC41M E7 CD41 m it pho8
pSC175M E6 & pSC l75M E 7 m it-175 m it

pSC76M E6 & pSC76M E7 1)27/76 p ' O h î R Osa 1*
pSC92M E7 D 27/92 p ' O h 2 ' Oaa l "

pS C l4M E 6 & PSC14M E7 DS14 p O h 2 R
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shake though  these reco m binan t clones co n ta in  Eco-7 an d  Eco-8 fragm en t respectively  due 
to  i t ’s long form  origin.

Characterisation of pSCMEO Recombinants

For sequencing purposes it was ab so lu te ly  necessary to  ch arac te rise  physically  th e  cloned 
fragm ents. For th is  purpose tw o  m ethods have been em ployed:

i) D irect R estric tion  analysis by  re s tric tio n  endonuclease d igestion  (single o r double) of 
each indiv idual isolated band fro m  agarose gel.

ii) by the  B irnstiel m ethod using p a rtia l d igests  o f end labelled re s tric tio n  fragm ents.

W hen all the  Eco-6 bands from  different s tra in s  w ere com pared  it  was found th a t  the  
Eco-6 band from  th e  s tra in  D27 w as sh o rte r  th a n  th e  res t as w as also ap p a ren t in  its  to ta l 
m itochondrial E coR  1 d igest ( d a ta  n o t show n). T h is  m ay be due to  th e  possession of 
an o ther E coR  1 site very close to  the  C O O H  end o f cy tochrom e oxidase su b u n it 1 gene 
(Oxi-3 locus) (see Fig. 4.7) or, d u e  to  an  in te rn a l deletion . DN A sequence analysis  should 
rationalise  these alte rnatives.

W hen each indiv idual iso lated  E co-6 band  w as d igested  w ith  SauSA , it was found th a t  the  
Eco-6 band from CD40, CD24, CD41 an d  D603-3B had sim ilar d is tr ib u tio n s  o f Sau 3A 
recognition sites whereas those fro m  D27 an d  D22 were d ifferent (F ig. 4.10a). Eco-6 from  
D27 yielded only th ree  SauSA frag m en ts  in  co m parison  to  5 fragm en ts  from  th e  o thers . 
P resum ably , s tra in  D27 has und ergone som e p o in t m u ta tio n  w ith in  tw o SauSA  recogni
tio n  sequences, thereby  a lte rin g  th e  num ber o f fragm ents. O n  th e  o the r hand  s tra in  D22 
has all five SauSA bands in its  Eco-6 fragm en t, b u t differs in th e  m olecular w eigh t of the  
low est band . T herefore it  was p resum ed th a t  in  th is  s tra in  a  new SauSA  s ite  m igh t have 
been generated  by po in t m u ta tio n  very close to  e ith e r  th e  E co R l  s ite  or to  an o th e r SauSA 
site, thereby producing a very sm all frag m en t no t d e tec tab le  in 1.5%  agarose gels. T his 
has been show n to  be co rrec t fro m  the  sequence analyses o f th e  Eco-6 band  from  th is  
s tra in . A new SauSA site  site  h a s  been g enera ted  by p o in t m u ta tio n , tow ards  th e  C O O H  
end of th e  01i2 gene (see F ig .5 .11a  & l i b ,  C h ap te r-5 ) an d  very  close to  the  E coR  1 site.
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F ig u r e  4 .1 0 a  Sau3A d igest o f th e  Eco-6 fragm ents  from  various clones.
Eco-6 fragm en ts  were purified from  various pSCMEB clones and d ig e sted  with the restric
tio n  enzym e S au 3A . T he fragm en ts  were analysed on a  1.5%  A garose gel.
Lane (a) 4>X174RF HaelH m ark e r DNA, (b) D27 Eco-6, (c) D273-10B/A1 Eco-6, (d) D603- 
3B Eco-6 an d  (e) D22 Eco-6. F ive Sau3A fragm ents  have the m olecu lar s izes  of (1) 
790bp, (2) 620bp, (3) 500 bp, (4) 400bp an d  (5) 260bp. T h e fra g m e n t m arked as x is the 
high m olecular w eight frag m en t (1.80K bp) from  s tra in  D27. N ote t h a t  the fourth  Sau3A 
fragm ent of s tra in  D22 (lane f) has a  sligh tly  higher m obility  in th e  gel.
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F i g u r e  3 .1 0 a  Sau3A digest of the  Eco-6 fragm ents from  various clones.
Eco-6 fragm ents were purified from variou s pSCM E6 clones and digested w ith the  restric
tio n  enzym e Sau3A . T he fragm ents  w ere analysed on a  1.5% Agarose gel.
L ane (a) <t>X174RF Haelll m arker D N A , (b) D27 Eco-6, (c) D273-10B/A1 Eco-6, (d) D603- 
3B Eco-6 and (e) l)22 Eco-6. F ive Sau3A  fragm ents  have the  m olecular s izes  of ( l )  
790bp , (2) 620bp, (3) 500 bp, (4) 400bp  and (5) 260bp. T he fragm ent m arked as x is the 
high m olecular w eight fragm ent (l.SO K bp) from s tra in  D27. N ote th a t the fou rth  Sau3A 
frag m en t of s tra in  D22 (lane f) has a  s ligh tly  higher m obility  in the  gel.
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I 'ig t i re  4 .1 0 b  Hpa II d igests o f the Eco-6 and Eco-7 fragm ents.
Purified Eco-6 and Eco-7 fragm ents  from the reco m binan t plasm ids (pSC M E6 and 
pSCM E7) were digested  w ith  Hpa II and analysed on 1.5%  Agarose gel.
Eco-6 fragm ents from  pSC.ME273VIE6. pSC40M E6, pSC'603ME6, pS("22M E6, pSC24M E6 
were all th e  sam e. T he rep resen ta tive  shown here (lane a) is th a t  from  the clone 
psc I0MH6. N ote th a t  the second and th ird  11 pa II fragm ents move to  th e  sam e place in 
the  gel. which was proved by densito m eter scanning of the  negative. T he H pall generated  
fragm ents  have the  m olecular s izes  o f 1.1Kb (fragm ent I) and 0 .7K bp (fragm en t 2 and 
fragm ent 3).
11 pa II d igests of the  Eco-7 fragm ents from various clones (pSC 40M E7, pSC273M E7, 
pSC22M E7, pSC'6()3.VlE7, pSC175M K7, p S C llM E 7 , pSC24M E7) show th e  sam e p a tte rn  
as have been show n in lane b. T he m olecular s izes of th e  four Hpa II fragm en ts  are (in 
decreasing order): 620bp, 17()bp, toObp and 250bp respectively. Lane c has the  ibX174RF 
( ll.i '1 III d igests) m arkers.
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F ig u r e  4 .1 0 b  Hpa II digests of the  Eco-6 an d  Eco-7 fragm ents.
Purified Eco-6 and Eco-7 fragm ents from  the reco m binan t p lasm ids (pSC M E6 and 
pSC M E7) were digested w ith  Hpa- II and an alysed  on 1.5%  A garose gel.
Eco-6 frag m en ts  from  pSCM E273M E6, pSC 40M E6, pSC603M E6, pSC 22M E6, pSC24M E6 
were all th e  sam e. T he rep resen ta tiv e  show n here (lane a) is th a t  from  the  clone 
psc40M E6. N ote th a t  the  second an d  th ird  Hpa-II fragm ents m ove to  th e  sam e place in 
the  gel, w hich was proved by d en sito m eter scann ing o f the  negative. T he H pall generated  
fragm en ts  have the  m olecular s izes  of 1.1K b (fragm ent 1) and 0 .7K b p  (fragm ent 2 and 
fragm en t 3).
Hpa.II d igests  of the  Eco-7 fragm ents  from  various clones (pSC 40M E7, pSC273M E7, 
pSC 22M E 7, pSC603M E7, pSC175M E7, pSC 41M E7, pSC24M E7) show th e  sam e p a tte rn  
as have been  show n in lane b. T he m olecu la r s izes o f the  four H pa.II fragm ents  are (in 
decreasing  order): 620bp, 470bp, 450bp an d  250bp respectively. L ane c has th e  <t>X174RF 
(Hae III d igests) m arkers.
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F ig u r e  4 .1 1  R estric tion  m ap of th e  Eco-6 DN A frag m en t from  various pSC M E 6 clones. 
T h e m ap is sim ilar in all cases except the  s tra in  pSC22M E6 w here an e x tra  Sau3A  site  lies 
very close to  the cloning E coR l site, which has been proved by DNA sequence analysis 
(see C h ap te r  5).
E, E coR l site; H, H pa 11 site; Hn, Hinfl site; S, Sau3A site  and Xb, X bal site. T h e  map 
order has been determ ined  by a co m bin a tio n  o f d a ta  o f restric tion  analyses o f ind iv idual 
fragm ents, B irnstiel m apping  (S m ith  & B irnstie l, 1976), and  by Bal-31 de le tion  m apping 
(Lagerski et al, 1978).
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F ig u re  4 .1 2  B irnstie l m apping of H pall and Sau3A sites of pSC M E6 clones.
The pSCME6 clones were digested w ith  H in d lll ( th is  unique res tric tio n  site  o f pA T  153 is 
s itua ted  30bp aw ay from  the E coR l cloning site). T he DNA ends were labelled w ith  
|” P )-dC T P  in  th e  presence of Klenow by filling in. T hen  the  DNAs were d igested w ith  
P s tl and ru n  in  a 1%  low m elting poin t A garose gel. O f the  tw o fragm ents  genera ted , th e  
sm aller m olecular weight fragm ent (2.85K bp) co n ta in s  th e  pA T  153 DNA and the  higher 
m olecular w eigh t fragm ent (3.310K bp) co n ta in s  the  2 .55K bp Eco-6 fragm ent and  750bp of 
pA T 153 DN A . T he la tte r  fragm ents, w here o n e  end was labelled, were purified from  th e  
gel and d igested  w ith e ith er H pall or Sau3A fo r different tim e periods for th e  genera tion  
of p a rtia l fragm en ts . T he sam ples of different tim e periods were mixed to ge ther and run  
on 0.8%  to  1.5%  Agarose gel. T he gel was d ried  and au to rad iog raphed . A flow ch a rt for 
these ex perim en ts  is represented d iag ram atica lly  in Fig. 12a.
A) H pall g enera ted  p a rtia l fragm ents. T he m olecular size o f th e  fragm en ts  have been 
shown in K bp. Lane a , pSC40ME6j L a n e  b, pSC22M E6; Lane c, pSC24M E6.
B) Sau3A g en era ted  p a rtia l fragm ents, fra g m e n t sizes are given in K bp. T he sam ple 
shown here is th a t  from the  pSC24M E6.
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F ig u re  1.12 B irnstiel m apping of H p all and Sau3A s ites  of pSCM K6 rlones.
T he pSCMK6 clones w ere digested  w ith  Hind lll (th is  unique restric tion  site of pA T  153 is 
s itu a ted  30bp aw ay from  the  K coRl cloning site). T h e DNA ends were labelled w ith  
(32P )-d C T P  in the  presence of Klenow by filling in. T hen  the DNAs were d igested w ith  
P stl and ru n  in a 1% low m elting po in t Agarose gel. O f the tw o fragm ents genera ted , th e  
sm aller m olecular weight fragm ent (2 .85K bp) co n ta in s  the  pA T 153 DNA and th e  h igh er 
m olecular w eight frag m en t (3 .310K bp) co n ta ins the  2 .55K bp Eco-6 fragm ent and 750bp  of 
pA T 153 DNA. T he la tte r  fragm ents, where one end w as labelled, were purified from  th e  
gel and digested  w ith e ith er 11 pal I or Sau3A for d ifferent tim e periods for the g en era tio n  
o f partia l fragm ents. T he sam ples of different tim e periods were mixed to ge ther an d  run 
on 0.8%  to  1.5% A garose gel. T h e gel was dried and au to rad iographed . A flow c h a r t  for 
these experim en ts is represen ted  d iag ram atica lly  in f ig. 12a.
A) H pall generated  p a rtia l fragm ents. T he m olecular size of th e  fragm ents have been 
shown in K hp. Lane a ,  pSCM OM Kfl; L a n e  b . pSC22VlE6; Lane c, pSC24M E6.
B) Sau3A generated  p a rtia l fragm ents, fragm ent sizes are given in Kbp. T he sam p le  
shown here is th a t  from  the pSC2IV1K6.
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Kbp
3-26 bp
2*96 2 8 8 0
1*80 2 1 7 0

1-4 1 9 10
1*10

1 1 2 0
0*7

5 0 0

bp
2 9 0 0  
2 0 9 0

1 4  70

6 6 0

4 0 0

F ig u re  4 .1 2 a  Flow c h a r t  for B irnstiel m apping o f the H p a ll and Sau3A sites o f th e  Eco- 
6 fragm ent on pSCM E6 clones.
Sites for various restric tion  ensy mes have been ab b re v ia te d  as: E, E co R l: H, H ind 111: P, 
PstI; Hp, H p alli S, S au 3A . (i) and (ii) are tw o possible o r ien ta tio n s  of th e  Eco-6 fragm en t
on the  vector, pA T153. See Fig. 4.12 for detailed legend.
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R estric tio n  enzym es .Vial, //p a ll  (Fig. 4.10b) an d  AAalll were also used to  characte rise  the 
different pSCM E6 clones. O n  th e  basis o f these re s tric tio n  an alyses a  res tric tio n  m ap for 
the  Eco-6 fragm ent from  th e  pSC M E6 clones was derived w hich is show n in  Fig. 4.11.

Orientation of Eco-6 bands in pSCME8 clones

B irn stie l’s m ethod (S m ith  & B irnstie l, 1976) was em ployed to  d e te rm ine  the  o rien ta tio n  of 
Eco-6 b a n d s  in pSC M E6 clones. T h e clones w ere d igested  w ith  H indlll (which is 30 bp 
aw ay from  the  cloning site  of E coR X ) and  labelled w ith  a —33P -d G T P  and  a  — 3 ïP -dC T P  
by hlling in  the  3 ’ recessed ends in  the  presence o f th e  large frag m en t of DN A polym erase 
I. T hese end-labelled p rod u c ts  were d igested  w ith  SauSA  or / /p a ll  for different tim e 
periods (F ig . 4.12a). T he d igests were th en  analysed  in  agarose gels and au to rad iog raphed  
(Fig. 4.12). These resu lts  helped to  co n stru c t th e  o r ie n ta tio n  o f th e  in sert in pSCM E6 
clones w hich are show n in Fig. 4.13.

Characterisation of the Eco-7 recombinants

W hen iso la ted  Eco-7 bands from  different clones were d igested  w ith  enzym es w ith  known 
res tric tio n  sites, it w as found to  be sim ilar in  all s tra in s , / /p a ll  (Fig. 4.10b), P stl and 
Sm al d ig e sts  were all sim ilar. AAoIII, how ever, show ed som e differences in  the d is trib u 
tion  of th e  recognition  sites (Fig. 4.14). SauSA , X bal, X hol, Sail do  no t have any recogni
tion  sequences in th is  fragm ent.

Fig. 4.15 shows the res tric tio n  m aps of pSCM E7 plasm ids from  reco m b in an t clones used 
in the  s tu d y  and th e ir  o rien ta tio n  in  respect to  each o th e r.

DISCUSSION

Mitochondrial genome of various strains of yeast used in this study

C o m p arin g  the  res tric tio n  d igests o f g rand e m itochond ria l genom es from  various s tra in s  
o f y east i t  is found th a t  D22, m it-175 and D 273-10B /A 1 were all d issim ilar, bo th  in  the 
d is tr ib u tio n  of th e ir res tric tio n  sites  and  th e ir  to ta l  m olecular w eights. D603-3B (the
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F ig u re  4 .1 3  O rien ta tio n  o f the Eco-6 fragm ent in pSC M E 6 clones.
T he Eco-6 fragm ent has been cloned in to  psc ME6 in tw o  different o rien ta tio n s  in respect 
of the vector (pA T  153) H indi»  site. (A) In clones pSC40M E6, pSC22M E6 and 
pSC603M E6, the  400 bp Sau3A  fragm ent is d istal to  th e  H ind i»  s ite  of th e  p lasm id. (B) In 
pSC24M E6, pSC273M E6 the  fragm ent is proxim al to  th e  H ind i»  site. E, E coR l s ite ; S, 
Sau3A site; P, P stI site.
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F ig u r e  4 .1 4  H eterogeneity  o f A halH  res tric tio n  s ites  (A A A »TTT) am ong pSCM E7 
clones.
Purified pSCM E7 plasm ids were d igested  w ith  th e  re s tric tio n  enzym e A h a lll and analysed 
on a  1 .5%  Agarose gel. Lane a, 4>X174RF H aelll m arker DNA, Lane b, pSC40M E7; lane 
c, pSC 24M E7; lane d , pSC22M E7 and lane e, pSC27M E7. T he bands m arked  w ith X, Y 
and Z show the  v a ria tio n s  in different clones.
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F ig u r e  4 .14  H eterogeneity  of AhalH restric tion  sites (A A A iT T T ) am ong pSCVlE7
clones.
I’urified pS ('M E 7 plasm ids were digested w ith the  re s tric tio n  enzym e A h alll and analysed 
on a l .V ’c Agarose gel. Lane a. <bX174RF HaelH m arker D N A , Lane b, pSC40M E7; lane 

pSC 24M E7: lane d, pSC22M E7 and lane e. pSC27M E7. T he bands m arked w ith  X, V 
and /. show the v aria tions in different clones.
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F ig u r e  4 .1 5  R estric tio n  m ap of pSCM E7
T he pSCMF,7 re s tric tio n  m ap (A ) has been draw n  on the basis o f H pall and P stI  sites. 
T he d is tr ib u tio n  o f these res tric tio n  sites are sim ilar in all pSC M E7 clones. V a ria tio n  on 
the  AhalH  re s tric tio n  site  has no t been w orked o u t in  rela tio n  to  these sites and hence, has 
no t been show n on  the  m ap. T he pSCM E7 clones differ from  each o th e r by the o rien ta 
tion  of the  H p all fragm en ts  in rela tio n  to  the  H indlll s ite  on  the  plasm id. C lone 
pSC40M E7, pSC 22M E7, pS C l75M E 7 clones have sim ilar o rien ta tio n  (B) i.e., the 450 bp 
fragm ent is proxim al to  the  H indlll site  of th e  p lasm id, w hereas in pSC41M E7, 
pSC273M E7, pSC 24M E7 (C ) the  fragm ent is d istal to  the  H indlll site.
E, E coR l site; H, H pall site; P, P s tl site.
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pa ren ta l s tra in  o f CD24 and CD41) and D273-10B/A1 a re  sim ilar in  the ir m t-D N A  m olec
ular w eigh t (approx . 70.5 kbp), w hereas m it-175 m t-D N A  has g o t a  m olecular w eigh t of 
76.2 kbp  (sim ilar to  th e  long form  of m t-D N A ). D22 m t-D N A  seem s to  have a  s till higher 
m olecular w eight, 76.9 kbp (T able 4.3). In the  p resen t s tu d y  th e  physical m ap o f th is  
s tra in  has n o t been characterised  in d e ta il and therefo re , it  could  no t be confirm ed as to  
the  n a tu re  of any ex tra  insertion  o r d up lica tio n  in the  D22 m itochondria l genom e. How
ever from  the  analysis o f the  O li-2 region from  D22, i t  is clear th a t  th is  region does no t 
co n ta in  any e x tra  insertion . F rom  the  com parison of re s tric tio n  sites of E coR  1 (see 
F ig .4.4) it  is suspected  th a t  differences m ay ex ist w ith in  th e  a rea  of Oxi-2 and  Oxi-3 
genetic loci or in  the  (A + T ) rich spacer DN A in th is  region . In th e  form er case, i t  would 
be in te restin g  to  analyse w hether th is  s tra in  possesses an y  in tro n  w ith in  those genes w hich 
have been show n to  be in tronless in  o th e r s tra in s  and how  they  m ay affect the  o rgan isa
tion  of th e  genes and th e ir expression.

Cloning of Eco-8 and Eco-7 fragments of the mitochondrial genome

D uring cloning o f E coR  1 digests o f m t-D N A  in to  pA T153, it w as observed th a t  th e  Eco-7 
fragm ent (1.7 kbp) was p redom inan tly  cloned over Eco-6 (2.56 kbp ) band (Fig. 4.9). T his 
is expected because the  efficiency of tran sfo rm atio n  depends on th e  size of th e  in se rt in  th e  
vectors. However, one unexpected phenom enon still rem a ins  to  be explained. In  m any 
pSCM E7 clones i t  was found th a t  they have re tained  a  3.5 kbp E coR  1 (Eco-5) fragm en t 
(Fig. 4.16). T h e co-insertions of neighbouring fragm ents are  n o t unexpected  and , in  fact, 
we have found clones w ith  bo th  Eco-6 and Eco-7 frag m en ts  to g e th e r  (d a ta  n o t show n). It 
is also n o t unexpected  in certa in  clones to  have fragm en ts  from  tw o  different places o f the  
genom e, b u t th e  frequency of the  la tte r  should be m uch less th a n  th e  form er. T h is  is in 
c o n tra s t to  w h at we found during  ce rta in  cloning ex perim en ts  such  as from th a t  o f CD41. 
D uring in itia l cloning we found all of th e  pSC41M E7 clones to  have  co-insertions o f Eco-7 
and th e  3.5 kbp (Eco-5) fragm ent. However, in  the  m ito ch o n d ria l genom e of Saccharo- 
m yccs certv isiac  th e  Eco-8 band (0.9kbp) and Eco-6 (2.56 kbp) lies in betw een Eco-5 (3.5
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F ig u r e  4 .1 6  Screening o f pSC 41M E7 clones.
R ecom binan t p lasm ids w ere iso la ted  by th e  m in ily sa te  m ethod o f B irnboim  & Doly
(1979), and d igested  w ith  the  re s tric tio n  enzym e E c o R l. T h e  sam ples were analysed  on 
1%  Agarose gel. N o te  th a t  all th e  sam ples from  lanes 1 to  6 co n ta in  th e  Eco-5 (3.5 Kbp) 
fragm ent along  w ith  th e  Eco-7 (1.7 K b p) inserts.
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F i g u r e 4 . 1 8  Screening of pSC 4lM K 7 clones.
R ecom binant plasm ids were isolated by the m inilysate m e th o d  of B irnboim  & Doly 
(1979), and d igested  w ith the  re s tric tion  enzym e KcoR 1. T he sam ples w ere analysed on 
\%  Agarose gel. N ote th a t  all the sam ples from  lanes I to  6 c o n ta in  th e  Eco-5 (3.5 K bp) 
fragm ent along with the  Kco-7 (1.7 K bp) inserts.
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kbp) and Eco-7 (1.7 kbp) (See F ig. 4.7). If th is  is so then  w hy, in  sp ite  of th e  fac t th a t  
there is no  physical rea rran g em en t, are Eco-5 an d  Eco-7 fragm en ts  cloned p redo m inan tly  
over o th e r  fragm ents. T h is  rem ains unclear.

Characterisation of the pSCMEO and pSCME7 clones

From  th e  ch a rac te risa tio n  of different clones w ith  Eco-6 inserts  (pSC M E6) it  ap p ears  th a t  
there is som e m inor sequence he terogen eity  w ith in  from  various s tra in s  (e.g., pSC27M E6 
and pSC 22M E6). T h is  is in c o n tra s t to  clones w ith  the  Eco-7 in serts  (pSC M E7) w hich are 
very s im ila r in  different s tra in s , as far as re s tric tio n  sites are concerned except those for 
A /ioIII.

T he he terogen eity  observed in Eco-6 frag m en t does n o t necessarily  m ean th a t  th e  s tra in s  
involved will have d ifferent pheno typ ic m an ifesta tio ns . S tra in s  D27 and D22, for exam ple, 
are b o th  w ild ty pe  w ith  respect to  th e  m itocho n d ria l genotypes b u t in  th e ir  Eco-6 frag
m ent, th e re  are m ore SatiSA  s ites  in  s tra in  D22. T h is  m ay be due to  conservative  change 
w ith in  a read ing  fram e or i t  could be a  random  ch ange in  th e  A -T  rich spacer sequences. 
T he he terogen ity  observed in  s tra in  D27 is q u ite  unexpected . D27 is a  subclone o f D273- 
10B/A1 from  Dr. T zagoloff’s lab o ra to ry  (M acino & Tzagoloff, 1980). P robab ly  during 
su bcu ltu re , the  form er hitó undergone som e p o in t m u ta tio n s  and  lost ce rta in  region of 
DNA w ith o u t affecting th e  re sp ira to ry  com petency  of th e  cells. D etailed  m olecular an a 
lyses of th e  Oli-2 region from  th is  s tra in  would be in te restin g  in  th e  fu tu re  studies.

T he re s tric tio n  site  analyses of th e  cloned frag m en ts  were, how ever, inva luab le  in te rm s of 
sequencing analysis o f DNA. As can  be seen in  th e  ch ap ter-5  these  are  very useful for 
cloning by th e  "shot-gun" m ethod , in to  sequencing vector M -13 an d  Tor co m pu te r analyses 
of the  resu lts  ob ta in ed  from  them .
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CHAPTER-5

DNA SEQUENCE ANALYSIS OF THE OLI-2 REGION

T his ch ap ter will be discussed in  tw o  different sections : 5a and 5b. In  th e  section  5a the  
d a ta  will be p resen ted  regard ing  variou s problem s associated w ith  the  cloning of th e  m ito 
chondrial DNA in  the  sequencing vec to r M 13 and various s tra teg ies used  to  sequence th e  
m t-D N A  fragm ents. Section  5b will deal w ith  th e  sequencing analyses o f the  Oli-2 region 
from  various m u ta n ts  used in th is  s tu dy .

Section 5a

M 13 Cloning and Sequencing Strategy

INTRODUCTION

T w o types of sequencing m ethods are  cu rren tly  available to  sequence a  piece of DNA: one 
involves the  chem ical sequencing m ethod  (M axam  & G ilbert, 1977) a n d  the  o the r is th e  
enzym atic  m ethod  of Sanger (Sanger el al, 1977). T he la tte r  is also called the  dideoxy 
sequencing m ethod  because dideoxy nucleotides are used to  te rm ina te  D N A  chains d u ring  
th e ir  enzym atic syn thesis w hich resu lts  an  array  of DNA chains along th e  DNA fragm en t 
to  be sequenced. T h e DNA frag m en ts  are th en  analysed in a highly d ena tu ring  u rea  - 
polyacrylam ide gel. B oth m ethods possess ad v an tag es and d isadv an tag es.

O u r in itia l a im  was to  sequence th e  p e tite  m t-D N A  by M axam  & G ilb e rt’s chem ical 
m ethod, tak in g  ad v an tag e  o f th e  p e ti te ’s inhe ren t am plification p ro p e rtie s  of th e ir  m t- 
DN A (F u k u h ara  & W esolow ski,1977). Because of the  problem  described  in C h ap te r 3, a 
ra th e r  different approach  has been tak en : the  relevent portion  of th e  m t-D N A  (betw een  
O xi-3 and th e  C ob-box) from  different grande stra in s  has been cloned in the high copy 
num ber p lasm id , pA T153 for th e ir  am plification , and p ropagation  in E . colt (described in 
C h ap te r-4 ) and these have been subcloned in  M 13 for sequencing by th e  dideoxy m ethod  
of Sanger. T he ad v an tag e  o f S an ger’s m ethod over the  o ther lies in th e  high degree of base
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F ig u r e  5 .1  R estric tio n  m ap o f M 13 RF DNA
T he m ap  was p repa red  by BRL, Inc. from  the  p rim ary  sequence d a ta  of M 13 (Van 
W ezenbeek et al, 1980) as m odified by J . M essing (M essing, 1977). T he m odifications to  
M -13 inc lude an  in se rtio n  o f the  lac gene in th e  in tergenic region betw een genes IV and II, 
and sing le  base changes losing a  H pa 1 site  a t  position  3, a  BamH I s ite  a t  position  5869 
and co n vertin g  an  Acc I s ite  to  a Bel !I / Sau3A  site  a t  po sitio n  6096. T he rem ainder of 
th is m a p  is iden tical to  th a t  o f w ild ty pe  M 13. T o ta l len g th  of M 13 mp7 is 7237 nucleo
tides, m p8 is 7229 n uc leo tid es, mp9 is 7599 nucleotides, m plO /11  is 7245 nucleotides, with 
position  "0" chosen a t  th e  unique H pa I site of M 13. T h e unique in sert w ith in  th e  lac Z 
gene D N A  used for D N A  clo n ing /sequencin g  is given in  d e ta ils  in A ppendix. Enzym es 
th a t  cleave M 13 only  once are  in d ica ted  on the  m ap. P ositions listed for P v u  I. Bel I. 
HgiE II, C vn I (M st II). Bel II. and Eco B are M 13 m plO  locations. R estric tion  s ite  posi
tions re fe r to  th e  first nucleotide in  the  recognition  sequence. R elative M 13 gene posi
tions a n d  the  orig in  o f rep lic a tio n  are  also included.

M 13 Ctoning
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specificity (accuracy) o b ta ined , in  th e  easily  contro lable enzym e reaction  em ployed  and in 
the  significan tly  lower am o u n t o f rad io ac tiv ity  required. In addition , few er m an ipu la tions 
are needed an d  there  are less h azard o u s chem icals to  deal w ith.

M  13 as a Cloning Vector

M 13 is a  s ing le-stranded  filam entous DN A bacteriophage of E.coli. It h a s  a  closed circu
lar DNA genom e ap prox im ate ly  6500 bp in length (See D enhard t et al, 1978). The phages 
a tta c h  to  F-pili of E .coli before p e n e tra tio n  and are therefore male specific. After infec
tion  they pro lifera te  as a  d o u b le -s tran d ed  replicative form  (RF), which c a n  be isolated 
from cells an d  used as a cloning vecto r. A fter 100-200 copies per cell of th e  R F  have accu
m ula ted , M 13 synthesis becom es asym m etric , producing large am ounts o f on ly  one of the  
tw o s tra n d s , called " +  " s tra n d s , w hich are eventually  incorporated  in to  m a tu re  bac
teriophage partic les. T h e  pa rtic les  a re  continually  ex truded  from th e  infected cells 
w ith o u t k illing b u t re ta rd in g  th e ir  g ro w th  to  som e ex ten t. T he la tte r  p ro p e rty  helps to  
identify  th em  as tu rb id  p laques on law ns of bacteria l cells on the  one h a n d , and perm its 
rap id  p rep a ra tio n  of sing le-stranded  tem p la te  m ateria l of cloned DNA s u ita b le  for prim ed 
"dideoxy" sequencing on  the  o th e r. R apid sequencing of longer s tre tc h e s  of DNA is 
accom plished by sequencing ov e rlap p in g  cloned fragm ents (G ingeras ct al, 1979; A nderson 
cl al, 1981). A dditionally  single s tra n d e d  M 13 clones can  be used: to  g e n e ra te  s tra n d  
specific DNA probes for h y b rid iza tio n  studies (Hu & M essing,1982); to  id en tify  specific 
clones by hybrid  a rre s t tra n s la tio n  (A kam ,1983; R icca et al, 1982; C h an d le r , 1982), serve 
as su b s tra te  for in vitro  m utagenesis (Ita k u ra  & Riggs, 1980; Sm ith & G illa m , 1981), for 
highly sensitive S , m apping (B urke, 1984) and to  stu d y  gene regu la tion , s tru c tu re  and 
function  (A rtz  et al, 1983).

T he in tergen ic region (ab ou t 507bp) o f M 13 genom e betw een gene IV an d  II (see Fig. 5.1) 
has been show n to  accep t in serts  of foreign DNA w ith ou t affecting phage v iab ility  (M ess
ing et al, 1977). T o  use M 13 as a  cloning vehicle, M essing e t  al have in tro d u ced  tw o types 
of sequences in to  th is  region: F irs t a  segm ent of the  E. coli lac operon c o n ta in in g  the  regu
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la to ry  region and th e  coding  in form atio n  for th e  first 146 am ino  acids o f th e  (3- 
g a lac to s idase  (Z) gene. T h e am ino  term ina l p o rtio n  of th e  (3-galactosidase p ro te in  p ro 
duced in  the  infected  cells is ab le to  com plem ent a  defective (3-galactosidase gene p resen t 
on th e  F episom e in  the  h o s t cell. T his co m plem enta tion , called « -co m p lem en ta tio n , p ro
duces ac tiv e  |3-galactosidase, w hich gives rise to  a  blue colour w hen  th e  phage and cells 
are g ro w n  in the  presence o f a n  indole co ntain ing  chrom ogenic su b s tra te , called X-gal (or 
B C IG , 5-brom o-4-chloro-3-indoly l- (1-D -galactopyranoside) w ith  th e  inducer isopropyl- 
th io g a lac to sid e  (IP T G ). Secondly , ano ther sequence of DNA, called "poly-linker", con
ta in in g  several unique re s tric tio n  sites for cloning has been inserted  in to  the  am ino  te rm i
nal p o r tio n  of th e  (J-galactosidase gene (M essing et al, 1981). T h is  la tte r  in sertion  does 
no t affect a -co m p lem en ta tio n  of host m u ta n t P -galactosidase. However, in sertions of 
a d d itio n a l DNA in to  the  reg ion  destroy th is  co m p lem en ta tio n  an d  th e  phage th a t  co n ta in  
in se rts  produce colourless p laques, in co n tra s t to  th e  wild typ e  b lue plaques w hen grow n 
in th e  presence o f IP T G  and  X-gal.

T hus th e  ease of selec tion  o f reco m b inan t phage, to g e th e r  w ith  iso la tio n  of single s tra n d ed  
DNA (ssD N A ) in  large am o u n ts  (5-10 p .g /m l of cu ltu re ) and th e  com m ercial av a ilab ility  
of a  "u n ive rsa l p rim er"com plem en tary  to  vector sequences have m ade M 13 a su itab le  vec
to r fo r subcloning o f DNA fragm en ts  and th e ir sequence analyses.

In th e  course of subcloning o f  th e  m t-D N A  in  th e  M  13, it  has been observed th a t  th e re  
are so m e  specific problem s associated  w ith  th e  p ro p a g a tio n  of m t-D N A  in M 13. T h is  is 
p a rtly  d ue to  th e  A + T  richness o f m t-D N A  w hich is u n stab le  in  M 13. T he purpose of th is  
sec tio n  is to  discuss these problem s and  various availab le  m e thods to  c ircum ven t th e  
d ifficulties.

Strategies used in M 13 cloning

M ain ly  th ree  m ethods have been em ployed for subcloning o f D N A  fragm ents  in  M 13 
(m p8, m p9, m plO  an d  m p l l )  (See Messing, 1983).
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i) "Shot-gun" m ethod

Purified Eco-6 an d  Eco-7 fragm ents from  various pSCM E6 & pSCM E7 reco m binan ts  
(described in C h ap te r  4) were d igested  w ith  "fo ur-cu tter"  restric tion  endonuclease 
(enzym es which recognise 4 nucleotides for th e ir cleavage on th e  DNA s tra n d  e.g. Sau3A, 
H pall, etc.) and cloned in to  the  co m patib le  restric tion  site  on  the vector DN A . Sau3A 
subfragm ents were cloned in B am H  1 d igested  vector; Hpall generated  frag m en ts  were 
cloned in to  A c c i  d igested  vector, A h a H I  genera ted  fragm ents were cloned in to  H in d i  or 
•Smal digested vector.

ii) D irectional or "force" cloning m ethod

In th is  m ethod, vec to r DNA was d igested w ith  tw o different restric tion  enzym es and  com 
p a tib le  restric tion  fragm ents were cloned in to  it, in such a  way th a t  th e  ta rg e t  D N A  (or 
th e  DNA to  be inserted ) can ligate w ith  vec to r only w ith  one o rien ta tion . F or exam ple, 
vecto r DNA M 13 m plO  RF digested w ith  X bal and E coR  1 was used to  lig a te  Eco-6 band 
digested w ith Aèdi. Because Xbal s ite  lies first in  the  "polylinker" site  o f th e  vector, the  
ta rg e t DNA will be cloned only in  th e  X b a l-E co R l  d irec tion  (and not vice versa) so th a t  
th e  sequence could only  be read from  th e  X ia l site  of th e  ta rg e t DNA to w ard s  th e  E coR  1 
end.

¡ii) "S ystem atic" or "non-random " m ethod

In th is  m ethod the  fragm ents to  be sequenced were cloned in such a  way t h a t  fragm ents  
w ould be cloned in to  M 13 in an  overlapp ing  m anner. T he overlapping clones thereby  
w ould produce overlapping  sequence d a ta  for th e ir analysis. H ong’s m ethod  (Hong, 1982) 
an d  the  Bal-31 m ethod  (Poncz et al, 1982) w ere em ployed for th is  purpose.

Hong's method

T h e principle of H ong’s m ethod is sum m arised  in Fig. 5.2. T he RF from  reco m b in an t M 
13 vectors are p a rtia lly  digested w ith  D N ase I in  the presence of M n2 , w hich produces 
double s tranded  cleavage random ly in  th e  ta rg e t DNA (see Fig. 5.2b). B reaks ou tside  the  
ta rg e t DNA lead to  th e  molecule w ith o u t an  origin and do no t yield viable phage. Using a
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F i g u r e  5 .2  D iagram  illu s tra tin g  H ong’s system atic  DNA sequencing s tra te g y  as em ployed 
for th e  clone 84066, a  M 13 mp8 reco m binan ts  hav ing  th e  Eco-6 in se rt from  pSC40M E6. 
T h e  R F from  84066 (a) were iso la ted  as described in  th e  M ateria ls an d  M ethods section 
an d  su b jec ted  to  p a rtia l D N asel d igestio n  in th e  presence o f M n*' and  subsequent H indlll 
d ig estio n  as show n in th e  figure (b). T he ends o f the  DNA were polished w ith  DNA 
p o ly m erase I Klenow sub frag m en t in  the  presence o f d N T P s  and th e n  ligated w ith  T4 
D N A  ligase (d). A fter c ircu la riza tio n  of th e  linear R Fs, the  E. coli s tra in  JM 103 was 
tran s fec te d  w ith  them . T h e y s h o u ld  produce a  m ix tu re  o f clones w ith  in sert fixed a t  one 
en d  an d  sequentially  shortened  a t  th e  o th e r. Sequencing these clones (e) from  the  prim ing 
s ite  (mm) should g enera te  o verlapp ing  DNA sequence d a ta  o f th e  whole fragm ent of the  the 
Eco-6.

E =  E co R l 6tl£ 
|  =  H indlll site 

=  P rim ing  site

D igested w ith  DN ase I

D igested w ith  H indlll and 
polished the  ends w ith  

DN A polym erase l (K lenow)

b

L igatio n  and tran sfec tio n
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su itab le  restric tion  enzym e one side o f th e  ta rg e t DNA could be cleared aw ay  from  a fte r  
p rim ing  site (see Fig. 5.2c) which on  liga tion  (Fig. 5.2d) will produce overlapp ing  su b 
clones su itab le  for sequencing (Fig. 5.2e).

Bal-31 deletion method

Poncz et al (1982) first described th is  m ethod . T he princip le is based on th e  cleavage p ro 
p e rty  of nuclease Bal-31 w hich rem oves nucleotides sequentially  from bo th  ends of a dou
ble s tranded  DNA fragm ent. T his offers the produ ction  of a large a rray  o f overlapping 
D N A  fragm ents which could be used to  clone in  M 13 for sequencing analyses.

MATERIALS AND METHODS

1. Materials

T h e sources of all chem icals and enzym es used in th is  ch ap ter have been described in 
C h ap te r 4, except for BCIG  and IP T G  which were bought either from  BRL or from  
Sigm a. R epelcoat (2%  D im ethyl d ichlorosilane so lu tion  in 1, 1, 1, - trich lo roe thane) w as 
purchased from BDH chem ical L td., E ng lan d  and A ttra c ta n t  (y -m ethy l-acry loxy-p ropyl 
trim ethoxy  silane) was b o u gh t from S igm a. M arker DNAs (<J>X174 RF H aelll d igest) were 
b ou gh t from BRL and rad ioactive  nucleotides (a  — 32P -d G T P  and a  - 32P -d C T P  w ere 
b ough t from  A m ersham ,U K . X (//in rflll digest), X (E c o R l  digest), X ( / / in d il l  +  E co R l  
d igest) m arkers were prepared  in the lab o ra to ry  by respective enzym e d igestion  of X DNA. 

C om position  of various so lu tion s and assay  bufffers (for restric tion  and o th e r  enzym es) are 
given in the  the Appendix.

2. Growth Media

E .co li s tra in  HB101 was grow n in LB m edia, and th a t  of JM 103 in 2 x T Y . T he stock  of 
JM 103 was m aintained on m inim al p la tes . T he details  of recipes for LB, 2 x T Y , m inim al 
p la te  and H -Top-agar, used for p la ting  M 13 tran sfo rm an ts  are given in th e  A ppendix. All 
s tra in s  were grown a t 37° C.
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T a b le  5 .1  E. coli s tra in
S tra in G enotype R em ark
HB101 F  , hsd S20 (tB  , 

mB  , rec A13, ara-14, 
ProA 2, lacY l, gal ft'2, 
rps L20 (5m r ), xyl-5, 
m tl-1, sup E44, ft

T h is  s tra in  is an 
hybrid  of E. coli K12 
an d  E. coli B. For 
de tails, see B oyer & 
R ouland-D ussoix 
(1969); B olivar & 
B ackm an (1979)

JM 103 A (lac pro), th i, s tr  A, 
end A, sbcB15, 
hsd./?1 1 4, sup  E, F 
traD 36, proA B, lac / ’ , 
Z AM15

A host of K-12 origin, 
restric tion  m inus bu t 
m odification plus.

See
M essing et al, 1981 for 
de tails.

T a b le  5 .2  M 13 vectors and th e ir cloning sites. See A ppendix for the  d e ta ils  of the 
sequences of the cloning sites.

V ector C loning s ite References
mp7 E co R l - B am H l - S a ll/A cc l/H in c II-  

-P stI  - Sail - B am H l - E coR l
M essing et at (1980)

m p8 E co R l - Sm al - B am H l - S a l l /A c c l/H in d i-  
-S m al - H indlll

M essing & V iera (1982)
m p9 Hind III- P s tI  - S a l l /A c c l/H in d i-  

-S m al - E coR l
V iera & M essing (1982)

m plO E co R l - SstI - Sm al - B am H l - Xbal- 
-S a l l /A c c l/H in d i  - P s tI  - HindHI

M essing (1983)
m p l 1 H in d lll - P stI - S a l l /A c c l/H in d i-  

-X bal - B am H l - Sm al - S stI - E coR l
n
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3. S t r a in s  U sed

The genotype o f the s tra in s  of E . coli are given in  T ab le  5.1. M 13 vecto rs  used in th is  
chap ter are given in T ab le  5.2 w ith  th e ir m ultip le cloning sites. R ecom binan ts  of E. coli 
s tra in s  h arbo uring  m t-D N A  (pSC M ES and pSCM E7) have been described previously in 
C h ap te r 4. E. coli s tra in  JM 103 was alw ays m ain ta ined  on m inim al p la te  to  select 
against th e  loss of F facto r w hich com plem ents proline deficiency.

4. Isolation of Plasmid DNA

The m ethods have been described in  C h ap te r 4.

5. Isolation of M 13 RF

T he m ethod em ployed to  iso late rep licative form  (RF) of M 13 has been described  in K atz 
et al (1973). 10ml of 2 x T Y  m edium  was inoculated  w ith  JM 103 (from  m in im al p la te  plus 
glucose) an d  grow n up w ith  shak in g  a t  37° C to  th e  exponential phase (O D i&0 =  0.6). 
This usually  takes 3-4 hours. M eanw hile 1ml of 2 x T Y  was inoculated  w ith  a phage 
plaque and grow n w ith shak ing  a t  37° C. T he freshly grow n JM 103 was th e n  added to  1 
litre  of 2 x T Y  and grow n a t  37° C  w ith  shaking. W hen ODSS0 —  0.5, w hich tak es  abou t 
4 hours, 1ml of phage w as added to  it  and grow n for an o ther 4 hours. T he  cells were har
vested by centrifuging a t  5000 rp m  for 10 m inutes a t  4° C . T he RF was iso la ted  from  the  
cells w ith  th e  "clear lysis" m ethod  described for the p rep a ra tion  of plasm id in  C h ap te r  4.

S. Isolation of ss DNA from M 13

T he ssD NAs were iso lated  using th e  procedure described by Sanger et al (1980). Briefly, 
l /4 0 th  d ilu tio n  of a fresh o v e rn ig h t cu ltu re  of JM 103 in 2 x TY  was divided in to  1ml ali
quots. P hage plaques were inocu la ted  in to  dilu ted  JM 103 w ith th e  help o f s te rile  to o th 
picks. T hey  were incubated  a t  37° C w ith  shaking for ab ou t 7 hours. T h e  cu ltu re  was 
poured in to  1.5ml m icrofuge tu b e s  and centrifuged for 10 m inutes. T he s u p e rn a ta n t was 
transferred  in to  another 1.5ml m icrofuge tu be  (Eppendorf) m aking no effort to  transfer 
com pletely. T he su p ern a tan t w as e ith er s to red  a t  4° C  a t  th is stage, or co n tinued  w ith
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for th e  iso lation  of ss DNA. In th e  form er case th e  s u p e rn a ta n t m ust be re-cen trifuged  to  
rem ove any cells w hich grew d uring  sto rag e  before iso lation  of phage D N A . T he  pellets 
were s to red  a t  - 20° C w ith  7 .5%  DM SO as a  stock  of the  reco m binan t phage. T o  the  
s u p e rn a ta n t 200 p i  o f P E G  so lu tio n  (20%  polyethy lene glycol (PE G ), 2.5M  N aC l) was 
added  and left a t  room  tem p e ra tu re  for 30 m inu tes. T he v ira l pellets were co llected  by 
cen trifu g a tio n  for 5 m in. in  a  m icrofuge. T h e su p e rn a ta n t w as d iscarded  and any  trace  
a m o u n t of s u p e rn a ta n t was w iped o u t w ith  a  kim -w ipe o r rem oved by a d raw n  o u t 
p a s te u r  p ipe tte . T o  the  w h ite  phage pellets 100 p.1 of T E  (lOm M  T ris .p H  7.5, 0.1 mM  
E D T A ) were added, and vortexed  for 5 seconds to  suspend th e  virus. T h e  suspended  v irus 
p a rtic le s  were re-vortexed for 10 seconds in th e  presence o f 50 p i o f phenol an d  kep t 
s ta n d in g  a t  room tem p e ra tu re  for 10 m inu tes. T he suspension w as re-vortexed  for 
a n o th e r  10 seconds and m icrofuged for 3-4 m inu tes. T he aqueous phase w as collected care
fully w ith  the  help o f d raw n  o u t p a steu r p ip e tte s  and transfe rred  to  a  fresh E ppen dorf 
tube . T he aqueous phase w as ex trac ted  tw ice, e ith er w ith  2 volum es o f ch loro fo rm  or 2 
volum es of d ie thy l e th e r  to  rem ove P E G  and trace s  o f phenol. 10 p i o f 3M N a -a ce ta te  
and 250 p i of e th ano l were added  to  th e  finally ex trac ted  aqueous so lu tio n  and p laced  a t  - 
20° C  overn igh t. P hage DNAs were collected by  cen trifu g a tio n  for 10 m inu tes  a t  4 °C  in a 
Sorvall SS-34 ro to r using a  su itab le  ad ap to r . T h e  DNA pellets were w ashed w ith  1ml of 
cold e th an o l in a  m icrofuge a t  room  tem p e ra tu re , dried  und er vacuum  an d  dissolved in  15 
to  20 p i  of TES buffer (lOm M  T ris-C l, pH 7.5, lOmM N aC l, Im M  ED T A ) and s to red  a t  - 
20° C .

7. Ligation of M 13 RF and Target DNA

i) P re p a ra tio n  of V ector DNAs

For th e  purpose o f s ticky  end liga tion  th e  vecto r DNA, M 13 RF was cleaved w ith  su it
able re s tric tio n  enzym e(s), com patib le  w ith  th e  ta rg e t DNA ends. (See A ppendix  for the  
assay conditions for various re s tric tio n  enzym es). A fter tw o  hours th e  reac tion  m ix tu re  
was in cub a ted  w ith  BAP or C IP  using th e  sam e conditions as described in th e  earlie r
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ch ap ter for BAP or C IP  tre a tm e n t of p lasm id vector. T he enzym es were in a c tiv a te d  w ith  
E D T A /E G T A  (F inal cone. 20 mM) an d  incubated  a t  65° C to  70° C fo r 10 m inutes. 
T hen  the  reac tio n  m ixture w as ex tra c ted  w ith phenol and chloroform  (or d ie thy l e ther), 
successively and  p rec ip ita ted  w ith  e th an o l. The DNA pellet w as dried a n d  dissolved in 
Ht O  before use in  liga tion  reactions an d  if needed, sto red  a t  - 20°C.

For th e  purpose of d irectional liga tion , th e  vector DNAs were digested w ith  tw o separa te  
restric tion  enzym es com patib le w ith  tw o  different ends of ta rg e t DNA. F o r exam ple to  
clone E coR  1 an d  Xbal generated  subfragm ents  o f the  Eco-6 fragm ent in M  13, mplO RF 
was digested w ith  E coR l and X6al successively. G enerally  during  double d igestion, the 
enzym e of choice for first d igestion is th e  one which requires low -salt buffer, which is sup
plem ented w ith  high sa lt for the  second enzyme. A fter digestion was com pleted , the  
DNAs were electrophoresed in a low m elting  poin t agarose gel. A fter v isua lisa tio n  of the  
band on the UV (Long wave length) tran sillu m in a to r, following e th id ium  brom ide s ta in 
ing, DNA b ands were cu t o u t of th e  gel and ex trac ted , as described in  C h ap te r  4 and 
purified by phenol ex trac tion  and e th an o l p rec ip ita tion ,

ii) P rep a ra tio n  o f the  T arg e t DNAs

For th e  "shot-gun" m ethod, the  ta rg e t DNAs were cloned w ith  "four c u tte r "  restric tion  
enzym es. For exam ple, to  sequence th e  Eco-6 band , the  band purified fro m  agarose gel 
was digested w ith  5au3A which genera tes  com patib le sticky ends for th e  B am H  1 s ite  of 
the  vector M 13 RF DNA.

For d irec tional cloning, the  gel purified band w as digested w ith  tw o d ifferen t enzym es 
com patib le w ith  the cloning sites of th e  vector DNA, one a fte r ano ther, depend ing  on the  
sa lt requ irem ents of the restric tio n  enzym es concerned. T he enzym es w ere inac tiv a ted  by 
heat in ac tiv a tio n  a t 65° C and used d irec tly  for cloning.

For "system atic"  cloning using Bal-31, recom binant plasm ids (pSCM E6 o r pSC M E7) were 
digested w ith  a  unique enzym e w hich cu ts the plasm id once. T he re s u lta n t  linearised 
plasm id DNAs were then  digested w ith  Bal-31 for different tim e periods: 0 , 1, 2, 3, 5, 7, 9
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F i g u r e  5 .3  Flow  C h a rt  for th e  s tra teg y  used to  sequence th e  Eco-6 DNA fragm en t from  
v a rio u s  pSCM E6 clones by th e  Bal-31 m ethod . T he purified recom binant plasm ids (pSCMES) (a) 
were digested w ith  th e  restriction  enzyme X bal. which has only one restriction  site on th e  whole recom 
b in a n t plasmid and w ithin the Eco-6 fragm ent. T he linearised plasmids (b) were then  digested w ith the  
nuclease Bal-31 for various tim e periods (c). T he sam ples were filled in w ith  DNA polym erase I (Klenow 
fragm en t) in the presence of d N T P s. Then samples of each tim e period were digested w ith the restric 
tion  enzyme E coR l separately w hich produced the vector DNA (pA T l53) w ith  E coR l end a t both ends 
and th e  target D N A  fragm ents w ith  EcoR l a t one end and blunt end a t  the o ther (d). These were 
liga ted  with the E coR l and Sm al digested M 13 mplO R F  vector DNA, w hich would allow only the t a r 
get DNAs to be ligated into the vector (e). T he recom binants will have th e ir gradually  shortened blun t 
ends directed tow ards the prim ing site which would allow sequencing of the whole fragm en t by overlap
ping m anner (f).

D igested w ith  X bal

l  EE
J =

a n j  polished th e  en ds w ith 
Digested w ith  Bal 31 DNA polym erase I (Klenow)

E E I E— L--  ' 1 L—r

E, E coR l;  X, Xbal; 
S , Sm al; B, B lu n t end.

Sequencing of ssDNA
E XX
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min. etc . respectively. Here, I will describe th e  protocol used to  subclone th e  Eco-6 frag
m ent (See Fig. 5.3) tak ing  the o p p o rtu n ity  to  use a  unique X io l s ite  w h ich  is ab sen t in 
the  vector pA T153, b u t p resent a lm o st a t th e  m iddle of th e  Eco-6 fragm en ts.

A bout 15 p g  of pSCM E6 was d igested  w ith  20 un its of Xbal in 6mM  T ris-C l (pH 7.4), 
6mM  M gCf,, lOOmM N aCl, a t  37° C for 2 hours. T he com pletion o f digestion was 
checked by agarose gel e lectrophoresis in a  mini-gel electrophoretic  a p p a ra tu s . W hen 
digestion was com plete , the enzym e was inac tiva ted  a t 65° C for 5 m inu tes . T he volum e 
of th e  reaction  mix was increased to  200 p i and m ade 12mM C aC iJt 12m M  M gC /,, 400 
m.M N aCl, 20m M  Tris-C l, pH 8 .0  by adding ap pro pria te  am oun ts  of m ore  concen tra ted  
sa lt so lu tions and  buffer. To th is , 2 units of Bal-31 were added and in cu b a ted  a t  37“ C. 
20 p i aliquots w ere rem oved a t  m inu te in te rva ls  and placed in to  pre-cooled E ppendorf 
tubes contain ing 1 p i of 0.2M  E G T A  solution . W hen all a liquots were co llected  they were 
run in a low -m elting point agarose gel. A fter s ta in ing  w ith  e th id ium  brom ide the  bands 
were visualised, cu t ou t and purified. DNAs from  each band  of different tim e  periods were 
incubated  in an  end-filling reac tio n  (because rem oval of th e  3 ’ and 5 ’ te rm in i of duplex 
DNA by Bal-31 is not synchronous a t any one tim e) in  the  presence of 4 unlabelled 
dN T P S  (0.2m M  each) and 1 u n it  of Klenow enzym e. T h is  produces b lu n t ends. T he 
Klenow was th en  inactiva ted  a t  65° C for 5 m inutes and th e  DNAs w ere  digested w ith  
E coR l in the  sam e reaction  m ix tu re . An aliquot of th is w as used d irec tly  for the  ligation  
reaction  after h ea t inactivation  o f E co R l  enzym e,

iii) L igation

Ligations were carried  o u t e ith er in  a  10 p i reac tion  volume or in a  20 p i  reac tion  volum e. 
M ore com m only, they were done in  20 p i reac tion  volume.

10-20 ng linearized M 13 R F (0.002-004 p mole, B A P /C IP  trea ted )
5 p i ta rg e t D N A  (0.002-0.01 p mole) w ith  com patib le  ends 
2 p.1 10 X lig a tio n  reaction  buffer 
2 p i 10 mM  A T P  
H20 to  m ake 19 p i 
1 p i T4 DN A ligase (1 u n i t /  p i)
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In cu b a tio n  was perform ed a t  15° C  overn igh t. T he lig a tio n  m ix tu re  w as d irec tly  used for 
tran sfo rm atio n . B lun t end liga tions were achieved in  th e  sam e w ay, except 2 p i of T4 
D N A  ligase was used (2 units).

