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1 : INTRODUCTION



2) the  ’de s ig n ' o f  m icroorganism s by g e n e t ic  en g in e e r in g  tech n iq u es  

to  degrade  o the rw ise  r e c a l c i t r a n t  compounds. In p r in c ip le ,  i t  is  p o s s ib le  to 

c r e a te  a hybrid  c a ta b o l ic  plasmid by c lon ing  chromosoma lly  and / o r  p lasm id 

encoded genes from d i f f e r e n t  pathways in to  a s u i t a b l e  v e c to r ,  such  t h a t  the  

r e s u l t  would be a novel c a ta b o l ic  sequence . Although the  d es ig n  o f  

b iodegradab le  aromatic-compound co n ta in in g  p ro d u c ts  is  now a r e g u la r  even t,  

the  des ign  o f  s p e c i f ic  m icroorganism s to  degrade  o th e rw ise  r e c a l c i t r a n t  

compounds i s  only J u s t  beginning.

General Mechanisms o f  Aromatic Catabolism.

Man-made and n a tu r a l l y  occuring  a rom atic  compounds o f te n  co n ta in  s u b s t i t u t e d  

s id e  chain  g roups which a re  e i t h e r  changed enzym ically  so t h a t  they  can be 

c a ta b o l is e d  v ia  a m ainstream  r in g  f i s s io n  compound o r  they rem ain i n t a c t  and 

a re  c a ta b o l is e d  v ia  a s u b s t i t u t e d  r in g  f i s s io n  compound. The s im p le s t  example 

of  t h i s  is  when a s in g le  methyl group is  p r e s e n t  on the  r in g ,  a s  in to lu e n e  

( f ig .  1.1 ). The methyl group can be s e q u e n t i a l ly  o x id ise d  to a carboxyl group 

g iv ing  benzoate  which Is then converted  In to  the  r in g  f i s s io n  s u b s t r a t e  

ca techo l  o r  converted  d i r e c t l y  in to  the  le s s  common r in g  f i s s io n  compound 

m ethy lca techo l.

The r e tu r n  o f  carbon locked w ith in  a rom atic  m olecules  to the  environm ent 

depends upon the  a b i l i t y  o f  m icroorganism s to  c leave  the  chem ically  s t a b l e  

benzene r in g .  D e - s ta b i l i s a t io n  o f  the  r in g  is  achieved by the  enzymic a d d i t io n  

of hydroxyl groups e i t h e r  s in g ly ,  by th e  a c t io n  o f  hydroxy la s e s  (mono­

oxygenases o r  mixed fu n c t io n  oxygenases) o r  by the  a d d i t io n  o f  two hydroxyl 

groups to g e th e r  in a s in g le  s t e p  by a d ioxygenase  (d ihydroxy lase).  F ig u re  1.2 

shows two examples of such hydroxy la t ion . For a compound to  be a c c e p ta b le  a s  a 

r in g  f i s s io n  s u b s t r a t e  two hydroxyl g roups m ust be p r e s e n t ,  e i t h e r  o rth o  (1 ,2- 

dihydroxy) as  in ca te c h o l  o r  para  (1 ,4-dihydroxy) as  in g e n t i s a t e .  Ring c leavage  

occurs  v ia  a d ioxygenase  which dona te s  an atom o f  oxygen to each o f  th e  two



FIGURE 1.1: FATE OF RING SUBSTITUENTS PRIOR TO RING CLEAVAGE.
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FIGURE 1.2: AROMATIC RING HYDROXYLATION REACTIONS.

a) D lhydroxylatlon  of the  benzene nuc leus  v ia  1,2 d ioxe tane  and the  c/s-1,2- 

d lhydrod lo l.
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carbon atoms on e i t h e r  s id e  of the  break. When the  r in g  is  o r  tho-d ihydroxy la ted 

i t  can undergo two types  o f  cleavage: a 1 ,2-d ioxygenase  can c leave  th e  r in g  

between a d ja c e n t  hydroxyl g roups(o r t/?o  c leavage)  and a 2 ,3 -d ioxygenase  can 

c leave  the  r in g  to one s id e  of the  two a d ja c e n t  hydroxyls  (meta c leavage) . If 

the  hydroxyl g roups  a r e  p re s e n t  in a 1 ,4 - (para) c o n f ig u ra t io n  the  r in g  is 

cleaved between one o f  the hydroxyl groups and a s id e  chain ( f i g . 1.3). The 

opened s t r u c t u r e  can s e rv e  a s  a s u b s t r a t e  fo r  su bsequen t  r e a c t io n s  in which i t  

is  converted  to  c e n t r a l  m e ta b o l i te s .

A l te rn a te  r e a c t io n  sequences  a re  a v a i la b le  fo r  the  su bsequen t  r e a c t io n  s e r i e s  

in a me ta c leav ag e  pathway. Usually only one o f  the  a l t e r n a t iv e  pathw ays is  

a v a i la b le ,  however, sometimes the  a l t e r n a t i v e s  a re  encoded a long  s id e  each 

o th e r  in the  same s e t  of genes. The TOL p la s m id -s p e c i f ie d  m eta -c leavage  

pathway fo r  the  o x id a t iv e  ca tabo lism  o f  benzoate  and to lu a te s  b ranches a t  the  

r in g  c leavage  p ro d u c t  o f  ca tech o l  and converges l a t e r  a t  2 - o x o p e n t-4 - enoa te  or 

i t s  co rrespond ing  s u b s t i t u t e d  d e r iv a t iv e s .  The h y d ro ly t ic  branch o f  the  pathway 

involves the  d i r e c t  fo rm ation  o f  2 -o x o p e n t-4 -e n o a te ,  w ith the  r e l e a s e  of 

form ate , w hereas the  o x a lo c ro to n a te  branch Involves th re e  enzymic s t e p s  

e f f e c te d  by a dehydrogenase , an isom erase and a decarboxy lase  ( f ig  1.4). Only 

m -to lu a te  is  d i s s im i la t e d  via  the h y d ro ly t ic  branch and p - to l u a t e  and benzoate  

a re  c a ta b o l i s e d  a lm ost e x c lu s iv e ly  by the  oxa lo c ro to n a te  branch. (Harayama e t  

ai., 1987) The biochem ical b a s i s  o f  the  s e l e c t i v i t y  was found to  r e s id e  in the  

in a b i l i ty  o f  the  dehydrogenase  fo r  r in g  f i s s io n  p ro d u c ts  to a t t a c k  the  r in g  

f i s s io n  p ro d u c t  d e r iv e d  from m -to lu a te .

Ccxivergence o f  Arom atic C a tabo lic  Pathways.

Although m icroorganism s p o sses s  a v a r i e ty  of  d i f f e r e n t  enzymes fo r  the  i n i t i a l  

a t t a c k  on d iv e r s e  compounds, t h e i r  c a ta b o l ic  pathw ays a re  u s u a l ly  convergen t 

and channel s u b s t r a t e s  to a lim ited  number o f  key in te rm e d ia te s ,  which a re  

then m etabo lised  f u r t h e r  by c e n t r a l  pathways. For example, a la rg e  p ro p o r t io n



carbon atoms on e i t h e r  s id e  o f  the  break, When the  r in g  is  o r th o -d ih y d ro x y la te d  

i t  can undergo two types  o f  c leavage: a 1 ,2-d ioxygenase  can c leave  the

r ingbe tw een  a d ja c e n t  hydroxyl g ro u p s ( o r th o  c leavage)  and a 2 ,3 -d ioxygenase  can 

c leave  the  r in g  to one s id e  o f  the  two a d ja c e n t  hydroxyls  (meta c leavage) .  If 

th e  hydroxyl g roups a re  p re s e n t  in a 1 ,4 - (para) c o n f ig u ra t io n  the  r in g  is 

c leaved  between one of the  hydroxyl g roups and a s id e  chain ( f ig .  1.3). The 

opened s t r u c t u r e  can se rv e  as  a s u b s t r a t e  fo r  subsequen t  r e a c t io n s  in which i t  

is  converted  to  c e n t r a l  m e ta b o l i te s .

A l te r n a te  r e a c t io n  sequences  a re  a v a i la b le  fo r  the  su bsequen t  r e a c t io n  s e r i e s  

in a me ta c leavage  pathway. Usually  only one o f  the  a l t e r n a t i v e  pathw ays is  

a v a i la b le ,  however, sometimes the  a l t e r n a t i v e s  a re  encoded along  s id e  each 

o th e r  in the  same s e t  of genes. The TOL p la s m id -s p e c i f ie d  m eta -c leavage  

pathway fo r  the  o x id a t iv e  ca tabo lism  of  benzoate  and to lu a te s  b ranches a t  the  

r in g  c leavage p roduct o f  ca tech o l  and converges l a t e r  a t  2 -o x o p e n t -4 -e o n a te  or 

i t s  corresponding  s u b s t i t u t e d  d e r iv a t iv e s .  The h y d ro ly t ic  branch o f  the  pathway 

involves  the  d i r e c t  fo rm ation  o f  2 -o x o p e n t-4 -e n o a te ,  w ith  the  r e l e a s e  of 

fo rm ate , whereas the  o x a lo c ro to n a te  branch involves th re e  enzymic s te p s  

e f f e c te d  by a dehydrogenase, an isom erase and a decarboxy lase  ( f ig  1.4). Only 

m - to lu a te  is  d i s s im i la te d  v ia  the  h y d ro ly t ic  branch and p - to l u a t e  and benzoate  

a re  c a ta b o l is e d  alm ost e x c lu s iv e ly  by the  oxa lo c ro to n a te  branch. (Harayama e t  

al., 1987) The biochemical b a s is  of the  s e l e c t i v i t y  was found to  r e s id e  in the  

in a b i l i t y  of the  dehydrogenase fo r  r in g  f i s s io n  p ro d u c ts  to a t t a c k  th e  r in g  

f i s s io n  product derived  from m -to lu a te .

Convergence o f Aromatic Catabolic Pathways.

Although microorganism s p o sse s s  a v a r i e ty  o f  d i f f e r e n t  enzymes fo r  the  i n i t i a l  

a t t a c k  on d iv e r s e  compounds, t h e i r  c a ta b o l ic  pathways a re  u s u a l ly  convergen t 

and channel s u b s t r a t e s  to  a l im ited  number o f  key in te rm e d ia te s ,  which a re  

then m etabo lised  f u r th e r  by c e n t r a l  pathways. For example, a la rg e  p ro p o r t io n



FIGURE 1.3; RING CLEAVAGE REACTIONS.

a) O rtho  and m eta  f i s s i o n  o f  ca te c h o l  by d i f f e r e n t  d ioxygenases .
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FIGURE 1.4: TOL plasm id s p e c i f ie d  pathway fo r  the  d e g ra d a t io n  o f  to luene  

and xy lenes :  Enzyme a b b re v ia t io n s :  XO, xylene oxygenase; BADH, benzyl

a lcoho l dehydrogenase; BZDH, benzaldehyde dehydrogenase; TO, t o lu a te  

d ioxygenase; DHCDH, d ihydroxycyclohexadiene c a rb o x y la te  dehydrogenase; C230, 

ca tech o l  2,3 dioxygenase; HMSH, hydroxymucon ic sem ialdehyde hydro lase ;  

HMSD, hydroxymucon ic sem ialdehyde dehydrogenase; 4-01, 4-oxa  lo c ro to n a te  

isom erase; 4-OD, 4-oxa  lo c ro to n a te  decarboxylase ;  OEH, 2 -o x o p e n t -4 -e n o a te  

h y d ra ta se ;  HOA, 2 -o x o -4 -h y d ro x y -p e n to  a t e  a ld o la se .  I n i t i a l  compounds: 

R,R'=H, to luene ;  R=H, R'=CH:3 , m-xylene; R=CHa, R’=H, p -xy lene .  xylA  to  xylZ , 

genes  encoding the  pathway enzymes.

The o r g a n i s a t io n  o f  TOL pathway genes  is  taken from Keil e t  a L , 1987.



FIGURE 1.4: meta-CLEAVAGE PATHWAY ENCODED BY TOL PLASMID pWWO, 

(from Harayama e t  aL,  1987; Kell e t  al . ,  1987).
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o f  d i f f e r e n t  a rom atic  compounds a re  converted  to  one o f  a few a rom atic  r in g  

c leavage  s u b s t r a t e s ,  such as  c a te c h o l ,  g e n t i s a t e  and p ro to c a te c h u a te  o r  t h e i r  

d e r iv a t iv e s  (Ribbons and Eaton, 1982). The ad v an tag es  of  channelling d iv e r s e  

compounds in to  a few c e n t r a l  pathways include a reduced  g e n e t ic  load and a 

s im p l i f ic a t io n  o f  r e g u la to r y  c i r c u i t s .  The most e x te n s iv e ly  s tu d ie d  example of  

pathway convergence is  the  p -k e to a d ip a te  pathway (S ta n ie r  and O rnston, 1973). 

Various compounds converge on e i t h e r  ca te c h o l  or p ro to c a te c h u a te  fo r  r in g  

c leavage: fo llow ing  r in g  c leavage  r e a c t io n s  the  s t e p s  in each branch o f  the  

pathway a re  chem ically  s im i la r  and a f t e r  p -k e to a d ip a te - e n o l - la c to n e  the 

in te rm e d ia te s  a re  the  same in bo th  b ranches o f  the  pathway ( f ig  1.5). The 

e x is te n c e  of such convergent pathways im plies a h igh  d eg ree  of  pathway 

in te r g r a t i o n  th roughou t  e v o lu t io n .

1.2: ORGANISATION OF CATABOLIC OPERONS.

The model fo r  opérons, proposed by Jacob and Monod, d e f in ed  them as  u n i t s  of 

t r a n s c r ip t i o n a l  a c t i v i t y  and s u g g e s te d  t h a t  the  rep re sso r—o p e ra to r  mode of 

c o n tro l  might accoun t fo r  g e n e t ic  r e g u la t io n  in g e n e ra l .  Today we know th a t  

the  c o n tro l  mechanism e la b o ra te d  by the lac  operon is  only one of the  many 

d i f f e r e n t  ways in which b a c t e r i a l  genes  a re  r e g u la te d .  The concep ts  o f  a s in g le  

prom oter s i t e ,  a s in g le  o p e ra to r  s i t e  and a s in g le  t r a n s c r i p t ,  a s s o c ia te d  with 

opérons, have been eroded with  the  u n d e rs ta n d in g  o f  a g r e a t e r  number of 

system s. Indeed, g e n e ra l  p r in c ip le s  in the  o r g a n i s a t io n  o f  genes  w ith in  an 

operon, the  number o f  o p e ra to r  and prom oter r e g io n s  and s iz e  o f  t r a n s c r i p t s  do 

no t  seem to e x i s t  (Cove, 1985).

I t  is  q u i te  common f o r  genes  encoding p o s i t iv e  o r  n e g a t iv e  r e g u la to r y  e lem ents  

to  be unlinked to  any o th e r  genes  o f  the  pathway, fo r  example the  gene 

encoding the  Gal r e p r e s s o r ,  galR. In the  case  o f  the  a ra b in o se  u t i l i s a t i o n  

operon, the  araC r e g u la to r y  gene i s  s p a t i a l l y  c lo se  to  the  araBAD gene c lu s t e r .



FIGURE 1.5: The p - k e to a d lp a te  pathway of  A c in e to b a c te r  ca lco a ce ticu s:  the  

two branches o f  th e  pathway converge a t  the  in te rm e d ia te  p -k e to a d lp a te  

e n o l-  lac tone.



FIGURE 1J5: THE CONVERGENCE OF CATABOLIC INTERMEDIATES IN THE p-KETOADIPATE 

PATHWAY.
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b u t  is  t r a n s c r ib e d  s e p a r a te ly  in the  o p p o s i te  d i r e c t io n  to  the  s t r u c t u r a l  genes  

( f i g .1.6). Indeed, the  known a ra b in o se  t r a n s p o r t  and c a ta b o l ic  genes  a re  

d i s t r i b u t e d  around the  E. c o l i  genome. D ivergent p rom ote rs  w ith in  opérons 

appear to  be a common form o f  gene o rg a n is a t io n .  A r e c e n t  review by Beck and 

Warren (1988) c i t e s  over  60 r e g io n s  o f  d iv e rg e n t  t r a n s c r ip t i o n  which occur in 

p ro ca ry o te s  and t h e i r  v i r u s e s  and in the  n u c le a r  genomes, m itochondria , 

chlorop l a s t s  and v i ru s e s  o f  e u c a ry o te s  (over 20 have been found on the  

Chromosome of  E. c o l i  K-12 a lone). The wide sp read  o f  such re g io n s  in d ic a te s  

t h a t  they a r e  a g e n e ra l  type o f  gene o rg a n is a t io n  r a t h e r  than  a c c id e n ta l  

r a r i t i e s .  Three types  o f  prom oter arrangem ent have been id e n t i f i e d :  b a c k - to -  

back, w ith  in te rv en in g  DNA between the  prom oters ;  overlapp ing ; and face  to  face . 

In the  l a s t  case ,  the  5 ' te rm in i  fo r  t r a n s c r i p t s  may n o t  overlap .  In the  

d iv e rg e n t  arrangem ent, b inding s i t e s  fo r  r e g u la to r y  p r o te in s  a re  o f te n  

c e n t r a l ly  loca ted  w ith in  the  c o n tro l  reg io n  and p r o te in s  bound th e re  may 

r e g u la te  t r a n s c r ip t i o n  in both d i re c t io n s .

Genes which a re  t r a n s c r ib e d  in the  same d i r e c t io n  may a lso  have s e p a r a te  

promoter reg io n s .  The infC  gene, which codes fo r  t r a n s l a t i o n  i n i t i a t i o n  f a c to r  3 

o f  E. co li, is  s i t u a t e d  j u s t  downstream o f  the  te rm in a tio n  codon fo r  thrS, but 

is  capable o f  being t r a n s c r ib e d  from a prom oter reg ion  w ith in  the  th rS  coding 

sequence (Pramanik e t  al., 1986).

1.3 REGULATION OF CARBON CATABOLIC PATHWAYS.

Global R egulation.

"Enteric  b a c te r i a  have evolved mechanisms t h a t  p e rm it  r a p id  grow th  under 

favourab le  c o n d it io n s  and f o s t e r  s u rv iv a l  when co n d it io n s  a re  u n favou rab le  fo r  

growth. The p o te n t i a l  c o n f l i c t  in m eeting th e s e  two req u irem e n ts  (s im p lic i ty  

and e f f ic ie n c y  fo r  rap id  growth and complex p r o te c t iv e  dev ices  f o r  s u rv iv a l )  

may be what has led to  the  e x tra o rd in a ry  a b i l i t y  o f  th ese  c e l l s  to  m odulate
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FIGURE 1.6: Location on the  E, c o li  g e n e t ic  map of  th e  p o s i t io n s  o f  the  

known a ra b in o se  t r a n s p o r t  and c a ta b o l ic  genes  and t h e i r  d i r e c t io n  of 

t r a n s c r ip t io n  as  in d ic a te d  by the  a rrow s.



FIGURE IJB: LOCATIONS AND ORGANISATION OF KNOWN ARABINOSE TRANSPORT AND 

CATABOLIC GENES.
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the  e xp ress ion  o f  Ind iv idua l g e n e s” (Neidhardt, 1987). The u n d e rs ta n d in g  of the  

c o n tro l  of s e p a r a te  b u t  fu n c t io n a l ly  r e l a t e d  pathways, o r  rég u lo n s ,  (Grossman 

e t  a l., 1984) such a s  carbon u t i l i s a t i o n ,  n i t ro g e n  u t i l i s a t i o n  and the  h e a t  

shock response  is  becoming p o s s ib le  and is  a s t e p  towards u n d e rs ta n d in g  g loba l  

c o n tro l  of  gene e xp ress ion .

Perhaps the  b e s t  unders tood  regu lon  is  the  g lo b a l  ca rbon-energy  (Cer) regu lon . 

When growing in minimal media, e n te r i c  b a c te r i a  p r e f e r  g lu co se  a s  th e  carbon 

sou rce  (Judging from growth r a t e s )  and, i r r e s p e c t iv e  o f  the  carbon source  

p re s e n t  under such co n d it io n s ,  the  enzymes fo r  the  ca tabo lism  of  g lu co se  a re  

always p re s e n t .  The enzymes n e c essa ry  fo r  the  u t i l i s a t i o n  o f  o th e r  carbon 

s o u rc e s  a re  g e n e ra l ly  p r e s e n t  in very  low c o n c e n t ra t io n s .  In a d d it io n  the  

s y n th e s i s  o f  enzymes capable  o f  degrad ing  o th e r  ca rb o n -c o n ta in in g  compounds is 

u s u a l ly  reduced in the  p resence  o f  g lu co se  (the  g lucose  e f f e c t ) .  The g lucose  

e f f e c t  has a t  l e a s t  th re e  components. One o f  th ese  is  inducer  exc lu s ion  

whereby g lucose  p re v e n ts  the  e n t ry  o f  inducers  by in a c t iv a t io n  o f  perm eases  by 

an in te rm e d ia te  phosphate  c a r r i e r  in the  system  re s p o n s ib le  fo r  th e  uptake  and 

p hosphory la tion  of g lucose . The o th e r  components a r e  t r a n s i e n t  r e p re s s io n ,  

causing  severe  in h ib i t io n  o f  enzyme s y n th e s i s  fo r  abou t one g e n e ra t io n  and 

c a ta b o l i t e  r e p re s s io n .  These phenomena have been reviewed by Postma, (1986). 

A nalysis  of c a ta b o l i t e  s e n s i t iv e  opérons has  shown t h a t  they co n ta in  promoter 

r e g io n s  which r e q u i r e  the  b inding o f  cAMP-CRP complex fo r  the  i n i t i a t i o n  o f  

t r a n s c r ip t i o n  (Ullmann and Dan chin, 1983). The cAMP-CRP regu lon  is  a g loba l  

reg u lo n  c o n s is t in g  o f  opérons which a re  r e g u la te d  a t  the  t r a n s c r i p t i o n a l  leve l ,  

in p a r t  a t  l e a s t ,  by the  i n t r a c e l lu l a r  c o n c e n t ra t io n  o f  cAMP and is  a component 

o f  th e  la rg e r  Cer regu lon . The cAMP-CRP complex binds to  a number o f  c a ta b o l ic  

opérons including g a l, ara, mal and lac  upstream  o f  the  RNA polym erase binding 

s i t e  in the  prom oter reg ion  and is  e s s e n t i a l  fo r  the  i n i t i a t i o n  o f  

t r a n s c r ip t i o n  o f  th e se  prom oters . In the  c a se  o f  lac  the  b inding o f  cAMP-CRP 

in c re a s e s  the  b inding c o n s ta n t  o f  RNA polym erase (Malan e t  a l . ,  1984). As such

13



the  b inding o f  the  cAMP-CRP complex to the  p rom oters  o f  c a ta b o l ic  opérons a c t s  

a s  a p o s i t i v e  a c t iv a t in g  s ig n a l  fo r  the  p o t e n t i a l  o f  u s ing  carbon so u rc e s  o th e r  

than g lu co se  in the  media. In the  absence o f  g lucose  and in the  p resence  of 

s p e c i f ic  inducers ,  t r a n s c r ip t i o n  o f  in d iv id u a l  opérons occurs  so t h a t  carbon and 

energy  s o u rc e s  o th e r  than g lucose  can be u t i l i s e d .

R egulation o f  T ranscrip tion.

The lev e l  o f  p ro te in  p ro d u c ts  o f  in d iv id u a l  c a ta b o l ic  opérons can be influenced  

by a v a r i e ty  o f  d i f f e r e n t  r e g u la to r y  ev e n ts :  one o r  more o f  which may a f f e c t  

any p a r t i c u l a r  operon. The f i r s t  p o s s ib le  s t e p  in the  p roduction  o f  c a ta b o l ic  

enzymes which can be r e g u la te d  is  the  i n i t i a t i o n  o f  t r a n s c r ip t i o n  o f  the  genes 

which encode them. This is  the  most economical po in t  a t  which to  e x e r t  g ro s s  

c o n tro l  o f  a pathway and has  proved to  be the  one o f  which most examples have 

been found. T ra n sc r ip t io n  i n i t i a t i o n  depends upon the  c o r r e c t  a lignm ent o f  RNA 

polymerase and a prom oter sequence on the  DNA and any th ing  which p e r tu r b s  

t h i s  i n te r a c t io n  can c o n tro l  the  ex p ress io n  o f  the  genes. P o s i t iv e  r e g u la to ry  

p r o te in s  enhance the  b inding o f  RNA polymerase to p rom ote rs  w h i l s t  n e g a t iv e  

r e g u la to r y  p r o te in s  reduce  t h i s  binding. I t  is  c le a r  t h a t  opérons c o n tro l le d  by 

p o s i t iv e  r e g u la to r y  e lem ents  a re  no t t r a n s c r ib e d  in the  absence  o f  those  

p r o te in s .  An i n t e r e s t i n g  example o f  t h i s  is  the  h e a t  shock genes .  The rpoH  

(also htpR) gene p roduct  is  a sigma f a c to r  (Grossman e t  a l . ,  1984) s p e c i f ic  to 

h e a t  shock gene p rom oters  which combines w ith  core  RNA polym erase, to  i n i t i a t e  

t r a n s c r ip t i o n  o f  opérons in the  h e a t  shock regu lon  a f t e r  s t im u la t io n  by 

e le v a te d  tem p e ra tu re  or some to x in s ,  f o r  example e th a n o l .

E longation  o f  RNA t r a n s c r i p t s  is  a n o th e r  p o s s ib le  p lace  fo r  r e g u la t io n :  paus ing  

o f  RNA polym erase on the DNA tem p la te  has  been s u g g e s te d  as  a p o ss ib le  

mechanism to  synchron ise  t r a n s c r ip t i o n  and t r a n s l a t i o n  (Winkler and Yanofsky, 

1981) s p e c i f i c a l l y  in the  case  o f  the  trp  a t t e n u a t o r  sequence  where 

co o rd in a tio n  is  re q u i re d  fo r  e f f i c i e n t  fu n c t io n  o f  the  system . The trp  operon
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is  an example o f  r e g u la t io n  by t r a n s c r i p t i o n  te rm in a t io n  (or a t t e n u a t io n ) ,  

where the  p rem atu re  te rm in a t io n  of  t r a n s c r ip t i o n  w ith in  an operon m odulates 

the  e x p re s s io n  of downstream genes, (Review: Yanofsky, 1981).

A ttenua t ion  in the  trp  operon i s  r e l ie v e d  under c o n d it io n s  of  low tryp tophan  

c o n c e n t ra t io n s ,  however, o th e r  a t t e n u a t e d  sy s tem s  a re  r e l ie v e d  by th e  a c t io n  o f  

p ro te in  f a c to r s .  Such p ro c e s se s  a re  termed a n t i  term in a t ion  and th e s e  work by 

e i t h e r  modifying the  t r a n s c r ib in g  polymerase o r  the  te rm in a t io n  s ig n a l .  The 

b ac te r iophage  lambda <X) u t i l i s e s  two a n t i t e r m in a t io n  p r o te in s  N and Q, to 

r e g u la te  e a r ly  and l a t e  gene e x p re ss io n .  T ra n sc r ip t io n  which i n i t i a t e s  a t  the  

major p rom o te rs  Pl. and te rm in a te s  a t  the  p-dependen t s i t e s  tui and t^ i  

re s p e c t iv e ly .  The N gene is  s y n th e s i se d  on the  le f tw ard  t r a n s c r i p t  and once 

sy n th e s ise d  th e  N p ro te in  m odif ies  RNA polym erase as i t  t r a n s c r ib e s  a s p e c i f ic  

17bp reg io n , the  n u t  s i t e .  The modified RNA polym erase f a i l s  to  r e c o g n ise  the  

te rm ina tion  s ig n a l  and the  rem ainder  o f  the  DNA can be t r a n s c r ib e d .

A p o ss ib le  r e g u la to r y  r o le  fo r  te rm in a t io n  a t  the  end o f  opérons i s  l e s s  c le a r .  

However, the  f a c t  t h a t  tandem te rm in a to r s  have been id e n t i f i e d  a t  the  end o f  

the  trp  operon (Holmes e t  a i.,  1983), each in fluenced  by d i f f e r e n t  f a c to r s ,  

s u g g e s t s  t h a t  te rm in a t io n  may be in fluenced  by p h y s io lo g ica l  c o n tro l .

Regulaticffi by RNA P rocessing.

C learly , the  amount o f  a p a r t i c u l a r  mRNA s p e c ie s  in a c e l l  w i l l  depend upon the  

r a t e  of d e g ra d a t io n  a s  w ell  a s  the  r a t e  o f  s y n th e s i s :  the  s t a b i l i t y  o f  mRNA can 

be in fluenced  by the  secondary  s t r u c t u r e  o f  the  m olecule, any in te r a c t io n s  i t  

may have w ith  p ro te in  f a c t o r s  and ribosom es and c leavage  by s p e c i f ic  

endonucleases .