8. Transfection

i) P rep a ra tio n  of C o m p e ten t Cells

A b o u t 2ml of 2 x T Y  m edia were inoculated  w ith  JM 103 from  a m in im al p la te  and incu
b a ted  overn igh t a t  37° C in s tan d in g  condition . 10ml o f 2 x T Y , on th e  follow ing m orning, 
w ere inoculated  w ith  100 p.1 o f the  overn igh t s tan d in g  cu ltu re  and  incuba ted  a t  37° C  
w ith  shaking, un til th e  density  becam e abou t 0.3-0.4 a t  ODB00. T h is  took  ab o u t 2-3 hours. 
T h e  cells were k ep t on  ice for 10 m inu tes and co llected  by cen trifu g a tio n  a t  7000 g for 5 
m inu tes. T he pelleted cells were resuspended in 5 ml o f 50m M  C a CIB (ha lf of th e  original 
g ro w th  volum e) and  left on  ice for 20 m inutes. T h e  cells were cen trifuged  again  and 
resuspended in 1 ml ( l /1 0 th  of g row th  volum e) of 50 mM  C a Cl3 . T he  re su ltan t com 
p e te n t cells were a liq uo ted  in to  300 p i in microfuge tu b es  an d  kep t o n  ice.

ii) P la tin g  of M 13 R ecom binan ts

T o  0.3m l o f co m p eten t cells 10 p i o r 20 p i of lig a tio n  m ix tu re  w as added d irec tly  and 
k e p t on ice for 40 m inutes. T h e tran sfo rm atio n  m ix tu re  was heat-shocked  for 2 m inutes 
a t  42°C and mixed in a  tu b e  co ntain ing

3 ml of H -T op agar a t  45° C 
15 p i 20 m g /m l X-Gal 
25 p i 25 m g /m l IP T G  

0.2 ml fresh, exponentially  grow ing JM 103.
(T h e  fresh exponentially  grow ing JM 103 are conven ien tly  m ade by ad d ing  2 ml o f 2 x T Y  
d irec tly  in to  the  dregs of th e  co n ta in e r used for g row ing co m peten t cells). T hese were 
m ixed properly  an d  poured o n to  a  m inim al p la te . T h e  p la tes  solidified w ith in  2 m inu tes 
a f te r  which they were in cub a ted  a t  37° C  overn igh t in  an  inverted  position . T he wild type  
M 13 generally  gave blue plaques while recom binants gave colourless plaques.
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9. Dot-hybridization

2 p.1 of ssD NA isolated  from  M 13 recom binants were mixed w ith  2 p.1 o f 20 X SSC and 
sp o tted  o n to  a  sheet o f n itrocellu lose. N itrocellulose filters were firs t a ir-dried  and then  
baked  a t  80°C  for 2 hours. T h e  hybrid ization  was carried o u t in 4 X SSC a t B S'C  as 
already  described und er S ou thern  hybrid ization  conditions (C h ap te r-3 ). T he filter was 
w ashed several tim es in low sa lt (0.1 X SSC) a t  45° - 50° C and then  a ir-d ried  and au to ra - 
diographed .

10. Southern hybridization and Northern hybridization

S ou thern  hy b rid iza tio n  was achieved as has been described in C h ap te r-3 . N orthern  
h yb rid ization  was carried  o u t according to  the  m ethod of Alwine e t al (1979). In some 
cases RNAs were transfe rred  on to  the nitrocellulose paper accord ing  to  the  m ethod of 
T hom as (1980).

11. Isolation of mt-RNAs

M t-R N A s were iso lated  e ith er according to  th e  m ethod described by  Locker (1979) or 
according to  the  g u a n id in iu m /h o t phenol m ethod (M aniatis et al 1982).

Briefly, in L ocker’s m ethod  th e  m itochondrial pellets were suspended in  lOmM T ris.C l, pH 
7.4, 1%  Sarkosyl, and th en  ex trac ted  w ith ho t phenol (60°C). T h e  aqueous phase was 
ex trac ted  w ith  chloroform . R N A s were recovered from the aqueous p h a se  by e th ano l pre
cip ita tion .

In the  g u a n id in iu m /h o t phenol m ethod, m itochondrial pellets (p rep a red  from  1 litre  of 
yeast cu ltu re) were suspended in  2ml of 4M guanidinium  iso th io cy an a te  m ixtu re (4M 
G uanid in ium  iso th iocyana te , 2%  Sarkosyl, 1%  fj-m ercap toethanol). T he m ix tu re was 
brough t to  60°C and , while m ain ta in ing  th is  tem para tu re , the  s lim y  suspension was 
passed th rough  an  18-gauge needle fitted in to  a  disposable p lastic  syringe. T h is  step  
shears th e  co n tam in a tin g  chrom osom al DNA and m itochondrial D N A . T hen  an  equal 
volum e of p reheated  phenol (80°C) was added to  i t  and vortexed o r  shaken  vigorously.
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T h en  a ha lf volum e of a  so lu tio n  o f (100 mM  sodium  ace ta te ,p H  5.2, 10 m M  T ris .C l,pH  
7 .4 , 1 m M  ED TA ) and an  equal volum e of ch lo ro fo rm /isoam yl alcohol (24:1) w ere added  
to  it  an d  shaken  vigorously for 10-15 m inu tes, keeping th e  con tainer a t  60°C. T he m ix
tu re  was cooled on ice an d  cen trifuged  a t  2 000 g for 10 m inu tes a t  4° C . T he  aqueous 
phase  was re-ex trac ted  w ith  pheno l/ch lo ro fo rm  (1:1) once and w ith  ch loroform  tw ice. 
T h e n  tw o  volum es of e th an o l were added and the  m ix tu re  was kep t a t  - 20° C  for 1-2 
hou rs. RN A s were recovered by cen trifu g a tio n  a t  12 000 g for 20 m inu tes a t  4° C . T he 
pe lle t was dissolved in  1 ml o f 0.1 M  T ris .C l,pH  7.4, 50 m M  NaCI, 10 mM  E D T A , 0 .2%  
SDS and p ro tein ase K w as added  to  it to  a  final co n cen tra tio n  of 200 p.g /m l.  Incubation  
w as carried  o u t for 1-2 hours a t  37° C. T he so lu tio n  was th e n  heated  to  60° C  and 0.5 vol. 
o f h o t phenol (60° C) was ad ded  to  i t  an d  m ixed thorough ly . T hen  0.5 vol. of ch loroform  
w as added and again  shaken  vigorously . T he m ix tu re w as cooled dow n to  4° C for 10 
m inu tes  and centrifuged a t  2 000 g for 10 m inu tes. R N A s were p rec ip ita ted  from  the  
aqueous phase by tw o volum es o f cold e th ano l a t  - 20° C  an d  were th en  co llected  by cen
tr ifu g a tio n .

12. Electrophoresis of DNA

N o n d en a tu rin g  agarose an d  acry lam ide gel electrophoresis were carried  o u t for analysing  
D N A s as described in C h ap te r  3 and  C h ap te r  4.

13. Electrophoresis of RNAs

R N A s were analysed e ith er by agarose-u rea gel (L o cker,1979) or by th e  glyoxal and  
dim ethylsu lfox ide m ethod o f M cM aster Si C arm ichael (1977).

A garose-U rea gel:

A garose was dissolved in 6M urea , 15 mM iodo ace ta te  w ith  e lec tropho re tic  buffer (T ris- 
p h o sp h a te  o r T ris-ace ta te ) and poured while h o t o n to  a g la ssp la te  (20 X 20 X 0.4 cm ) for 
s lab  gels. G els were then  cooled to  room  tem p e ra tu re  and subsequently  placed a t  4° C for 
2-3 hours. G els were ru n  e ith e r  in T ris-p h o sp h a te  (40 mM  T ris , 36 mM N a ff2P O t , 1 mM
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EDTA, pH 7.4) or in T ris-ace ta te  (0 .4  M Tris, 20 mM sodium  ace ta te , 33 m M  acetic acid, 
ImM  ED TA , pH 7.4) buffer. E lec trophoresis was carried o u t a t  room  tem p e ra tu re  (5 V 
/cm ) for 3-6 hours. Gels were s ta in e d  for 30 m inutes in eth id ium  brom ide (0.5 p g /m l) . 

Glyoxal and D im ethylsulfoxide (D M SO ) m ethod

In an E ppendorf tube RNAs w ere d enatu red  in a g lyo xal/d im ethylsu lfox ide so lu tion  as 
folios:

6 M glyoxal 2.7 p i
DMSO 8.0 p i
N a / /2P 0 4,pH 7 .0  (0.1 M) 1.6 pH 
R NA (up to  20 p g )  3.7 p i

T o ta l 16.0 p i
The tube was incubated  a t 50° C  fo r 60 m inutes in a tigh tly  closed co nd ition . W hile th e  
RNA incubatio n  was carried o u t, a  1% - 1.5% agarose gel was m ade read y . T he gel was 
made in 10 mM N a /f2P 0 4 (pH 7 .0) buffer. A fter the  incubation  o f R N A  was over, th e  
sam ples were cooled dow n to  room  tem p era tu re  and mixed w ith  1 /5  th  vo lum e of loading 
buffer (50%  glycerol, 10 mM N a / /2P 0 4, pH 7.0, 0 .1%  brom ophenol b lue). T he gel w as 
run subm erged in 10 mM N a /f2P 0 4, pH 7.0, buffer a t  3-4 V /cm . C o n s ta n t recircu lation  of 
the buffer is required to  m ain ta in  th e  pH. G enerally  a t the end of th e  ru n  one half of th e  
gel was s ta ined  w ith eth id ium  b ro m id e  (0.5 p  g /m l) for v isualisation  u n d er UV and th e  
o ther half was used for transfer to  a  nitrocellulose filter according to  th e  m ethod  of T h o 
mas (1980).

14. Single-lane Screening

This is a m ethod of identification  o f  M 13 recom binants. T his m ethod is based  upon doing 
one of the  four "dideoxy" sequencing  reactions w ith ssDNAs iso la ted  from  suspected  
recom binants. DNA from  a blue p laque is generally used as a contro l.

In the m icrofuge tubes of 0.5 ml cap ac ity  annealing reactions were se t up  using 1 p i (250- 
500 ng) of v iral DNA, 0.5 p i (1.0 ng) of 15 bp prim er DNA, 0.3 p i of co n cen tra ted  P olym 
erase buffer (10X) and 1.2 p i o f f f aO  (to ta l 3 p i). T ubes were tig h tly  closed and placed in 
a  water-filled te s t tube which w as in  a  85-90° C w ater-b ath . T hey w ere incubated  for 5
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m inu tes and th e n  slowly eq u ilib ra ted  to  room  tem p e ra tu re  for 1 h ou r w hich allow s th e  
annealing  of th e  prim er to  th e  tem p la te . T hen  one o f the  four dideoxy nucleotide reac
tions (see next) w as chosen for sequencing reac tion . T h e d d T  reac tio n  using a — 32P -d G T P  
w as used m ost often , as g iven in th e  following:

1 p i  of (10 p C i)  a  -* * P  -d G T P
10 p i T° M ix (See A ppendix  for com position)
10 p i  d d T  (2m M )
2 p i  DNA polym erase,large fragm ent (1 u n i t /  p i)

were mixed to  se t up a p re-reac tion  m ix tu re  (for 10 reactions). T o  each 3 p i of annealing  
reac tion  m ix tu re , 2 p i o f th is  p re -reac tion  m ix tu re  was added  and  incubated  for 15 
m inu tes a t  30° ' C . 1 p i o f 0 .5m M  d G T P  was ad ded  to  each reac tio n  and incuba ted  for a 
fu rth e r  15 m inu tes a t  30° C. 5-10 p i of form am ide-dye mix were added to  each o f the  
tu b es  a t  the end of the  reac tion  an d  analysed  on  th in  sequencing gels, by electrophoresis 
an d  au to rad io g raph y  w hich is given in  th e  section  below.

15. Protocol for "Dideoxy" sequencing (Sanger,1977; Sanger e t al, 1980)

i) P rim er annealing  reactions:

T h e following w ere added to  a  m icrofuge tube:

5 p i (0.5 pg) te m p la te  DNA
2 p i (04-5 ng) 15 bp prim er DN A fragm ent (see appendix)
1 p i 10 X polym erase reac tio n  buffer
4.5 p i  d istilled  w a te r
12.5 p i T o ta l

T h e  m icrofuge tub es were sealed an d  placed in  a  sm all beaker w hich was placed in  an  
85°-90° C w a ter b a th . A fter 5 m inu tes incubatio n , th e  beaker w as placed on the  bench a t  
room  tem p era tu re  for 45 m inu tes to  1 hour. Slow eq u ilib ra tion  to  room  tem p e ra tu re  
allows proper annealing  of th e  prim er to  the  tem p la te .

ii) "Dideoxy" reactions:

All dideoxy sequencing reac tions w ere carried  o u t  using a - 32P -d G T P  as rad ioactive  
nucleotides. T herefore, th e  protocol m entioned below is m an ipu la ted  for use o f a  —32P- 
d G T P  only.
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W hile the DNAs were annealing , fou r microfuge tubes m arked w ith  A , G , T , C respec
tively, were m ade ready for th e  "dideoxy" reaction  by adding th e  fo llow ing (w itho u t m ix
ing):

T u b e  A: 1 p i A °  mix and 1 p i ddA
T u b e  G: 1 p i G° mix and 1 p i ddG
T u b e  T : 1 p i T° mix and 1 p i d d T
T u b e  C: 1 p i C° mix and 1 p i ddC

(Com position o f th e  N ° Mix (A ° , G ° , T° and C °) are given in th e  A ppend ix .)

A fter com pletion of the an nea lin g  incubation, the  following were ad d ed  direc tly  to  the
microfuge tub e  w ith  annealing m ix:

0.5 - 1 p i (5-10 p.Ci) a - ” P -d G T P  
1 p i 0 .1M  D T T
1 p i large fragm ent, DNA polym erase I (K lenow  enzym e)
(1 u n i t /  p i)

The en tire  co n ten ts  (15 p i)  o f th e  annealing  tube were mixed properly  a n d  collected a t  the 
bo ttom  of the  m icrofuge tu b e  by a  quick (1 sec.) spin in the m icrofuge. 3 p i a liquo ts  of 
this were added to  each reac tio n  tu b e , labelled as A, G, T  and C . T hese  were mixed well 
and incubated  a t  30° C for 15 m inu tes. 1 p i of 0.5mM  cold d G T P  (i.e . unlabelled) was 
added to  each of the  four reac tio n  tubes, mixed and incubated  for a n o th e r  15 m inu tes a t 
30°C. T his chase serves to  ex ten d  chains which are p rem aturely  te rm in a te d  due to  low 
dG T P  concen tra tion . T he reac tio n s  were stopped by adding 10 p i o f fo rm am ide-dye mix 
and kep t on ice o r a t  - 20° C.

iii) Gel electrophoresis and A u to rad iog raphy :

The high reso lu tion  d e n a tu rin g  gels used for dideoxy sequencing were 8%  or 6%  
polyacrylam ide gels con tain ing  8M  urea and 100 mM TBE buffer,pH  8.3. T he gel size 
used routinely was 33 X 40 X 0 .02  - 0.04 cm. A typical 8%  gel (33 X 40 X 0.3 cm ) solu
tion  had:
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24 gm s. U rea
10 ml 40%  A cry lam ide /b is  ac ry lam ide  so lu tion  
5 ml co ncen tra ted  T B E  buffer,pH  8.3 (10 X )
0.5 ml 10% A m m onium  per su lp h a te  (APS)
30 p i TEM ED  
ffaO  to  m ake 50 ml

Before ad d itio n  of T E M E D  in  the  above m ix tu re  th e  acy lam id e /b isacry lam ide  so lu tions 
were deaera ted  and th e  glass p la tes were k ep t ready  for pouring th e  so lu tion  in to  it .  F o r 
th is  the fro n t p la te  (i.e. the  notched pla te) w as siliconised by using R epelcoat (BDH chem 
ical L td.) an d  th e  back p la te  was tre a te d  w ith  ■ y-methyl-acryloxy-propyl-trim ethoxy silane 
(a ttra c ta n t) . T he p la tes  were tre a te d  w ith  these chem icals for a t  lea s t 30 m inutes and  
then  washed w ith  d istilled  w ater and rinsed w ith  e thano l. T he gel m oulding was done 
w ith in the  su p p o rt o f the  p la tes, sep a ra ted  by p la stica rd  s trip  (0 .2  - 0.4 m m ). A fter 
deaeration  o f th e  acry lam ide :u rea  so lu tion , 30 p i T E M E D  was added  to  it and m ixed 
thoroughly. T h e so lu tion  was sucked in to  a  50 ml d isposable syringe an d  in jected  in to  the  
mould of th e  glass p la tes . T h e  m oulding fram e is k ep t inclined to  th e  surface a t  an  angle 
of about 45°. In the  co nd itions m entioned above th e  gel sets w ith in  5 m inutes. T he gels 
were how ever allowed to  set properly for an o th e r 30 m inu tes before th e  pre-electrophoresis 
was s ta rted .

P re-electrophoresis lasted  for a t  least 15 - 30 m inu tes a t  1700 V olts and  30 mA cu rren t. 
Before loading th e  sequencing reaction  m ix tu re  in to  th e  wells, they  were heat d en a tu red  
for 5 m inu tes a t  90° - 100° C in  a dry h ea tin g  block. D uring th e  d e n a tu rin g  process o f the  
sequencing sam ples th e  wells of the gel w ere flushed and cleaned th o rou gh ly  w ith  th e  help 
of a syringe o r a d raw n  o u t P asteu r p ipe tte .

2-3 p.1 of th e  d en a tu red  sequencing reac tion  m ix tu re  were loaded generally  in a o rder o f A, 
G, T , C from  the  sam e clone. A fter th e  e lectropho resis was over, th e  fron t p la te  was 
removed and  gel was covered w ith  a cling film. T h e  gel was im m ed iate ly  exposed to  gel- 
size X-ray film (Fuji) and placed a t  - 70° C  , a f te r  p roper w rapp ing  to  p revent the  pene
tra tio n  o f ligh t.
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The films were developed a f te r  12-16 hours using K odak un iversa l developer (1:9 d ilu tion) 
and K odak universal fixer (1:4 d ilution) for four m inutes and five m inutes respectively. 
The au torad iogram s were read  m anually .

RESULTS

Identification of Recombinants

Theoretically , th e  lack of co lour of the phage plaque in the  law n  o f E.coli (JM 103) is the 
method of identification  o f  recom binants which are un ab le  to  produce ac tive (i- 
galactosidase due to  in sertio n a l inactiva tio n . However, spurious developm ent o f colourless 
plaques on the  p late are a  com m on phenom ena. T his can be g enera lly  explained in term s 
of co n tam in ated  nonspecific exo- or endo-nucleases w ith in  re s tric tio n  endonuclease 
enzymes, bacterial alkaline pho sp hatase  (BAP), or calf in te stin a l pho sp hatase  (C IP). How
ever som etim es, E .coh  D N A  can co n tam in ate  th e  vector DN As o r  ta rg e t DN As and m ay 
in tegrate in to  th e  M 13 R F cloning sites and produce colourless p hage  plaques. T herefore, 
to  identify th e  genuine positive recom binants am ong "pseudo -recom binan ts"  tw o 
methods were em ployed: d ire c t gel electrophoresis and d o t-h y b rid iza tio n . In itia l screening 
of the recom binants w ith  foreign  inserts was achieved by d irec t gel e lectrophoresis of iso
lated ssDNA. Fig. 5.4 is rep resen ta tive  of such a  screen ing m ethod. Sam ples w ith  
retarded m obility  in co m parison  to  contro l M 13 ssDNA have foreign DNA insertions. 
This m ethod of screening is however, no t su itab le  for in sertions o f sm aller th a n  300-400 
bp which do not show sign ifican t change in the ir m obility (F ig . 5.5). T o  iden tify  m ore 
positively, th e  ssDNA are  d o t-b lo tted  o n to  nitrocellulose an d  hybrid ised  w ith  a  Oli-2 
region specific labelled D N A  probe ( in m ost cases w ith DS-14 m t-D N A ) (see C h ap te r  3 & 
4 ). An au to rad iogram  of ty p ic a l screening by d o t hyb rid iza tion  is represented  in the  Fig. 
5.6 from  where positive clones can be easily identified.

Identification of the orientation of the Target-DNA among Positive Clones
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K ig u re  5 .4  Screening of ssD N A  from  M 13 reco m binan ts  by agarose gel electrophoresis. 
T he pSCM E6 plasm ids were digested w ith  E coR l an d  ligated  w ith  the  E coR l d igested 
M 13 mp9 RF DNA. R ecom binan t phages were identified on th e  (X -gal +  IP T G ) co n ta in 
ing p la tes by th e ir  lack of blue colour. ssD NAs were iso lated  from  the  phages and 
analysed on 0 .8%  agarose gel. * +  * s tra n d  of ssD NA of th e  vector m p9 were iso lated  from  
a blue plaque an d  run  as a contro l on  th e  sam e gel.
Lane 1, mp9 ssDNA; Lane 2-17, ssD NAs isolated  from  the  colourless plaques. T he sam 
ples in Lane 3, 5, 6, 7, 8, 11, 12, 13, 14, 15 and  17 show  re ta rded  m obility  in com parison 
w ith mp9 ssD NA and are the  recom binants.
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I* ig u re  5.4 Screening o f ssD NA from M 13 recom binants by agarose gel e lectrophoresis. 
Hie pS0M F 6 plasm ids w ere digested w ith KcoRl and lig a ted  with the F coR l digested 
VI 13 mp9 RF DNA. R ecom binan t phages were identified on th e  (X-gal IP T G ) co n ta in 
ing plates by the ir lack of blue colour. ssDNAs were iso la ted  from th e  phages and 
analysed on 0.8%  agarose  gel. M- f N s tra n d  of ssDNA of th e  vecto r mp9 were isolated from  
a  blue plaque and run as  a  control on the sam e gel.
Lane 1, rnp9 ssDNA; L ane 2-17, ssDNAs isolated from th e  colourless plaques. T he sam 
ples in Lane 3, 5, 6, 7, 8, 11, 12, 13, 14, 15 and 17 show re ta rd e d  m obility in com parison 
with mp9 ssDNA and a re  th e  recom binants.
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E ig iire  5 .5  Identification  problem s of the  M 13 recom binan ts  with sm aller inserts.
T he Eco-7 frag m en t of m t-D N A , iso lated  from  pSC40M E7 clone were d igested  w ith H pall 
and cloned in  th e  A ccl site  of the  M-13 mp9 vector.
A) Agarose gel (1% ) e lectropho re tic  p a tte rn  o f th e  ssD NAs, isolated from  the colourless 
plaques. Lane 1, mp9; Lane 2, 9407111; Lane 3, 9407H2; Lane 4, 9407H.3; Lane 5, 9407H4; 
Lane 6, 9407H5; Lane 7, 9407116; Lane 8, 9407H8.
HI E coR l d igests  o f the  RE D.NAs isolated  of th e  recom binants.
The RE DNAs were iso lated  from the  reco m binan t clones 9407H2, 9407(14, 9407(15, 
9407118 and digested  w ith the restric tion  enzym es, E coR l and H in d lll. These were 
analysed on a  1%  agarose gel.
Lane 1, 9407112 showing th e  170 bp H nall fragm ent insert of the  Eco-7 fragm ent.
Lane 2, 9407H4 showing th e  617 bp H pall fragm ent insert of the  Eco-7 fragm ent.
Lane 3, 9407115 showing th e  450 bp H pall fragm ent insert of th e  Eco-7 fragm ent.
Lane 4, 9407H8 showing th e  250 bp H pall fragm ent insert of the Eco-7 fragm ent.
Lane 5, d>Xl74 RE H ae 111 digests as m arker DNA.
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F ig u r e  5 .5  Id en tifica tion  problem s of th e  M 13 reco m b in an ts  w ith sm aller inserts.
T he Eco-7 fragm en t o f m t-D N A , isolated from pSC 40M E7 clone were digested w ith  H pall 
and cloned in  th e  A ccl s i te  of the  M-13 mp9 vector.
A) Agarose gel (1% ) e lectrophore tic  p a tte rn  of the ssD N A s, isolated from the  colourless 
plaques. Lane 1, mp9; L an e 2, 9407H1; Lane 3, 9407H2; L ane 4, 9407H3; Lane 5, 9407H4; 
Lane 6, 9407H5; Lane 7, 9407H6; Lane 8, 9407H8.
B) E coR l d igests of th e  R F  DNAs isolated of the  recom binan ts.
T he RF DNAs were iso lated  from the  recom binant clones 9407H2, 9407H4, 9407H5, 
9407H8 and digested  w ith  the restric tion  enzym es, E co R l and H ind lll. T hese were 
analysed on a  1%  ag arose  gel.
Lane 1, 9407H2 show ing th e  470 bp H pall fragm ent in se rt of the Eco-7 fragm ent.
Lane 2, 9407H4 show ing th e  617 bp H pall fragm ent in se rt o f the Eco-7 fragm ent.
Lane 3, 9407H5 show ing the  450 bp H pall fragm ent in se rt o f the Eco-7 fragm ent.
Lane 4, 9407H8 show ing th e  250 bp H pall fragm ent in se rt o f the Eco-7 fragm ent.
Lane 5, <J>X174 RF H aelll digests as m arker DNA.
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F ig u re  5 .6  D ot hyb rid iza tion  analysis of th e  M 13 reco m b inan t clones.
The ssD N A s were iso lated  from  the  colourless; p iq u e s  a n d d o t  b ' o t ‘ed D N A ^andnitrocellulose filter. T he filter were hybrid ized w ith  P labelled DS-14 m t-D N A  and 
au to rad iog rap hed . T h e da rk  d o ts  were identified as tru e  recom binants.
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F ig u re  5 .7  Single lane screening for the iden tification  of the  M 13 recom binants.
T he ssD N A s isolated  from the suspected reco m binan ts  were sequenced for only th e  T  
reaction (T -track ing ), as described in the m ateria ls  and m ethods section . T h e  sam ples 
were analysed on a th in  8%  Polyacry lam ide-U rea gel and au to rad iog raphed . S im ila r p a t 
tern  ind icates  they are sim ilar clones while dissim ilar p a tte rn  indicates th a t  they  a re  
different clones.



F ig u re  5 .7  Single lane screening for the id en tifica tion  of the M 13 recom binants.
The ssD N A s iso lated  from the  suspected reco m binan ts  were sequenced for only th e  T  
reaction (T -track in g ), as described in the m a te ria ls  and m ethods section. T he sam ples 
were analysed on a  th in  8%  Polyacrylam ide-U rea gel and au to rad iographed . S im ilar p a t
te rn  ind ica tes  th ey  are sim ilar clones while d issim ilar p a tte rn  indicates th a t  they  are 
different clones.
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To identify th e  o rien ta tio n  o f the  ta rg e t  DNA am ong positive clones and to  so r t  o u t  
represen ta tives o f sim ilar clones, th e  single-lane screening m ethod  has been em ployed  
(Sanger et al, 1980). Identical p a tte rn s  ind ica te  iden tical M 13 recom binan t clones (F ig . 
5.7). From  th e  p a tte rn  o b ta in ed  from  th e  single-lane track in g , the  o rien ta tio n  o f ta rg e t  
DNAs are also identified.

Enzymatic "shot-gun" Method & Directional Cloning in M 13

E nzym atic "sh o t-gun" m ethod  using various "fo u r-cu tte r"  re s tric tio n  enzym es is very  use
ful when d e tailed  res tric tio n  m aps are  availab le . Using Sau3A  (N ‘ G A T C ), //p o ll ( C ‘ 
C G G ), which g enera te  com patib le  ends w ith  B a m H l  (G ‘ G A T C C ) and A c c l  (G T G G A C , 
respectively of vecto r DNA, m ost of th e  desirable clones useful for sequencing w ere iso
lated . However, th e  m ain  problem  w hich has been observed in  such a  procedure, is th e  
preponderence o f clones hav ing  insertions in one p a rtic u la r  o rien ta tio n . T his could be d u e  
to  a  stereo-specific s tru c tu ra l co n stra in t exerted  by the  ta rg e t DNA and vecto r D N A. In 
o the r words, th e  vector DNA can recognise som e stereo-specific s tru c tu re s  sim ilar to  i ts  
own. This is p a rtly  sup p o rted  by the  fac t th a t  in  one p a rtic u la r  experim en t, w hen a  to ta l  
E coR  1 digest o f pSC40M E6 was used to  clone in  the  E coR  1 s ite  of M 13, pA T153 D N A  
recom bined w ith  M 13 m ore frequently  (ab ou t 60% ) th a n  Eco-6 DNA fragm ents. T he  size 
of pAT153 is 3.6 kbp, as opposed to  th e  2.56 kbp size of Eco-6. Due to  the  difference o f  
ab o u t 1 kbp, it  was th o u g h t th a t  M 13 recom binan ts  would have a  p referen tial m t-D N A  
insert over pA T153. B ut in th e  experim en t th e  opp osite  is found to  be true . T h is  m ay be 
due to  the different s tru c tu re  of m t-D N A  w hich is ab o u t 70%  (A-f-T) rich in  co m p ariso n  
to  pAT153 w hich has a  (A + T ) co n ten t o f 40% . Som ehow M 13 can "recognise" D N A  
s tru c tu re , s im ilar to  its  ow n DNA an d  can  accom o date  ce rta in  foreign DNAs b e tte r  th a n  
o thers  during th e  course of th e ir  p ro p ag a tio n  in  host cells. T h is  ex p lana tion  how ever, 
needs further rigorous ex perim en ta l su pp o rt.
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F ig u re  5 .8a. DN ase I digestion of the rep lica tive  form  (RF) DNA of the  M 13 recom 
binan ts  for "sy stem atic"  sequencing.
The RF D N A  was isolated from the M 13 m p8 recom binant clone, 84066, and digested  
w ith DN ase I (1.5 pg/p.1) in  the DNase I buffer (20mM  T ris, Im M  MnCI2, pH 7.5, 100 
p.g/m l BSA) fo r 3 m inutes a t  room tem p era tu re . T he reaction  was stopped  w ith  20 mM  
EDTA, 0 .01%  SDS and loaded o n to  a 0.9%  low m elting poin t (LM P) agarose gel d irec tly , 
(a) U ndigested  84066 RF DNA, (b) EcoR l d igested  84066 RF DNA, (c) L inear form  of 
84066 RF D N A  (H indlll digest), (d) D N aseldigested  84066 RF DNA.
The DNA b a n d  corresponding to  the linear form  of 84066 RF was excised o u t from  the  
Lane w ith  th e  DNase I digested sam ple (Lane d) and the  DNA was ex trac ted  from th e  gel 
for subcloning as described in Fig. 5.2.
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F ig u re  5.8a. DNase I d igestion  of the  replicative form (R F ) DNA of the  M 1.3 recom 
binants for "system atic"  sequencing.
The RF DNA was iso lated  from the  M 13 mp8 reco m binan t clone, 84066, and  digested 
w ith DNase I (1.5 pg/p.1) in the  DNase I buffer (20m M  T ris , lm M  XfnCI2, pH 7.5, 100 
p g /m l BSA) for 3 m inu tes a t  room  tem p era tu re . T h e  reac tion  was stopped  w ith  20 mM 
EDTA, 0.01%  SDS an d  loaded o n to  a 0 .9%  low m elting p o in t (LM P) agarose gel d irec tly , 
(a) Undigested 84066 RF DNA, (b) F.coRl digested 84066 RF DNA, (c) L inear form  of 
81066 RF DNA (H in d lll digest), (d) D N aseldigested 84066 RF DNA.
The DNA band co rresponding to  the  linear form of 84066 RF' was excised o u t from  the 
Lane w ith the DNase I digested sam ple (Lane d) and the  DNA was ex trac ted  from  the  gel 
for subcloning as described in F ig. 5.2.

S i
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Hong’s method of obtaining "non-random" clones for sequencing

In princip le H ong's m ethod of o b ta in ing  non -random  clones should produce rap id  sequence 
d a ta . H owever, experience reveals th a t  th e  m ethod  is n o t so applicab le, m ainly for th ree 
different reasons: firstly, th e  isolation o f reco m bin an t M 13 RF and secondly, th e  ligation  
efficiency an d  th ird ly , the  rem oval of th e  p rim ing  site d u rin g  the D N ase d igestion  step  of 
the  reco m b inan t R F. T he first and th e  la s t  po in ts were m ajor problem s in ou r case. It 
has been found th a t  M 13 recom binants a re  unstab le w ith  m itochondria l DNA inserts. 
T he reason for th is  m ay be due to  high A + T  co n ten t o f m t-D N A  w hich ex erts  steric 
effects on th e  confo rm ation  of the M 13 genom e which is som ehow recognised by M 13 and 
resu lts  in th e  loss of the foreign inserts. E xperim en ts  w ith  the  840M E6 clone w hich is a 
reco m binan t of M 13 mp8 w ith  Eco-6 fra g m e n t (2.56K bp) from the  C D 40 s tra in , can  be 
cited as an  exam ple. A fter the in itia l subcloning, the ssD N A  from 840M E6 w as isolated 
and abou t ‘250-300bp of th e  DNA sequence w as read from  th e  EcoR  1 ends of th e  inserted 
fragm ent. T o  produce subclones from  th is  initia l 840M E6 (See F ig. 5.2) by  H ong’s 
m ethod, clones were grow n up for th e ir R F . The R F w as digested w ith  DN ase I (Fig. 
5.8a) and th e  linearised fragm ents were iso la ted  from th e  low m elting poin t agarose gel. 
DN ase I d igested  RF was subjected  to  a  D N A  polym erase catalysed "end  filling" reaction  
and th en  d igested  w ith H indlll as described in  Fig. 5.2, to  produce a  series o f R F w ith 
inserts of different lengths. These were liga ted  to  circu larise , to  produce overlapping  
clones. U n fo rtu nate ly , due to  the  low efficiency or due to  co n tam in a ted  agarose, liga tion  
did no t w ork and no subclones were produced  from th em . M ost of th e  initia l iso late of 
RF was sp en t to  stan dard ise  DNase I d ig estio n  and th e  various s tag es  described in  the 
Fig. 5.2. W hen the  second a tte m p t was m ad e  to  isolate th e  RF from th e  840M E6 recom 
b in an t s tock , it was found th a t  the  clone h a d  lost the  Eco-6 inserts an d  when checked on 
a (X-gal +  IP T G ) plate, yielded blue p laques. L ater it  w as observed th a t  M 13 recom 
b in an ts  w ith  m ore than  600 bp m t-D N A  in se rts  alw ays tended  to  lose the ir in serts  after 
the  first few generations. T his poses m ajo r problem s w ith  the H ong’s m ethod, as far as 
m itochondria l DNA is concerned.



F ig u re  5 .8 b  Bal-31 deletion  o f D N A  for generation  of "non-rand om " clones for sequenc
ing.
A) Purified plasm id from pSC M E 6 w as linearised w ith  the  res tric tio n  endonuclease  X ba-I 
(see Fig. 5.3) and digested w ith  th e  nuclease Bal-31 for 0 min (Lane 1 & 7). 1 min (L ane 2 
& 8), 3 min (Lane 3 & 9), 5 m in (L ane 4 & 10), 7 min (Lane 5 ) and 9 m in (Lane 6) an d  
directly loaded o n to  a  1%  LM P ag aro se  gel for electrophoresis. A fter s ta in in g  in e th id iu m  
brom ide, the  gel was placed on a  P erspex  sheet which tran sm its  s only  long wave len g th  
UV (> 3 3 0  nm) and  the DN'A bands w ere excised o u t (Lane 7, 8, 9, an d  10) on a UV t r a n 
sillum inator. DNAs were ex tra c ted  from  the  excised bands and subcloned in  M 13.
B) The bands iso lated  from LM P ag aro se  gel (above) was digested w ith  E co R l  to  m easure 
the  size of the  gradu ally  sh ortened  D N A  fragm ents  of the  ta rg e t DNA.
Lane 1, Bal-31 digested  0 m in. sam p le ; Lane 2, Bal-31 digested  1 m in sam ple; L ane 3, 
Bal-31 digested 5 m in sam ple; L ane 4, undigested M 13 RF (no t re lev en t to  th is  ex p eri
m ent); l.ane 5, pSC.MEB E c o R t d ig e st as the m arker DNA.
N ote th a t  the  DNA bands labelled as  a  (1.45 K bp) and b  (1.15 K bp) o f L ane 1 have sh o r
tened to : 1.30 K bp and 1.00 K bp in Lane 2, and 0.90 K bp and 0.50 K bp in Lane 3.



F ig u re  5 .8 b  Bal-31 deletion of D N A  for generation of "non-random" clones for 
ing.

A) Purified plasmid from pSCMKfi was linearised wit fi the restriction eudoiuii'lea 
(see Fig. 5.3) and digested with the nuclease lial-31 for 0 min (Lane I 7). I min 
& 8), 3 min (Lane 3 A- 9), 5 min (Lane 1 A 10), 7 min (Lane 5 ) and 9 min (L in 
directly loaded onto a f r  L.MD agarose gel for electrophoresis. A fter  staining in * 
bromide, the gel was placed on a Perspex sheet which transmits s onlv long wav 
l \ (>330  n III and the DNA hands were excised out ( I, a nr 7. 8. 9, and 10 at i I 
silhnnin.ator. DNA- were extracted Irom the excised bands and suhcloned in \1 13. 

I I )  I lie hands isolated from 1 AID t g t n  -e gel (above) was digested with /  - . >/ / 1 t o  
the size of the gradually shortened DN A fragments of t he t arget DN A.

Lane I. Hal-31 digested 0 min. sample; Lane Hal-31 digested I mill sample: 
Pal-31 digested 5 min sample; l.ane I. undigested \1 13 RF (not reinvent to t hi- 
merit); Lane 5, pSi 'MKfj /fl digest as the marker DN \.

Note that the DNA bands ! thelled is a l l .  15 Kbp) and b  (1.15 K bp ) of L me I ha 
ttitled to; 1.30 Kbp and 1.00 Kbp in l ane J. and 0.90 Kbp ind 0.50 Kbp in I am- 3
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A n o th e r m ajor d raw b ack  has been observed, during DN ase d igestion  th e  prim ing  site  is 
rem oved  from th e  reco m binan t M  13 RF w ith o u t affecting the v iab ility  of th e  clones. As 
a re su lt, a lot of subclones can  n o t be sequenced using the  com m ercially av ailab le  prim er. 
The difficulty m entioned  w ith th e  ligation efficiency of the  b lun t ends was overcom e. How
ever, i t  is observed th a t  de letions having sm aller inserts alw ays ten d  to  m ask th e  recom 
b in a n ts  w ith larger inserts.

Bal 31 deletion method

A m odified m ethod  from  th a t  o f  Poncz et al (1982) was used in  th e  presen t s tu d y  (See 
Fig. 5 .3). From  res tric tio n  analyses of the  reco m binan t clones (see C h ap te r  4) it was 
found th a t  the Eco-6 band had on ly  one Xbal s ite  which is ab sen t from  pA T153. -Vial pro
duces tw o frag m en ts ,u p o n  d igestio n  of the  Eco-6 b an d ,o f m olecular s ize  1.14 K bp and 
1.42 K bp , respectively. To avo id  the gel purifica tion  step , which is alw ays tim e consum 
ing, th e  DNAs iso la ted  from pSC M E 6 clones were digested  w ith A'iaJ and d irec tly  dig
ested  w ith  Bal-31 for different tim e  periods. Fig. 5.8b dem o n stra tes  the  g radu a l decrease 
of th e  m olecular w eigh t of the  p lasm id  pSC40M E6 a t  various tim e periods. In ou r experi
ence Bal-31 d igestion  removes 100 to  140 b p /m in . A fter s topping  th e  Bal-31 reac tion  by 
phenol ex traction  an d  ethanol p rec ip ita tion , the  staggered  DNA ends are filled in w ith 
d N T P s  in the presence of K lenow  enzym e. T h e plasm ids were th en  digested w ith  E coR  1 
which yielded th e  pA T153 w ith  tw o  EcoR  1 ends and the  insert DNA w ith one b lu n t end 
and o n e  EcoR  1 s tick y  end. T h is  was d irec tly  used to  clone in M 13 m plO  vector (digested 
w ith E coR  1 and SmaJ) by "fo rce" ligation in  one p a rticu la r o rien ta tio n . T he re su ltan t 
reco m binan ts  th u s  generated  h a d  b lun t ends d irec ted  tow ards the  prim ing site. T he Bal- 
31 d ig e sts  of d ifferent tim e period s thereby generated  all ranges o f in sert DNA w ith  over
laps, su itab le  for sequencing. T h is  m ethod seem s very useful as far as m t-D N A  sequencing
is concerned.
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DISCUSSION

R esults presen ted  in th e  above section  a re  n o t d irec tly  re lev an t to  th e  o b jec tiv e s  o f th e  
presen t thesis. However, it was felt th a t  th e  problem s observed w ith  th e  subcloning of 
(A + T ) rich m itochondria l DNA would be w o rth  m ention ing  for fu tu re  reference. It w ould 
be in te resting  to  s tu dy  th e  s teric  effect o f a  p a rtic u la r  DNA s tru c tu re  w h ich  is depend en t 
on  specific nucleotide sequences, during  c lon ing  and th e  recognition  o f foreign DN A by 
hosts during th e ir p rop agatio n . T he genetic  b a rrie r observed w ith in  th e  cell (betw een  cel
lu la r organelles and nucleus) m ay no t be d u e  to  only physical m em brane b a rr ie rs  b u t also 
due to  inheren t s tru c tu ra l barriers  of tw o  differen t k inds of DNA m olecules. It is know n 
th a t  du ring  the  d ivisional s ta te  of eu k a ry o tic  organ ism s, nuclear m em branes  d isapp ear 
and it  has also been p o stu la ted  th a t  m ito ch o n d ria  fragm ent in to  p ieces before being 
tra n sm itte d  to  d a u g h te r cells. T herefo re , th e re  is a  fair chance of m ixing th e  DNA 
molecules from  these tw o  co m p artm en ts . H ow ever, und er norm al c ircu m stances  they  do 
not. A system atic  s tu d y  therefo re , how fa r  s teric  h inderance  o f D N A  m olecules can 
p revent m ixing up of tw o genetic system s w o uld  be en lighten ing.
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Section 5b

Interpretation of the DNA Sequences

Based on the  com bina tion  o f the s tra teg ies  described in the earlie r section  o f th isc h a p te r  
the nucleo tide sequencesof th e  Oli-2 region were derived. An overall s tra teg y  for sequenc
ing th e  Eco-6 and the Eco-7 fragm ents o f the  Oli-2 region is given in Fig. 5.9. M ateria ls 
and m ethods m entioned in th e  earlier sec tion  are com m on to  th is  section . DNA sequences 
were analysed using a co m p u te r program  A PP*D N A  (S taden, 1980, 1981, 1982).

RESULTS

Nucleotide Sequences of the Oli-2 Region

T hree  different wild type s tra in s . D 273-10B /A 1, D603-3B and D22 s tra in s  are used to 
de term ine  the  sequences a ro u n d  the O li-2 region. T he clones, pSC 273M E6, p S C 2 7 3 \lE 7 , 
p S C 60 3 \lE 6 , pSC603M E7. pSC22M E6 an d  pSC22M E7, were em ployed. T he  ch a rac te risa 
tion o f these clones have been described in C hap te r 4. It has been m entioned  th a t  the  
pSC273M E6 and pSC 273M E7 clones co n ta in  the Oli-2 region o f D 273-10B /.A l,the s tra in  
which is the  wild type p a re n t of C D 40 (0 /t2 R, Oj s 1R), D 27/92 (O s« lR ) and D 27/76  
(0 /t'2 R ). T he clones pSC'603M E6 k  M E7 are derived from the wild type s tra in  D603-3B, 
a s tra in  co n ta in in g  the O P , m u ta tio n , from  which CD24 (pho9) & CD41 (pho8) were 
derived (D arlison &. L ancash ire , 1980). T h e clones pSC22M E6 and ME7 were derived 
from  a to ta lly  unre la ted  w ild type s tra in  D22.

T he Oli-2 region was sequenced from th e  recom binant clones pSC40M E6 & pSC40M E7 
a lm o st com pletely, w hereas th e  region from  pSC273M E6 & pSC273M E7, pSC 24M E6 and 
pSC24M E7, pSC22M E6 & pSC22M E7 and  pSC603M E6 & pSC603M E7 were sequenced 
for th e  relevant po rtion  co n ta in in g  the  01i2  and Aap genes only. T he com plete  nucleotide 
sequence of Oli-2 locus an d  its  upstream  from the  s tra in  C D 40 (derived from  the  the 
re rom bin an t clones, m entioned above) is presented in Fig. 5.10. T he sequence spans a 
2 .88kbp region, s ta r tin g  from  the  t 'coR  1 site  within the C OOH term ina l end of th e  O xi-3
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gone to  a b o u t 230bp d ow nstream  of th e  su bu n it-6  gene. T h e  predicted  polypeptide pro
ducts of C O O H -end  o f Oxi-3 ( su b u n it-1 of cy tochrom e oxidase), AAP1 (subun it-8  of the 
O .S .A T P ase) and Oli 2 (su bun it-6  of th e  O .S .A T P ase) are show n in the  figure. T he Oxi-3 
region is te rm in a ted  by an  ochre (T A A ) a t  th e  nucleotide position  63 (assigning G of the  
EcoR  1 s ite  (G A A T T C ) w ith in  the  Oxi-3 gene as nucleotide N o .l). In th e  sam e reading 
fram e 30 nucleotides a f te r  the re  is an o th e r ochre. T he occurrence of different re s tric tion  
sites w ith in  th is  2-88 kbp region from the  s tra in  CD 40 has been show n in Fig. 5.10.

Subunit-8  gene

Subunit-8  or A ap (A T P ase  associated  p ro te in , M acreadie et al. 1983) gene s ta r ts  a t  957 bp 
dow nstream  (1017th position , Fig. 5.10) of th e  Oxi-3 or S ubunit-1  of cy tochrom e oxidase 
gene and spans a read ing  fram e of 144 bp. It codes for a po lypeptide o f 48 am inoacid resi
dues (m olecular w eight 5.5 X 103 d a lto n ). It s ta r ts  w ith th e  A TG  codon for f-m ethion ine 
and is te rm in a ted  by an  ochre (TA A ), a te rm in a tio n  codon w hich has been ob ta ined  so far 
in all genes of th e  y east m itochond ria l genom e. T here is an o ther te rm in a tio n  codon 
(ochre) in th e  sam e read ing  fram e a t  27 bp dow nstream  of the  first. Tw o HinJ!, one 
Sau3A. one Xbal and one AAaJII recognition  sites lie w ith in  th e  reading fram e. T he codon 
used, as expected , show s a  bias to w ards  the  use of A and T  a t  the  th ird  position . T he fre
quency o f codons used by th is  gene has been shown in T ab le  5.3. T he polypeptide, 
deduced from  DMA sequence is very hydrophobic in n a tu re , as evidenced by its hydropho- 
bicity p lo t (F ig. 6.13, C hap te r-6 ). T h e detailed  secondary an d  te r tia ry  s tru c tu re  of th is  
pro tein  will be discussed in  the  next ch ap te r.

S ubunit-6  gene

T he Oli-2 gene for su b un it-6  of the m itochondria l O .S .A T P ase  is a 777 bp long open read 
ing fram e located  709 bp d ow nstream  of th e  Aap gene or S ubunit-8  gene. W hen 
tran s la ted  in to  am inoacid  sequences it p roduces a  259 am inoacid residue long po lypeptide 
w ith a m olecular w eight o f 28.5 X 103 da lto n  (28.5 K da lton). T his is m uch higher th an
expected, as it produces a 20.5 K d a lto n  m olecular weight p ro te in  hand in SDS gel. T his
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Table 5.3 Codon Use by the mitochondrial genes for the O.S.ATPase. The
tentative reading frame for mit-■175 locus is represented by subunit-x.
The data for subunit-9 has been taken from Macino & Tzagoloff (1979).

Aminoacid Codon Subunit-6 Subunit-8 Subunit-9 Subunit-x

Ala GCA 2 0 4 1
GCT 11 0 5 0
GCC 0 0 1 0
GCG 0 0 0 0

Arg AGA 4 2 1 5
AGG 0 0 0 0
CGA 0 0 0 0
CGT 0 0 0 2
CGC 0 0 0 0
CGG 0 0 0 0

Asp GAT 4 0 0 9
GAC 0 0 X 0

Asn AAT 14 1 1 15
AAC 0 0 1 0

Cys TGT 1 0 1 0
TGC 0 0 0 0

Glu GAA 3 0 1 5
GAG 1 0 0 0

Gin CAA 5 3 1 3
CAG 0 0 0 0

Gly GGA 2 0 2 1
GGT 14 1 8 2
GGC 0 0 0 0
GGG 0 0 0 0

His CAT 4 0 0 2
CAC 0 0 0 0

lie ATT 31 3 7 10
ATC 5 1 2 2

Leu TTA 47 12 11 12
TTG 0 0 0 0

Lys AAA 5 1 2 18
AAG 0 0 0 0

Met ATG 9 4 3 0
ATA 1 0 0 4

Phe TTT 15 4 1 12



codon.use ( C o n t d . ) -151

TTC 6 3 6 0

Pro CCA 4 2 1 0
CCT 4 1 1 4
CCC 0 0 0 0
CCG 0 0 0 0

Ser TCA 11 1 5 2
TCT 5 2 0 4
TCC 0 0 0 0
TCG 0 0 0 0
AGT 3 •0 0 1
AGC 0 0 0 0

Thr ACA 9 1 2 1
ACT 6 0 0 1
ACC 0 0 0 1
ACG 0 0 0 0
CTA 3 1 1 1
CTT 2 0 0 2
CTC 0 0 0 0
CTG 0 0 0 0

Trp TGG 0 0 0 0
TGA 5 0 0 1

Tyr TAT 9 3 1 14
TAC 2 0 0 1

Val GTA 7 1 5 1
GTT 5 1 1 4
GTC 0 0 0 1
GTG 0 0 0 0

TOTAL 259 48 76 142
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anom aly  could be due to  ab e rra n t m obility  of th is  hyd rophob ic  p ro te in  in  SDS gel or due 
to  post tran s la tio n a l processing.

W ith in  th e  read ing fram e there  are tw o 5au3A  s ite s  (3 in  the  case o f D22), one H in fl site, 
one A lu l  site  and th ree  AAoIII sites. T he g en era tio n  o f a new Sau3A site  in th e  s tra in  D22 
(Fig. 5 .11a & 5.11b) does no t involve any change o f am inoacid sequence. T he p ro te in  
(deduced from the  DNA sequences) is very h y d ro ph ob ic  in n a tu re , as evidenced by its 
hydrophobic ity  p lo t (Fig. 6.7, C hapter-7). P o te n tia lly  it can produce seven transm em 
brane segm ents. T he detailed  secondary and te r t ia ry  s tru c tu re  of th e  p ro te in  will be dis
cussed in  the next chap ter.

Changes associated with drug resistance

W hen th e  Oli-2 region from  CD40 (pSC40M E6 &  pSC40M E7) is analysed  for DNA 
sequences, it is found th a t  i t  has tw o base changes corresponding  to  th e  0 li2 R and Oss 1R 
m u ta tions. Oli2K is due to  a  change of A to  T  in  th e  511th  nucleotide (Fig. 5.12) o f the 
S ubunit-6  read ing fram e (2380th position  in Fig. 5 .10  sequences). T h is  leads to  a  change 
in the  171st am inoacid  residue, isoleucine (A T T ) to  a  phenyla lan ine (T T T ). T h is  isoleu
cine is a  highly conserved residue observed in th e  S u b un it-6  read ing  fram es from  various 
organism s. Sim ilarly  a  single base change is found fo r O ssam ycin resistiv ity . A change (G 
-  A) in th e  2628th nucleotide position  (760th nuc leo tid e  position  o f the  read ing  fram e) 
(Fig. 5.13) a lte rs  th e  am inoacid aspartic  acid to  a n  asparag ine in th e  254 th  am inoacid 
residue. T his acidic am inoacid  is also highly conserv ed  th ro u g h o u t ev o lu tion  and is prob
ably functionally  im p o rtan t.

Localisation of the pho 0 mutation

The D N A  sequence analysis o f the  01i2 gene (th e  gene  for subun it-6) and th e  Aap-1 gene 
(the gene for subun it-8) from  the  recom binant clones of the  pho 9 m u ta tio n  (pSC24M E6) 
and o f th e  p a ren ta l s tra in  (pSC603M E6) does n o t  show any change in th e  nucleotides 
w ith in  th e  reading fram es of the  genes. T herefo re  th e  mit charac te ris tics  o f th e  pho 9 
m u ta n t (CD24) can no t be a ttr ib u te d  to  any d irec t a lte ra tio n  o f th e  genes. T h e  intergenic



-153-

F ig u re  5 .1 1 a  A u to rad iog ram  of a p a r t  o f the  DNA sequencing gel of the  M 13 recom 
b in an t clone, 922S1 to  show th e  genera tion  o f a  new Sau3A  site in th e  s tra in  D22.
T his M 13 reco m binan t clone possesses th e  sm allest E co R l-Sau3A  sub fragm en t of th e  
Eco-6 m t-D N A  fragm ent of D22. A, G , T , C  are four different tra ck s  of the four nucleo
tides. T he sequences reads:

G A A T T C  T A A A A T C A T A A T A G C T A A  G A TC  C G T C____ -  mp9 sequence
Sau 3AEcoR l
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F ig u re  5 .1 1 a  A u to rad io g ram  of a p a r t  of the  DNA sequencing gel o f the VI Id recom 
b in an t clone, 922S1 to  show the  genera tion  of a new Sau3A site  in the s tra in  D22.
T his M 13 reco m binan t clone possesses the sm allest K coR l-Sau3A  subfrag rnen t of the  
hco-6 m t-D N A  frag m en t o f 1)22. A, G , T , C are four different tracks o f the  four nucleo
tides. T he sequences reads:

G A A T T C  T A A A A T C A T A A T A G C T A A  G A T C  C G T C____ — mp9 sequence
S au  3AKcoR I
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Figure 5.11b DNA sequence of the gene for the C-terminal end of Subunit-6 
from the yeast strains D22. Note the presence of an extra Sau3A site on 
the 226th codon (I*) of the reading frame. This is due to a change of T 
to C in the 2547th nucleotide, when compared with D273-10B/A1. Amino acid 
sequences are shown in single letter amino acid code (see Appendix).

221 Oli 4
V P L A M I* L A I M i L E F A I G I i

GTA CCT TTA GCT ATG ATC TTA GCT ATT ATG ATT TTA GAA TTC GCT ATT GGT ATT ATC
2535 2565

Sau3A EcoRl
Ossl

Q S Y V W T I L T A s Y L K D T L Y L
CAA TCT TAT GTT TGA CTT ATC TTA ACA GCA TCA TAC TTA AAA GAT ACA TTA TAC TTA

H Ochre 
CAT TAA
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Figure 5.12 A uto rad io g ram  of a p a rt of the  DNA sequencing gel o f  the  M 13 nip8 
reco m b inan t clone, 84066 to  show the  change associated w ith the  Oli2B-76  allele.
The clone possesses the  w hole Eco-6 fragm ent. The prim er proxim al E co R l site of th e  vec
to r is th e  is the E coR l site  w ith in  the  O li-2 gene. The sequence is th a t  o f  "sense" s tra n d  
and read s from the  carboxyl te rm ina l end of the gene tow ards the  am ino term ina l end. A, 
G, T  an d  C are four different track s  of th e  four nucleotides.
The A  m arked  w ith  an  arrow  is a T  in th e  wild type s tra in  (D 273-10B /A 1).
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K ig u re  5 .1 2  A u torad iogram  of a  pa rt o f th e  DNA sequencing gel o f the  M 15 mp8 
reco m b in an t clone, 8 lOhfi to  show the  change associated w ith  the  0 /i'2H-76 allele.
The c lone possesses th e  whole Koo-6 fragm ent. T he prim er proxim al KcoK I site of th e  vec
tor is th e  is the KcoK I site  w ith in  the  Oli-2 gene. The sequence is th a t  of "sense" s tra n d  
and read s  from the carboxyl term ina l end of the  gene tow ards the  am ino te rm ina l end. A. 
G, T  a n d  C are four different track s  of the  four nucleotides.
The A m arked  with an  arrow  is a T  in the wild type s tra in  (D273-10H/A 1).
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I 'ig u rc  5.13 Change associated with the Ossamvcin resistami'

| t| I he autoradiogram shows a part o f  the |)\ \ sequencing gel ol^OssI 
I O-  1 strain. I he sequence has been derived from the \l I :{ n
HliTiiT. I ) \ A  sequence is that o f  the mint ranscrihing strand. The ( i  
arrow undergoes change in the 0,.,< I "  -92 allele (see below).

(h) I'he autoradiogram shows a part o f  the l).V\ sequencing gel o f the \ 
I lone X 107, I he I) v \  sequence show n is t he surrounding area of I he ( )s 
ol the nontranscribing strand. The A  marked with an arrow is the ( i  (l)‘J73- I0H/A 11

surrounding area 
■combinant done 
marked wi th an

1 Id recoin hi ihmi t 
s 1 locus ;in<l I hat 
ill tlic wild type
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F ig u re  5 .1 3  C han g e  associated  w ith  the  O ssam ycin  resistance.
(a) T he au to ra d io g ra m  shows a p a r t  of the  DNA sequencing gel of^O ssl su rro und ing  a rea  
from Oaa 1* s tra in . T he sequence has been derived from  the  M 13 recom binant clone 
82737. DNA sequence is th a t  o f the  non tran scrib in g  s tra n d . T he G  m arked  w ith  an 
arrow  undergoes change in the  Oaa 1 - 9 2  allele (see below).
(b) The au to rad io g ram  shows a p a r t  of the  DNA sequencing gel o f the  M 13 reco m blnen t 
clone 81077. T h e  DNA sequence show n is th e  su rro u nd ing  a rea  of the  O ssl locus and th a t  
° f  n o n tran sc rib in g  s tra n d . T h e  A m arked w ith an arrow  is th e  G  in th e  wild tv o e  (D 273-10B/A 1).
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regions from  th is  s tra in , how ever, has no t been de term in ed  ye t com pletely. I t  is, there fo re 
possible th a t  th e  m u ta tio n  lies som ew here in th e  intergenic regula tory  region o f th e  genes 
betw een the  O xi3 an d  subun it-8  genes or b e tw een  th e  subun it-8  and th e  su b u n it-6  genes. 
Absence of these su b u n its  in th e  O .S. A T P ase  from  th is  m u ta n t s tra in  (C D 24) is very 
difficult to  reconcile a t  th e  p resen t.

Prelude sequence of subunit-8 gene

T he DNA sequences observed in betw een the  O xi-3  gene and Aap-1 or su b u n it-8  gene are 
typical of o th e r in te rgen ic  regions o f yeast m t-D N A . T his is a  highly A + T  rich region, as 
expected, hav ing  on ly  63 (G + C ) bases in a  s tr in g  of 956 bp DNA segm ent (i.e ., 93.5%  
A + T  bases). A p u ta tiv e  tran sc rip tio n a l in it ia tio n  site  (A T A aA tG T A )f, s ligh tly  m odified 
from th a t  of p roposed sequence (A T A T A A G T A ) (T ab ak  et a /,1983) is observed  199 bp 
upstream  of the  su b un it-8  gene.

This is very in te re s tin g  in th e  co n tex t of p roposed  co -tran scrip tio n  of th e  O xi-3 , Aap-1 
and the  Oli-2 genes (O singa et al, 1984; C h ris tia n so n  & R abinow itz, 1983; T a b a k  et at, 
1983). It is possible th a t  du ring  in  vivo tra n sc r ip tio n , the  syn thesis of m R N A  s ta r t s  e ith er 
as a co -tran sc rip t of Oxi-3, Aap-1 and the  O li-2  genes or only of Aap-1 and  O li-2  genes 
from th is  te n ta tiv e  p ro m o to r s ite . No p u ta tiv e  ribosom e bind ing site  (Tzagoloff, 1982) 
has been found in th e  v ic in ity  o f th e  tra n s la tio n a l in itia tio n  codon (AUG). A lth ough  a 
sim itar sequence, co m p lem en tary  to  the 3 ’ en d  o f the  m itochondria l 15S rR N A  occurs 
about 309 bp u p s tream  (Fig. 5 .15b), it seem s un like ly  to  be a can d ida te  because of its  dis
tance from  th e  in itia tin g  AUG codon. No rem a rk ab le  dyad sym m etry  or s tru c tu re s  form 
ing stem s and loops a re  observed in  th is  region.

Prelude sequences of the subunit-6 gene

T he prelude sequences of the  su bu n it-6  gene (i.e . th e  sequences betw een Aap-1 an d  Oli-2 
genes) are, as expected , highly (A + T ) rich as w ell, w ith  the  exception of tw o  (G + C )  rich

t  a and t  have been shown in place of T  and A to ind ica te  the differences.
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Figure 5.15. Complementarity of the putative mRNA binding sequences in the 
Yeast 15S rRNA and the sequences upstream of the initiation codon in the 
subunit-6 and subunit-8 gene. Nucleotide denoted below as "t" is a ”T", which 
is not complementary at the corresponding site.

(a)

(b)

(c)

<d)

3' —A C A T T C T T A T A A A T T C T A T A A A T A T T C G - S '

3 ' -A T T C T T 
5'-T A A G A A

A T A-5'
T A T -  309 bp upstream of the gene for subunit-8

3' —A T T C T A T A-51
5 ' - T A A G A T A T  ---50 bp upstream of the

gene for subunit-6

3'-A T A A A T A T T  C-5'
5'—T A T T T A T A A G -  27 bp up

stream of 
the gene 

for
subunit-6

3 ’-A T A A A T T C T A  T-51
5'-T A T T T A t G A T A - l l b p  upstream of the 2nd

ATG codon of the gene for 
subunit-6
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Figure 5.16. (G+C) rich clusters found in the sequence upstream of the gene 
for subunit-6 and their potential secondary structures. Sequences shown are 
from the nontranscribing strand of the DNA

(i) 1505 1544
GTCCGGTCCGCCCCCGCGGGGCGGACCCCAAAGGAGGAGT G

___________ ___________  C C
C - G 
C - G 
C - G 
C - G 
G - C 
C - G 
C - G 
T - A 
G - C 
G - C

5 ' -GTCC CCAAAGGAGGAGT-3 '

(ii) 1682 1738
CTAAGGGGTTTGGTCCCTCCCCCGTAAGTATAAGTATACGGGGGAGGGTCCCTCACT

T T
A A

T G
G T
A A
A - T 
T - A 
G - C 
C - G 
C - G 
C - G 
C - G 
C - G 
T - A 
C - G 
C - G 
C - G 

T T
G - C 
G - C

5'- CTAAGGGGTTT CTCACT-3'
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clusters. In a  s tre tc h  o f 709 bp sequence, (G+C) co n stitu te s  only 86 residues o r ab ou t 
12.1% of the  to ta l .  If tw o (G+C) rich  clu ster o f ab o u t 30 bp each are deducted  from  the 
to ta l, the (G+C) c o n stitu te s  only  3 .6% . T he T w o (G+C) rich c lu sters can  po ten tia lly  
form charac te ris tic  s tem  and loop s tru c tu re s  (Fig. 5.16) w hich m ay p a rtic ip a te  in  the 
m a tu ra tio n  of th e  m R N A  by p rovid ing  som e so rt o f signal for R NA processing enzym es. 
Interestingly en ough , a  seven nuc leo tid e  sequence (A T T C T T A ), which has been show n by 
Thalenfeld et al (1983) to  be a  possible cand ida te  for the  processing signal of the  Oli-1 
transcrip t, occurs ab o u t 6 bp u p s tream  of the  first ha ir-p in  s tru c tu re  form ed by the  
(G+C) rich c lu ster. Possibly b o th  h a ir-p in  s tru c tu re s  form ed by (G+C) clu sters  and o the r 
signal sequences (like th a t  of th e  h ep tan u c leo tid e  A T T C T T A ), are  responsible for the  pro
cessing of m R N A  in  m itochondria . A nalogous to  Shine and D algarno sequences (Shine & 
Dalgarno, 1975) o r th e  p u ta tiv e  ribosom e bind ing sites, sequences co m plem entary  to  the  
m itochondrial 15S rR N A  occur tw ice upstream  of th e  subun it-6  gene (Fig. 5.15c). T he 
first one occurs 50 bp u pstream  an d  th e  second one occurs 27 bp up stream  of th e  first 
ATG codon of th e  su b un it-6  gene.

Localisation of the other mit mutations

Two other mit m u ta tio n s  (pho8 & m it-175) w hich have been localised genetica lly , have 
not been localised precisely as y e t a t  th e  DNA sequence level. Because pho8 has been 
localised genetica lly  u pstream  of th e  pho9, it is possibly due to  m u ta tio n  w ith in  the  gene 
for subunit-8 o r fu r th e r  u pstream  in the  regu la to ry  region.

Genetic localisa tion  of th e  m it-175, d ow nstream  of th e  Oli-2 is very in te resting . F rom  the  
sequence d a ta  o b ta in ed  from  C D 4 0 ,  a stra in^(D 273-10B /A l)^ it  has been found th a t  
sequence d ow nstream  of Oli-2 co n ta in s  several open reading fram es w ith  a  coding capab il
ity  of 4.2 X 103 d a lto n  to  ab ou t 16 X 103 d a lton . O ne read ing fram e which is a  m ajor can
d idate as a possible gene is 142 am inoac ids long and can po ten tia lly  give a 16.2 kilo da l
ton  protein (Fig. 5.17). It is a  high ly  charged p ro te in  (28%  charged am ino  acids) w ith  26 
basic and 14 acidic am inoacid  residues. However, in  th is  read ing fram e th e  in itia tio n
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Figure 5.17 Nucleotide and deduced aminoacid sequences of one of the URFs 
found downstream of the 01i2 gene.
The nucleotide sequence runs from the Hpall site of the 586 bp Hpall 
fragment of the ECO-7 band. The sequence beyond the EcoRl site has been 
taken from the data of Macino & Tzagoloff (1980) for strain DS-14 to show 
the tentative termination site of transcription (See Osinga et al, 1984). 
The sequence shown is that of the non-transcribed strand and the aminoacids 
are in single letter code.
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codon is an  ATA, ra th e r th a n  A T G . T h e codon usage by th is  p ro te in  (T ab le  5.3) is sim i
lar to  o ther m itochondrial genes coding for th e  O .S .A T P ase .

T o  establish  w hether or n o t  th is  is an o th er gene, th e  labelled m itochondria lly  tran s la te d  
products in the  presence o f cyclohexim ide (the d rug  which p reven ts  p ro te in  tra n s la tio n  of 
cytoribosom es) were an alysed  by SDS gel e lectropho resis  (Lam elli, 1970, W eber & O sborn, 
1971). No ex tra  pro tein  b a n d  co rresponding to  16-17 k ilo d a lton  or in th is  scale (d a ta  no t 
shown) are observed.

T r a n s c r ip t io n a l  a n a ly s is  o f  t h e  O li-2  r e g io n

To study  the n a tu re  of tr a n s c r ip ts  from  the  O li-2  region, th e  to ta l m t-R N A s from  a 
grande s tra in  (D 273-10B /A 1) w as analysed using th e  Oli-2 specific p e tite  (DS-14) m t-D N A  
as probe. Six m ajor species o f  RN A s (9000, 5100, 4800, 3000, 800 and 600 nucleotides) 
hybridize to  the  DS-14 m t-D N A  (Fig. 5.18). O f these  the  5100, 4800 and 3000 nucleotide 
species are the m ost p ro m in en t. T he 5100 an d  4800 nucleotide species have been 
described by C obon et al (1982) to  rep resen t th e  m ajor tra n sc r ip ts  of th e  Oli-2 region. 
However, in the present s tu d y  th e  3000 nucleotide species is th e  m ajor one w hich is p rob
ably the  m atured  m RNA for b o th  the sub u n it-6  an d  subun it-8  genes. T he 9000 nucleotide 
species possibly represen ts th e  co tran sc rip t for b o th  Oxi-3 an d  Oli-2 region. It has been 
shown by several workers (H ensgens et al, 1983; O singa et al, 1984) th a t  th e  Oxi-3 and 
Oli-2 regions are co tran sc rib ed  as a longer tra n s c r ip t which is processed in to  2100 nucleo
tides long (18S) Oxi-3 gene specific m R N A  an d  o th e r  tra n sc r ip ts  for th e  Oli-2 region. 
Two m inor bands of RNA (800 and 600 nucleo tides long) w hich are no t as p rom inen t as 
the o thers also show week h y b rid iza tio n  signal for th e  Oli-2 region. C obon  et al (1982) 
showed th a t these tw o tra n s c r ip ts  are tran sc rib ed  from  dow nstream  of th e  Oli-2 region 
which are not found in c e r ta in  wild ty p e  (JM 6) s tra in . T he au th o rs  concluded th a t  they 
are the optional tra n sc r ip ts  o f th is  region and  a re  w ith ou t significance. In view of the 
localisation of the  mit m u ta tio n , m it-175, to  th is  region of th e  m t-genom e in the  presen t 
study, they are likely to  be functio nally  sign ifican t. T his also indicates th a t  th e  m it-175
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Figure 5.18 T ra n sc rip ts  of the O li-2 region
T he to ta l m t-R N A s iso lated  from the  g rande p ' s tra in  D 273-10B /A 1 was transfe rred  from 
a agarose gel o n to  a  sheet of n itrocellulose filter according to  th e  m ethod of T hom as
(1980) and then  probed w ith  nick tran s la te d  32 P  labelled DS-14 m t-D N A . Six m ajor 
bands have been m arked  on the  au to rad io g ram . T he m olecu la r size of the  RN A s are: 
(1) 9000, (2) 5100, (3) 4800, (4) 3000, (5) 800 and (6) 600 nucleo tides.
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Figure 5.18 T ranscrip ts  of the  O li-2 region
The to ta l m t-R N A s isolated from th e  grande p ' s tra in  D 273-10B/A 1 was transferred  from 
a agarose gel onto  a sheet of nitrocellulose filter according to  the m ethod of T hom as 
(1980) and then probed w ith nick tran sla ted  ,2 P  labelled DS-14 m t-DNA. Six m ajor 
bands have been m arked on th e  au to rad iogram . T he m olecular size of the RNAs are: 
(1) 9000, (2) 5100, (3) 4800, (4) 3000. (5) 800 and (6) 600 nucleotides.
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locus is expressed a t  th e  tran sc rip tio n a l level. As th e  5 ’ and 3 ’ en d s  o f  these R N A s have 
no t been m apped  on th e  m t-D N A , it  is difficult to  re la te  th e  tr a n s c r ip ts  w ith  th e  ten ta tiv e  
reading fram e suggested  for the  m it-175 locus.

D IS C U S S IO N

I. O l ig o m y c in  a n d  O s s a m y c in  R e s is t iv i ty  o f  t h e  O .S . A T P a s e

O ligom ycin and O ssam ycin  re s is tan t yeast s tra in s  (01i2R-76 an d  O s s l R-92) used in th is 
study  have been show n to  have b o th  in  vivo an d  in  vitro  re s is tiv ity  tow ards  oligom ycin 
and ossam ycin , resnectively  (G riffiths & H oughton , 1974). DNA sequence analyses in  this 
study  reveals th a t  th e  form er is due to  th e  a lte ra tio n  of a  highly co nse rv ed  isoleucine resi
due by a pheny la lan ine  a t  th e  171st position  of th e  subun it-6  gene. M acino & Tzagoloff 
(1980) have also d em o n stra ted  a  s im ilar change in an  in d ep en d en tly  iso lated  res is tan t 
s tra in  (01 i2R-118) w here th e  sam e isoleucine has been su b s titu te d  by m eth ion ine . N ovitski 
et al (1984) have also o b ta in ed  a  s im ilar resu lt in  OH2R-23 s tra in  w h ere  a conserved serine 
residue a t  th e  175th position  has been converted  in to  a  th reon in e . T h is  region of th e  gene 
(Oli-2 block) is highly conserved (Fig. 5.19a) th ro u g h o u t e v o lu tio n  and is possibly 
involved in  th e  energy co nserv ation  system  of the  O .S. A T P ase .

T he o the r m u ta tio n  (O li4R) in th e  subun it-6  genes offering o ligom ycin  resistiv ity  has been 
dem o n stra ted  by M acino and Tzagoloff (1980) an d  th is  was due to  th e  a lte ra tio n  o f the 
232nd residue, w here a  conserved leucine was changed to  p h en y la lan in e . T his region (Qli4 
block) of th e  su bu n it-6  also shows a  su b s tan tia l hom ology am ong  d ive rse  organism s (Fig. 
5.19b). In an  o ligom ycin res is tan t m ouse cell line, S lo tt et al (1983) have also observed a 
change in  th e  sam e region of the co rresponding su b u n it w here a  co nse rv ed  valine has been 
replaced by a  g lu tam ic  acid (Fig. 5.19b). All these resu lts  p o in t up  th e  fac t th a t  subun it- 
6, along w ith  th e  pro teo lip id  su bu n it-9  which also can m u ta te  in d ep en d en tly  to  give rise 
to  o ligom ycin re s is ta n t s tra in s  (Sebald et al, 1979), are involved in  th e  O .S. A TPase- 
oligom ycin in te rac tio n .
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B oth OH2 and 01i4 loci associated ch an g es  have one ch a rac te ris tic  in  com m on. They cen
tre  around  a  charged residue, g lu tam ic  acid w ith in  a  hydrophobic segm ent. Because the  
drug  res is tan t s tra in s  have co m p arab le  A T P sy n th e tase  ac tiv ity  to  th a t  of wild type 
(G riffiths & H oughton, 1974), it is like ly  th a t  the am inoacid  changes observed here, associ
a ted  w ith  drug  resistiv ity , are them se lv es not d irec tly  involved in p ro to n  transloca tion  in 
the  Fa sector of th e  O .S. A T P ase . P robab ly , th e  conserved am inoacid  residues are 
involved in the  binding of oligom ycin by hydrophobic in te rac tio n , which a lte rs  the p ro ton  
channel, form ed by relatively hy d ro ph ilic  and charged  residues in th e  F0 sector. T his 
inh ib its  p ro ton  pum ping th rough  th e  O .S .A T P ase  an d  consequently  blocks oxidative phos
phory lation . All these possibilities, in  con junc tion  w ith  th e  secondary  and  te r tia ry  s tru c 
tu res of th is  p ro tein , based on s ta t is t ic a l  predic tive analyses, will be d iscussed in the next 
ch apter.

O ssam ycin resistiv ity  is due to  a ch an g e  of a conserved charged residue (F ig. 5.19c) in th e  
carboxyl term ina l end of the  su b un it-6  gene. T he 254 th  residue, a spartic  acid changes to  
asparagine due to  change in a single nucleotide (G -  A). As will be evidenced in the  next 
ch ap te r th is  region, based on p red ic tiv e  analyses, lies ou tside  the  m em brane. P robably  
ossam ycin, due to  its  com paratively  la rg e r s tru c tu re , can n o t en te r in to  th e  m em brane and 
in te rac ts  on the  surface p ro tru d in g  segm ent of th e  subun it-6  and a fte r  binding, e ith er 
a lte rs  the co nfo rm ation of the segm en t, or m asks th e  p ro ton -channel a t  its  en trance  and 
thereby  blocks ox idative pho sp hory la tion .

II. M it m u ta t io n s

T ran scrip tion a l studies revealed th a t  th e  n a tu re  o f tran sc rip ts , in wild types and mit 
m u ta n ts  of the  Oli2 locus were very s im ila r, though  they  produced a b e rra n t tran sla tio n a l 
p roducts (Beilharz et al, 1982). T herefo re , it was pred ic ted  th a t  mit m u ta tio n s  are p rob
ably due to  the  occurrence of the te rm in a tio n  codon w ith in  th e  functional reading fram e, 
which can produce proteins of a b e r ra n t  m olecular w eigh t (R o berts  et al, 1979; Beilharz et 
al, 1982). A nalysis of the mit m u ta tio n , pho9, in d ica tes  th a t  th is  does n o t belong to  th is
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Figure 5.19. Comparison of the drug resistant sites of the subunit-6 from 
various organisms. * indicates the altered aminoacid in drug resistant 
strain. Aminoacids are shown as single letter code (See Appendix)

S. cerevisiae
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(a) OLI2 Mutational site
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(b) 0LI4 Mutational site
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Y L - - - H D N T
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(c) Ossi Mutational site
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category . M ost likely it is due th e  m u ta tio n  w ith in  the regu la to ry  regions of the  genes for 
subun it-6  an d  subunit-8 .

B iochem ically the pho9 m u ta tio n  shows n o rm a l cytochrom e sp ec tra  (D arlison, 1979) b u t  
w ith l i t t le  or no m itochondrial m em brane p o te n tia l  and little  or no A T P ase ac tiv ity  
(unpublished  result, th is  labora tory). From  th e  DNA sequence analysis, it  appears th a t  
the m u ta tio n  is no t due to  any a lte ra tio n  w ith in  the read ing  fram es for subun it-6  and  
subun it-8 . Prelim inary studies on  biogenesis o f  the Fa from  th is m u ta n t s tra in  have 
shown t h a t  the an ti-F , an tibody  fails to  im m u n o p rec ip ita te  th e  su b un it-6 , subun it-8  and 
subun it-9  (C onnerton, I.F ., unpublished re su lts ) . This ind ica tes  th a t  p robab ly  the  m u ta 
tion  is a  regulatory  one which contro ls th e  ex pression  o f th e  subun it-6  and subun it-8 . 
T his is v ery  interesting for the fac t th a t  no co n tro llin g  elem ents for m itochondria l gene 
expression , w ith the exceptions o f the tR N A  b io sy n the tic  locus (U nderbrink-L yon et al, 
1983) an d  the  so called m aturases (G rivell, 1983) are know n to  be located  on yeast m ito 
chondrial genome. T herefore fu tu re  studies invo lv ing  DNA sequence analysis and t r a n 
scrip tion a l analysis of th is  region of the  m t-gen o m e of the m u ta n t s tra in  (CD24) would be 
en ligh ten ing .

The absence of the subun it-9  in th e  O .S .A T P a se  from  the pho9 m u ta n t (CD24) is su rp ris
ing. It is possible th a t th e  subun it-6  and s u b u n it-8  are required  for th e  assem bly of th e  
subun it-9 . M arzuki et al (1983), however, have show n th a t  th e  subun it-8  is needed for the  
assem bly o f subunit-6  b u t not for subunit-9  in  th e  m em brane. It has been noted  th a t  a t  
ce rta in  concen tra tions of T riton-X , subun it-9  d o es  not p rec ip ita te  during  im m unoprécip i
ta tio n  (D r. Velour, personal com m unication). T herefore, th e  possib ility  rem ains th a t  
under o u r experim ental conditions subun it-9  is n o t  p rec ip ita ted  and rem ains undetected .

O l. M i t - 1 7 5 : a n o th e r  g en e?

L oca lisa tion  of mit-175 a t  dow nstream  to  th e  coding fram e of subun it-6  gene has been 
confirm ed on the following basis:
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1. P e tite  deletion  m ap p in g  shows (C h ap te r  2) th a t  it  is located  dow nstream  of th e  O a»lR 
m arker which is loca ted  on th e  254 th  am inoacid  residue o f th e  subun it-6  gene.

2. Because of th e  location  of ossam ycin  res istiv ity  in  th e  6th am inoacid  from  th e  C- 
term ina l end of th e  su b un it-6  s tru c tu ra l  gene, we sequenced the carboxyl te rm in a l end of 
Oli-2 gene as well as fu rth e r  200 bp dow nstream  from  m it-175, an d  we do n o t find any 
change in th is  region w hen com pared to  th e  wild ty pe  sequences. T herefore, we presum e 
th a t  i t  is located fu r th e r  dow nstream  of th e  sam e region.

3 . CDS-14, a c y to d u c ta n t of DS-14 (M acino & Tzagoloff, 1980), w hich re ta in s  th e  m ajor 
p a rt o f the  Eco-6 an d  th e  whole of th e  Eco-7 (tw o a d jacen t E coR  1 re s tric tio n  frag m en ts  
contain ing  the  s tru c tu a l gene for su bu n it-6  and fu rth e r  dow nstream ) can re s to re  g row th  
on glycerol upon crossing to  th e  m it-175 s tra in , i.e., th e  m it-175 m u ta tio n  is com ple
m ented by its  no rm al co u n te rp a rt on  th e  Eco-7 frag m en t of m t-D N A  (segm en t dow n
stream  of Oli-2) from  CDS-14 (See ch ap te r 2).

O n th e  basis of th e  above resu lts  it  can  be argued  th a t  a  functio nal gene is re ta in e d  dow n
stream  of the  su b u n it-6  gene which, w hen m u ta ted  loses th e  grow th p roperty  on  nonfer- 
m entab le  glycerol m edium . T he presence o f a tra n sc r ip t from  th is  region (C o b o n  e< a/, 
1982), fu rth er s tre n g th e n s  th is  view. T w o po in ts  how ever, do  not su p p o rt th e  view :

F irstly , biogenesis s tu d ies  using 35]S-m ethionine do n o t show any novel p ro te in  band 
which could be co rre la ted  w ith  the  open read ing  fram e we have suggested. S econdly , in a 
wild ty pe  m itochondria l s tra in  JM 6, it has been observed th a t  th is  region o f m t-D N A  is 
m issing (C obon et al, 1982). T he first po in t can  be counter-argued  from  the  p o in t o f view 
th a t  th e  p ro tein  syn thesized  from  th is  locus, is a  reg u la to ry  p ro tein  e ith er p resen t in  trace  
am oun t which rem ains undetec ted  in our gel system , o r rem ains m asked by o th e r  know n 
p ro tein  of m itochondria l origin. T h e possibility  of d irec t p a rtic ip a tio n  of R N A  in  ca ta 
lytic ac tiv ity  also can  n o t be ruled o u t, as th e  association  o f R NA w ith  ca ta ly tic  ac tiv ity  
of ce rta in  proteins has been proved (e.g. R N ase P, G u errie r-T ak ad a  et al, 1983; A lanine 
synthesizing enzym e, H uang et al, 1984). T h e  second p o in t can also be co u n te r-a rg u ed  by
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the tran sp o s itio n a l ac tiv ity  of the m t-D N A  seg m e n t w ith in the  genom e or be tw een itself 
and th e  n u c lea r  genome. It is possible th a t  th is  p a r t  of the genom e in JM 6 has been 
tran slo ca ted  elsew here in th e  m t-genom e or to  th e  nucleus.

IV . Id e n tif ic a tio n  p ro b le m  o f  s u b u n i t -6  a n d  t h e  s u b u n i t -6  r e a d in g  f r a m e

A ssignm ent o f  th e  01i2 locus to  the  subunit-6  g en e  has always been a  con troversial topic 
due to  th e  anom alo us m obility  of the  subun it-6  po lypeptide in  SDS gel electrophoresis. 
S tudies of cyclohexim ide re s is tan t p ro tein  sy n th e sis  in wild ty p e  yeast have show n 
subun it-6  to  have a m olecular w eight of 22.5 k ilo d a lto n  (Tzagoloff & M eagher, 1971; 
R oberts et al, 1979). However, Somlo et al (1982) have shown th a t ,  the 22.5 k ilodalton  
p ro tein  w hich is very p rom inent in C oom assie-blue stained gels of the  O .S .A T P ase  com
plex is n o t su bu n it-6 , and th a t  a cyclohexim ide re s is ta n t 20.0 k ilodalton  p ro te in  which 
does n o t form  a  prom inent band  in C oom assie b lue s ta ined  gels, is th e  real cand ida te . 

Added to  th is  fact, is the DNA sequence d a ta  of t h e  Oli-2 reading fram e w hich has a cod
ing cap ab ility  o f 28.5 k ilod alton  protein . Lack o f am inoacid  sequence d a ta  for th is  pa rtic 
ular p ro te in  h a s  highlighted th is  controversy.

However, w h en  th e  reading fram e of subun it-6  g en e  is exam ined carefully, i t  is found th a t 
it has a  secon d  ATG codon, 81 am inoacid d o w n stream  of the  first ATG  codon. If th is 
second A T G  is tak en  as the  in itia tion  codon, the  r e s t  of the read ing fram e can  po ten tially  
form a  19 k ilo d a lto n  p ro tein  (Fig. 5.20). W hen th e  am inoacid sequences of th is  2nd fram e 
is com pared  w ith  th a t  of th e  experim entally  o b ta in e d  am inoacid com position d a ta  from
V. crassa  su b u n it-6  (Sebald, 1977), it is found t h a t  the values are sim ilar (T able 5.4). 
T herefore it  is possible th a t  in vivo, the  second A T G  m ight ac t as an in itia tio n  codon for 
th is p ro te in . T h is  is pa rtly  supported  by the fac t th a t  C -term inal tw o-th ird  o f subun it-6  
from variou s organism s are more conserved th a n  th e  i\W2-term ina l one th ird . T o  prove 
th is a lte rn a tiv e  tran sla tio n a l in itia tion  we will h a v e  to  w ait for NH3 te rm ina l sequence 
d a ta  from  purified  subunit-6  or from  cyanogen b ro m id e  cleavage d a ta  of the  sam e.
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Figure 5.20. Second reading frame of the gene for Subunlt-6. Underline region 
is complementary to 3' end of the mitochondrial 15S rRNA. One letter and three 
letters aminoacid codon has been used to discriminate the two reading frames.

MetPheAsnLeuLeuAsnThrTyrlleThrSerProLeuAspGlnPheGluIleArgThrbeuPheGlybeuGln 
ATGTTTAATTTATTAAATACATATATTACATCACCATTAGATCAATTTGAGATTAGACTATTATTTGGTTTAOAA

SerSerPhelleAspLeuSerCysLeuAsnLeuThrThrPheSerLeuTyrThrlleileVa1LeuLeuVa11 le 
TCATCATTTATTGATTTAAGTTGTTTAAATTTAACAACATTTTCATTATATACTATTATTGTATTATTAGTTATT

ThrSerLeuTyrThrLeuThrAsnAsnAsnAsnLysIlelleGlySerArgTrpLeuIleSerGlnGluAlalle 
ACAAGTTTATATCTATTAACTAATAATAATAATAAAATTATTGGTTCAAGATGATTAATTTCACAAGAAGCTATT
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Figure 5.20. Second reading frame of the gene for Subunit-6. Underline region 
is complementary to 3' end of the mitochondrial 15S rRNA. One letter and three 
letters aminoacid codon has been used to discriminate the two reading frames.

MetPheAsnLeuLeuAsnThrTyrIleThrSerProLeuAspGlnPheGluIleArgThrLeuPheGlyLeuGln 
ATGTTTAATTTATTAAATACATATATTACATCACCATTAGATCAATTTGAGATTAGACTATTATTTGGTTTACAA

SerSerPhelleAspLeuSerCysLeuAsnLeuThrThrPheSerLeuTyrThrllelleValLeuLeuVallle
TCATCATTTATTGATTTAAGTTGTTTAAATTTAACAACATTTTCATTATATACTATTATTGTATTATTAGTTATT

ThrSerLeuTyrThrLeuThrAsnAsnAsnAsnLysIlelleGlySerArgTrpLeuIleSerGlnGluAlalle
ACAAGTTTATATCTATTAACTAATAATAATAATAAAATTATTGGTTCAAGATGATTAATTTCACAAGAAGCTATT

TyrAspThrIleMetAsn M T K G Q I G G K N W G L Y
TATGATACTATTATAAAT

1
ATG CTT AAA GGA CAA ATT GGA GGT AAA AAT TGA GGT TTA TAT

F P M I F T L F M F i F I A N L I s M
TTC CCT ATG ATC TTT ACA TTA TTT ATG TTT ATT TTT ATT GCT AAT TTA ATT AGT ATG

I P Y s F A L S A H L V F I I s L s I
ATT CCA TAT TCA TTT GCA TTA TCA GCT CAT TTA GTA TTT ATT ATC TCT TTA AGT ATT

V I W L G N T I L G L Y K H G W V F F
GTT ATT TGA TTA GGT AAT ACT ATT TTA GGT TTA TAT AAA CAT GGT TGA GTA TTC TTC

s L F V P A G T P L P L V P L L V I I
TCA TTA TTC GTA CCT GCT GGT ACA CCA TTA CCA TTA GTA CCT TTA TTA GTT ATT ATT

E T L S Y I A R A I S L G L R L G s N
GAA ACT TTA TCT TAT ATT GCT AGA GCT ATT TCA TTA GGT TTA AGA TTA GGT TCT AAT

I L A G H L L M V X L A G L T F N F M
ATC TTA GCT GGT CAT TTA TTA ATG GTT ATT TTA GCT GGT TTA CTA TTT AAT TTT ATG

L I N L F T L V F G F V P L A M I L A
TTA ATT AAT TTA TTT ACT TTA GTA TTC GGT TTT GTA CCT TTA GCT ATG ATT TTA GCT

I M I L E F A I G I I Q S Y V w T X L
ATT ATG ATT TTA GAA TTC GCT ATT GGT ATT ATC CAA TCT TAT GTT TGA CTT ATC TTA

T A s Y L K 0 T L Y L H Ochre
ACA GCA TCA TAC TTA AAA GAT ACA TTA TAC TTA CAT TAA
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T A B L E  5 .4  C om parison  of am inoacid  com p ositio n  o f th e  tw o  read ing  fram es o f the  
Yeast O li-2 gene w ith th a t  of S ubunit-6  of .Y. crassa  A T P ase

Amino acid
Y east

1st R eading fram e 2nd R eading  fram e 
_______ LM%)________________ (M % )

Y.
p ro te in ) 

an alysis  (M % )
crassa

DNA sequence) 
analysis (M % )

Ala 5.02.3 6.3 7.85 6.35Arg 1.55 1.06 2.48 1.98Asx 6.95 3.7 7.1 7.54Cys 0.38 0.0 ND 0.39Gly 6.18 7.4 8.0 6.75Glx 3.48 2.11 6.05 4.76His 1.55 2.11 2.55 2.38lie 14.36 13.23 11.9 13.88Leu 18.15 16.9 16.6 16.67Lys 1.93 2.1 1.41 0.79Met 3.47 4.75 1.08 1.98Phe 8.11 9.0 9.63 10.32Pro 3.10 3.7 4.01 3.17Ser 7.34 5.8 9.06 8.73Thr 7.72 5.29 •4.75 5.16Trp 1.93 2.1 ND 0.39Tyr 4.25 3.7 3.05 3.97Val 4.63 5.2 4.56 4.76

+ D ata from  Sebald (1977); ? D a ta  deduced from  M orelli & M acino (1984); M %  =  M olar 
percentage; ND =  no t de term ined .
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W hile th is ch ap te r was w ritte n , M orelli Sc M acino (1984) p u b lish ed  the  gene s tru c tu re  and 
sequence of subun it-6  from  N . crassa. In th is  fungus, the  su b u n it-6  gene has tw o  in trons 
w ith in  the read ing fram e: th e  first one is 93 bp long and s i tu a te d  ju s t a fte r th e  first tw o 
am inoacids and th e  second one is 1370 bp long and c o n ta in s  an  open read ing  fram e con
tinuous w ith the  u p stream  read ing  fram e. A fter excision o f  th e  in tron , th e  coding fram e 
for th is  gene has been show n to  give rise to  sim ilar am in o ac id  sequences to  th a t  of A . 
nidulans and S. cerevisiae. It d em o n stra tes  th a t  the longer read ing  fram e is expressed a t  
the tran scrip tio n al level b u t does no t rule o u t the  p o s t- tran s la tio n a l m odification  of the 
protein .

Comparison of subunit-6 from various organisms

The subunit-6  read ing  fram e w as stud ied  from various o rgan ism s afte r th e ir  a lignm en t to  
establish  m axim um  hom ology, as  show n in Fig. 5.21. It is q u ite  obvious from  such com
parison th a t  the  p rim ary  sequence of th is  p ro tein  is highly conserved, a t  least in  its  C- 
term inal part. In teresting ly , all th e  m uta tions associated  w ith th is  gene have been 
ascribed to  th is region. As show n in the  figure, Oti-2, Oli-4 a n d  Oss-1 sites are  highly con
served th rou g ho u t ev o lu tion . T h is  indicates the ir fu n c tio n a l im portance in  oxidative 
phosphorylation . H om ologous p ro te in  (su bun it-a  or u ncB  product) from  E .coli (a 
p rokaryote) also reveals s im ila rity  a t  the  C O O H  end, w ith  the  exception of O li-4 site 
which is mising in  E. colt (F ig . 5.21; see also Fig. 6.12, C h ap te r-6 ). T h is  could be the 
reason why E .coli A T P ase  is n o t inh ib ited  by oligom ycin. E n n s  Sc C riddle (1977) dem on
s tra ted , by affinity b ind ing s tu d ies  of oligom ycin w ith y east A T P ase  and its  reduc ton  by 
sodium  [3H ]-borohydride th a t ,  m ajo r incorporation  of rad io a c tiv ity  occurs a t  subun it-9 . 
They claim ed th a t  p ro teo lip id  subun it-9  is itself enough to  bind oligom ycin. F rom  the 
present result it  ap p ears  th a t ,  su b u n it-6  is equally im p o rta n t in  oligom ycin b ind ing. T his 
is based on m ainly tw o facts:

(i) a single am inoacid  change in  the  subun it-6  gene can a l te r  oligom ycin b ind ing  affinity 
and consequently gives rise to  a  d rug  res istan t m u ta n t (L ancash ire  Sc M attoo n , 1979b).



Figure 5.21 Comparison of aminoacid sequences of the subunit-6 of the
0. 5.ATPase from various organisms. (1) E. coli, (2) Aspergillus nidulans
(3) Saccharomyces cerevisiae, (4) Bovine, (5) Human (6) Mouse, (7) Drosophila 
melanogaster, (8) Drosophila yakuba, The aminoacid sequences have been 
arranged to establish maximum homology.
A indicates nothing but a gap within the sequences to establish homology.

1. MASENMT----PQDYIGHHLNNLQLDLRTFSLVDPQNPQNPPATFWTINIDSMFFSWLGLLFLVLFRSVAKK
2 .MYQ— FNFILSPLDQFEIRDLFSLNANVLGNIHLSITNIGLYLSIG-------------- LLL-TLGYHL-AHN
3 .MFNLLNTYIFSPLDQFEIRTLFGLQSSFIDLSCLNLTTFSLYIIV--------------- LLVITSLYTLTNNN
4 .MN--------------- EN— LFT--- SFITPVILGLPLVTL— IVLF-PS---------LLFPTSNR-LV— S
5.MN--------------- EN— LFT--- SFIAPTILGLPAAVL— XLLF-PP---------LLIPTSKY-LI— N
6 .MN--------------- EN— LFA--- SFITPTMMGFPIWA— IIMF-PS--------- 1LFPSSKR-LI— N
7 . MMTNLFSVF--- DP----- LAI FNFSLNWLSTFLGLLMI PS-1 YWLMPSRYNIMWNS-ILLTLHK--------
8 . MMTNLFSVF--- DP-----LAI FNLSLNWLSTFLGLLMIPS-1 YWLMPSRYNIMWNS-ILLTLHK--------

ATSGVPGKFGTAIELVIGFVNGSVKDMYHGKSKLIAPLALTIFVWVFL------------- MMNLMDLLPYIAEHV
NKIPNN-WSISQEAIY ATVHSIVINQLNPTKGQL------------ YFP-FIYALFIFILVNNLIGMVPYSFAST
NKIIGSRWLISQEAIYDTIMNM-------- KGQIGG--- KNWWGLYFP-MIFTLFMFIFIANLISMIPYSFALS
NRFVTLQWMLQLVS-----------------K-QMMSIHNSKGQYWTL----MLMSLILFIGSTNLLGLLPHSFTPT
NRLITTQWLIKLTS-----------------K-QMMTMHNTKGRTWSL----MLVSLIIFIATTNLLGLLPHSFTPT
NRLITTQWLIKLTS-----------------K-QMMLIHTPKGRTWTL----MIVSLIMFIGSTNLLGLLPHSFTPT
------------ EF----------------- KTLLGPSGHHNGSTFIFISL— FSLILFNNFM---GLFPYIFTST
------------ EF-----------------KTLLGPSGHHNGSTFIFISL— FSLILFNNFM---GLFPYIFTRT

LGLPALRWPSADVNVTLSMALFIGVLILFYSIKMKGIGFTKELTLGPFNHWAFIPVNLILEGVSLL----SKPV
SHFILTFSMSFTIVLGATF-LGLQRHGL------- K----FFSLFVPSGCPLGLLPLLVLIEFISYL---- SRNV
AHL------VFIISLSIVIWLGNTILGLY------ KHGWVFFSLFVPAGTPLPLVPLLVIIETLSYI----ARAI
TQL------ SMNLGMAIPLWAGAVITGF------RNKTKAS LAHFLPQGTPTPLIPMLVII ET ISLFIQPMALA-
TQL------ SMNLAMAIPLWAGTVIMGF------RSKIKNALAHFLPQGTPTPLI PMLVI I ETISLLIQPMALA-
TQL------ SMNLSMAIPLWAGAVITGF------RNKLKSSLAHFLPQGTPISLIPML111ETISLFIQPMALA-
SHLTLT------ LSLALPLWLCFMLYGW------ 1NHTQHMFAHL VPQGTPAILMPFMVCI ET ISNIIRPGTLA-
SHLTLT------ LSLALPLWLCFMLYGW------ INHTQHMFAHLVPQGTPAILMPFMVCIETIRNIIRPGTLA-

SLGLRLFGNMYAGELIFILIAGLLPWWSQWILNVPWAIFIFHILIITL------------QAFIFMVLTIVYLSMA
SLGLRLAANILSGHMLLSILSGFTYNIMTSGILFFFLGLIPLAFIIA-FSGLELAIAFIQAQVFWLTCSYI---
SLGLRLGSNILAGHLLMVILAGLTFNFMLNLFTLVFGFFVPLAMILA-IMILEFAIGIIQSYVWTILTASYL---
-- VRLTANITAGHLLI-HLIGGATLALMSISTTTALITFT---ILILLTILEFAVAMIQA YVFTLL VSL YL---
-- VRLTANITAGHLLM-HLIGSATLAMSTINLPSTLIIFT---ILILLTILEIAVALIQAYVFTLLVSLYL---
-- VRLTANITAGHLLM-HLIGGATLVLMNISPPTATITFT---ILLLLTILEFAVALIQAWFTLLVSLYL---
-- VRLTANMIAGHLLLTLL-GNTGSS-MSYM---- LMTFLLMAQIALLV-LESAVAMIQSYVFAVLSTLYS---
-- VRLTANMIAGHLLLTLL-GNTGPS-MSY----- LLVFLLVAQIALLV—LESAVTMIQSYVFAVLRTLYS---

SE-- E-H
KD- GLDLH
KD-TLYLH
HDNT
HDNT
HDNT
SEVN
REVN
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(ii) E .coli A T P ase  does n o t b ind  to  oligom ycin; i t  lacks the  (O li-4) s ite  in its  subun it-6  
hom ologous p ro te in , though  it  has a sim ilar subun it-9  protein  (Sebald  &  Hoppe, 1981).

The occurence o f a conserved isoleucine a t  th e  226th  am inoacid  residue position  of 
subunit-6  is very  in te re stin g  in  the  co n tex t o f the  s tra in  D22. T h is  unre la ted  wild type  
yeast s tra in  of S . cerevisiae  h a s  undergone a  nucleotide change T  -  C  and thereby ch ang
ing th e  codon from  A T T  to  A T C  (th is has generated  a  new Sau3A w ith in  the  read ing  
fram e, Fig. 5 .11a & b; See a lso  chapter-4). However the  gene re ta in s  th e  sam e am inoacid 
coding capab ility  as bo th  A T T  and A T C  code for isoleucine. B ecause th is isoleucine is 
highly conserved th ro u g h o u t th e  evolution , it  is assum ed th a t  th e  isoleucine plays an  
im po rtan t role in  th e  fu nc tio n  o f th is  p ro tein .

The NH2 te rm ina l one th ird  o f th e  subun it-6 , though  diverged am ong various organism s, 
is conserved w ith in  the sam e phylogenetic group  (See Fig. 5.21). F o r exam ple, m am 
m alian group (bovine, h u m an , r a t  and m ouse), insect group (exam plified by D. melanogas- 
ter, D. yakuba), fungal g ro u p  (S . cerevisiae, A . nidulans, S. pom be) are sim ilar am ong
themselves.

The JV//2-term ina l p a rt of th e  E. coli su b u n it-a  (hom ologous p ro te in  o f subun it-6) con ta ins 
more charged am inoacids an d  is radically  different from  its eu k ary o tic  co un terpa rt. I t  is 
possible th a t th is  p a rt m ig h t have a hom ologous co u n te rp a rt in a  different unknow n 
subun it of eu k aryo tic  O .S. A T P ase .

Comparison of subunit-8 from various organisms

Based on hom ology w ith th e  su b u n it-8  gene of S. cerevisiae, th e  u nk now n reading fram es 
(URFs) found u p s tream  of th e  subun it-6  gene o f several organ ism s h av e  been claim ed to  
be the corresponding su b u n it-8  gene. C om parison  of am inoacid  sequences which have 
been deduced from  DNA sequence d a ta  for th is  gene from  various o rgan ism s, shows a con
served am ino te rm in a l end (F ig . 5.22). T h e C arboxyl term ina l en ds a re  sim ilar w ith in  the  
same phylogenetic group b u t a re  different from  d is tan tly  sep a ra ted  g roups. However th e  
frequent occurrence of basic am inoacid  residues in th e  carboxyl te rm in a l p a rt appears
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Figure 5.22 Comparison of Amino acid Sequences of Subunit-8 from Various 
Organisms. * indicates same aminoacid in more than two phylogenetic groups.
A + indicates same aminoacid in three or more organisms. Names of organisms 
are: (1) Aspergillus amstelodemi, (2) Aspergillus nidulans, (3) Saccharomyces 
cerevisiae (4) Human, (5) Bovine, (6) Mouse, (7) Drosophila melanogaster 
(8) Drosophila yakuba. has been introduced within the sequences to
establish maximum homology. Homologous regions have been shown in colour.
Pink, common to all or fungi only; yellow, mammals and insects or mammals only 
orange, insects only.

* » * *  *  *  *

1. MPQLVPFFFVNQW-YAFVNL-TVLIYAFTK-FIIPKLLRIFISRIVI-----------NKL
2. MPQLVPFFFVNQVI-FAFIVL-TVLIYAFTK--YILPRLLRTYISRIYI-----------NKL
3 . MPQLVPFYFMNQLITYGFLLM-1TLLILFSQ--- FLLPMILRLYVSRLFI-----------SKL
4. MPQLNTTVWPTMITPMLLTL-FLITQLKMLNTNYHLPPSP-KPMKMKNYNK-PWEPKWTKICSLHSLPPQS
5. MPQLDTSTWLTMILSMFLTL-FLITQLKVSKHNFYHNPELTPTKMLKQNT--PWETKWTKIYLPLLLPL
6 .MPQLDTSTWFITISSM-ITLFFLLTQLKVSSQTFPLAPSPKSLTTMKVKT----PWELKWTKIYLPHSLPQQ
7 . IPQLAPISWLLLFIIFSTL— FLLTCSINYYSYMPNSPKSNEL--KNINLNSMNW— KW
8 . IPQLAPIRWLLLFIVFSTL— FLLTCSINYYSYMPTSPKSNEL--KNINLNSMNW— KW
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significant and could be fu nc tio na lly  im p o rta n t.

A hom ologous co u n te rp a rt of su b u n it-8  is n o t observed in p rok ary o tes. It is p robable, 
therefore, th a t  it  has evolved in a  la te r  s tage  of evo lu tion  due to  th e  com plex ity  of the 
energy conservation  system  of eu k ary o te s .

Transcripts of the Oli-2 Region

The Oli-2 region in S. cerevisiae  p roduces a  co -tran scrip t for su b u n it-6  and subun it-8  
genes. Six RNA species, which h y b rid ise  to  th is  region (Fig. 5.18) are observed in  wild 
type. It is therefore p robable th a t  th e  com m on tran sc rip t is processed before being 
tran sla ted . It has been show n in F ig . 5.16 th a t  th e  segm ent of D N A  betw een subun it-6  
and subun it-8  gene can p o te n tia lly  form  tw o hair pin s tru c tu rs . U pstream  of th e  first 
hairp in  s tru c tu re , a  so called tr a n s c r ip t  processing signal (A T T C T T A ) (T halen fe ld  et al, 
1983) occurs. D ow nstream  of th e  second hairp in , ten ta tiv e  ribosom e binding s ite s  are 
seen. It is therefo re presum ed th a t  th e  in itia tio n  o f tran s la tio n  o f subun it-6  s ta r t s  after 
being processed to  a sh o rte r  t r a n s c r ip t  (probably  the  3000 nucleotides species, w hich is 
predom inan t in Fig. 5.18). It can  n o t  however be ruled o u t th a t  th e  tran s la tio n  o f  both 
subunit-6  and subun it-8  s ta r ts  as a  polycistron ic  m essage sim ilar to  th a t  of p rokaryo tes. 
The ten ta tiv e  ribosom e bind ing s ite  is s itu a ted  a t  such a  long d is tan ce  from the  firs t ATG 
of subun it-8  gene th a t  it  is very  difficult to  specu late  w hether the re  is ye t an o th er 
m echanism  (or o the r sequences) for ribosom e bind ing during m itochondria l tran s la tio n .

The occurrence of an 600-800 bp tra n s c r ip t  from  dow nstream  of th e  Oli-2 region is very 
interesting . T he sequence analyses fro m  th is  region (F ig .5.23) show s th a t  few 20 b p  G + C  
rich clusters occur w ith in  th e  1.7Kb E co R  1 fragm ent. T he occurrence of sim ilar sequences 
on tw o sides of the  250 bp and 447 b p  Hpail fragm ents is sim ilar to  the s tru c tu re  o f the 
term inal repeats of tran spo sab le  e lem en ts . If these sequences are transposab le  like ele
m ents, it is possible th a t  they  ex e rt th e ir  regu la to ry  effect on the neighbouring s tru c tu ra l  
gene in the  sam e way the  tran sp o sab le  elem ents do after th e ir in te g ra tio n  in to  a  new  site. 
T his m ight also explain why th is  p a rtic u la r  region is missing in  th e  hom ologous p a r t  of
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Figure 5.23. DNA sequence of the 1.70 Kbp EcoRl fragment.
The sequence starts from the EcoRl site within the 01i2 gene. Dotted portion 
of the fragment has not been sequenced. The regions between the nucleotides 
3680-3730 and 2920-3000 have been taken from the data of Macino & Tzagoloff 
(1980). The sequence shown is that of the nontranscribed strand.
*** indiates the termination codon. Ochre. Four URFs (URF I, URF II, the 
tentative URF for mit-175 and URF III) have been indicated. Note that URF I 
and URF II donot have the initiation codon (ATG) within the sequence shown. 
Terminal repeats have been coloured.