R e p e t i t iv e  e x tr a g e n ic  palindrom ic  (REP) sequences  a re  la rg e  in v e r ted  r e p e a t  s 

f i r s t  id e n t i f i e d  in the  in te rg e n ic  r e g io n s  o f  a number of b a c t e r i a l  opérons by 

Higgins e t  a l. (1982). I t  seems l ike ly  t h a t  REP sequences  a c t  a t  the  lev e l  of 

RNA as  a l l  o f  those  id e n t i f i e d  a re  loca ted  in t r a n s c r ib e d  re g io n s  e i t h e r
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In te rg en  ica lly  o r  in the  3 '  u n t r a n s la te d  reg io n  o f  an operon b u t  proxim al to  

the  te rm in a to r  (S tern e t  a l., 1984). The r o le  o f  REP sequences  is ,  a s  y e t ,  

unc lea r:  d e le t io n  o f  the  REP sequence from the  b isJ -h isQ  i n te rg e n ic  reg ion  has 

l i t t l e  e f f e c t  on upstream  h îs J  ex p re ss io n  (Robinson and Higgins, c i t e d  in 

Higgins and Smith, 1985). REP sequences  a re  a ls o  consp icuously  a b se n t  from 

s ta b l e  mRNA s p e c ie s .  Whatever the  t r u e  r o le  o f  REP sequences , w ith  such a high 

degree  o f  co n se rv a tio n  and sp read  (REP sequences  a re  p r e s e n t  in abou t 25% of 

a l l  t r a n s c r i p t s )  they must p lay  an im portan t  r o le  in the  c e l l .

C o n f l ic t in g  r e p o r t s  a re  p re s e n t  in the  l i t e r a t u r e  concern ing  th e  e f f e c t  of 

ribosome binding on the  s t a b i l i t y  o f  mRNA. Y ates and Nomura, (1981) showed 

th a t  in the  absence of ribosom es the  r a t e  o f  mRNA d e g ra d a t io n  was increased . 

However, Har-El e t  al. (1979) r e p o r te d  t h a t  the  p resence  o f  ribosom es can 

d e c re a se  the  h a l f  l i f e  o f  mRNA. I t  has  been s u g g e s te d  th a t  the  n u c le a se  

a c t i v i t y  is  a s so c ia te d  with the  ribosom es them selves , so t h a t  under c e r t a in  

c o n d it io n s  the  p resence  o f  r ibosom es enhances deg rad a tio n .

T ranslational Regulation.

T r a n s la t io n a l  e f f ic ie n c y  depends upon the  e f f ic ie n c y  w ith  which ribosom es bind 

to th e  mRNA and i n i t i a t e  t r a n s la t io n  and the r a t e  a t  which t r a n s l a t i o n  

p roceeds . The ribosome b inding  s i t e  (Shine-Dalgarno sequence; the  s ig n a l  

sequence  which d i r e c t s  the  ribosome to  bind to  the  mRNA and i n i t i a t e  

t r a n s l a t i o n  a t  the  c o r r e c t  AUG codon) is  a s h o r t  p u r in e  r ic h  sequence 

complementary to  the  3 ' end o f  the  16S rRNA, which is  loca ted  5 -10  bp upstream  

of the  i n i t i a t i o n  codon. However, o th e r  s ig n a l s ,  n o t  y e t  u n de rs tood , probably  

play a p a r t  as  some sequences  complementary to  the  3 '  end o f  16S rRNA do no t 

a c t  a s  s i t e s  fo r  t r a n s la t io n  i n i t i a t i o n .  Genes ex p ressed  in a 1:1 r a t i o  a re  

o f te n  s e p a ra te d  by very s h o r t  in te rg e n ic  re g io n s  so t h a t  the  genes  can be 

t r a n s l a t i o n s  lly  coupled a s  has  been shown to  be the  case  w ith  the  g a lT  and 

galK  genes  (Schumperli e t  a l., 1982). In opérons where the  genes  a re  exp ressed
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a t  d i f f e r e n t  le v e ls  t r a n s l a t i o n a l  coupling m ust be r e l a t i v e l y  un im portan t  and 

ex p re ss io n  o f  th e  v a r io u s  genes  depends on the  e f f i c i e n c i e s  o f  the  ind iv idua l  

ribosome b inding  s i t e s .

Following the  i n i t i a t i o n  o f  t r a n s la t io n  the  r a t e  a t  which a p ro te in  is  

s y n th e s ise d  may depend on codon usage. Highly exp ressed  genes  co n ta in  very few 

codons which a r e  r ec o g n ised  by minor iso a c c ep t in g  sp e c ie s  o f  tRNA while poorly  

exp ressed  genes  tend  to  have a h ig h er  p ro p o r t io n  o f  th e s e  r a r e  codons 

(Konisberg and Godson, 1983). However the  s ig n i f ic a n c e  of  codon u sage  in 

de te rm in ing  t r a n s l a t i o n a l  e f f ic ie n c y  is  y e t  to  be dem onstra ted .

1.4: EVOLUTION OF METABOLIC PATHWAYS .

The m etabo lic  c a p a b i l i t i e s  o f  m icroorganism s have long been used  as  a b a s is  

fo r  taxonomic schemes and such s tu d i e s  have a ls o  included the  a b i l i t y  to 

degrade  a ro m a t lc -c o n ta in in g  compounds (Stan 1er e t  ah , 1966, fo r  example). 

However as  more e x a c t in g  techn iques ,  such a s  p ro te in  and DNA homologies, 

become a v a i la b le  f o r  the  c l a s s i f i c a t i o n  o f  m icroorganism s i t  is  l ike ly  t h a t  the  

s tudy  o f  m etabo lic  pa thw ays w il l  be more u s e fu l  in the  p roposa l  and t e s t i n g  of 

th e o r ie s  concern ing  the  e v o lu t io n  of  novel enzymic s t e p s  and pathways.

One of  the  e a r l i e s t  models fo r  the  e v o lu t io n a ry  growth o f  a m etabo lic  pathway 

was t h a t  proposed by Horowitz (1945), which s t a t e d  t h a t  pathways developed by 

a p ro ce ss  o f  " re t ro g r a d e  evo lu t ion ."  The h y p o th es is  s u g g e s te d  t h a t  the  f i r s t  

p r im it iv e  organism  could f ind  a l l  o f  the  n u t r i e n t s  i t  r e q u i re d  from the  

environm ent. Upon d e p le t io n  o f  a p a r t i c u l a r  n u t r i e n t ,  a v a r i e n t  of  th e  organism 

developed which p o sse s se d  an enzyme th a t  func t ioned  to  convert  a chem ically  

r e l a t e d  compound to  th e  r e q u i r e d  compound. Lewis, (1951), proposed a two s te p  

mechanism by which t h i s  new c a ta b o l ic  s te p  could a r i s e :  new g e n e t ic  m a te r ia l  

being c re a te d  by d u p l ic a t io n  of an e x is t in g  gene followed by "m uta tion  to  new 

fu n c t io n s"  o f  one of  th e  genes  while the  f i r s t  r e t a in e d  i t s  o r ig in a l  func t ion .

17



I t  was a lso  s u g g e s te d  th a t  fu n c t io n a l ly  r e l a t e d  bu t no t  t ig h t ly  c lu s te r e d  genes 

a ls o  a ro s e  through gene d u p l ic a t io n  and subsequen t  d isp e rs io n .

Dagley, (1975), a rgued  a g a in s t  th i s  theory  as  i t  would r e q u i r e  the  new growth 

s u b s t r a t e  to  be s t a b l e  and p re s e n t  in s u f f i c i e n t  q u a n t i t i e s  to  s u s ta in  growth 

and would a lso  probably  r e q u i r e  the  new enzyme to  have a s im i la r  re a c t io n  

mechanism to  the  o r ig in a l  one. Analysis  of co n secu t iv e  enzymes in pathways 

p rov ides  c o n f l ic t in g  evidence: the  pe p tid e  maps o f  tryp tophan  s y n th a se  A and B 

from E, c o li  show no homology (Hegeman and Rosenberg, 1970), bu t  comparison of 

the  complete n u c le o t id e  sequence of the  MetB- and MetC- p r o te in s  of m ethionine 

b io sy n th e s is  showed s ig n i f i c a n t  homology (Belfalza  e t  ah , 1986), 36% o f  the  

r e s id u e s  being id e n t ic a l  o r  c o n se rv a t iv e  s u b s t i t u t i o n s .  The metB  (coding fo r  

c y s ta th io n in e  y - sy n th a s e )  and metC (coding fo r  p -c y s ta th io n a s e )  genes  a re  

loca ted  a t  88 and 65 m inutes  r e s p e c t iv e ly  on the  map o f  the  E. c o li  chromosome 

and a lthough  each enzyme has evolved a s p e c ia l i s e d  r o le  the  c y s ta th io n in e  y- 

s y n th a se  is  a ls o  capable  o f  g - c y s t a th io n a se  a c t i v i t y  a t  a very low frequency,

B e lfa lza  e t  al. (1986) s u g g e s t  th a t  t h i s  v e s t i g i a l  a c t i v i t y  may be evidence in 

su p p o r t  of the  tandem d u p l ic a t io n  theory  o f  ev o lu t io n  proposed by Horowitz 

(1945, 1965). New g e n e t ic  m a te r ia l  may a ls o  be produced by chromosome

d u p l ic a t io n  as  proposed by Riley and An i l  ion is  (1978). They h y p o th es ised  th a t  

the  E. c o li  chromosome had undergone two d u p l ic a t io n  e v e n ts  and th a t  the  

a d d i t io n a l  DNA was a v a i la b le  to  m u ta te  to produce p o te n t i a l ly  novel enzymic 

a c t i v i t i e s .

The re c ru i tm e n t  o f  enzymes with  re q u i re d  c a t a ly t i c  p r o p e r t i e s  from o th e r  

pathways has been dem ons tra ted  by Campbell e t  a l. (1973) and may o f f e r  an 

ex p lan a tio n  to why the  genes fo r  some pathways a re  s c a t t e r e d  around the 

chromosome. They d e le te d  the  p -g a la c to s ld a s e  (lacZ) gene from a s t r a i n  o f  E.

c o li  and then s e le c te d  m utan ts  capable  o f  growing on la c to s e .  The gene which

r e s to r e d  growth Cebg) encoded a new g - g a la c to s id a s e  a c t i v i t y  and mapped a t

minute 65 compared to the  lac operon which norm ally  maps a t  m inute 8.
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I n v e s t ig a t io n  of  p ro te in s  of the  p -k e to a d ip a te  pathway by O rns ton 's  group led 

them to  s u g g e s t  t h a t  r e g io n s  of sequence s im i la r i t y  sha red  by enzymes of the 

pathway were aqu ired  subsequen t  to  th e i r  d ivergence  from any common a n c e s to r  

(Yeh and Ornston, 1980). The proposed mechanism fo r  t h i s  was by m uta tions  

causing  the  t r a n s f e r  o f  r e l a t i v e l y  s h o r t  r e g io n s  of  sequence inform ation  from 

one s e t  of genes to ano ther .

Transfer o f  DNA between S p ecies.

The a b i l i t y  of DNA to be t r a n s f e r r e d  between b a c t e r i a l  c e l l s  e i t h e r  o f  the  same 

sp e c ie s  o r  of widely d i f f e r e n t  genera ,  by t ra n s fo rm a t io n ,  t ra n s d u c t io n  or  

ep isom e-m ediated  con juga tion , p rov ides  a n o th e r  mechanism fo r  the  e v o lu t io n  of 

g e n e t ic  m a te r ia l  w ith in  m icroorganism s.

If  the  genes  o f  a pathway a re  c lu s te r e d  to g e th e r  then the t r a n s f e r  o f  in ta c t  

pathways becomes e a s ie r .  If  c e r t a in  g roups  o f  genes  a re  only occas io n a l ly  

r e q u ire d  they could lo g ic a l ly  become inco rpo ra ted  in to  p lasm ids and r e s id e  in 

only a p ro p o rt io n  o f  the  p o pu la t ion , which could a c t  a s  a bank, reduc ing  the 

g e n e t ic  load o f  the  popu la t ion . When c e r t a in  genes  a re  r e q u i re d  more f re q u e n t ly  

they could become in te g ra te d  in to  the  chromosome, p rov id ing  a s t im u lu s  fo r  the  

l a t e r a l  movement and s t a b l e  in h e r i ta n c e  o f  genes  w ith in  a mixed m icrobia l 

popu la t ion . The movement o f  s e t s  o f  genes between p lasm ids and the  chromosome 

can be I l l u s t r a t e d  by the  r e c e n t  d iscovery  o f  a plasmid encoded example o f  the  

p -k e to a d lp a te  pathway harboured  by A c ln e to b a c te r  calcoace t ie n s  (W instanley e t  

a i. ,  1987). This i s  the  f i r s t  r e p o r t  of a c a ta b o l ic  plasmid encoding genes  fo r  

the  d i s s im i la t io n  o f  ca techo l  by the  p -k e to a d ip a te  ro u te ;  the  genes  on the 

plasmid appear  to be r e l a t e d  to those  on the  chromosome o f  A. ca lco a ce ticu s . 

However, s ig n i f i c a n t  d i f f e r e n c e s  a re  p re s e n t  between the  two s e t s  o f  genes in 

th a t  the  catA  gene i s  c lo se ly  linked to the  catBCEFD operon on the  chromosomal 

ve rs ion  bu t  s e p a ra te d  from them by a t  l e a s t  lOkbp on the  p lasm id encoded 

v e rs ion , s u g g e s t in g  t h a t  the  t r a n s f e r  o f  genes from chromosome to plasmid
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occurred  In more than one s te p  or the  genes  have been su b je c ted  to a 

t r a n s lo c a t io n  even t  on the  plasm id. I n te r e s t in g ly ,  the  r in g  c leavage  enzyme 

encoded on the  plasmid was found to  be s ig n i f i c a n t l y  more h e a t - l a b  l ie  than the 

chromosoma lly  encoded ve rs ion  (Wins tan ley e t  a l., 1987). If the  two enzymes 

shared  a common a n c e s t r a l  gene i t  is  p o s s ib le  t h a t  m u ta tions  could have 

occurred  a l t e r in g  one of the  genes  when chromosomal and plasmid cop ies  were 

p re s e n t  in d i f f e r e n t  members o f  the  same popu la t ion .

In c o n t r a s t  to  the  p -k e to a d ip a te  pathway, the  genes  fo r  the growth on to luene , 

m-xylene, p -xy lene , and t h e i r  co rresponding  a lcoho ls ,  a ldehydes and ac id s  a re  

most commonly found on la rg e  plasm i d s - th e  TOL plasm ids (Williams and Murray, 

1974; Wong and Dunn, 1974). S in c la i r  e t  al. (1986) showed t h a t  a s o i l  i s o la te .  

Pseudomonas p u tid a  MWIOOO conta ined  a 56kbp fragm ent o f  DNA on i t s  chromosome 

which was r e l a t e d  to  a reg io n  o f  the  a rc h a e ty p a l  TOL plasmid, pWWO, c a rry in g  

a l l  of the  c a ta b o l ic  genes o f  the  TOL pathway. F u r th e r  they  dem ons tra ted  th a t  

the  f ragm ent could move from the  chromosome in to  a plasmid, su p p o r t in g  the 

theory  o f  exchange of DNA between the  chromosome and extrachromosoma 1 

e lem ents .

Conservation o f  Pathways Between S p ecies.

A c in e to b a c te r  and Pseudomonas a re  widely d iv e rg e n t  b a c te r i a l  genera ,  y e t  

s tu d ie s  have rev e a le d  common a n c e s t r i e s  fo r  i s o fu n c t io n a l  enzymes o f  the  p- 

k e to a d ip a te  pathway o f  the  two genera . For example the  muconolactone isom erase 

enzymes o f  th e  two organism s p o s s e s s  approx im ate ly  50% homologous r e s id u e s  

over the  f i r s t  46 am ino-te rm inal amino ac id s  (Yeh e t  a l,, 1978). S im ila r ly  the  

amino- term ina l amino ac id s  sequence o f  the  "y-carboxymuconolactone 

decarboxylase  enzymes of  the  two organism s a r e  50% id e n t ic a l  in the  f i r s t  36 

p o s i t io n s .  (Yeh e t  a l., 1980). However, the  A c in e to b a c te r  d ecarboxy lase  is 

induced by p ro to c a te c h u a te  whereas the  Pseudomonas d ecarboxy lase  is  induced by 

p -k e to a d ip a te .  The p -k e to a d ip a te  pathway in the  two genera  has  evolved from a
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common a n c e s to r  such t h a t  some p a r t s  o f  the  pathway a re  now c o n tro l le d  in the  

same way and some in d i f f e r e n t  ways. The ind iv idua l  genes  of the  pathway have 

a lso  d iverged  from t h e i r  a n c e s t r a l  form as  ind ica ted  by the  am ino-te rm inal 

amino ac id  sequences  of t h e i r  p ro te in  p ro d u c ts  (Yeh e t  aL, 1978; Yeh e t  a l ,  

1980 fo r  example)

Although a rom atic  c a ta b o lic  pathways o f  E scherich ia  c o li  and K le b s ie lla  

pneum oniae  have n o t  y e t  been s tu d ie d  in g r e a t  d e ta i l ,  o th e r  c a ta b o l ic  pathways 

have been in v e s t ig a te d .  Buvinger and Riley (1985a, b) have cloned th e  lac  genes 

of K. pneum oniae  and compared them with those  o f  E. c o li .  They found th a t  the 

lacZ, lacY and l a d  genes  were 61%, 67% and 49% conserved r e s p e c t iv e ly  between 

the  two sp e c ie s ,  bu t th a t  the  d i r e c t io n  o f  t r a n s c r ip t i o n  of the  l a d  gene of K. 

pneumoniae  was inver ted  compared to  t h a t  o f  E. co li. On more d e ta i le d  a n a ly s i s  

of the  p ro te in  sequence, deduced from the  DNA sequence, they found th a t  

co n se rv a tio n  o f  r e s id u e s  was in reg io n s  o f  known s t r u c t u r a l  o r  c a ta ly t i c  

importance and t h a t  d ivergence  had occured in n o n - e s s e n t i a l  a re a s .  An example 

of t h i s  is  the  f i r s t  26 r e s id u e s  of p - g a l a c to s id a s e , which can be removed 

w ithou t  a l t e r i n g  the  enzyme a c t i v i t y  (M uller-H ill  and Kania, 1974); a n a ly s i s  of 

the  enzyme from the  two organism s showed no co n se rv a tio n  o f  sequence  in the  

f i r s t  16 r e s id u e s  (Buvinger and Riley, 1985b).

1.5: GENETIC ANALYSIS OF CARBON CATABOLIC PATHWAYS.

Most s t u d i e s  concerning the  m olecular g e n e t i c s  of a rom atic  c a ta b o l ic  pathways 

have been c a r r ie d  ou t  on n a tu r a l l y  occuring  p lasm ids a s  the  genes  o f  i n t e r e s t  

a re  p r e s e n t  on sm all, m anipulable  f ragm en ts  o f  DNA. The most widely s tu d ie d  of 

th ese  i s  the  TOL plasm id, capable  o f  deg rad ing  to luene , m-xylene, p -xy lene  and 

th e i r  d e r iv a t iv e s  v ia  me t a - c leavage  of ca te c h o l .  The techn iques  used  in the  

e l lu c id a t io n  of  the  o rg a n is a t io n  and r e g u la t io n  of the  genes  o f  the  TOL plasmid 

w il l  be desc r ibed  in some d e t a i l  a s  they provide a model fo r  th e  g e n e ra l
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In v e s t ig a t io n  of c a ta b o lic  pathways.

Pseudomonads have been shown to degrade  benzoate  v ia  ca techo l  in the  ortho  

f i s s io n  pathway (Stan 1er, 1947), whereas, they  c a ta b o l i s e  phenol and methyl 

s u b s t i t u t e d  benzene v ia  benzoate  and m eta -c leavage  of c a tech o l,  in d ic a t in g  the  

p resence  o f  two pathways fo r  benzoate  metabolism. Spontaneous m utan ts  of 

Pseudomonas a r v i l la  i s o la te d  by Nazakawa and Yokoto (1973) had lo s t  the  meta­

c leavage  enzymes b u t  r e t a in e d  the  a b i l i t y  to  grow on benzoate  us ing  the  o r th o ­

c leavage  ro u te ,  s u g g e s t in g  t h a t  the  m eta -c leavage  enzymes were plasmid 

encoded. S im ila r  m u tan ts  were ob ta ined  by Williams and Murray (1974) who 

dem onstra ted  t h a t  the  m eta -c leavage  pathway was plasmid encoded by mating the  

plasmid in to  Tol“ m utan ts  thereby  r e s t o r i n g  the  a b i l i t y  of the  m utan ts  to  grow 

on t o lu a te  and benzoate .

An in s ig h t  in to  the  r e g u la t io n  o f  the  pathway was shown by the  induction  of 

the  f i r s t  s e r i e s  o f  enzymes, which c a ta ly s e  the  convers ion  o f  hydrocarbons to 

ca rboxy lic  a c id s ,  by to lu en e  and m -/p -  xylene (Worsey e t  aL, 1978). A 

re g u la to r y  m utant was i s o la te d  in which m-xylene and m-benzyl a lcoho l  f a i le d  

to induce the  t o lu a te  c a ta b o l ic  enzymes. T o lu a te  however, was s t i l l  ab le  to 

induce the  enzymes n e c e s sa ry  fo r  i t s  own d e g ra d a t io n ,  in d ic a t in g  th a t  the  

genes were p re s e n t  in two gene blocks, each c o n tro l le d  by t h e i r  own re g u la to ry  

gene.

R e s t r i c t io n  maps o f  the  TOL-plasmid (pWWO) were de term ined  (Downing and Broda, 

1979) and the  p o s i t io n s  o f  two gene c l u s t e r s  de te rm ined  by cloning and 

transposon  m utagenes is  (Franklin  e t  aL , 1981). The two gene c l u s t e r s  were 

s e p a ra te d  by 14kbp; one was fo r  the  upper pathway (the  convers ion  o f  a 

hydrocarbon to  i t s  co rresponding  carboxy lic  ac id )  and th e  o th e r  fo r  the  lower 

pathway (carboxylic  a c id s  to  t r i c a rb o x y l ic  acid  cycle  in te rm e d ia te s ) .  The 

r e l a t i v e  p o s i t io n s  o f  the  xylDGEF genes  coding fo r  the  lower pathway enzymes 

were determ ined  by Inouye e t  aL  (1981a, b) and th ese  genes  were shown to be 

non - induc ib le  in the  absence o f  the  x y lS  gene p roduct ,  in d ic a t in g  p o s i t iv e

22



r e g u la t io n .  A p re c is e  map of  the  lower pathway genes (Harayama e t  aL , 1984) 

showed th e  gene o rd er  to  be xylDLEGFJIH and xylS \ the  o rd er  of the  genes  is  in 

g e n e ra l  accord with the o rd er  in which the  gene p roduc ts  a c t  in the  r e a c t io n  

sequence. The o rd e r  of  the  upper pathway genes  was de term ined  by Harayama e t  

aL  (1986) using  t ransposon  m utagenes is  and was found to be xylCAB, which is  

d i f f e r e n t  from the  o rd e r  in which th e i r  gene p ro d u c ts  a c t  in th e  r e a c t io n  

sequence.

A re f in e d  model fo r  the  r e g u la t io n  of the  to lu en e  c a ta b o l ic  pathway, based on 

complementation a n a ly se s ,  has been d escr ibed  (Inouye e t  aL, 1986). Benzoate (or 

to lu a te )  is  the  inducer fo r  the  p o s i t iv e  r e g u la to r  gene x y lS  the  p roduct  of 

which, XylS, a c t s  on the  xylDEGF operon. The p roduct  of the  xy lF  gene (induced 

by to luene , m -/p -  xy lene) was i n i t i a l l y  though t to  a c t  in a p o s i t iv e  manner 

d i r e c t l y  on both the  xylCAB and xylDEGF opérons. However, XylR a lone  h a s  been 

shown to  be i n s u f f i c i e n t  fo r  the  s t im u la t io n  o f  ex p re ss io n  o f  the  lower 

pathway genes. S t im u la t io n  o f  e x p ress io n  of  the  lower pathway genes  by the 

xylR  gene p roduct occurs , however, in the  p resence  o f  a fu n c t io n a l  x y lS  gene, 

implying some in te r a c t io n  of  th ese  r e g u la to r y  f a c to r s .  A diagram o f  the  

o rg a n is a t io n  o f  the  TOL pathway genes  is  g iven  in f ig u r e  1.4.

Chromosoaally Encoded C atabolic Pathways.

The d e ta i le d  m olecular  a n a ly s i s  o f  chromosomally encoded pathway r e l i e s  on 

e i t h e r  the  genes  o f  the  pathway being c lo s e ly  linked, or a s e r i e s  o f  c loning 

experim ents  followed by in v i t r o  c o n s tru c t io n  o f  a v e c to r  c o n ta in ing  a l l  o f  the  

genes o f  the  pathway. The f i r s t  r e p o r t  o f  chromosoma 1 ly-encoded arom atic  

c a ta b o l ic  genes  being  cloned fo r  d e ta i le d  m olecular  a n a ly s i s  was t h a t  o f  the  

catBCDE gene c lu s t e r ,  coding fo r  fo u r  genes  o f  the  c a te c h o l  branch of the  p- 

k e to a d ip a te  pathway from A c in e to b a c te r  c a lc o a c e tic u s  (Shanley e t  a / . , 1986). This 

r e p o r t  by Ornston and co-w orkers  d esc r ibed  the c loning  of  a p a r t  of the
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pathway, which was su b seq u en t ly  used to probe a gene l ib ra ry  fo r  overlapp ing  

fragm en ts  o f  DNA. Four p o s i t iv e  c lones  were id e n t i f i e d ,  a l l  of which con ta ined  

the  ad ja c e n t  fragm ent o f  DNA which c a r r ie d  the  catA  gene (Ne id le  and Ornston,

1986). The same group have gone on to  c lone genes  from the  p ro to c a te c h u a te  

(pea) branch o f  the  p -k e to a d ip a te  pathway (Doten e t  aL , 1987) and in v e s t ig a te  

t h e i r  o rg a n is a t io n .  The f ragm ent con ta in ing  the  pea  genes  h y b r id ised  s t ro n g ly  

to  the  p rev io u s ly  cloned ca t  genes ,  probably  because  the  iso fu n c t io n a l  catDEF 

and pcaDEF gene p ro d u c ts  show homology a t  the  p ro te in  leve l  (Yeh e t  aL, 1980), 

Cloning and a n a ly s is  o f  f u r th e r  r e l a t e d  genes  by th i s  group, the  genes 

n e c essa ry  fo r  the  conversion o f  benzoate  to ca tech o l (.benABCD), has shown th a t  

they a re  c lu s te r e d  on the  A. c a lc o a c e tic u s  chromosome with  the  independently  

r e g u la te d  c a t  and pea genes  fo r  the  d i s s im i la t io n  o f  ca tech o l  (Ne id le e t  al.,

1987). In a ISkbp reg io n  of  the  chromosome th e re  a re  10 genes  fo r  benzoate  

c a tabo lism  in no fewer than th re e  t r a n s c r i p t i o n a l  u n i t s .  This type  of 

a rrangem ent Is termed supraoperon lc  c lu s t e r in g  ( f ig .  1.7).

1.6; THE HYDROXYPHENYLACETATE AND HOMOPROTCX̂ ATECHUATE PATHWAY.

The pathway fo r  the  ca tabo lism  o f  4-hydroxypheny lace ta  t e  (HPA) was f i r s t  

d e sc r ib ed  by Sparn lns  e t  al. (1974) fo r  a sp e c ie s  o f  A c in e to b a c te r  and two 

s t r a i n s  o f  Pseudomonas. All o f  th e s e  converted  4-HPA Into carbon dioxide, 

py ru v a te  and s u c c in a te  v ia  the  r in g  f i s s io n  compound hom oprotocatechuate  

(HPC).However, when 3-HPA se rved  a s  the  carbon sou rce ,  hom ogen tisa te  was the 

r in g  f i s s io n  compound used by the  A c in e to b a c te r  sp e c ie s .  Adachl e t  al. (1964) 

id e n t i f ie d  HPC as  an in te rm e d ia te  In the  d e g ra d a t io n  of HPA by Pseudomonas 

ova lis i  they a lso  showed t h a t  the  p roduct  o f  HPC r in g  f i s s io n  was 5 -  

carboxym ethyl-2-hydroxym uconate  (CHMS). This  was confirmed by S parn lns  e t  a l .

(1974) who id e n t i f ie d  HPC, CHMS, 2 - h y d ro x y h e p ta -2 ,4 -d le n e -1 ,7 -d lo a t e  (HHDD) and 

4 -hyd roxy -2 -ke top lm e llc  ac id  (HKP) a s  In te rm e d ia te s  in the  convers ion  of
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FIGURE 1.7: RESTRICTION MAP OF THE A. c a lc o a c e t ic u s  b e n -ca t  REGION SHOWING 

SUPRAOPERONIC CLUSTERING.

(NeId le  e t  a l . ,  1987).

¥
«
ife•«
2
%

.«O.

I H « 9 3  -II ##W - 
Il 3WfH.