O L I  2 |

GluPheAlalleGlyllelleG1nSerTyrVaITrpThrIleLeuThrA1aSerTyrLeuLysAspThrLeuTyr 
GAATTCGCTATTGGTATTATCCAATCTTATGTTTGACTTATCTTAACAGCATCATACTTAAAAGATACATTATAC 
2570 2580 2590 2600 2610 2620 2630 2640

EcoRl

LeuHis***
TTACATTAAATTATAAAATAAAAATTATATAAAAAAAAATATAATAATAATAATAATATAAAATAAAAAAATAAA

2650 2660 2670 2680 2690 2700 2710

AAATAAAACAATGAAAAAACAAAATTTAAATTCTATTTTATTAATTGTATATTAATTATATTATTAATTATTTAA 
2720 2730 2740 2750 2760 2770 2780 2790

TAATATTCATAAAATCAATTAAAAAGACTAGATTATAGATATGATATATATATAATTTTAATAAATAATATACTA 
2800 2810 2820 2830 2840 2850 2860

TGTTTTATTAAATGAGATAATAATAAAATTTTATTATTATTAGATATATATTATAATGTATTATATAACTATCAT 
2870 2880 2890 2900 2910 2920 2930 2940

AAACAACGTACACCTATATCTAATAAAAGATTAATAAATTCAAAAAATATTATAGTT--------------------
2950 2960 2970 2980 2990 3000 3010

(88 ♦ aminoacid) URFI
GlyThrP roGlnGlyAspTyr LysLeuLeuTyrThrTyr PheTyrIleLeuAsnLysMetLysMetGluMetAsp 

CCGGAACCCCGCAAGGAGATTATAAATTATTATATCTTTATTTTTATATTTTAAATAAAATAAAAATAGAAATAG

3020 3030 3040 3050 3060 3070 3080 3090
Hpall Terminal repeat
AsnTyrAsnAsnAsnAsnAsnAsnlleSerLeuLysTyrAsnGluLeuLeuLysAsnlleMetAsnAsnLeuAsn 

ATAATTATAATAATAATAATAATAATATTTCATTAAAATATAATGAATTATTAAAAAATATTATAAATAATTTAA 
3100 3110 3120 3130 3140 3150 3160

TyrLysLeuSerAsnlleGluThrAsnLeuSerAsnAsnPheTyrLeuMetAspLysTyrLeuIleAsnLysTyr 
ATTATAAACTATCTAATATTGAACTTAATTTATCTAATAATTTTTATTTAATAGATAAATATTTAATTAATAAAT 
3170 3180 3190 • 3200 3210 3220 3230 3240

MetLysTyrLeuValProGlyProAlaArgArgMetTyr *•* 
ATATAAAATATTTAGTCCCGGGACCCGCAAGGAGAATATATTAAATATAATTCCTAATAATTATATATTTAATAA

3250 3260 3270 3280 3290 3300 3310
Hpall Terminal Repeat

TATTAATTATAAAGCGTAAATTAAATATTAAAACACTATTAGATTTAAATAATAATGAATTTTATGATTATTTAT 
3320 3330 3340 3350 3360 3370 3380 3390

CAGGGCTTAATTGAACCCTGATGGC'T'7ATATTGCTCCTAAAGGCTATTACAATTCTAAATCATGCCTAATGATGT
3400 '<410 3 4 2 0  " < 4 3 0  1 4 4 0  3 4 5 0  1 4 6 n



ATTAAATACTATCTTTATTAATAAAGATTAAAATAGTATTT-------------------------------------------------------------
3470 3480 3490 3500 3510 3520 3530  3540

3550 3560 3570 3580 3590 3600 3610

---------------------------------------------------------------------- AAATTACCTAT
(72 + aminoacid URFII)______

3620 3630 3640 3650 3660 3670 3680 3690

TAAAAATATTATAATTCCCGAACCCGACCACAGAAACCGGGAACCCCGCAAGGAGATATTAAAAATAATTATTGA

3700 3710 3720 3730 3740 3750 3760
Hpall Terminal repeat

TTAGCTGGTTTTACAGCTGCAGATGGTTCTTTTTTATCATCTATATATAATCCTAAAGATACATTATTATTTAAA
______  Met__________ (mit-175 (?) URF)

3770 3780 3790 3800 3810 3820 3830 3840
PstI

GATATAAGACCTAGTTATGTTATTTCACAAGTTGAAACACGTAAAGAATTAATCTATTTAATTCAAGAATCTTTT
_____ «»*. (End of URFII)

3850 3860 3870 3880 3890 3900 3910

GATTTATCTATTTCTAATGTTAAAAAAGTTGGTAATAGAAAATTAAAAGATTTTAAATTATTTACCAGAACTCTT 
3920 3930 3940 3950 3960 3970 3980 3990

GATGAATTAATAAAATTTATTTATTATTTTGATAAATTTTTACCTTTACATGATAATAAACAATTTAATTATATT
Met (66 aminoacid URFIII1

4000 4010 4020 4030 4040 4050 4060

AAATTTAGATTTAATCTATTTATTAAATCATATAATTGAAATAATAGAGTCTTTGGTTTAGTATTATCTGAATAT 
4070 4080 4090 4100 4110 4120 4130 4140

ATCAATAATATTAAAATTGATAATTATGATTATTATTATTATAATAAATATATTAATATACATAATGCACGTAAA 
4150 4160 4170 4180 4190 4200 4210

CCTAAAGGATACATTAAAT^ATTAATTATCCTTACTATTATAATTATTCTATATATTATATATAAAAATAAATAT 
URFmit-175 (Ochre^»»» (End of URFIII)

4220 4230 4240 4250 4260 4270 4280 4290

a t a a a a t t t t a t a a t a c a a a a a g a a t t c
4300 4310 ______

EcoRl

Note that the  numbers below  the sequ e n ce  are  a r b i t o r y  a s  the  number o f
n u c le o t id e s  i n  the nonsequenced  r e g i o n s  o f  the  DNA i s  not c o r r e c t l y  known.



a t t a a a t a c t a t c t t t a t t a a t a a a g a t t a a a a t a g t a t t t -------------------------------------------------------------
3470 3480 3490 3500 3510 3520 3530 3540

3550 3560 3570 3580 3590 3600 3610

--------------------------------------------------------------------------------------- A A A T T A C C T A T

(72 + aminoacid URFII)______
3620 3630 3640 3650 3660 3670 3680 3690

TAAAAATATTATAATTCCCGAACCCGACCACAGAAACCGGGAACCCCGCAAGGAGATATTAAAAATAATTATTGA

3700 3710 3720 3730 3740 3750 3760
Hpall Terminal repeat

TTAGCTGGTTTTACAGCTGCAGATGGTTCTTTTTTATCATCTATATATAATCCTAAAGATACATTATTATTTAAA
______  Met___________ (mit-175 (?) URF)

3770 3780 3790 3800 3810 3820 3830 3840
PstI

GATATAAGACCTAGTTATGTTATTTCACAAGTTGAAACACGTAAAGAATTAATCTATTTAATTCAAGAATCTTTT
*««, (End of URFII)

3850 3860 3870 3880 3890 3900 3910

GATTTATCTATTTCTAATGTTAAAAAAGTTGGTAATAGAAAATTAAAAGATTTTAAATTATTTACCAGAACTCTT 
3920 3930 3940 3950 3960 3970 3980 3990

GATGAATTAATAAAATTTATTTATTATTTTGATAAATTTTTACCTTTACATGATAATAAACAATTTAATTATATT
Met (66 aminoacid URFIII1

4000 4010 4020 4030 4040 4050 4060

AAATTTAGATTTAATCTATTTATTAAATCATATAATTGAAATAATAGAGTCTTTGGTTTAGTATTATCTGAATAT 
4070 4080 4090 4100 4110 4120 4130 4140

ATCAATAATATTAAAATTGATAATTATGATTATTATTATTATAATAAATATATTAATATACATAATGCACGTAAA 
4150 4160 4170 4180 4190 4200 4210

CCTAAAGGATACATTAAATJATTAATTATCCTTACTATTATAATTATTCTATATATTATATATAAAAATAAATAT 
URFmit-175 (Ochre() ***. (End of URFIII)

4220 4230 4240 4250 4260 4270 4280 4290

ATAAAATTTTATAATACAAAAA GAATTC
4300 4310 ______

EcoRl

Note tha t  the  numbers below the  sequence  a re  a r b i t o r y  a s  the  number o f
n u c le o t id e s  in  the non sequenced  r e g i o n s  o f  the DNA i s  not c o r r e c t l y  known.



the m t-DN A in JM 6 . N onetheless, they  m ig h t well be th e  processing signal fo r transcrip 
tion. In th e  absence of any d irec t ex p erim en ta l evidence, it would be p re m a tu re  to  sup
port one hypothesis o r the  oth'er.



- 179 -

Chapter-0

Secondary and tertiary structure of the proton conducting F0 part of mito

chondrial ATP  synthase

INTRODUCTION

Combined genetic  and m olecular analysis  o f various com ponen ts  of the  p ro ton  tran s lo ca t
ing A T Pase in th e  m itochondria  have p rov id ed  m ainly th ree  k inds of in fo rm ation . F irs t, 
the prim ary  s tru c tu re  (vis a vis am inoac id  sequences) o f different subun its  o f th e  A T P  
synthase have been revealed. Secondly, th e  sites of m u ta tio n s  involving bo th  d rug  resis
tan t sites an d  s ites  involving th e  k inetics o f enzym e reac tio n  are know n. T h ird ly , the  evo- 
lutionarily conserved sites in th e  protein, (and  consequen tly  functionally  im p o rta n t)  have 
been defined. All th is  in form atio n  is q u ite  helpful in its  ow n righ t, in order to  u nd erstand  
some of th e  basic  characte ris tics  of such  a  com plex energy  conserving system . B ut such 
details as to  how  different su bu n its  o f th e  com plex in te ra c t w ith  each o the r and how they 
are spatially  o rien ted  in a  th ree  d im ensional s tru c tu re  w ith in  the  m em brane and also the ir 
in teraction  w ith  different drugs during o x id a tiv e  p h o sp ho ry la tio n  are n o t know n. T his is 
mostly due to  th e  lack of d a ta  on in d iv id ua l subun its  o r th e  com plex as a whole, or the ir 
three d im ensional s tru c tu res  by x-ray cry sta llo g rap h y  o r electron  density  m apping or by 
other physical m ethods. O th er facto rs, e.g. con tro versy  regard ing  th e  num ber of com 
ponents co n s titu tin g  the  com plex, th e  s ta te  of the ir s tru c tu re s  a t  different physiological 
conditions, th e ir  in vivo dynam ics an d  th e  in te ra c tio n  of all these com ponents in the  
m em brane have n o t been settled .

The purpose o f th e  present ch ap te r how ever, is to  d iscuss the  secondary  and  te r tia ry  
s tructure o f th e  different com ponents o f th e  F0 com plex in  the  m itochondria l m em brane 
solely on th e  basis  of theoretical p red ic tio n  m ethods, a id ed  by som e ex perim en ta l evidence 
obtained from  hom ologous subun its  from  o th e r  organ ism s. T his m ay help to  in te rp re t the 
probable m echanism  of drug in te ra c tio n  (e.g. oligom ycin  and ossam ycin) and  p ro ton  
translocation  across the  Fa sector of th e  O .S . A T P ase com plex.
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Membrane proteins involved in proton translocation

It has already been m entioned th a t  the  F0 p a r t  o f  th e  m itochondria l A T P  sy n th ase  con
sists of m ainly three subun its: su bu n it-6 , su b u n it-8  and subun it-9 . P a rtic ip a tio n  of o th e r  
subun its could not be ruled o u t ,  a t  least in physio logical s ta te s  o f the organelle. A bias 
tow ards th ree subun its  has p ro b ab ly  stem m ed from  the work on bacteria , w here it has 
been found to  have only three : su b u n it-a , su b u n it-b , and subun it-c . S ub un it-a  is hom olo
gous to  subunit-6 ; subun it-c  is hom ologous to  su b u n it-9 . S ubunit-b  and su b u n it-8  are  
s tru c tu ra lly  so different th a t  th e y  ap pear to  serve different functions. However, as will be 
discussed la te r in th is  chap ter, th e y  have som e s tro n g  analogous features.

It is na tu ra l th a t  the p ro kary o tic  co u n te rp a rt o f A T P  syn thase  could be much sim pler in 
com parison to  a eukaryotic  one - as experienced in  o the r biochem ical processes. So th e  
claim th a t  o the r subun its like coupling  F ac to r-B  (S anad i, 1982), Fa (K anner et al, 1976; 
Racker, 1979) p a rtic ip a te  in F l .F a complex a c tiv ity  can no t be ruled o u t. R ecently  th e  
Fs from bovine heart m ito ch o nd ria  has been sequenced (Fang  et al, 1984) and th e  s tu d y  
indicates th a t  the  pro te in  has tw o  strong  h y d ro ph ob ic  regions w ith  the sca tte re d  charged 
polar am ino acids, a ch a rac te ris tic  featu re o f th e  m em brane associated  p ro te in . T h ere  
m ight be even more factors, as experienced in o u r  m u ta tio n  m it-175, w here y e a st cells 
cannot grow on non-ferm entative glycerol m edium , b u t have all th ree  subun its, m en tioned  
above in F0.F l complex. How ever, in th is  c h a p te r  I shall consider only th ree su b u n its  
(subunit-6, 8 & 9) for which ex tensive  sequence d a ta  are  availab le , to  p red ic t th e ir  m em 
brane conform ations and the ir p ro b ab le  drug b in d ing  sites.

MATERIAL AND METHODS

Sources of amino acid sequence data

P rim ary am inoacid sequence d a ta  for subun it-6  an d  subun it-8  o f the yeast S. ccrevistae  
have been deduced from DNA sequence analyses (See chapter-5). A m inoacid sequences for 
subunit-9  have been tak en  from  M acino and T zagoloff (1979), Sebald et al (1979) and
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Sebald and H oppe (1981). Am ino acid sequences for su b u n it-6  and subun it-8  (or 
corresponding hom ologous O R F s) have been tak en  from  following references:

Human (A nderson et al, 1981), Bovine (A nderson et al. 1982), M ouse (Bibb et al, 1981), 
Rat (G rosskopf & F eldm an, 1981), Drosophila m elanogaster  (de B ru ijin , 1983), D. 
yakuba (C lary 8c W olstenholm e, 1983), Aspergillus nidulans (G risi et al, 1982; N etzker et 
al, 1982), A . am stad ium  (Lazarus & K untzel, 1981), N eurospora crass a (M orelli & 
Macino, 1984). A m inoacid  sequences for su b u n it-a , subun it-b , and  subun it-c  o f E. coli 
has been tak en  from  W alker et al (1984).

Prediction basis of secondary and tertiary structure

Chou & F asm a n ’s m ethod o f pred ic tion  of secon dary  s tru c tu re  o f a  p ro te in  has been used 
extensively for a  large num ber of p ro teins and has been show n to  be successful (C hou 8c 
Fassm an, 1978). T h e ir  p red ic tion  m ethod is based on some d a ta  derived from  s ta tis t ic a l  
analyses of x -ray  cry sta llog raph ic  s tud ies of 29 g lo b u la r p ro teins. F rom  a se t of va lues 
obtained for a  p a rtic u la r  am inoacid  in th e ir  p ro p e rty  of a-he lix , (1-sheet, (3-turn and ra n 
dom coil fo rm atio n , they have proposed som e em pirical rules w hich can be used to  p red ic t 
the secondary s tru c tu re  of a  p ro tein . However, it  h as been p o in ted  o u t (W oo tton , 1974; 
Green 8c F lan ag an , 1976; F u rth m eyer et al, 1978) th a t  th is m ethod  can n o t be applied  to  
all proteins, especially  the  hydrophobic m em brane p ro teins (Sebald  8c Hoppe, 1981; M ao 
et al, 1982). As th e  F0 p a rt  o f the  O.S. A T P ase com plex is m ade up of m ainly hyd ropho
bic proteins, C h o u  8c F asm a n ’s m ethod could no t b e  em ployed d irec tly  to  these pro te in s. 
Therefore I have  used the  hydrophobic ity  profile o f the p ro te in s, com plem ented by a  
slightly modified form  of C hou  8c F asm a n ’s m ethod as a p redic tive basis of th e  secondary  
and te rtia ry  s tru c tu re  of the  F0 com ponents.

Hydrophobicity Profile

The hydrophobic ity  profile of a  p ro tein  is generally  generated  by ca lcu la ting  an average 
"hydropathy" v a lue  o f a sh o r t chain  of am inoacids along a s trin g  of polypeptides. T h e
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T A B L E  6.1 C onform atio nal p a ra m ete rs  (P n and P g) o f 20 am inoacids based on th e  resi
dues in the a-h e lix  and p-sheet regions o f 15 p ro teins (C hou & F asm an , 1974). S ym bols to  
assign am inoacids as Form ers, B reakers, and Indifferent for helical and P-Sheet co n fo rm a
tion  are as in te x t t

Helical
residues r n Helical

assignm ent
P-Sheet
residues

p-Sheet
assignm ent

Glu 1.53 H„ M et 1.67 tfpAla 1.45 Hn Val 1.65 HpLeu 1.34 Hn He 1.60 HeHit ' 1.24 A„ Cys 1.30 ApM et 1.20 A,. T yr 1.29 ApG in 1.17 hn Phe 1.28 ApT rp 1.14 A„ G in 1.23 ApVal 1.14 A„ Leu 1.22 ApPhe 1.12 hn T hr 1.20 ApLys 1.07 L T rp 1.14 ApHe 1.00 Ala 0.97 /pAsp 0.98 «„ Arg 0.90
T hr 0.82 i(t Gly 0.81Ser 0.79 •« Asp 0.80 *3Arg 0.79 Lys 0.74 ApCys 0.77 xu Ser 0.72 ApAsn 0.73 6, Hit ' 0.71 ApT yr 0.61 a„ Asn 0.65Pro 0.59 Pro 0.62 ApGly 0.53 Gl u 0.26

t  C onform ational param eters  given in th is  tab le  have la te r  been corrected  by C hou & F as
m an (1978) on th e  basis of m ore d a ta  from  32 proteins.
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T a b le  6 .2  C o n fo rm atio n a l p a ram eters  (P n and P^) o f 20 am inoacids based on th e  resi
dues in the a -h e lix  and P -sheet regions of 29 proteins (C h o u  & F asm an , 1978). Sym bols to  
assign am inoac ids as Form ers, B reakers, and Indifferent for helical an d  p -sheet conform a
tion are as in te x t.

a -R es id u es  Pa Helical
assignm ent

P-R esidues P-Sheet
assignm ent

Glu 1.51 Hn Val 1.70 H„M et 1.45 Hn lie 1.60
Ala 1.42 H„ T yr 1.47
Leu 1.21 Hn Phe 1.38
Lys 1.16 K T rp 1.37
Phe 1.13 hn Leu 1.30
G in 1.11 K Cys 1.19
T rp 1.08 K T hr 1.19
lie 1.08 Gin 1.10
Val 1.06 M et 1.05
Asp 1.01 Arg 0.93
Hit 1.00 Asn 0.89
Arg 0.98 H it ' 0.87
T h r 0.83 Ala 0.83
Ser 0.77 Ser 0.75 *BC ys 0.70 »» Gly 0.75 *BT y r 0.69 Lys 0.74 *»Asn 0.67 Pro 0.55
P ro 0.57 B„ Asp 0.54 B i>G ly 0.57 Ba Glu 0.37
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T a b le  6 .3  C onform ational param eters  (P a an d  P 0) of 20 am inoacids based on th e  
m odifications suggested in the present s tu d y . See tex t for the  groundof m odification. S ym 
bols to  assign am inoacids as Form ers, B reakers, and  Indifferent for helical and 3 -sh ee t 
confo rm ation  are as in tex t.

« -R esidues Pn Helical
assignm ent

3 - R esidues 3-Sheet
assignm ent

C/u 1.6 Val 1.6 HaM et 1.6 Ha lie 1.6 HoAla 1.6 Ha T y r 1.6 H*Leu 1.6 H* P h e 1.2Lya 1.2 T rp 1.2 *»Phe 1.2 *„ Leu 1.2 *BG in 1.2 *,. C ys 1.2 *0T rp 1.2 *„ T h r 1.2 *0lie 1.2 *„ G in 1.2 *0Val 1.2 *„ M et 1.2 *0Asp 1.0 Arg 0.8Hia t.O /„ A sn 0.8 *0Arg 1.0 Hia 0.8 .0T hr 0.8 A la 0.8Ser 0.8 Ser 0.7 *0Cys 0.8 G ly 0.7 40T yr 0.7 Lya 0.7 40Asn 0.7 6„ P ro 0.5 fl0Pro 0.5 Aap 0.5 fl0Gly 0.5 Glu 0.5 B0
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"hydropathy" value for a g iven am inoacid  can be ca lculated  fro m  its  tran sfe r o f free 
energy (A G 0) on th e  basis o f its  p a r t i t io n  of coefficient b e tw een  w ater and  a  non
in teracting , iso tropic phase (N ozaki & T an fo rd , 1971; Hine & M ookerjee, 1975). E th an o l 
has been used as th e  choice o f a  so lven t, as it  has been assum ed to  be a n eu tra l an d  non
in teracting  agent a n d  is a phase resem bling the in te rio r of a p ro te in  (N ozaki & T an fo rd , 
1971). Von Heijne (1981) has used such e s tim a ted  values (free energ ies of tran sfe r o f resi
dues originally in a  helix in w a te r to  a  helix in a non-polar phase lack ing  hydrogen bond
ing capacity) to  g e n e ra te  a  com puter p rogram  which could p lo t h yd ro ph ilic ity  and  hydro- 
phobicity of a  p ro te in  along its  am inoacid  sequences. However, i t  has been suggested  
(Kyte & D oolittle, 1982) th a t  e thanol m ig h t not fulfil the  c r ite r ia  of an  ideal iso trop ic  
non-in teracting p hase  and re ta in s  m any o f th e  unp red ic tab le  p ecu liarities  of w a te r itself. 
The la tte r  w orkers, therefo re , have used w ater-v apou r tran sfe r free energies (H ine & 
M ookerjee, 1975) as an  a lte rn a tiv e  index o f hy d ro pa thy  of am inoac ids w hich ca lcu la te s  
transfer free energies o f am inoacid  side-chains betw een an aqueous so lu tion  and th e  con
densed vapour. T h e  hydrophobic p lo t o f p ro te in s used in th is  s tu d y  is based on th is  la te r 
data, using a co m p u te r p rogram  H Y D R O PL O T , based on the  a lg o rith m  of K yte & D oolit
tle (1982).

Prediction of a-helix and P - sheet

A com puter p rogram  has been devised for th e  pred ic tion  of a -he lix  an d  (i-sheet fo rm a tio n  
probability of a  p ro te in  along its  am inoacid  sequences. T he p ro g ram  has the  o p tio n  of 
using any one of th re e  tab les of a-he lix  an d  |i-sheet co nfo rm ation  p o ten tia l (P a and  P  ̂
respectively) of 20 am inoac ids (T able 6.1, T ab le  6.2 and T ab le  6.3 respectively). T ab le  6.1 
describes the  original values o f Pn and P  ̂ o f 20 am inoacids developed by C hou & F asm an  
(1974). T able 6.2 is th e  revised one p roduced  by th e  sam e au th o rs  based on 29 p ro te in s. 
Table 6.3 is a m odified tab le  proposed by the  presen t au tho r. T he reason for th is  
modification will be described in  the resu lts  section  o f th is  ch ap te r. T he a lg orith m  of the  
com puter program  is given in  the  append ix  of th is  thesis. T he p ro g ram  uses a  m oving
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segm ent approach  th a t  co n tinuou sly  determ ines th e  av erag e  P a and P p w ith in  a segm ent 
o f predeterm ined length  as it  advances th rough  th e  sequences. T he consecutive scores are 
p lo tted  from th e  am ino  to  th e  carboxy term inus. A t th e  sam e tim e, a  mid po in t line is 
p rin ted , th a t  corresponds to  the  p ro b ab ility  value o f 1.0 depicting  th e  fact th a t  values 
below th is line b reak  the co n tin u ity  o f a-helix  or (i-sheet. Secondary s tru c tu re  p red ic tio n  
will utilise bo th  th is  p rogram  and o the r em pirical ru les proposed by C hou & F asm an  
(1978). A ssignm ent o f a -h e lix  and (3-sheet po ten tia l o f a  given am ino acid is sim ilar to  
th a t  of C hou 8l F asm an  (1978):

Helical assignm ent: Ha, s tro n g  a  form er; hn, a  form er; Ia, weak a  form er; in, a  
indifferent; 4n, a  b reaker; B n, s tro ng  a  breaker.

P -sheet assignm ent: stro n g  B form er; h^, p  fo rm er; Tjj, weak p  form er; ip, P
indifferent; ip, p  b reaker; B p, s tro ng  p  breaker.

Representation of three dimensional structures of helices

T hree  dim ensional s tru c tu re s  of helices can be rep resen ted  by tw o dim ensional p rojec
tions which are called "helical wheels" (Schiffer & E d m u n d so n , 1967). In th is  m odel, the 
successive Ca- a to m s in a helical p ep tide  would, in p ro jec tio n  dow n the  helical axis, lie on 
a  circle w ith successive positions ro ta te d  by 100°. Lines o r spokes em anatin g  from  the 
cen tre  of the  circle and passing th rou g h  the  Cn position s w ould show th e  projec ted  direc
tio n  of the am inoacid  side chain , giving the  ap pearan ce  o f a  helical "w heel". As on aver
age, only 3.6 residues per tu rn  of an  helix can ex ist, th e re  would be only 18 unique C 
po in ts separa ted  by 20°. O n  the  basis of n e u tro n -sca tte rin g  experim en ts and electron  den
s ity  m ap of bacterio rhodopsin , E ngelm an and Zacci (1980) ind icated  which helical faces of 
th is  p rotein  rem ain  in co n tac t w ith  the  lipid bi-layer. B ecause m ost m em brane proteins 
like bacterio rhodopsin  are an  "inside-out" p ro tein  in  c o n tra s t  to  the  s tru c tu ra l  o rgan isa
tio n  of soluble p ro te in , they found o u t th a t  charged an d  p o la r residues were d is trib u ted  on 
th e  in terior faces exposed to  the  p ro te in  while the  s tro n g ly  non-potar groups were on the 
ex terio r faces associated  w ith  the  lipid bi-layer o f th e  m em brane. O n  the  basis of th is



-187-

Table 6.4 The membrane-buried preference parameters for the twenty aminoacids 
calculated from a 1125-residue data base (After Argos et al. 1982)

Normalized 
preference value

Amino
acid

Met (M) 2.96
Leu (L) 2.93
Phe (F) 2.03
lie (I) 1.67
Ala (A) 1.56
Cys (C) 1.23
Val (V) 1.14
Trp (W) 1.08
Thr (T) 0.91
Ser (S) 0.81
Pro (P) 0.76
Tyr < Y) 0.68
Gly (G) 0.62
Gin (Q) 0.51
Arg <R) 0.45
His (H) 0.92
Asn (N) 0.27
Glu (E) 0.23
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result and  o th e r results for m em brane pro te in s, Argos et al (1982) deduced the  m em brane 
buried preference p a ram ete r for all 20 am inoacids (based on  1125 - residue d a ta  base). 
The sam e au thors  also proposed th a t  am inoacids w ith  m em brane-buried  preference 
param eters  less th a n  1.0 (T ab le  6.4) w ould tend  to  cluster on  one side of a helical wheel 
and, on th e  basis of th is, th e  lipid facing and p ro te in  facing helical sides can be inferred.

To exam ine the th ree d im ensional s tru c tu re  of the  helices o f the  F0 com ponents w ith in  
the  hydrophobic m em brane en v iro nm en t an d  to  app ly  th em  in in te rp re ta tio n  of p ro ton  
channel confo rm ation  and d rug  in te rac tio n , th e  predic tive m ethod  of Argos et al (1982) 
has been used  in the p resen t s tu d y .

RESULTS

Secondary structure of bacteriorhodopsin

B acterio rhodopsin , a  ligh t-d riven  p ro to n  tran slo ca tin g  m em brane p ro te in  o f halophilic 
bacteria, is a relatively  well und erstood  p ro te in  for which different physical d a ta  (based 
on x-ray cry sta llog rap hy , e lectron  m icroscopy and CD sp ec tra l studies) and biochem ical 
d a ta  (involv ing prim ary  s tru c tu re , p ro teo ly tic  deg rad a tio n  p roducts) are know n (H ender
son, 1977; Long et al, 1977; O vchinn ikov  et a /,1979; E ngelm an et al, 1980). W hen th is 
protein  w as analysed for its  secondary  s tru c tu re  based on C hou & F asm a n ’s m ethod, 
using tab le  6.2, it is found to  o ve rp red ic t p -s tru c tu re  (Fig. 6.1) and a  s im ilar resu lt is 
obtained w ith  the  tran sm em b ran e  segm ent of h um an  e ry th ro cy te  glycophorin  (Fig. 6.3). 
X-ray cry sta llog raph y  and CD spectra l analyses show 75-80%  a-helix  co n ten t for bac
terio rhod opsin  (Engelm an et al, 1980) an d  ab o u t 96-100%  of helicity for the  tran sm em 
brane segm ent of g lycophorin  (M arvin  & W achtel, 1975; F u rth m ay r et al, 1978). From  
tab le 6.8 a n d  Fig. 6.1 and 6.3, i t  is ev id en t th a t  C hou & F asm a n 's  pred ic tion  rule p redicts 
only 52%  an d  47%  of a -h e lix  for the  above tw o pro te in s respectively which undoubted ly  
overp red icts P -s tru c tu re . For th is  reason  an  em pirical approach  of m odifying th e  values 
for Pn and of T able 6.2 (T ab le  V o f C hou  & F asm an, 1978) has been adopted . From
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ORGANISTI . r ta la b «o t«r it i»  

PROTEIN . R K o d o ^.i- ALPHA HELIX AND BETA SHEET PLOT

Fig. 6.1
red line (a-helix) 
blue line (g-sheet)

F i g .  6 .2
red  l i n e  ( a - h e l i x )
b lu e  l i n e  ( g - s h e e t )
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red line (a-helix) 
blue line (ß-sheet)
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T able 6.2 it  is ev iden t th a t  P a values for th e  stro n g  a-fo rm er leucine (Helical assignm ent 
is 1.21 while, being a  m o d era te  (3-former (Ap) it  has a value of 1.30. S im ilarly , t ry p to 

phan  and phenyl alanine b o th  being m od erately  a  and (3-formers in  the ir assignm ent (An 

and Ap, respectively) have been  given a  value of Pn (1.08 & 1.13) and  P p (1.37 and 1.38) 
respectively, which again  show s a d iscrepancy in  th e  values, due to  th e ir  s ta tis tica l deriva
tion  from  soluble g lobular p ro te in s. It is also noticeab le th a t  stro n g  a-fo rm ers  (G lu, M et, 
Ala and Leu) have Pa values o f  (1.51, 1.45, 1.42, 1.21) respectively, w hile strong  (3-formers 
(Val, lieu, T yr) have Pp va lues of (1.70, 1.60, 1.47) respectively. A sim ilar d iscrepancy is 
also found in th e  value of k n a n d  Ap. T hese values therefo re ov e rp red ic t P 0 in com parison 
to  Pn in a given segm ent of p ro te in , especially if it  is hydrophobic in  ch aracte r.

To m inim ise th is  ove rp red ic tio n , I have changed the  values of P a and  P p, solely on an 
em pirical basis, as given in T a b le  6.3, on the  a rg u m en t th a t Pn and Pp values of all s trong  
a-fo rm ers  (Ha) and  stro n g  (3-form er (Pp) should  be th e  sam e. S im ilarly , all m odera te  a -  
form ers (Aie) and (3-former (Ap) should  have th e  sam e values and so on. T he values for Hn 
or //p, kn or Ap, l n or /p, in or i(3, or 6p, B n or B 6 were de term ined  em pirically  from  the 
app ro x im ate  average values for P p assignm ents. O n  the  basis of th e  above values of P n 
and Pp (T ab le  6.3) when bacte rio rho d o psin  and in te rm em bran e segm ent of glycophorin 
are ca lcu lated  for the ir a -h e lic ity , they produce a  value of 82%  an d  90%  respectively 
which are closer to  ex perim en ta lly  de term ined  values of (75-80% ) an d  96%  respectively, 
(T able 6.8).

F ig.6.5 d em o n stra tes  the  hyd ro p h ob ic ity  p lo t for bacterio rhodopsin  whose seven hydro- 
phobic segm ents are clearly m a tch ed  w ith  th e  seven a -he lix  regions. A sim ilar resu lt was 
ob ta ined  for glycophorin . T h e  helix boundary  and (3-turn and random  coil in the  p ro te in  
were de term ined  using the  Pt va lues ((3-turn p robab ility  of am inoacids) and o the r rules 
which have been described in d e ta il by C hau  & F asm an  (1978) (d a ta  n o t shown). O n  the  
basis of the  hyd rophobic ity  profile and a m odified C hou & F asm a n ’s a -he lix  and (3-sheet 
plot, a  model for bac te rio rh od o p sin  was genera ted  (Fig. 6.6) which is m ore or less sim ilar 
to  th e  one described by H ngelm an et al (1980), based on physical and biochem ical d a ta .
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H ig u r e  8.5 S uperim position  of th e  secondary  s tru c tu re  p lo t (a-helix  and fî-sheet plot) on 
the  hydrophobicity  p lo t of bacterio rhodopsin .
T he  analysis shows th a t  seven helical regionacorrespond to  the  prom in en t seven hydropho
bic regions of th is  m em brane p ro te in . E lectron  density  m apping  o f the  X-ray cry sta llo 
graph ic studies have proved these regions to^m em brane buried  helical regions^
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U o n T r  V  P "ed ic.ted  h.eiiJcal p a thw ay  o f bacterio rhod opsin  across th e  m em brane. Prediction has been based on hydrophobic ity  p lo t and m odified p lo t of C hou & F asm an (1978)
labee ,red ,n° , aCV , r qUenCe '* * *  ^  O vchinnikov “  <*'(1979). Seven helices are
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Secondary structure of subunit-6

S tim u lated  by th e  successful p red ic tion  of bacterio rhod opsin  and th e  tran sm em b ran e  seg
m ent of e ry th rocy te  glycophorin for th e ir  secondary s tru c tu re  th e  sam e m ethod was used 
for the  prediction  o f secondary s tru c tu re  o f subun it-6  of the  O .S. A T P ase . Fig. 6.7 shows 
the hydrophobic profile and Fig. 6 .8a (based  on T able 6.2) and 6.8b (based on T ab le  6.3) 
show the a-he lix  an d  (i-sheet profile for subun it-6  of th e  O .S. A T P ase  from  Saccharo- 
m yces cerevisiae.

Seven hydrophobic segm ents of th is  s u b u n it have a s tro ng  a -h e lix  form ing capacity  which 
would be energetically  favourable in  th e ir  in tram em bran e span. Segm ent-2 has a  rela
tively low hydrophobic ity  in  com parison  to  o the r hydrophobic segm ents. T o  find o u t 
w hether these seven hydrophobic segm ents  are com m on to  sub u n it-6  (su bun it-a  in  the  
case of p rokaryotic  E.coli) from  o th e r  o rgan ism s (A. nidulans, D. m elanogaster, D. 
yakuba, bovine, mouse, ra t, hum an), th e  hyd rophobic ity  profiles and a-he lix  and (i-sheet 
p lo ts were com pared. Fig. 6.9 and Fig. 6.10 dep ict the  com parab le hydrophobic profile and 
the ir corresponding a-he lix  and (i-sheet p lo t, respectively. In all cases a  s trin g  of six to  
seven am inoacids was used to  ca lcu la te  th e  average values of th e ir  secondary  s tru c tu re  
conform ations. It is quite clear from  such com parisons th a t  the  p ro te in  subun it-6  of the  
yeast O.S. A T P ase and equivalent su b u n its  in  o ther species are very s im ilar in  the ir secon
dary  s tru c tu re . T he probable boundary  of different hydrophobic segm ents w ith  the  a -he lix  
form ing capacity  o f each segm ent from  variou s organism s is show n in T ab le  6.5. O n  th e  
basis of this, a  m odel for the  subun it-6  o f Saccharom yces cerevisiae  is proposed in Fig. 
6. 11.

In th e  present m odel the  N -term inal end of subun it-6  has been show n to  lie on  th e  m a trix  
side and C -term inal end has been show n to  be on the  periplasm ic side by analogy w ith  
s tud ies on su b u n it-a  of E. coli A T P ase and assum ing th a t  bo th  su b u n its  are hom ologous 
(based on the hom ologies in  the ir p rim ary  and secondary s tru c tu res). Hoppe & Sebald 
(1984) have also reported  th a t  ab o u t 20 am inoacid  residues of su b u n it-a  of E .co li (hom o
logous to  subun it-6  o f eukaryo tic  O .S. A T P ase) could be rem oved pro teo ly tica lly  from  the
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S e c o n d a r y  s t r u c t u r e  c*r -

S tim u lated  by the s -j .-.t * ' : ,

F ig u re  6 .7  H y drophob icity  profile of su b u n it-6  of yeast O .S .A T P ase . A strin g  of nine 
am m o acids were ta k e n  to  ca lcu la te  the  av erage  values for th is  p lo t. Seven hydrophobic 
regions (I-VII) o f th e  p ro te in  are  very clear, w hich are proposed to  be m em brane buried .
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F ig u re  8 .7  H ydrophobicity  profile o f subun it-8  o f yeast O .S .A T P ase. A strin g  o f nine 
am ino acids were tak en  to  ca lcu la te  th e  average values for th is  plot. Seven hydrophobic 
regions (I-VII) of the  p ro te in  are very  clear, which a re  proposed to  be m em brane buried .
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F i g .  6 .8  a
values from Table 6.2

F i g .  6 .8  b
values from Table 6.3
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F ig u re  6 .9  C om parison of hyd ro phob ic ity  profiles of th e  su bu n it-6  (or eq u ivalen t 
subunit) from  various organism s, (a) R a t, (b ) M ouse, (c) H um an, (d) Bovine, (e) D. 
m elanogaster, (f) D. yakuba , (g) A. n idu lans, (h) E. coli (su b un it-a ). T he sequence has 
been p lo tted  along the  horizontal axis and ca lcu la tin g  a s trin g  of nine am ino  acids a t  a 
time. I-VII represent the regions to  be hyd ro phob ic  m em brane buried  regions.

\
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F ig u re  8 .1 0  C om parison  of secondary  s tru c tu re  p lo ts o f subun it-6  (o r eq u ivalen t 
subunit), (a) .4. nidulans, (b) E. coli, (c) H um an, (d) Bovine, (e) M ouse, (f) R a t, (g) D. 
melanogastcr (h) D. yakuba. A s trin g  of 6 am ino ac ids were tak en  to  ca lcu la te  th e  average 
probability  values of a -h e lix  and p -sh ee t s tru c tu res , based on T ab le  6.3
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F ig u re  8 .1 0  C om parison of secondary s tru c tu re  plots o f su b u n it-6  (or equ ivalen t 
subunit), (a) .4. n idulan.3, (b) E. coli, (c) H u m an, (d) Bovine, (e) M ouse, (f) R a t, (g) D. 
melanogastcr (h) D. yakuba. A strin g  of 6 am ino ac id s  were tak en  to  ca lcu late  th e  average 
probability values of a-he lix  and 3-sheet s tru c tu re s , based on T ab le  6.3
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F i g .  6 .1 0  a

F ig .  6 .1 0  b
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Table 6.5 Predicted span of intraraembrane segments of the Subunit-6 from 
various organisms. The predictions are based on both hydrophobicity plots 
and alpha-helix and beta-sheet plots. The percentage of alpha helicity of 
each segment is given within the brackets.

Organism Hdrophobic 
Segment I

Hydrophobic 
Segment II

Hydrophobic 
Segment III

Hydrophobic 
Segment IV

Hydrophobii 
Segment V

S .cerevis iae 25-50 61-86 93-118 120-145 164-189
( 92») ( 80% ) (92%) (100») (100%)

A.nidulans 25-50 59-84 90-115 118-142 160-185
(90%) (65%) (90%) (96%) (95%)

D.melanogaster 6-31 40-65 69-94 96-120 123-148
(96%) (80%) (80%) (90%) (90%)

Bovine 5-30 35-60 66-91 95-120 137-162
(92%) (96%) (85%) (80%) (100%)

E. coli 35-60 67-92 100-125 135-160 178-203
(61%) (70%) (92%) (96%) (84%)

Hydrophobic 
Segment VI

Hydrophobic 
Segment VII

Total number 
of aminoacids

Total percentage 
of alpha-helicity

193-218 225-250 259
(100%) (92%) 83%

188-214 223-248 256
( 80%) (90%) 82%

150-175 194-219 224
( 90%) (100%) 80%

167-192 196-221 226
(96%) (100%) 86%

208-233 243-268 275 82%
(96%) (100%)
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cytoplasm ic side, w ith  su b tilis in . Since the  C -term inus of all th e  hom ologous su b u n its  is 
very hydrophobic, it has been argued by the sam e au thors th a t  th e  N -term inal end is the 
protease susceptib le end a n d  therefore, would be located a t th e  cy toplasm ic side. T he 
model also shows th a t  th e  su b u n it can form  seven helical tran sm em b ran e  segm ents which 
can po ten tially  form  a  p ro to n  pum p sim ilar to  bacteriorhodopsin  (Engelm an et al, 1980). 
A nother charecte ris tic  fe a tu re  of th is model is th a t all acidic charged  residues o f the  
hydrophobic segm ents rem a in  w ith in the m atrix  half of the inner m em brane while m ost of 
the basic charge residues rem a in  w ith in the  o ther half of the m em brane (i.e. tow ards  the  
periplasm ic side). O ne lysine residue (L84) of the  2nd hydrophobic segm ent can  possibly 
lie close to  the  233rd g lu ta m ic  residue ( £ 233)’ the  neighbouring residue of the  OÜ4 m u ta 
tional site ( ¿ 232) ° f  the  7 th  hydrophobic segm ent. This m ight have significance in the  for
m ation of a SchifT base like s tru c tu re  during the binding of oligom ycin , as has been p ro
posed by Enns and C rid d le  (1977). M ost of the conserved regions o f th e  p ro tein  (see Fig. 
5.21, C hapter-5) in th is  m odel (F ig.6.11) rem ain buried in th e  m em brane, except one 
( P 157A G T P 181 in yeast; P Q G T P  in m am m als and insects) which m igh t have som e im po r
tance in in te rac tion  w ith  th e  F ,  com ponents.

Structural conservation of Subunit-6 and it’s probable drug binding sites

From  the hydrophobic p lo ts  and their corresponding a-helix  & (i-sheet p lo t, it is clear 
th a t  subun it-6  from  ev o lu tio n a ry  diverged organism s (such as E .co li, Aspergillus, Sac- 
charomyces cerevisiae, N eurospora, hum an, bovine, mouse, ra t, D rosophila m elanogaster, 
D. yakuba), have seven ch a rac te ris tic  hydrophobic segm ents w ith p o te n tia l a-he lica l s tru c 
tures. T o find o u t w hether th ese  hydrophobic segm ents are conserved o r not, th e  hom olo
gous hydrophobic segm ents from  representatives of each ev o lu tionary  diverged group  (for 
exam ple bovine from  the  m am m alian  group, D. melanogaster from  th e  insect group , A . 
nidulans and Saccharom yces cerevisiae from the fungal g roup , E.coli from  the  
prokaryotes) were com pared  (Fig. 6.12). From  such a com parison it  is ev ident th a t  th e re  
are  few sim ilarities in th e ir  am inoacid com position, b u t nonetheless, boundary  sequences
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PE R IPL A SM IC  SIDE

F ig u r e  8.11 P red ic ted  helical p a th w ay  of th e  su b u n it-6  of yeast O .S .A T P ase . Seven hel
ices are labelled as I - VII. O li2 and Oli4 associa ted  loci have been coloured in red while 
O ss l associated  locus has been coloured in green. C harged  am ino  acids (acidic and basic) 
have been coloured yellow . Blue colour show s the  position  o f in tro n  found in  Neurospora  
subun it-6  gene. T he num ber ind ica tes  th e  position  o f am inoacid  in th e  p ro te in  chain.
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F i g u r e  6 .1 2 .  C o m p a ris o n  o f  a a l n o a c l d  s e q u e n c e «  o f  p r e d ic t e d  s e v e n  e t r a a e m b r a n e  
s e g m e n ts  o f  th e  s u b u n l t -6  f r o m  v a r i o u s  o r g a n is e s .
( 1 )  S . c e r e v l s l a e  ( 2 )  A .  n l d u l a n s  ( 3 )  B o v in e  ( 4 )  D . a e la n o g a s t e r  ( 5 )  E .  c o l l  

I n d ic a t e s  a c i d i c  a m in o  a c i d  r e s i d u e  and * I n d ic a t e s  b a s ic  a m in o  a c i d  r e s i d u e
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o f each segm ent ten d  to  be s im ilar. S im ilar ch arac te ris tics  have been no ticed  by C hou  & 
F a sm a n  (1978) in o th e r  p ro te in s. E xceptions to  th is  are th e  hydrophobic segm ents  V, VI 
a n d  VII, which are m uch m ore conserved, especially  in re la tio n  to  charged am inoacid  d is
tr ib u tio n  and th e ir ne ighbouring  am inoacids.

In teresting ly , all o ligom ycin  re s is tan t m u ta tio n s  have been show n to  lie w ith in  th e  hydro- 
pho b ic  segm ents V and VII (Oli-2 and O li-4 block, respectively; See C hap te r-5 ). C om 
p a riso n  of these segm ents from  E .coli to  th e  o the rs  is very in te resting . T he O li-4 locus, 
w h ich  is due to  a change in the  neighbouring leucine of a  conserved g lu tam ic  acid of th e  
segm en t VII is ab sen t in  E.coli. In fact, a  region of 10 am inoacids of segm ent VII are 
m issing from  the  co rresponding  E .coli hydrophobic segm ent. T h is  could be a  reason  why 
oligom ycin  canno t in h ib it ox id ative  p ho sp hory la tion  in E.coli. A dded to  th is  observa tion , 
is th e  presence of an  isoleucine in place o f a  conserved valine residue (10 residue dow n
s tre a m  of g lu tam ic acid o f hydrophobic segm ent VII) in th e  su b u n it-b  of E. coli. M olecu
la r  analysis from  a m ouse cell line (S lo tt el al, 1983) has revealed th a t  w hen th is  valine is 
rep laced  by a  g lu tam ic  acid, th e  cells becom e oligom ycin re s is ta n t. T herefore b o th  these 
fa c to rs  may have som e b earing  on why E .coli A T P  syn th ase  does n o t bind oligom ycin .

T h re e  o ther in te resting  aspec ts  which em erge from  com parison o f these hyd rophob ic seg
m e n ts  are:

i) T h e  Oli-2 m u ta tio n  s ite  which is on segm ent V is p resen t in E .coli, b u t on  th e  whole, 
h a lf  of th is segm ent is very s im ilar to  the  eu k aryo tic  co u n te rp a rt, while th e  o th e r  ha lf is 
n o t.

ii) H alf of the  hydrophobic segm ent VI from  E .coli is s im ilar to  th e  eu k ary o tic  co u n te r
p a r t .

iii) T he left ha lf o f th e  hydrophobic segm ent VI from  E .co li has som e s im ila rities  
(SLG LR L) to  th e  r ig h t h a lf  of segm ent V from  eukaryotes.

T h ese  discrepancies reflect a  different o rgan isa tio n  o f the  A T P  sy n th e ta se  in E. coli in 
com parison  to  th e  eu k ary o tic  system , despite having sim ilar functio n  of A T P  synthesis.
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O th er po in ts  w hich em erge from  the  su b u n it-6  model are:

a) T he hydrophobic segm ents II and IV a re  com paratively  m ore polar an d  are basic in 
charge.

b) T he hydrophobic segm ents I, III, V, VI a n d  VII co n ta in  less charged am inoacids.

c) T he ossam ycin  re s is tan t locus assigned t o  a carboxyl term ina l conserved charged acidic 
am inoacid (a sp a rtic  acid in fungus and m am m als , g lu tam ic  acid in E .co li and insect) lie 
ou tside the m em brane in all cases.

T he last o b se rv a tio n  is very in te resting  in the  sense th a t  ossam ycin possibly reacts 
direc tly  w ith th is  charged residue in c o n tra s t  to  oligom ycin which ap pears  to  in te ract w ith 
non-polar am inoacids.

S e c o n d a r y  s t r u c t u r e  p r e d i c t i o n  o f  s u b u n i t - 8

T he hyd ro phob ic ity  profiles of su bu n it-8  from  various organism s is show n in Fig. 6.13. 
C h arac te ris tic a lly , fungal subun it-8  (e.g. Saccharom yces  and Aspergillus) shows a strong  
hydrophobic segm ent in  th e  m iddle, in co m pariso n  to  those from insects ( D. melanogaster 
and D. yakuba) and m am m als (bovine, h u m a n , mouse, ra t)  where it is th e  am ino  term inal 
end which is very hydrophobic. S econdary  s tru c tu re  analysis (in term s o f a -he lix  and (i- 
sheet plot) reveals th a t  th e  hydrophobic seg m en t has a  strong  ot-helix fo rm ing  p o ten tia l
ity , w ith th e  exception  of Drosophila, w h ere  the  last few residues of th is  hydrophobic seg
m ent shows a tendency  to  form [1-sheet. T h e  boundaries of hydrophobic segm ents of th is 
su bun it from  variou s organism s and th e ir  ot-helix form ing p o ten tia lity  is show n in T able 
6.6.

a-helix  and (i-sheet p lo t analysis of y east su b u n it  8 using tab le  6.3 shows a s trong  a-helix  
po ten tia lity  (F ig. 6.13a) of ab o u t 85-90%  a n d  th is  conclusion is sup po rted  by CD spectral 
analysis of iso lated  subun it-8  reco n stitu ted  in  lipid vesicles by Dr. Velours. T he CD spec
tra l analysis ind ica tes  a  a-he lix  p o te n tia li ty  of more th a n  85%  which is ex ac tly  sim ilar to  
our p redic tive value (Dr. Velour, persona l com m unication). O n the  basis  of the above
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F ig u re  8 .1 3  C om parison  of th e  hyd ro p ho b ic ity  profiles o f su b u n it-8  from  various o rgan 
isms. (a) S. cerevisiae, (b) A . n idu lans, (c) Bovine, (d) H um an and  (e) D. m elanogaster. 
The sequence has been p lo tted  along th e  horizontal axis a n d ^ a lc u la tin g  a  s trin g  o f 9 am i- 
noacids a t  a  tim e , «



2 0 6 -

ORGANISTI . $, e « r « v l i lM  
PROTEIN . 0. S. A T P ».. 

SUBUNIT • 8
ALPHA HELIX AND BETA SHEET PLOT

------------- ALPHA HELIX
--------------PETA SHEET

Fig. 6.13 a (1)
ref. values from Table 6.2

Fig. 6 . 1 3 a  (2)
ref. values from Table 6.3
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Table 6.6 Predicted span of the intramembrane segment of subunit-8 from 
various organisms. The predictions are based on both hydrophobicity plots and 
alpha-helix and beta-sheet plots. Predicted alpha helicity of the segment is 
given in the bracket.

Organism Span of the Hydrophobic 
Segment

Total number 
of residues

Total alpha 
helicity

S. cerevisiae 7-32
(93.3%)

48 87*

A. nidulans 7-32
(100«)

48 90«

Bovine 6-31
(100«)

66 85«

D. melanogaster 7-32
(70«)

53 74*
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hydrophobic ity  and secondary s tru c tu re  p lo ts , a  te n ta tiv e  model is proposed in  F ig . 6.14 
for subun it-8  o f Saccharom yces cerevisiae.

In th is  m odel, th e  am ino term ina l end (7 th -3 2n d  am i noacid residue) rem ains b u ried  in the 
m em brane an d  the  basic charged ta il rem a in s  exposed to  th e  ex terior b u t th e re  is at 
present no in depen den t su pp o rting  evidence d u e  to  the lack of protease cleavage and 
chem ical m odification  d a ta . Also th e re  is no ev idence w hether the  exposed basic  ta il of 
th is sub u n it lies on the periplasm ic side o r in  th e  m atrix  side of m itochondria . However, 
biogenesis s tu d ies  have revealed th a t  in  th e  lack  o f th is  su bu n it in the yeast Saccharo
m yces cerevisiae, the  o the r su b u n its  fail to  assem ble the F 0 complex and consequently , 
the F , p a rt o f th e  O .S. A T P ase does n o t b ind  to  th e  m em brane (M arzuki et al, 1983). It 
is therefore p ro bab le  th a t  th is  po lar dom ain  b in d s  F t on th e  m itochondrial m a tr ix  side of 
the m em brane.

Is subunit-8 homologous to prokaryotic subunit-b

It is in te re stin g  to  note th a t  su b u n it-b  o f E .co li  A T P  sy th e tase  has a sim ilar p red ic ted  
secondary s tru c tu re  (See Hoppe & Sebald , 1984) to  the  one proposed here for subun it-8 . 
T he secondary  s tru c tu re  of su b un it-b  (H oppe & Sebald, 1984; W alker et al, 1984) has 
been p red ic ted  to  have the N -term inal 26 am in o ac id  dom ain  buried in the m em brane  and 
the rest of th e  125 am inoacids, which are  p o la r in n a tu re , rem ain  exposed on th e  cyto
plasm ic side. T h e C -te rm inal end can  be rem oved  pro teo ly tica lly  (Hoppe et at, 1983) and 
it has also been suggested from  m u ta tio n a l an a ly s is  and F , p ro tec tion  from p ro teo ly tic  
cleavage, th a t  th is  polar dom ain  is involved in  th e  binding of F , (Friedl et al, 1983). The 
prim ary  s tru c tu re s  of these tw o su b u n its , how ever are very different. These co u ld  be a 
reflection of ev o lu tionary  divergence (w hich we have noticed betw een m itochondria l 
subun it-6  and p rokary o tic  su b u n it-a ), ra th e r  th a n  a  functional divergence.

T he longer d om ain  a t  the C -te rm ina l end (125 am inoacid  long) of subun it-b  of E .c o li  has 
been show n to  have a repeat of a s im ilar seg m en t (52-82 and 85-105) (W alker et al, 1982). 
O n the  basis o f th is  it  is facile to  specu la te  th a t  a  m onom er of subun it-b  has tw o  sim ilar
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figure 8.14 P redic ted  s tru c tu re  o f yeast su bu n it-8  in the  m em brane. T he p ro tein  has 
one m em b ran e  spanning helix tow ards th e  th e  N- te rm ina l end. T he ex tended  C- te rm ina l 
end w ith positive ly  charged  am inoacids (red colour) has been placed in  th e  m atrix  side of 
m itochondria .
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functio nal dom ains and th a t  th is  is why s u b u n it-b  is longer (151 am inoacid long) th a n  the 
s tru c tu ra lly  sim ilar subun it-8  (48 to  66 am in o ac id  long, depending on th e  species) of m ito
chondrial A T P  sy n thase . In a functio nal sense therefore, a  dim er of subun it-8  m ay be 
required  to  serve the  function  of a m on om er of subun it-b . The observed anom alous 
m obility  of th e  subun it-8  in SDS gel m ay reflect th is. T he DNA sequence analysis 
(C h ap ter-5 ) and d irec t p ro te in  sequence an a ly s is  (Velour et al, 1984) ind icate  th a t  yeast 
su bu n it-8  has a  m olecular w eight of 5.8 K ilo d a lto n s, b u t it  moves to  a region o f gel cali
b ra te d  to  be 10-12 K ilodalton  (d a ta  no t show n; See M arzuki et al, 1983). T h is  has been 
explained as being due to  the  hydrophobic n a tu re  of the p ro te in  which causes anom alous 
m obility  in SDS gel (M acreadie et al, 1983), b u t  fo rm ation  of a stab le  d im eric species is 
also a  possibility . It is a lready know n (T zago loff &: M eagher, 1971) th a t  su bun it-9 , which 
is also  an  ex trem ely  hydrophobic su b u n it o f th e  O .S .A T P ase, can rem ain  in hexam eric 
form  in the  d en a tu rin g  condition  of th e  SDS gels (W eber &; O sborn, 1969; Lam elli, 1970). 
T he in te rac tio n  o f subun it-8  could be such th a t  th e  dim eric form is no t d issociated  under 
th e  usual conditions of SDS gel e lectropho resis . T herefore it is suggested th a t  su b u n it-b  
of E. coli A T P sy n th ase  and subun it-8  o f m ito ch on d ria l O .S .A T Pase m ay be analogous, 
desp ite  the ir ap p a ren t d issim ilarities.

Structural conservation of Subunit-8

A lthough there is no m arked hom ology be tw een  yeast subun it-8  and p ro k a ry o te  su b u n it-  
b, subun it-8  from  eu karyo tes could be co m pared  w ith  respect to  their ev o lu tiona ry  conser
v a tio n . From  th e  p rim ary  sequence d a ta  it  is ev id en t th a t  th is  p a rticu la r su b u n it has a 
N -term inal nonpolar dom ain  and a C -te rm in a l basic  charged polar dom ain  (See Fig. 5.22, 
C hap te r-5 ). C om parison  also d em o n stra tes  th a t  th e  prim ary sequence is m ore conserved 
w ith in  the sam e phylogenetic group b u t is d iffe ren t from one group to  an o ther. T herefo re  
it is possible th a t  th is  p a rticu la r su b u n it has undergone d ivergent selection pressure while 
re ta in in g  its  secondary  s tru c tu re  co n s ta n t th ro u g h o u t evolution . A pparen t d iss im ila rity  
of E .coli sub u n it-b  w ith eukaryotic  su b u n it-8  could  readily be explained in te rm s o f the
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Figure 6.15 Comparison of the aminoacid sequences of the predicted 
intramembrane segment of the subunit- 8 from various organisms. Predicted 
intramembrane segment of the E. coli subunit-b has also been included in
the comparison. * indicates the charged (basic) aminoac id7 32
Yeast P F Y F M N Q L T Y G F L L M I T L L I L F s Q F L L P7 * 32
Aspergillus P F F F V N Q V I F A F I V L T V L I Y A F T K Y I L P

7 * ★ 32
Bovine T S T W L T M I L S M F L T L F I I F 0 L K V S K H N F7 32
Drosophila P 1 S W L L L F I I F S I T F I L F C S I N Y Y S Y M P1 * 26
E. coli M N L N A T I L G Q A I A F V L F V L F C M K Y V W P
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strong  d ive rg en t selective pressure.

W hen the  com parison o f prim ary  sequence is ta k e n  in to  accoun t for the in te rp re ta tio n  of 
the boundaries  of hydrophobic dom ains, it is o b serv ed  th a t  th e  6th am inoacid residue in 
m ost cases, is proline, a know n a-he lix  b reaker ( th reon in e , «fl o r a-ind ifferen t, in  case of 
m am m als) an d  a t  the 33rd am ino acid residue, an o th er proline or asparag ine  (also  a-  
breaker). T ak in g  these as the boundary  am in o ac id s  of the  in tram em bran e d o m ain , the 
s tru c tu re  o f subun it-8  from  various organ ism s w o u ld  be fairly  co nstan t in respec t to  a-  
helicity. How ever in te rm s of hydrophobic ity , th e  dom ain  of the  13th to  38th  am inoacids 
in Saccharom yces cerevisiae  would be favo u rab le  as the in tram em bran e dom ain  (See Fig. 
6.13). If it is tru e  th a t  boundaries of helical d o m a in s  are very conserved, th en  th e  te n ta 
tive model fo r subun it-8  o f yeast would be very s im ila r  to  o the r organism s and som e am i
noacid residues would be fairly co n stan t in th e ir  position . T o  determ ine experim en ta lly  
the boundary  am inoacids for the  in tram em b ran e  segm ent of th is  subun it, we m u st wait 
for p ro teo ly tic  cleavage and p ho to reac tive su rface  labelling d a ta . Fig. 6.15 d em o n stra te s  
the conserved am inoacids in the ir com parab le h y d ro ph ob ic  segm ents from variou s orgam - 
isms. It is noticeab le th a t  the  sequences are very d iv e rg en t in different groups.

S e c o n d a ry  s t r u c t u r e  p r e d ic t io n  o f  s u b u n i t - 9

Prediction  o f secondary s tru c tu re  of the su b un it-9  o r DCCD binding pro te in  (su b u n it-c  in 
the case o f E . coli) was u n d ertaken  in a sso c ia tio n  w ith  subun it-6  and 8 in  th e  hope of 
be tte r u nd erstan d in g  of oligom ycin and ossam ycin  in te ra c tio n  w ith  the F0 com plex.

Fig. 6.16 an d  Fig. 6.17 depict the  h yd ro p h o b ic ity  profile and a-helix  and 3 -sh e e t plot 
from yeast w hich are com parab le to  those o b ta in e d  from  E. colt (Fig. 6.18 and F ig . 6.19, 
respectively). E vidently , both  have tw o stro n g  hyd ro p ho b ic  segm ents divided by a  polar 
hydrophilic segm ent. B oth hydrophobic segm ents  have  the ab ility  to  span  a  lipid bilayer 
of 35/1° an d  can form a ha irp in  s tru c tu re  (Fig. 6 .20). Different drug re s is tan t s ite s  and 
other im p o rta n t m u ta tio n a l sites were also m a rk e d  in the figure. T he p o la rity  o f th is 
subun it in th e  m em brane has no t been confirm ed d u e  to  lack of d a ta . It is possib le th a t
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S. cerevls iae 
F i g .  6>16

I
i

■ uln l m  m in  m  i m i n  ii ii m l i  m  n i ii h i : i ! i ■ i il i it i ti t ii 1. .. m 
SEQUENCE NO
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1 * ' ' 1 1 1 1 I I ' 1 1 ' ' > “  I ............. I 1 ' 1 11 1 1 1 1 1 I , |  I ' • I , , u  , , !-,

SEQUENCE NO 1-Ll 11 l l 1 ' I

F ig u re  6 .10  H y d ro p ho b ic ity  profile of th e  yeast subun it-9 .
F ig u re  0 .17  H y drophob ic ity  profile o f th e  subun it-c  of E. colt. T he ca lcu la tio ns were 
based on a s trin g  o f  9 am inoacids a t  a  tim e . I and II rep resen ts  tw o  stro ng  hydrophobic 
segm ents which a re  pred ic ted  to  be m em b ran e  buried.
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SUBUNIT . C

F i g . 6 .  19
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Table 6.7. Predicted span of the intramembrane segments of subunit-9 from 
various organisms. Predicted alpha helicity values for each segment are given 
within the brackets.

Organism Hydrophobic 
Segment I

Hydrophobic 
Segment II

Total No. 
of residue

Total alpha- 
helicity

S.cerevisiae 9-34 46-71 76 81%
(77%) (100%)

Neurospora 15-40 54-79 81 79%
(77%) (100%)

Bovine 8-33 45-70 75 78%
(58%) (100%)

E. coli 11-36 48-73 79 87%
(88%) (100%)
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the  m iddle hydrophilic d o m ain , which is a  s tro n g  an tigen ic d e te rm in an t on  th e  basis of 
p redictive analysis, rem a in s  d irec ted  tow ards th e  cy top lasm ic side where F ,  b inds. In E. 
colt, it has been d e m o n s tra ted  th a t  an an tib od y  to  th e  DCCD binding p ro te in  can  p revent 
binding of F , to  th e  Fo1 a s  well as  the leakage o f p ro tons across through th e  m em brane, in 
an  inverted  b u t n o t in a  r ig h t side o u t "vesicle" (Loo & B ragg, 1982), which su p p o rts  the 
assum ption .

a-he lic ity  in the su b u n it-9  of y east is p red ic ted , using the m odified m ethod (tab le  6.3), to  
be 79%  which fits well w ith  th e  ex perim en tally  de term ined  value of 75% -83%  (M ao et al, 
1982). T his is in c o n tra s t to  the  m ethod using C hou & F a sm a n ’s original d a ta  (T ab le  6.2), 
which predicts only 53%  a -h e lic ity . S ubunit-c  o f E. coli gives a p redictive value o f 87%  
a-h e lic ity  using the  m odified values listed  in T ab le  6.3.

Structural conservation of subunit-9 and drug resistant sites

W hen subun it-9  from fou r diverse groups of o rgan ism s (Y east, N eurospora, Bovine and 
E. coli) are com pared, i t  is found  th a t  the ir hyd ro phob ic ity  profile and secondary  s tru c 
tu re  are sim ilar (d a ta  n o t  show n). C o nserv atio n  of am ino acid sequences in  tw o  hydro- 
phobic segm ents are fo un d  to  be m oderate  (Fig. 6.21). From  such com parison of hom ology 
and hydrophobic ity  profile, the  boundary  of th e  hydrophobic segm ents were de term ined  
from four various o rgan ism s, w hich are given in  T ab le  6.7. T h e  boundary  show n for E. 
coli (11-36 and 48-73) is l i t t le  different from  one described by Senior (1982) (15-40 an d  51- 
76). However, the  D C C D  reac tin g  residue, g lu tam ic  acid (a sp a rtic  acid in the  case o f E. 
coli) and the  associated  a lan in e  residue in th e  hydrophobic segm ent-II are  highly con
served th ro ug ho u t ev o lu tio n . All drug  re s is ta n t sites, especially  oligom ycin resistance 
sites, are located su rro u n d in g  th e  acidic charged residue. T h is  indicates th a t  oligom ycin 
does not reac t w ith the  ch arged  residue in th e  m em brane, ra th e r  it binds p robab ly  to  a 
non-polar am inoacid by hydrophobic in te ra c tio n  and blocks the  p ro ton  channel, e ith er 
m asking it d irectly  or by i ts  s teric  m odification.
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F ig u re  6 .2 0  P red ic ted  m em brane span n ing  s tru c tu re  of y e a st subun it-9 . Two m em rane 
spanning helices (I & II) have been show n w ith  th e  O ligom ycin  binding sites (red colour) 
and the  DCCD reac tin g  g lu tam ic acid (green). T he region betw een  th e  tw o segm ents has 
been show n to  p ro tru d e  in to  the  m atrix  side of m ito ch on d ria .
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Figure 6.21. Comparison of the two predicted intramembrane segments of 
subunit-9 from various organisms. (1) S. cerevisiae, (2) Neurospora
(3) Bovine, (4) E. coli. * indicates homology or similar amino a<

Intramembrane Segment I
9 34

1 . K Y I G A G I S T I G L L G A G I G I A I V F A A L I N G
*15 * * ★ * * * * ★ * * * * ★ * * *40 * *

2. K N L G M G s A A I G L T G A G I G I G L V F A A L L N G
* 8 * * * * * * * * * * * *33 *

3. K F I G A G A A T V G V A G S G A G I G T V F G S L I I G
11 * * * * * * ♦ * 36 *

4. Y M A A A V M M G L A A I G A A I G I G I L G G K F L E G

Intramembrane Segment II
46 71

1 . D L V F P M A I L G F A L S E A T G L F C L M V S F L L L
54 ★ * * * * * * * * * * * * * 79 *

2. G Q L F S Y A I L G F A F V D A I G L F D L M V A L M K L
54 * * * * * * * * * * * * * * * * * * * * 79 *

3. 0  Q L F S T A I L G F A L S D A M G L F C L M V A F L I L
48 * * * * * *

4. P L L R T 0 F F I V M G L V D A I P M I A V G L G L Y V M
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DISCUSSION

Prediction of secondary structure

T he basis of p red ic tion  o f the  secondary s tru c tu re  described in th is  ch ap te r has revealed 
th a t  the  use of bo th  hydro phob ic ity  profile (K y te  & D oolittle , 1982) in con junc tion  w ith  
the  a-he lic ity  p lo t using a  modified tab le  (T ab le  6.3) from  C h ou  and F asm an  (1978) is a  
useful way to  look a t  th e  te r tia ry  s tru c tu re  o f m em brane p ro te in s. Modified d a ta  used in 
T able 6.3 has been assigned com pletely em pirically , b u t using th e  a rgum ent th a t  com par
able a-fo rm er an d  (J-form er or com parab le a -b re a k e r  and (i-b reaker should have a com 
parable value. O n  th is  basis the  pred ic tion  of a -h e lic ity  co rre la tes  well w ith  independent 
experim entally  de term in ed  values of a -he lic ity , as show n in th e  case of bacterio rhodopsin , 
in tram em bran e segm ent of e ry th rocy te  g lycophorin , su bu n it-9  and subun it-8  of th e  
O .S .A T Pase (T able 6.8). T h e a-helix  p lo ts derived  from  m odified values can  be superim 
posed on the  hyd ro p h ob ic ity  p lo t of th e  respective p ro tein  w ith  be tte r co rrela tion . T h is  
modified d a ta  used in T ab le  6.3 should be used for m em brane p ro te in s  only. B ut for so lu
ble proteins, C hou  & F a sm a n ’s original tab le  (T ab le  6.2) would probably  be a  be tter one. 
In all cases how ever, one should tak e  the em pirical rules d ep ic ted  by C hou  & F asm an  
(1978) in to  accoun t for b e tte r  prediction.

Model for oligomycin induced blockage of proton translocation in F0

T he inh ib ition  of p ro to n  tran slo ca tio n  and o x id a tive  ph o sp h o ry la tion  by oligom ycin was 
established long ago (L ardy , 1958; L ardy et al, 1964). B ut u n til recently  it  was not know n 
which com ponents of th e  O .S . A T P ase com plex are involved in  th e  binding o f oligom ycin. 
By direc t enzym e in h ib ition  studies, it  was in ferred  th a t  it w as th e  F0 p a r t  of the  com 
plex, no t the F , ,  which is involved in o ligom ycin bind ing (M acL ennan  & Tzagoloff, 1968). 
T he fact th a t  th e  m em brane sector of the  O .S. A T P ase is involved in oligom ycin binding 
can be derived from  the  resu lts  where it  has been d em o n stra ted  th a t  the oligom ycin sensi
tiv ity  of beef h e a rt SM P (sub m itochondrial partic les) A T P ase  decreases by tre a tm e n t
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TABLE 6.8. Comparison of predicted alpha-helicity with those of experimentally 
determined values.
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Name of the 
Pritein

Predicted helicity
Experimentallv

Using table 6.2 Using table 6.3 Observed helicity 
(Chou & Fasman) (This thesis)

Bacter iorhodopsin 52 * 82 % 75-80 %

Intermembrane 
segment of 
Glycophor in 47 % >90 % ' 100 %

Subunit 9 of 
the O.S.ATPase 
(Neurospora) 59 * 79 » 75-83 %

Subunit 8 of 
the O.S.ATPase 
(S .cerevisiae) 53 % 87 % ' 85 »
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w ith  organic so lven ts (B roughall et al, 1972; Lenaz et al, 1975). M itchell d e m o n s tra ted  
th a t  the  functional effect of oligom ycin is due to  a  decrease in th e  p ro ton  perm eab ility  o f  
m em branes (M itchell, 1967).

Affinity labelling of m itochond ria l A T P ase by ;3H ]-borohydride in th e  presence of o li
gom ycin offered th e  suggestion  th a t  the  low m olecular w eight proteo lip id  (assum ed to  be 
th e  subun it 9 o r DCCD bind ing pro tein ) is the s ite  o f oligom ycin binding (Enns & C rid d le , 
1977). In the  ligh t of p resen t DNA sequence d a ta  from  oligom ycin res is tan t m u ta n ts  ( th is  
thesis, M acino & Tzagoloff, 1979, 1980; N ovitsk i e t al, 1984) it  is well illu s tra ted  th a t  a t  
least tw o su b u n its , su bu n it-6  and subun it-9  of th e  O .S . A T P ase can bind oligom ycin. S o  
far, no oligom ycin resistance  locus has been found in  th e  subun it-8  s tru c tu ra l gene. T h e  
p a rtic ip a tio n  of subun it-8  in oligom ycin b ind ing is there fo re  dou btfu l. However, p a r tic ip a 
tio n  o f com ponent(s), o th e r  th a n  subun it-6  and su b un it-9  can no t be ruled o u t as som e 
nuclear inherited  m u ta tio n s  for oligom ycin re s is tiv ity  which show cross resistance to  a  
range of o th e r inh ib ito rs  o f ox idative p h o sp ho ry la tion  (e.g. T rie th y l tin  (T E T ), ven tu ric i-  
d in  (VEN), R hodam ine 6G (Rh6G ), See G riffiths et al, 1972) have been rep o rte d . 
A lthough  these m u ta tio n s  can be b e tte r  explained in term s of a  p lasm a m em brane o r  
cy toplasm ic p ro te in  facto r, in  the  absence of d irec t d a ta , it is b e tte r  to  keep th is  q u estio n  
open.

However, w ith  th e  presen t availab le  d a ta , i t  ap p ea rs  th a t  a t least tw o hydrophobic seg 
m en ts  of the  subun it-6  (segm ent V and segm ent VII) and one hydrophobic segm ent of th e  
subun it-9  (Segm ent II) a re  involved in oligom ycin  binding. All the am inoacids so fa r ,  
w hich have been show n to  have undergone m u ta tio n  in oligom ycin re s is tan t s tra in s , a re  
crow ded a roun d  a single acid charged residue, g lu tam ic  acid, w ith in  a hyd ro phob ic  
en v iro nm en t (Fig. 6.11 & 6.20). T he only exception  to  th is  is th e  42nd residue (serine) in  
subun it-9  from  Saccharom yces cerevisiae  (Sebald et al, 1979), which according to  th e  
p resen t secondary  pred ic tion  m odel, lies ou tside  th e  m em brane. In terestingly , t'his se rine  
is also tw o am inoacids aw ay from  an o th er acidic residue a spartic  acid (4 jp l s ). T he o li
gom ycin resistiv ity  in  th is  s tra in  how ever, was an  acquired effect observed following a
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reversion from  an A T P a se  deficient pho-2 (m it ) m u ta tio n .

T he residues responsib le  for oligom ycin re s is tiv ity  (see Fig. 6.11 & 6.20), d o  no t cause any 
change in th e  energy co n se rv a tio n  system  in  y east. T h e  grow th  ra te s  and grow th  yields of 
the m u ta n t s tra in s  a r e  the  sam e as th e  p a re n ta l s tra in s  (G riffiths & H oughton , 1974). In 
addition  no differences in the re sp ira to ry  ra te s  of m itoch on d ria  and m itochondria l p a rti
cles from pa ren ta l a n d  m u ta n t s tra in s  have  been observed. It was the re fo re  in te resting  to  
exam ine w hether the  supposed  oligom ycin binding residues (i.e. m u ta tio n a l residue confer
ring oligom ycin re s is tiv ity )  of subun it-6  an d  subun it-9  are d irec ted  to w ard s  "assum ed" 
p ro ton  channels or to w ard s  the  lipid en v iro n m en t. For th is , the  "helical wheels" model 
(Schiffer & E dm u n dso n , 1967) has been used to  rep resen t the  s tru c tu re  of th e  hydrophobic 
segm ents of the  su b u n its . Tw o d im ensional p ro jec tions o r the  "helical w heels" of each 
hydrophobic segm ent o f  subun it-6  and su bu n it-9  are given in Fig. 6.22 & 6 .23.

As oligom ycin m u ta tio n s  have been ascribed  only to  th e  carboxyl te rm ina l segm ent of the  
subunit-9  (segm ent II of subunit-9) and th e  segm ents V and VII of the  subun it-6 , I will 
consider these th ree  segm ents for in te rp re ta tio n  o f oligom ycin in te ra c tio n . Fig. 6.24 
represents d iag ram atica lly , the  helices of th e  above th ree  segm ents su rro u n d in g  a channel 
like s tru c tu re . T he m u ta te d  sites causing oligom ycin resistance have also been illu s tra ted  
in the figure. It is e v id e n t from the  d iag ram  th a t  m ost oligom ycin b ind ing sites are in fac t 
directed tow ards th e  lipid enviro nm en t, w hile functionally  im p o rta n t g lu tam ic  acid resi
dues are d irec ted  to w a rd s  the channel form ing sides. O ligom ycin, being hydrophobic in 
na ture , probably  b in d s  from inside th e  lipid en v iro nm en t to  th e  reac ting  am inoacids / 17t, 
S 176, 7̂ 231* 3̂42 ° f  su b u n it-6  an d  ¿ 57, L b3 of subu n it-9 ) and th en  p robab ly  sterically  
modifies th e  co n fo rm atio n  of the  p ro to n  channel w hich leads to  th e  b lockage of p ro ton  
conduction and o x id a tiv e  pho sphory lation . T he a lte ra tio n  of those above m entioned am i
noacids p revent the  b ind in g  of oligom ycin , w ith ou t affecting th e  co n fo rm ation  of the p ro 
ton conducting  ch an n e l. T his is p robab ly  th e  reason why bo th  m u ta n t re s is ta n t s tra in s  
and sensitive p a re n ta l s tra in s  are equally  efficient in  ox id ative  p ho sp ho ry la tion . T he o th e r 
conserved residues, m a rk e d  in the  d iag ram , m ay also be involved in o ligom ycin  binding.
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F ig u r e  0 .2 2  Helical wheel model for the  seven hydropho b ic  segm ents ( I-VII) o f the 
sub unit-6  o f yeast. A m inoacids have been show n in single le t te r  code, w ith  th e  subscrip t 
num bers ind icatin g  th e  residue  num ber in th e  p ro te in  chain . A m inoacids w ith  m em brane 
buried  preference less th a n  1.0 have been show n in o range co lour. T h e  double  line region 
of th e  wheels is p red icted  to  face p ro to n  channel, while th e  sing le line region is predicted  to  face lipid bilayer.
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Figure 6.23 Helical wheel model for the two hydrophobic segments (I & II) of yeast 
subunit-9 and last three conserved hydrophobic segments (V, VI, & VII) of yeast subunit- 
6. Amino acids hart been shown in single letter codes with the subscript numbers indicating the residue 
number on the protein chain. The double line regions are predicted to face the proton channel while sin
gle line regions are predicted to face lipid bilayer. The supposed oligomycin binding sites have been 
coloured in red and (l I|-TID labelled aminoaclda (Hoppe ft Sebald, 1884), which are expected to face 
the Lipid bilayer have been coloured in yellow.
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F ig u re  6 .2 4  L ocation  of d rug  b ind ing am ino  acids of yeast subun it-6  and su b un it-9  in 
relation  to  p ro ton  channel in  the  F 0. T he O ligom ycin  binding residues have been show n 
in red while the O ssam ycin  b ind ing residue has been show n in yellow. O nly th ree 
in tram em bran e segm ents have been shown su rro u nd ing  the  p ro ton  channel for illu s tra tio n : 
the second hydrophobic segm ent of the su bu n it-9  (II), th e  V th (Oli2 site) and V H th (OH4 
site) hydrophobic segm ents of subun it-6 .

t



-225-

F ig u re  0 .24  L ocation  o f d rug  binding am ino acids o f yeast subun it-6  and  su b u n it-9  in 
relation to  p ro to n  channel in the  F0. T he O ligom ycin  binding residues have been show n 
in red while th e  O ssam yc in  binding residue h a s  been show n in yellow . O nly  th ree  
in tram em brane segm ents have been show n su rro u nd ing  the p ro to n  channel for illu s tra tio n : 
the second hydrophobic segm ent of th e  subun it-9  (II), the  V th  (01i2 s ite) and VH th (Oli4 
site) hydrophobic seg m en ts  of subunit-6 .
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In recen t years, p ho to reac tive phospholipid analogues and sm all lipophilic reag en ts , e.g. 
(125I)- iodo naph thy taz ide  and  (l25I)-TID (3 -trifluo rm ethyl-m - (iodophynyl)-d iazirine) have 
been used to  id en tify  the  lipid m em brane associa ted  am inoacids of E. coli F0 com ponen ts  
(H oppe & Sebald , 1984). T o  exam ine w hether th e  lipid facing am inoacids of th e  hydro- 
phobic segm ents correspond to  th e  (126I)-TID labelled am inoacids of su b u n it-6  and 
subun it-9 , the  re su lts  published by Hoppe & Sebald  (1984) were com pared to  the  p resen t 
pred ic tion . T h e  arrow s show n in Fig. 6.23 d e m o n s tra te  the  [l2sI]-TID labelling am inoa
cids of hom ologous region o f subun it-c  of E. coli. T h is  m atches up well w ith  the  p resen t 
pred ic tion . H owever, the labelling resu lts  o f su b u n it-a  (hom ologous to  subun it-6  o f  yeast) 
is am biguous, and  the  au th o rs  could n o t iden tify  th e  modified am inoacid residues. A 
q u a n tita tiv e  e s tim a tio n  of [125I]- TID  bound  to  each  of th ree  F0 subun its  reported  by the 
sam e au thors, ind ica ted  th a t  su b u n it-a  is labelled tw ice as much as subun it-b . In  o ther 
w ords, large p a r ts  of the  su b u n it-a  (hom ologous to  subun it-6 ) are accessible from  th e  lipid 
phase.

O ligom ycin m ay also bind ou tside  the  lipid phase as  evidenced by a m it  (pho2) re v e rta n t 
s tra in  of y east, where the  42nd serine residue o f subun it-9  (predicted  to  be o u ts id e  the 
m em brane, F ig. 6.20) is changed to  a  leucine an d  th e  s tra in  shows a  weak oligom ycin  
resistiv ity  (Sebald  ct al, 1979). T he s tra in  how ever, had a slower grow th ra te . P resu m 
ably th e  a lte ra tio n  in th is  42nd residue (leucine from  serine) slightly  affects the  b ind ing  of 
F ,  ( it  has been proposed earlie r th a t  F , p ro b ab ly  binds to  the  p ro trud in g  in te rm em - 
b ranous polar dom ain  of subun it-9) an d  consequen tly  p ro ton  conducting  ch anne l is 
som ehow affected. The weak oligom ycin res istiv ity  observed therefore, could be due  to  
th e  s teric  m odification of th e  F0 as a  consequence o f a  slightly  altered  binding of F ,  to  F„.

DCCD-binding sites and Oligomycin binding sites

A verer & G riffiths (1970) observed th a t  o ligom ycin  res is tan t m u tan ts  (Oli-1) h ad  an 
increased resistance  to  DCCD. Q u a n tita tiv e  e s tim a tio n  was no t possible due to  techn ica l 
problem s of ab so rp tio n  an d  hydrolysis o f DCCD on drug-ag ar p late. Sebald ct a l (1979)
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also d e m o n stra ted  in N curospora  th a t  a lte ra tio n  in the  sm all p ro teo lip id  o r su b u n it-9  
resu lt in a co n co m m itan t h y p e rse n s ititity  to w ards  D CCD. It has been found  th a t  in  
DCCD re s is ta n t m u ta tio n s  of E .co li th e  m u ta ted  residues are clustered  a roun d  th e  D C C D  
reacting  a sp a rtic  acid (g lu tam ic  acid residue in case o f m itochondria) as we see for th e  oli- 
gom ycin re s is tiv ity . O n th e  basis  of all these evidences, it is likely th a t  D C C D  b ind ing  
sites pa rtly  o ve rlap  w ith o ligom ycin  b ind ing sites of subun it-9 .

O s s a m y c in  in h ib i t io n  o f  p r o t o n  c o n d u c t io n  in  t h e  F0

Analyses of D N A  sequences from  ossam ycin (Oss-1) re s is tan t s tra in s  (CD 40, D 27/92) o f 
yeast have estab lish ed  th a t  a  conserved asp a rtic  acid residue (a t th e  254 th  position) o f 
subun it-6  is involved in ossam ycin  bind ing. C om parison  of th is  position  from  o th e r  
organism s has revealed th a t  in  E .coli and in D rosophila  the position  is occupied by a g lu 
tam ic acid in s tead  of asp a rtic  ac id  (Fig. 5.19c). In Saccharom yces ccrcvisiae  w hen a s p a r 
tic acid residue changes to  asp arag in e , th e  s tra in  becom es ossam ycin re s is ta n t. T his in d i
cates th a t  th e  conserved ch arged  acidic residue of subun it-6  in th e  F0 is involved in  
ossam ycin b in d ing  a n d /o r  in h ib itio n .

Like the 01i2 linked  O ssl m a rk e r, m entioned above, th e  O lil linked O ss2 m arke r has been 
show n to affect ossam ycin re s is tiv ity  in Saccharom yces ccrcvisiae  (L ancash ire  and M at- 
toon , 1979b). A lthough no sequence in fo rm atio n  is available from  O lil linked O ss2  
m arker, it could  be inferred th a t  the subun it-9  (O lil locus) is also involved in ossam ycin  
binding. No ossam ycin  res istance  locus has been described for th e  subun it-8  gene. T h e re 
fore ossam ycin, like oligom ycin , p robably  does no t b ind  to  the  subun it-8 . B iochem ically 
and genetically , it has been d e m o n stra ted  th a t  som e oligom ycin s tra in s  possess ossam ycin  
resistiv ity  (G riffith s & H o ugh ton , 1974; Ray & C onnerto n , unpublished resu lts). T h is  is 
probably due to  th e  o verlapp ing  of the  oligom ycin an d  ossam ycin b ind ing sites. C onse
quently , those  am inoacids show n to  bind oligom ycin m igh t be involved in ossam ycin  b in d 
ing as well. T h is  is su p p o rted  by the  fac t th a t  p e ti te  DS14, a  O li2R s tra in  (M acino & 
Tzagoloff, 1980), can  grow on  O ssam ycin  co n tain ing  m edia a fte r crossing to  a  sensitive p
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s tra in  (d a ta  no t show n), despite th e  fac t th a t  i t  has re ta in ed  an a spartic  acid re s id u e  a t 
the  254 th  position  like  the  ossam ycin  sensitive p a ren ta l s tra in .

A spartic  acid residue (D 254) of su bu n it-6  which seems to  bind ossam ycin, lies o u ts id e  the  
lipid b ilayer in  th e  p re sen t p red ic ted  model of subun it-6  (Fig. 6.11) and directed to w a rd s  
periplasm ic space o f m itochondria . T he s tru c tu re  of ossam ycin  is no t know n b u t possess 
am ino sugar w hich is  ab sen t in  oligom ycin (See A ppendix). It is assum ed th a t  o ssam yc in  
in te rac ts  b o th  inside an d  ou tside  th e  m em brane, and in  doing so it a lte rs  the  s teric  confo r
m ation  of th e  p ro to n  channel and blocks ox idative phosphory lation . Like o ligom ycin , 
ossam ycin does n o t a l te r  the  p ro to n  conductive p a thw ay  d irec tly , as evidenced by th e  fac t 
th a t  ossam ycin  re s is ta n t s tra in  has g o t a  sim ilar g row th ra te  and resp ira tion  to  th o se  of 
the wild type.

Proton conductive path in the Fa and mechanism of proton conduction

O n th e  basis of m odels proposed for different su b u n its  and o ther ex perim en ta l d a ta  
o b ta ined , ind ica tion  for a p ro ton  conductive p a th  in F0 is favourable. B ut how th e  com 
ponents of Fa assem ble tog e th er to  form  the p ro ton  channel and how m any such ch anne ls  
they form  and how th e  p ro to n  conduction  th rough  th e  channel is linked to  A T P sy n th esis  
in F t are no t well u nd ersto od . In a  reco n stitu tio n  experim en t of subun it-9  in to  lip id  vesi
cles, Sch indler Sc N elson (1982) have d em o nstra ted  th a t  subun it-9  can itself self assem ble 
to  form  selective p ro to n  channels. Loo Sc Bragg (1982) also showed th a t  an ti su b u n it-9  
an tib od y  can  block p ro to n  tran s lo ca tio n  across the  m em brane. T hese ex perim en ts  ind i
cate  th a t  subun it-9  probably  co n stitu te  th e  m ain p ro to n  channel in the F0. H ow ever, 
these resu lts  are co n trad ic to ry  to  th e  results ob ta ined  from  a E. coli m u ta n t (F ried l et al, 
1983), w here it h as been d em o n stra ted  th a t  the F0 con tain ing  only subun it-c  fa ils  to  
tran s lo ca te  p ro ton s. Hoppe Sc Sebald (1984) suggested th a t  subun it-c  m igh t form  th e  pro
to n  channel which a re  stabilised  by th e  o the r tw o su b u n its  (su bun it a Sc b in E. co li, and 
su b u n it 6 & 8 in y e a s t or o ther eu karyotes). G enetic d a ta  in  yeast however, in d ic a te  the  
p a rtic ip a tio n  of b o th  subun it-6  and subun it-9  in the  fo rm atio n  of p ro ton  channel.
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From  reco n s titu tio n  experim en ts Sch ind ler & Nelson (1982) proposed th e  possib ility  of 
th ree p ro to n  channe ls  form ed by a  hexam eric aggregate  o f th e  proteo lip id  or subun it-9 . 
These proposa ls  were based on th e  follow ing argum ents:

(i) T he a m o u n t of p ro tons conducted  th rough  the  m em brane could be best exp lained  on 
the  basis of a  d im er co n stitu tin g  a single p ro ton  channel.

(ii) s to ich io m etry  of th ree  channels (form ed by th ree  d im ers) per hexam er m atches the  
occurrance o f th ree  a  and th ree  (Ï su b u n its  of A T P ase com plex (Todd et al, 1979).

(iii) T hree  p ro to n s  are required to  cross the m em brane for the  fo rm ation  of each A T P 
molecule (M cC arty , 1978).

Inhibito ry  d a ta  for ox idative  p h o sp ho ry la tion  from  th is  lab o ra to ry  how ever, favou rs the 
existence of a  m inim um  of tw o channels, as i t  has been show n th a t  in a ce rta in  co ncen tra 
tion  of Ve2383 (an o rg an o tin  com pound. See appendix for the s tru c tu re ) , th e  A T P ase  
reacton  or A T P  driven  p ro to n  pum p can  be stopped  com pletely , while A T P  syn thesis  still 
continues (E m anuel et al, 1984, G riffiths & C onnerto n , unpublished resu lts). G enetic 
d a ta  also fav o u rs  existence o f tw o possible channels. In O li-1 res is tan t m u ta n ts , a  2 to  3 
fold higher co n cen tra tio n  of oligom ycin  is needed for in h ib itio n  of ox idative  phosphory la
tion  in  co m parison  to  Oli-2 re s is ta n t m u tan ts  bo th  in vitro  and in  vivo (G riffiths & 
H oughton, 1974). T ak in g  th e  s to ich io m etry  of subun it-6  to  subun it-9  as 4:3 (see E nns & 
C riddle, 1977; and T o dd  et a l ,  1980) and considering th a t ,  a t  least tw o  hydrophobic seg
m ents of su b u n it-6  and one hydrophobic segm ent of subun it-9  b ind oligom ycin , the 
effective ra tio  of oligom ycin reac tin g  sites of subun it-6  to  subun it-9  becom es 8:3. T here
fore in O li-2 res is tan t m u tan ts , o ligom ycin inh ib ito ry  co n cen tra tion , in th e  absence of 
subun it-6  b in d ing  sites, should be 2 .6  fold as low as th a t o f Oli-1 re s is tan t m u ta n ts . T his 
is w h at has been ob ta in ed  by G riffith s  & H oughton (1974). In o ther w ords, tw o  binding 
sites o f tw o su b u n its  are w orking indepen den tly  on tw o different p ro ton  channels. T his 
result of course, does no t d isprove the  possibility  th a t  b o th  these su b u n its  co n trib u te  
tow ards fo rm ing  a single p ro to n  channel w ith  tw o different binding sites for oligom ycin.
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T o  prove conclusively th a t  the re  are tw o  re la ted  p ro to n  channels, one for d irec tin g  p ro
tons from  ou tside  to  inside m itochond ria  (as happens during  ox idative pho sp h o ry la tio n ) 
and th e  o th e r in  th e  reverse d irec tion  (observed during  A T P  driven  p ro ton  tran s lo ca tio n ), 
one will have to  w a it for d iscrete m u ta tio n s  which can d em onstra te  one o f  th e  tw o 
phenom ena. In terestin g ly , Fim m el et al (1983) reported  tw o E. coli m u ta n ts  (tine E408 
and ntic E463) which d id  no t have A T P  d epend en t atebrin-fluo rescence-quenching ac tiv ity  
(i.e., no m em brane p o te n tia l) , b u t were capable of ca rry in g  o u t ox idative ph o sp h o ry la tio n . 
T hese tw o s tra in s , how ever, can g enera te  NAD depend ent atebrin-fluo rescence-quenching 
suggesting  th a t ,  d e sp ite  having an  ap p a re n t p ro to n  im perm eable m em brane , they  can  
carry  o u t ox idative p hosphory la tion .

Due to  th e  lack of d a ta ,  the  co n trib u tio n  o f subun it-8  in the  form ation  of th e  p ro to n  chan
nel can  no t be es tab lish ed  a t  p resen t. O n  th e  whole how ever, it is m ost like ly  th a t  all 
th ree  su b u n its  are selectively  a rrang ed  in  th e  m em brane a t  a  p a rtic u la r  physio logical 
s ta te . Loss of p ro to n  co nduc tion  in  th e  presence of organ ic so lven ts po in t to  th e  ease w ith  
which these a rran g em en ts  can  be d istu rbed .

T he m echanism  of p ro to n  tran slo ca tio n  app ears  to  be as com plex as th a t  o f p ro to n  con
duc tive  p a th s. T he in v a ria n t DCCD reac ting  g lu tam ic  residue (aspartic  acid in  E. colt) of 
subun it-9  is u n d o ub ted ly  involved in p ro to n  tran slo ca tion . C hem ical m od ifica tion  of th is  
residue and m u ta tio n a l analyses have proved th a t  it  is d irec tly  involved in p ro to n  tran s lo 
ca tion  (Senior & W ise, 1983; Sebald & Hoppe, 1981). However, how th is  g lu ta m ic  acid 
residue and o th e r conserved g lu tam ic residues found in the hydrophobic p ro te in  dom ain  of 
subun it-6  are involved in p ro ton  tran slo ca tio n , rem ains unresolved.

Tw o types of m echanism  have been proposed for p ro to n  transloca tion . T h e  firs t type  of 
m echanism  (N agle & M orow itz, 1978) have suggested  th a t  a  continuous ch a in  o f hydrogen 
bonds form ed from  th e  p ro tein  side group  can  form  a "p ro ton  wire" like s t ru c tu re  which 
can drive p ro tons acro ss th e  m em brane. In th is  schem e a hydrogen-bonded c h a in  in a  p ro
tein  env iro nm en t (F ig . 6.25) is a  long lived and m ore like a solid s tru c tu re  th a n  like liquid 
w ater. In such a s tru c tu re  two different processes are involved in p ro ton  c o n d u c tio n  (Fig.
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Figure 6.25 "P ro to n  w ire" or hydrogen  bonded chains as  carrier o f p ro tons (a fte r N agle 
& M orow itz, 1978).
A p ro to n  of a  hydrogen bonded ch a in  form ed by th e  hydroxyl groups a tta c h e d  to  serine 
side groups of a  po lypeptid e ch a in  (no t show n). T he ch a in  is assum ed to  be sym m etrica l 
an d  perpendicu lar to  th e  m em b ran e  (shown by arrow ).
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Figure 6.26 M echanism  of p ro to n  conduction  in  a  p ro to n  wire.
(a) A p ro to n  en te rs  from  th e  left end to  form  an  ionic defect th a t  p ro p ag a te s  to  th e  rig h t 
by sequential ju m p ing  of successive p ro tons (show n by arrow s) and  u ltim a te ly  reaches a t  
th e  rig h t end to  give the  s ta te  show n in (b).
(b) A negetive B jerrum  L fau lt form s on the  rig h t end by ro ta tio n  a ro u n d  th e  C O  axis and  
th e  defect p rop ag a tes  to  th e  left v ia sequential ro ta tio n  o f successive hydroxyl groups to  
r e tu rn  to  th e  g roun d  s ta te  as show n in (a).
A cyclic confo rm ational change in  p ro tein  co n ta in in g  th e  am ino acids which p a rtic ip a te  in 
m ak ing  the  hydrogen bonded chains m ay drive these reac tion s  forw ard  and backw ard  and 
keep p ro to n  pum p in ac tive functio nal s ta te .
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6.26a Sc 6.26b). Excess p ro to n s  which ap p ear a t  th e  left end of the  ch anne l to  form  a posi
tive  - OH2 ion m oves to  th e  righ t by a  sequential hopping of th e  successive pro tons 
(shown by th e  arrow s) from  th e  left h and  side of high p o ten tia l to  th e  r ig h t hand  side of 
the  site of ac tion . T h e  p ro to n  co nfig uration  in th is  stage  is sim ilar to  Fig. 6.26a and 
clearly blocks the  passage for the  nex t p ro to n  by th e  sam e process. T h e  next s tep  sug
gested therefo re , involves the  ro ta tio n  o f OH d ipo lar groups, such as th e  one on the  righ t 
hand end o f th e  chain  which is seen in  ice w here it  is know n as B jerru m  L (leer) fau lt. 
Such a  fau lt th en  p ro pag a tes  by successive ro ta tio n  of OH groups, show n by th e  arrow s in 
Fig. 6.26b. and a t  th e  end of th is  process th e  p ro to n  configuration  re tu rn s  to  its  original 
s ta te . T he chain  now becom es ready to  tra n s p o r t  an o th er p roton . M orow itz  (1977) pro
posed th a t  such hydrogen  bonded ch ain  "p ro ton-w ire" will have a  low resistance which 
would allow a cell to  perform  "p ro to ch em istry "  w ith  "pro todes" in a  w ay  com parab le to  
th a t  in w hich one perfo rm s e lec trochem istry  w ith  electrodes.

T he second ty pe  of m echanism  suggested  is the  fo rm ation  of a v o ltage-ga ted  ion channel 
like s tru tu re  as has been proposed for an tib io tic  a lam eth ic in  (Fox Sc R ichards, 1982). X- 
ray c rysta llog raphy  o f th is  molecule has led th e  au th o rs  to  propose a  m odel (Fig. 6.27) 
where the  oligom ers o f the  am phiphilic m olecules of a lam eth ic in  form  solven t-filled  chan
nels. T he in te rio r o f th e  channel has been show n to  co n ta in  th ree  b a n d s  o f polar groups 
(Gln7, 4t'610t ,  Gly22) capable of hydrogen bonding to  w ater. T he occurance  of a  proline 
residue tow ard s  the  cen tre  of the  channel causes the  helix axis to  bend aw ay  from  the  oli
gom er sym m etry  axis (Fig. 6.27) and gives th e  channel an  ap pearance  o f a funnel. T his 
proline induced bend resu lts  in tw o free carboxyls and  one free am ide group  which pro
vides a  hydrophilic surface. P ro to n  conduc tance  s tud ies using reco n stitu ted  subun it-9  in 
m em brane vesicles (Schindler Sc Nelson, 1982) provide evidence in fav o u r of a oligom eric 
voltage-gated  ion channel like s tru c tu re  (see also Hoppe Sc Sebald, 1984). T he occasional 
occurence o f a  charged  residue w ith in  th e  hydrophobic segm ents, inc lud ing  those con-

t Atb (a- amino isobutyrie acid)
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F ig u r e  6 .2 7  S chem atic  rep resen ta tio n  of th e  vo ltage-ga ted  channel m odel for a lam eth i- 
cin (from  Fox & R ichards, 1982).
T he 3lam eth ic in  m onom er has been show n as tw o  cy lindrical segm ents signifying the  
in te rru p tio n  of th e  a -h e lica l hydrogen bonding in troduced  by th e  ProlA residue. T he s tip 
pled spheres a t  the  m o u th  of th e  channel rep resen ts  the  Glul% residue while th e  open 
spheres a t  th e  cen tre  an d  top  of th e  channel s tru c tu re  in d ica te  the  hydrogen bonded 
annulus o f Gln7 and G lnlv residues, respectively. T h e  low er parallel cy linders rep resen t 
th e  N -term inal dom ain , while upp er cork  shaped region rep resen t th e  C -te rm inal dom ains 
an d  are tipp ed  aw ay from  the  channel n-fold axis. T he b lack  do ts  on  th e  face o f each 
cylinder rep resen t th e  so lv an t accessible carboxyl groups of A ib l0 and Glyl l .
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served g lu tam ic  acids in  su bu n it-6  and subun it-9  probably  p a rtic ip a te  in  th e  fo rm a tio n  of 
a w a te r c lu ster inside th e  ion  channel an d  are d irec tly  involved in p ro to n  tran s lo ca tio n .

The role of subunit-8 in the Fa

In th e  absence o f the  ap p ro p ria te  m u ta n ts  we can n o t dem onstra te  th e  d irec t p a rtic ip a tio n  
of subun it-8  in  p ro to n  conduction . However, th ree  functons of th is  su b u n it could be 
dem o n stra ted  in  th e  F0.

(i) A ssem bly of o th e r  sub u n its  (a t  least of subun it-6) in the  Fa (M arazuk i et al, 
1983; Ray et al, 1984).

(ii) B inding of inorganic p ho sp hate  (V elours et al, 1980; E sp araza  et al, 1981).

(iii) B inding of F , to  F 0.

T he first p o in t has been discussed before (See chapter-5). The la s t tw o  po in ts  deserve 
som e ex p lana tion . It has been show n by G ueirin  & N apias (1978), long before th e  accep
tan ce  of th e  subun it-8  as a  com ponent o f the F0 , th a t  th is  lipop ro te in  (due to  its  p roperty  
of so lub ility  in  organic so lven t) unlike o the r lipopro tein , subun it-9 , can  bind inorganic 
phosphate . B u t how th is  is connected to  the  energy conservation sy stem  has no t been elu
c id ated . If it is proven th a t  subun it-8 , sim ilar to  th e  subun it-b  o f E .co li F0 sector, is 
involved in  th e  binding o f the  F , sector by its  C -te rm inal polar d o m ain , th e  last tw o  fun- 
citons can be in teg ra ted  in to  one on th e  following proposition: th a t  d u rin g  th e  ca ta lysis  
ac tiv ity  of F , ,  th e  basic polar dom ain  o f subun it-8  rem ains in im m ed ia te  co n tac t w ith  the  
ca ta ly tic  site  an d  may provide bound inorganic pho sp hate to  sy n thesise  A T P  from  AD P. 
T h is  la te r hyp o thetica l function  could be independent of th is  s u b u n it’s F , bind ing 
ac tiv ity , b u t m ust be in tim a te ly  re la ted  w ith  the  F , sector. In th e  fu tu re , by chem ical 
cross-linking stud ies and using m oloclonal an tibodies, the  hypothesis m ay be ra tiona lised . 

R ecently  it  has been suggested th a t  subun it-8  can  conduct protons in  reco n stitu ted  m em 
brane vesicle in  a voltage dependent m anner (Dr. Velour, personal co m m unication ).
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Probable involvement of other components in energy conservation of the F0

A p art from  the  well defined su bu n its , discussed above, a  few fac to rs  like "coupling factor- 
13" (Sanadi, 1982), Fa (or facto r-6) (R acker, 1979) have been show n to  be associated  w ith  
th e  O.S. A T P ase com plex. In fact, Sanadi et al (1984) have raised  an an tibody  ag a in st 
coupling factor-B  and have d e m o n stra ted  i ts  involvem ent in p ro to n  conduction  of m ito
chondrial H  A T Pase. B ut how exactly  th ey  are associated  w ith  th e  F0 and in te g ra ted  to  
th e  function  of energy co nservation  is no t c lear a t  p resen t. In y east, it has been discussed 
in  the earlie r ch ap te r th a t  a  m it m u ta tio n  (m it-175) dow nstream  o f subun it-6  s tru c tu ra l  
gene, can stop  g row th  o f the  o rgan ism  on glycerol. So th is  locus, if it codes for any s tru c 
tu ra l  a n d /o r  ca ta ly tic  facto r, m ay also be associated  w ith  F0 and  m ay play an  im p o rta n t 
role in ox idative pho sp hory la tion . W ith  th e  lack o f co nfirm ation  for these facto rs, and 
th e ir  sto ich iom etric  ra tio  in th e  com plex, an d  the ir topograph ic  a rran g em en t, it is very 
difficult to  propose a to ta l  view of th e  F0 com plex of th e  A T P sy n th ase  in m itochondria .
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CHAPTER-7

A search for the candidate for non-mitochondrial cytoplasmic markers: 

Analysis of 3 p. DNA

INTRODUCTION

T his ch ap te r  d ev ia tes  from  th e  m ainstream  of th e  experim en ts involving m it-D N A  
s tru c tu re -fu n c tio n  re la tio n sh ip s . T his is m ainly  due to  one of o u r  original aim s, m en
tioned  earlie r, to  e s tab lish  a  cy toplasm ic can d id a te  for some non -m itocho ndria l, non
nuclear inherited  genetic  m a rk e rs  involved in  the  energy tran sd u c tio n  o f m itochondria .

Genetics of cytoplasmically inherited characters

T he biochem ical genetic s tu d ie s  of ox idative  phosphory lation  from  our lab o ra to ry  have 
used different com pounds th a t  specifically in h ib it m itochondrial resp ira tio n , e lec tron  t ra n 
sp o rt, energy coupling an d  consequently  block th e  grow th o f yeast cells on  non- 
fe rm en ta tiv e  m edia (See C h a p te r - 1). Som e of the  resistance alle les (e.g. VENR , T E T R , 
R h 6 C R ) were d e m o n stra ted  to  be segregated  from  m itochondrial m a rk e rs  a t  ab o u t 45% - 
50%  reco m bin a tion  ra te  (See G riffiths, 1976). I t  w as show n (G riffith s et al, 1975), th a t  the  
VEN r and T E T R alleles w ere re ta in ed  in  a  p° p e tite  in which m t-D N A  was ab sen t. Sim i
larly R h6G  re s is ta n t m u ta n ts  were show n to  possess resistiv ity  a g a in s t R hodam ine in  the  
p° s ta te  (C arig nan i et a I, 1977). All these alleles were shown no t to  be nuclear inherited  
and w ere assum ed to  be on a  cy toplasm ic genom e o th e r th an  m t-D N A . T he genetic evi
dence for th e  ex istence of a  cy top lasm ic d e te rm in an t o ther th a n  m t-D N A  com es from 
m any o the r lab o ra to ries . F o r exam ple, it  has been show n th a t  a  fa c to r, called [psi] which 
m od u la tes  th e  tR N A  m ed ia ted  ochre suppressor is inherited  e x tra  chrom osom ally  b u t not 
located  on m t-D N A  (Cox, 1965, L iebm an et al, 1975) of Saccharom yces cerevisiae. Inheri
tan ce of Jan u s  green res is tan ce  in S. cerevisiae  (K ruszew ska & Szczesniak, 1978), N ali
dixic acid resistance in S. pom be  (M assardo  & Del G iudice, 1982) also follow a  ex tranu- 
clear and ex tra m ito ch o n d ria l p a tte rn .
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Autonomously replicating entities in the cytoplasm of S. cerevisiae  

T hree classes of au tonom o usly  rep licating  bodies are  generally  found  in  th e  cy top lasm  of 
S. cerevisiae : nam ely, 2 p  DNA (C lark -W alker, 1973, 1974), 3 p  DN A (C la rk -W alke r & 
Azad, 1980; Larinov ei al, 1980) and ds R N A s (Buck et al, 1973; H erring  8c B evan, 1974).

i) 2 |i plasmid DNA

2 p  DNA is a  c ircu lar p lasm id (originally  nam ed as om icron DN A or o-D N A ) w ith  a  con
tou r leng th  of ab o u t 2 p  (ab ou t 6 kilobases), which is p resen t in a b o u t 60 copies per cell of 
m ost y east s tra in s  (C lark -W alker, 1974; G ubb ins et al, 1977; G erb au d  8 c G uerineau , 
1980). T he m ost d is tingu ish ing  fea tu re  of th is  species of p lasm id  is th e  presence of 
inverted  repeat (IR) sequences of ab o u t 600bp sep a ra tin g  a large (abou t 2.7 K bp) and  a 
sm all (ab ou t 2.3 K bp) unique region (C am eron  et al, 1977; H ollenberg et al, 1976). A 
reciprocal reco m bina tion  ev en t w ith in  th e  rep ea t produces a m ix tu re  o f tw o  sequence 
form s (A 8c B) of th is  plasm id , differing in  the  o rien ta tio n  of th e ir  unique regions (B roach, 
1982). T h e observa tions, th a t  th is  species o f DNA could be iso la ted  in a condensed nucleo- 
some form , sim ilar to  th e  nuclear ch ro m a tin  (N elson 8c F an gm an , 1979; L iv ingston  8c 

H ahne, 1979) and th a t  it  replicates only during th e  S-phase (L iv ingston  8c K upfer, 1977) 
led to  th e  conclusion th a t  2 p  DNA ex ists  p a rt of its  life tim e in th e  nucleus and  p a rtly  in 
the cy top lasm . T herefore it  was suggested  th a t  2 p  plasm id DN A could be a  possible can
d ida te  for cy toplasm ic genetic m arkers, no t borne on m t-D N A  (G uerin eau  et al, 1974; 
G riffiths et al, 1974).

However, the  p lasm id has been sequenced by H artley  8c Donelson (1980) and  has been 
show n to  have read ing  fram es which could  code for th ree p ro te in s  of M W  33 000 (called 
C harlie), 43 000 (called Baker) and 48 000 (called Able). E vidence has been p u t forw ard 
th a t  these gene products  are  expressed. T hey  are involved in th e  reciprocal recom bina tion  
w ith in  th e  inverted  rep ea ts  and in th e  p ro p ag a tio n  o f the p lasm id itse lf (B roach, 1982). It 
is therefore, unlikely th a t  th is  2 p  DNA carries V E N * , T E T R an d  R h6G R m arkers. T he 
cy toplasm ic ch a rac te r [psi] has also been shown n o t to  occur on  2 p  DN A (T u ite  et al,
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However, 2 p  DN A h a s  been used ex tensively in  designing y e ast - E .coli sh u ttle  vectors 
(Beggs, 1978) an d  for expression of foreign genes (Beggs et al, 1980; H itzem an, 1981) in 
yeast. It has also b een  used in co nstru c tin g  in teg ra tio n  v ec to rs  to  aid in th e  location  o f 
genetic m arkers  in th e  chrom osom es of yeast (See Bostein & D avies, 1982).

ii) ds RNAs

ds RN A s or double s tra n d e d  circu lar RNAs have been rep o rte d  in the  cy top lasm  of S. 
cerevisiae (Buck el al, 1973; H erring & Bevan, 1974). T w o ty p e s  o f ds RN A s are  generally  
found in cy top lasm : (i) those involved in th e  "killer" p henom enon  of yeast (H erring & 
Bevan, 1974) and (ii) th o se  accum u lated  as a  resu lt of processing  events of m itochondria l 
RNAs (B eilharz et al, 1982a).

ds RNAs associa ted  w ith  th e  killer phenom enon or ra th e r  k ille r-v irus of yeast have been 
shown to  be m ainly  o f tw o  types: L (mol. w t. 2.5 x 109 to  3.4 x 10* da ltons) an d  M (mol. 
wt. 1.1 x 10* to  1.7 x 10° da ltons). T he details  of these have been  described in reviews by 
W ickner (1981) and  M itchell & B evan (1983).

T u ite  et al (1982) in v estig a ted  killer-virus associated  R N A s as  a  probable bearer of the  
cy toplasm ic [psi] m a rk e r  and have failed to  show re la tio n sh ip s  am ong them . T he o th e r 
type o f dsR N A s a re  n o t au tonom ously  rep licating  en titie s , an d  occur tran s ien tly  and 
therefore th e ir c a n d id a tu re  as bearers of the  cy toplasm ic genetic  m arkers can  be ruled ou t.

¡ii) 3)i DNA plasmid

3 p  DNA plasm ids a re  an o th er class of c ircu lar ex trachrom o som al DNA found in  the  cy to
plasm  of S. cerevisiae  (C la rk -W alker & A zad, 1980; L arinov et al, 1980) and  they have 
been show n to  co n ta in  sequences hybrid izable to  cy toplasm ic rR N A s.

In the  course of o u r in vestig a tio n  for a  cy toplasm ic d e te rm in a n t for the  m arkers, VENR , 
T E T r , and R h 6 G R , we noticed th a t  som e of the  lab o ra to ry  y east s tra in s  (deriva tive  of 
pa ren ta l D22 s tra in )  co n ta in  a high copy num ber of 3 p  p la sm id  DNAs. T herefore, we

1982).
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were in te re sted  in th e  d e te rm in a tio n  of th e  s tru c tu ra l  o rgan isa tion  of th is  p lasm id in 
resp ira to ry  co m p eten t (p ) and re sp ira to ry  deficient (p and p°) s tra in s  as well as i t ’s 
probable can d id a tu re  for the above m entioned cy top lasm ic genetic m arkers.

MATERIALS & METHODS 

Yeast Strains

M ost of th e  yeast s tra in s  have been described  in ch ap ter-2 . Som e o f th e  s tra in s  which 
have no t been m entioned earlier a re  given in  T ab le  7.1.

Growth and culture of yeast strains

T he g row th  m edia an d  cu ltu re co nd ition  o f y e a st s tra in s  have been described in C hap te r-
2.

I s o l a t i o n  o f  3  p. D N A

Two types o f m ethod were generally  em ployed to  iso late  the  3 p. plasm id .

T he first m ethod involves C sC l-eth id ium  brom ide o r C sC I-b isbenzim ide density  g rad ien t 
cen trifu g a tio n  as described in C h ap te r  3. 3 p  DNAs ap p ear as th e  b o tto m  band (Fig. 7.4) 
which is collected e ith er by p un c tu rin g  th e  tu b e  or by a  narrow  tip p ed  pasteu r p ipe tte . 
T he e x tra c tio n  of dye, dialysis and p re c ip ita tio n  o f DNA is essen tia lly  th e  sam e as 
described in  C h ap te r  3.

T he second m ethod used involves the  use of h yd ro x y lap a tite . T he  hyd ro x y lap a tite  was 
m ade according to  M iyazaw a & T hom as (1965). T he harvested  cells were broken open by 
shaking w ith  glass beads (0.25m m  d iam ete r) (Lang et al, 1977) in 0.25M  M anito l, 
lOm M ED TA and lOmM N a-p hosphate buffer (pH 7.5). A fter th e  rem oval of unbroken  
cells and g lass beads by low cen trifu g a tio n  (4000 g for 5 m ins) th e  su p e rn a ta n t was mixed 
w ith  h yd ro x y lap a tite  (abou t 0 .5 gm /m l) and  kep t for 5 m inutes. T hen , h y d ro xy lap a tite  
was rem oved by cen trifu gation . T his s tep  rem oves m ost free nuc lear DNAs in to  buffer. 
T he su p e rn a ta n t was then  centrifuged a t  16000 g for 30 m inutes. T h e  p rec ip ita ted  mem-
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T a b le  7.1 Y e a s t  S t r a in s
S tra in N uclear

G eno typ e
M itochondrial

G enotype
Source

D22 a ade2 P Dr. W ilkie
D 22/72 a  ad e ‘2 (»' v e . \ r t e t r

R h6G R 1799*
C arignan i et at 
(1977)

D 22/69 a ad e‘2 p ' v e .\,r t e t r
R h6C R 1799R

G riffiths et at 
(1975)

D 22/E C 6 a ad e‘2 v e n r t e t r
R h6G R 1799R

G riffiths et at 
(1975)

LP81 a  leu k a r -1 p 0Ii 2R O sai* pho9 C o n n e rto n  et at 
(1984)
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b ran e  fraction  w as lysed in  T E  buffer w ith  1%  SDS. T he lysate  w as ex tra c ted  w ith  
phenohchloroform  mix (1:1) and th e  DN As were p rec ip ita ted  from  th e  aqueous layer by 
add ing  tw o volum es of cold e th ano l (- 20° C  overn ig h t). T h e DNA was redissolved in T E  
buffer (lOmM  T ris , Im M  ED TA ). T h is  crude p rep a ra tio n  co n ta ins m ore th a n  95%  rDNA s 
(open and closed circu lar form s of 3 p  p lasm id) an d  m t-D N A s. A fter C sC l-bisbenzim ide 
g rad ien t cen trifu g a tio n , th e  b o tto m  frac tio n  en riched  w ith 3 p  p lasm ids w as isolated and 
ex trac ted , as m entioned  earlie r. Use o f h y d ro x y lap a tite  enriches 3 p  D N A  in the  16K 
(16000 g) frac tion . T his could be due to  its associa tio n  w ith m em branes in th e  cy toplasm .