I l l  P « W  ' 
I wëM 
I

III PWfN - 

I l » Ê -  

Il 9UIH I I t s  -

Il 9 9 H -

Il t tM -  
Il ttW

Il 9UIH I | t f  -

l|0«- 
II ttW  
Il ttW  

III PWIH-

I U 9 9 3 -
II W»/H- 
II 9UIH-

Il t tW  
III P*»/M-

III PW/M 
Il t tW  -

I v r f y . 
Il t t H

I /0 ff-

I V0S 

Il I I9S ■

I v r f s -  
III P t l M -

II »«IM I f t *
I t t» * -  

II M W  -
I Uds-

II t t w

IUOt* - 
Il  9UIH - 
Il  t t M  

Il M fM - 
I | 0 « -

I fP#

Il 9UIH -

III PU/H- 

Il 9«fM I f t *  
Il t t f f  ■ 
I udS

I f«0
Il t t f f  ■ 
I U t9*

Il t t f f  
Il twfN 
l i t  PUfN

I «0 *

I Vtf*

 Il t t f f

 1 «0*
 I ll pwfff
- ^ 1  f«0 
— r i  U09*

I ud)l

25



HPA to c e n t r a l  m e ta b o li te s .  The sequence of  enzym e-ca ta lysed  r e a c t io n s  

proposed by Sparn lns was as  fo llow s: r i n g - f i s s i o n  by a 2 ,3 -d ioxygenase; 

n ico tinam ide  adenine d ln u c le o t ld e -d e p e n d en t  dehydrogenation; decarboxy la tion ; 

h yd ra t ion ;  a Idol f i s s io n  and o x id a t io n  o f  s u c c in ic  semlaldehyde (SSA). Dagley,

(1975) proposed f e a s ib le  mechanisms fo r  the  r e a c t io n  sequence ( f ig  1.8) which 

s u g g e s te d  the p resence  o f  th re e  p o s s ib le  e le c t r o n  rea r rangem en t s te p s .  A nalysis  

o f  cloned hpc genes  (Jenkins, 1987) showed t h a t  the  ta u to m é r is a t io n  s te p  (g) 

was n o t  necessa ry :  a ldo l  f i s s io n  of  the  in te rm e d ia te  2 ,4 -d ih y d ro x y -h e p ta -2 ,e n e -

1 ,7 -d io a te  (HHED) producing p y ru v a te  and s u c c in ic  semialdehyde. The s t r u c t u r e  

of HHED was confirmed by NMR a n a ly s i s  o f  th e  I s o la te d  in te rm e d ia te  to  be the 

eno l-fo rm  o f  HKP. F u r th e r  HKP was chem ically  s y n th e s i s e d  and was shown to  have 

a s im i la r  X-max (260nm) a s  the  b io lo g ic a l ly  produced HHED (Jenkins, 1987). The 

chem ically  s y n th e s i se d  HKP se rved  a s  a s u b s t r a t e  f o r  the  a ld o la s e  and from 

th i s  ev idence Jenkins  s u g g e s te d  t h a t  the  compound c a l le d  HKP was In fa c t  HHED. 

A r e p r e s e n ta t i o n  o f  the  pathway fo r  the  convers ion  o f  HPA to  SSA and p y ruva te  

Is g iven In f ig u r e  1.9 .

A s im i la r  pathway to the  one found In A c in e to b a c te r  and Pseudomonas fo r  the  

convers ion  of  4-HPA to  c e n t r a l  m e ta b o l i te s  is  a l s o  p r e s e n t  in E. c o li  C when 

growing on 4-HPA and 3-HPA (Cooper and Skinner, 1980). That E. c o l i  can degrade  

a rom atic  compounds r e l a t e d  to  the  a rom atic  amino a c id s  pheny la lan ine  and 

ty ro s in e  s h o u l d - n o t  be s u r p r i s in g  a s  i t  may meet such compounds in i t s  

In t e s t  I n a l - f a e c a l  environm ent (S p o e ls tra ,  1978). The genes  r e q u i re d  fo r  the  

d e g ra d a t io n  o f  HPC to  SSA and p y ru v a te  were cloned from E. c o l i  C by Jenkins 

(1987).

R egulation o f  the HPA Pathway.

Growth o f  P. o v a lis  (Adachl e t  a l . ,  1964), P. p u tid a  (Barbour and Bayly, 1977) 

and E. c o li  C (Skinner, 1981) on HPA Induced the  HPA hydroxy lase  and the  HPC 

c a ta b o l ic  enzymes whereas growth on HPC Induces the  HPC c a ta b o l ic  enzymes but
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FIGURE 1.8; The p o s s ib le  in te rm e d ia te s  in the  ca tabo lism  of  HPC as  proposed 

by Dagley, (1975).

I) HPC, Hom oprotocatechuate

a) dioxygenase

11) CHMS, 5-carboxym ethy l-2 -hydroxym uconate  semialdehyde

b) dehydrogenase

III) CHM, 5-carboxym ethy1-2-hydroxym uconate

c) isom erase

IV) COKED, 5 - c a r b o x y m e th y l-2 -o x o -h e x -3 -e n e - l  ,6 -d io a te

d) decarboxy lase

V) HHDD, 2 - h y d ro x y h e p ta - 2 ,4 - d ie n e - l ,7 -d io a te

e) isom erase

VI) OHED, 2 - o x o - h e p ta - 3 - e n e - l  ,7 -d io a te

f) h y d ra ta se

VII) HHED, 2 ,4 - d ih y d r o x y -h e p ta - 2 - e n e - 1,7 -d io a te

g) isom erase

VIII) HKP, 4 -h y d ro x y -2 -k e to p im ila te

h) a ld o la se



FIGURE 1.8: FEASIBLE MECHANISMS INVOLVED IN THE CATABOLISM OF HPC. 

(Dagley, 1975)
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FIGURE 1.9: In te rm e d ia te s  in th e  ca tab o lism  of HPC:

HPC, hom opro tocatechuate ;  CHMS, 5-carboxym ethy 1-2-hydroxyrauconate 

sem ialdehyde; CHM, 5-carboxym ethy1-2-hydroxym uconate; COHED, 5 -  

carboxymethy l - 2 - o x o - h e x - 3 - e n e - l  ,6 -d io a te ;  HHDD, 2 -hyd roxyhep ta -2  ,4 -d ie n e -

1 ,7 -d io a te ;  OHED, 2 - o x o - h e p ta - 3 - e n e - l  ,7 -d io a te ;  HHED, 2 ,4 -d ih y d ro x y -h e p ta -2 -  

e n e -1 ,7 -d io a te ;  SSA, su c c in ic  sem ialdehyde.



FIGURE 1.9: PATHWAY FOR THE DEGRADATION OF HPC IN E, c o l i  C. 

(Jenkins, 1987).
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n o t  th e  HPA hydroxylase . These d a ta  s u g g e s t  t h a t  the  genes which encode these  

c a ta b o l ic  enzymes a re  d iv ided  Into a t  l e a s t  two r e g u la to ry  g roups .  M utants 

d e fe c t iv e  In a s in g le  enzyme, the  CHMS dehydrogenase, grown In the  p resen ce  o f  

HPC were shown to  con ta in  a l l  o f  the  enzyme a c t i v i t i e s  excep t  the  CHMS 

dehydrogenase  In d ica tin g  th a t  HPC Induced a l l  o f  the  enzymes re s p o n s ib le  fo r  

I t s  own ca tabo lism  (Barbour and Bayly, 1978; Skinner, 1981). The hpa and hpc  

genes  o f  E. c o li  C were shown by Skinner (1981) to  be 90% c o - t ra n sd u c  lb le In 

PI t ra n s d u c t io n  experim ents , s u g g e s t in g  t h a t  the  genes  were c lo se ly  linked bu t 

probably  n o t  con tiguous .  The s e t  o f  genes  r e s p o n s ib le  fo r  the  complete 

m in e ra l i s a t io n  o f  HPA can be conside red  In term s of  th re e  g roups  o f  r e a c t io n s ,  

namely:

Group 1: 3-HPA and 4-HPA a re  taken up and hydroxy la ted  a d jacen t  to  an ex Ix t in g  

hydroxyl group to produce HPC. These enzymes a re  Induced by HPA and th e i r  

r e s p e c t iv e  genes have been d e s ig n a ted  hpaA (permease), hpaB (hydroxylase)  and 

hpaR ( re g u la to ry  p ro te in ) .

Group 2: HPC Is converted  th rough a s e r i e s  of  r e a c t io n s  to  g ive  the

In te rm e d ia te s  SSA and p y ruva te .  This group o f  genes  a r e  Inducible  by both HPA 

and HPC: as  HPC can be t r a n s p o r te d  Into the  c e l l  and induces the  genes  fo r  I t s  

own d eg rad a tio n  th i s  group r e p r e s e n t s  a complete pathway.

Group 3: The convers ion  o f  SSA to  su c c in a te  Is achieved by the  Induction  o f  an 

NAD-linked SSA dehydrogenase (encoded by the  sa d  gene): Induction  Is by

SSA (Donnelly and Cooper, 1981).

From a s tudy  o f  m utan ts  o f  the  HPA pathway Skinner (1981) proposed t h a t  the  

p roduct  o f  a s in g le  r e g u la to r y  gene c o n tro l le d  both the  hyd roxypheny lace ta te  

(hpa) and the  hom opro tocatechuate  (hpc) genes. A s tudy  o f  the  cloned hpc  genes  

o f  E, c o l i  C led Jenkins (1987) to propose t h a t  c o n tro l  o f  e x p re s s io n  o f  th ese  

genes  was by a system  o f  n e g a t iv e  r e g u la t io n .
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FIGURE 1.10: PRIMARY CLONES ISOLATED BY JENKINS CONTAINING hpc GENES.
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A nalysis  o f  Cloned hpc  Genes.

The p r o te in s  encoded by the hpc  genes a re  n o t  d e te c ta b le  in s t r a i n s  of  E. c o li  

K-12 (Skinner, 1981); f u r th e r  h y b r id i s a t io n  a n a ly s i s  of K-12 DNA with cloned 

E .co li C hpc  genes  (Jenkins and Cooper, 1968) o r  s y n th e t ic  o l ig o n u c le o t id e  

p robes  to the  hpcG gene (F e rre r  and Cooper, 1988) and hpcC gene (Fawcett e t  

ah .  In p re s s )  show no s ig n i f i c a n t  h y b r id i s a t io n ,  su p p o r t in g  the  Idea th a t  E. 

c o li  K-12 s t r a i n s  do n o t  con ta in  any hpc  genes. This makes K-12 s t r a i n s  Ideal 

as  a g e n e t ic  n e g a t iv e  background fo r  the  a n a ly s i s  o f  cloned sequences  

con ta in ing  th e se  genes: the  chosen K-12 s t r a i n  was E. c o li  5K, which Is a hsdR  

d e r iv a t iv e ,  a llow ing  e f f i c i e n t  t ra n s fo rm a t io n  o f  DNA from the  n a tu r a l l y  hsdM E, 

c o li  C.

During a n a ly s i s  of the  cloned hpc  genes , Jenkins u t i l i s e d  both  E .c o li  C and E. 

c o li  K-12 s t r a i n s  to  produce a model fo r  the  o rg a n is a t io n  and e x p re ss io n  o f  

th o se  genes  (Jenkins, 1987). As th e  r e s u l t s  o f  h i s  experim ents  have d i r e c t  

re lev en ce  to  t h i s  work the  fo llow ing  s e c t io n  w il l  d e s c r ib e  them In some d e ta i l .  

Jenkins  I so la te d  th re e  Independent genomic c lones  co n ta in in g  genes  of the  hpc  

pathway by complementation o f  E. c o li  C s t r a i n s  which con ta ined  m u ta tio n s  In 

t h a t  sequence of genes. The chromosomal DNA In each case  was p a r t i a l l y  

d ig e s te d  us ing  SaUSh and l ig a te d  Into the  BauMl s i t e  o f  e i t h e r  pBR328 or 

pBR322. This  p rocedure  r e s u l t e d  In one o f  the  c lones , pJJBOl, having a te rm ina l 

BaaHl s i t e  which Is n o t  p r e s e n t  In the  chromosomal copy and a second clone, 

pJJ210, having one I n s e r t - v e c to r  Junction  as  a 5au3A s i t e  only. The th i r d  clone, 

p jJ200 , c o n ta in s  two BanMl f ragm en ts  and Is though t  to r e p r e s e n t  the 

chromosomal d i s t r i b u t io n  o f  th e s e  s i t e s  ( f ig ,  1.10). The th re e  c lones  have very 

s im i la r  r e s t r i c t i o n  maps and from Southern  b lo t  a n a ly s i s  were shown to  be from 

the  same reg ion  o f  chromosomal DNA. The recom binant p lasm ids pJJ200 and pJJ210 

con ta in  a l l  o f  the  genes  n e c es sa ry  fo r  the  convers ion  of  HPC to  su c c in ic  

semlaldehyde and p y ru v a te .  These c lones  a lso  co n ta in  a r e g u la to r y  gene which 

means t h a t  the  ex p re s s io n  o f  t h e i r  genes  Is c o n tro l le d  In E. c o li  5K. The
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FIGURE 1.10: PRIMARY CLONES ISOLATED BY JENKINS CONTAINING hpc GENES.

B P  SB ES P B
pJJ200

SB ES P B
p j  J210 ! 1________________ Li----------- 1---------1

B ES P B
pJJSOl

RESTRICTION 0 1 2 3 4 5 6 7 8 9  10 Kbp
MAP: I I 1 I I t i l  I I II

B Bam HI

P Pvu II

S 1

E Eco R1

N Nde 1

V Eco RV

31



ex p re s s io n  o f  the  f iv e  genes  p re s e n t  on pJJSOl Is c o n s t i t u t i v e  In E, c o l i  5K, 

b u t  r e g u la te d  In E. c o li  C s t r a i n s ,  s u g g e s t in g  th a t  pJJSOl c o n ta in s  an o p e ra to r  

reg io n  to which a hos t-encoded  r e g u la to r y  f a c t o r  can bind In t r a n s . These 

experim en ts  led Jenkins to  propose a n e g a t iv e  r e g u la to ry  model and f u r t h e r  

evidence  was ob ta ined  to  Im plica te  the  r o le  o f  cAMP-CRP as  a p o s i t iv e  e lem ent 

In the  r e g u la to r y  system . The HPC c a ta b o l ic  enzymes o f  both E. c o l i  C and E. 

c o li  5K (pJJ210) were shown to  be s u b je c t  to  g lu co se  r e p re s s io n  which could  be 

p a r t i a l l y  r e l ie v e d  by the  a d d it io n  of  5mM cAMP to  the  growth medium.

O xidation experim ents  showed t h a t  whole c e l l s  o f  5K CpJJ200/pJJ210) when grown 

on g ly c e ro l  in the  p resence  of HPA were n o t  ab le  to  o x id ise  HPA or HPC even 

though c e l l  e x t r a c t s  from th e s e  s t r a i n s  con ta ined  a l l  o f  the  n e c e s s a ry  enzyme 

a c t i v i t i e s  fo r  the  conversion  o f  HPC to  s u c c in ic  sem laldehyde and py ru v a te .  

This d a ta  and the  r e p o r t  t h a t  E, c o li  K-12 h as  the  NAD-linked (SSA Inducib le)  

su c c in ic  semlaldehyde dehydrogenase (Skinner and Cooper, 1982) led to  the  

conc lusion  th a t  the  non-grow th of  5K (pJJ200 /p JJ210) on HPC was due to  the  

lack o f  a permease. However, some HPA o r  HPC must e n te r  5K because  the  

p resence  of these  compounds In the  medium s ig n i f i c a n t l y  Increased  the  le v e ls  

of  HPC c a ta b o l ic  enzymes.

The r e s t r i c t i o n  s i t e s  p re s e n t  In the  prim ary c lones  were used to  c o n s t r u c t  

subc lones  so t h a t  the  sequence  o f  genes  could be d i s t in g u is h e d  and a summary 

o f  th e s e  Is p re se n te d  In f ig u r e  1.11. Using th e se  subc lones  hpcRGHBC and hpcF  

were a ss ig n e d  p o s i t io n s  but due to the  lack o f  r e s t r i c t i o n  s i t e s  between the  

Sa il and Pvull s i t e s  o f  pJJSOl the  p o s i t io n s  o f  hpcDE could n o t  be a ss ig n e d .  To 

confirm the  gene o rd e r  and to  d i s t i n g u is h  the  sequence  o f  hpcDE, Jenk ins  

recovered  the  BamHl I n s e r t  of pJJ801 from a low m elting  p o in t  g e l  and 

p a r t i a l l y  r e s t r i c t e d  I t  w ith  Sau3h. These f ragm en ts  were l ig a te d  in to  FamHl c u t  

pBR328 and the  m ix tu re  transfom ed Into an hpcC m utant o f  E. c o li  C (JJ221). The 

tra n s fo rm a n ts  were t e s t e d  fo r  growth on HPA and those  which were p o s i t i v e  

s u b je c ted  to  r e s t r i c t i o n  mapping and f u l l  enzyme a n a ly s i s .  A summary o f  the
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FIGURE 1.11a: SUMMARY OF THE SUBCLONES OF pJJ200 /pJJ210  USED TO DETERMINE THE

ORDER OF hpc GENES.
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FIGURE 1.11b; SUMMARY OF THE SUBCLONES OF pJJSOl USED TO DETERMINE THE ORDER

OF hpc GENES.
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r e s u l t s  ob ta ined  is p re s e n te d  in f ig u r e  1.11.

The e x p re ss io n  of hpc  genes  on the  v a r io u s  subc lones  in E, c o li  C s t r a i n s  was 

used to  p o s i t io n  an o p e ra to r -p ro m o te r  reg io n .  As removal of  the  2.5kbp EamHl- 

EcoRl f ragm ent of p j j801  r e s u l t e d  in lo ss  o f  e x p re ss io n  o f  hpc  genes  <le: 

pJJ002, b u t  no t  pJJOOS, exp ressed  hpc  genes)  the  o p e ra to r -p ro m o te r  s i t e  was 

though t to be In t h i s  a re a .  F u r th e r ,  Jenk ins  in d ica ted  t h a t  from a n a ly s i s  of 

the  Saü3A subc lones  o f  pJJSOl a s i t e  d i r e c t l y  ad ja c e n t  to the  hpcB gene was 

in d ica ted  as  the  o p e ra to r  s i t e .  He a ls o  s t a t e d  t h a t  the  p o s i t io n  o f  th e  

o p e ra to r  reg io n  fo r  the  hpcGH gene block was 5* to  the  hpcG gene as  only the  

phenotypes: h y d ra ta se + /a ld o la se + ;  h y d ra ta s e + /a ld o la s e -  o r  h y d r a t a s e - / a I d o la s e -  

were observed . The phenotype h y d r a ta s e - /a ld o la s e +  was n o t  seen  in d ic a t in g  th a t  

the  hpcGH gene  block must be t r a n s c r ib e d  hpcG f i r s t .  The model fo r  the  

o rg a n is a t io n  and r e g u la te d  e x p re ss io n  o f  the  hpc  genes  of E. c o li  C is  shown 

in f ig u r e  1.12.
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FIGURE 1.12: MODEL OF THE ORGANISATION OF hpc  GENES AS PROPOSED BY JENKINS 

(1967).

X <
o CO
o COo

J1
<M"r

u - - o
\ o



A  I  M S  .

The aims o f  t h i s  work were th re e - f o ld :

1) To t e s t  the  model fo r  the  o rg a n is a t io n  and e x p re s s io n  o f  the  hpc  

genes  o f  E scherich ia  c o l i  C, produce a f in e r  map of  the  cloned genes  and where 

n e c es sa ry  a d ju s t  the  model.

2) In v e s t ig a te  the  r e l a te d n e s s  o f  hpc pathway genes  in d i f f e r e n t  

organism s by a) comparison of  a d i s t i n c t  enzyme of the  HPC pathway from two 

organism s by N -te rm ina l  amino acid  sequencing  of p u r i f ie d  p r o te in s  and b) 

Southern  b lo t  a n a ly s i s  of  DMA from those  organism s us ing  n u c le ic  ac id  p ro b es -  

de rived  from e i t h e r  c loned genes  o r  o l ig o n u c le o t id e s  sy n th e s iz e d  u s ing  N- 

te rm in a l  amino acid  sequence  inform ation .

3) To clone the  hpc  genes from a n o th e r  organism and compare them with  

the  genes of E. c o li  C.
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M A ' T ’E R  I  A L S  A N D  M E T H O D S
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2.1: BIOCHEMICAL METHODS.

The b a c t e r i a l  s t r a i n s  and p lasm ids used in t h i s  s tudy  a re  l i s t e d  in Table 2.1 

and a diagram of the  p lasm ids pUC18 and pUC19 is  g iven  in f ig u r e  2.1.

Growth Media and Conditions.

B a c te r ia  were grown in e i t h e r  complex (Luria b ro th )  medium, a s  d esc r ib ed  in 

M iller  (1972), a t  2 7 V  o r  the  minimal medium of Hare land e t  a l. (1975) a t  30 "C. 

Liquid c u l tu r e s  were incubated  in an o r b i t a l  shaker  a t  200 r.p.m.; l iqu id  media 

was s o l i d i f i e d  where a p p ro p r ia te  by the  a d d i t io n  o f  1.6 % (w/v) Bacto aga r  

(Difco).

Carbon so u rc e s  and amino a c id s  were s t e r i l i s e d  s e p a r a te ly  and added to  g ive 

f in a l  c o n c e n t ra t io n s  of: HPA (5 mM); HPC (5 mM); g ly c e ro l  (20 mM); g l u c o s e (10 

mM) and amino ac id s  (80 pg m l"’’ ). Sodium d i th i o n i t e  (0.05% w/v) was added to 

medium con ta in ing  HPC to  slow the  r a t e  o f  spon taneous  o x id a t io n .  A n t ib io t ic s  

were added as  r e q u i re d  to  LB medium to  f in a l  c o n c e n t ra t io n s  of: amp ic i  11 inn 

(100 jjig ml"M; chloramphenicol (50 pg m l" ’ ) o r  t e t r a c y c l in e  (12.5 pg m l" ’ ) and 

to  minimal media a t  a q u a r t e r  of th e s e  c o n c e n t ra t io n s .

When s e le c t in g  fo r  the  p resence  o f  i n s e r t s  in the  m u lt ip le  c lon ing  s i t e  of  the  

v e c to r s  pUC18 and pUC19 by in a c t iv a t io n  of the  p - g a la c to s id a s e  gene, am p ic il l in  

(100 pg m l" ’ ) and isopropy1-p-D th ioga lac topy ranos  ide (IPTG, 300 pM) were 

inco rpo ra ted  in to  the  medium. The agar  p l a t e s  were d r ie d  and then  50 p i  of  a 

s o lu t io n  of  2% (w/v) 5 -b ro m o -4 -c h lo ro -3 - in d o ly l -p -D  g a la c to s id e  ( X -ga l ) in 

dim ethyl formamide sp read  onto  the  s u r f a c e  p r io r  to  th e  a d d i t io n  o f  the  

b a c te r ia .
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TABLE 2 . 1 :  BACTERIAL STRAINS AND PLASMIDS,

STRAIN

E scherich ia  c o li  C 

E. c o li  C JJ221 

E. c o li  C JJ210 

E. c o l i  C D03 

E. coU 5K

E. c o l i  KIO 

E. c o li  B 

E, c o li  W

GENOTYPE

Pro to troph  

hpcCy recA

HPA" (even w ith  pJJ801 
p re s e n t )
HPA-/HPC+

F " , s  upE^ ̂ , ton A ’ , 
hsdR, rpsL, th r-1 , 
leu-B6, th i-1 ,

thiA

P ro to troph

P ro to tro p h

SOURCE/
REFERENCE

Lab. s tock

Jenk ins , 1987

Jenk ins , 1987

Sudjadl, 1988.

Lab s tock
(Huback and Glover, 
1970.)

Lab. s tock

Lab. s tock

Lab. s tock

Pseudomonas p u tid a  U P ro to troph

K le b s ie lla  pneumoniae M5al P ro to troph

Lab. s tock  

Lab. s tock

PLASMID VECTOR

a) Plasmid v e c to r s .

pBR322

pBR328

pUC18/pUC19

GENES ENCODED

Apn, Tc*.

Ap", Tc*, Cm*. 

Ap*.

SOURCE/
REFERENCE

Soberon e t  aL , 1980

Soberon e t  a h ,  1980

Y anisch-Perron  e t  aL, 
1985

b) Recombinant p lasm ids c o n ta in ing  cloned E. c o li  C genes.

p JJ8 0 1 pBR328 hpcBCDEF Jenk ins , 1987.

pJJ200 pBR322 hpcBCDEFGHR Jenk ins , 1987.

pJJ210 pBR322 hpcBCDEFGHR Jenk ins , 1987.

c) Recombinant p lasm ids co n ta in in g  cloned K, pneum oniae  M5al genes.

pTFlOO pBR322 hpcBCDEFGHR This  Study

pTF102 pBR322 hpcBCDEFGHR
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FIGURE 2.1: THE PLASMID VECTORS pUC18 AND pUC19, 

(Yanisch-Perron e t  al. ,  1985)
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C ell Free E xtracts.

B a c te r ia  from liqu id  media were h a rv e s te d  by c e n t r i f u g a t io n  a t  10,000 g fo r  5

mln, washed in 0.2 volumes of 0.1 M sodium phosphate  b u f fe r  pH 7.5 and

resuspended  In the same b u f fe r  in the  r a t i o  o f  4 ml per  100 ml o f  the  o r ig in a l  

volume. The c e l l s  were d is ru p te d  by u l t r a s o n ic  o s c i l l a t i o n s  in an MSB 100 W 

u l t r a s o n ic  d i s i n t e g r a to r  in 4 ml samples a t  7 pm peak to  peak am plitude , fo r  

30 s, a t  0*C. Remaining in ta c t  c e l l s  and c e l l  w all  m a te r ia l  were removed by 

c e n t r i f u g a t io n  a t  20,000 g fo r  20 min. Where n e c es sa ry  the  NADH oxidase  

a c t i v i t y  a s s o c ia te d  w ith  the  c e l l  membrane was removed by f u r th e r

c e n t r i f u g a t io n  a t  120,000 g fo r  90 min. All c e n t r i f u g a t io n  s t e p s  were c a r r ie d

ou t  a t  4*C.

Protein  E stim ations.

The p ro te in  c o n c e n t ra t io n s  o f  c rude  c e l l  f r e e  e x t r a c t s  were e s t im a te d  by the  

method o f  Lowry e t  al, (1951), us ing  c r y s t a l l i n e  bovine serum albumin a s  the  

s ta n d a rd  p ro te in .  The c o n c e n t ra t io n  of p ro te in  was ty p ic a l ly  in the  range  of 2 -  

4 mg ml""’ from c e l l s  grown on minimal medium and 5-8  mg m l" ’ from c e l l s  

grown on LB medium. The p ro te in  c o n c e n t ra t io n s  o f  p u r i f ie d  p ro te in  s o lu t io n s  

was e s t im a ted  ( sp e c tro p h o to m e tr ic a l ly )  by the  method o f  Warburg and C h r is t ia n ,  

1941.

Washed C ell Suspensions and the Measurement o f  Oxygen Consumption.

C ells  from lo g a r i th m ic -p h ase  c u l tu r e s  were h a rv e s te d  by c e n t r i f u g a t io n  a t

10,000 g fo r  5 min, washed tw ice in 0.1 M sodium phosphate  b u f f e r  (pH 7.5) and 

resuspended  in the  same b u f f e r  to g ive  a c o n c e n t ra t io n  o f  approx im ate ly  15 mg 

dry weight m l" ’ . Consumption o f  oxygen was m easured a t  3 0 'C in a Rank oxygen 

e le c tro d e ,  with  a s u b s t r a t e  c o n c e n tra t io n  o f  10 mM a t  3 0 "C. The s o lu b i l i t y  o f  

oxygen was taken a s  446 ng-atom  ml'"’ a t  t h i s  tem p era tu re .
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P re p a ra tio n  o f  In te rm e d ia te s  o f  th e  HPC Pathway.

E. c o l i  5K s t r a i n s  harbou ring  a p p ro p r ia te  c loned hpc  genes  o f  E. c o li  C were 

u t i l i s e d  to  o b ta in  p a r t i c u l a r  pathway in te rm e d ia te s .  This  method of p rep a r in g  

s u b s t r a t e s  is  q u a n t i t a t i v e  and produces  pure  compounds (Jenkins, 1987).

The g e n e ra l  method used  is  a s  fo llow s: 100 ml o f  Luria  b ro th  Ap c u l t u r e s  of 

s t r a i n  E, c o l i  5K co n ta in in g  the a p p ro p r ia te  plasmid was grown o v e rn ig h t  and a 

c e l l  f r e e  e x t r a c t  made as  p rev io u s ly  desc r ib ed .  The a c t i v i t y  of  ind iv idua l  

e x t r a c t s  was e s t im a te d  by de te rm in ing  how much e x t r a c t  was r e q u i re d  to 

com pletely  convert  a known q u a n t i ty  of HPC to CHMS. This  a s sa y  only m easures 

the  a c t i v i t y  o f  HPC dioxygenase bu t  t h i s  is  known to  be the  l a b i le  enzyme of  

the  sequence, th e r e fo r e ,  tw ice t h i s  amount was allowed in the  incubation . The 

r e a c t io n  m ix tu re  c o n s is te d  in each case  o f  25 ml of  0.1 M sodium phosphate  

b u f fe r  pH 7.5 and 50 pmol HPC. For the  p roduction  o f  CHMS the  r e a c t io n  a lso  

con ta ined  e x t r a c t  from 5K(pJJ002); fo r  the  p roduction  o f  CHM, 67 pmol NAD and 

e x t r a c t  from 5K(pJRJ003); fo r  the  p roduction  o f  HHDD, 67 pmol NAD, and e x t r a c t  

from 5K(pJJ801); and f o r  the  p roduction  of HHED, 67 pmol NAD, 125 pmol Mg%+ 

and e x t r a c t  5K(pJJ212). The r e a c t io n  m ix ture  was g e n t ly  shaken in a f la s k  a t  

3 0 'C u n t i l  the  r e a c t io n  was complete as  de term ined  by the  absence of HPC. This 

s ta g e  o f  the  r e a c t io n  was u s u a l ly  over w ith in  10 m inu tes , bu t the  incubation  

was allowed to  con tinue  fo r  a f u r t h e r  10 m inutes  to  e n su re  the  r e a c t io n  had 

gone to  completion.