Restriction enzyme digest analysis and Southern hybridization

T h e res tric tio n  enzym e d igestion  and  S ou th ern  hy b rid iza tio n  m ethods have been described 
earlie r (see C h ap te r  3 & C h ap te r  4).

Cloning of 3 p plasmid in E. colt

3 p  plasm id w as digested w ith  HindlW  and th e  re su lta n t fragm en ts  were cloned in th e  
HindlU  site  of pA T153. T h e ex perim en ta l m ethod  has been described in  C h ap te r 4. 
Briefly, the  purified plasm id pA T153 w as d igested  w ith  H ind\\\ and th en  tre a te d  w ith  bac
te ria l alkaline p h o sp h a tase  (BAP) to  p revent self ligation. S im u ltaneously  purified 3 p  
p lasm id  from th e  yeast s tra in  D22 w as p a rtia lly  d igested  w ith  HinAW . T h e  reason for 
th is  will be described in  th e  resu lts  section . B oth  vectors an d  ta rg e t D N A s were ligated  
w ith  T4 DNA ligase for 10-12 hrs a t  15° C. T h e  liga tion  m ix tu re  was used direc tly  to  
tran sfo rm  the E. colt s tra in  HB101. T h e positive clones were identified using a he terolo
gous rDNA probe o f X cnopus laevia.

Transformation of yeast cells

T ran sfo rm atio n  o f yeast w as done using th e  a lk a li ca tion  induced m ethod  of Ito  et al 
(1983).

Briefly, the  y east cells were grow n aerobically  in  Y PD . A t th e  la te  log phase (OD#10 =  4 
to  8) the  cells were harvested , w ashed once w ith  T E  Buffer and suspended in the  sam e
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buffer to  a  final c o n cen tra tio n  o f 2 x 10® cells /m l.  0.5m l of th i s  cell suspension  w as ali- 
quoted  in to  tes t tubes an d  m ixed w ith  an  equal volum e of 0 .2M  LiCl or lith iu m  ace ta te . 
A fter 1 h o u r a t 30° C w ith  shak in g , 100 p.1 of the  cell suspension w as incubated  w ith  10-15 
p.1 of a  p lasm id  DNA so lu tio n  (ab ou t 10 p.g of DNA) in a 1.5ml m icrofuge tu b e  and incu
bated  a t  30° C for 30 m in u tes  in  a  s tan d in g  position .

An equal volum e of s te rilized  70%  polyethylene glycol (P E G -4000) was th en  added in to  
the  m icrofuge tube an d  m ixed thorou gh ly  on a  vortex  mixer. A f te r  s tand in g  for 1 hour a t  
30° C, th e  m icrofuge tu b e  w as im m ersed in w a te r a t  42° C an d  incubated  for 5 m inutes. 
T he cells w ere cooled to  room  tem p era tu re , w ashed tw ice by ce n tr ifu g a tio n , w ith  sterilised 
w ater a t  room  tem p e ra tu re  an d  p la ted  d irec tly  o n to  test-p la tes.

Selection of yeast transformants

For the  selec tion  o f th e  y e a st tran sfo rm an ts , the  m ethod of C h ev a llie r & Aigle (1979) was 
em ployed. T he m ethod  is based  on th e  penicillinase producing properties  o f s tra in s  h a r
bouring an  A m pR gene. In th e  procedure, tes t p la tes were m ade up of yeast n itrogen  base 
(Difco) 0 .65 % , glucose 0 .1 % , soluble s ta rch  0 .2% , agar 2% , buffered w ith 0.02M  phos
p ha te  a t  pH 6.8. A fter th e  cells had grow n up on the te s t p la te , a  m ixture o f 4m l m elted 
soft ag a r te s t  m edium  (co n s titu tio n  is th e  sam e as the  te s t p la te  b u t w ith  1% agar) plus 
1.5ml reag en t so lu tion  (3 m g /m l / a, 15m g/m l KI, 0.02M  p h o sp h a te  buffer pH 7.0, 3 
m g/m l am picillin) was p rep a red , which gave a deep blue co lour. T he m ix tu re  w as s tirred  
and gen tly  poured o n to  th e  te s t  p la tes  and th e  p la tes were le f t  in  the  cold room  (4° C) 
im m edia te ly  for 15-60 m in u tes. W ith in  th is  tim e stra in s  ca rry in g  hybrid  p lasm id  (i.e ., 
reco m b in an t of pA T153 an d  3 p. p lasm id) coding for am p ic illin  resistance show a well 
defined w h ite  halo w hich is easily  d istingu ished  from  the  rest. T h e  halo is form ed due to  
the red u c tio n  of the  b lue co lour o f s ta rch  - iodine com plex by penicilloic acid w hich is p ro 
duced by hydrolysis o f pen icillin  (am picillin) on te s t plates.



C h em ica ls  an d  o th e r  m a te r ia ls
T he chem icals and m a teria ls  used have been described in  ea rlie r ch ap te rs . X . laevis clones 
of rD N A s were a  g ift from  Dr. A lan C olm an , Dept, of B iological Sciences, U n iversity  of 
W arw ick. pXUOl co n ta ins b o th  18S and 28S rDNA c is tro ns  while pX1108 and pX1202 
have 18S and 28S rD N A  genes, respectively. pX108 is a 5S rDNA gene specific clone. See 
Boseley (1979) an d  M oss (1982) for th e  d e ta iled  deriva tion  o f th e  clones.

R E S U L T S

1. V a r io u s  sp e c ie s  o f  c y to p la s m ic  g e n o m e s  in  S. cerevisiae

W hen to ta l cellular DNA p rep a ra tio n  of S . ccrevisiac (D22) was analysed by electro
phoresis in a 1%  agarose gel, 6 to  7 species o f nucleic ac ids were observed (Fig. 7.1) T he 
m ajor band, is a m ix tu re  of nuclear DNA an d  m t-D N A  w hich m oves in to  a gel position  
corresponding to  a  size of ab o u t 24 K bp-26 Kbp. D N ase and R N ase d igestion  dem on
s tra te s  th a t  tw o o f them  are double s tra n d ed  (ds) RNAs w hose m olecular size corresponds 
to  th e  viral M (1.9 K bp) an d  L (3.4 K bp) types. 2 p. DN A plasm id  was analysed  by its 
iso la tion  from the  gel an d  by res tric tio n  d igests  w ith E coR  1 and HindXW (d a ta  no t shown). 
3 p. plasm id DNA was identified  in itia lly  by its m olecular w eight (ab o u t 9 K bp on  Sm al 
d igestion) from th e  published resu lts  (Larinov et al, 1980).

Tw o m ore DNA bands of high m olecular w eigh t were v isible above th e  nuclear an d  m ito
chondrial mixed DNA b ands (Fig. 7.1). T o  detect w h eth er these tw o high m olecular 
w eight bands are covalen tly  closed circu lar (CC C ) and open  c ircu lar (O C ) form s of the 
sam e DNA molecule, th e  gel was irra d ia te d  w ith  UV for 5 m inu tes a fte r the  first e lectro
phoresis and ru n  in  the  second dim ension. T h e princip le behind th is  is th a t  if th ey  were 
the  C C C  and O C  form s of the  sam e m olecule, after UV exposure b o th  of the  form s would 
be O C  form s (due to  nicks crea ted  in  the  C C C  form) an d  consequently  m igrate  th e  sam e 
d istance  in the  second d im ension. In fact, th e  observed re su lt (Fig. 7.2) d em o n stra te s  th a t  
th is  is the case. T he ex istence of such a high m olecular w eight p lasm id  has no t been seen
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a b c d e

F ig u re  7 .1  V arious species o f DN As an d  RNAs observed in  th e  w hole cell DNA p rep a ra 
tion  of th e  s tra in  D22 an d  i t ’s deriv a tives.
T he bands co rresponding  to  th e  v a rio u s  num bers are: 1 & 2, a  h igh m olecular w eight 
plasm id; 3, m ix tu re  o f nuc lear DN A an d  m t-D N A ;4 , 3 p  p lasm id  D N A  (9 K bp); 5, 2 p  
plasm id DNA (6 K bp); 6, dsR N A  (L, 3.4 K bp); 7, dsRN A  (M , 1.9 K bp). V arious bands 
shown were identified by th e  D N ase, R N ase and o th e r re s tric tio n  en donuclease enzym e 
digestion.
Lane a, X (H indlll +  E c o R ll d igested  m arker DNA. M olecular size o f th e  DNA fragm en ts  
are (in K bp): 21.7, 5.15, 5.00, 4.27, 3 .48 , 1.98, 1.90, 1.59, 1.37 0 .94, 0 .83 , 0.56 
Lane b, A plasm id p re p a ra tio n  o f s tra in  D22 show ing the 3 p  p lasm id  DNA.
Lane c, Sam ple lacking various p lasm ids and th e  double s tra n d ed  R N A s (dsR N A )
Lane d, Sam ple lacking th e  dsR N A s
Lane e, W hole cell D N A from  the  p a re n ta l s tra in  D22.
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a  b  c  d  e

\  7

I' ig u re  7.1 V arious species o f DNAs and RNAs 
lion o f the  s tra in  D22 and i t 's  deriva tives.

>bserved in the  w hole cell DNA prepara-

The bands corresponding to  the  various num bers are: I & 2, a  high m olecular weight 
plasm id; 3, m ix tu re of nuc lear DNA and m t-D N A ;4 , 3 p  plasm id DNA (9 Kbp); 5, 2 p  
plasm id DNA (6 K bp), 6, dsR N A  (L, 3.4 Kbp); 7, dsR N A  (M, 1.9 K bp). V arious hands 
shown were identified by th e  DNase, R N ase an d  o th e r res tric tio n  endonuclease enzym e 
digestion.
I.ane a, X (H im llll +  KcoR 1) digested  m arker DNA. M olecular size o f the DNA fragm ents 
are (in Kbp): 21.7, 5.15, 5.00, 4.27, 3.48, 1.98, 1.90, 1.59, 1.37 0.94, 0 .83, 0.56 
Lane b, A plasm id p rep a ra tio n  of s tra in  D22 show ing the  3 p  plasm id DNA.
Lane c, Sam ple lacking variou s plasm ids and the double s tran d ed  RN A s (dsRN A )
Lane d, Sam ple lacking the  dsR N A s
Lane e, W hole cell DNA from  th e  p a ren ta l s tra in  D22.

€
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a b o d e

l 'i g u r c  7.1 Various species of l)N Vs and It.VVs observed in  th e  whole cell DNA p re p a ra 
tion of th e  s tra in  D22 an d  it 's deriva tives.
I he hands correspom ling to  the  various num bers are: I ,V 2, a high m olecular weight 
plasm id; 3, m ixture o f nuclear l)N V and in t-D N A jI, 3 p  p lasm id  DNA (9 Kbp); 5. 2 p  
plasm id DNA (6 K bp); 6. dsK \ A  (I., d. 1 Kbp); 7. dsK.NA ( M, 1.9 K bp). V arious bands 
shown wore identified by th e  DNase, R N ase and o the r re s tr ic tio n  endonuclease enzym e 
digestion.
fan e  a, \  (HindMl -f KcoR 1 ) digested  m arker DNA. M olecu lar size o f th e  DNA fragm en ts
are (in K bp): 21.7, 5 .15, 5.00, 1.27, if 18, 1.98, 1.90, 1.59, 1.37 0.94, 0 .83, 0 .56
fan e  b, A plasm id p re p a ra tio n  o f s tra in  D22 showing the 3 pi plasm id DNA.
fan e  c, Sam ple lacking variou s plasm ids and the double s tra n d e d  RN A s (dsRN A )
fan e  d, Sam ple lacking tin* dsR N A s
fa n e  e, W hole cell DNA from  the  p a ren ta l s tra in  D22.

5
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a b c 2 n d

F ig u re  7 .2  T w o dim ensional agarose gel e lectrophoresis for the  iden tifica tion  o f the  high 
molecular w eight plasm id from the  s tra in  1)22
T he to ta l cellu lar DNAs isolated  from  the  s tra in  1)22 were elect rophoresed on a 0.8*7 
agarose gel. T he gel was s tained  w ith e th id ium  brom ide and various species of DNAs were 
identified on a I V tran s illu m in a to r and pho tographed . T he gel was left on the  l V illum i
nator for fu rth e r  5 m inutes and the sam ples of one lane was elect rophoresed in the  second 
direction (perpend icu lar to  the  first d irection).
Bands m arked as ( ) ( ' and ( ' ( ' ( '  are th e  open circu lar and covalen tly  closed circular 
molecules of the  high m olecular w eight p lasm id. T h e sam ples in th e  Lane a and b were 
run only in the 1st d irec tion  and th e  sam ple of the  lane c was run  in the 2nd direction . 
Note th a t in the  2nd dim ension of the  gel O C  and C C C  form s have moved to  the  sam e 
(list ance in to  t In1 gel.
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F ig u re  7 .2  T w o d im ensional agarose gel e lec tropho resis  for the iden tifica tion  of th e  high 
m olecular w eight plasm id from  th e  s tra in  D22
The to ta l cellu lar DNAs iso lated  from  the s tra in  D 22 were electrophoresed on  a  0 .8%  
agarose gel. T he gel was s ta in ed  w ith  eth id ium  brom ide and various species of DN As were 
identified on a UV tran s illu m in a to r  and pho tographed . T h e gel was left on th e  UV illum i
nator for fu rth e r  5 m inu tes and th e  sam ples of one lan e  was electrophoresed in th e  second 
direction (perpendicu lar to  the  first direction).
Bands m arked as O C  and  C C C  are the open c ircu la r  and covalen tly  closed circu lar 
molecules o f th e  high m olecular w eight plasm id. T he sam ples in th e  Lane a and  b were 
run only in the  1st d irec tio n  and the  sam ple of the  la n e  c was run  in the 2nd d irec tion . 
Note th a t  in the  2nd dim ension  o f the  gel OC and C C C  form s have m oved to  th e  sam e 
distance in to  th e  gel.
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F ig u re  7 .2  T w o d im ensional agarose gel e lectrophoresis for the  iden tifica tion  of th e  high 
m olecular w eight plasm id from  th e  s tra in  D22
The to ta l cellular DNAs iso lated  from  the  s tra in  D22 were electrophoresed on a  0 .8%  
agarose gel. T he gel was s ta in ed  w ith  e th id iu m  brom ide and various species of DNAs were 
identified on a UV tran s illu m in a to r  an d  pho tographed . T he gel was left on  th e  UV illum i
na to r for fu rth er 5 m inu tes and the  sam ples of one lane was electrophom sed in the  second 
direction (perpendicu lar to  th e  first d irection).
Bands m arked as O C  and C C C  are the  open circu lar and covalen tly  closed circu lar 
molecules of the  high m olecular w eight p lasm id. T h e sam ples in the  Lane a  and b were 
run only in  the 1st d irec tion  and the  sam ple of the lane c was ru n  in th e  2nd d irec tion . 
Note th a t  in the  2nd d im ension of th e  gel O C  and C C C  form s have m oved to  th e  sam e 
distance in to  the  gel.
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in  S. cerevisiae  before. S ou thern  h y b rid iza tio n  s tu d y  using labelled 2 p  DNA and  3 jjl 
DN A  as th e  probes, i t  was found o u t th a t  th is  p la sm id  is n o t th e  oligom er o f th e  2 p  and  
3 p  DN As (d a ta  n o t shown). N either d id  th is  b a n d  hybrid ize to  m t-D N A . H owever, we 
were in te rested  in  stu d y in g  3 p  DNA in  d e ta il  d ue  to  th e ir  high copy num bers in  the  
p a re n ta l s tra in , D22 (d a ta  n o t shown), of V E N R , T E T R, an d  R h 6 G R s tra in s  (See T ab le  
7.1).

2. Study of 2p DNA and dsRNAs from the yeast strains with VEN R T E T R and 

R h 6 G R genetic markers

V arious s tra in s  possesing th e  above cy top lasm ic  m arkers  (see T ab le  7.1) were analysed  for 
th e ir  nucleic acid co n ten ts  by agarose gel e lec trop ho resis . All these s tra in s  are based on

a «tith e  p a ren ta l g rand e D22 which co n ta ins h y b rid izab le  2 p  ^3 p  DNA sequences and D N ase
and R N ase re s is tan t bands. W hen R N ase  d igestion  is perform ed in low sa lt con-
d ition s ( lOmM T ris-C l, 1 mM EDTA, as o pp o sed  to  0.15-0.2M N aC l) the^band  becom es 
sensitive, ind icating  th e  band is probably  d sR N A . S tra in s  D 22/72, D 22/69, and  D 2 2 /E C 6 
are  all cross re s is ta n t to  the  above genetic m a rk e rs  b u t possess different ep isom al ch a rac 
teris tics . D 22/72 is sim ilar to  wild type D22 in  i ts  nucleic acid co n ten t while D 22/69  is 
devoid o f dsR N A s and D 2 2/E C 6 is devoid o f b o th  dsR N A s an d  2 p  sequences (Fig. 7.3). 
T h is  evidence elim inates the la tte r  genetic e le m en ts  as can d id a tes  for th e  bearers  o f th e  
re s is ta n t genotypes (V E N R , T E T R and R k 6 G R ) T h e  rem ain ing  can d id a tes  are  th e  high 
m olecular w eight plasm id (identified above) a n d  th e  3 p  DNAs.

3. Isolation and identification of 3 p D NA

T o  ch arac te rise  3 p  DNA fully, it  was necessary  to  purify th e  p lasm id  from  o th e r DN As 
and R N A s. T h is  was acheived by C sC l-b isbenz im ide  density  g rad ien t analysis  (Fig. 7.4). 
E ach band  was identified by re s tric tion  d ig e st analysis. O n  th e  basis o f th is , th e  3 p  
p lasm id  DNA was show n to  form  a b a n d  a t  1.70 g m s/cc  region of th e  g rad ien t. 
Iden tifica tion  o f the  3 p  plasm id was achieved o n  th e  basis o f e lec tron  m icroscopy and  res
tr ic tio n  digest analysis. EM s tu dy  revealed  th a t  it  had a  co n tou r leng th  o f ab o u t 3 p
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B
2 (j DNA 
ds R N A (L )

ds RNA (M)

F ig u r e  7 .3  Evidence th a t  th e  2 ft p lasm id  D N A and ds R N A s do no t c a rry  th e  nonm ito- 
chondrial cy top lasm ic m arkers.
T o ta l DNAs were iso lated  from  th e  16Kxg m em brane frac tion  of the  yeast cells under th e  
presen t s tu dy  and analysed on  a  1% agarose gel.
Lane a, \  (Hindlll digest) marker DNA; Lane b and c, D22/EC6 ( V E N R , T E T R , R h 6 G R ,
1799R ); Lane d, D22/69 ( V E N R, T E T R , R h » G " ,  1799?);  Lane e, parental s tra in  D22.
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K ig u re  7 .3  Evidence th a t  the 2 p. p lasm id  DNA and ds R N A s do n o t carry  th e  nonm ito- 
chondrial cy toplasm ic m arkers.
T o ta l DNAs were isolated from th e  16Kxg m em brane frac tio n  of th e  yeast cells under th e  
presen t s tudy  and analysed on a  1%  agarose gel.
Lane a, X (H indlll d igest) m arker D N A ; Lane b and c, D 22/E C 6 ( V E N * , T E T * , H h 6 C * ,
1799*); Lane d, D 22/69 ( V E N * , T E T * , R h l lG * , 1799*); Lane e, p a re n ta l s tra in  D22.
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F ig u re  7.3 Evidence th a t the 2 p. plasm id DNA and ds R N A s do no t carry  the  nonm ito- 
chondrial cy toplasm ic m arkers.
T o ta l DNAs were isolated from th e  16Kx<| m em brane frac tio n  o f the yeast cells under the  
present s tudy  and analysed on a 1%  agarose gel.
I m e  a, A (H indlll digest) m arker DNA; Lane b and c, D 2 2 /E C 6  ( V E X 1 . T E  V ' , HhtoC1 .
17991' ); Lane d, D 22/69 ( V E N * , T E T h , l ( h«GR , 1799"); Lane e, pa ren ta l s tra in  D22.
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I ig u re  7 .4-C aesium  ch loride-b isbenzirn ide density  grad ien t cen trifu ga tion  for t lie isola
tion  of the 3 p. Plasm id DNA
The 16000 g (16 K) frac tio n  o f the  m em brane from  the  s tra in  1)22 w as ex trac ted  w ith 
phenol/chloroform  for the  iso lation  of DNA which w as then  analysed on the 
CsOLbisbenzim ide gradient a s  described in tin* m ethod, 
band (a), m l-DN A; band (b), nuc lear I ) \  \ :  band (c) 3 p. plasm id DNA.
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F ig u re  7 . 4.Caesium  chloride-bisbenzim ide density  g rad ien t cen trifu g a tio n  for the  isola
tion  of the  3 pt Plasm id DNA
The 16000 g (16 K) frac tion  of th e  m em brane from  the s tra in  D22 was ex trac ted  w ith 
phenol/chloroform  for the iso la tion  of DNA which was th e n  analysed on the 
C sC libisbenzim ide g rad ien t as described in the m ethod, 
band (a), m t-D N A ; band (b), nuclear DNA; band (c) 3 p. p lasm id DNA.
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F ig u re  7 .4 .C aesiu m  ch lo rid e-b isbenz im ide  d en sity  g rad ien t cen trifu g a tio n  for th e  isola
tion  of th e  3 p. P lasm id D N A
The 16000 g (16 K) fra c tio n  o f th e  m em brane from  th e  s tra in  D22 w as e x tra c te d  w ith 
phenol/chloroform  for th e  iso la tio n  of D N A  w hich was th en  analysed  on  the 
C sC hbisbenzim ide g rad ien t as  described in th e  m ethod, 
band (a), m t-DN A; band (b), n u c lear DNA; b and  (c) 3 p  p lasm id  DNA.
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(d a ta  n o t shown). W hen th is  species w as d igested  w ith  E coR  1 and H indlll re s tr ic tio n  
enzym es, it  was observed th a t  it  has a s im ila r re s tr ic tio n  digest p a tte rn  to  th a t  described  
for genom ic rDNA (Fig. 7.5). T o  confirm  th is, a hetero logous rDNA probe from  X en o p u s  
laevis w as used for S ou thern  hy b rid iza tio n  analysis. Both 18S rR N A  and 28S rR N A  gene 
co n ta in in g  probes (pXl 108 & pXl 212) can  h y b rid ize  E coR  1 and HindlW  genera ted  fra g 
m ents from  S. cerevisiae  (Fig. 7.6), b u t n o t th e  5S rR N A  gene contain ing  probe (pXl 08). 
T h is  d em o n stra tes  th a t  the  3 p  DNA p lasm id  co n ta in s  ribosom al genes for a t  lea s t the 
28S and 18S rR N A  genes. F ailu re  of th e  5S rR N A  gene of X enopus laevis to  show a posi
tive  hybrid izable signal is due to  d iverg en t sequences of th is gene from  S. cerevisiae  and 
X . laevis. A sim ilar resu lt was o b ta in ed  by o th e r  w orkers (P etes  et al, 1979; Bell e t  al, 
1977; C ourse & G erb i, 1980).

4. Cloning of 3 p plasmid DNA

T o  u n d erstan d  th e  o rgan isa tio n  of the  3 p  DNA p lasm id , it was felt necessary to  c lone it 
in  E. coli from  w here it could be iso lated  w ith o u t co n tam in ation  from  nuclear rD N A  
genes. R estric tio n  analyses showed th a t  th e  3 p  p lasm id  DNA has one unique re s tric tio n  
site  for 5m aJ (G G G 'CC C ) and tw o for HindlW  (A *A CCT). Because 5m al genera tes  b lu n t 
ends and b lu n t end liga tion  is no t as efficient as s t ic k y  end ligation , it was th o u g h t t h a t  a 
p a rtia l d igestion  o f HindlW  would be preferab le  to  c lo ne the whole 3 p  DNA in  th e  HindlW  
s ite  o f pA T153. Using th is  s tra teg y , a  few rD N A  positive clones were picked up (Fig. 
7.7A). A fter screening the  clones, tw o clones were chosen, one having th e  whole 3 p  D N A  
in se rt (nam ed, pS C 3H l) an d  th e  o th e r hav ing  o n ly  a  sm aller HindlW  fragm ent (nam ed , 
pSC3H2). As expected , on  HindlW  d igestio n  of th e  plasm ids, pSC 3H l yielded th e  tw o 
expected  HindlW  fragm ents and pSC3H2 yielded o n e  H indlll fragm ent of th e  3 p  p lasm id  
(F ig. 7.7B).

5. Restriction map of 3 p plasmid based on pSC3Hl

For th e  purpose o f de tailed  ch a rac te risa tio n  o f th e  3 p  plasm id, it was desirable to  gen
e ra te  a  res tric tio n  m ap for it. T he 3 p  p lasm id iso la ted  d irectly  from yeast s tra in s  was
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F ig u re  7 .5  Gel e lec tro p h o re tic  p a t te rn  o f th e  E co R l and H in d lll d igested  3 p  D N A  and 
genomic DNA
T he purified p la sm id  frac tio n  an d  n uc lear DNA w as d igested w ith  th e  res tric tio n  en donu
cleases E coR l a n d  H in d lll an d  the  sam ples were analysed on  0 .8%  agarose gel e lectro
phoresis.
A) 3 p  plasm id D N A
Lane I, \  (H in d lll -I- E c o R ll D igested m ark e r DNA. T he size o f th e frag m en ts  are : (a)
21.7, (b) 5.15, (c) 5 .0  (d) 4.27, (e) 3.48, (f) 1.98, (g) 1.90, (h) 1.59, (i) 1.37, (j) 0.94, (k) 0.83, 
(1) 0.56
Lane 2, H indlll d ig e sted  frag m en ts  o f th e  3 p  p lasm id  show ing the  6.6 and 2.7 K b p  frag
m ents.
Lane 3, E co R l d ig e s te d  fragm en ts  of th e  p lasm id DNA (2.82, 2.4, 2.15, 660, 590 Kbp). 
The two sm allest fragm en ts  (0 .370 K bp and  0.280 K bp) have ru n  o u t o f the  gel.
B) Nuclear DNA
Lane 1, H indlll d ig ested  fragm ents; L ane 2, H in d lll +  E co R l double d igested fragm en ts  
and Lane 3, E c o R l digested fragm en ts. T h e size of the  E co R l and H ind lll fragm en ts  are 
sim ilar to  those o f  th e  plasm id DNA. T h e  size*of th e  E coR l +  H indlll double d igest frag
m ents are: 2.82, 2 .22 , 1.95, 660, 590 K bp. T h e sm allest fragm en ts  (0.370, 0.280, 0.200, 
0.190 Kbp) have ru n  o u t of th e  gel.
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F ig u re  7 .5  Gel e lectropho re tic  p a tte rn  of the  E co R l an d  H indlll d igested  3 p  D \ A  and 
genomic DNA
The purified plasm id frac tion  and nuclear DNA w as d igested  w ith  th e  re s tric tion  en d o n u 
cleases E co R l and H indlll and the sam ples were an alysed  on 0 .8%  agarose gel e lec tro 
phoresis.
A) 3 p  p lasm id DNA
Lane 1, \  (H indlll +  E c o R l) D igested m arker D N A . T he size of th e frag m en ts  are : (a)
21.7, (b) 5.15, (c) 5.0 (d) 4.27, (e) 3.48, (f) 1.98, (g) 1.90, (h) 1.59, (i) 1.37, (j) 0.94, (k ) 0.83, 
(I) 0.56
Lane 2, H ind lll d igested  fragm ents of the  3 p  p lasm id  show ing the  6.6 and 2.7 K b p  frag
ments.
Lane 3, E co R l d igested  fragm ents of the p lasm id D N A (2.82, 2.4, 2.15, 660. 590 Kbp). 
The tw o sm allest fragm ents (0.370 Kbp and 0.280 K bp) have run  o u t of the gel.
B) N uclear DNA
Lane 1, H indlll d igested fragm ents; Lane 2, H indlll +  EcoR l double digested frag m en ts  
and Lane 3, EcoR 1 digested fragm ents. T he size o f th e  EcoR 1 and H indlll fra g m e n ts  are 
sim ilar to  th ose  of th e  plasm id DNA. T he sizesof th e  E coR l 4- H indlll double d ig e st frag
m ents are: 2.82, 2.22, 1.95, 660, 590 Kbp. T he sm a lle s t fragm ents  (0.370, 0 .280 , 0.200, 
0.190 Kbp) have run  o u t of the  gel.
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L ig u re  7.5 Gel electrophoretic! pattern of the EcaR 1 and Hind 111 digested 3 p D N A  and 
genomic D N A

The purified plasmid fraction and nuclear D N A  was digested with the restriction endonu
cleases K cq R l  and Hindili and the samples were analysed on 0.8r r agarose gel electro
phoresis.

A) 3 p  p la sm id  DNA
Lane 1, \ (HindJJJ +- EcoRJ) Digested marker DNA. The size o f  thefragments are: (a)
21.7, (b )  5 15, (c) 5.0 (d )  1.27, (e ) 3.48, ( f )  1.98, (g )  1.90, (h) 1.59, ( i )  1.37, ( j )  0.94, (k ) 0.83, 
(I) 0.56
Lane 2, I (indil i  digested fragments o f  the 3 p plasmid showing tin* 6.6 and 2.7 Kbp frag
ments.

Lane 3, EçoR 1 digested fragments of the plasmid D N A  (2.82. 2.1. 2.L’>. 660. 590 kbp). 
The two smallest fragments (0.370 Kbp and 0.280 Kbp) have run t»ut o f  the gel.

II) Nuclear DNA
I an»' I. I l ludili  digested fragments; Lane 2, Hindlll +  EcoR I double digested fragments 
and Lane 3. KcoL l digested fragments. The size of t he EcoR I and 1 lindi II fragments tre 
similar to those < >f the plasmid DN A. ‘The sizesof the EcoR 1 -f I limi 111 double digest frag
ments are: 2.82, 2.22, 1.95, 660, 590 Kbp. The smallest fragments (0.370, 0.280, 0.200, 
0.190 K b p )  have run out o f  the gel.
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F ig u re  7 .5  Gel e lectropho re tic  p a tte rn  o f th e  E co R l and HindlH d igested  3 p. DN A and 
genomic DNA
The purified plasm id frac tio n  and nuc lear DNA was digested  w ith  the  re s tr ic tio n  endonu
cleases E co R l and H indlll and the  sam p les were analysed  on 0 .8%  ag aro se  gel e lectro
phoresis.
A) 3 p  p lasm id DNA
Lane 1, \  (H indlll +  E co R l I D igested m ark e r DNA. T h e size of th e frag m en ts  are: (a) 
21.7, (b) 5.15, (c) 5.0 (d) 4.27, (e) 3.48, (f) 1.98, (g) 1.90, (h) 1.59, (i) 1.37, (j) 0.94, (k) 0.83, 
(1) 0.56
Lane 2, H in d lll d igested fragm ents of th e  3 p  plasm id show ing th e  6.6 a n d  2.7 K b p  frag
ments.
Lane 3, E coR l d igested  fragm ents of th e  plasm id DN A (2.82, 2.4, 2 .15 , 660, 590 Kbp). 
The tw o sm allest fragm ents (0.370 K bp an d  0.280 K bp) have run  o u t of th e  gel.
B) N uclear DNA
Lane 1, H indlll digested fragm ents; Lane 2, H indlll +  E coR l double d igested  fragm ents  
and Lane 3, E coR l digested fragm ents. T h e  size of the  E coR l and H in d lll fragm en ts  are 
sim ilar to  those o f the plasm id DNA. T h e  size«of th e  E coR l 4- H indlll d ou b le  d igest frag
ments are: 2.82, 2.22, 1.95, 660, 590 K b p . T he sm allest fragm ents (0 .370, 0.280, 0.200, 
0.190 K bp) have run  o u t o f the  gel.
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F ig u re  7 .5  Gel e lec tropho re tic  p a t te rn  of th e  E coR l and Hindi!! d igested  3 p  DNA and 
genomic D N A
T he purified plasm id frac tio n  an d  nuclear DNA was d igested  w ith  th e  res tric tio n  endonu
cleases E co R l and H in d lll and th e  sam ples were analysed on 0 .8%  agarose gel e lectro 
phoresis.
A) 3 p  p lasm id  DNA
Lane 1, \  (H indlll +  E co R l I D igested m arker DNA. T h e size of th e frag m en ts  are: (a) 
21.7, (b) 5 .15 , (c) 5.0 (d) 4.27, (e) 3 .48, (f) 1.98, (g) 1.90, (h) 1.59. (i) 1.37, (j) 0.94, (k) 0.83. 
(1) 0.56
Lane 2, H in d lll d igested  fragm ents  o f the  3 p  plasm id show ing th e  6.6 and  2.7 K bp frag
ments.
Lane 3, E co R l d ig e sted  fragm ents  o f the  plasm id DNA (2.82. 2.4, 2.15, 660, 590 Kbp). 
T he tw o sm alles t fragm ents  (0.370 K bp and 0.280 Kbp) have run  o u t o f th e  gel.
B) Nuclear DNA
Lane 1, H in d lll d igested fragm ents; Lane 2, H indlll -(- EcoR 1 double d igested  fragm ents 
am i Lane 3, EcoR I digested  frag m en ts. T h e  size of the  E coR l an d  H indlll fragm en ts  are 
sim ilar to  those  of the  plasm id D N A. T he sizesof the E coR l 4- Hind III double d igest frag
m ents are: 2.82, 2.22, 1.95, 660. 590 K bp. T h e sm allest fragm en ts  (0.370, 0.280, 0.200, 
0.190 K bp) have run  o u t of the  gel.
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f i g u r e  7.5 ( ¡el electrophoretic pattern of the KeoRJ and Hindi 11 digested 3 p D N A  and 
genomic l )N A

The purified plasmid fraction and nuclear D N A  was digested with the restriction endonu 
«leases KcoR I and 11 i mi III and the samples were analysed on O.S'7 agarose gel electro
phoresis.

\) 3 p  plasmid D N A

I ane I. \ (l l indll l  f  KcoR 11 Digested marker l )N  \. The size o f  tin-fragments are: ( a)
21.7, lid 5.15, (c) 5.0 (d ) 1.27, (e) 3.48, ( f )  1.98, (g )  1.90, (In 1.59. |i| 1.37. ( j )  0.94. (k ) 0.S3. 
(I) 0.56

l ane 2, llindlll digested fragments o f  the 3 p plasmid showing the 6.6 ami 2.7 Khp frag- 
ments.

l ane 3. KcoR 1 digested fragments o f  the plasmid D N A  (2N2. 2.1. 2.13 660. 360 K h p l 
I'he two smallest fragments (0.370 Khp and 0.2N0 Khp) have run out o f  tin- gel.

Ill Nuclear DNA

l ain I. ll indlll digested fragment I ane 2, llindlll  d- KcoR I double digested fragments 
uni I m e 3. KcoRI digested fragment'. The size o f  the KcoR I and llindlll fragments are 
i niil.tr to  those >f the plasmid I ) N \ Idle sizezof the KcoR I -t- IJ i in 1111 doiihle digest frag 

incuts are: 2.S2. 2.22. 1,6a, 660. 360 Khp. I he smallest fragments (0.370. 0.2X0, 0.200, 
0.160 Khp) have run out o f  tin- gel.



F ig u re  7 .6  S ou thern  hyb rid iza tio n  analysis of the  3 p  DNA
Purified 3 p  plasm id was d igested  w ith the  re s tric tio n  endonucleases and th e  sam ples w ere 
analysed on a 1% agarose gel. T h e  DNA fragm en ts  w ere transfe rred  on to  a sh ee t o f n itro 
cellulose filter and hybrid ized w ith  the heterologous rD N A  probes, 28S rR N A  gene specific 
pX1212 (for lanes 6 & 7 of Fig. A and lanes 5 & 6 o f Fig. B) an d  18S rR N A  gene specific 
pX!108 (for lanes 3 &4 o f Fig. A an d  lanes 2 & 3 of F ig. B) from A'enopus laevis.
A) Lane 1, A (H indlll -I- E c o R l) digested  m ark e r DNA; Lane 2, E coR l d igested  3 p  D N A , 
probed w ith  purified labelled 3 p  DNA; Lane 3 & 6, EcoR 1 d igested  3 p  DNA; Lane 4 & 
7, Accl digested 3 p  D N A ;Lane 5, A H indlll d igested  m arker DNA. The frag m en t sizes o f 
the  A (H ind lll +  E coR l) d igested  and H indlll d igested  fragm ents  are given in th e  A p pen 
dix. Note th a t  the  largest E coR l fragm ent o f the  3 p  DNA (2.82 K bp) has 28S rR N A  gene 
hybrid izable sequences and the  th e  fragm ent 1.95 K b p  has 18S rR N A  gene h u b rid izab le  
sequences.
B) Lane 1 & 4, A H indlll d igested m arker DNA; L ane 2 & 4, H indlll d igested 3 p  DN A; 
Lane 3 & 6, Sau3A digested 3 p  DNA. N ote th a t  th e  largest H in d lll frag m en t (6.6 K bp) 
has hybrid izable sequences to  bo th  the 28S and 18S rR N A  genes. Sau3A fragm en ts  show n 
here has no t been analysed.

T

1 2

2



F ig u re  7 . ft Southern hybridization analysis o f  the 3 p DN A

Purified 3 |JL plasmid was digested with the restriction endonucleases and the samples were 
analysed on a 1% agarose gel. The D N A  fragments were transferred onto a sheet o f  nitro
cellulose filter and hybridized with the heterologous r I )N A probes. 28S r R N A  gene specific 
pX1212 (for lanes 6 Sc 7 of Kig. A and lanes 5 Sc 6 o f  Fig. B ) and 18S rR N A  gene specific 
pX1108 (for lanes 3 Sc4 o f  Fig. A  and lanes 2 Sc 3 o f  Fig. B) from Xe.nopus laevis.
A ) Lane 1, X. ( Hind III 4- F coR l ) digested marker D N A ; Lane 2, KcoR 1 digested 3 p. D N A , 
probed with purified labelled 3 p. D N A ; Lane 3 Sr, 6. KcoR 1 digested 3 p. D N A ; Lane 1 Sc 
7, Acc 1 digested 3 pi DNA;Lane 5. X Hind 111 digested marker D N A .  The fragment sizes of 
the X ( 11 ind 111 4- KcoR 1 ) digested and Hind 111 digested fragments are given in the Appen
dix. Note that the largest KcoR 1 fragment o f  the 3 p. D N A  (2.S2 Kbp) has 28S r R N A  gene 
hybridizable sequences and the the fragment 1.95 Kbp has 18S r R N A  gene hubridizable 
sequences.

B) Lane 1 Sc 4, X Hind 111 digested marker D N A ; Lane 2 Sc 1. Hind 111 digested 3 p. D N A ; 
Lane 3 Sc 6. Sau3A digested 3 p. DNA. N o te  that the largest H ind 111 fragment (6.ft Kbp) 
fias hybridizable sequences to both the 28S and 1SS rR N A  genes. Sau3A fragments shown 
here has not been analysed.
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T a b le  7 .2  F ragm en t len g th s  of re s tric tio n  enzym e d ig e sts  of 
3 p. DNA. F ragm en ts  w e re  ca lib ra ted  using (HindlH -I- E c o R l) d igests 
of \  DNA and H aetll d ig e s ts  of <1>X174RF (see A ppendix).

R estric tion  enzym e F rag m en t sizes (K bp)
Hind III 6.750, 2.750
E coR l 2.820, 2.400, 2.150, 0.660, 

0.590, 0.370, 0.280
H indlll +  E coR l 2.820, 2.220, 1.950, 0.660, 

0.590, 0.370, 0.280, 0 .200 ,
0.170



B

F ig u re  7 .7  C loning of th e  3 p  DNA
The purified 3 p  p lasm id w as d igested  w ith  H indlll an d  cloned in th e  H ind lll s ite  of the 
pAT 153.
A) A u torad iogram  for th e  colony h yb rid isa tio n  filter for the  3 p  p lasm id tran s fo rm an ts . 
The heterologous probe (pX1212) w as used to  screen th e  positive tra n s fo rm a n ts  (dark
spots).
B) H indlll d igestion of th e  finally selected  recom binant 3 p  p lasm id clones (p S C 3 H t and 
pSC3H2)
The purified plasm id from  pS C 3H l (Lane 3) and pSC3H 2 (Lane 1) were d igested  w ith  Hin
dlll and analysed  on a 1%  agarose gel, using H indlll d igested  3 p  p lasm id (L ane 2) as 
com parab le m arker. T h e  H in d lll fragm en ts  (6.6 & 2.7 K bp) o f the  3 p  DN A have been 
shown.
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F ig u re  7 .7  C loning of the  3 p  DNA
The purified 3 p  plasm id was digested w ith  Hind III an d  cloned in th e  Hind HI site  o f  the 
pAT 153.
A) A u torad iogram  for the  colony h y b rid isa tio n  filter for the  3 p  p lasm id  tra n s fo rm a n ts . 
The heterologous probe (pXI212) was used to  screen the  positive tran s fo rm an ts  (dark
spots).

B) Hind 111 digestion  of the  finally selected reco m b inan t 3 p  p lasm id  clones (pS C 3H l and 
pSC3H2)
The purified plasm id from pSC 3H l (l.ane 3) and pSC 3H 2 (Lane I) w ere d igested w ith  11 i n- 
d 111 and analysed  on a 1% agarose gel, u sing  H indlll d igested 3 p  plasm id (Lane 2) as 
com parab le m arker. T he H indlll frag m en ts  (fi.fi X: 2.7 K bp) o f th e  3 p  DNA have been
shown.
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used to  g enera te  in itia l H ind\\\ and E coR  1 based m aps. T ab le  7.2 shows th e  size of th e  
restric tion  fragm ents, generated  on H in d lll an d  E coR  1 d igestion  o f the p lasm id  (see also 
Fig. 7.5).

Based on th e  H indlll restric tion  sites on 3  g  DNA, pS C 3H l was firs t characte rised  for th e  
o rien ta tio n  of th e  insert (Fig. 7.8). T h en  psS C 3H l w as d igested w ith SstI, P stI, Sail, 
Xbal, Sm al, B a m H  1, E coR  1 sep ara te ly  o r w ith  various co m bin a tions  and w ith  H indlll and  
the re su ltan t fragm ents  were analysed in  1%  to  2%  agarose gel elecrophoresis (Fig. 7.9). 
X ( //in d lll +  E c o R l ) d igests or d>X174 R F  (H aclli) m arke rs  were used to  ca lib ra te  th e  
m olecular w eight size of th e  fragm ents. T a b le  7.3 rep resen ts  size d is tr ib u tio n  of th e  res
tric tio n  fragm ents  of pS C 3H l w ith  v a rio u s  enzym es used. Based on  th is an d  o the r res tric 
tion d a ta , o b ta in ed  after secondary  re s tr ic tio n  digestion o f iso lated  fragm ents from  low 
m elting po in t agarose gels, a  res tric tio n  m a p  was g enera ted  which is represen ted  in Fig. 
7.10. T he m ost su rp rising  featu re of th is  m ap  is the  occurence o f P a ll ,  Sa l  1 and B a m H  1 
sites on th is  3 p  p lasm id. Previously it  w as  reported  th a t  genom ic rD N A  does n o t con
ta in  any re s tric tio n  site for PstI, Sail or B a m H  1 (Bell et al, 1977; V alenzuela, cl al, 1977). 
T herefore it ap p ears  th a t  a  m u ta tio n  a n d /o r  insertional phenom enon has occurred  w ith in  
the 3 p  DNA during  its  excision from  ch rom osom al DNA. T he in sertion  phenom enon 
looks more likely, for th e  reason th a t  th e  genom ic rD N A  has been reported  to  have a 
repeat un it of ab o u t 9.060 K bp (Fig. 7 .12; See W arner, 1981) in c o n tra s t to  th e  p resen t 
analysis o f 3 p  plasm id which has a 9.3 K b p  length. T h e  insertion  has m ost p robab ly  
tak en  place w ith in  the non -tran scrib ed  sp a c e r  betw een th e  5S rR N A  and 18S rR N A  genes 
(See next).

B. Organisation of rRNA genes on the 3 p plasmid

T he o rgan isa tio n  o f rRN A  genes on th e  3 p  plasm id w as stud ied  using a heterologous 
probe from X enopus lacvis (F ig .7 .6). A n 18S rRN A  gene specific probe (clone pX1108) 
hybridized to  th e  E coR l fragm ents 1.950 K bp and 660 bp, while a 28S rRN A  specific 
probe (pX1212) hybrid ized to  the  E co R l  frag m en ts, 2.820 K bp, 0.590 K bp 0.370 K bp.
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F ig u r e  7 .8  O r ie n ta tio n  of the  3 p  plasm id DN A on pSC 3H l
T he c ircu lar m ap of pS C 3 H l shows th e  o r ie n ta tio n  o f the  cloned 3 p  DNA on the  recom 
b in an t plasm id p S C 3 H l. Double line region ind ica tes  the  vector DNA (pA T153) an d  sin
gle line indicates the  th e  cloned 3 p  DNA. T h e  re s tric tio n  sites (E coR l .  P s t l . B am H l and 
S ail) have been show n only for the  vector D N A. No res tric tio n  sites except th a t  fo r Hin- 
d lll have been show n on  the  3 p  DNA. T h e num ber ind icates the  fragm en t sizes (in  Kbp) 
of the  th ree  H indlll fragm en ts  of pS C 3H l. T h e  m ap is no t accu rate  to  th e  scale.



F ig u r e  7 .9  Gel e lec tropho re tic  p a tte rn  and m olecular size o f th e  res tric tio n  fragm ents of 
pS C 3H l, produced by the  res tric tio n  endonuclease H indtll (Lane 2), Hin d lll -t- P s tl  (Lane 
1), H ind lll +  X bal (Lane 3), Hind III +  Sail (Lane 4), B am H  1 +  SstI (Lane 5), B am tl 1 
(Lane 6), X bal (Lane 7), X bal +  Sail (Lane 8), Sail (Lane 9) and P s tl +  Sail (Lane 10).
T he purified plasm id from  pS C 3H l was d igested w ith v a rio u s  res tric tio n  endonucleases 
and  analysed  on^l%  agarose slab gel. T he m olecular size o f each fragm ent was de term ined  
using \  H in d lll and (H ind lll +  E c o R l) digests as gel m arkers. Som e bands showed 
anom alous m obility.
Mol. sizes of the fragm en ts  in Lane 1 & 2 are: (a) 6.6, (b ) 3.6, (c) 2.82, (d) 2.70 (1.92), 
(e) and  (f), each 0.780 Kbp
Lane 3: (a) Sc (b) 3.80 Sc 3 .60, (c) 2.70, (d) 2.46 K bp. T h e  fragm ent of 0.340 K bp is no t 
visible in th e  gel.
Lane 4: (a) 6.60, (b) 2.98, (c) 2.20, (d) 0.620 and (e) 0.500 K b p  
Lane 5: (b) 5.53, (d) 3.40, (e) 2.40, (f) 1.0 K bp 
Lane 6: (a) 7.00, (c) 3.40, (d) 2.50 K bp 
Lane 7: (a) 9.10, (e) 3.80 K bp
Lane 8: (c) 5.18, (e) 3.80, (d) 3.08 an d  (f) 0.840 Kbp 
Lane 9: (b) 7.70, (d) 3.80 K bp
Lane 10: (a) 7.72, (b) 2.70, (c) 2.20 K bp. T h e sm allest fra g m e n t 0.280 is n o t visible in the  
gel.
N ote th a t  pA T  153 itself has one res tric tio n  site  for each  of B am H l. H in d lll. P s tl  and 
S a il. It has no restric tion  s ite  for S s t l .



F ig u re  7 .9  Gel e lec tropho re tic  p a tte rn  and m olecular size of the restric tio n  fragm ents of 
pSC3H 1, produced by the restric tion  endonuclease Hind ill (Lane 2), Hindi 11 -I- P stl (Lane 
1 ), H indlll 4- Xbal (Lane 3). Hindlll 4- Sail (Lane I), Harnll 1 4- Sstl (Lane 5), Ham il 1 
(Lane 6), Xbal (Lane 7), Xbal 4- Sail ( Lane 8), Sail (Lane 9) and Pst 1 4- Sail ( Lane 10).
The purified plasm id from pSC3H l was d igested  w ith various restric tion  endonucleases 
and analyse«! on ^ lcT  agarose slab gel. The m olecular size of each fragm ent was determ ined 
using \  H in d lll and ( Hindlll 4- FcoR 1 ) d igests as gel m arkers. Some bands showed 
anom alous m obility.
Mol. sizes of th e  fragm ents in Lane 1 Sc 2 are: (a) 6.6, (b) 3.6, (c) 2.82, (<!) 2.70 (1.92), 
(e) and (f), each 0.780 Kbp
Lane 3: (a) Sc (b) 3 .80  Sc 3.60, (c) 2.70, (d) 2.16 Kbp. T h e fragm ent of 0.340 Kbp is not 
visible in the  gel.
Lane 4: (a) 6.60. (b) 2 .98, (c) 2.20, (d) 0.620 and (e) 0.500 K bp 
Lane 5: (b) 5.53, (d) 3.40, (e) 2.40, (f) 1.0 K bp 
Lane 6: (a) 7.00, (c) 3 .40, (d) 2.50 Kbp 
Lane 7: (a) 9.10, (e) 3.80 Kbp
Lane 8: (c) 5.18, (e) 3.80, (d) 3.08 and (f) 0.840 Kbp 
Lane 9: (b) 7.70, (d) 3 .80 Kbp
Lane 10: (a) 7.72, (b) 2.70, (c) 2.20 Kbp. T h e sm allest fragm ent 0.280 is not visible in the 
gel.
Note th a t pA T 153 itse lf  has one restric tio n  site for each of B am ll 1, Hind 111, P stl and 
Sail. It has no restric tio n  site for Sstl.
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I ' igu rr 7.9 ( ; « * 1 oloot r<iphc<r«*t ir Vat to r r i and inol.'iul; ir six«’ o f t ho r«*st riot ion fragment s of
use dHl., pro duro« i 1 ) v th«* rost riet[ ion <*ndan;nel.• IJindili (1.an«* 2). II in. MM • I ’ - l i H .am*
1). Mill.ill! • XI»: .1 1 Laño T . Min. Il O Sa LI ( 1 I N I ' 1 ). Him III • Sst JL ( L . 1 1 1 « * ’> ). Ha mil 1
( Fant’ 6 ),• X í l L1 i L;.trio 71. X] > il -  2L ili i L.i ii«* " 1. 'SaJJ ll. ano 9) aml L st 1 • 8 ■ » ! I  ( l.arn* 10).

The nurilìed pías;mid fron i ps ( d III VS Ìs di a ,  - till v\ iit h vari« >us r«*"tri« •t ion -!*ndonu«d<*as«*s
and anal vsod mfl r ; agan.r ah Tl !«• rn,1)1.M  illar si/«- of «*;irh fragrilii * 111 w ;is d«*t«*rmin**«l
using \ ILm mi and (Hin «INI r m J i «li U'iN t  S ;t^> g«d markrrm S« >ni(* 1»amis sho VN * * <1
anoma lo US III obi lit1 V.
Mol. Mzo s of tho fr ign unit ■ i 11 1 V ar-'i I a ) ( h ) d.h. i . ) 21 X 2  11I) 2.70 ( 1.92).
(e) and ! i« h  0 78() Khp

Laim 3: ( a j \g  ( !» I TM ) \ :LH0 ■ 1 . ;:í >. ; «1 ) Iti Kh|>. Th«* rr a g ri i o n f <»f « ) . :?  10 Khp is not

Laño 1: ¡a) 1).HO. 1h ) 2 . 9 8 .  i 2 0 . ( .110.1 > 2 0 U K 1 0 0  0 . ’>00 K l>|

I . ano ó :  1; L ) V d I T  10. ( o) 2 10 i .( ) K hP
Laño H: i(a) 7. 00. ( «•) T  10. ( . 1 ) 2. ■)0 Kh|

Lain* 7: la) 9..10. ( öl ii .' ii Khp

Laño 8: 1 8 .  («i- ) ( , 1) 0 8 anil 1 0.8 10 Khp

Laño 9: ( b )  i .70. ( .1) :i.*0 Khp
Laño 10
g f *| .

: (a) 7-72. { b 1 -J 70., (o) 2.:!0 K bp . Th1«* ' .inaili". t fragno»•lit 0.280 is not visihl«* in t In*

Note th at p A T  1 >.| it.M.’ lf has o r r,,>t riot i« )tl siti- I ' l l >r « M «  h  ' >f  H a m  111 . H i m INI. L - i l l and
Sail. It 1las no ros t r i■ ' t h m  - if«' 1or Sstl.
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Table 7.3 Fragment lengths from a series of restriction digests of pSC3Hl. 
Somefragments show anomalous mobility in the gel and consequently the total 
size of the pSC3Hl plasmid increases. Data shown below therefore has been 
corrected by deduction from the known position of certain restriction sites.

RESTRICTION ENZYME FRAGMENT SIZE (Kbp) TOTAL (Kbp)

HindiII 6.60, 3.60, 2.70 12.9

PstI 1 0 .20, 2.70 12.9

Hindlll + PstI 6.60, 2.82, 1.92, 0.780 (x 2) 12.9

Xbal 9.10, 3.80 12.9

PstI + Xbal 5.28, 3.80, 3.08, 0.840 12.9

HindiII + Xbal 3.80, 3.60, 2.70, 2.46, 0.340 12.9

Sail 7.70, 5.20 12.9

Hindi 11 + Sail 6.60, 2.98, 2 .20, 0.620, 0.500 12.9

PstI + Sail 7.72, 2.70, 2 .20, 0.280 12.9

Xbal + Sail 5.18, 3.80, 3.08, 0.840 12.9

Sst I 12.9 12.9

HindiII + SstI 5.18, 3.60, 2.70, 1.42 12.9

BamHl 7.00, 3.40, 2.50 12.9

Bam Hl + SstI 5.53, 3.40, 2.50, 1.47 12.9

Smal 12.90 12.9

BamHl + Smal 7.00, 5.30, 0.600 12.9
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Because of h igh ly  diverged sequences, th e  5S rR N A  gene specific probe (pX108) d id  n o t 
hybridize to  2 .220  K bp E coR  1 frag m en t. However, on  th e  basis o f the  above resu lts , an d  
published results (Bell et al, 1977; S zo stak  & W u, 1979), th e  o rg an isa tio n  of rD N A  genes 
on 3 p  plasm id is d ep ic ted  in F ig. 7.11.