C oncentra ted  HCl <1 ml) was added to  the  r e a c t io n  which was then c e n tr i fu g e d  

to remove p r e c ip i t a t e d  p ro te in .  The r e s u l t i n g  s u p e rn a ta n t  was e x t r a c te d  th re e  

tim es w ith  an equa l volume of  e th y l  a c e t a te ;  the  pooled o rgan ic  phases  were 

d r ied  over  anhydrous sodium s u lp h a te  and ev ap o ra ted  to  d ry n ess  under vacuum 

a t  30'C in a r o ta r y  e v a p o ra to r .  The r e s id u e  was d isso lv e d  in 1 ml o f  w a te r  and 

could be s to re d  a t  - 2 0 °C or  f re e z e  d r ied  and kept a s  a so l id .
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Enzyme A ssays.

Enzyme a s sa y s  were c a r r ie d  ou t in d isp o sa b le  p l a s t i c  c u v e t t e s  (\> 320 nm) o r  

matched q u a r tz  c u v e t t e s  (\< 320 nm) with a pa th  leng th  o f  1 cm, a t  3 0 "C in a 

t o t a l  volume of  1 ml, u s ing  a Pye-Unicam SP1800 rec o rd in g  sp e c tro p h o to m e te r .

HPA HYDROXYLASE (EC 1.14.13.3)

(Skinner and Cooper, 1981)

The h yd roxy la t ion  of  HPA to HPC was measured by fo llow ing  the  s to ic h o m e tr ic  

convers ion  o f  NADH to  NAD a t  340 nm. The r e a c t io n  m ix tu re  con ta ined  0.1 M 

sodium phosphate  b u f fe r  pH 7.5, 0.13 pmol NADH and 10-100 p i of an

u l t r a c e n t r i f u g e d  c e l l  e x t r a c t .  A f te r  measurment of the  blank r a t e  of NADH 

o x id a t io n  a t  340 nm the  r e a c t io n  was s t a r t e d  by the  a d d it io n  o f  2.5 pmol HPA. 

A molar e x t in c t io n  c o e f f i c i e n t  o f  6,200 dm^ mol" ’ cm"’ was assumed fo r  NADH.

HPC 2,3 DIOXYGENASE (EC 1.13.11.15)

(Skinner and Cooper, 1981)

Cleavage o f  the  a rom atic  r in g  by HPC dioxygenase  to form CHMS was m onitored 

by the  in c rease  in absorbance  a t  380 nm. The r e a c t io n  m ix tu re  con ta ined  0.1 M 

sodium phosphate  b u f fe r  pH 7.5, 0.2 pmol HPC and was s t a r t e d  by the  a d d it io n  

o f  5 -50  pi o f  e x t r a c t .  A molar e x t in c t io n  c o e f f i c i e n t  o f  31,800 dm~̂  mol” ’ cm"’ 

was assumed fo r  CHMS a t  pH 7.5.

CHMS DEHYDROGENASE.

(Skinner and Cooper, 1981)

CHMS dehydrogenase was assayed  by m easuring the  d e c re a se  in absobance a t  380 

nm as  CHMS was ox id ised  to  CHM. The r e a c t io n  m ix tu re  c o n s is te d  o f  0.1 M sodium 

phosphate  b u f fe r  pH 7.5 , 0.035 pmol CHMS and 5-50  p i  o f  e x t r a c t .  The r e a c t io n  

was s t a r t e d  by the a d d it io n  of  0.2 pmol NAD. The molar e x t in c t io n  c o e f f i c i e n t  

fo r  CHMS was taken as 31,800 dm^ m ol"’ cm"’ .
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CHM ISOMERASE

(G a r r Id o -P e r t ie r r a  and Cooper, 1981)

CHM isom erase a c t i v i t y  was assayed  by fo llow ing  the  d e c re a se  in absorbance  a t  

300 nm. The assay  c o n s is te d  o f  0.1 M sodium phosphate  b u f f e r  pH 7.5 and 0.05 

pmol CHM; a f t e r  m easuring  the  blank r a t e  the  r e a c t io n  was s t a r t e d  by the 

a d d i t io n  of  5 -100  p i  o f  e x t r a c t .  The molar e x t in c t io n  c o e f f i c i e n t  fo r  CHM was 

taken a s  20,000 dm"'’ m ol"’ cm~’ .

COHED DECARBOXYLASE.

( G a r r id o -P e r t ie r r a  and Cooper, 1981)

To produce the  s u b s t r a t e  fo r  t h i s  a s s a y ,CHM was allowed to isom erise  

spon taneous ly  in the  c u v e t t e  to form a m ix tu re  o f  CHM and COHED and the  

absorbance  a t  300 nm m onitored u n t i l  an e q u il ib r ium  m ix tu re  had formed (no 

f u r t h e r  r e d u c t io n  in absorbance  occured). The r e a c t io n  m ix tu re  c o n s is te d  o f  0.1 

M sodium phospa te  b u f fe r  pH 7.5 and 0.1 pmol spon taneously  isom erised  CHM; the  

re a c t io n  was s t a r t e d  by the  a d d i t io n  o f  5 -100  p i  e x t r a c t .  The I n i t i a l  r a t e  of 

r e a c t io n  was ob ta ined  from the  d e c re a se  in absorbance  a t  300 nm due to  the  

spon taneous  iso m é risa t io n  of CHM to  COHED to  r e s t o r e  t h i s  equ il ib r ium  a s  the  

COHED is  decarboxy la ted  to  form HHDD. The molar e x t in c t io n  c o e f f i c i e n t  o f  CHM 

was taken a s  20,000 dm'"’ moT ’ cm" ’ .

HHDD ISOMERASE.

(Jenkins, 1987)

HHDD had a very rap id  spon taneous  i so m é r isa t io n  r a t e  in phosphate  b u f fe r .  

However, the  i so m é r isa t io n  r a t e  can be slowed by c a r ry in g  o u t  the  a ssa y  in 

deuterium  oxide (D^O). The r e a c t io n  m ix tu re  c o n s is te d  of  DzO, 20 p i  0.1 M 

sodium phosphate  b u f fe r  pH 7.5 and 5 -50  p i  o f  e x t r a c t .  The molar e x t in c t io n  

c o e f f i c i e n t  fo r  HHDD was taken as  18,600 dm'  ̂ m ol"’ cm"’ .
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OHED HYDRATASE.

( Je n k in s ,1987)

To a ssa y  the  OHED h y d ra ta s e  enzyme an eq u il ib r iu m  m ix tu re  of  HHDD and OHED 

was allowed to  form in the  c u v e t te ,  u t i l i s i n g  th e  ra p id  spon taneous

iso m é r isa t io n  r a t e  in phosphate  b u f fe r .  The r e a c t io n  m ix tu re  c o n s is te d  o f  0.1 M 

sodium phosphate  b u f f e r  pH 7.5 and isom erised  HHED. When the  d e c re a se  in

absorbance  a t  276 nm had s topped  5 pmol of magnesium c h lo r id e  was added and 

the  r e a c t io n  was s t a r t e d  by the  a d d i t io n  o f  5 -50  p i  o f  e x t r a c t .  The i n i t i a l

r a t e  o f  r e a c t io n  was ob ta ined  from the  d e c re a se  in absorbance  a t  276 nm as 

OHED is  converted  to  HHED with  the  concom itant i so m é r isa t io n  of HHDD to  OHED 

to  m ain ta in  the equ il ib r ium .

HHED ALDOLASE 

(Jenkins, 1987)

The p resence  of the  HHED a ld o la se  was m onitored by fo llow ing  the  d e c re a se  in 

absorbance  a t  340nm as  NADH was ox id ised  in the  p resence  of l a c t a t e  

dehydrogenase (LDH) by the  p y ru v a te  formed from the  HHED. The r e a c t io n  was 

assayed  in O.IM sodium phosphate  b u f fe r  pHB.O co n ta in in g  5pmol magnesium

c h lo r id e ,  0.15 pmol NADH, 4 u n i t s  o f  LDH and an excess  o f  HHED.

SDS PAGE

P u r i f i c a t io n  of p ro te in  was followed u t i l i s i n g  7.5 % to  20 % (w/v) g r a d ie n t

SDS PAGE. Samples o f  p r o te in  were mixed w ith  0.33 vol. sample bufferCO.18 M 

T r is  .Cl pH 6.8; 5.7 % (w/v) SDS; 29 % g ly c e ro l ;  0.005 % (w/v) bromophenol blue] 

and h e a te d  to  100 'C fo r  2 min. The g e l  was developed a t  4mA per  t ra c k  fo r  2.5h 

in an LKB v e r t i c a l  s la b  c e l l .  The p r o te in s  were s ta in e d  with Coomasle b lue  R 

250 [50 % (v/v) methanol; 10 % (v/v) a c e t ic  ac id  0.5 % (w/v) Coomasle b lue

R2501 and d e s ta in e d  in 7.5 % (v/v) a c e t ic  ac id ;  5.0 % (v/v) m ethanol. The

follow ing M,- s ta n d a rd s  were used  as  c o n tro l s ;  bovine lac ta lbum in  (14,200),
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t r y p s in  in h ib i to r  (20,100), tryps inogen  (24,000), ca rbon ic  anhydrase  (29,000), 

g lyce ra Idehyde -3 -phospha te  dehydrogenase (36,000), ovalbumin (45,000) and BSA 

( 6 6 ,0 0 0 ).

Fast Protein  Liquid Chromatography (FPLC).

The Pharmacia FPLC machine and columns were used accord ing  to  the  co n d it io n s  

recommended by the  m an u fac tu re r .  Columns used included the  Mono Q anion 

exchange column; Phenyl su p e ro se  hydrophobic i n te r a c t io n  column and the  

Superose  12 g e l  f i l t r a t i o n  column. Fu ll  d e t a i l s  of running  co n d it io n s  a re  g iven 

in the  a p p ro p r ia te  s e c t io n s .

Amino Acid Sequencing.

The E. c o li  CHMS dehydrogenase was sequenced on an Applied Biosystems 470A 

g a s -p h a se  sequencer  u s ing  a polybrene coa ted  g l a s s  f ib r e  d isc  and s ta n d a rd  

sequence cyc les  by Dr M.D. Davison.

O ligonucleotide S yn th esis .

O ligonuc leo tides  were s y n th e s ise d  by Mr. J. Kyte with an Applied Biosystem s 

38GB DNA s y n th e s iz e r  u s ing  cyanoethyl phosphoram idate  chem is try . The m ix ture  

of o ligonuc le t id e s  was g e n e ra te d  by mixed base  a d d it io n .
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GENETIC PROCEDURES.

2.2: PREPARATION AND MANIPULATION OF DMA AND RNA.

Preparation o f  Chromosomal DNA.

(Chow e t  a l ,  1977)

High m olecular w eigh t chromosmal DNA was p repared  from 200 ml o v e rn ig h t  

c u l t u r e s  of b a c te r i a  grown on LB medium. The c e l l s  were h a rv e s te d  by 

c e n t r i f u g a t io n  a t  7,000 g fo r  5 min a t  4*C washed in 0.2 volumes of 10 mM

Tris.C l pH 7.9; ImM EDTA; 1.0 M NaCl and resuspended  in 30 ml o f  10 mM Tris .C l 

pH 7.9; 1 mM EDTA; 0.1 M NaCl con ta in ing  50 mg lysozyme. Incubation  a t  3 7 *C fo r  

10 min produced s p h e ro p la s t s  which were d is ru p te d  by the  a d d i t io n  o f  30 ml of 

th e  b u f f e r  c o n ta in ing  2% S arcosy l NL97. A f te r  1 h incubation  a t  4 2 *C, s e l f  

d ig e s te d  P ro te in a se  K was added to  a f in a l  c o n c e n t ra t io n  o f  0.1 mg ml” ’ and 

the  incubation  continued  o v e rn ig h t .

The c e l l  ly s a te  was e x t r a c te d  th re e  tim es w ith  an equal volume o f  n e u t r a l

phenol ( e q u i l ib r a te d  w ith  0.5 M Tris .C l pH 8.0), by g e n t l e  r o t a t i o n  on an

o r b i t a l  shaker  fo r  30 min, and then once w ith  an equa l  volume of

chloroform /isoam y 1 a lcoho l (24:1 v/v). Chromosomal DNA was p r e c ip i t a t e d  from

the  aqueous phase by two volumes o f  e th an o l  in the  p resence  o f  0.1 volumes o f  

3 M sodium a c e t a te  pH 5.2. The DNA was recove red  by spoo ling  onto  a ben t g la s s  

p i p e t t e  and allowed to re su spend  slowly in 10 mM Tris .C l pH 7.4; 1 mM EDTA. 

This p rocedure  ty p ic a l ly  y ie ld ed  4 mg o f  DNA with  an average  m olecular  weight 

o f  over 50 kbp.

Preparation o f  Plasmid DNA.

Small s c a le  and la rg e  s c a le  p r e p a r a r t io n s  were made by the  a lk a l in e  ly s is

method o f  Ish-Horowitz as  d esc r ib ed  in M ania tis  e t  a l., 1981. 1.5 ml c u l tu r e s
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were used to  sc reen  plasmid c o n s t r u c t s  o f  i n t e r e s t  and la rg e r ,  50-400  ml, 

c u l t u r e s  were used  to p rep a re  s to c k s  of  p lasm ids.

An a p p ro p r ia te  volume o f  an o v e rn ig h t  LB (+ a n t i b io t i c )  c u l tu r e  was h a rv e s te d  

by c e n t r i f u g a t io n .  The s u p e rn a ta n t  was removed and the  p e l l e t  resu spended  in 

0.06 volumes o f  cold 25 mM Tris .C l pH 8.0; 50 mM g lucose ;  10 mM EDTA and

allowed to  s ta n d  a t  room tem p e ra tu re  fo r  5 m inu tes . T h is  was followed by the

ad d it io n  o f  0.12 volumes o f  a lk a l in e  SDS s o lu t io n  (1 % SDS in 0.2 M NaOH) and

the  c o n te n ts  o f  the  tube mixed by th re e  quick in v e rs io n s .  The m ix tu re  was

incubated  on ice fo r  5 m inu tes  followed by the  a d d it io n  o f  0.09 volumes of an

ice cold s o lu t io n  o f  po tass ium  a c e t a t e  (3 M w ith  r e s p e c t  to  po tass ium  and 5 M 

with r e s p e c t  to  a c e ta te ;  pH 5.0). The in v e r ted  tube  was vo r texed  fo r  1 s  and 

incubated  on ice fo r  a f u r t h e r  5 m inu tes . P r e c ip i ta te d  chromosomal DNA and 

p ro te in  were removed by c e n t r i f u g a t io n  fo r  5 m inutes  in a m icrofuge o r  a t

15,000 g fo r  20 m inutes  depending upon the  s iz e  o f  the  sample. The s u p e rn a ta n t  

was t r a n s f e r r e d  to  a f r e s h  tube  and e x t r a c te d  once with  n e u t r a l  

pheno l/ch lo roform , to  remove rem aining p ro te in ,  and once with chloroform  to 

remove r e s id u a l  phenol from the  aqueous phase. Nucleic a c id s  were p r e c ip i t a t e d

by the  a d d it io n  of two volumes o f  e th a n o l  and incubation  a t  room tem p e ra tu re

fo r  two m inutes . The p r e c i p i t a t e  was c o l le c te d  by c e n t r i f u g a t io n  f o r  5 m inu tes  

in a m icrofuge or a t  10,000 g fo r  15 m inu tes  depending on the  s iz e  o f  the  

sample.

Small s c a le  p re p a ra t io n s  (from 1.5 -  50 ml of c u l tu r e )  were resuspended  in 

0.033 o f  the  o r ig in a l  volume o f  10 mM Tris .C l (pH 8.0), 1 mM EDTA (TE),

c o n ta in ing  20 pg m l" ’ Ribonuc lea se  A. The DNA ob ta in ed  was s u i t a b l e  fo r

t ra n s fo rm a t io n  o r  r e s t r i c t i o n  endonuclease  a n a ly s i s .

DNA from 400 ml of c u l tu r e  was p repared  fo r  dye-bouyan t d e n s i ty  equ il ib r ium  

c e n t r i f u g a t io n  by resu sp en d in g  in 4.1 ml o f  TE, adding 4.3 g o f  CsCl and 218 pi 

o f  10 mg m l" ’ e th id ium  bromide. The r e f r a c t i v e  index o f  the  s o lu t io n  was

measured and i f  n e c e s sa ry  a d ju s te d  to 1 .3995-1.4000. The m a te r ia l  was loaded
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in to  a Beckman q u ic k -s e a l  tube  and c e n t r i fu g e d  o v e rn ig h t  in a VTi 65.2 r o to r  

of  a Beckman L5-65 u l t r a c e n t r i f u g e  a t  45,000 rpm. A f te r  c e n t r i f u g a t io n  the  

co v a le n t ly  c losed  c i r c u la r  <ccc) plasmid DNA was loca ted  under long wave UV 

l ig h t ,  removed from the  g r a d ie n t  w ith  a s y r in g e  and la rg e  gauge need le ,  and 

the  eth id ium  bromide removed by e x h a u s t iv e  e x t r a c t io n  with sodium ch lo r id e  

s a tu r a te d  isopropanol. DNA was then p r e c ip i t a t e d  with  2 volumes isopropanol in 

the  p resence  of 0.1 volumes o f  3M sodium a c e t a te .

Agarose Gel E lectrop h oresis.

The m olecular w eigh ts  o f  DNA r e s t r i c t i o n  f ragm en ts  were ana ly sed  by 

e le c t r o p h o r e s i s  through 0 .5 -1 .0  % a g a ro se  g e l s .  The a g a ro se  was made up with 

and run in TAE b u f fe r  <40 mM T r l s - a c e t a t e  pH 8.0; 1 mM EDTA). Before  loading 

the DNA sample i t  was mixed with  0.1 volumes of  loading s o lu t io n  [0.25 % (w/v) 

bromophenol blue; 0.25 % xylene  cyanol (w/v); 30 % g ly c e ro l  (v/v) in w ater]  and 

c e n tr i fu g e d  in a m icrofuge b r ie f ly  to  c o l l e c t  the  sample. Gels were g e n e ra l ly  

run a t  5 -10  V cm"’ u n t i l  the  bromophenol b lue  dye had reached  the  end o f  the  

g e l .  Ethidium bromide (0.5 pg m l" ’ ) was included in the  g e l  and th i s  

f a c i l i t a t e d  v i s u a l i s a t i o n  o f  DNA bands when i l lu m in a ted  w ith  UV l ig h t .  

Permanent r e c o rd s  o f  g e l s  were made by pho tograph ing  the  f lu o re se n c e  o f  DNA- 

ethidium  bromide complexes under UV l ig h t .

Lambda DNA d ig e s te d  with the  r e s t r i c t i o n  enzyme f f in d ll l  was used to  determ ine  

the  s iz e  of unknown fragm ents :  on some o ccas ions  Xho I and Eco RI were a lso  

used.

R estric tion  Enzyme D igestion .

R e s t r ic t io n  d i g e s t s  were c a r r ie d  o u t  accord ing  to  the  m an u fa c tu re rs  

recommendations (Bethesda Research L a b o ra to r ie s ) ,  us ing  the  b u f f e r s  supp lied .  

For d ig e s t io n s  co n ta in in g  plasmid DNA, ty p ic a l ly ,  200-500 ng o f  DNA was 

d ig e s te d  in a 15 p i  volume. D iges tions  w ith  chromosomal DNA were in a 25 pi
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volume and con ta ined  5 pg o f  DNA. Following a r e s t r i c t i o n  d ig e s t  on any p iece  

of  DNA the  fragm ents  produced were e le c tro p h o re s e d  th rough  an ag a ro se  g e l  to 

en su re  t h a t  the  d e s ire d  p ro d u c ts  had been achieved c lean ly .

Phosphatase Treatment.

To minimise the  number of  r e c i r c u l a r i s e d  v e c to r  m olecules du r ing  any cloning  

experim ent, te rm ina l  phospha te  g roups  were removed by the  a c tion  o f  c a l f  

i n t e s t i n a l  a lk a l in e  phospha tase  (GIF). GIF was purchased  from Boehringer and 

added a t  0.1 u n i t  per microgram o f  DNA to  the  r e s r i c t i o n  d ig e s t  a f t e r  i t  had 

proceeded fo r  one hour. The incubation  was con tinued  fo r  a f u r t h e r  30 m inutes; 

then the  r e s t r i c t i o n  enzyme and GIF removed by phenol e x t r a c t io n  and the  DNA 

p r e c ip i t a t e d  with two volumes of e th a n o l  in the  p resence  o f  0.1 volumes o f  3M 

sodium a c e t a te .

Iso la tio n  o f  DNA Fragments from Agarose G els.

Approximately 1 pg o f  plasm id DNA was d ig e s te d  and e le c tro p h o re s e d  through a 

1 % u l t r a p u r e  ag a ro se  g e l  as  d esc r ib ed  p rev io u s ly .  The re q u i re d  f rag m en t(s )

were loca ted  under long wave UV l ig h t  and c u t  from the  g e l  with a s t e r i l e

s c a lp e l  b lade. The g e l  s l i c e  was p u t  in to  a 1.5 ml m icrofuge tube and

c e n tr i fu g e d  b r ie f ly  to take  i t  to the  bottom of the  tube. The tube  was placed 

in a 6 5 'G w a te rba th  fo r  30 min to m elt the  a g a ro se  b e fo re  the  a d d it io n  o f  one 

volume o f  b u t a n o l - s a tu r a t e d  w ater  and one volume of  w a te r  s a tu r a t e d  bu tano l.  

The m ix tu re  was v o r texed  v igo rous ly  fo r  2 min and the  phases  s e p a ra te d  by

c e n t r i f u g a t io n .  The upper phase, b u t  none o f  the  in te rp h a se ,  was t r a n s f e r e d  to

a f r e s h  tube and the  o r ig in a l  m ix tu re  r e - e x t r a c t e d  with 0.5 volumes of w a te r  

s a tu r a te d  bu tano l.  Again the  top laye r  was removed a f t e r  v igo rous  vo r tex in g  

and c e n t r i f u g a t io n  and th i s  was pooled w ith  the  f i r s t  upper phase. This  pooled 

m a te r ia l  was e x t r a c te d  with  0.25 volumes o f  0.3 M sodium a c e t a t e  pH 7.0 and
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a f t e r  c e n t r i f u g a t io n  the  bottom phase was c a re f u l ly  c o l le c te d .  The s o lu t io n  was 

e x t r a c t e d  once with  an equa l  volume of ch lo ro fo rm /isoam y1 a lcoho l [24:1 <v/v)l 

and th e  DNA p r e c ip i t a t e d  with 2.5 volumes o f  e th a n o l  in the  p resence  of 4% 

(v/v) 3 M sodium a c e t a te  by incubation  a t  - 7 0 *C fo r  t h i r t y  min. The p r e c i p i t a t e  

was c o l le c te d  by c e n t r i f u g a t io n  f o r  10 min in a m icrofuge, d r ie d  b r i e f ly  In

vacuo  and resuspended  in w a te r .

The s o lu t io n s  used  were made as fo llow s: An equal volume o f  b u tan o l  and w a te r  

were v ig o ro u s ly  shaken to g e th e r  and the  phases  allowed to  s e p a r a te .  One gram 

o f  c e ty l  t r im e th y l  ammonium bromide (CETAB) was d isso lv ed  in 100 ml o f  the

upper (water s a tu r a t e d  bu tano l)  phase to  which 100 ml of the  lower (butanol 

s a tu r a t e d  w a te r)  phase was added and the  two mixed by shaking . The m ix tu re  

was a llowed to  s e p a r a te  o v e rn ig h t  and the  phases  p u t  in to  s e p a r a te  b o t t l e s .  

T yp ica lly , 80% o f  any DNA fragm ent could be recovered  by t h i s  method.

L igation o f  DNA.

Plasmid and chromosomal DNA fragm en ts  were l ig a te d  us ing  BRL l ig a t io n  b u f fe r  

and 1 u n i t  o f  BRL T4 DNA lig a se .  The fragm en ts  were mixed in the  r a t i o  o f  2:1, 

i n s e r t  to  v e c to r ,  by the  number o f  moles of ends. The r e a c t io n  was allowed to 

proceed fo r  2 -16  hours  a t  room tem p e ra tu re  be fo re  the  m ix tu re  was used to 

t ran sfo rm  the  a p p ro p r ia te  b a c te r i a l  s t r a i n .

Transform ation o f  E. c o l i  w ith Plasmid DNA.

(Kushner, 1978)

The method of  Kushner was used to  make a l l  b a c t e r i a l  s t r a i n s ,  used in t h i s  

s tudy , com petent to  take  up DNA from so lu t io n .

The r e c ip ie n t  c e l l s  were grown in LB medium to  an ODe©o o f  approx im ate ly  0.5

fo r  recA  s t r a i n s  and 0.2 fo r  recA*  s t r a i n s .  The c e l l s  were h a rv e s te d  by 

c e n t r i f u g a t io n  and washed in 0.33 volumes o f  10 mM MOPS pH 7.0; 10 mM RbCl. 

The c e l l s  were resuspended  in 0.33 volumes of 100 mM MOPS pH 6.5; 10 mM RbCl;
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50 mM CaCl;£ and Incubated on ice fo r  30-90  m inutes . The c e l l s  were c o l le c te d

by a s h o r t  sp in  and resuspended  in 0.1 o f  the  o r ig in a l  volume of the  same

s o lu t io n .  DMSO was added to  0.2% (v/v) and 1-50 ng o f  DNA added. The m ix ture  

was incubated  on ice fo r  1 hour and then h e a t  shocked a t  5 5 ‘C f o r  e x a c t ly  30s, 

placed in an ice /w a te r  ba th  fo r  2 m inutes  and 0.66 o f  the  o r ig in a l  volume of 

s t e r i l e  LB added. The c e l l s  were incubated  a t  37°C fo r  one hour to  allow

e x p re ss io n  o f  the  a n t i b io t i c  r e s i s t a n c e  genes  and then an a l iq u o t  sp re a d  onto 

an a p p ro p r ia te  prewarmed L B -a n t ib io t ic  a g a r  p la t e .

Preparation o f  T otal RNA.

T ota l  c e l l u la r  RNA was p repared  by a m od if ica tion  o f  the  method of  Aiba e t  aL, 

(1981). B a c te r ia  were grown to  an OD^.so o f  0.3 in minimal medium p lu s  the

re q u i re d  carbon source  w ith  any growth f a c t o r s / a n t i b i o t i c s  a s  r e q u i re d .  The 

c e l l s  were h a rv e s te d  a t  4*C by c e n t r i f u g a t io n ,  momentarily a t  10,000g and 

quickly  resuspended  in 3 ml o f  20 mM sodium a c e t a te ,  pH 5.5; 0.5% (w/v) SDS; 1

mM EDTA. To the resuspended  c e l l s ,  3 ml o f  r e d i s t i l l e d  phenol ( e q u i l ib r a te d  

with 20 mM sodium a c e t a te ,  pH 5.5) was added and the  r e s u l t i n g  m ix tu re  

vo r texed  fo r  10 s. The sample was then incubated  a t  6 0 "C fo r  5 m inu tes  with 

g e n t le  a g i t a t i o n .  The phases  were s e p a ra te d  by c e n t r i f u g a t io n  and the  aqueous 

p o r t io n  e x t r a c te d  a f u r t h e r  tw ice w ith  phenol and once with  ch lo ro fo rm /isoam y1 

a lcoho l.  The n u c le ic  ac id s  were p r e c ip i t a t e d  w ith  th re e  volumes of e th a n o l  and 

incubation  a t  - 7 0 *C fo r  30 m inu tes . A f te r  c e n t r i f u g a t io n  the  p e l l e t  was d r ied  

in vacuo and then resuspended  in 2 ml o f  s t e r i l e  w a te r .  RNA was s e le c t i v e ly  

p r e c ip i t a t e d  by the a d d i t io n  o f  3 volumes o f  4 M sodium a c e t a te ,  pH 6.0 and 

incubation  ov e rn ig h t  a t  4*C (Kirby 1965). The RNA was c o l le c te d  by 

c e n t r i f u g a t io n  and the  p e l l e t  d ra ined  w ell be fo re  being resuspended  in 1.0 ml 

of s t e r i l e  w a te r .

This method u su a l ly  y ie lded  300-400 pg o f  RNA w ith  a 260/280 r a t i o  o f  1.95-

2.05 which was then s to r e d  as  an isopropanol su sp en s io n  a t  -20  *C. When
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vo r tex ed  the  suspension  was e s s e n t i a l l y  homogeneous and the  a p p ro p r ia te  volume 

could be taken, p r e c ip i t a t e d  and used in an experim ent.

Formaldehyde/Agarose Gel E lectrop h oresis .

T ota l  RNA was f r a c t io n a te d  th rough  1% a g a ro se  g e l s  c o n ta in ing  2.2 M 

formaldehyde e s s e n t i a l l y  as  d esc r ib ed  in M an ia tis  e t  aL, (1982).

Gels were made by adding 50 ml of  a 2% a g a ro se  s o lu t io n ,  m ain ta ined  a t  6 0 *C, 

to 50 ml o f  a prewarmed s o lu t io n  c o n ta in ing :  20 ml 5x g e l  runn ing  b u f fe r  (MSE:

0.2 M MOPS, pH 7.0; 50 mM sodium a c e t a te ;  5 mM EDTA); 18 ml o f  38% (w/v)

formaldehyde and 12 ml w a te r .  The g e l s  were poured, and a l l  sub seq u en t  

m an ipu la t ions  Involving formaldehyde c a r r ie d  ou t  in a fume hood.

RNA sam ples were p repared  by c o l le c t in g  50 pg o f  t o t a l  RNA from isopropanol 

su sp en s io n s  by c e n t r i f u g a t io n ;  the  p e l l e t  was washed in 70% e th a n o l  and d r ied  

b r ie f ly  in vacuo then resuspended  in 4.5 p i  o f  w a te r .  To th i s  3.5 p i  o f

formaldehyde, 10 pi o f  de ion ised  formamide and 2 p i of 5x MSE were added. The 

sample was mixed and incubated  a t  5 5 °C fo r  15 m inu tes  fo llowed by the  a d d it io n  

of 2 p i  o f  g e l  loading s o lu t io n  [50% g ly c e ro l ;  1 mM EDTA; 0.4% (w/v)

bromophenol blue; 0.4% (w/v) xylene cyanoll. The sam ples were c e n tr i fu g e d

momentarily to  c o l l e c t  them in the  bottom of the  tube  b e fo re  loading onto  the  

ge l.  The running  b u f f e r  was Ix MSE and g e ls  were e le c tro p h o re s e d  a t  5V cm"’ 

u n t i l  the  bromophenol b lue  dye had reached  the  edge of th e  ge l .

The 23s and 16s rRNA sp e c ie s  were used  a s  s iz e  m arkers. In a s e p a r a te  lane 5 

pg o f  RNA, p repared  in the  same way, was run; the  RNA was b lo t t e d  onto  a

n i t r o c e l lu lo s e  f i l t e r  and baked and then the  t rack  co n ta in in g  the  marker RNA 

was cu t  from the f i l t e r  and s ta in e d .  RNA was v i s u a l i s e d  by t r e a t i n g  the  f i l t e r  

with  5% a c e t ic  ac id  fo r  15 min, then s ta in in g  w ith  0.04% (w/v) m ethylene blue 

in 0.5 M sodium a c e t a te  pH 5.2 fo r  15 mln and d e s ta in  ing in w a te r .  The 

p o s i t io n s  of the  two bands were marked w ith  pe n c i l  a s  they fade  w ith  time.
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2.3: BLOTTING AND RADIOLABELLING TECHNIQUES.

T ransfer o f  N ucleic Acids to  N itro c e llu lo se .

DNA and RNA were t r a n s f e r e d  from a g a ro se  g e l s  to  n i t r o c e l lu l o s e  by c a p i l la ry  

ac t io n  e s s e n t i a l l y  as  d esc r ib ed  by Southern  (1980).

DNA was dena tu red  be fo re  t r a n s f e r  by I l lu m in a tin g  with  UV l ig h t  fo r  30s  and 

then immersing the  g e l  in a s o lu t io n  of  0.5 M NaOH; 1.5 M NaCl fo r  two 15 min 

pe r io d s  with  g e n t l e  shaking . The g e l  was n e u t r a l i s e d  by two 15 min incuba tions  

in a s o lu t io n  o f  1.0 M T ris .C l, pH 8.0; 1.5 M NaCl and the  DNA was t r a n s f e r e d  

us ing  an a p p a ra tu s  shown in f ig u re  2.2. The wick was p re -so a k ed  in r e s r e v o i r  

bu f fe r ;  the  membrane and o th e r  p iec e s  o f  3MM paper were p r e - t r e a t e d  in 2xSSC 

(IxSSC i s  0.15 M NaCl; 0.015 M Na c i t r a t e )

RNA was t r a n s fe r e d  to  a n i t r o c e l lu l o s e  membrane t h a t  had been e q u i l ib r a te d  

with 20xSSC, w ithou t  any t re a tm e n t  o f  the  g e l  u s ing  the  same a p p a ra tu s  as  

be fo re .  T ra n s fe rs  were allowed to proceed o v e rn ig h t  a f t e r  which the  o r ig in  

and o r ie n t a t io n  o f  the  g e l  was marked on the  f i l t e r  in pe n c i l  and the f i l t e r s  

baked a t  80*C fo r  two hours  between two p iec e s  o f  3MM paper.

Colony H ybridisation.

(G runste in  and Hogness, 1975)

Colony h y b r id i s a t io n  p e rm i ts  rap id  sc re e n in g  o f  b a c t e r i a l  co lon ie s  to  de term ine  

which co n ta in  s p e c i f ic  DNA sequences  o f  i n t e r e s t .  B a c te r ia l  co lon ie s  co n ta in in g  

recom binant p lasm ids were r e p l ic a  p la te d  or pa tched  on to  n i t r o c e l lu l o s e  f i l t e r s  

which were r e s t i n g  on LB-am picill in  c o n ta in ing  ag a r  p l a t e s .  Colonies p re s e n t  

a f t e r  o v e rn ig h t  incubation  a t  3 7 *C were lysed by r e s t i n g  the  f i l t e r ,  colony 

s id e  up, on a s ta c k  of 3MM chromatography paper  soaked in 0.5 M NaOH fo r  7 

min. The n i t r o c e l lu lo s e  f i l t e r  was p laced on 3MM paper soaked in 1.0 M Tris .C l
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FIGURE 2.2: APPARATUS FOR THE TRANSFER OF NUCLEIC ACIDS TO NITROCELLULOSE
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(pH 7.4) fo r  4 min and then  to  3MM paper soaked in 1.5 M NaCl; 0.5 M Tris .C l 

(pH 7.4) fo r  a f u r th e r  4 min.

Radio la b e llin g  o f  O ligonucleotid e Probes.

Sing le  s t r a n d e d  o ligodeoxynuc leo t ides ,  lacking a 5 ' phosphate  group, were 

rad io  lab e l le d  us ing  [y-^ap] dATP and p o ly n u c leo tid e  k inase  (BRL) in the 

fo llow ing  re a c t io n ;

50 pmol 5 ' ends o f  DNA x p i

lOx k inase  b u f f e r  I 10 p i

33 pmol [y -aap] dATP 10 p i

(Specif ic  a c t i v i t y  3000 Ci mrnoT"’ )

T4 p o ly n u c leo tid e  k inase  (10 u n i t s )  1 p i 

w a te r  (to  50 p i)

(Kinase b u f f e r  I i s  500 mM Tris .C l pH 7.6; 100 mM MgCl^,; 50 mM d i t h i o t h r e i t o l ;  

ImM sperm id ine  and ImM EDTA.)

The m ix tu re  was incubated  a t  3 7 *C fo r  30 mln in a lead c o n ta in e r ,  followed by 

a 15 min period  a t  6 5 *C to  in a c t iv a te  the  k inase  enzyme.

Radio la b e llin g  o f  DNA R estr ic tio n  Fragments.

Plasmid DNA was c leaved  with  r e s t r i c t i o n  enzyme (s) to  g ive  the  r e q u i re d  

fragm ent fo r  lab e l l in g .  The d ig e s t  was e le c tro p h o re s e d  through a 1% low 

m elting  p o in t  ag a ro se  g e l ,  c o n ta in ing  0.2 pg m l" ’ e th id ium  bromide, and the  

re q u i re d  band exc ised  with  a minimum amount o f  e x tra n e o u s  a g a ro se .  The band 

was p laced  in a preweighed 1.5 ml m icrofuge tube  and w a te r  added a t  a r a t i o  of

1.5 ml o f  w a te r  pe r  gram o f  ag a ro se .  A v i s u a l  e s t im a te  o f  the  q u a n t i ty  o f  DNA 

ob ta ined  was made from the  g e l  so t h a t  the  approxim ate  c o n c en tra t io n  o f  DNA 

could be made. The ag a ro se  was m elted  and DNA dena tu red  by p lac in g  the  tube  in 

a b o i l in g  w a te r  ba th  fo r  7 min.; the  sample was m ain ta ined  a t  37"C p r io r  to 

la b e l l in g .
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The l a b e l l in g  r e a c t io n  was c a r r ie d  ou t  a t  room tem p era tu re  by a d d it io n  o f  the  

fo llow ing  r e a g e n ts  in the  s t a t e d  o rder:

X p i  w a te r  (to  a t o t a l  o f  25 p i)

5 p i OLB b u f fe r

1 p i  BSA ( BRL 5561, 10 mg m l" ’ )

X pi DNA fragm ent (25 ng) up to  16.25 pi

2.5 p i  [a-==P] dCTP (10 pCi p i " ’ )

0.5 pi Klenow fragm ent of DNA polymerase I (3 u n i t s )

The r e a c t io n  was allowed to  proceed f o r  5 -16  hours  then te rm ina ted  by the  

a d d it io n  o f  100 pi o f  s to p  b u f fe r .  The s o lu t io n s  used  in t h i s  p rocedure  a re  

l i s t e d  below.

TE BUFFER: 

SOLUTION 0: 

dNTP's: 

SOLUTION A:

SOLUTION B: 

SOLUTION C:

OLB BUFFER:

STOP BUFFER:

3 mM Tris .C l pH 7.0; 0.2 mM EDTA.

125 M Tris .C l pH 8.0; 125 mM MgCl^..

100 mM s o lu t io n s  of dATP, dGTP, TTP in TE.

1.0 ml s o lu t io n  0; 18 pi 2 -m ercap toe thano l;

5 p i  each o f  dNTP s o lu t io n s .

2 M HEPES pH 6.6.

Hexadeoxynucleotides, d iso lved  in 550 p i  

TE to g ive  a c o n c en tra t io n  of 90 OD^eo m l" ’

A m ix tu re  o f  s o lu t io n s  A, B and C in the  r a t i o  

10:25:15.

20 mM NaCl; 20 mM Tris .C l, pH 7.5; 2 mM EDTA; 

0.25% (w/v) SDS; 1 pM dCTP.

H ybridisation o f  R adiolabelled Probes to N ucleic Acids.

The c o n d it io n s  of h y b r id i s a t io n  of ra d io  lab e l le d  DNA to both DNA and RNA
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immobilised on n i t r o c e l lu lo s e  membranes were e s s e n t i a l l y  th o se  of M ania tis  e t  

a i . ,  (1981).

A fte r  baking, membranes were p re -h y b r id i s e d  in a s o lu t io n  of  6x SSC; 5x 

Denhardts  so lu t io n ;  0.5% <w/v) SDS and 100 pg ml"*’ salmon sperm DNA fo r  1-4 

hours .  (Salmon sperm DNA was p repa red  by p a s s in g  th rough  a s y r in g e  need le  and 

then b o i l in g  fo r  10 min; Denhardts s o lu t io n  is  0.1% (w/v) f i c o l l ;  0.1%(w/v) 

p o ly v in y lp y rro l id in e ;  0.1% (w/v) BSA and Ix SSC is  0.15 M NaCl; 0.015 M Na 

c i t r a t e ) .  The p r e - h y b r id i s a t io n  s o lu t io n  was removed and rep laced  by a

h y b r id i s a t io n  s o lu t io n  o f  the  above c o n ta in ing  10 mM EDTA and rad io  labe l led  

probe. H y b r id isa tio n s  were allowed to  con tinue  o v e rn ig h t ,  u s u a l ly  16 hours, 

a f t e r  which the  h y b r id i s a t io n  s o lu t io n  was removed and the  membrane washed to 

remove n o n -s p e c i f ic  b inding. The washing p rocedure  employed was: 2x SSC; 0.5% 

(w/v) SDS fo r  5 min a t  room tem p e ra tu re ,  2x SSC; 0.1% (w/v) SDS fo r  15 min a t  

room tem p ra tu re  followed by two washes in O.lx SSC; 0.5% (w/v) SDS fo r  two

hours  a t  the  tem p era tu re  o f  h y b r id i s a t io n  .The membrane was allowed to  a i r  dry, 

o r  a l t e r n a t e l y  b lo t t e d  dry , wrapped in Saran  Wrap and exposed to  X -ray film 

(Fuji RX 100). In te n s ify in g  sc re e n s  were used where re q u i re d  and prolonged

exposure  was c a r r ie d  o u t  a t  -7 0  “C to reduce  the  e f f e c t s  o f  background

r a d ia t io n .

H ybrid isa tion  and f in a l  wash tem p e ra tu re s  were de term ined  by the  method of 

Suggs e t  a l . , (1981) fo r  o l ig o n u c le t id e  p robes  and (Wetmar and Davidson, 1968)

fo r  lab e l led  r e s t r i c t i o n  f ragm ents .
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2.4: DNA SEQUENCING.

DNA sequence  Inform ation was ob ta ined  by a m o d if ica tio n  o f  the  d ena tu red  

plasmid method of  H a t to r i  and Sakaki (1985).

P repara tion  o f  p la sm id  DNA: O vernight c u l t u r e s  o f  E. c o li  NM522 ha rbou r ing  pUC 

recom binant plasm ids were grown in LB-am picill in : 1.5 ml o f  c u l tu r e  was taken 

fo r  c e n t r i f u g a t io n  a t  12,000 rpm fo r  2 min in a 1.5 ml m icrofuge tube. The c e l l  

p e l l e t  was suspended and lysed g e n t ly  in 100 p i  o f  lysozyme s o lu t io n  (0.4% 

[w/v] egg w hite  lysozyme, 50 mM g lucose ,  25 mM Tris .C l and 10 mM EDTA, pH 8,0) 

a t  room tem p e ra tu re  fo r  5 min. Then 0.2 M NaOH-1% SDS s o lu t io n  (200 p i )  was 

added and mixed g e n t ly .  A f te r  5 min incuba tion  on ice, 150 p i  of po tass ium  

a c e t a te  s o lu t io n  (3 M w ith  r e s p e c t  to  po tass ium  and 5 M with r e s p e c t  to 

a c e t a te )  was added and mixed g e n tly .  A f te r  5 min on ice , the  sample was 

c e n tr i fu g e d  a t  12,000 rpm fo r  10 min. The s u p e rn a ta n t  was removed with  a 

p i p e t t e  and e x t r a c te d  once w ith  pheno l/ch lo ro fo rm /isoam yl a lcoho l (25:24:1 v/v) 

and once w ith  chloroform. Two volumes o f  isopropanol were added to  the  aqueous 

phase and p r e c i p i t a t e s  c o l le c te d  by c e n t r i f u g a t io n  fo r  5 min a t  12,000 rpm. The 

p e l l e t  was washed w ith  e th an o l ,  d r ied  under vacuum and d is so lv e d  in 100 p i TE. 

Ribonuclease A was added to  a f in a l  c o n c e n t ra t io n  o f  10 pg ml" ' and the  

s o lu t io n  incubated  a t  3 7 "C fo r  30 min and then e x t r a c te d  with phenol and then 

with  chloroform . P r e c i p i t a t e s  formed by th e  a d d i t io n  o f  2 volumes of 

isopropanol and 0.1 volumes of  3 M sodium a c e t a t e  (pH 5.2) a f t e r  5 min a t  room 

tem p e ra tu re  were c o l le c te d  by c e n t r i f u g a t io n ,  washed in e th a n o l  and vacuum 

d r ied .

A lk a lin e  d é n a tu ra tio n  o f  p la sm id  DNA: The plasm id DNA was d isso lv e d  in 40 p i  TE 

and 15 p i  o f  t h i s  mixed with  40 p i  s t e r i l e  w ater:  4 p i  o f  2 M NaOH was added, 

mixed and kept a t  room tem p e ra tu re  fo r  5 min. Then, 4 p i  o f  2 M ammonium 

a c e t a te  (pH 4.5) was added and the  d e n a tu red  DNA p r e c i p i t a t e d  by a d d i t io n  of 

90 p i  o f  e th a n o l  and cooling  to  -70*C fo r  5 min. The p r e c i p i t a t e s  were
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h a rv e s te d  by c e n t r i f u g a t io n  a t  12,000 rpm fo r  5 min, r in s e d  in 70% e th a n o l  and 

d r ie d  under vacuum

Sequencing:  The m ix ture  o f  d en a tu red  plasm id (approxim ately  1 pmol) d isso lv e d  

in 9.5 p i  w a te r ,  prim er (0.5 pmol in 1 p i ) , 1.5 p i  o f  lOX Klenow b u f f e r (100 mM 

Tris .C l, pH 7.5; 660mM NaCl; 66mM MgCl^) and 3 p i  o f  =^®S-dATP (1000 Ci mmoT ' ) 

was h e a te d  a t  37*C fo r  15 m inu tes  in a 0.5 ml m icrofuge tube . Klenow fragm ent 

o f  E. c o li  DNA polym erase I (5 u n i t s ,  1 p i )  was added and mixed w ell.  The 

sample was immediately a l iq u o te d  in to  fo u r  3 p i p a r t s  and each p a r t  was mixed 

with 2 p i  o f  G-, A - , T- and C- s p e c i f ic  d ideoxy-deoxynucleo tide  m ix tu re  (see 

Table 2.3). The r e a c t io n s  were c a r r ie d  o u t  a t  5 0 "C fo r  20 min, then  a chase

s o lu t io n  (2 p i  o f  a 1.25 mM dNTP s o lu t io n )  was added, mixed and f u r th e r

incubated  a t  the  same tem p e ra tu re  fo r  20 min. F ina lly ,  4 pi o f  loading s o lu t io n  

(90% fo r  mam ide, 0.3% bromophenol b lue, 0.3% xylene cyanol, 10 mM EDTA pH 8.3) 

was added and the  samples kept on ice. A liquo ts  of the  fo u r  r e a c t io n  m ix tu re s  

(2 p i)  were loaded onto the  sequencing  g e l  immediately fo llow ing  h e a t in g  a t  

9 5 °C fo r  3 min.

Sequencing  g e l  and au torad iography  A 6% a e ry  lam ide-7M urea  g e l  in Ix T r i s -

Borate-EDTA (TBE) e le c t r o p h o r e s i s  b u f f e r  was employed and e le c t r o p h o r e s i s  was 

c a r r ie d  o u t  a t  1700V w ith  Ix TBE in the  bottom r e s e r v o i r  and 0.5x TBE in the  

top r e s e r v o i r .  Following e le c t r o p h o r e s i s ,  th e  g e l  on one g l a s s  p l a t e  was

immersed in 10% m eth a n o l-10% a c e t ic  acid  fo r  30 min, t r a n s f e r r e d  to  Whatmann 

3MM paper  and d r ie d  on th e  paper a t  8 0 *C under vacuum. A utoradiography was 

done fo r  16-24 h a t  room tem p e ra tu re  w ithou t  in te n s i fy in g  sc re e n s .

A nalysis o f  DNA sequence Data.

The DNA sequence da ta  produced was ana lysed  w ith  the a id  o f  packages 

a v a i la b le  on the  U n ive rs i ty  mainframe computer.
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TABLE 2.2; DIDEOXY-DEOXYNUCLEOTIDE SEQUENCING MIXTURES.

ddNTP-dNTP M ixture fo r  Sequencing.

dOTP dTTP dCTP ddATP ddCTP ddGTP ddTTP

ddATP-dNTP 62.5 62.5 62.5 31 - - -

ddCTP-dNTP 160 160 16 - 91 - -

ddOTP-dNTP 16 160 160 - - 91 -

ddTTP-dNTP 88 9 88 — — - 1000

The u n i t s  shown a re  in pM. The m ix tu re  is  d isso lv e d  in 25 mM Tris.C l (pH 7.9),

16.5 mM MgCl-^, 165 mM NaCl.
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3 :  OR O A N ISA TIO N  AND E X P R E S S I O N  OE

E s  hi e  r" 1 cr/u i  a  c o l  i  l~ip>c GENES.
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3.1 FURTHER INVESTIGATIONS INTO THE ORGANISATION OF THE hpc GENES.

Southern B lot A nalysis to  Id en tify  the P o sitio n  o f  the hpcG Gene.

The p roduct  of the  hpcG gene, 2 - o x o - h e p t - 3 - e n e - l  ,7 -d lo a te  COKED) h y d ra ta s e ,

had p re v io u s ly  been p u r i f ie d  and the  am ino -te rm ina l  amino ac id  sequence

de term ined  by autom ated techn iques  (F e rre r  and Cooper, 1988). This a n a ly s i s  

id e n t i f i e d  34 r e s id u e s  ( f ig  3 .1a), and exam ination o f  the  sequence  in d ica ted  a 

reg ion  s u i t a b l e  fo r  the c o n s t ru c t io n  o f  a d e g e n e ra te  o l ig o n u c le o t id e  probe. Of 

the  f i r s t  f iv e  r e s id u e s  Met is encoded by a unique t r i p l e t  and the  codons fo r  

Fhe-Asp-Lys-His show only two d e g e n e ra c ie s  each. The s ix th  re s id u e ,  Thr, has 

four  de g e n e ra c ie s .  Since the  codon p re fe re n c e  o f  E. c o li  C is  no t known a

m ix tu re  o f  o l ig o n u c le o t id e s  th a t  took in to  account the  d e g e n e ra c ie s  in the  

coding o f  the  f i r s t  f iv e  r e s id u e s  bu t  w ith  only the f i r s t  two b ases

correspond ing  to  the  s ix th  r e s id u e  was c o n s tru c te d .  This means t h a t  the  probe 

c o n s is te d  o f  a m ix tu re  of 16 d i f f e r e n t  17mer o l ig o n u c le o t id e s  as  d ep ic ted  in 

f ig u re  3.1b. The mixed o l ig o n u c le o t id e  probe, probe G, was s y n th e s ize d  w ith o u t  

a 5 '-p h o sp h a te  group and could th e r e fo r e  be lab e l le d  d i r e c t l y  w ith  C'y-'^^Tl-dATP 

and T4 p o ly nuc leo tide  k inase  and used  to  d e te c t  the  5 '  end o f  the  hpcG gene.

The BamHl-BairHl subclone  of pJJ200 t h a t  c o n ta in s  the  7.3 kbp fragm ent th a t

ex tends  from 2.9 kbp to  10.2 kbp on the  r e s t r i c t i o n  map, ( p J J2 12, f ig .1 .11a)

e x p re s se s  hpcBCDEFG  ̂ w hereas , the  genomic c lone pJJ801 e x p re s s e s  hpcBCDEF ( f ig .  

1.11b). This su g g e s te d  t h a t  e i t h e r  th e  hpcG gene  is  no t  ex p re sse d  or is  m iss ing  

to t a l l y  or in p a r t  from pJJ801. To de te rm ine  the  lo ca t io n  o f  the  5 ' end o f  the  

hpcG gene the  p lasm ids pJJ200, pJJ212, pJJ801 and pJJ002 were ana lysed  by a 

DNA-DNA dot b lo t .  A sample o f  each o f  th e s e  p lasm ids was d ena tu red  and app lied  

to  a n i t r o c e l lu lo s e  membrane f i l t e r  a long  w ith  the  plasm id c o n t ro l s  pBR322 and 

pBR328. A f te r  baking the  f i l t e r  was p re -h y b r id i s e d  fo r  4 h a t  3 0 'C and then

h y b r id ised  fo r  16 h a t  30 *C with rad io  lab e l led  probe G. As the  a c tu a l  DNA

sequence was n o t  known the  tem p e ra tu re  of d i s s o c ia t io n  o f  th e  probe from the
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FIGURE 3.1a: SEQUENCE FROM THE FIRST 34 RESIDUES OF THE AMINO TERMINUS 

OF OHED HYDRATASE.

Residue Number: 1 2 3 4 5 6 7 8 9 1 0

Residue: Met Phe Asp Lys His Thr His Thr Leu l ie

Residue Number: 11 12 13 14 15 6 17 18 19 20

Residue: Ala Gin Arg Leu Asp Gin Ala Glu Lys Gin

Residue Number: 21 22 23 24 25 26 27 28 29 30

Residue: Arg Glu Gin l ie  Arg Ala He Ser Leu Asp

Residue Number: 31 32 33 34

Residue: Tyr Pro Glu l ie

FIGURE 3.1b: SEQUENCE OF THE SYNTHETIC OLIGONUCLEOTIDES CORRESPONDING TO 

THE FIRST SIX AMINO ACID RESIDUES OF OHED HYDRATASE.

Residue Number: 1 2 3 4 5 6

Residue: Met Phe Asp Lys His Thr

Probe G; ATG TTT GAT AAA CAT AC

C C G C
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t a r g e t  sequence  was c a lc u la te d  fo r  th a t  o f  the  most w eak ly -h y b r id is in g  sp e c ie s  

in the  probe m ix tu re  by th e  e m p ir ica l  form ula of Suggs e t  a i., (1981). The 17bp 

probe con ta ined  a maximum of t h i r t e e n  A+T re s id u e s ,  th u s  from the  c a lc u la t io n :

T.jCC) = 2 (A+T) + 4(G+C) (Suggs e t  a l., 1981)

= 2(13) + 4(4)

= 4 2 'C

the  tem p e ra tu re  of  d i s s o c ia t io n  (T.̂ )̂ was c a lc u la te d  to  be 4 2 *C. H y br id isa tions

were c a r r ie d  o u t  a t  T^ - 1 2 X as  in M ania tis  e t  a i. ,  1982.

The recom binant plasm ids pJJ200, p J J2 12, pJJSOl and pJJ002, bu t  n e i th e r  o f  the  

plasmid c o n t ro l s  pBR322 o r  pBR328 (fig . 3 .2a) h y b r id ise d  to probe G under the

c o n d it io n s  t e s t e d  in d ic a t in g  t h a t  a t  l e a s t  the  5 ' end o f  the  hpcG gene is

p re s e n t  on pJJSOl. This r e s u l t  was confirmed by Southern  b lo t  a n a ly s i s  o f  

r e s t r i c t i o n  f ragm ents  of the  recom binant plasm ids d ig e s te d  with  e i t h e r  BanMl 

o r  a combination o f  BamUl and Ecd?l and h y b r id ised  to  probe G ( f ig .  3.2b),

us ing  the  same c o n d it io n s  o f  h y b r id i s a t io n  and washing as  fo r  the  do t  b lo t

experim ent. The s m a l le s t  fragm ent which hy b r id ised  to  the  probe was the  i n s e r t  

of pJJ002; in each case  the  h y b r id is in g  band corresponded to the  i n s e r t  between 

3.9 kbp and 6.3 kbp o r  2.9kbp and 6.3kbp on the  r e s t r i c t i o n  map ( f ig .  1.10).

N either  o f  th e s e  experim en ts  gave any in d ic a t io n  o f  the  p o s i t io n  o f  the  hpcG 

gene in r e l a t i o n  to  the  o th e r  genes  o r  w hether the  gene was i n ta c t  on pJJSOl 

or  pJJ002.

To f a c i l i t a t e  the  lo c a l i s a t io n  o f  the  5 ' end o f  th e  hpcG gene, f u r th e r  

r e s t r i c t i o n  enzyme s i t e s  were sough t  in the  reg io n  of  the  i n s e r t  which

hy b r id ised  to  the  probe. P rev ious ly ,  B e ll,  C ia l,  H lnd lll, N co l, P s t l ,  Pvul, and 

SpM  were found no t  to  c u t  in the  i n s e r t  o f  pJJSOl (Jenkins, 1987). In a d d it io n  

B g in , S s t l ,  S tu l  and Xbal a lso  f a i l e d  to  r e s t r i c t  pJJ200. However, Ndel and 

EccRy d ig e s te d  the  i n s e r t  DNA o f  both pJJ200 and pJJ002 and the  s i t e s  a t  which
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FIGURE 3.2a: DNA-DNA dot b lo t  h y b r id is a t io n  of v a r io u s  p lasm ids w ith  probe 

G; The p lasm ids  used were A, pJJ200; B, pJJSOl; C, pJJ002; D, p JJ2 1 2 ; E, 

pBR322 and F, pBR328.

FIGURE 3.2b: Sou thern  b lo t  a n a ly s i s  o f  v a r io u s  p lasm ids w ith  probe G: Panel 

A shows a photograph of ag a ro se  ge l  e le c t r o p h o r e s i s  o f  r e s t r i c t i o n  enzyme 

d ig e s te d  DNA and panel B shows the r e s u l t i n g  b lo t  a f t e r  t r a n s f e r  o f  the 

DNA to  n i t r o c e l lu l o s e  and p rob ing  . w ith ra d io  labe l  led probe G. Lane 1 

con ta ined  H ind lll r e s t r i c t e d  X-DNA; lane 2, BamYiX /  EccRl d ig e s te d  pJJ212; 

lane 3, BamHl d ig e s te d  pJJ002; lane 4, BamHl d ig e s te d  pBR328; lane 5,FamHl 

d ig e s te d  pJJ212; lane 6, BamHl/EcdRl d ig e s te d  pJJ002; lane 7, BamHl /EccRl 

d ig e s te d  pJJ200 and lane 8 BamHl d ig e s te d  pJJ200. The film was exposed to 

the  b lo t  fo r  3 hours  a t  room tem p era tu re .