From  Fig. 7.11 i t  is ev ident th a t  the  new  res tric tio n  sites  for P stI, Sail, and B am H  1 a re  
located in the re g io n  betw een 5S rR N A  an d  28S rR N A  genes. D irect rR N A  h y b rid iza tion  
studies (Bell et al, 1977) w ith  genom ic rD N A  revealed th a t  th is  region is a  no n tran crib ed  
spacer. Due to  t h e  sim ilarity  in  th e  o rg an isa tio n  o f th e  rR N A  genes on  genom ic rD N A  
(Fig. 7.12) and 3 p  DNA F ig . 7.11), i t  is likely th a t  new res tric tio n  sites have been 
situa ted  on the  n o n tra n sc rib ed  spacer (N T S ) region. In  th e  event o f an  insertion , the  new 
piece of DNA is ex p ec ted  to  ca rry  these  re s tric tio n  sites.

7 . T r a n s f o r m a t i o n  o f  S. cerevisiae  w ith  pSC 3H l an d  pSC3H2

The occurrence o f  high copy num bers o f  3 p  p lasm id  in the cy top lasm  of S. cerevisiae, 
raised the  p o ss ib ility  th a t  the  p lasm id  m ig h t have its  ow n origin o f rep lica tion  or ARS ele
m ent (A uto nom ou s rep lica ting  sequences). T o  iden tify  th is  ARS elem ent, a  lab o ra to ry  
yeast s tra in  (D 27 ) which has co m p ara tiv e ly  low copy num bers of 3 p  plasm id w as 
transform ed w ith  pS C 3H l an d  pSC 3H 2. T he tran sfo rm a tio n  w as selected on the  basis o f 
expression of |3 -lac tam ase  from  the  am pic illin  gene o f pA T153 (C hevallie r & Aigle, 1979). 
The frequency o f  tran s fo rm a tio n  was seen  to  be m od era te , ab o u t 300-500 per p g  of D N A . 
Prelim inary ex p erim en ts  suggested  th a t  the  p lasm id  was s tab le  and expressed its  13- 
lactam ase a c tiv ity  (d a ta  no t show n). B o th  pS C 3H l (having th e  whole o f the  3 p  p lasm id) 
and pSC3H2 (h a v in g  2.7K b sm all fra g m e n t of H in d lll)  can tran sfo rm  S. cerevisiae  w ith  
the sam e efficiency. So it  is assum ed t h a t  there is a t  least one ARS like elem ent on  th e  
2.7 Kbp fra g m e n t o f the  3 p  p lasm id , w hich enables i t  to  m ultip ly  in th e  cy toplasm .

8. 3 p  D N A  p la s m id  in  p c e lls :

To determ ine w h e th e r  3 p  p lasm id  undergoes any changes in re sp ira to ry  deficient cells, a  
few p clones o f  S . cerevisiae  were an a ly sed  for th e ir  3 p  DNA. W hile p M R-53 did  n o t
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F ig u re  7 .1 0  R es tric tio n  m ap of th e  cloned 3 p. DNA
T he restric tion  m ap for the  cloned 3 p  DNA has been d raw n  based on th e  restric tion  
enzym e d igests d a ta  o f the  whole reco m bin an t plasm id pS C 3H l and pub lished  re s tric tion  
sites (Bell et al, 1977). T he know n res tric tio n  sites have been shown ab ove  the  3 p  
plasm id (solid bar), while a t  th e  b o tto m  th e  sm all HindlH fragm ent (2.7 K bp) has been 
enlarged to  show  the position of th e  new res tric tio n  sites (B am H l. P stI  and  S ail). T he 
size of the  fragm en ts  have been ind ica ted  in K bp.
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F i g u r e  7.11 O rg an isa tion  o f rR N A  genes on the  3 p. plasm id
The o rg an isa tio n  of the  rR N A  genes (18S, 5.8S, 28S and 5S) have been show n in respect 
to  th e  restric tion  m ap of th e  cloned 3 p  DNA. T h e position of th e  genes show n here is 
m ain ly  based on published d a ta  (Bell et al, 1977) an d  prelim inary  S ou thern  h y b rid isa tion  
re su lts  of the p resen t study.
R es tric tio n  sites: E, E c o R l; H, H indH I; X, X b al: S, S m al: P , Pst]; Sst, g sti; B, B am H I: 
SI, S a l i ; K, K oni: Bg, Bell +  B elli.
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F i g u r e  7 .1 2  O rg an iza tio n  o f th e  rDNA genes on  th e  genom ic rD N A  repeat o f S. cerev- 
isiae  (a f te r  W arner, 1981).
T he u pp er p a rt illu s tra te s  th e  position  of the  5S, 18S, 5.8S and  25S rRN A genes o n  the 
g enom e and the p a t te rn  o f tran sc rip tio n  in tan d em ly  repeated  rD N A  units. T h e  lower 
p a r t  represen ts one repeating  u n it w ith  the linear co -ord inates (in  nucleotide pairs) o f the 
re s tr ic tio n  sites an d  th e  coding region for the  4 rR N A s. T he arrow s indicate the  d irec tion  
of tran sc rip tio n .
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show any s tru c tu ra l a lte ra tio n  of th e  3 p  DNA, LP-81 (p ) p rodu ced  som e in te resting  
results. In C sC hbisbenzim ide g rad ie n t, DNA from  the  16K x g fra c tio n s  y ielded tw o visi
ble bands (F ig. 7.13a). T h e bands M  an d  N w ere expected to  be m ito chond ria l DNA an d  
the  nuclear DNA and 3 p  p lasm id DN A com posite bands respec tively , due to  the ir low 
and high bu o yan t densities. T he D N A  from  th e  N band y ie lded  th e  expected  elec tro 
phoretic p a t te rn  of the res tric tio n  fragm en ts  on  agarose gels d u r in g  re s tric tio n  analysis. 
However, w hen the band-M  DNA fro m  LP-81 was digested w ith  E coR  1, i t  w as observed 
th a t  the  re s tric tio n  p a tte rn  of the  D N A  on agarose gel e lec tropho resis  is sim ilar to  the  res
tric tio n  fragm en ts  generated  by th e  3 p  p lasm id DNA, except th e  second E co R l  fragm ent 
(2.2 K bp) which was m issing (Fig. 7 .13b). T he bu o yan t density  o f  th e  band-M  DNA in a 
C sC hbisbenzim ide density  g rad ien t corresponds to  the  m t-D N A  b u o y an t density . It has 
been m entioned in C h ap te r  3 th a t  LP-81 has th e  kar-1 nuclear m arke r w hich in terferes 
w ith  rep lica tion  a n d /o r  copy n u m b er o f p m t-D N A  m olecules a n d  in C sC hbisbenzim ide 
g rad ien ts  we could no t alw ays d e te c t m t-D N A . T he occurrence o f  an  ab e rra n t or de leted  
3 p  p lasm id , w ith ou t th e  5S rR N A  gene (assum ing th a t  th e  2nd E co R  1 fragm en t co n ta ins 
5S rR N A  gene) in  place o f m t-D N A  w as very surprising . It a p p ea rs  th a t  in  th is  p a rticu la r 
p s tra in , b o th  norm al 3 p  plasm id an d  ab e rra n t 3 p  plasm id o ccu r s im ultaneously .

DISCUSSION

1. O rgan isa tio n  of 3 p  plasm id an d  its  nuclear rD N A  c o u n te rp a rt

3 p  p lasm id  has a very sim ilar o rg an iza tio n  of rDNA genes w h en  com pared  w ith  its  
nuclear rD N A  co u n te rp a rt (Fig. 7.11 & 7.12) T h e large H indlll frag m en t (6.6 K bp) con
tains 18S, 28S and 5.8S rRN A  genes while th e  Sm all H indlll fra g m e n t (2 .7K b) co n ta ins 
the  gene for 5S rRN A . However, th e  occurrence of th e  B a m H  1, P st\ and Sail res tric tio n  
sites in th e  non -tran scrib ed  spacer be tw een  the  5S rRN A  gene an d  18S rR N A  gene im plies 
th a t  th e re  m ight be a sm all in se rtio n  of DNA w ith in  th is  region. T h is  is also reflected in  
the  to ta l leng th  of the  plasm id, 9 .30K bp , in  com parison to  a  genom ic repea t length  of 9.06 
K bp. A n insertion  of ab ou t 240 bp  in  th is  region is very in te re s tin g  and m ay be a  fac to r
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show any s tru c tu ra l  a lte ra tio n  of th e  3 p  DNA, LP-81 (p ) produced som e in te resting  
results. In C sC hbisbenzim ide g rad ien t. DN A from th e  16K x g fractions y ie lded  tw o visi
ble bands (Fig. 7.13a). T h e bands M and N were expected  to  be m itochond ria l DNA and 
the nuclear DNA and 3 p  p lasm id DN A com posite  bands respectively, due to  the ir low 
and high buo yan t densities. T he DNA from  the N band  yielded the  ex pected  electro
phore tic  p a tte rn  of the  re s tric tio n  fragm en ts  on agarose gels during re s tric tio n  analysis. 
However, when th e  band-Nl DNA from  l.P -81 was d igested w ith  EcoR  1. it w as observed 
th a t th e  re s tric tio n  p a tte rn  o f th e  DNA on agarose gel electrophoresis is s im ila r  to  the  res
tr ic tio n  fragm en ts  generated  by the  3 p  p lasm id  DNA, except the  second E co R  1 fragm ent 
(2.2 K bp) which was m issing (Fig. 7.13b). T h e  buoyant density  of the  band-M  DNA in a 
C sC hbisbenzim ide density  g rad ien t co rrespon ds to  th e  m t-D N A  buoyant den sity . It has 
been m entioned in C h ap te r  3 th a t  LP-81 h a s  the k a r-1 nuc lear m arker w hich in terferes 
w ith rep lication  a n d /o r  copy num ber of p m t-D N A  m olecules and in C sC hbisbenzim ide  
grad ien ts  we could not alw ays de tec t m t-D N A . T he occurrence of an  a b e r ra n t  or deleted 
3 p  p lasm id , w ith o u t th e  5S rR N A  gene (assum ing  th a t  th e  2nd EcoR  1 frag m en t con ta ins 
5S rR N A  gene) in place of m t-D N A  w as very surprising . It appears  th a t  in  th is  p a rticu la r 
p s tra in , bo th  norm al 3 p  plasm id and a b e rra n t 3 p  p lasm id  occur s im ultan eously .

DISCUSSION

1. O rgan isa tio n  of 3 p  p lasm id  and its  nuc lear rDNA c o u n te rp a rt

p  plasm id has a very s im ilar o rg an iza tio n  of rDNA genes when co m pared  w ith  its  
ear rD N A  c o u n te rp a rt (Fig. 7.11 & 7.12) T he large H tnd\\\ fragm ent (6.6 K bp) con- 

188, 28S and 5.8S rR N A  genes while th e  Sm all H in d lll fragm ent (2 .7K b) co n ta ins 
| gene for However, th e  occurrence of th e  R a m il  I, Psl\ and Sal\ res tric tio n

ill t h q ^ B H ^ i b l ’ spacer between th e  6S rR N A  gene :i in I 1 SS r l\ N \  gt im plies 
t h e ^ l  ^ ^ ^ K t a l l  insertion  of D N A  w ithin this region. Tins n  t i n  reflected in

^ f td a sm id , 9 .30K bp, in com parison to  ft gen .....it rt pt >t It ng th  ol I  0$
»f ab o u t 240 bp in  th is  region is very in tert .ling m.l n. ,\ i , . i .. to r
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show any s tru c tu ra l a lte ra tio n  of the  3 p  D N A, LP-81 (p ) produced  som e in te re s tin g  
resu lts . In C sC kbisbenzim ide g rad ien t, DNA from  th e  16K x g frac tion s y ielded tw o  visi
ble bands (Fig. 7.13a). T h e bands M and N w ere expected  to  be m itochondria l DN A and  
th e  nuclear DNA and  3 p  p lasm id  DNA co m posite  bands respectively , due to  th e ir  low 
an d  high b uo y an t densities. T h e DNA from  th e  N  band yielded the  expected  elec tro 
phore tic  p a tte rn  of th e  re s tric tio n  fragm ents on  agarose  gels d u ring  re s tric tio n  analysis. 
However, when the  band-M  DNA from  LP-81 w as d igested  w ith  E coR  1, it  was observed 
th a t  the res tric tio n  p a t te rn  o f th e  DNA on agarose gel e lectropho resis is s im ila r to  th e  res
tr ic tio n  fragm ents  g en era ted  by the  3 p  plasm id D N A , except th e  second E coR  1 f ragm en t 
(2.2 Kbp) which was m issing (Fig. 7.13b). T he b u o y a n t density  o f th e  band-M  DNA in a 
C sC hbisbenzim ide density  g rad ien t corresponds to  th e  m t-D N A  bu o y an t density . It has 
been m entioned in C h ap te r  3 th a t  LP-81 has th e  k a r -1 nuclear m arker w hich in te rferes 
w ith  replication  a n d /o r  copy num ber of p m t-D N A  m olecules and  in C sC L bisbenzim ide 
g rad ien ts  we could n o t alw ays d e tec t m t-D N A . T h e  occurrence o f an  a b e r ra n t o r deleted  
3 p  plasm id, w ith o u t th e  5S rR N A  gene (assu m ing  th a t  th e  2nd E coR  1 fragm en t co n ta in s  
5S rRN A  gene) in  place o f m t-D N A  w as very su rp ris in g . It ap p ears  th a t in  th is  p a rtic u la r  
p s tra in , bo th  norm al 3 p  p lasm id and ab e rra n t 3 p  plasm id occur s im ultan eously .

D IS C U S S IO N

1. O rgan isa tion  o f 3 p  p lasm id  and its  nuclear rD N A  c o u n te rp a rt

3 p  plasm id has a  very s im ilar o rgan iza tio n  o f  rD N A  genes w hen com pared  w ith  its  
nuclear rDNA co u n te rp a rt (Fig. 7.11 & 7.12) T h e  large H ind lll fragm en t (6.6 K bp) con
ta in s  18S, 28S and 5.8S rR N A  genes while the  S m all H ind lll fragm en t (2 .7K b) co n ta in s  
th e  gene for 5S rR N A . However, the  occurrence o f the  B am H  1, Patl and  Sail re s tric tio n  
sites in the  no n -tran sc rib ed  spacer betw een th e  5S rR N A  gene and  18S rR N A  gene im plies 
th a t  there m igh t be a  sm all in sertion  of DNA w ith in  th is  region. T h is  is also reflected in  
th e  to ta l length  of th e  p lasm id , 9 .30K bp, in co m p ariso n  to  a  genom ic rep ea t leng th  of 9.06 
K bp. An insertion  of ab o u t 240 bp in  th is  reg ion  is very in te re stin g  and m ay be a  fac to r
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F ig u re  7 .1 3  Deleted 3 p. p lasm id from  th e  p~ s tra in  (LP81)
The DNA isolated from  th e  16 K m em brane frac tion  o f th e  p~ s tra in  LP81 w as analysed 
on a C sC l'.bisbenzim ide d en sity  g rad ien t (A ). T he DNA ban d  corresponding to  th e  m ito
chondrial DNA (M ) was purified and digested w ith  th e  re s tric tio n  enzym e E coR l and 
analysed on a  1% agarose gel (B)
A) C sC hbisbenzim ide g rad ien t. M =  m itochondria l frac tion  of DNA; N =  N uclear frac
tion  of DNA. /
B) Gel e lectropho re tic  p a t te rn  of th e  E co R l digested DNA from  the  M and  N fractions. 
Lane 1, X Hindi!! d igested  m arker DNA (see A ppendix for th e  size of th e  m arker frag
m ents); Lane 2, E co R l d igested  M fraction ; Lane 3, E coR l d igested  N fraction . N ote th a t 
the E co R l digested M frac tio n  shows only tw o m ajor E coR l fragm ents  (2.82 & 2.15 K bp), 
while th e  N frac tion  shows all th ree  fragm ents  (2.82, 2.15 and  1.95 Kbp).
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F ig u re  7 .13  Deleted 3 fx plasm id from  the p s tra in  (LP81)
The DNA isolated from  the  16 K m em brane frac tio n  of th e  p s tra in  LP81 was analysed 
on a C sC hbisbenzim ide density  g rad ien t (A). T h e  DNA band  co rresponding  to  th e  m ito
chondrial DNA (M ) w as purified and digested w ith the  res tric tion  enzym e RcoR 1 and 
analysed on a 1% agarose  gel (B)
A) C sC hbisbenzim ide g rad ien t. Vi =  m itochondria l frac tion  of DNA; N =  N uclear frac
tion  of DNA. /
B) Gel electrophore tic  p a tte rn  of the E coR l d igested  DNA from the M and  N fractions. 
Lane l, X H indlll d igested  m arker DNA (see A ppendix for the  size of th e  m arker frag
ments); Lane 2, E coR l d igested M fraction ; Lane 3, E coR l digested N frac tio n . N ote th a t  
the Eco R l digested M frac tio n  shows only tw o m ajo r E coR l fragm ents (2.82 & 2.15 K bp), 
while the  N fraction  show s all th ree  fragm ents (2.82, 2.15 and 1.95 K bp).
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I' ¡g o re  7.18 Delet ed 8 p plasmili Croni I hl' (1 st rain ( 1.1 ’S I )

rile D NA isolatisi from tin* If) k  mi'inliratu* fraction of the p strain 1,1’ SI was analysed 
it a Cs( Ithishenzitnide density gradient (A ) .  The l )N  A hand corresponding to the mito- 
hondrial l )N A  |M) was purilied and digested with the restriction enzyme Kroll I md 
malysed on a I ' ¡ agarose gel i l l )

\) ( 's( l.bisbenziinide gradient . VI mitochondrial fraction o f  l).\A; \ Nuclear frac
tion of DN A.

It) ( iel electrophoretic pattern of the la ili 1 digestís! D NA from the M and N fractions. 
I.ane I, A II i lid 111 digested marker DNA (see Appendix for the size o f  the marker frag
ments); l.ane 2, Kroll I digested M fraction; halle it, Kroll 1 digested N fraction. Note that 
the Key 111 digested VI fraction shows only two major lirolî 1 fragments (2.8*2 .V *2.15 Khp), 
w hile t he N fraction shows all t hree fragments (2.8*2, 2.15 and 1.115 khp).
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in explain ing  why th e  rD N A  plasm id in o u r lab o ra to ry  s tra in s  of D22 o rig in  have a  very 
high copy num ber. As we have no t m apped th e  position  o f rRN A  tra n s c r ip ts  in  th e  3 p  
p lasm id , i t  is very  difficult to  work o u t a t  p resen t w here exactly  th e  in se rtio n  has ta k e n  
place. DNA sequence an alysis  of th is  region m ay p rovide th e  na tu re  an d  location  o f th e  
insertion .

T h e length  he terogeneity  o f rDNA gene spacers is com m on am ong v e rte b ra te s  and  a r th ro 
pods (Long & D aw id, 1980), which is caused by th e ir in te rn a lly  rep e tito u s  ch a rac te r. In 
X eno p u s laevis an d  D rosophila m elanogaster rDNA , it  has been reported  th a t  a p u ta tiv e  
p ro m o to r region d u p lica te s  w ith in  th e  no n -tran sc rib ed  spacer (N TS) (M oss & B irnste il, 
1979; Simeone et al, 1982; C oen & D over, 1982) and th e  tran sc rip tio n  s ta r t s  w ith in  the  
re ite ra te d  sequences. For these reasons the  N T S o f rD N A  has been im p lica ted  in  the  
regu la tion  of tra n sc r ip tio n  of th e  rD N A  operon. S tra in  specific differences in rD N A  has 
also been reported  from Schizophyllum  com m une, w here th e  length o f th e  rD N A  rep ea t 
u n it increases from  9.20 K b p  to  9.60 K bp due to  in se rtio n  of 0.2 to  0.4 K b p  of DN A a t  a 
single site  (Specht et al, 1984). T he change observed w ith in  the spacer region in  th e  
cloned 3 p  p lasm id (pS C 3H l) m ay be a reflection of a  new type of co n tro lling  e lem en t for 
th e  rDNA cistrons. R ecently  the  N T S regions o f y east genom ic rD N A  have been 
sequenced (S kryab in  et al, 1984) and have been show n to  contain  a  va riab le  reg ion  of 
a b o u t 250 bp, u pstream  o f the  RNA polym erase A b in d ing  site. T he re s tric tio n  m ap for 
th e  cloned 3 p  p lasm id (F ig . 7.10), though  p re lim inary , w ould be qu ite  useful for fu tu re  
s tu d ies  to  in vestig a te  by ap p ro p ria te  genetic m an ip u la tio n , w hat so rt o f con tro l th e  N T S 
reg ion  exerts in rep lica tion  a n d /o r  in tra n sc rip tio n  of rD N A , both  in  vitro  and in  vivo.

2 . Autonomous replication of 3 p DNA

P reviously  it  h as been rep o rted  th a t  y east genom ic rD N A  contains a sequence (ARS) capa
ble of au tonom ous rep lica tion  (Szostak & W u, 1979). T h is  im plies t h a t  3 p  D N A ori
g in a tes  by the  excision o f a  genom ic rD N A  repea t u n it an d  after c ircu la riza tion , rep lica tes  
au tonom ously  in  the  cy top lasm  by its  in h e ren t ARS ac tiv ity . It is also possible th a t  3 p
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plasm id acquires some new elem ent(s) during  its  fo rm a tio n  w hich, besides prov id ing  an  
o rig in  of replication , d e term in es its  ow n copy num ber an d  s tab ility  in th e  cy top lasm . 
T ran sfo rm atio n  experim en ts using pS C 3H l & pSC3H2 su g g est th a t  3 p  D N A  has its  ow n 
o rig in  of rep lication  or ARS an d  a t  least one ARS e lem en t p resen t w ith in  th e  sm aller Hin- 
rflli fragm ent (2 .7K bp). L arinov and S hubochkina (1982) have dem o n sra ted  th a t  ARS 
ac tiv ity  is p resen t w ith in  th e  EcoRX  B fragm ent (2.22 K b p) o f genom ic rD N A . By an a ly s
ing th ree  Sau3A  su b frag m en ts  of th is  EcoRX B fragm ent, S k ryab in  ct al (1984) narrow ed  
dow n the  ARS activ ities  to  a sm all region of ab o u t 570bp  of N T S. U n fo rtu n a te ly , th is  
ARS appeared to  be com p ara tiv e ly  w eaker. T he q uestio n  therefo re rem ains unresolved, 
w hether the  sam e ARS is involved in th e  p ropagation  o f 3 p  plasm id or som e new inser- 
tiona l event occurs d uring  th e  genera tio n  of 3 p  plasm id in  th e  cy top lasm .

3. Deleted 3 p DNA of p cell

O b serv ation  of a deleted 3 p  DNA in a  p (LP-81) s t ra in  is very in te re stin g . It occurs 
along w ith th e  norm al 3 p  plasm ids. T herefore its occurrence  reflects e ith e r  an  a b e r ra n t 
excision from  th e  nucleus or inc iden ta l deletion  during  e th id iu m  brom ide tre a tm e n t o f the  
yeast cells. In th e  absence of any fu rth er d a ta , it  is very  difficult to  specu la te  w h e th e r it 
has any significance in  the  physiology of p cells. S ed im en ta tio n  of th e  deleted  3 p  
plasm id in the  m itochondria l frac tio n  of the  C sC kbisbenzim ide density  g rad ie n t w as unex
pected . B isbenzim ide is an  (A + T ) specific dye and hence, it should b ind  (G-f-C) rich 
rD N A s com paratively  less an d  th e  3 p  plasm id should n o t  move to  a  b u o y an t d en sity  of 
th e  g rad ien t sim ilar to  m t-D N A . O ne rep o rt from  Schizosaccharom yccs pom be, how ever, 
suggests (F ourn ie r ct al, 1982) th a t  rDNA plasm id m ay band w ith  m t-D N A  in  the  
C sC kbisbenzim ide density  g rad ien t. T he reason for th is  unusual b u o y an t density  is far 
from  clear.

4. The possibility of any cytoplasmic genetic markers on the 3 p DNA

S tud y  of the  o rgan isa tio n  o f 3 p  plasm id DNA shows th a t  it co n ta ins th e  rep ea t u n it  of 
rD N A  seen in chrom osom al rDNA clusters. T he only exception  is a  sm all in se rtio n  of
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ab o u t 250 bp in th e  N T S region betw een th e  18S an d  5S rR N A  genes. T herefo re  it  seem s 
unlikely th a t  3 p  DNA would co n ta in  any cy top lasm ic  genetic m arkers. However, it  has 
been reported  recen tly  by Dai et al (1984) th a t  a  [psi] s tra in  can be transfo rm ed  in to  
[psi]' s tra in  w ith 3 p  plasm id . T h is  in te resting  rep o rt does no t exp lain  in d ep th  how 3 p  
p lasm id  com plem ents th e  functio n  o f [psi] . However, i t  w ould be in te resting  to  find o u t 
w h at function  of th e  3 p  DNA can  m odulate  th e  suppression  depend en t tra n s la tio n  in 
[psi1 ' s tra in s  and w hether any o th e r  functions o f th e  3 p  p lasm id  are involved in  m odu
la tin g  th e  genetic ch a rac te rs  of y e a st s tra ins.

5 . E v id e n c e  fo r  a  n e w  c y to p la s m ic  e le m e n t

E xperim ental resu lts  p rovided ea rlie r ind ica te  th a t  ne ither 2 p  p lasm id , nor dsR N A s are 
involved in the expression of non -m itocho ndria l cy top lasm ic genetic ch arac te rs , VEN R , 
T E T r and R h6G R . A s tra in  can  show rh od am in e  res istiv ity  w hen its  2 p  DNA and 
dsR N A s are m issing (Fig. 7.3). A s tu d y  of th e  o rg an isa tio n  of th e  3 p  plasm id also does 
no t provide any s tro n g  evidence th a t  it ca rries  the  V E N R , T E T R o r R h6G R alleles. 
T herefore, the search  for a  physical en tity  for these  ch a rac te rs  s till rem ains open. Evi
dence for a  high m olecular w eigh t plasm id (F ig. 7.2) in th e  cy top lasm  of yeast raises the  
possib ility  th a t  th is  could be a  probable can d id a te . How ever, the  inconsistency o f its 
occurrence in th e  cy top lasm  m akes it difficult for sy s tem atic  search ing . R eports  on  the 
existence of ex tra  ch rom osom al c ircu la r copies o f T y  1 e lem en ts  (B allario  et al, 1983) also 
cu lm inates w ith th e  confusing iden tifica tion  o f ce rta in  DNA species. Iso lation  and 
iden tification  o f m itochondria l p lasm ids from  N eurospora  (C ollins et al, 1980; N a tv ig  et 
al, 1984), maize (W eissinger et al, 1982), B rasstca  (P alm er et al, 1983) s till m a in ta in s  o p ti
mism  for iden tification  of a s im ila r plasm id in  S . cerevisiae  w here they  m igh t be re la ted  
w ith  th e  m itochondria l functions.
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CHAPTERS

GENERAL DISCUSSION

1. Nuclear control of petite mitochondrial DNA in Yeast

T he nuclear genom e u n d o u b ted ly  m akes a  m a jo r co n trib u tio n  tow ards th e  norm al func
tioning o f m itochondria . T herefo re  i t  is essen tial to  iso late  m itochondria l m u ta n ts  in  an  
isonuclear background for th e ir  co m p ara tiv e  biochem ical stud ies. F or th is  reason th e  
nuclear fusion m u ta tio n  k a r-l  (C onde & F ink , 1976) had been used in th is  lab o ra to ry  for 
cy toduc tion  of various m ito cho n d ria l m u ta tio n s  in to  a  com m on nuclear background . As a  
result of th is  m ost o f th e  y east s tra in s  used in  th e  presen t s tu d y  had ka r-l  m u ta tio n  on  
the  nuclear genom es. T h e  resu lts  o b ta in ed  in  C h ap te r-3  show th a t  the  m u ta tio n  kar l  has 
an  effect on  the  tran sm iss io n  an d  copy num ber o f p e tite  (p ) m itochondria l genom es. T h is  
unexpected ffnding w as a  m a jo r problem  for m olecular ch a rac te risa tio n  a t  th e  DNA level, 
of variou s petites  g e n e ra ted  from  th e  g rand e s tra in  C D 40 by pe tite  deletion  m app ing  
(C hapter-2). T hough th is  has been bypassed by cloning of th e  relevent po rtion  o f th e  
m itochondria l genom e in to  th e  p lasm id  vector pA T153 o f E. co li (C hap ter-4 ), the  prob lem  
as such rem ains unsolved regard ing  th e  m echanism  of ac tion  o f kar-l.

T he poor yields of m t-D N A  from  th e  p e tites  w ith  th e  ka r-l  m u ta tio n  poin t to  th e  fac t 
th a t th e  problem  is asso c ia ted  w ith  th e  copy num ber or rep lica tion  of p m t-D N A s. How
ever, th e  observa tion  th a t  som e of th e  cells of these pe tite s  (e.g. M R53, M R23, M R 50, 
MR60) had p° ap p earan ce  (as evidenced by th e  lack of ch ondrio ly tes  in DA PI s ta ined  cells) 
suggests th a t  the  p rob lem  m ay also be associa ted  w ith  th e  transm issio n  o f th e  p 
genom es. P robably  d u rin g  th e  transm issio n  o f m t-genom e, a  few copies of m t-D N A  are  
d isp roportionate ly  d is tr ib u te d  am ong th e  d a u g h te r  cells and  a  resu lt of th is  a  c e rta in  frac 
tion  o f cells alw ays becom e p°. T herefore th e  q u a n tity  o f m t-D N A  iso la ted  from  a p e ti te  
w ith  k a r-l  represen ts th e  DNA of a  frac tio n  o f th e  cell pop u la tion .

A rep o rt by D elgado & C onde (1984) show s th a t  B enom yl, a  com m ercial fungicide an d
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know n inh ib ito r of fungal m icro tu bu le  po lym eriza tion  (Q uin lan  et al, 1980), c a n  prevent 
nuclear fusion and can be used in  th e  p ro du c tio n  of cy to d u c tan ts  in yeast. T h e  effect of 
ka r-l could be analogous. B oth o f th em  som ehow d is ru p t th e  m icro tubu le  associated  
cy tosk ele ta l netw ork an d  th e  sp ind le po la r body (SPB) (Q uin lan  et al, 1980) a n d  affect no t 
only th e  fusion of nuclear m em brane, b u t also th e  transm ission  of m t-genom e by altering  
the o rgan isa tio n  of the  m ito ch o n d ria  in  th e  cells. T h is  exp lana tion  finds s u p p o rt  from the 
DNA sequence analysis o f a  cloned k a r - l  gene from  Dr. F in k ’s lab o ra to ry  (R ose  & Fink, 
1984). T he polypeptide deduced from  th e  DNA sequence shows the ch a rec te ris tic s  of the 
m icro tubule associated p ro te in s (M A P) (M. Rose, personal com m unication). B u t why th is 
effect is lim ited to  the  p e tite  (p ) m t-genom e and , w h at is the  function  o f n o rm a l allele of 
ka r-l in  the cell can n o t be explained. O bviously  m ore detailed  s tudy  would be needed to  
u n d erstan d  the  underly ing  m echanism .

2. Organisation of mutations of oxidative phosphorylation on the mitochon

drial genome of Saccharom yces cerevisiae

M u ta tio n s  of the  A T P ase  com plex involved in  ox idative  p h o sp ho ry la tion  have been 
d em o nstra ted  to  c luster a roun d  tw o  d is tin c t regions: Oli-1 and Oli-2, s e p a ra te d  from  each 
o the r by a com plex locus, C ob-box, on  th e  m itochondria l genom e of Saccharom yces  
cerevisiae. C om bined genetic , biochem ical and m olecular analyses of th e  O li-1 region 
(which includes the genetic loci O li l ,  01i3, Wi.Vg, , an d  pho2) established th a t  th is  region 
codes for subun it-9  or th e  D CCD bind ing p ro te in  of th e  O .S. A T Pase (Sebald  et al, 1979; 
M acino & Tzagoloff, 1979; H ensgens et al, 1979). It was of in te rest the re fo re , to  study  
the  O li-2  region (in w hich m any genetic loci have been m apped) to  find o u t  w hether it  
codes for one o r more p ro teins. T w o typ es of m u ta tio n s  have been em ployed: an tib io tic  
re s is ta n t (O li2R , O tt 1H) and mil (pho8, pho9, m it-175) m uta tions. W hile b o th  an tib io tic  
re s is ta n t m uta tions have  been m apped  in th e  s tru c tu ra l  gene of subun it-6  (o r the Oli-2 
gene), tw o mil m u ta tio n s  (pho8 an d  and pho9) have been m apped up stream  an d  one m it- 
m u ta tio n  (m it-175) has been m apped  dow nstream  of the  Oli-2 gene. T hese th ree  genetic
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loci, d is tin c t from  each o th e r  in  p e tite s , were assum ed to  be on se p a ra te  s tru c tu ra l  genes 
either coding for su b u n its  o f the  O .S . A T P ase  or a  regu la to ry  gene(s) con tro lling  the  
expression of th e  subun it-6  gene (see C h ap te r-2 , C o nn erto n  et al, 1984). F rom  th e  p resen t 
study it is ap p aren t th a t  th e  Oli-2 region co n ta in in g  these th ree d iscrim ina tive  genetic  loci 
encode tw o and probably  th ree  gene p ro d u c ts  re la ted  to  ox idative phosphory la tion .

T he know n o rgan isa tio n  o f genes for ox idative  p h o sp ho ry la tion  on th e  m itochondria l 
DNA indicates th a t  they  are  n o t co n ta ined  in  an  operon  (i.e. all functionally  re la ted  genes 
would be clustered  in to  a single region an d  contro lled  by a single reg u la to ry  gene,or opera
tor) as would be expected  for th e ir  o rig in  from  arch aeb ac te ria  follow ing endosym biosis 
(M argulis, 1970; See also W oese, 1981; G ray , 1982; G ray  & D o olittle , 1982; W allace, 
1982). In E.coli, the  atp o r unc o p e ro n  consists o f all th e  genes for the  su b u n its  of the  
A T P syn thase  (hom ologous to  th e  O .S . A T P ase  of m itochondria ) (see W alker et al, 
1984). T he d istinc tiv e  difference in th e  o rg an isa tio n  of the  tw o system s estab lishes  th a t  
while m itochondria  m ight have th e ir  o rig in  in  endosym biotic p rokary o tes, they  u n d o u b t
edly have undergone th e ir  ow n ev o lu tio n  in a  qu ite  d is tin c t w ay from  the ir an cesto rs, a t  
least a t  the  level of genom ic o rgan isa tion . T h e  com plex ity  of the  cy top lasm ic en v iro nm en t 
of eukaryotes, which has evolved g rad u a lly , w ould have dem anded  change in o rg an isa tio n  
of the harbo uring  m t-genom e. T h is  im plies th a t ,  th e  s tru c tu re  an d  num ber of com ponen ts  
co n stitu tin g  any functio nally  eq u iv a len t system  should  also change. T he o ligom ycin 
insensitiv ity  of p rok ary o tic  A T P  sy n th ase  p a rtly  su p p o rts  th is  p resum ption . T h e  fine 
s tru c tu re  genetic m ap estab lished  for th e  O li-2 region of Saccharom yces cerevistae  (Fig. 
2.2, C hap te r-2 ) provides th e  o p p o rtu n ity  to  su b s ta n tia te  th is  p resum p tion  as well as to  
ob ta in  in fo rm ation  on  the  role of d ifferent com ponen ts  o f O .S .A T P  synthase of m itochon
dria in ox idative pho sp hory la tion .

3. Physical and genetic map correlations with various mutations in the Oli- 2  

region.

DNA sequence analysis of th e  O li-2 region (3000 bp dow nstream  of Oxi-3) d em o n stra te s
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Figure 8.1 Genetic and Physical map Correlation of Various markers in the
01i-2 region.
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th a t  th is  region codes for tw o  su bu n its, su b u n it-6  and subun it-8 , and possib ly  one m ore 
dow nstream  of th e  su bu n it-6  gene. A n tib io tic  m arkers (O li2R , O i« lR), as expected , have 
been show n to  be located  w ith in  th e  read ing  fram e of su bun it-6 . T he pho9 m u ta tio n , how 
ever, has been show n to  lie ne ither w ith in  th e  subun it-6  gene nor w ith in  th e  subun it-8  
gene an d  possibly, there fo re  lies in  th e  in te rgen ic regu la to ry  region. T he m u ta tio n  m it- 
175 has been lo cated  dow nstream  of the  01 i2  based on p a rtia l DNA sequence from  th is  
s tra in . T his d em o n stra te s  ag reem en t b e tw een  genetic d a ta  and the ir physical location  on 
m t-D N A  (Fig. 8.1). One p a rtic u la r  locus however is a t  variance, th a t  o f th e  O aalR 
genetic m arker. E arlier s tud ies by L ancash ire  and M atto o n  (1979b) d e m o n stra ted  th a t  
th e  re lativ e position  o f Oli 2R , O lH R and O aalR on m itochondria l DNA w ere 01i2 _  O ss l 
_  OH4. DNA sequence analysis how ever d em o n stra tes  th a t  th e  o rien ta tio n  o f these m ark 
ers on the  m t-D N A  is 01i2 _  Oli_4 _ O ss l. T h is  observed discrepancy could be due to  the  
variab le  reco m bin a tion  frequencies in th is  region of m t-D N A . T he au th o rs  (L ancash ire  & 
M attoo n , 1979b) to o k  the  average reco m bin a tion  values o b ta ined  in th is  region to  in te r
p re t th e ir  genetic d a ta  and to  position  th em  on the  m ap. T he reco m bina tion  values 
w ith in  the m itochondria l genom e can n o t alw ays be accep ted  as a  p roper e s tim a tio n  of 
physical d is tan ce  betw een tw o  loci w ith in  th e  sam e s tru c tu ra l gene. For exam ple, in the  
subun it-9  gene, tw o  d istinc tiv e  genetic loci O lil  and OH3 have been show n to  lie a p a r t  by 
a  recom bina tion  value of 1.5%  (L ancash ire  et al, 1975; T re m b a th  et al, 1976). B ut when 
subun it-9  from  tw o  O lil re s is ta n t m u ta n ts  (D273-10B/A21 & D 273-10B /A 31) and  one 
OH3 res is tan t m u ta n t  (D 273-10B /A 68) w ere sequenced, it  w as show n th a t  while A21 and 
A31 O lil re s is tiv ity  were due to  a  ch ange in the  53rd am inoacid  and 65 th  am inoacid  
respectively, th e  OH3 (A68) resistiv ity  w as due to  change in th e  57 th  am inoacid  of 
subun it-9  (Sebald e t al, 1979). T herefore, th e  order o f th e  loci in term s o f physical loca
tion , O lil (A21) - 01i3  (A68) - O li-1 (A31), w as quite unexpected  in view o f recom bina tion  
analysis by L ancash ire  et al (1975) and T re m b a th  et al (1976). However, in  th e  presen t 
s tudy  overall m apping  d a ta  for th e  lo ca tio n  of pho8, pho9, O li-2, Oss-1 an d  m it-175 was 
in ag reem ent w ith  th e  DNA sequence d a ta .
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4. Changes in the subunit-0 gene associated with drug (Oligomycin & Ossamy- 

cin) resistance.

T he DNA sequence analysis of m t-D N A  from  oligom ycin and ossam ycin  res is tan t 
m utan ts , genetica lly  linked in  th e  Oli-2 region, establishes th a t  a single po in t m u ta tio n  in 
an otherw ise conserv ed  region o f th e  subun it-6  gene can offer resistance to  a  p a rticu la r 
drug (Fig. 5.19, C h ap te r-5 ). O ligom ycin resistance in O li2R-76 is due to  a change in the 
171st am inoacid, (iso leucine — phenyl alanine). O ssam ycin resistance in 0 i « l R-92 is due 
to  a change in th e  254th am inoac id  residue (aspartic  acid -  asparag ine) (See T ab le  8.1). 
T he location of th e  Oli2R-76 resistance allele in the 171st am inoacid  is o f in te re st as 
M acino & TzagolofT (1980) located  the  0 /i'2R-118 allele in  the  sam e am inoacid  residue, bu t 
the change was isoleucine — m ethionine. T hese tw o alleles however, recom bine w ith  each 
o ther w ith a  va lue o f 0.01%  to  0 .1%  (C o nnerton  et al, 1984b). T his ex trem ely  high ra te  
of recom bination  is difficult to  explain, b u t poin ts ou t th e  fact th a t  recom bina tion  values 
should no t be used  as the  sole criterion  o f the  physical location  of any allele on  the  m t- 
genome.

Recently, N ov itsk i et al (1984) have sequenced an o ther 01i2 m u ta tio n  (0 /t'2 R-23 allele) 
and found an am inoac id  su b s ti tu tio n  in th e  175th am inoacid residue, serine -  th reon ine. 
All these results suggest th a t  th is  p a rticu la r region of subun it-6  m ay play an  im p o rta n t 
role in the  fu nc tio na l p roperties  of the F0 com plex of m itochondria , as it  is know n th a t  F0 
is the site  of a c tio n  o f oligom ycin . O ligom ycin probably does no t bind solely to  these resi
dues (171st & 17 5 th  am inoacid  residues), b u t also binds to  an o ther region o f subun it-6 , a 
genetically d is tin c t site called Oli-4. M acino & Tzagoloff (1980) have dem o n stra ted  a 
change a t  the  232nd  position  (isoleucine -  phenylalanine) in a  Oli4R m u ta tio n . S lo tt et al 
(1983) also d em o n stra ted , from  DNA sequence analysis of an  oligom ycin re s is ta n t mouse 
cell line, a  ch ange in the  243rd  residue (valine -  g lu tam ic  acid) of the  corresponding 
subunit-6  gene. T h is  position  ap pears  to  be a  highly conserved valine residue, when com 
parisons are m ade w ith  o th e r  o rgan ism s (See Fig. 5.19 & 5.21). T his p a rtic u la r  region of 
subunit-6  (Oli-4 S ite ) to g e ther w ith  the  O li-2 S ite (th is  thesis; M acino & TzagolofT, 1980;
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T able 8.1 C han g es associated  w ith  th e  O ligom ycin  and O ssam ycin res is tan ce

M utatio n Affected gene O bserved Changes
N ucleo tide C odon A m ino acid L oca tion

Oi.2B-76 S u b u n it-6 A - T A T T -T T T Isoleucine -  
Phenyl alanine

171st am ino  ac id  
residue

0 « 1 b -92 S u b u n it-6 <tO G A T -A A T A spartic  acid -  
A sparagine

254 th  am ino  
acid  residue
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N ovitsk i et al, 1984) are p robably  involved in th e  bind ing of oligom ycin  and leading to  
inh ib ition  of p ro to n  tran slo ca tio n  across th e  m em brane sector o r Fa of th e  O .S. A TPase. 

T he oligom ycin binding site  how ever, ap pears  to  overlap  w ith  th e  ossam ycin  binding 
site(s). M ost of th e  oligom ycin re s is tan t m u ta n ts  o f y east are cross re s is ta n t to  ossam ycin 
b o th  in vitro  and in vivo (G riffiths & H oughton , 1974). 0/»'2R-118 s tra in  (M acino & Tza- 
goloff, 1980) also has cross resistance to  ossam ycin. T herefore th e  loca tion  of ossam ycin 
resistiv ity  in th e  presen t s tu dy  a t  th e  254 th  am inoacid  residue (asparag in e  in place of 
aspartic  acid) o f th e  subun it-6  gene p o in ts  o u t th a t  ossam ycin in te ra c ts  bo th  in  the  oli
gom ycin reacting  site  (as evidenced by th e ir cross reac tiv ity ) as well as  in  o th e r sites, 
aw ay from th is  site. O ssam ycin  possibly in te ra c ts  inside the  m em brane w ith  th e  hydro- 
phobic groups of the  oligom ycin b ind ing  site  and ou tside  the  m em brane w ith  a charged 
residue, asp artic  acid w hich is presum ed to  lie ou tside  the  m em brane (see Fig. 6.11, 
C hapter-6).

5. Identification problems of subunit-6 gene

C oncerted  genetic and m olecular analysis prove beyond dou b t th a t  th e  O li-2 locus of m t- 
DNA is the  s tru c tu ra l gene for su b u n it-6  (see R oberts  et al, 1979). How ever the  reading 
fram e identified in  the  Oli-2 locus has a  coding capab ility  of a  m uch larger p ro te in  (28.2 
k ilodalton) th a n  the  p ro te in  identified as subun it-6  (20.5 k ilodalton) in SDS gels (Tzagoloff 
& M eagher, 1971; R oberts et al, 1979). T o  ra tiona lise  th is  d iscrepancy  tw o a rgum ents  
have been p u t forw ard: th e  p ro te in  undergoes post tran s la tio n a l m odificaion by selective 
degradatio n  of a  larger precursor m olecule, a n d /o r  the  hydrophobic p ro te in  m akes an  
unusual com plex w ith SDS whose m obility  becom es faster th a n  usual. A th ird  possibility  
has been raised in th is  thesis (C h ap te r 5), i.e., th a t  th e  2nd A T G  codon o f th e  777 nucleo
tide long read ing fram e of the  Oli-2 locus m ight be th e  in itia tio n  site  for tra n s la tio n  of th e  
protein . In th is  case the  product w ould be ab o u t 178 am inoacid residues long and would 
give a m olecular weight of ab o u t 19 k ilodaltons. T h e m olar percen tages o f the  am inoacid 
sequence of the  2nd reading fram e is sim ilar to  the  values which have been experim en tally
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ob ta in ed  for subun it-6  from  N eurospora  by  p ro te in  analysis o r D N A  sequence analysis 
(T able 5.4, chap ter-5 ) However, in a re c e n t m eeting  on  Y east G enetics  and  M olecular 
Biology of Y east (1984), Lukins et al (1984) rep o rted  a  mil m u ta tio n  in th e  O li-2 region 
which is located  w ith in  th e  first 36 to  55  am inoacid  residues. F irs t  36 am inoacids, as 
deduced from  th e  DNA sequence o f th e  su b u n it-6  gene in  th is  m it m u ta n t, a re  s im ilar to  
those o f the w ild ty pe  b u t the  37 th  to  5 5 th  am inoacid  residues a re  different from  the  wild 
type. T he read ing  fram e th en  te rm in a te s  by a  nonsense codon an d  therefo re , does no t 
express subun it-6 . T he location  o f the  m it m u ta tio n  in  th is  reg ion , calls in to  question  the  
possibility  of th e  2nd A T G  codon b e ing  the  tra n s la tio n  in it ia tio n  site. However, th e  
analysis of su b u n it-6  by cyanogen b ro m id e  fra g m e n ta tio n  and  an tib o d ie s  raised  ag a in st 
the NHt  te rm ina l am inoacids of su b un it-6  should  give a  defin itive answ er to  th is  problem . 

T he existence o f tw o form s of su b un it-6  was d e m o n stra ted  in  one d im ensional gels by 
T odd & D ouglas (1983) an d  in  tw o  d im ensional gels by S tep henson  et al (1981). P apain - 
generated  pep tides of subun it-6  revealed  th a t  th e  tw o  form s, 6 a  & 6b were iden tical 
except for the  m obility  o f a  single f ra g m e n t (T odd & D ouglas, 1983). Hence the  possib ility  
th a t  b o th  th e  1st A TG  and 2nd A T G  m igh t o p e ra te  as tra n s la tio n a l in itia tio n  sites  
rem ains open. T h e occasional location  o f  a n  o ligom ycin re s is ta n t m u ta tio n  in th e  nucleus 
(R ank and B ech-H ansen, 1973; R ank  eta l, 1975; M itchell et al, 1973; C ohen  & E aton , 
1979) m igh t provide an o th er ex p lan a tio n  for th e  observed v a r ia n ts  of su bun it-6 , in w hich 
case a  nuclear co u n te rp a rt of su bu n it-6  is syn thesised  in  th e  cy top lasm  and  th en  t r a n 
sported  to  th e  m itochondrion. However, a ll these ex p lana tions  rem a in  unproven .

5. Location of the pho9 mutation

T he evidence from  the  DNA sequence an a ly s is  th a t  th e  m u ta tio n  pho9 does no t lie w ith in  
the  genes for th e  subun it-6  and su b u n it-8  is very in te resting . G ene tic  evidence suggested  
(C hapter-2) th a t  the  m u ta tio n  was lo c a ted  u p stream  of th e  O li2  and could be d iscrim 
ina ted  in p e tites  from  th e  OH2 locus, a n d  therefo re could be o n  a  sep a ra te  gene, regu la
to ry  o r s tru c tu ra l (see C o nn erto n  et al, 1984). D uring th is  w ork  DNA sequence analysis
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by M acreadie et al (1983) and p ro te in  sequence analysis by V elour et al (1984) have show n 
th a t in fact, the re  is a  gene betw een th e  Oxi-3 and OH2, which codes for th e  subun it-8  of 
the O .S. A T Pase. D N A  sequence analysis of th is  region in th e  presen t s tu d y  also indi
cates th e  ex istence o f th e  sam e gene which is in perfec t hom ology with th e  DNA sequence 
d a ta  of M acreadie et al (1983) an d  p ro te in  sequence d a ta  of V elour et al (1984). However, 
one of the earlier p resu m p tio ns th a t  the  pho9 m u ta tio n  m ay be located on th e  subun it-8  
gene (C hapter-2) does n o t appear to  be tru e . H owever, the  possib ility  th a t  the  m u ta tion  
is a regula tory  one an d  co n tro k th e  expression of th e  subun it-6  an d  subun it-8  (as evidenced 
by the  absence of th ese  subun its  in th e  O .S .A T P ase  of th e  m u ta n t s tra in ) raises the  hope 
for a system  to  s tu d y  th e  regu la to ry  sequence on m itochondria l genom e o f yeast which is 
little  understood so far.

7. Location of the mit-175 mutation

Genetic evidence in  C hap te r-2  show s th a t  m it-175 is located  dow nstream  of the  Oli-2. 
M it-175 has typ ical m it ch arac te ris tics , w ith  norm al cy tochrom e sp ec tra  and A T Pase 
activ ity  (I.F. C o n n erto n , unpublished resu lt), b u t is unable to  grow on  nonferm enta tive 
media. It has a no rm al subun it-6 , subun it-8  and su bu n it-9  in th e  O .S. A T P ase  (Ray et al, 
1984). T he sequence analysis o f th e  re levan t po rtio n  of m t-D N A  from  th e  wild type has 
revealed several read ing  fram es, w hich poses a problem  in th e  iden tifica tion  of the  gene. 
One probable read ing  fram e has been analysed (See F ig .5.17, C hap te r-5 ) which can give 
rise to  a  p rotein  p ro d u c t of 16.2 k ilodalton . T his read ing  fram e uses ATA  as an  in itia to r 
codon which is why th e  gene could n o t be confirm ed. T h e re levent po rtion  of the  m t-DN A 
from the  m u ta n t s tra in  (m it-175) has now been cloned and fu tu re  DNA sequence analysis 
of th is  region would help to  confirm  the  read ing fram e.

If the  reading fram e codes for a s tru c tu ra l p ro te in  o f the  O .S . A T P ase , why it is not 
detected in the  gel e lectropho re tic  analysis is no t know n. T h e  possibility  th a t  the  gene 
codes for a reg u la to ry  p ro tein  w hich is ac tive in tra c e  am o u n ts  and rem ains undetectab le  
a t the level of sen sitiv ity  of th e  m ethod, o r th a t  i t  rem ains m asked by som e o ther m ito-
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chondrially  sy n th esised  p ro te in  rem ains to  be estab lished . T he tran sc rip tio n  o f a  R NA 
from th is  reg io n  of m t-D N A  ind icates  th a t  th is  gene is expressed a t  least a t  the  tra n sc r ip 
tional level (see C h ap te r  5). T h erefo re, an o th e r  possib lity  is th a t  th e  R NA p lays som e 
role in  the  c a ta ly tic  ac tiv ity  of the  O .S .A T P ase . Evidence for the  role of RNA as  ca ta ly s t 
is now ac cu m u la tin g  in  the  l i te ra tu re  (G u e rrie r-T ak ad a  et al, 1983; H uang et al, 1984). 
Also recent ev idence has ind ica ted  th a t  R N A  is required for the  im p o rt of p recurso r pro
teins in to  m ito c h o n d ria  (F irg a ira  et al, 1984). T his o bserva tion  could be o f significance in 
respect to  th e  m it-175 locus.

8 . The relative organisation of the genes for subunit-8, subunit-6 and mit-175 

in the mt-DNA

The re la tive  sp a tia l o rg an isa tio n  o f th e  su b u n it-8  gene, subun it-6  gene and m it-175 in 
Saccharom yces cerevisiae  is rep resen ted  in  Fig. 8.2. T he figure d em o n stra tes  th a t  the  
organ isa tion  o f th e  genes in th is  segm ent o f th e  m t-genom e follows the sam e general p a t
tern  observed  elsew here in th e  m t-gen om e of S. cereviaiae: th e  s tru c tu ra l genes are 
separa ted  by  long (A + T ) rich spacers w ith  clustered  (G + C ) sequences w ith in  them  
(Prunell an d  B ernard i, 1977a; 1977b). W hen com paring th e  o rgan isa tion  of th is  segm ent 
of the genom e w ith  those  from  o th e r o rg an ism s (Fig. 8.3), it  is found th a t  the  re la tiv e  dis
tance b e tw een  th e  su b u n it-8  and su b u n it-6  genes has g radu a lly  shortened  d u rin g  the  
course of ev o lu tio n . T h e  im p lica tion  of th is  is no t understood  a t  p resen t. C e llu la r econ
omy has no d o u b t, com pelled them  to  d ispense w ith  the  luxury  o f spacers be tw een  these 
two genes w h ich  are o therw ise  involved in a  s im ilar functio n  in F0, bu t ove rlapp ing  of the  
genes in m am m als  m igh t have som eth in g  to  do w ith  th e  contro l and expression of tw o 
essential co m p o n en ts  o f th e  O .S .A T P ase . H owever, th e  occurance o f a  42 bp in tro n  a t  the  
beginning o f th e  su bu n it-8  gene in N earoapora  (in  fac t 14 am inoacids are in fram e w ith  
the first A T G  coding f-m et) is in te re s tin g  (M orelli & M acino, 1984). I t  is n o t ye t e s ta 
blished w h e th e r  th is  first 42 nucleo tide infram e-sequence is an  in tro n  or, ju s t  an  ex tended 
N -term inal en d  o f th e  sam e pro tein .
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Figure 8.2 Organisation of DNA at the 01i-2 region of mt-DNA. The data are 
based on the strain CD40- The data beyond the last EcoRl site has been
taken from Macino & Tzagoloff (1980). The positions of the genes and spacers 
are not according to the scale.
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Figure 8.3 Relative position of the genes for subunit-6 and subunit-8 in 
various organisms.
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T h e  com parative o rgan isa tio n  of the  O li-2  region from  various o rgan ism s, how ever, does 
n o t reveal any URF, dow nstream  of th e  gene for subun it-6  w hich could be s im ila r to  the  
te n ta tiv e  reading fram e suggested for m it-175  locus found in  Saccharom yces cerevisiae. 
O th e r  URFs found in  the  sam e region o f  S. cerevisiae  also do n o t have any su b s tan tia l 
hom ology w ith the U R Fs found in m a m m als  (bovine, mouse, ra t  and hum an), Insects (D . 
m elanogaster, D.yakxiba, or o ther fungi (A .  nidulans, N . crassa). W ith  th e  lack  o f to ta l 
sequencing d a ta  from  m it-175, it would b e  very difficult to  p ropose any p a rtic u la r  URF as 
th e  real gene.

9. Transcription of the Oli-2 region

T h ree  m ajor species of RN A s (5100, 480 0  and 3000 nucleotides) are found to  hybrid ize 
w ith  the Oli-2 region specific probe (See chapter-5), which probably  co n ta ins th e  messege 
for the  subun it-6  and subun it-8 . Tw o o th e r  sm aller tran sc rip ts  (800 bp and  600 bp) which 
hybrid ize to  dow nstream  of the 01i2 locus are also found , which are relatively  w eak  in our 
gels (Fig. 5.18). T he occurence of the  h ig h e r m olecular w eight species of RNAs in  the  gels 
are  probably  the precursors of m R N A s fo r th is  region. In fact, th e  tran sc rip tio n a l studies 
in  vitro  (C h ris tian son  & R abinow itz, 1983; O singa et al, 1984) have ind ica ted  th a t  the 
O li-2 region is co-transcribed  w ith  th e  O xi-3 (the gene for su b u n it 1 o f cy tochrom e oxi
dase) locus. T he re su ltan t RNA is th e n  probably  processed to  give rise to  th ree  ab u n d an t 
species of RNA (5100, 4800 and 3000 nucleotides) for the  Oli-2 region which co n ta in  the  
in fo rm atio n  for bo th  subun it-8  and su b u n it-6 . O f these th ree  species 3000 nucleotides 
species is probably  th e  m atu red  m R N A  (which is very stro ng  positive band in  F ig.5.18, 
C hap te r-5 ). It is no t know n w hether th i s  m R N A  undergoes fu rth e r processing to  produce 
sep a ra te  tran sc rip ts  for subun it-6  and sub u n it-8 .

Using a cloned m t-D N A  fragm ent on  a  bacteria l p lasm id as a  s u b s tra te  for tran sc rip tio n  
w ith  purified m itochondrial RNA p o ly m erase, it  has been suggested th a t  th e re  is no p u ta 
tiv e  prom otor betw een the  Oxi-3 an d  su b u n it-8  genes (E dw ards et al, 1983). W hen the  
D N A sequences betw een these tw o reg ion s were searched for th e  occurence o f p u ta tiv e



- 2 8 0 -

m itochondial p ro m o to r sequences (A T A T A A G T A ) (T ab ak  et al, 1983), a t  198bp upstream  
of the  subun it-8  gene a  s ligh tly  different sequence (A T A A A T G T A ) was found. O nly tw o 
differences are  found in  the  4 th  an d  6th  places o f th e  p u ta tiv e  nonanucleotide prom otor. 
W hether th is  sequence can  ac t as  a  prom otor for th e  O li-2 region is ye t to  be established. 
T he ab undance o f 5100 nucleo tide and 4800 nucleotide m R N A  species for subun it-6  and 
subun it-8  could be due to  a  new in itia tion  of th e  tra n s c r ip t from  th is  p rom otor. Some 
petites which lack th e  so called p rom oter have been show n to  transcribe  th e ir  genom e 
(C obon et al, 1982).

T he occurrence of 800 nucleotide an d  600 nucleotide R N A  tran sc rip ts  which hybridize to  
585 bp and 450 bp H p a ll  frag m en ts  of Eco-7 (see C h ap te r-5  an d  C obon et al, 1982) indi
ca te  th a t  th is  region is expressed a t  the tran sc rip tio n a l level. T he possibility  th a t  the  
sm all tra n sc r ip ts  for th is  region are  the secondary  p ro d u c ts  o f norm al processing from 
larger tra n sc r ip ts  of th e  Oli-2 region w ithout any fu nctio nal significance can be counter- 
argued for tw o reasons: (i) genetic m apping of th e  locus m it-175 in  th is region, and (ii) the  
discrete size of th e  tra n sc r ip ts  as opposed to  random  p ro d u c ts . However to  find ou t the  
proper significance o f th e  tra n sc r ip ts , studies o f th e  tra n s la tio n  o f th is  R NA in  vitro  and 
sequencing of th e  m it-175 m t-D N A  from  th is  region are necessary .

O singa et al (1984) have show n th a t  a dodecam er sequence (5 ’-A A T A A T A T T C T T -3 ’) 
which is p resen t dow nstream  o f nearly  all p ro te in  coding genes on yeast m t-D N A , occurs 
19 bp dow nstream  of th e  E coR  1 s ite  of 1.7Kb EcoRX frag m en t. T he m otif is s itu a ted  100 
bp dow nstream  of th e  proposed functional URF of th is  region. T h is  dodecam er m otif m ay 
ac t as a processing po in t in  th e  generation  of 3 ’-ends o f the  m a tu re  m RN A s or ac t as a 
signal for th e  te rm in a tio n  of tran scrip tio n .

Processing of tra n sc r ip ts  from  th e  Oli-2 region is p robab ly  signalled by th e  secondary 
s tru c tu res  o f (G + C ) rich c lu ste rs  observed in th is  region. No o the r m echanism  has been 
proposed so far. However, th e  hep ta-nucleo tide sequence (A T T C T T A ) which has been 
d em onstra ted  by T halenfeld  et al (1983) to  be a processing signal betw een the O lil 
(subunit-9) gene and tR N A *" gene, can be found betw een  th e  genes for subun it-8  and
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subun it-6  (See Fig. 5.8, C hap te r-5 ), w hich m igh t also be significan t in th e  processing step .

10. Ribosome binding sites

No Shine &  D algarno  (SD) sequence has been d e m o n stra ted  to  occur in  the  3 ’ end of th e  
15S rR N A  o f yeast m itochond ria . However, a  10 nucleo tide sequence a t  the  3 ’ end of the  
15S rR N A  o f  yeast m itochond ria  has been show n to  occur upstream  of m R N A s o f various 
m ito ch on d ria l genes an d  on th e  basis  of th is , 5 ’ - A A A T T C T A T A  - 3 ’ has been proposed 
to  be an alogo us to  SD sequence, w hich can p o ten tia lly  b ind  m R N A  to  th e  ribosom e (Li et 
al, 1982, Tzagoloff, 1982). Li et at (1982) po in ted  o u t th a t  an  8 bp sequence (TA A G A - 
T A T ) w hich  occurs 50 bp u p s tream  of the A T G  codon o f th e  subun it-6  gene and  is hom o
logous to  th e  3’ end o f 16S rR N A  (see Fig. 5.15, C h ap te r-5 ) is th e  p u ta tiv e  ribosom e b ind
ing site  a n d  m ay subserve the  fun c tio n  of an  SD sequences. In ad d itio n  N ovitsk i et al 
(1984) h a v e  claim ed th a t  an  l l b p  sequence (T A T T T A T A A G T ) which occurs 26bp 
upstream  o f  the  1st A T G  codon o f subun it-6  gene m igh t also be a  p o ten tia l ribosom e 
binding s ite  w ith  25%  g rea te r e s tim a ted  hydrogen bond s ta b ility  ( A G =  -16kcal/m ole). 

N ovitski e t al also po in ted  o u t an o th e r 9 bp p o ten tia l ribosom e bind ing s ite , 309bp 
upstream  o f  subun it-8  gene, w hich we also find in o u r sequence d a ta  (Fig. 5.15). T his 
seems to  b e  an  unlikely  cand ida te  due to  its  location , fa r aw ay from  th e  in itia tin g  A TG  
codon o f th e  gene for subun it-8 .

However, we find an o th e r 11 bp sequence, l l b p  u pstream  of th e  2nd A T G  codon of 
subun it-6  gene, w hich is co m plem entary  to  th e  3 ’ end o f m itochondria l 15S rR N A  (Fig. 
5.15d, C h ap te r-5 ) . W ith in  th is  11 bp sequence 10 nucleotides are co m plem entary  to  the  
15S rR N A . W heth e r th is  has a  role in in itia tio n  of tra n s la tio n  from  th is  A T G  codon is 
no t clear, as has been argued in  C hap te r-5  an d  section-5 o f th e  presen t ch ap te r. In any 
event, occurrence  o f these  sequences com plem entary  to  th e  3 ’ end of th e  15S rR N A  could 
be fo r tu ito u s  due to  th e  (A + T ) richness of m itochond ria l DNA. Hence, we shall have to  
w ait for d irec t ex perim en ta l evidence for th e ir  functio nal significance, if any, in  th e  in itia 
tion  o f tra n s la tio n .
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11. Secondary and tertiary structure analyses of various subunits of the F0

Secondary s tru c tu re  an alysis  based on hydrophobic ity  p lo ts  (K y te  & D oolittle , 1982) and  
a  modified C hou & F a sm a n ’s p red ic tion  m ethod (C h ap ter-6 ) have been used to  propose 
te n ta tiv e  m odels for sub u n it-6 , subun it-8  and subun it-9  o f y e a s t  m itochondria l A T P  syn
thase  (Fig. 6.11, 6.14, 6.20, C hap te r-6 ). In subun it-6  seven  hydrophobic segm ents span  
th e  lipid b ilayer, a  general fea tu re  sim ilar to  th a t  found in  bacte rio rhod opsin  (Fig. 6.6). 
All these hydrophobic segm ents  have a  po ten tia l a -h e lix  s tru c tu re  which w ould be ener
getically  favourab le in  th e  lipid bilayer. In co n tra st, su b u n it-9  has 2 hydrophobic 
in tram em b ran e  segm ents giv ing it a ha ir-p in  like s tru c tu re  in  th e  m em brane (Fig. 6.20) 
and sub u n it-8  has only one m em brane spann ing  segm ent (F ig . 6.14). How these  subun its, 
in te rac t w ith  each o th e r  an d  assem ble to  form  the  F0 "p ro to n  channel" is n o t know n. 
S ubunit-6  w ith  its  seven m em brane spann ing  segm ents, m ay  po ten tia lly  form  a p ro to n  
channel like b ac te rio rh od o psin , b u t no experim en t has been  done so far to  dem o n stra te  
th is, using iso la ted  su b u n it-6  reco n stitu ted  in to  lipid vesicles. However, reco n stitu tio n  
experim en ts in  m em brane vesicles using subun it-9  from y e a s t (Schindler & Nelson, 1982) 
has d e m o n stra ted  th a t  th is  su b u n it alone in oligom eric form  can  m ake a selective p ro ton  
channel, sim ilar to  th e  hom ologous su bu n it from  ch lo ro p las ts  (Nelson et al, 1977). T he 
au th o rs  suggested  th a t  a  d im er of subun it-9  can  form  a s ing le  channel and  th a t  hexam eric 
subun it-9  observed in  p rep a ra tio n s  of the O .S. A T P ase , p robab ly  form s th ree  p ro to n  
channels in  th e  m em brane (See C hapter-6). T his suggests a  s to ich iom etric  re lationsh ip  
w ith th e  3 a  and 3(J su b u n its  (ca ta ly tic  site  of A T P  syn thase ) found to  occur in  F , (T odd  
et al, 1979) an d  m ay be re lev en t to  the  3 H ' / A T P ra tio  observed  in ox id ative  phpsphory- 
la tion  (M cC arty , 1978). However, th is  p resum ption  does n o t exp lain  how they  are  re la ted  
to  the  m em brane sp ann ing  segm ents of subun it-6  and w h e th e r or no t subun it-6  co n tri
butes to  th e  fo rm atio n  o f a  channel in  vivo a n d /o r  w h e th e r subun it-6  m akes a  separa te  
channel in  associa tion  w ith  th e  channels form ed by th e  su b u n it-9 . Secondary  s tru c tu re  
analyses suggest th a t  it  m ay form  a sep ara te  channel, th e  s tru c tu re  o f w hich would be 
sim ilar to  th a t  of b acterio rhod opsin . Biochemical d a ta  fro m  th is  lab o ra to ry  suggest th a t
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there m igh t be tw o  channels: one driving p ro tons from  outside o f the  m ito ch o n d ria  to  the  
inside during A T P  synthesis an d  the  o th e r from  o u tside  to  inside during A T P  hydro lysis. 
The la tte r  reac tion  can be selectively inh ib ited  while th e  form er reac tion  co n tinues  in the  
presence of the o rgan o tin  com pound Ve2383 (E m m anuel, 1981; E m m anuel et al, 1984). 

The can d id a tu re  o f the  su b u n it-8  in the  fo rm ation  o f the  p ro to n  channel has n o t been 
addressed as ye t due to  its  recent inclusion in th e  m em bership book o f th e  Fa sector. 
P relim in ary  experim en ts by Dr. Velour (personal com m unication) how ever, suggest th a t  
subun it-8  can also conduct p ro to n s  across th e  m em brane in a  vo ltage  depend en t m anner. 
T herefore, the  te r t ia ry  and q u a te rn a ry  s tru c tu re  of th e  Fc com ponents and th e ir  to p o g ra 
phy in  th e  m itochondria l m em brane is very difficult to  envisage. In th e  p re sen t thesis 
(C h ap te r 6) how ever, it  has been argued th a t  the  am ino  term ina l end of su b u n it-6  (sim ilar 
to  su b u n it-a  of E.coli-, see Sebald e t  al, 1984), th e  carboxyl te rm ina l end o f subun it-8  
(sim ilar to  su bu n it-b  of E .co li), and the  in terhy drophobic segm ent of su b u n it-9 , would 
p ro tru d e  in to  th e  m itochondria l m a trix  and in te ra c t w ith  th e  F , sector o f th e  O .S. 
A T P ase (Fig. 8.4). In th is  p ic tu re , b o th  subun it-6  an d  subun it-9  co n trib u te  to  th e  form a
tion o f the  p ro to n  channel while subun it-8  helps s tab ilise  them  in to  the  m em brane  after 
in itia tin g  their assem bly process. T he carboxyl end of the  subun it-8  m igh t in te ra c t w ith  
F , com ponents, analogous to  the subun it-b  of E.coli. W hether the  in vitro  pho sp ha te  
binding ac tiv ity  of the  su b u n it-8  is of any relevence (Velour et al, 1980; E sp a rza  et al, 
1981) to  the  ca ta ly tic  site  o f the  F , com plex for th e  sy thesis o f A T P  m olecules rem ains to  
be estab lished . T h e p a rtic ip a tio n  of o th e r know n fac to rs  (coupling factor-B , F #) an d  unk
now n facto rs  (e.g. from th e  m it-175 genetic locus) in  th is  m odel can be envisage as a  loose 
a n d /o r  tem po rary  p a rtic ip a tio n  in th e  F0 .F t com plex. However, m ore physical, chem ical 
and biochem ical stud ies w ould be needed to  estab lish  a  definitive m odel for the 
O .S .A T P ase  com plex and i t  is pointless to  base specu lations on  p ro ton  co nd u c tin g  p a th 
ways on  in  vitro  ex perim en ts w ith single po lypeptide com ponents of F„.
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12. Oligomycin and osaamycin inhibition of oxidative phosphorylation

Analyses of DNA sequences from  oligom ycin an d  ossam ycin re s is tan t s tra in s  have 
identified th e  probable am inoac ids involved in  th e  binding of these d rugs (th is thesis; 
M acino & Tzagoloff, 1980; S eb ald  et al, 1979). B ased on the  model proposed in th is  thesis  
(Fig. 6.24, C hapter-6) it  is fo u n d  th a t  nearly  all oligom ycin b ind ing sites would lie w ith in  
the  m em brane. It has also been proposed th a t  th e  binding sites of the su b u n its  involved 
would be located in th e  lip id  facing surface of th e  m em brane spanning a-helices (Figs. 
6.22, 6.23, 6.24, C hap te r-6 ). T his suggests  th a t  oligom ycin binds to  th e  Fa w ith in  the  
m em brane and probably  b locks the p ro to n  co nd uc tio n  th rough  it  by steric m odification  of 
the  p ro ton  conducting channe l. T he conserved charged  residues (g lu tam ic acid) observed 
near oligom ycin binding s ite s  face to w ard s  the  p ro to n  channel and are p robably  d irec tly  
involved in the  p ro ton  co nduc tion . C hem ical m odificaton of charged residues and m u ta 
tional studies of subun it-c  fro m  E .co li su p p o rt th is  view (H oppe & Sebald, 1984). T his 
also explains why oligom ycin  re s is ta n t m u ta n ts  do  n o t show alte red  ox idative phosphory
lation  both  in vitro  and in  vivo  (G riffiths & H o ugh ton  1974).

In one reported  case of o ligom ycin  resistance (Sebald  et al, 1979) the  a lte red  residue of 
subun it-9  lies outside the  m em brane , a  s itu a tio n  sim ilar to  th a t  suspected for the  o ssam y
cin binding site  of su b u n it-6 . T his suggests th a t  oligom ycin and ossam ycin  p robab ly  
in te rac t m ainly w ith in  the  m em brane b u t some o f th e ir  chem ical groups have possible su r
face in te rac tio n  also. A lte ra tio n  in  these  residues, therefore, prevents binding o f these 
drugs to  the  m em brane w ith o u t affecting ox idative  pho sphory lation . O ssam ycin  how ever, 
seems to  in te rac t w ith  a m em brane exposed ch arg ed  residue, as m odification of asp a rtic  
acid residue (Z?J54) su b u n it-6  leads to  ossam ycin  resistance. T here is no evidence for a 
sim ilar in te rac tion  w ith  oligom ycin . DCCD how ever, direc tly  reacts w ith  the  m em brane 
em bedded glutam ic acid o f su b un it-9 , which has been show n in the  m odel (Fig. 6 .24) to  
face the  hydrophilic p ro to n  channel.

A few DCCD resistan t m u ta tio n s  have been recorded  in E.coli, where they  cluster a roun d  
the charged residue, a sp a r tic  acid s im ilar to  o ligom ycin res istan t m u ta tions . It was
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F ig u r e  8 .4  P red ic ted  po la rity  o f the  th ree  su b u n its  (subunit-6 , subun it-8  and su b u n it-9 ) 
of th e  O .S .A T P ase  com plex in  m itochond ria l m em brane . M -face is the  m atrix  side a n d  
C -face is th e  perip lasm ic or cy toplasm ic side o f m itochondria . 6, 8 and 9 indicates respec
tive su b u n its . T w o subun it-8  have been show n in  th e  d iagram  to  illu s tra te  th e  fac t th a t ,  
a d im er of subun it-8  probably  works as a single fu nc tio na l com ponent in the  F0



- 286 -

observed  th a t  o ligom ycin re s is ta n t m u ta n ts  of Oli-1 locus show an  increased resistance to  
D C C D  (A vner & G riffiths, 1970). T hese evidences suggest th a t  th e  DCCD binding site in 
the  Fa p robab ly  overlaps w ith  the  oligom ycin b ind ing s ite . O ligom ycin res istan t m u tan ts  
of S . cerevisiae  also have an  increased resistance to  ossam ycin. T h is  also po in ts o u t th a t  
ossam ycin  and  oligom ycin h av e  overlapping  binding sites  in th e  Fa. In m ost cases how
ever, th ese  reac ting  sites  are  located  tow ards th e  lipid en v iro nm en t which m eans all these 
drugs in te ra c t from  w ith in  th e  lipid b ilayer of the  m em brane and in  doing so they modify 
o r p u t  co n stra in t on  th e  p ro to n  conducting  channel and s top  ox idative  phosphorylation .

13. Evolutionary conservation of the F0 components

T he com parison  of th e  am inoac id  sequences of subun it-6 , subun it-8  and subun it-9  from 
various organism s suggest t h a t  these p ro teins are ev o lu tionarily  conserved (C h ap ter 5). 
T hey have undergone som e d iverg en t m odification as far as p rim ary  sequences are con
cerned, b u t in general they have a  com m on s tru c tu ra l o rgan isa tion . Unity and diversity , 
tw o faces of ev o lu tion , are q u ite  well docum ented in these  F0 com ponents. T he question, 
how ever, w hether these  observed m odifications in the  prim ary  sequences of th e  subun its  
are a  reflection of th e ir  co n tinued  a d a p ta tio n  for more efficient energy production  rem ains 
to  be solved. T w o types o f  m echanism  have been proposed to  opera te  on functionally  
eq u iv a len t p ro te in s during  th e  course of evolution: selective neu tra l m uta tions and adap
tive  m u ta tio n s . A n assessm en t o f th e  relativ e im po rtance  of one upon the  o the r needs 
carefu l s tudy  of th e  physio logical dem ands of the  species and th e ir  success to  fulfil th a t  
dem and . Tw o m ain  a rg u m en ts  are  generally  provided to  su p p o rt neu tra l m uta tions. 
K im u ra  (1968) suggested  th a t  th e  su b s titu tio n a l load due to  th e  high ra te  of evolution, 
w ould have been in to le rab le  unless m ost of the  m u ta tio n s  had  been neu tra l in n a tu ra l 
selection . K ing & Jukes (1969) argued  th a t  the  ra tes  of evo lu tion  of individual proteins 
are un iform  and m ost am inoacid  differences betw een species are  functionally  insignificant. 
T h is  uniform  ra te  an d  th e  ap p a re n t nonsignificant random  genetic change a t  the  molecu
lar level has been d e m o n s tra ted  to  hold for cy tochrom e c, haem oglobin, h istone and insu-
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lins (M arkussen, 1974; K in g  & Jukes, 1969). However B lundell and W ood (1978) have 
argued for the  ev o lu tion  o f insu lin  in  te rm s of "ad ap tiv e  p rocess". T hey  have critica lly  
analysed th e  re la tio nsh ip  o f sequence changes of th e  insu lin  m olecule to  its  th ree  d im en
sional s tru c tu re  and th e  role o f various p a rts  of th is  s tru c tu re  in th e  conversion  of th e  
proinsulin  molecule to  th e  ac tive  form , th e  sto rage  of in su lin , its  tra n sp o r t  to  th e  s ite  o f 
action  and its  in te ra c tio n  w ith  recep tors. T he au th o rs  d id  n o t exclude th e  posib ility  o f 
some n eu tra l changes a long  w ith  the  ad ap tiv e  m odification o f th e  insulin  m olecule accord 
ing to  th e  physiological d e m an d  of th e  species.

In analysing the sequence changes observed in subun it-6  (su b u n it-a  o f E. colt), su b u n it-8  
(analogous to  su b u n it-b  o f E. colt), subun it-9  (su bunit-c  o f E. colt), i t  has becom e 
ap p aren t th a t  "n eu tra l ch anges" can n o t account for all th e  observed changes in these  
subun its from  various species.

Analysis of subun it-6 , fo r in stance , reveals th a t  th e  am inoac id  sequences in  th e  las t th ree  
hydrophobic segm ents V, VI, and VII (see Fig. 6.12, C h ap te r-6 )  are re la tiv ely  m ore con
served th a n  in th e  first fou r hydrophobic segm ents. In E. colt, th e  first four segm ents  
carry m ore charged am ino ac id  residues th a n  its  eu k aryo tic  co u n te rp a rts . S tudy ing  th e  
m u ta tiona l sites in y e a st su bu n it-6 , i t  ap pears  th a t  the  la s t  th ree  hyd rophob ic  segm ents  
(segm ents V, VI and VII) a re  functionally  im p o rta n t and p robab ly  re la ted  to  p ro to n  con
duction. T herefore, th e  a lte re d  am inoacid  sequences observed  in these segm ents  could be 
due to  selectively n e u tra l m u ta tio n . B ut why have the  firs t four segm ents undergone so 
much change? It is possib le  th a t  these segm ents do n o t p lay  a  m ajor role in  o x id a tive  
phosphory lation  and p ro v id e  only th e  basis for in itia l assem bly  of th e  su b u n it in to  th e  
m em brane or they  m ay have som e special ad ap tiv e  fea tu re s, still unknow n. Ind irec t ev i
dence for the  first p rop o sa l comes from  the  s tu d y  of a  m it m u ta tio n  (m b-12) from  D r. 
Lukins’s lab o ra to ry  (D r. H.B. Lukins, personal co m m unication ) w here th e  carboxyl te rm i
nal 14 am inoacids from  su b u n it-6  is m issing. S ubunit-6  fro m  th is  m u ta n t does no t, how 
ever, fail to  assem ble in to  th e  m em brane, suggesting  th a t  th e  NHt  te rm in a l end has th e  
p o ten tia lity  to  assem ble in to  the  m em brane. N -term inal segm ents  m igh t also  have a  ro le
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in p rov id ing  the  basis for in te ra c tio n  w ith  tem p o rary  com ponents, if any, o f th e  Flt.F l 
com plex. E. colt being p rok ary o tic  in n a tu re , m ight do well w ith  th ree  p rim itive , b u t 
basic su b u n its  of F0 (su bu n it-a , subun it-b , subun it-c ). E ukaryo tic  A T P  syn th e tase  com 
plex ap p ea rs  to  have a  m ore com plicated  s tru c tu re  by the presence of th e  A T P ase  inh ib i
to r p ro te in  (P u llm an  & M onroy, 1963), coupling factor -B (Sanadi, 1982) and F ac to r-6  or 
Ft  (R acker, 1979). T hese associated  factors m ay provide a  be tte r regula tory  m echanism  
for o x id a tiv e  phosphory lation , b u t  probably  c rea te  a m ore com plex m echanism  of A T P  
synthesis. In concert w ith  th e  evolving com plex m echanism , p rim ary  com ponents o f the 
F0 will have  to  ad ap t for in te ra c tio n  w ith newly evolved com ponents by sequence changes 
w ith in  s tru c tu ra l, ca ta ly tica lly  dispensable p a rts . T his suppo rts  the  second view th a t  the 
observed changes in th e  prim ary  s tru c tu re  o f th e  p ro tein  m ay have ad ap tive  value.

V arious S ubunit-8  species also show divergence in prim ary sequence such th a t  th is  su b u n it 
p robably  subserves ce rta in  functions, besides its  unknow n prim ary function(s) w hich are 
species specific, or ra th e r  phylogenetic group specific. T his is ev iden t by the fac t th a t  pri
m ary sequences of th is  su b u n it w ith in  a  p a rtic u la r  phylogenetic group (e.g. m am m als, 
Insects, F ungi) are very sim ilar (see Fig. 5.22, C hapter-5).

S ub un it-9 , however, shows a m ore conserved s tru c tu re  and sequence (Fig. 6.21, C hap te r-6 ) 
which is p robably  due to  th e ir essen tial p rim ary  function  related  to  p ro ton  conduc tion . It 
is p robab ly  tru e  th a t  du ring  th e  evolution  o f a complex p ro tein  those p a rts  or su b u n its  
which rem ain  conserved are essen tial for th e  prim ary  function  of the  com plex and th e re 
fore selectively n eu tra l m u ta tio n s  are  the cause of prim ary sequence changes. O n  th e  con
tra ry , th e  o th e r p a rts  o r o the r su bu n its  w hich are not d irec t pa rtic ip an ts  in the  p rim ary  
function  o f the  p ro te in  or p ro te in  com plex, undergo  ad ap tive  m odifications accord ing  to  
the necessity  of the  organism s. A nd those p a r ts  of proteins would show diverged am inoa- 
cids in th e ir  prim ary  sequences. However, to  su b s tan tia te  these ideas we would have to  
analyse th e  role (s) of different p a rts  of each su b u n it by functonal dissection (e.g. by selec
tive d e g rad a tio n  or m odifications, site d irec ted  m utagenesis). In th is  respect, th e  O.S. 
A T P ase would be a  good can d id a te  to  m easure the  ra te  of evolution  (in te rm s of ad ap tiv e
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m odifications) in a  com plex enzym e system  w hich is found  in  all aerob ic organism s.

1 4 . N o n - n u c l e a r  a n d  n o n - m i t o c h o n d r i a l  c o m p o n e n t s  i n  t h e  c o n t r o l  o f  
m i t o c h o n d r i a l  f u n c t o n s

Studies reported  in  C h ap te r 7 o f th is  thesis reveal th a t  ne ither 2 p  DN A nor dsR N A s 
found in th e  cy top lasm  of Saccharom yces cerevisiae  ca rry  non -nuclear, non -m itochondria l 
genetic m arkers, such as R h 6 G R , VEN R , T E T R . T h e  ca n d id a tu re  o f 3 p  DNA is also no t 
clear. T he 3 p  DNA plasm id w hich  has been s tu d ied  here, has an  a p p a re n t in sertion  in 
the  NTS (non tran scrib ing  space r) sequences. T h e  possib ility  th a t  th is  in sertion  carries 
the  above m entioned m arkers sh o u ld  be proven by an aly sing  3 p  D N A  from  a  p° VENR , 
T E T R , o r p° R h6G R s tra in s . R ecen t findings by Dai et al (1984) p rov ides evidence th a t  
the  3 p  DNA plasm id bears [psi] fac to r, a  sim ilar n on -m itocho ndra l cy top lasm ic genetic 
m arker. T he location  of th is  m a rk e r  on th e  3 p  p lasm id is no t know n, nor how it  m odu
lates tran s la tio n  of protein .

Evidence for the  existence o f a  h igh  m olecular w eight p lasm id  in th e  cy top lasm  of som e 
s tra in s  of Saccharom yces cerevisiae, also deserves a tte n tio n . F u tu re  m olecular analyses o f 
th is  plasm id would be in te re s tin g . Discovery of m itochondria l p lasm ids from  various 
species of N eurospora  (C ollins e t al, 1981; N atv ig  et al, 1984), m aize (W eissinger et al, 
1982), B rassica  (P alm er et al, 1983) and th e  prom iscu ity  o f DNA (E llis, 1982) w ith in  th e  
cellular organelles has evoked a  new  and in te re stin g  aspec t o f the  co n tro l o f m itochondria l 
functions by several m echan ism s. T he m ultip le  co n tro l of m itochond ria l functions along 
w ith the  m itochond rio n’s ow n ro le  in regu la ting  th e  o th e rs , m igh t th ro w  som e ligh t on  
com plex phenom ena, viz., cell su rface  changes associa ted  w ith  th e  p s ta te  o f yeast, 
different surv ival ra tes  o f p an d  p° cells (W ilkie, 1983), senescence associated  changes of 
m t-D N A  in Podospora  (Esser et al, 1983), m a te rna l inh e ritan ce  o f cell surface an tigens 
(Lindahl, 1983).

T he s tu dy  of 3 p  DNA m ay a lso  be of biotechnological in te re s t as th is  high copy num ber 
plasm id (probab ly  due to  an  in sertio n a l ev en t in th e  N T S sequences betw een th e  5S gene





I. Growth media for yeast 
A. Liquid

APPENDIX

1. NO:
1% (W /V ) y east e x tra c t (Difco)
1% (W /V ) B acto p ep ton e  
2%  G lucose
50m M  N a /K  - P h o sp h a te  buffer, pH 6.25 
(lO m M  yVo,HP04 
40m M  K / / ,P 0 4)

N .B .: i) G lucose is au to c lav ed  sep a ra te ly  in  a  co ncen tra ted  form  (20% -25% ) an d  
ad d ed  to  th e  sterilised  m ed ia  to  m ake a  final co n cen tra tio n  o f 2% . ii) 0 .01%  aden ine  
su lp h a te  w as added, w hen required .

2. N 3 : 1% (W /V ) y east e x tra c t (Difco)
1%  (W /V ) B actop ep ton e 
3%  (W /V ) glycerol
50m M  N a /K  P h o sp h a te  buffer, pH 6.25

3. Y P D : Sam e as NO  b u t w ith o u t 50m M  N a /K -P h o sp h a te  buffer.
4. Y P D : Sam e as N3 b u t  w ith o u t 50m M  N a /K  P h o sp h a te  buffer.
5 . N 3 0 1 : Sam e as N3 plus o ligom ycin  (1.0 p .g /m l)
6 . N 3 0 S :  Sam e as N3 p lus ossam ycin  (2.0 p .g /m l
7. Y P 5  a n d  Y P 1 0 : sam e as Y PD b u t  w ith  5%  an d  10% glucose respectively
8. W O : 0 .67%  (W /V ) y e ast n itro g en  base (Difco), 2%  glucose.
B . S o lid
F or p la tes an d  s lan ts  o f solid m edia, 2 .3%  ag ar (Difco) was added to  the  liquid 
m ed ia  m entioned above.

U. G r o w t h  m e d ia  fo r  E. coli 
A . L iq u id

1. LB (L u ria -B ertan i) M edium :
B ac to try p to n e  (W /V ) 1%
B acto -yeast e x tra c t (W /V ) 0 .5 %
N aC l 1%
pH was a d ju ste d  to  7.5 w ith  N aO H

2. 2XTY
B ac to try p to n e  1.6%  
yeast e x tra c t 1.0%
N aCl 0.5%

R . S o lid :
1. LB P la te s: sam e as LB, b u t  w ith  1.5%  agar (Difco)
2. 2X T Y  P la te s: sam e as 2X T Y , b u t w ith  1.5%  ag ar.
3. H -T op  ag ar:
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B ac to try p to n e  1.0%  
Difco agar 0 .8%  
N aCl 0 .8%

4. M inim al p la tes (+  glucose):
i) P rép a ré  stérile  5X m inim al "A " salts:

A aH P 0 4 5 .25gm /100m l
K H  JP O < 2 .25gm /100m l
(N H J i S 0 t  0 .50gm /100m l
N a-c itra te , 2 /7 ,0  0 .25gm /100m l

ii) A utoclave 390ml Ht O  w ith  7.5 gm  agar. T h en ,w h en  cool add:
100m l 5X "A " sa lts
0 .5m l 1M Mg SO  (sterile)
0 .25m l 1% T hiam ine  hyd rochloride (V it B t )
100ml sterile  20%  glucose (au toc laved  separa te ly )

iii) Mix and pour o n to  p la tes
Note: all m edia were au toclav ed  a t  120° C and a t 15 psi unless o therw ise m entioned.

ID. A N T IB IO T IC S
1. Am picillin

Stock solu tions: 25 m g/m l of the  sod ium  sa lt  of am picillin  was 
m ade in  w ater. S te rilisa tio n  by filtra tion  
an d  s to red  in  aliquots a t  - 20 C.

W orking so lu tions: F inal co n cen tra tion  in  the  liquid m edia or in 
solid p la tes is 35-50 p .g /m l

2. C hloram phenicol
Stock solutions: 3 .4 m g /m l in 100% ethano l. S to red  a t  - 20° C 
W orking solutions: For am plificaton  of plasm ids, 170 p .g /m l for 

selection o f re s is ta n t b ac te ria  30 p .g /m l
3. T etracycline
Stock solutions: 12 .5m g/m l (hydrochloride form ) in  e th a n o l/w a te r  

(50%  V /V ) S to re  a t  - 20° C
Note: because te tracycline  is ligh t sensitive, so lu tion s an d  pla tes con tain ing  the  a n ti
biotics were stored  in th e  d a rk  and handled  w ith w rap p ed  alum inium  foil.
W orking solutions: 12.5 p .g /m l. Because m agnesium  ions are an tag o n is ts  of te tra c y 
cline, m edia used was alw ays w ith ou t m agnesium  sa lts  for selection of bac te ria  resis
ta n t  to  te tracycline .

S o m e  i m p o r t a n t  s t o c k  s o l u t i o n s  u s e d  i n  t h i s  s t u d y :
1. D e n h ard t’s so lu tion  (100X)

Ficoll 20gms
Polyviny lpyro lidone 20gm s 
Bovine serum  album in  (BSA) 20gm s 
H t 0 to  100ml
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2. 20XSSC:
3M N aC l 
0.3M  N a -c itra te
pH ad ju s te d  to  7.0 or 7.5 using NaOH

3. 20X SSPE:
3.6M  N aC i
200m M  NaH2PO t  (pH7.4) 
200mM  ED TA  (pH  7.4)

4. T E  (pH 7.5):
lOmM T ris-C l (pH 7.5)
Im M  ED TA  (pH 7.5)

5. T S E  (pH 7.50
lOm M  T ris-C l (pH  7.5)
lOm M  N aCl
0. Im M  E D T A  (pH 8.0)

6. 10X ligase buffer:
700m M  T ris-C l, pH 7.5 
70m M  MgCl2 
150mM D T T  
lOmM A T P

7. 10X N ick -tran s la tio n  buffer
0.5m M  T ris-C l, pH 7.2 
0.1M  MgSOt 

Im M  D T T  
500m M  BSA

8. 10XT4 D N A  polym erase buffer
0.33M  T ris -ace ta te , pH 7.9 
0.66M  P o tassium  a c e ta te  
0 .10M  M agnesium  ac e ta te  

5m M  D T T  
lm g /m l BSA

9. 10 X P o ly nucleo tide  k in ase  (P N K ) buffer

10. 10 X Bal-31 buffer

0.5M  T ris-C l, pH 7.5 
0.1M  MgCl2 
0.1M  D T T
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0 .2 M  Tris-C I (pH 8.0)
0 .2 M  NaCI 
0 .1 2 M  Mg Cl 2 
0 .1 2 M  CaCl2 

lO m M  ED TA

11. 10 X BAP buffer
0.5M  Tris-C I pH 8.0 
lOmM MgClt

12. 10 X C IP  buffer
0.5M  Tris-C I pH 9.0 
lOmM MgClt 
Im M  ZnCl2 

lOmM Sperm idine

13. C IP  inac tiv a tin g  buffer (T N E  buffer)
lOOmM Tris-C I, pH 8.0 

1M NaCI 
lOmM E G T A

V. E L E C R O P H O R E T I C  B U F F E R S
1. T ris-bo ra te  (TB E) buffer, pH  8.3

Stock so lu tions: IM  T ris
(1 0 X ) IM  Boric Acid

20m M  EDTA

W orking solutions:
For restric tion  analysis of D N A  fragm ents:

20 tim es d ilu ted  so lu tio n  (50m M  T ris -b o ra te , Im M  ED TA ), 
and for sequencing analysis:

10 tim es d ilu ted  so lu tio n  (lOOmM T ris -b o ra te , 2mM  ED TA ), were used.
2. T ris-ace ta te  (TA E)
W orking solutions

0.04 M T ris-ace ta te , 0 .002m M  ED TA  
C o ncen tra ted  stock so lu tions (P e r litre) (10 X):

T ris  base 242 gm 
glacial acetic acid 57.1 ml 
0.25M  ED TA  (pH 8.0) 200 ml

V 1 G e l  L o a d i n g  B u f fe r
1. For restric tion  analysis 

10 X buffer
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50%  glycerol 
25m M  E D T A  
0.25%  brom ophenol blue

2. For sequencing analysis
F orm am ide-dye mix

0.1%  (W /V ) X ylenecyannol FF  
0 .1%  (W /V ) B rom ophenol blue 
lOmM ED TA
95%  (V /V ).deion ized  form am ide
sto re  a t  4 C.

3. T ris-g lycine buffer (2 X)
T ris  base 3 gm  
glycine 14 gm  
W ate r to  m ake 500 ml 
(pH 8.2 - 8.4)

VII. Some useful chemical solutions for M-13 cloning & sequencing.
A. A cry lam ide stock  so lu tion s
1. For DNA sequencing analysis (40% )

A cry lam ide - 38 gm
B is-acry lam ide 0.825 gm  
W ate r  to  m ake 100 ml 
S tore in  dark  b o ttle  a t  4

2. For o th e r purposes (30% )
A cry lam ide 30 gm 
b is-acry lam ide 0.825 gm  
w a ter to  m ake 100 ml

B. Other solutions
1. I P T G  (isopropyl -fi-D -th io g alac top y rano side) 25 m g /m l in w ater, s to re  a t  - 20° C .
2 . B C IG  (5-brom o-4chloro-3 indolyl-(3-ga!actoside, 20 m g /m l in d im ethy l fo rm am ide
3. dNTP solutions
Stock solu tion :

lOmM  a t  lOmM T ris-C l (p.H . 7.5)
0.1 m M  EDTA

S tored  a t  - 20°C. 
w orking so lu tion s (0.5m M ):

D ilu ted  20 tim es w ith  d istilled  w ater 
s to red  a t  - 20° C.

4. dideoxy (d d N T P s) so lu tions:
Stock so lu tion s: lOmM  a t  5m M  T ris-CI (pH 7.0)
w orking so lu tions



- « 6  -

i) ddA (l.O m M ): d ilu te d  1:10 in d istilled  w a ter. S tored  a t  - 20° C.
ii) ddG  (0.7m M ): d ilu te d  1:14.5 in  d istilled w a ter. S tored  a t  -20° C.
iii) d d T  (2m M ): d ilu te d  1:5 in d istilled  w a ter. S tored  a t  - 20° C.
iv) ddC  (0.35m M ): d ilu te d  1:28.6 in  d istilled  w a te r. S tored  a t  - 20° *

5. 7V° mix for th e  sequencing reac tion  (for using a - 32P d G T P  only)
4 0A m ix:

20 p i  0.5 m M  d T T P  
20 p i  0.5 m M  d C T P  
1 p i  0.5 m M  dA T P  
1 p i  0.05m M  d G T P  

20 p i  polym erase reac tio n  buffer (10 X)
G m ix:

20 p i 0 .5  mM  dA T P
20 p i 0 .5  mM  d T T P
20 fjLl 0 .5  mM  d C T P
1 p i 0 .0 5 mM d G T P

20 p.1 polym erase reac tion  buffer co ncen tra ted  (10 X)
'T0T  m ix:

20 p i 0 .5  mM dA T P
20 p i 0 .5  mM  d T T P
1 p t 0 .5  mM d T T P
1 p i 0 .05m M  d G T P

20 p i polym erase reac tion  buffer co n cen tra ted  ( 10 X)
r ,oG m ix:

20 p i 0 .5  mM dA T P
20 p i 0 .5  mM  d T T P
1 p i 0 .5  mM  d C T P
1 p i 0 .05m M  d G T P

20 p i polym erase reac tion  buffer co n cen tra ted  (10 X)
6. 10 X co ncen tra ted  polym erase reac tion  buffer

70 mM T ris-H C l, pH 7.5 
70 mM MgClj 
500 mM  NaCl

VIII. Restriction enzymes used in this study with their recognition sequences 
and assay buffer:

Aha LEI
S to ra g e  buffer

20 mM T ris .C l, pH 7.2 
7 mM (J-m ercap toethanol 
50%  glycerol (V /V )
Incub aation  a t  37 C.

A ssay  buffer
10 mM  T ris .C l, pH 7.2 
80 mM  NaCl 
10 mM  MgCl2 
100 p g /m l BSA 
Incub ation  a t  37 C.



S a l I

Storage Coodttlooa:
20 mM KP04 (pH 7 0)
SO mM NaCI 
1 mM Na?EDTA 
1 mM NaN3 
1 mM Dithiothreitol 
500 Mfl/ml BSA 
50% (vAv) glycerol 
Store at -  20*C

Comment«:
Glycerol concentrations greater man 5 %  may alter rec 
ognition sequence specificity

Does not cleave DNA when the deoxyadenosine or inter 
nai deoxycytosine nucleotide is methylated

5 -g ' t CGA C-3'
3**C AGCT|G-S'

Assay Condition«:
6 mM Tns-HO (pH 7 6) 
6 mM MgCl?
150 mM NaCI 
0 2 mM Na?EDTA 
Assay at 37*C

S m a  I

Storage Conditions:
20 mM Tris-HCI (pH 7 5)
1 mM NajEDTA 
7 mM 2-mercaptoethanoi 
500 ng/ml BSA 
50 V. (vAv) glycerol 
Store at -  20*C

S-CCC'GGG-S'
3C GG,CCC-5'

Assay Conditions:
15 mM Tns HCI (pH 8  0) 
6 mM MgCl?
15 mM KO 
Assay at 30°C

Comments:
KCl is absolutely required lor enzyme activity NaCI can
not be substituted

BR l recommends assaying Sma I at 30*C. At 37*C. Sma I 
activity is reduced approximately 50 V«

Does not cleave DNA when only the internal (CCCGGG) 
deoxycytosine nucleotide is methylated

Sau3A I 5-*GATC -3' 
3'* CTAGf-5*

Storage Conditions:
10 mM Tris-HCI (pH 7 4)
56 mM K O
0 1 mM N sjE DTA
1 mM Dithiothreitol 
500 MO'ml BSA 
50 V* (vAv) glycerol 
Store at -  20*C

Comments:
Glycerol content greater than 7 5 %  may reduce the 
specificity of the enzyme

Does cleave DNA when the deoxyadenosine nucleotide is 
methylated

Assay Conditions:
6 mM Tris-HCI (pH 7.5) 
6 mM MgClj 
50 mM NaCI 
lOOpg/ml BSA 
Assay at 37*C

Ssf I S’-G AGCt ‘c -3’ 
3’-C,TCGA G-5'

Storage Conditions: Assay Conditions:
20 mM Tris-HCI (pH 8 0 ) CORE BUFFER 
150  mM KCl Assay at 37*C
500 *rg/ml BSA 
50% (vAv) glycerol 
Store at -2 0 *C

Comments:
Glycerol concentrations greater than 5 %  may alter the 
recognition sequence specificity

T a q  I 5't ‘ c g  A-3’ 
3'-A G C fT S'

Storage Conditions: Assay Conditions:
50 mM Tris-HCI (pH 7 5) CORE BUFFER
0 1 mM NarEDTA Assay at f,5"C
10 mM 2-mercaptoethanoi
500 *«g'ml BSA
50 V« (vAv) glycerol
Store at -  20°C

Comments:
Does cleave DNA when the deo*ycyiosme nucleotide is 
methylated, but does not cleave UNA when the deo»yad*‘ 
nosrne nucleotide is methylated This occurs m the site 
forming the boundary ol the C and F fragments of 
PBR322



MbO  II 5 -GAAGA<N),*.3'
(Mapping Grada) 3 '-C TTC T(N ),f-5’

Stcxage Conditions:
10 mM KPO4 (pH 7 4)
0 1 mM Na?EDTA 
7 mM 2-mercaptoethanoi 
50% (vAv) glycerol 
Store ai - 20#C

Storage Conditions:
10 mM Tris-HO (pH 7 4) 
50 mM NaCl
0 1 mM Na?EDTA
1 mM DithtothreitOl
0 15 Vo (vAv) Triton x-100 
50% (vM  glycerol 
Store at -  20#C

Assay Conditions:
10 mM Tns-HCl (pH 7 9) 
10 mM M gO;
6 mM KCl 
1 mM Dithiothreitol 
100 *rg/ml BSA 
Assay at 37«C

Assay Conditions:
CORE BUFFER 
Assay at 37*C

Storage Conditions:
50 mM Tns HCl (pH 7 4)
0 1 mM Na^EDTA
1 mM Dnhiothreitol 
500 ng/ml BSA 
50% (vAv) glycerol 
Store at -  20®C

Assay Conditions:
6 mM Tn s-H O  (pH 7 4) 
6 mM MgCi,
100  mM N aO  
Assay at 37eC

Comments:
Glycerol concentrations greater tnan 5 c may alter rec 
ogniton sequence speciticity
Does not cleave DNA when the oeo»vcytos<ne nucleotide 
is methylated

Mbo I S’- GATC -3' 
3'- CTAG.-S'

Comments:
Does not cleave DNA when the deoxycytosine nucleo 
tides are methylated or when the 3 ’ deoxyadenosme 
nucleotide (GAAG A) is methylated

Storage Conditions:
10 mM Tris-HO (pH 7.4) 
50 mM KO
0 1 mM Na?EDTA
1 mM Dithiothreitol 
500 Mg/ml BSA
50 V. (vAv) glycerol 
Store at -  20 *C

Assay Conditions:
CORE BUFFER 
Assay at 37*C

X b a  I

Pst I S’-C TGCA G-3’

s’-t ‘ c t a g  A-3' 
3’ A G ATC.T-5’

Comments:
Glycerol concentrations greater than 5 %  may alter the 
recognition sequence specialty

X h o  I 5 -c ‘t CGA G-3’ 
3’G  AGCT,C-S’

Storage Conditions:
50 mM Tns HCl (pH 7 4) 
200 mM KCl 
0 1 mM Na;EDTA 
5  mM 2 mercaptoethanoi 
500 ng,ml BSA 
50 Vo (vN) glycerol
Store at -  20 *C

Assay Conditions:
CORE BUFFER 
Assay at 37*C

‘S E T S . «  DNA ,h , « ^ v c y o s -
the deoxyadenosine r icieotide is methylated

or
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DC. Molecular size of various marker DNAs used in the study.

\  H in d ill d igests 
(in  K b p )

\  E coR l d igests  
(in K bp)

\  HindHI & 
E coR l 

(in  K bp)
4>xl74RF 

H aelll 
(in  bp)

23.130 21.70 21.226 1353
9.416 7.52 5.15 1078
6.682 5.83 5.10 872
4.361 5.64 4.27 603
2.322 4.85 3.48 310
2.027 3.48 1.98 *271
0 .56 1.90 *281

1.59 234
1.37 194
0.94 118
0.83 72
0.56

* Anom alous m ob ility  of these tw o  fragm en ts  has been confirm ed by physical m apping 
and com plete sequence analysis o f th is  duplex DNA of 5380 bp (Sanger et al, 1977).

Sänger, F., B arrel, B .G ., Air, G .N ., Brown, N .L ., C oulson, A .R ., F iddes, J .C ., H utchinson, 
A, III., Slocombe, P .M ., and S m ith , M ., (1977) in N a tu re , 265, pp 687
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X. Genetic and physical map for various vector DNA used in the stu

p BP 32 2

S u r  4  3 kb
Rep Ik: on Col E l, relaxed 
Selective markers Ampr , Te tf
Single »tie* Avo I ,  Pst I .B a m H I, Pvu I ,  Cio I ,  Sol I ,  E c o R I, Hind D  
Insertional inoclivo»ion ■ Ampr -P s t I

T e l'-B o m H l, Hindis (voriotole). S o l i  
Reference*1 Bolrvor et oi (1 9 77 ); Sutcliffe (1978,1979).
Comments' p0R322 is the most versatile of the pkisnud cloning vectors 

Its complete nucleotide sequence is known (Sutcliffe 1979).

Cio I

pAT 133

S t N 'S f t k b
Rephcon • ColE). re lo»edf f

S ^ l .  . . i n  * .o I .  P . l I .B o m H I .C I o I .  S o l i ,  E c o P I. MindB 
I . . . . I .n n n l  uinr 11VQ t lOn 1 AmOf -  P*! I  ____

Reference Tw.gg ond Sherrott O f « «  
Comment A high-copy vononl of pBRAZZ



Restriction Map of M13 RF DNA
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BsfX I 
236®

M13 Vectors .........................................................................
Mi3mo' t<DUC'3 TMR M iT H£ TMR o>o tor *«. g't c ,t erg tor ter •«- 

<T) ATG ACC ATG A n  ACG CCA AGC T~TG GGC TQC AGG TCG ACT CTA 
Hmotll P*M Sp A (M l

Acct. HncU

10 I I  12 «3 14 15 16 6 6 1 •
gm etp p>o erg «  ter so* ASN SCR L£U ALA

GAG GAT CCC CGG GCG AGC TCG AAT TCA CTG GCC
fip/nHi ________  s*fl CcoRi

Smpl (m «l

1 2 3
M !>tx>i (VdUC12 THR MCT III 

|T> ATG ACC ATG A n

‘ 5 6  1 2 3 «  5 6 T 8 9 10 11 12 13 1« IS 16 T 8
TMR ASN SIR **' 0,0 9** oso 0-0 Wu ghr tor 16. CM tor pro tor *u OW L iu  ALA
ACG A n  TCG AQC TCG  CCC GGG  GAT CCT CTA GAG TCG ACC TGC AOC CCA AQC n G OCA CTG GCC

CcoRl Ssn _______ apmMI IM I Sp8 P*/1 Hi03111 Hop«
Smpl (mel Accl. MrtCM

1 2 3 4  1 2 3 4  5 6  7 8 9 to II 5 6
M’ im r»  PUC9 TMR MCT HC TMR o-o to. low ere «  g*o erg p>o gr, AS* SIR

15 61 ATG ACC ATG A n  ACG CCA  AQC n G GCT OCA GGT CGA CGG ATC CCC GGG  AAT TCA
HMdlll Pf fl __________ flpmMI ________ _ fCOM *

Soil Acct Smpl (mpl
HPKM

1 2 3 4  5 6  1 2 3 4  5 6 T  8 9 10 11 2 8
Mi VncPV pUC8 TMR MCT lie TMR ASN SIR •*« » »  »•' »oi osp •« gx pro tor leu ew U U  ALA

(5 61 ATG ACC ATG A n  ACG AAT TGC CGG GCA TCC GTC GAC CTG CAG CCA AQC n o  OCA CTG GCC
________«prr.MI __________  Pfil Hrndlll HPPlII
Smpl Amp I SpA Accl

Hmcll

2 3 4 5 6 T § 9 10 I I  12 13 14 6
pro lip pro tor 161 CO* •’«  «O' •«( Otp pro »■» 4V< SIR

CCG GAT CCG TCG ACC  TGC AGG  TCG ACG  GAT CCO OGG AAT TCA
Mprr.ni __________Psfl __________ apmlll CcoRI

Spa acci Spa Accl

2 3 4 5 6 T 8 9 10 I I  12 13 14 15 16 IT 18 «9 6
M'Jmp6 (31 1 MR MCT H i I MR ASN •'» v »  g^ o^o o-g to. gM no pro gei ou fp gk. i*e erg poo SIR

ATG ACC ATG A n  ACG AAT TOC GCA A n  CCG  GAA TTC COG AAT TCC GCA A n  CCC  CAA OCT Tor. GAA TTC COO AAT TCA
IcoRl f coRi fcoRl l  com IcoM  TcrfR IcoRi

IcoRi

1 2 3 4 S l
MilmpdpUCT TMR MCT H I TMR ASN

14» ATG ACC ATG A n  ACG AAT TOC 
lco»l

• 2 3 4 6 1

T 8
l£U ALA
CTG GCC

HPPlII

1 2 3 4 6 6  1 2 3 4 6 6
TMR MCT H I TMR ASP SCR IMR MCT Rt THR ASP SCR

ATG ACC ATG A n  ACQ^AAT TCA Mijmpi |l| ATG ACC ATQ A n  ACG GAT TCAMI>mo2 17»
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X I . DNA sequenc of commercially available 15 base primer for M-13 
sequencing

Sail
AccI Smal
Hindi Xmal

6211 Hindi 11 PstI BamHl EcoRl
ATTACGCCAAGCTTGGCTGCAGGTCGACGGATCCCCGGGAATTCACTGGCCGTCGTTTTTACAACGTCGTGACT-3 •

3 ’-ATGTTGCAGCACTGA-5 1 
6298

The nucleotides o$ the primer have been shown aligned with the M-13 mp9 vector 
DNA.

X I I .  One letter amino acid code used in the thesis

The One-Letter Symbols

One-letter
symbol

Three-letter
symbol

Amino acid

A Ala alanine
B Asx aspartic acid or asparagine
c Cys cysteine
D Asp aspartic acid
E Glu glutamic acid
F Phe phenylalanine
G Gly glycine
H His histidine
i lie isoleucine

K Lys lysine
L Leu leucine
M Met methionine
N Asn asparagine

P Pro proline
Q Gin glutamine
R Arg arginine
s Ser serine
T Thr threonine

V Val valine
W Trp tryptophan
X Xaa unknown or ‘other’ amino acid
Y Tyr tyrosine
z ou glutamic acid or glutamine (or substances 

such as 4-carboxyglutamic acid and 5- 
oxoproline that yield glutamic acid on acid 
hydrolysis of peptides)
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XIV. S t r u c t u r e  o f  so m e  o f  t h e  m i to c h o n d r ia l  A T P a s e  in h ib i to r s
-a .  1 2 -

S T R U C T U R E  O F  O L IG O M Y C IN  (after Von G lehn  et al ^l9 7 2 '

OH

STRUCTURE OF OSSAMYCIN

N.B. T h e s tru c tu re  of ossam ycin  is n o t know n. T he s tru c tu re  o f ossam ine, which is an  
acid hydro lysis p roduct o f ossam ycin , is show n above. T his is sufficient to  d ifferen tia te  
ossam ycin  from  the  o ligom ycin fam ily.
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Venturicidin A (R = NH2CO)

Venturicidin B (R *= H)

S T R U C T U R E  O F  V E N T U R I C ID IN

N . N - D i c y c l o h e x y l c a r b o d i i m i d e  (DCCD)

Structure

C H 3
CH2 ’* C H 3

Ve 2383
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Venturicidin A (R ■= NH2CO)

Venturicidin B (R = H)

S T R U C T U R E  O F  V E N T U R IC ID IN

N , N - Pi eye lohexylcarbodi imi.de (DCCD) 

Structure

Ve 2383
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