FIGURE 3 . 2 a :  DNA-DNA DOT BLOT HYBRIDISATION OF VARIOUS PLASMIDS WITH PROBE G,

A

D

B

FIGURE 3.2b: SOUTHERN BLOT ANALYSIS OF RESTRICTION FRAGMENTS OF VARIOUS 

PLASMIDS WITH PROBE G

A B

1 2 3 4 5 6 7 8 1 2 3  4 5 6 7 8
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they  c u t  were su b s e q u e n t ly  mapped in pTF302. (The subc lone  pTF302 con ta in s  the  

2.4 kbp FamHl-FcoRl f ragm en t  of p JJ801 , which e x te n d s  from 3.9 kbp to 6.3 kbp 

on the  r e s t r i c t i o n  map, and was c o n s tru c te d  to  s t a n d a r d i s e  the  vec to r  a s  

pBR322.) One s i t e  fo r  Ndel and two s i t e s  fo r  EcoRV were mapped on th i s  DNA, 

a l l  of which were c lu s t e r e d  towards the  BamHl s i t e  a s  d e p ic te d  in f ig u r e  3.3. 

R e s t r i c t io n  d i g e s t s  o f  pTF302 were c a r r ie d  ou t e i t h e r  s in g ly  o r  in combination, 

the  DNA e le c tro p h o re s e d  through a 0.8% aga rose  g e l  and then b lo t t e d  onto a 

n i t r o c e l lu lo s e  f i l t e r .  A f te r  baking , the  DNA was h y b r id is e d  to rad io  labe l led  

probe G as  b e fo re .  The 5 '  end o f  the  hpcQ gene was lo c a l is e d  to the  300bp 

EcdRV-EccRV f ragm ent ( f ig .  3.3) o f  pTF302 which l i e s  between 4.2 kbp and 4,5 

kbp on the  r e s t r i c t i o n  map (f ig .  3.3); t h i s  h y b r id i s in g  fragm ent l i e s  between 

300 and 600bp from the  BamHl s i t e  o f  pTF302. The su b u n i t  m olecular  weight o f  

OHED h y d ra ta s e  e s t im a te d  by SDS-PAGE is  32,500 (F e rre r  and Cooper, 1988); when 

converted  in to  DNA term s a p ro te in  o f  t h a t  s iz e  would be encoded by a gene o f  

approxim ate ly  900 bp. As no OHED h y d ra ta s e  a c t i v i t y  can be d e te c te d  in c e l l

e x t r a c t s  of E. c o ll  5K (pTF302) th e s e  r e s u l t s  s u g g e s t  t h a t  the  BamHl s i t e  l i e s

w ith in  the  hpcG gene and t h a t  i t  is  t r a n s c r ib e d  from r i g h t  to  l e f t  a s  drawn in 

f ig u re  1.10.

DNA Sequencing o f  the 5* &id o f  the hpcG Gene.

The d i r e c t io n  o f  t r a n s c r i p t i o n  o f  the  hpcG gene was confirmed by DNA 

sequencing of the  reg ion  w ith in  abou t  700 bp o f  the  BamHl s i t e  o f  pTF302.

The EccRN-EccRN fragm ent, to  which probe G h y b r id ised ,  was e x t r a c te d  from a 1%

low m elting  p o in t  (LMP) a g a ro s e  g e l  and l ig a te d  in to  the  Sinai s i t e  o f  pUC18.

The c o n s t r u c t  produced, pTF830, was sequenced from each end using  u n iv e r s a l  

and r e v e r s e  o l ig o n u c le o t id e  p r im ers .  This  p ro ced u re  gave s in g le  s t r a n d e d  DNA 

sequence over the  whole len g th  o f  the  f ragm en t  and double s tra n d e d  sequence  

in the  c e n t r a l  tw o - th i rd s  o f  the  reg io n  ( f ig .  3.4). As EccRV i s  a r e s t r i c t i o n
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FIGURE 3.3; L o c a l is a t io n  o f  the  5 '  end o f  the  hpcG gene: Panel A shows a 

photograph  o f  aga ro se  g e l  e le c t r o p h o r e s i s  o f  r e s t r i c t i o n  enzyme d ig e s te d  

DNA and panel B shows the  r e s u l t i n g  b lo t  a f t e r  t r a n s f e r  o f  the  DNA to

n i t r o c e l lu l o s e  and h y b r id i s a t io n  w ith  r a d io la b e l le d  probe G. Lane 1

c on ta ined  H ind lll r e s t r i c t e d  X-DNA; lane 2 -6  co n ta in ed  pTF302 DNA d ig e s te d

with: lane 2, E ccR l/N del\ lane 3, BamHl / N d e l lane 4, FcoRV; lane 5,

BamHl IEccRl and lane 6, BamHl



FIGURE 3 . 3 ;  LOCALISATION OF THE 5 '  END OF THE hpc  G GENE.

pTF302
B VVN E N B

0 1 2 3 Kbp

SOUTHERN BLOT ANALYSIS OF RESTRICTION FRAGMENTS OF pTF302.

2 3 4 5 6 1 2 3 4 5 6

69



FIGURE 3.4: Sequence s t r a t e r g y  used  to Id e n t i fy  the  hpcG gene: The ScoRV- 

EccRV (V-V) f ragm ent was cloned in to  pUC18 and sequenced w ith  u n iv e r s a l  

and r e v e r s e  p r im ers ;  the  BamHl-EcoRl (B-E) f ragm ent was a ls o  cloned Into 

pUC18 and sequenced with u n iv e r s a l  prim er. In a d d i t io n  a s y n th e t ic  

o l ig o n u c le o t id e  taken from a p o r t io n  of  the  sequence  was used to  ex tend  

the in fo rm ation  tow ards the  BcoRl s i t e  (closed c i r c le ) .  The s c a le  shown 

r e f e r s  to the  p o s i t io n  on the  r e s t r i c t i o n  map.



FIGURE 3 .4 :  SEQUENCE STRATEGY USED TO IDENTIFY THE hpcG GENE,

B V V N E
I----- ^  ' ' - - H

4 5 Kbp

DNA SEQUENCE INFORMATION.

pUC DNA BanRl INSERT DNA

1 GTCGACTCTA GAGGATCCAG TTGTCTGGTT TGATCGGACG ACCTCCGAGG

51 ATCGCCCCGG CGTTGGCGGC GTTATANTGG TGTCGAACAC TTTGCGCGGG

101 CGTGGGTTTC CGGATCGATG TTGTTGTGGC AGCGAGCGTC GATCAGCTCC

151 AGCGCCGGGA TCAAGTAGTC CGTGGCCGTT GTAGACGTCG AACAGCGTGC

201 AGTTTGGCCC ACGCAGCGGT TTTGCCAGCA CGAAAGCCAG CTCCACTTCA

251 TGCGCGGCAC CATAAGCGAT CGGTCGGGAT ATCGGTTCAT CGAGGAAGAA

301 CATGTCATCC AGCAGCGGCC GTAATCCGGT TCGCCGATCT GCGAGCTTGC

351 CTGCATCGCT TTCGAGGTCA GGCCGATTTT GTGGCCTTTC AGCGTGCGAC

401 CTTCGGCGAT TTTCAGGCGA ACCCATTCAC GCTGCACCGC GTAAGCGTCT

451 TCGGATGGGG ATTTCGGGGT AATCCAGGCT GGAGGCGCGA ATCTGTTCGC

501 GCTGTTTTTC TGCCTGATCG TCACGCTGGG CGATCAGGGT GTGGGTGTGT

551 TTATCGAACA TAGCGATATC CTGTGGCCAT TGCCGGATGC GGTTGCGCCT

601 TTATCCGCTA CGGTGACGGT TTGGGGTTTT GTAGGGCCCG GTAAGCGAGC

651 CACCGG
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endonuclease  which produces  b lu n t  ended f ragm en ts ,  the  o r i e n t a t io n  o f  the  

f ragm ent could n o t  be determ ined  from th i s  experim ent. To th i s  end the  whole 

o f  the  2.4 kbp fragm ent from pTF302 was cloned in to  pUC18; the  r e s u l t a n t  

plasm id, pTF802, was sequenced u s ing  u n iv e r s a l  prim er so t h a t  DNA sequence 

in form ation  from the  BamHl end o f  t h i s  c lone, overlapp ing  the  inform ation  

ob ta ined  from pTF830, could be ob ta in ed .  F in a l ly  a s y n th e t ic  o l ig o n u c le o t id e  

p rim er, complementary to  a 17 bp s t r e t c h  o f  the  sequence, was used to  extend  

the  sequence  inform ation  to  a p o in t  beyond the  5 '  end o f  the  gene. A diagram 

of th e  sequencing  s t r a t e r g y  used and the  a lignm ent o f  DNA and p ro te in  sequence 

can be seen  in f ig u re  3.4.

The DNA sequence  inform ation  was ana lysed  by the  WIMP package which id e n t i f ie d  

a s in g le  open read ing  frame t h a t  corresponded e x a c t ly  w ith  the  known amino- 

term inus amino ac id  sequence  o f  the  p u r i f ie d  OHED h y d ra ta s e  p ro te in  ( f ig .  3.5). 

The id e n t i f i e d  r e s id u e s  were encoded between the  two EcdRV s i t e s  with the 

A T G -sta rt  codon c lo se  to  the  most in te r n a l  o f  th e s e  as  drawn in f ig u r e  3.5.

The d i r e c t io n  o f  t r a n s c r ip t i o n  o f  the  hpcO gene was confirmed as  being towards 

the  BamHl s i t e  which l i e s  approx im ate ly  tw o - th i rd s  of the  way along the  gene 

( f ig .  3.5). Upstream of the  coding sequence  of the  hpcG gene a p o s s ib le  

ribosome binding s i t e  (RBS) was id e n t i f i e d ;  the  po lypurine  concensus sequence 

fo r  a RBS is  shown in f ig u r e  3.5. For e f f i c i e n t  in te r a c t io n  w ith  the  ribosome, 

3 -9  b ases  o f  the  concensus sequence should  be p re s e n t  and th e se  should  

proceed the  A T G -start  by 3-12  bases  ( S te i tz ,  1979). In t h i s  case  the  p o s s ib le  

RBS c o n ta in s  fou r  bases  o f  the  concensus and is  7bp from the  s t a r t  codon.

Subclones o f  pJJ801 and pJJ200 to  id e n tify  hpc  Gene Order.

The p o s i t io n  o f  hpcG was id e n t i f i e d  very  a c c u ra te ly  by a combination of 

Southern  b lo t  a n a ly s i s  and DNA sequencing  and could t h e r e fo r e  be used  as  a 

r e f e re n c e  p o in t  fo r  o th e r  genes . For example the  hpcH gene i s  ex p re sse d  on the
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FIGURE 3.5: I n t e r p r e ta t io n  of  DNA sequence Inform ation: The reg ion  o f  DNA 

sequence which co rresponds  to the  5 'reg ion  o f  the  hpcG gene and the amino 

ac id  sequence  o f  the  N -term ina I amino ac id s  of  OHED h y d ra ta s e  a re  shown.



FIGURE 3 .5 :  INTERPRETATION OF THE DNA SEQUENCE INFORMATION.

EcoRV
251 TGCGCGGCACCATAAGCGATCGGTCGGGATATCGGTTCATCGAGGAAGAA

ACGCGCCGTGGTATTCGCTAGCCAGCCCTATAGCCTTGTAGCTCCTTCTT

301 C ATGTC ATCC AGCAGC GGC C GTAATCC GGTTC GCC GATC TGCGAGCTTGC
GTACAGTAGGTCGTCGCCGCGATTAGGCCAAGCGGCTAGACGCTCGAACG

351 CTGC ATC GCTTTCGAGGTCAGGCCGATTTTGTGGC C TTTC AGCGTGCGAC
GACCTAGCGAAAGCTCCAGTCCGGCTAAAACAGGCCAAAGTCGGACGCTG

401 CTTCGGCGATTTTCAGGCGAACCCATTCACGCTGCACCGCGTAAGCGTCT
GAAGCCGC TAAAAGTC CGC TTGGGTAAGTGC GACGTGGC GCATTCGCAGA

451 TCGGATGGGGATTTCGGGGTAATCCAGGCTGGAGGCGCGAATCTGTTCGC
AGC C TAC C CC TAAAGC CCC ATTAGGTC CGACTACCGCGCTTAGACAAGCG 

I le G lu P ro T y rA sp L e u S e rI leA la A rg l le G In G lu A rg

501 GCTGTTTTTCTGCCTGATCGTCACGCTGGGCGATCAGGGTGTGGGTGTGT
CGACAAAAAGACGGACTAGCAGTGCGACCCGCTAGTCCCACACCCACACA 

G lnLysG luA IaG lnA spLeuA rgG lnA IalleLeuThrH lsThrH ls

EcoRV
551 TTATCGAACATAGCGATATCCTGTGGCCATTGCCGGATGCGGTTGCGCCT

AATAGCTTGTATCGC TATAGGAC ACC GGTAACGGC C TAC ACCAACGCGGA 
LysAspPheMet RBS

601 TTATCCGCTACGGTGACGGTTTGGGGTTTTGTAGGGCCCGGTAAGCGAGC
AATAGGCGATGCCACTGCCAAACCCCAAAACATCCCGGGCCATTCGCTCG

651 CACCGG 
GTGGCC

POTENTIAL RIBOSOME BINDING SITE,

mRNA CONCENSUS: 5 ' U A A G G A G G U  3'

DNA CODING STRAND: 5 '  A C A G G A T A T C G C T  A T G  3 '
fMet
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recom binant plasmid pJJ200 bu t no t  pJJ212 and must be encoded to the  l e f t  of 

the  hpcG gene as  drawn on the  r e s t r i c t i o n  map ( f ig  1.11a). Subclones of the 

genomic c lones  pJJSOl and pJJ200 were made in o rd e r  to  d i s t in g u is h  the 

sequence  o f  the  o th e r  genes. As the  main aim of th ese  experim ents  was to 

id e n t i fy  gene o rd er ,  r a t h e r  than gain  inform ation  about the  r e g u la t io n  o f  those  

genes ,  some of  the  subc lones  were c o n s tru c te d  u s ing  pUC v e c to r s  so t h a t  the  

ex p re s s io n  o f  a l l  genes  p re s e n t  on the  subclone  could be achieved from the lac  

p rom oter in the  absence o f  t h e i r  normal proraotei—o p e ra to r  e lem ents . These 

experim en ts  were c a r r ie d  ou t  u s ing  E. c o ll  5K as  the  h o s t  s t r a in .

The BamHl-EccRl f ragm ent which ex tends  from 2.9kbp to  6.3kbp on the 

r e s t r i c t i o n  map was i s o la te d  from pJJ200 by a p p ro p r ia te  endonuclease 

d ig e s t io n  and recovery  from a low m elting  p o in t  a g a ro se  g e l .  The f ragm ent was 

l ig a te d  in to  a p p ro p r ia te ly  c u t  and phospha tase  t r e a te d  pUClS and pUClB and 

recom binan ts  s e le c te d  by in a c t iv a t io n  o f  p -g a la c to s Id a s e  a c t i v i t y ;  the  pUC18 

d e r iv a t iv e  was named pTF820 and the  pUC19 clone, pTF920. These recom binants  

were t ransfo rm ed  in to  E. c o li  5K and the  genes  exp ressed  were ana lysed  a f t e r  

growth in minimal media u t i l i s i n g  g ly c e ro l  a s  the  carbon source ,  The d a ta  

shown in Table 3.1 in d ic a te s  t h a t  hpcBD were exp ressed  from th i s  3.4kbp 

fragm ent o f  DNA. The p resence  o f  a c t iv e  CHM isom erase a c t i v i t y ,  encoded by 

hpcD, b u t  no CHMS dehydrogenase a c t i v i t y ,  encoded by hpcC, was unexpected  as 

Jenkins  (1987) d e s c r ib e s  the  gene sequence a s  hpcHGBCDEF and th i s  fragm ent of 

DNA a s  encoding a c t iv e  hpcGB genes  only. The S a ïl-B a n R l fragm ent, taken from 

pJJSOl, which ex ten d s  from 6.7kbp to  10.2kbp on the  r e s t r i c t i o n  map ( f ig  1.10) 

was subcloned in to  pUC18 and pUC19 in a s im i la r  way and the  enzymes encoded 

t e s t e d  in 5K (Table 3.1). The hpcEF gene p ro d u c ts  were d e te c te d ,  bu t  n e i th e r  

the  hpcC or hpcD genes  were p re s e n t  i n ta c t  on t h i s  DNA (D. Roper, p e rsona l  

communication). F a i lu re  to  d e te c t  the  CHMS dehydrogenase a c t i v i t y  on th is  

subclone s u g g e s t s
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DIAGRAMS OF THE PLASMIDS REPRESENTED IN THIS TABLE 3.1.

PLASMID VECTOR

B E S P B
p JJ801 pBR328 1_________ 1 1 1 1

B E
pTF820 pUC18 1

pTF920 pUC19 1

pTF802 pUC18 L . _ . . . . . . . - ,

pTF902 pUC19 1

pDR1835* pUC18 1_______

pDR1935* pUC19 1

N E
pTF303 pBR322 1 1

The sm all arrow s in d ic a te  the  d i r e c t io n of t r a n s c r ip t i o n of the  lac  promoter

each case .

0 1 

1 1

2 3 4  5

_ L .  ,1 „ .1 1

6 7

_ 1  _ , , J ,

8

1

9

1

10 Kbp

11

7 4 b



t h a t  the  hpcC gene spans both the  EccRl and Sa il  s i t e s  a t  6.3kbp and 6.7kbp 

on the  r e s t r i c t i o n  map. The d a ta  p re s e n te d  h e re  s u g g e s t s  an a l t e r e d  gene 

sequence  LhpcHGŒDXlŒF)] to th a t  o f fe r e d  by Jenk ins , bu t  no d i s t i n c t io n  in the 

o rd e r  o f  hpc(BD) o r  hpc(EF) was p o s s ib le  from th ese  experim ents .T hese  were 

d i s t in g u is h e d  in a d i f f e r e n t  way and w il l  be descr ibed  l a t e r .

The gene o rd er  hpcŒDX: was confirmed us ing  an independant subclone from 

pJJSOl; the BamHl-EccRl f ragm ent from th is  genomic clone, which maps between 

3.9kbp and 6.3kbp ( f ig .  1.10), was l ig a te d  in to  pUC18 and pUC19 to produce 

pTF802 and pTF902. Expression  o f  the  genes  encoded by th ese  c o n s t r u c t s  showed 

t h a t  hpcBD were p r e s e n t  I n ta c t ,  b u t  the  gene p roduct  of hpcC was n o t  d e te c te d  

(Table 3.1). Approximately GOObp o f  t h i s  subclone  were known to be p a r t  o f  the  

hpcG gene; in an a t te m p t  to d e l in e a te  the  hpcŒD) genes  f u r t h e r  a subclone  was 

c o n s t ru c te d  w ith  the  N del-E ccR l f ragm ent which maps a t  4.8kbp to  6.3kbp. This 

fragm ent was recovered  from a low m elting  p o in t  a g a ro se  g e l  and l ig a te d  in to  

a p p ro p r ia te ly  c u t  and phospha tase  t r e a t e d  pBR322 to  produce pTF303. The 

p ro d u c ts  o f  bo th  the  hpcB  and hpcD genes could be d e te c te d  in c e l l  e x t r a c t s  of 

E. c o li  5K(pTF303) when grown on g ly c e ro l  (Table 3.1) in d ic a t in g  th a t  the  

hpcCBD) genes  a re  p re s e n t  on approx im ate ly  1.5kbp o f  DNA which l ie  between 

4,8kbp and 6.3kbp on the  r e s t r i c t i o n  map.

In each case  where the  same DNA fragm ent was l ig a te d  in to  the  m u lt ip le  c loning 

s i t e  o f  pUC18 and pUC19, g r e a t ly  d i f f e r i n g  r e s u l t s  were ob ta ined  fo r  enzyme 

s p e c i f i c  a c t i v i t i e s  (Table 3.1). Cloning o f  a DNA fragm ent which has 

h e te ro lo g o u s  cohesive  ends Into the  a p p ro p r ia te  s i t e s  in th e s e  v e c to r s  p laces  

the  genes  encoded by th e  i n s e r t  in bo th  o r i e n t a t io n s  r e l a t i v e  to  the  lac  

o p e ra to r -p ro m o te r  reg ion  and th u s  when t r a n s c r ip t i o n  from the  lac  prom oter is  

in the  same d i r e c t io n  as  the  genes  on the  i n s e r t  an in c rease  in enzyme 

a c t i v i t y  may r e s u l t .  Conversely, when t r a n s c r ip t i o n  from the  lac  prom oter is 

c o u n te r  to  the  d i r e c t io n  o f  t r a n s c r ip t i o n  o f  the  genes  on the  i n s e r t  a 

red u c t io n  in a s so c ia te d  enzyme a c t i v i t i e s  may be expected . This theme was
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In v e s t ig a te d  to  dete rm ine  the  d i r e c t io n  o f  t r a n s c r ip t i o n  o f  the  hpc  genes  and 

is  d esc r ib ed  in more d e t a i l  in s e c t io n  3.2.

L o c a l i s a t io n  o f  th e  5* end o f  th e  hpcC Gene.

During th i s  work the p roduct o f  the  hpcC gene, CHMS dehydrogenase, was 

p u r i f ie d  and the  amino te rm in a l  amino ac id  sequence determ ined  by au tom ated 

tech n iq u es .  A d e ta i le d  d e s c r ip t io n  of th ese  p rocedu res  is  g iven in s e c t io n  4.1 

and is  no ted  h e re  s in c e  a d e g e n e ra te  o l ig o n u c le o t id e  probe made from the  

p ro te in  sequence was used to  id e n t i fy  the  5 ' end of the  hpcC gene,

A t o t a l  o f  34 amino ac id  r e s id u e s  were a ss ig n e d  during  sequencing  of  the  

am ino-term  inus o f  the  CHMS dehydrogenase of E. c o li  C ( f ig .  3.6a). Residues 5 -  

10 were chosen a s  a s u i t a b l e  reg io n  from which to  make the  co rresponding  

d e g e n e ra te  o l ig o n u c le o t id e  probe. The amino ac id s  in t h i s  reg io n  a re  Asn-His- 

T rp -I le -A sn -G ly , which have de g e n e ra c ie s  o f  2, 2, 1, 3, 2 and 4 r e s p e c t iv e ly ;  

u t i l i s i n g  the  f i r s t  two b ases  only o f  the  Gly, a m ix tu re  o f  24 d i f f e r e n t  17 

mer o l ig o n u c le o t id e s  was s y n th e s i s e d  ( f ig .  3.6b). This mixed o l ig o n u c le o t id e  

probe, probe C, was rad io  lab e l led  us ing  Cy-'^^Pl-dATP and T4 p o lynucleo tide  

k inase  and used to  d e te c t  the  5 ’ end o f  the  hpcC gene in a Southern  b lo t  

experim ent. The recom binant plasmid pJJSOl was d ig e s te d  with  com binations of 

r e s t r i c t i o n  enzymes, e le c t ro p h o re se d  through a 0.8% a g a ro se  g e l  and then 

t r a n s f e r r e d  to  a n i t r o c e l lu lo s e  membrane; the  h y b r id i s a t io n  was c a r r ie d  o u t  

under s ta n d a rd  co n d it io n s  p re v io u s ly  desc r ib ed .  A utoradiography of  the  b lo t  

in d ica ted  t h a t  the  5 ' end o f  t h i s  gene was p re s e n t  on the  3.5kbp Sal\-BamH\ 

f ragm ent which l i e s  between 6.7 and 10.2kbp on the  r e s t r i c t i o n  map ( f ig  3.7).

As no CHMS dehydrogenase a c t i v i t y  could be d e te c te d  in e x t r a c t s  of  5K 

harbou ring  e i t h e r  the  5a il-E coR l o r  BamH 1 - EcdR 1 f ragm en ts  o f  pJJ801 (Table 

3.1), the  hpcC gene must l ie  a c ro s s  the  S a il  and EccRl s i t e s  with  the  5 ' end to 

the  r i g h t  of the  Bail s i t e  a s  drawn.
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FIGURE 3.6a: SEQUENCE OF THE FIRST 34 RESIDUES FROM THE AMINO TERMINUS OF 

CHMS DEHYDROGENASE.

Residue Number; 1 2 3 4 5 6 7 8 9  10

Residue; Met Lys Lys Val Asn His Trp l ie  Leu Gly

Residue Number: 11 12 13 14 15 16 17 18 19 20

Resudue: Lys Asn Val Ala Gly Asn Asp Tyr Phe Gin

Residue Number: 21 22 23 24 25 26 27 28 29 30

Residue: Thr Thr Asn Pro Ala Thr Gly Glu Val Leu

Residue Number: 31 32 33 34

Residue: Ala Asp Val Ala

FIGURE 3.6b: SEQUENCE OF THE SYNTHETIC OLIGONUCLEOTIDES CORRESPONDING TO

RESIDUES 5 -10  OF THE AMINO TERMINUS OF CHMS DEHYDROGENASE.

Residue Number: 5 6 7 8 9 10

Residue: Asn His Trp l ie  Leu Gly

Probe C: TTA GTA ACC TAA TTA CC

G G G G

T

7 7



FIGURE 3.7: S ou thern  b lo t  a n a ly s i s  o f  pJJSOl w ith  probe C: Panel A shows 

g e l  e l e c t r o p h o r e s i s  o f  r e s t r i c t i o n  fragm en ts  o f  pJJSOl and panel B shows 

the  r e s u l t i n g  S ou thern  b lo t  a f t e r  t r a n s f e r  o f  the  DNA to  n i t r o c e l lu l o s e  and 

h y b r id i s a t io n  w ith  r a d io la b e l le d  probe C. Lane 1 con ta ined  H indlll 

r e s t r i c t e d  X-DNA and lanes  2 -6  con ta ined  pJJSOl d ig e s te d  with : 2, BamHl; 3, 

BcoRl, 4, Bail;  5, BamHl/BccRl and 6, B a n M l/S a il. Exposure o f  the  f i l t e r  to 

X -ray film  was fo r  two h o u rs  a t  room te m p e ra tu re .  A nalysis  o f  the  b lo t  

shows t h a t  the  h y b r id i s a t io n s  occur to  the  r i g h t  o f  the  i n s e r t  Bail s i t e  

(as drawn).



FIGURE 3.7 : SOUTHERN BLOT ANALYSIS OF pJJÔOl WITH PROBE C.

pJJSO 1 B ES
I__ L

P BS PE

0 1 2 3 Kbp
 1____ I____ I___1

3 4 5 6
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L ocation  o f  th e  hpcF Gene.

Jenk ins  (1987) r e p o r te d  t h a t  the  gene encoding th e  p re v io u s ly  unrecorded  HHDD 

Isom erase a c t i v i t y ,  hpcF, could be loca ted  on pJJBOl by a n a ly s i s  o f  the  

subc lones  pJJOOS and pJJ006 ( f ig  3.8). These d e r iv a t iv e s  were c o n s tru c te d  by 

l ig a t in g  th e  a p p ro p r ia te  BamHl-Pvull f ragm en ts  o f  pJJ801, recove red  from a low 

m elting  p o in t  a g a ro se  g e l ,  Into the same s i t e s  o f  pBR328. The r e s u l t i n g  c lone 

pJJ005 was r e p o r te d  a s  co n ta in in g  no a c t iv e  genes  while the  clone pJJ006 was 

r e p o r te d  to  e x p re s s  hpcBCDE b u t  no t  hpcF  ( f ig  1.11b). The In fe rence  made from 

th ese  d a ta  was t h a t  th e  Pvull s i t e  which formed the  ju n c t io n  o f  the  two 

subc lones  was In the  coding sequence o f  the  hpcF  gene and th u s  n e i th e r  

subclone  ex p re sse d  a c t iv e  HHDD Isom erase. Since the  o r ig in a l  subc lones  were no 

longer a v a i la b le  v e r i f i c a t i o n  o f  t h i s  d a ta  was n o t  p o ss ib le :  the  subc lones  were 

r e c o n s t ru c te d  from pJJ801.

The genomic c lone  pJJ801 was d ig e s te d  w ith  a com bination o f  BamHl and P vull 

be fo re  being r e  l ig a te d  ( f ig .3.8). In t h i s  way th e  i n s e r t  DMA o f  pJJ801 would be 

exc ised  on a Bamtil f ragm ent and c leaved  a t  the  s in g le  fVuII s i t e ;  the  v e c to r  

would a ls o  be c leaved  a t  the  Pvull s i t e ,  leav ing  two v e c to r  fragm en ts  and two 

I n s e r t  f ragm en ts  w ith  FamHl and Pvull cohesive  ends. The l ig a t io n  m ix tu re  was 

transfo rm ed  In to  E. c o ll  5K and A p - r e s l s t a n t ,  T c - s e n s l t l v e  c lones  I d e n t i f i e d  so 

th a t  r e l i g a t e d  v e c to r  m olecules could be e l im in a te d  from f u r t h e r  I n v e t lg a t lo n .  

The DNA from a s e le c t i o n  of th e s e  t ra n s fo rm a n ts  was p repared  from 1.5 ml 

o v e rn ig h t  c u l tu r e s  and ana lysed  by r e s t r i c t i o n  enzyme d ig e s t io n  and a g a ro s e  

g e l  e l e c t r o p h o r e s i s .  Those which con ta ined  a 1 .3kbp PvuII-PamHl fragm en t,  

e q u iv a le n t  to  pJJOOS, were named pTF305 and th o se  which con ta ined  a 5 .2 kbp 

fragm ent, e q u iv a le n t  to  pJJ006, were c a l le d  pTF306. The enzyme a c t i v i t i e s  

a s s o c ia te d  w ith  t h e s e  subc lones  were ana ly sed  In s t r a i n  5K u s in g  g ly c e r o l  as  

the  carbon sou rce  and a re  p re s e n te d  In Table 3.2. As with pJJOOS, pTF305 

con ta ined  no d e te c ta b l e  enzyme a c t i v i t i e s ,  however, pTF306 ex p ressed  hpcF  a s  

well a s  hpcBCDE,
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FIGURE 3 £ :  CONSTRUCTION OF THE SUBCLONES pTF305 AND pTF306

pJJ  801

B

P

amp

PB

B

amp
P

BamHl /  Pvull

L igat ion

B

pTF 305 

(pJJ 005)

pTF 306 

(pJJ006)

o = Origin of Repl i cat ion
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One p o ss ib le  e x p lan a tio n  fo r  the  d isc repancy  in recorded  enzyme a c t i v i t i e s  

between pJJ006 and pTF306 was t h a t  two Pvull s i t e s  lay c lo se  to g e th e r ,  one 

being In the  coding reg io n  o f  the  hpcF  gene and the  o th e r  o u ts id e  o f  th a t  

reg ion . In c o n s t ru c t in g  a subclone  by c u t t in g  and r e - l i g a t i o n ,  a s  in pTF306, i t  

was p o s s ib le  t h a t  any such P v u ll-P v u ll  fragm ent would become l ig a te d  back Into 

the  c o r r e c t  p o s i t io n  to r e s t o r e  an I n ta c t  hpcF gene. This s i t u a t i o n  is  much 

le s s  l ik e ly  to  a r i s e  when f ragm en ts  o f  DNA a re  recovered  from g e l  s l i c e s  fo r  

the  c o n s tru c t io n  o f  subc lones  a s  In pJJOOG. To t e s t  t h i s  p o s s ib i l i t y  pTF306 was 

r e s t r i c t e d  with an excess  o f  Pvull to  e n su re  complete d ig e s t io n  and 

e le c tro p h o re s e d  through  a 1% low m elting  p o in t  g e l .  A s in g le  band was seen  on 

the  g e l;  t h i s  was e x t r a c te d ,  th e  DNA p r e c ip i t a t e d  and r e - l i g a t e d .  In t h i s  way 

any sm all PvuII-PvuII fragm ent would be w ell s e p a ra te d  from the  8.8kbp band. 

The l ig a t io n  m ix tu re  was transfo rm ed  in to  E.coU  5K; s ix  t ra n s fo rm a n ts  were 

grown o v e rn ig h t  in LB-Ap and each was t e s t e d  fo r  the  p resence  o f  HHDD 

isom erase  a c t i v i t y .  All o f  the  t ra n s fo rm a n ts  t e s t e d  con ta ined  an a c t iv e  hpcF 

gene. DNA from a 1.5 ml p o r t io n s  o f  th e s e  c u l t u r e s  was ana lysed  by r e s t r i c t i o n  

w ith  Pvull and a g a ro se  g e l  e l e c t r o p h o r e s i s  and was in d is t in g u is h a b le  from 

s lm l la la r ly  t r e a te d  pTF306. These d a ta  show th a t  the  hpcBCDEF genes  a re  

p re s e n t  on the  5 .2kbp FamHI-PvuII fragm ent which l i e s  between 3.9kbp and 8.9kbp 

on the  r e s t r i c t i o n  map ( f ig .  1 .10 )

Ordering the hpcŒF) Genes.

Jenkins  (1987) o rdered  the  hpcEF genes  by a n a ly s i s  o f  the  subc lones  pJJOOS and 

pJJOOG a s  p rev io u s ly  d isc u sse d .  However i t  is  now known th a t  th e se  c o n s t r u c t s  

do no t  g ive  any Inform ation  abou t  the  r e l a t i v e  p o s i t io n  o f  the  hpcEF genes  and 

the  s m a l le s t  reg ion  to  which they can be lo c a l is e d  is  the  2.1 kbp 5% 11-P v u l l  

f ragm ent th a t  l i e s  between G.8 and 8.9kbp. Due to  th e  lack o f  known r e s t r i c t i o n  

enzyme s i t e s  in t h i s  reg ion  of  DNA i t  was no t  p o s s ib le  to  c o n s t r u c t  a subclone
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which con ta ined  only one o f  th e s e  genes  in the  u su a l  way, th e re fo re ,  Fa 131

exonuclease  was used to  c o n s t r u c t  a d e le t io n  in t h i s  reg ion .

The prim ary clone pJJSOl c o n ta in s  a s in g le  S's f II r e s t r i c t i o n  enzyme s i t e

approx im ate ly  lOObp from the  S a il  s i t e ,  towards the  Pvull s i t e  <D. Roper,

p e rso n a l  communication). As th e  v e c to r  DNA co n ta in s  no such s i t e ,  c leavage  with 

S s t l l  p roduces  a s in g le  l in e a r  m olecular s p e c ie s  such t h a t  one exposed end is 

c lo se  to  the  hpc(EF) gene. Four micrograms o f  S’s t l l  l in e a r i s e d  pJJSOl were 

resuspended  In 50pl of  500pg ml” ’ BSA and 50pl 2x Bal 31 b u f fe r .  A f te r  30 mln 

incubation  a t  30°C, 0.5 u n i t s  o f  Fa 131 were added and 25 p i  a l iq u o ts  removed 

a f t e r  of  1, 5, 15 and 30 mln incubation . The r e a c t io n  was s topped  by immediate 

e x t r a c t io n  w ith  pheno l/ch lo roform  and the  DNA p r e c ip i t a t e d  w ith  e th a n o l .  A f te r  

checking by ag a ro se  g e l  e le c t r o p h o r e s i s  t h a t  some of  the  DNA had been d e le ted ,  

the  m olecules were made b lu n t-en d ed  by the  a c t io n  of Klenow fragm ent o f  DNA 

polymerase I in the  p resen ce  o f  a m ix tu re  o f  fo u r  deoxynucleo tlde  

t r ip h o s p h a te s  (dNTP's) in th e  fo llow ing  r e a c t io n .

DNA (approxim ately  Ipg) xpl

lOx NT b u f fe r  2pl

1.25 raM dNTP's 2pl

Klenow (3 u n i t s )  0 .5pl

w a te r  ( to  25pl)

The r e a c t io n  was allowed to  proceed a t  room tem p e ra tu re  fo r  30 mln b e fo re  

being s topped  by the  a d d it io n  o f  EDTA to a f in a l  c o n c e n t ra t io n  of  20 mM. The 

m ix ture  was e x t r a c te d  w ith  pheno l/ch lo roform , the  DNA p r e c ip i t a t e d  w ith  e thano l  

and resuspended  in w a te r .  The DNA was l ig a te d  o v e rn ig h t  a t  room tem p era tu re  

and then t ran sfo rm ed  in to  the  s t r a i n  E. c o ll  C JJ221. T ransfo rm an ts  were 

s e le c te d  on LB-Ap con ta ing  ag a r  p l a t e s  and those  which appeared  a f t e r  

o ve rn igh t  incubation  a t  3 7 *C t e s t e d  fo r  t h e i r  a b i l i t y  to  grow on minimal media 

using  HPA as  the so le  carbon source . DNA was p repared  from twelve
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t ra n s fo rm a n ts  which showed the  phenotype o f  growth on LB-Ap, but no growth on 

HPA and th i s  was transfom ed in to  the  s t r a i n  5K fo r  the  a n a ly s i s  o f  enzyme 

a c t i v i t i e s  s t i l l  encoded on th e  DNA. Each o f  the  f r e s h ly  transfo rm ed  

d e r iv a t iv e s  o f  5K were grown o v e rn ig h t  in l iqu id  LB-Ap c u l tu r e s ,  c e l l  f r e e  

e x t r a c t s  p repared  and enzyme a s s a y s  c a r r ie d  o u t  (Table 3.3). Of the  12 c lones  

ana lysed  the  phenotypes, COHED decarboxylase+/HHDD isom erase+ o r  COHED 

decarboxylase-/HHDD isom erase -  were seen , b u t  none which d i s t in g u is h e d  the  

o rd e r  o f  the  genes  encoding th ese  p r o te in s .  This  is  s u rp r i s in g ,  e s p e c ia l ly  as 

th re e  c lones  only exp ressed  th e se  two genes, in d ic a t in g  t h a t  hpcBCD had been 

d e le te d  and th a t  the  exonuclease  a c t i v i t y  had proceeded p r e f e r e n t i a l l y  in one 

d i re c t io n .  This assum ption is  sup p o rted  by the  enzyme r e s t r i c t i o n  d i g e s t s  of 

th e s e  c lones: those  which e x p re s s  only hpcEF, when d ig e s te d  w ith  BamHl, show 

only a s in g le  band In d ic a t in g  the  removal of  one BamHl s i t e .  A nalys is  o f  more 

d e le t io n  clones  o f  t h i s  type should  be ab le  to  d i s t in g u is h  the  o rd e r  o f  the  

hpc(EF) genes, bu t  t h i s  has  no t  proved p o s s ib le  to  d a te .

O rdering  the  h p c < ^ )  Genes.

The o rd e r in g  of the  hpc(BD) genes is  d i sc u sse d  in s e c t io n  3.2.
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TABLE 3 . 3 :  ENZYME ACTIVITIES DETECTED IN F a 731 DELETION SUBCLONES.

SUBCLONE hpc  GENES EXPRESSED

hpcB hpcC hpcD hpcE hpcF

1 - - - + +

2 - - - + +

3 + - + + +

4 + - + + +

5 - - - + +

6 + - + + +

7 N.T. N.T. N.T. + +

8 N.T. N.T. N.T. + +

9 N.T. N.T. N.T. +

10 N.T. N.T. N.T. + +

11 N.T. N.T. N.T. + +

12 N.T. N.T. N.T. + +

N.T.=not t e s t e d .
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3.2 EXPRESSION OF THE hpc GENES.

D irection  o f  T ranscription o f  the hpc  Genes.

The d i r e c t io n  o f  t r a n s c r ip t i o n  o f  hpcG was de term ined  by a combination o f  

S ou thern  b lo t  a n a ly s i s  and DNA sequencing  (Section 3.1) as  being from r ig h t  to 

l e f t  a s  drawn on the  r e s t r i c t i o n  map from the  4.5kbp co o rd in a te .  This  provided 

a good r e f e re n c e  po in t  f o r  the  o rd e r in g  o f  the  o th e r  genes a s  w ell  a s  the  

d i r e c t i o n  o f  t r a n s c r ip t i o n  o f  th o se  genes .

T ranscription o f  hpcGŒD) Genes.

The model o f  t r a n s c r ip t i o n  proposed by Jenkins (1987) s u g g e s t s  t h a t  a

d iv e rg e n t  prom oter reg ion  fo r  the  t r a n s c r ip t i o n  of two gene blocks, hpcGH and 

hpcBCDEF, was s i t u a t e d  between the  hpcB and hpcG g enes .  In o rd e r  to  t e s t  t h i s  

model a DNA fragm ent which spanned th i s  reg ion  was in s e r te d  in to  the  m u lt ip le  

c loning  s i t e  o f  pUC18 and pUC19. The f ragm ent chosen was the  3.4kbp FamH 1 -  

EccRl p iece  o f  pJJ200 which maps between 2.9 and 6.3kbp; h e te ro lo g o u s  cohesive  

ends a llow  t h i s  DNA to  be in s e r te d  in to  the  p a ir  o f  pUC v e c to r s  in o p p o s i te  

o r i e n t a t io n s  compared to the  Jac p rom oter o f  the  p lasm id. If  the  model of

Jenkins was c o r r e c t  then a gene w ith  t r a n s c r ip t i o n  co n c u rre n t  w ith  t h a t  o f  the

Jac prom oter may be expected  to  have an Increased  number o f  t r a n s c r i p t s  which

could be t r a n s la t e d  in to  a c t iv e  p r o te in s  and th u s  the  end r e s u l t  would be an

In crease  in th a t  enzymes' s p e c i f ic  a c t i v i t y .  S im ila r ly  a gene t ra n s c r ib e d  

c o u n te r  to  t h a t  o f  the  Jac p rom oter would s u f f e r  a r e d u c t io n  in the  number of  

v iab le  t r a n s c r i p t s  th rough e i t h e r  c o l l i s io n  o f  RNA polym erases t r a v e l l in g  in

o p p o s i te  d i r e c t io n s  (Brewer, 1988) or th e  b inding o f  s e n se  and a n t i - s e n s e

mRNA's (Coleman e t  aJ., 1984). The p roposa l  o f  Jenk ins  would in t h i s  case

Increase  the  leve l  o f  OHED h y d ra ta s e  and reduce  the  lev e l  o f  HPC dloxygenase 

(and CHM Isom erase) in the  pUC18 c o n s t ru c t ;  the  r e v e r s e  being t r u e  in pUC19. 

However, when p re s e n t  in E. coJi 5K, the  c o n s t r u c t  pTF820 ex p re sse d  the  hpcGBD
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genes a t  le v e ls  approxim ate ly  200 tim es g r e a t e r  than the  pTF920 c o n s t ru c t  

(Table 3.1), in d ic a t in g  t h a t  a l l  t h re e  genes  a re  t r a n s c r ib e d  in the  same 

d i re c t io n .  The o r i e n t a t io n  o f  the  lac  p rom oter in the  pTF820 c o n s t ru c t  is 

con cu rren t  w ith  the  known o r i e n t a t io n  o f  the  hpcG gene. Thus the  hpcGBD genes 

a re  t r a n s c r ib e d  tow ards th e  BamHl end o f  t h i s  fragm ent. Addition o f  an inducer 

o f  the  lac  prom oter, IFTG, did n o t  a f f e c t  the  reco rded  enzyme s p e c i f ic  

a c t i v i t i e s  when added to  a f in a l  c o n c e n t ra t io n  o f  ImM (Table 3.4). As E .co li  5K 

co n ta in s  only a s in g le  copy o f  the  la c  r e p r e s s o r  gene, l a d ,  i t  ap p e a rs  th a t  

the  number of r e p r e s s o r  p ro te in  m olecules produced was in s u f f i c i e n t  to 

s ig n i f i c a n t ly  i n t e r f e r e  w ith  t r a n s c r ip t i o n ,  a llow ing  n e a r - c o n s t i t u t i v e  lev e ls  of

t r a n s c r ip t i o n  in the  absence  o f  IFTG.

The d i r e c t io n  o f  t r a n s c r ip t i o n  o f  bpc(BD) was confirmed by an independent 

c o n s tru c t io n  in pUC18 and pUC19 us ing  the  2.4kbp FamHl-EcoRl fragm ent from 

pJJSOl, which l i e s  between 3.9kbp and 6.3kbp on the  r e s t r i c t i o n  map. In a 

s im i la r  experim ent to  the  one j u s t  d e sc r ib ed  the  pUC18 c o n s t r u c t ,  pTF802, 

exp ressed  both  bpcB and bpcD a t  leve ls  abou t 100 tim es h ig h e r  than the  

e q u iv a le n t  pUC19 c o n s t ru c t ,  pTF902 (Table 3.1). This r e s u l t  confirm s t h a t  the  5 ' 

ends o f  the  bpcB  and D genes  a re  c lo s e r  to  the  FcoRl s i t e  o f  th ese  c o n s t r u c t s  

than they a re  to  the  BanUl s i t e .  This  expe r im en ta l  concept was c a r r ie d  f u r th e r  

by the  in s e r t io n  o f  the  whole 6.5kbp FamHl fragm ent o f  pJJ801 in to  pUC18 in 

o p pos ite  o r ie n t a t io n s .  The r e s u l t i n g  recom binant p lasm ids pTF882 and pTF883 

were assayed  fo r  enzyme s p e c i f ic  a c t i v i t i e s  a f t e r  growth on g ly c e ro l  con ta in ing  

media in the  p resence  o r  absence  o f  ImM IFTG (Table 3.4). The a c t i v i t i e s  of 

bpcBCDEF were e i t h e r  very low or n o t  d e te c ta b le  in pTF882, b u t  were a l l  

p r e s e n t  a t  a high s p e c i f ic  a c t i v i t y  in pTF883 in d ic a t in g  t h a t  a l l  of th ese  

genes  a re  expressed  in the  same d i re c t io n .  Again the  enzyme a c t i v i t i e s  in each 

c o n s t ru c t  were n o t  s ig n i f i c a n t l y  a f f e c te d  by the  p resence  o f  IFTG.

These d a ta  c o n t r a d ic t  the  model o f  Jenk ins  which p roposes  t h a t  t r a n s c r i p t i o n  of
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th e  genes  p re s e n t  on pJJSOl Is In the  o rd er  hpcBCDEF. This  evidence In d ic a te s  

t h a t  the  o rd e r  o f  t r a n s c r ip t i o n  is  hpc(FE)C(DB),

Evidence f o r  Two T r a n s c r ip t io n a l  U n its  on pJJSOl.

The prim ary clone pJJSOl when p re s e n t  in E .co li  5K e x p re s s e s  hpcBCDEF 

c o n s t i tu t iv e l y ,  bu t  th e s e  genes  a r e  r e g u la te d  in an E. c o ll  C background 

(Jenkins, 1987; Table 3.5). From th i s  i t  appears  t h a t  the  p lasm id pJJSOl 

c o n ta in s  a prom oter r e g io n ( s )  fo r  the  i n i t i a t i o n  o f  t r a n s c r ip t i o n  of  the  hpc  

genes  and a lso  an o p e ra to r  reg io n  to which a chromosomally encoded r e p r e s s o r  

p ro te in  can a c t  ir^ t r a n s , r e g u la t i n g  th a t  e x p re ss io n .  A nalysis  o f  the  behaviour 

o f  subc lones  o f  pJJSOl when p r e s e n t  in E. c o ll  C JJ22I and E. c o ll  5K s u g g e s t  

t h a t  two t r a n s c r ip t i o n a l  u n i t s  a re  p re s e n t  and th i s  evidence  is  d isc u sse d  h e re .  

The subclone  pTF306, which c o n ta in s  the  5 .2kbp BamHl-Fvull f ragm ent o f  pJJSOl, 

e x p re s s e s  hpc(FEXKDB) in 5K. (Table 3.5). When p re s e n t  in JJ221 and grown on 

g ly c e ro l  the  subclone pTF306 e x p re s se s  hpci'FEX^D c o n s t i tu t iv e ly ;  hpcB is  a lso  

exp ressed  bu t  a t  a low r a t e  (Table 3.5). In the  p resence  of  an inducer, HPA, 

the  lev e ls  o f  enzymes encoded by hpciFEKD  in c rease  approx im ate ly  1 .5 -fo ld  and 

the  HPC dioxygenase(hpcF) in c re a se s  by approx im ate ly  n in e - f o ld .  The p resence  of 

HPA in the  medium induces the  chromosoma lly  encoded hpc  genes  of JJ221 and 

the  c o n t r ib u t io n  o f  th e se  genes  is  included in the  enzyme s p e c i f ic  a c t i v i t i e s .  

This experim ent in d ic a te s  the  s i t e s  o f  two o p e ra to r -p ro m o te r  reg io n s .  All of 

the  enzyme a c t i v i t i e s  o f  pJJSOl a re  p re s e n t  on pTF306, bu t the  l a t t e r  

e x p re s s e s  hpc(FE)CD c o n s t i t u t i v e  ly in JJ221 showing t h a t  the  Pvull s i t e  f a l l s  

e i t h e r  in a prom oter reg io n  or between the  prom oter and th e  t r a n s l a t i o n a l  

s t a r t  s ig n a l  of the  f i r s t  gene. HPC dioxygenase  a c t i v i t y  rem ains inducib le  when 

measured in J J2 2 1 (pTF306), s u g g e s t in g  t h a t  i t  is  norm ally  ex p ressed  on a 

d i f f e r e n t  t r a n s c r i p t i o n a l  u n i t  to hpc(FE)CD. This o b se rv a t io n  was v e r i f i e d  using
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a d i f f e r e n t  subclone  in a s im i la r  experim ent. The 2.4kbp FamHl-FcoRl fragm ent 

ofpJJ801 was subcloned in to  pBR322; the  r e s u l t i n g  c o n s t ru c t ,  pTF302, e x p re s se s  

hpcBD in 5K (Table 3.5). When harboured  by JJ221 the hpcD gene is  expressed  

const  I tu t iv e ly  and the  hpcB gene is  exp ressed  in a r e g u la te d  manner (Table

3.5). Thus a second o p e ra to r -p ro m o te r  reg ion  must l ie  5 ' to hpcB, between the 

hpcB and hpcD genes.

As hpcD has been shown to  be p a r t  o f  the  hpc(FEKD t r a n s c r i p t i o n a l  u n i t  the  

complete gene o rd er  must be hpcHGB hpcDC(EF).

Northern Blot A nalysis o f  hpc  T ranscrip ts.

Two t r a n s c r i p t i o n a l  u n i t s  had be,en id e n t i f i e d  on pJJSOl; one c o n ta in ing  the  

hpc(FE>CD genes  and the  o th e r  s t a r t i n g  5 ' to  the  hpcB gene. I t  is  n o t  p o s s ib le  

to de te rm ine  from p rev io u s  experim ents  i f  the  s t r u c t u r a l  genes  hpcGH a re  a 

p a r t  o f  the  same u n i t  a s  hpcB o r  i f  they a re  t ra n s c r ib e d  to g e th e r  or s in g ly  on 

s e p a r a te  u n i t s .  The r e g u la to r y  gene hpcR may be t ra n s c r ib e d  along with some 

s t r u c t u r a l  genes  as  in the  n e g a t iv e ly  a u to r e g u la t in g  h u t  operon o r  may be 

p re s e n t  on a com pletely  s e p a r a te  u n i t .

To de te rm ine  the  number and approxim ate  s i z e  o f  hpc  t r a n s c r i p t s  the  t o t a l  RNA 

e x t r a c te d  from a number o f  e x p o n e n tia l ly  growing c u l t u r e s  was e le c tro p h o re se d  

through  a 1% a g a ro se  g e l  co n ta in in g  formaldehyde. The RNA was t r a n s f e r r e d  to  a 

n i t r o c e l lu l o s e  membrane w ith o u t  p r io r  t re a tm e n t  of  th e  g e l  and the  f i l t e r  

baked to  immobilise the  n u c le ic  ac id . H ybr id isa tion  w ith  the  whole BamHl In s e r t  

fragm ent o f  pJJ200, rad io  la b e l le d  a long i t s  length  u s ing  Ca—̂^'Pl dCTP and a 

random h e x anuc leo tide  p rim er, in d ica ted  th e  p resence  o f  th re e  t r a n s c r i p t s  ( f ig .  

3.9). Using the  23s and 16s rRNA bands as  s iz e  m arkers th re e  t r a n s c r i p t s  which 

h y b r id ised  to  the  probe in the E, c o li  C (HPA) lane were c a lc u la te d  a s  being 

approxim ate ly  4.5, 2.7 and 1.6 kb in s iz e .  In a sample o f  t o t a l  RNA taken from
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E .co li  C c e l l s  grown on g lu co se  and t r e a t e d  in the  same way, the  2.7 and 1.6 kb 

bands were Ju s t  v i s ib le  bu t  the  4.5 kb band was n o t  ( f ig .  3,9).
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FIGURE 3.9: N orthern  b lo t  a n a ly s i s :  A utorad iograph  of  a N orthern  b lo t

probed with  the whole o f  pJJ200 in s e r t  DNA. The lanes  con ta ined  RNA (50pg) 

from E .co li C grown on HPA ( lane  1); g lucose  ( lane 2) and from E. c o l i  5K 

(pJJ200) grown on g ly c e ro l  in the  p resence  o f  HPA (lane 3) and on g ly c e ro l  

( lane 4). The b lo t  was exposed to  f ilm  fo r  3 days a t  - 7 0 "C.



FIGURE 3.9; NORTHERN BLOT ANALYSIS OF TOTAL RNA FROM E. c o li  C AND E c o li  

5K(pJJ200) GROWN IN THE PRESENCE AND ABSENCE OF HPA.
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A sample of RNA from E. c o li  5K harbouring  th e  c lone pJJ200 was a lso  run  on 

the  same g e l  to  compare the  t r a n s c r i p t s  a s s o c ia te d  w ith  the  cloned m a te r ia l  

w ith  th o se  o f  the  wild type. U nfo r tuna te ly  a d i r e c t  comparison was n o t  p o s s ib le  

a s  E. c o li  5K(pJJ200> is  n o t  ab le  to  u t i l i s e  HPA o r  HPC a s  th e  s o le  carbon 

sou rce .  T h e re fo re ,  th ese  c e l l s  were grown u s in g  g ly c e ro l  a s  the  carbon sou rce  

in th e  p resence  o f  4-HPA; RNA e x t r a c te d  from 5K<pJJ200) c e l l s  grown on 

g ly c e ro l  only was used as  the  c o n tro l  ( f ig .  3,9).

L aser  d e n s i to m e try  o f  the  a u to rad io g rap h  which r e s u l t e d  from th i s  experim ent 

c le a r ly  shows the  th r e e  peaks o f  h y b r id i s a t io n  in th e  E, c o li  C sample when

grown on 4-HPA (f ig .  3.10), a l though  the  l a r g e s t  t r a n s c r i p t  (mRNA A) is  d i f f u s e .  

The scan of E .co li  C when grown on g lucose  shows no obvious peaks. In the  case  

o f  E, c o li  5K(pJJ200), c e l l s  grown on g ly c e ro l  co n ta in  p redom inantly  mRNA C bu t 

those  grown in the  p resen ce  o f  4-HPA a ls o  con ta in  mRNA A and mRNA B. The 

amount o f  h y b r id i s a t io n  in each t rack  o f  the  g e l  and the  d i s t r i b u t i o n  between 

the  th re e  peaks i s  g iven  in Table 3.6. The t o t a l  in t e n s i t y  f ig u r e s  a re  a d i r e c t  

in d ic a t io n  o f  the  amounts o f  mRNA t ra n s c r ib e d  from the  hpc  genes  and th is

v a r ie d  in each case: E. c o l i  C grown on 4-HPA con ta ined  approx im ate ly  th re e  

tim es more h y b r id is in g  m a te r ia l  than E. c o li  5K(pJJ200) grown on g ly c e ro l  in 

the  p resence  of  4-HPA. T his  d isc repancy  can be accounted  f o r  by a combination 

of some c a ta b o l i t e  r e p r e s s io n  being e x e r te d  by the  g ly c e ro l  in the  growth 

medium and the  sm all  number o f  cop ies  o f  the  recom binant p lasm id a t  the  time 

of h a rv e s t in g  the  c e l l s .  This  can be dem onstra ted  by the  in c re a se  in enzyme

s p e c i f ic  a c t i v i t i e s  a s s o c ia te d  w ith  an in c rease  in th e  o p t ic a l  d e n s i ty  o f  the

b a c t e r i a l  c u l tu r e  o f  5K(pJJ200) (Table. 3.7).

The s m a l le s t  t r a n s c r i p t ,  mRNA C, was produced in the  absence o f  any inducer in 

5K(pJJ200) grown on g ly c e ro l :  t h i s  a long  w ith  th e  absence  o f  enzyme a c t i v i t i e s  

d e te c te d  in t h i s  c u l tu r e  (Table 3.7) s u g g e s t s  t h a t  the  l.Bkb t r a n s c r i p t  i s  t h a t  

o f  th e  r e g u la to r y  gene, hpcR, The la rg e r  two t r a n s c r i p t s  mRNA A and mRNA B a re  

only p re s e n t  when an inducer was in the  growth medium and th e s e  a r e  probably
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FIGURE 3.10: The Northern  b lo t  in F igu re  3.9 was scanned a t  633nm in an 

LKB d e n s i to m e te r .  The lanes  co rrespond  to th o se  on the  ge l:  lane 1, E. c o l i  

C/HPA; lane 2, E, c o li  C /g lucose;  lane3, E, c o l i  5K (pJJ200)/glycerol+HPA and 

lane 4, E. c o li  5K (pJJ200)/g lyce ro l.



FIGURE 3 .1 0 : LASER DENSITOMETRIC SCANS OF NORTHERN HYBRIDISATIONS.
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TABLE 3.6: TO SHOW THE PERCENT INTESITIES OF HYBRIDISATION OF pJJ200 INSERT 

DNA TO TOTAL RNA FROM VARIOUS SOURCES.

SAMPLE (PERCENT INTENSITY)

TRANSCRIPT E. c o li  Z E. c o li  Z 5K(pJJ200) 5K(pJJ200)

HPA GLUCOSE GLYCEROL GLYCEROL/HPA

mRNA A 

mRNA B 

mRNA C

40.8 0

45.8 0

13.3 0

1.6

0

98.4

10.8

20.3

67.8

TOTAL INTENSITY 2077 141 456 711
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th e  only t r a n s c r i p t s  which con ta in  s t r u c t u r a l  genes .  A t o t a l  o f  approx im ate ly  

7.3 kb o f  mRNA is  p re s e n t  in th e se  two t r a n s c r i p t s  which i s  s u f f i c i e n t  to 

encode the  seven s t r u c t u r a l  genes  r e q u i re d  fo r  th e  convers ion  o f  HPC to 

su c c in ic  sem ialdehyde and p y ruva te .  A model fo r  the  o r g a n is a t io n  and ex p re ss io n  

o f  the  hpc  genes  o f  E, c o l l  C is  g iven  in s e c t io n  3.3.
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3.3; MODEL OF ORGANISATION AND EXPRESSION OF hpc GENES OF E, c o l i  C.

The Gene Order.

A p rev io u s  model fo r  the  o rg a n is a t io n  of  hpc  genes  s u g g e s te d  th a t  the  gene 

o rd er  was bpcRHGBCDEF (Jenkins, 1987). The p re s e n t  s tu d y  shows th a t  the  o rder  

is  in f a c t  hpcRHGBDC (EF).

The prim ary  c lones  pJJ200 and pJJ210 a re  p h en o ty p ica l ly  s im i la r ,  e x p re s s in g  a l l  

o f  the  genes r e q u ire d  fo r  the  convers ion  o f  HPC to c e n t r a l  m e ta b o l i te s  in a 

r e g u la te d  manner. D eletion o f  the  reg io n  to  the  l e f t  o f  the  in te r n a l  iîaraHl s i t e  

of  pJJ210 produces  the  subclone pJJ212 which e x p re s s e s  hpcBCDEFG 

cons t  i tu t iv e l y  in E. c o li  5K. As the f ragm ent removed, pJJ214, does no t  e x p re s s

the  hpcH gene i t  ap p ears  t h a t  the  BanHl s i t e  is  in the  coding sequence  o f  th a t

gene ( f ig  3.11). The 5 ' end o f  the  hpcG gene has been a c c u ra te ly  p laced 561bp 

from the  l e f t  hand BairMl s i t e  o f  pJJSOl by Southern  b lo t  a n a ly s i s  us ing  a 

d e g e n e ra te  o l ig o n u c le o t id e  probe deduced from the prim ary amino ac id  sequence 

o f  the  hpcG gene p roduct .  The hpcG gene p roduct ,  OHED h y d ra ta s e  was no t 

d e te c ta b le  in e x t r a c t s  o f  5K(pJJSOl) bu t was in 5K(pJJ212): t h i s  shows t h a t  the 

hpcG gene spans  the  l e f t  hand BamWX s i t e  o f  pJJSOl (fig .3 .11). A nalysis  o f  the  

2.4kbp FamHl-FcoRl fragm ent o f  pJJSOl in pUClS (pTF802; Table  3.1) o r  pBR322 

(pTF302; Table 3.2) d e te c te d  the  p ro d u c ts  of hpcB and hpcD bu t  no t  hpcC. The 

hpc(BD) genes  were o rdered  by t h e i r  behaviour in the  E. c o li  C s t r a i n ,  JJ221. 

The subc lone  pTF302 when p re s e n t  in JJ221 e x p re s s e s  hpcD c o n s t i tu t iv e ly ,  bu t  

hpcB is  exp ressed  in a r e g u la te d  manner (Table 3.5). S im ila r ly  the  subclone  

pTF306 e x p re s s e s  hpcCDEF c o n s t i t u t i v e l y  in JJ221, bu t  hpcB i s  r e g u la te d  (Table

3.5). These d a ta  s u g g e s t  t h a t  hpcD is ex p ressed  in the  same t r a n s c r ip t i o n a l

u n i t  a s  hpcCEF and must th e r e fo r e  l ie  to the  r i g h t  o f  hpcB a s  drawn. The hpcC 

gene i s  exp ressed  on pJJSOl b u t  n o t  on e i t h e r  the  2.4kbp BanAil-EccRl fragm ent 

or the  3.5kbp Sa il-E ccR l  f ragm en ts  de rived  from i t .  (Table 3.1; f ig .3 .11)

in d ic a t in g  t h a t  the  hpcC gene spans both the  FcoRl and Sail  r e s t r i c t i o n  s i t e s .
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FIGURE 3 .11a: SUMMARY OF CONSTRUCTS USED TO TO IDENTIFY THE hpc GENE ORDER.

pJJ200

pJJ210

pJJ212

p J J 2 U

pTF820

B P SB ES 8
J

PLASMID hpc  GENES EXPRESSED. INDUCED BY HPA

hpcB hpcC hpcD hpcE hpcF hpcG hpcH IN

pJJ200 + + + + + + + I

pJJ200 + + + + + + + I

pJJ212 + + + t + - C

pJJ214 - - - - - - - NT

pTF820 + - + NT NT + NT NT

1= inducib le  

C= c o n s t i t u t i v e  

NT= n o t  t e s t e d
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FIGURE 3.11b: SUMMARY OF CONSTRUCTS USED TO IDENTIFY hpc GENE ORDER.

hpc  GENES ENCODED. 

B C D E F G H R

“ B P  S B N E S  P B
pJJ200 L-J------------------1—I-------------- 1-------------1—J----------------- 1 1 + + + + + + + f

pTF8 2 0 I   ■ — J + — + — —
B

p J J 8 0 1 I — — .J + + + + + — — —

pTF302 I--------- ----------- 1 + -  + ------------------

pTF303--------------------------------------------I------------- 1 + -  + ------------------

pTF305 ^ -------------------------------

pTF306------------------------------------!------------------------------------------1 + + + + + ----------

pDR1835 I-----------------------------  ̂ -

POSITIONS OF THE hpc  GENES.

hp_cH y p  h p c C  #

h p c R  hp_cG hpcB hpcD hpcEF
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E xpress ion  o f  th e  hpc Genes.

Jenkins (1987) used the  e x p re ss io n  o f  hpc  genes  o f  v a r io u s  subc lones  in E. c o li  

C s t r a i n s  to  p o s i t io n  an opera  tor-prom o t e r  reg ion  ( f ig  1.11; f ig l  .12). F u r th e r ,  

a n a ly s i s  o f  subc lones  produced by Sau3A p a r t i a l  d ig e s t io n  o f  the  i n s e r t  DNA of 

pJJBOl placed the  o p e ra to r  reg io n  re s p o n s ib le  fo r  the  c o n tro l  o f  the  hpcBCDEF 

gene block w ith in  300bp of the  l e f t  hand s i t e  a s  drawn. This

i n te r p r e ta t io n  was suppo rted  by DNA sequence in form ation  ob ta ined  us ing  M13 

con ta in ing  the  2.4kbp BamYil-EccRl fragm ent o f  pJJBOl and s p e c i f ic  

o l ig o n u c le o t id e  p rim ers . Computer a n a ly s i s  o f  the  DNA inform ation  Id e n t i f ie d  

p o te n t ia l  -1 0  s i t e s  fo r  both gene blocks and a G T G -sta rt  codon w ith  an open 

read ing  frame fo r  the  hpcB gene which ex tended  to the  end of  the  sequence 

inform ation  (Jenkins, 19B7). The a u th o r  of t h i s  work s t r e s s e d  t h a t  no evidence 

in the  form o f  SI n u c lease  mapping o r  p ro te in  sequence d a ta  was a v a i la b le  to 

co rro b o ra te  the  DNA sequence  inform ation .

Some 650bp o f  DNA sequence  were ob ta ined  from the  l e f t  hand BawHl s i t e  o f  

pJJBOl in the  p r e s e n t  s tu d y ,  however, none o f  t h i s  corresponded with  the  DNA 

sequence inform ation  o f  Jenk ins . The n u c le o t id e  sequence de term ined  in t h i s  

work co rresponds  e x a c t ly  w ith  the  DNA sequence deduced from the  prim ary amino 

ac id  d a ta  of p u r i f ie d  OHED h y d ra ta s e  ( f ig s .  3.1a; 3.5 ). F u r th e r  no p o te n t ia l  

-10  o r  -35 concensus sequences  were found, on e i t h e r  s t r a n d ,  w ith in  lOObp of 

the  5 '  end o f  th é  hpcO gene.

A subclone o f  pJJdOl made in t h i s  s tu d y ,  pTF303, which ex tends  from 4 .8 - 6 .3kbp 

on the  r e s t r i c t i o n  map ( f ig  3.11) r e t a i n s  HPC dioxygenase  a c t i v i t y  which is  the  

product of th e  hpcB gene (Table 3.1) Thus th e  coding reg io n  of the  hpcB gene 

must l ie  to the  r i g h t  o f  th e  Ndel s i t e  a s  drawn in f ig u r e  3.11. Recombinant 

M13 clones  a r e  su b je c t  to  i n s t a b i l i t y  and i t  is  p o ss ib le  t h a t  a d e le t io n  

occurred  du r ing  the  sequencing  p rocedure  o f  Jenkins r e s u l t i n g  in a 

rearrangem en t o f  the  i n s e r t  DNA and su b seq u e n t  a n a ly s i s  of  the  wrong p o r tion  

of DNA.
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A nalys is  o f  the  c lones  pJJBOl, pTF306 and pTF302 in E. c o li  C JJ221 (Table 3.5) 

in d ic a te d  t h a t  two t r a n s c r i p t i o n a l  u n i t s  were p r e s e n t  on pJJBOl. D eletion  o f  

the  sm all  Pvull-BanM l f ragm ent of  pJJBOl, to  produce pTF306, led to  the  

c o n s t i t u t i v e  e x p re ss io n  o f  hpcCDEF in JJ221; a s  a n e g a t iv e  r e g u la to r y  model is 

proposed an o p e ra to r  reg io n  c o n t ro l l in g  the  e x p re ss io n  o f  hpcCDEF must have 

been removed in t h i s  c o n s t r u c t .  The ex p re s s io n  of hpcB in JJ221 (pTF306) was 

r e g u la te d ,  s u g g e s t in g  t h a t  i t  is  p r e s e n t  on a d i f f e r e n t  t r a n s c r ip t i o n a l  u n i t  to  

hpcCDEF (Table 3.5). This  s i t u a t i o n  was m irro red  in the  subclone  pTF302.

T o ta l  RNA from E. c o li  C grown on HPA and 5K(pJJ200) grown on g ly c e ro l  in the  

p resence  o f  HPA, probed w ith  the  in s e t  DNA o f  the  prim ary clone pJJ200, 

in d ic a te d  t h a t  th re e  t r a n s c r i p t s  a s s o c ia te d  w ith  hpc  genes  were p re s e n t .  The 

s m a l le s t  o f  th e se  was a lso  exp ressed  c o n s t i t u t i v e l y  (in the  absence  o f  an 

inducer)  and is ,  th e r e fo r e ,  probably  the  t r a n s c r i p t  o f  the  r e g u la to r y  gene, hpcR 

( f i g .3.9). The l a rg e r  of  th e  two s t r u c t u r a l  gene t r a n s c r i p t s  i s  probably  

a s s o c ia te d  w ith  the  hpcCDEF genes and the  sm a l le r  w ith  hpcBGH genes.

D irection  o f  T ranscription.

The d i r e c t io n  o f  t r a n s c r ip t i o n  o f  hpcG was shown to  be from r ig h t  to  l e f t ,  as

drawn, by DNA sequence a n a ly s i s .  When p r e s e n t  in pUClB and pUC19 the  amount of

d e te c ta b l e  gene p ro d u c ts  o f  v a r io u s  subc lones  was always increased  when th e  

d i r e c t io n  o f  t r a n s c r ip t i o n  o f  the  hpcG gene was concom itant w ith  t h a t  of the  

lac  p rom oter  a s s o c ia te d  with  the  v e c to r  (Table 3.4). This showed t h a t  a l l  of 

the  genes  o f  pJJBOl were exp ressed  in the  same d i r e c t io n  and were n o t  p r e s e n t  

on two d iv e rg in g  gene blocks a s  p rev io u s ly  s u g g e s te d  (Jenkins, 19B7) b u t  on

two gene blocks which a re  both t r a n s c r ib e d  r i g h t  to  l e f t  as  drawn in f ig u r e

3.12.
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FIGURE 3.12: MODEL OF ORGANISATION:

I-  In the  p resence  o f  g lucose  In the medium: The r e g u la to r y  gene, hpcR, is  

t ra n s c r ib e d  and the p roduct o f  t h a t  gene binds to the  two o p e ra to r  s i t e s  

o f  the hpc operon and p r e v e n ts  tra n s c r ip tio n  o f  the  s t r u c tu r a l  g en es .

I I- In  the  absence o f  g lu c o se  and the absence o f  an inducer o f  the  hpc  

genes: T ra n sc r ip t io n  o f  the  hpcR  gene and b ind ing  of the  r e g u la to r y  

p ro te in  to  the  o p e ra to r  s i t e s  o ccu rs  a s  in I.

I I I - In  the  absence o f  g lucose ,  bu t  in the  p resence  o f  a s p e c i f ic  inducer of 

the  hpc genes: The hpcR gene is  t ra n s c r ib e d  and a m ature  r e g u la to r y  

p ro te in  produced. However, the  inducer in some way i n t e r f e r e s  w ith  the  

binding of  the  r e g u la to r y  p ro te in  to the  o p e ra to r  s i t e ;  thus  the  two blocks 

of s t r u c t u r a l  genes hpcFECD and hpcBGH a re  t r a n s c r ib e d  and m ature  p r o te in s  

produced .



FIGURE 3 .12: MODEL FOR THE ORGANISATION AND EXPRESSION OF E. co l l  C

hpc GENES.
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4 :  I  N V E S n r  I  G A T *  I  O M S  I  N T ’O  T H E

RELAT EDNESS OE Lijoc PATHWAY GENES  

IN D I E E E R E N T  B A C T E R I A .
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4.1: P u r i f i c a t io n  and C h a r a c te r i s a t io n  o f  the  5-Carboxymethy 1-2-Hydroxymuconic 

S e m ia ld ^ y d e  (CHMS) Dehydrogenase from E sch erich ia  c o l i  C.

E scherich ia  c o li  s t r a i n s  B, C and W, bu t  no t K-12 can c a ta b o l i s e  HPA and HPC. 

Jenkins (1987) showed t h a t  the  FamHl in s e r t  DNA of the  c lone pJJ801 had very 

l i t t l e  homology with chromosomal DNA of E. c o li  K-12 or P. p u tid a  DNA by 

Southern  h y b r id is a t io n ,  even a f t e r  washing the  f i l t e r  a t  low s t r in g e n c ie s  

(O.lx SSC a t  3 0 * 0  and ex tended  ex p o su res  o f  the  b lo t  to X-ray film  (8 days). 

An o l ig o n u c le o t id e  m ix tu re  corresponding  to  the  prim ary amino ac id  sequence of 

the  p u r i f ie d  OHED h y d ra ta s e  (F e rre r  and Cooper, 1988) was used  to probe 

chromosomal DNA from s e v e r a l  b a c te r i a .  The probe h y b r id ised  to  DNA from E, c o li  

B a s  well a s  E, c o li  C, b u t  no t  to  DNA from E. c o li  W, K-12 o r  K le b s ie lla  

pneumoniae. The work p re se n te d  h e re  aims to  i n v e s t ig a te  more s y s te m a t ic a l ly  

the  ev o lu t io n a ry  r e l a te d n e s s  of the  hpc  g enes  o f  two organism s: E. c o li  C and 

K. pneumoniae  M5al by examining a p a r t i c u l a r  enzyme o f  HPC ca tabo lism , CHMS 

dehydrogenase.

The sou rce  of  the  E. c o li  C CHMS dehydrogenase  was E. c o li  5K c o n ta in ing  the  

cloned hpcC gene from E. c o li  C i so la te d  by Jenk ins  ( Jenk ins , 1987; Jenkins and 

Cooper, 1988), c a r r ie d  on the  recom binant plasmid p J J2 12. E, c o li  5K (pJJ212) 

c e l l s  from 400ml o f  Luria  broth-Ap medium were resuspended  in 16ml of 25mM 

Tr is  .Cl b u f f e r  pH 7,5 and 4m 1 p o r t io n s  o f  t h i s  u l t r a s o n ic a te d  and c e n tr i fu g e d ,  

a s  d esc r ib ed  in thé  M a te r ia ls  and Methods, to  produce a c rude  c e l l  e x t r a c t .  The 

crude e x t r a c t  was c e n t r i fu g e d  f u r th e r  a t  180,000g fo r  90 roin a t  4*0 to remove 

any membraneous m a te r ia l .  The s u p e rn a ta n t  was c a re f u l ly  poured o f f  and t r e a te d  

with protam ine s u lp h a te  (40 mg m l" ’ in 25mM T r is .Cl pH 7.5) in the  p ropo rt ion  

of Img of  p ro tam ine  s u lp h a te  to 20mg o f  b a c te r i a l  p ro te in .  The e x t r a c t  was 

m aintained a t  0*C w ith  g e n t l e  s t i r r i n g  fo r  15 min then c e n tr i fu g e d  a t  15,000g 

fo r  15 min a t  4*C. The t re a tm e n t  was r e p e a te d  once more, th e  f i l t e r e d  

su p e rn a ta n t  app lied  to  an HR 10/10 Mono Q anion exchange column a t ta c h e d  to  a 

Pharmacia FPLC. A 100ml g r a d ie n t  of  0-0.6M NaCl in 25 mM T r is  .Cl pH 7.5 and a
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flow r a t e  o f  4m 1 m in - ' was used to e lu t e  the  enzyme. The CHMS dehydrogenase 

e lu te d  a t  approx im ate ly  0.25M NaCl ( f ig .  4.1) and the  f r a c t i o n s  w ith  the  

h ig h e s t  s p e c i f i c  a c t i v i t y  were pooled, d i lu t e d  with an equal volume o f  2M 

ammonium su lp h a te ,  f i l t e r e d  and app lied  to  a HR 5/5  Phenyl Superose 

hydrophobic in te r a c t io n  column. A 15ml g r a d ie n t  of  1 .7-0 ,OM ammonium s u lp h a te  

in O.IM sodium phosphate  b u f f e r  pH 7.5 was app lied  a t  a flow r a t e  o f  0.5ml 

m in- ' and th e  CHMS dehydrogenase was e lu te d  a t  the  end of  t h i s  g r a d ie n t  ( f ig .  

4.2). A nalysis  of  lOpl samples o f  each f r a c t io n  by SDS-PAGE showed the  

p ro g re s s io n  o f  the  p u r i f i c a t i o n  and can be seen  in f ig u r e  4.3. To e s ta b l i s h  the  

p u r i ty  of  the  f in a l  p roduct ,  1, 5 and lOjjig o f  p ro te in  (as e s t im a te d  by the  

method of Warburg and C h r is t ia n ,  1945) were run on an SDS-PAGE g e l  ( f ig .  4.4). 

The lower loading in d ic a te s  t h a t  a s in g le  band was p re s e n t  in the  f r a c t io n  and

the  h ig h e r  loading shows the  absence  o f  minor bands o f  o th e r  m olecular

w eigh ts .  From th i s  g e l  i t  was e s t im a ted  t h a t  the  s in g le  band accounted fo r  

over 95% of the  t o t a l  p ro te in  d e te c te d .  D e ta i l s  o f  the  p u r i f i c a t i o n  a re  g iven 

in Table 4.1.

C h a ra c te r i s a t io n  o f  P u r i f ie d  CHMS Dehydrogenase.

SUBUNIT MOLECULAR WEIGHT.

The 7.5% to 20% g ra d ie n t  SDS-PAGE g e l  p ic tu re d  in f ig u r e  4.4 was used to

e s t im a te  the  su b u n i t  m olecu lar  w eight o f  the  p u r i f ie d  p ro te in .  Seven s ta n d a rd  

p r o te in s  were used to  c a l i b r a t e  the  g e l  and the  r e s u l t i n g  graph  (f ig .  4.5) 

ind ica ted  a su b u n i t  m olecu lar  weight o f  approx im ate ly  52,000.
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FIGURE 4.1: MONO Q COLUMN; Protam ine s u lp h a te  t r e a te d  m a te r ia l  was app lied  

to a Mono Q anion exchange column and p ro te in s  e lu te d  u s ing  a 100 ml 

g ra d ie n t  o f  0 -0 .6  M NaCl. The CHMS dehydrogenase a c t i v i t y  e lu te d  a t  

approxim ate ly  0.25 M NaCl- the  a c t i v i t y  o f  the  peak f r a c t i o n s  is g iven  as  

the open c i r c l e s .  The s c a le  is  pmol min~l mg"’ p ro te in .



FIGURE 4 .1 ; ELUTION OF PROTEINS FROM A HR 10/10 MONO Q COLUMN,
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FIGURE 4.2: PHENYL SUPEROSE COLUMN: Peak a c t i v i t y  f r a c t i o n s  from the  Mono Q 

column were run  on a Phenyl Superose  column and p r o te in s  e lu te d  us ing  a 

1 .7-0 M g r a d ie n t  o f  ammonium su lp h a te .  The CHMS dehydrogenase  a c t i v i t y  

was p re s e n t  in the  la rge  peak.



FIGURE 4 ^ :  ELUTION OF CHMS DEHYDROGENASE FROM A HR 5 /5  PHENYL SÜP6R0SE 

COLUMN.
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FIGURE 4.3; SDS-PAGE a n a ly s i s  o f  p ro te in  samples: lOpl o f  each f r a c t i o n  was 

run on a 7.5%-20% SDS-polyacrylamlde g ra d ie n t  g e l .  The lanes  con ta ined : 1, 

crude  e x t r a c t ;  2, f i r s t  p ro tam ine  s u lp h a te  f r a c t i o n a t io n  s u p e rn a ta n t ;  3, 

second pro tam ine  s u lp h a te  f r a c t i o n a t io n  s u p e rn a ta n t ;  4, second pro tam ine  

s u lp h a te  s u p e rn a ta n t  f i l t e r e d ;  5, peak a c t i v i t y  f r a c t i o n  from Mono Q 

column; 6, peak a c t i v i t y  f r a c t i o n  from Mono Q column, f i l t e r e d ;  7 and 8, 

peak a c t i v i t y  f r a c t io n  from s e p a r a te  runs  on a phenyl su p e ro se  column. The 

p r o te in s  used  to  c a l i b r a t e  the  g e l  were; bovine lac ta lbum ln  (14,200); 

t r y p s in  In h ib i to r  (20,100); t ryps lnogen  (24,000); carbon ic  anhydrase

(29.000); g lyce ra ldehyde  3 -p h o sp h a te  dehydrogenase  (36,000); ovalbumin

(45.000) and bovine serum albumin (66,000) and th e s e  were p r e s e n t  In the  

lanes  marked M.



FIGURE 4.3: SDS-PAGE GEL SHOWING STEPS IN THE PURIFICATION OF CHMS 

DEHYDROGENASE FROM E. c o li  C.
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FIGURE 4.4: P u r i ty  o f  CHMS dehydrogenase: Samples e q u iv a le n t  to  Ipg (lane 

1), 5pg ( lane  2) and lOpg ( lane 3) o f  p ro te in  -m easu red  by the  method of 

Warburg and C h r i s t i a n -  were e le c tro p h o re s e d  on a 7,5%-20% SDS- 

polyacry  lamlde g r a d ie n t  g e l .  The p r o te in s  used to  c a l i b r a t e  the  g e l  were; 

bovine lac ta lbum ln  (14,200); t ry p s in  I n h ib i to r  (20,100); t ry p s ln o g en

(24.000); carbonic  anhydrase  (29,000); g lyce ra ldehyde  3 -p h o sp h a te  

dehydrogenase  (36,000); ovalbumin (45,000) and bovine serum  albumin

(66.000) and th e s e  were p r e s e n t  In the  lanes  marked M.



FIGURE 4 .4 :  SDS-PAGE GEL SHOWING PURITY OF CHMS DEHYDROGENASE,
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TABLE 4 . 1 ;  A SUMMARY OF THE PURIFICATION OF CHMS DEHYDROGENASE FROM E. c o l i  C,

STEP VOLUME TOTAL TOTAL SPECIFIC
PROTEIN UNITS ACTIVITY

(ml) (mg) (pmol (Units mg
min~‘'m l“ ’ > p r o t e i n ' ' )

1. U l t ra c e n t r i fu g e d  E x tra c t 16 83 400 4.8

2. Protamine S u lpha te 16 102 379 3.7

3. Mono Q 4 6.8 182 26.8

4. Phenyl Superose 4 2.2 77 35
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FIGURE 4 . 5 ;  CALIBRATION GRAPH: T h e  s t a n d a r d  p r o t e i n s  w e r e ;  b o v i n e

lactalburain  (14,200); t ry p s in  in h ib i to r  (20,100); t ryps lnogen  (24,000); 

carbon ic  anhydrase  (29,000); g lyce ra ldehyde  3 -phospha te  dehydrogenase

(36,000); ovalbumin (45,000); and bovine serum albumin (66,000). The

m o b il i t ie s  a re  r e l a t i v e  to  the  bromophenol b lue  marker dye.



FIGURE 4.5: A GRAPH SHOWING THE CALIBRATION CURVE OF THE SDS-PAGE GEL IN 

FIGURE 4.4.
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GEL FILTRATION.

The n a t iv e  p r o te in  m olecu lar  weight was e s t im a te d  by Suparose  12 g e l  

f i l t r a t i o n  chromatography of  a sample o f  p u r i f ie d  CHMS dehydrogenase. The 

column was run  w ith  50mM sodium phosphate  b u f fe r  pH 7.0 c o n ta in in g  0.15M NaCl 

and a flow r a t e  o f  0.4ml min~’ . The enzyme a c t i v i t y  e lu te d  from the  column in 

a s in g le  sym m etrica l  peak and a n a ly s i s  of a c a l i b r a t io n  graph  ( f ig .  4.6) 

c o n s tru c te d  from the  e lu t io n  p r o f i l e  o f  s ta n d a rd  p r o te in s  produced an e s t im a te  

o f  125,000(±5,000) fo r  the  n a t iv e  m olecular  w eight o f  the  CHMS dehydrogenase. 

As a s in g le  band was ev id e n t  on a d e n a tu r in g  polyacry lam ide g e l  the  ev idence  

s u g g e s t s  t h a t  the  n a t iv e  form o f  the  enzyme was a dimer of id e n t ic a l  s u b u n i t s .

MOLAR EXTINCTION COEFFICIENT OF CHMS.

The molar e x t in c t io n  c o e f f i c i e n t  o f  CHMS a t  pH 7,8 i s  35,500 dm® mol“ ' cm"’ (Y- 

L.T.Lee, M.S. th e s i s ,  U n ive rs i ty  o f  M innesota, S t .  Paul, 1977). However, a d d i t io n  

o f  the  same volume o f  a p re p a ra t io n  o f  CHMS to b u f f e r s  w ith  d i f f e r e n t  pH 

v a lu es  r e s u l t e d  in d i f f e r e n t  absorbance  rea d in g s ;  le: Caeo CHMS Is pH

dependent. The molar e x t in c t io n  c o e f f i c i e n t  of CHMS a t  d i f f e r e n t  pH v a lu e s  was 

c a lc u la te d  by comparing the  absorbance  a t  pH 7.8 o f  a f ix ed  volume o f  CHMS 

with th e  absorbance  a t  d i f f e r e n t  pH v a lu e s .  E^eoCHMS v a r ie s  between 8,700 a t  

pH 6.0 and 45,600 a t  pH 8.0 when m easured in phosphate  b u f f e r  (Table 4.2) and 

th ese  f ig u r e s  were used su b seq u e n t ly  when de te rm in ing  the  pH optimum o f  the  

p u r i f ie d  CHMS dehydrogenase.

pH OPTIMUM.

A c o n s ta n t  c o n c e n t ra t io n  o f  CHMS (26pM) was used  th ro u g h o u t  t h i s  experim ent; 

the  c o n c e n tra t io n  o f  NAD was 0.2mM and each a s sa y  con ta ined  approx im ate ly  69ng 

o f  p u r i f ie d  enzyme. The r a t e  o f  r e a c t io n  was h ig h e s t  in O.IM sodium phosphate  

b u f fe r  a t  pH 7.5. The r a t e  o f  r e a c t io n  was a t  l e a s t  two t h i r d s  o f  the  maximum 

r a t e  over the  range  pH 6 .8 -8 .0  In d ic a t in g  a broad ran g e  o f  a c t i v i t y .  Below
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FIGURE 4.6: Gel f i l t r a t i o n  chromatography: Samples of  p u r i f ie d  CHMS

dehydrogenase were run  In 50raM sodium phosphate  buffei—ISOmM NaCL pH 7.0 

a t  a flow r a t e  o f  0.4ml m in " ' .  The column was c a l ib r a t e d  u s ing  IgG

(160,000), human serum albumin (67,000), p - la c to g lo b ln  (35,000) and 

cytochrome c (12,400) as  s ta n d a rd s .



FIGURE 4 . 6 :  CALIBRATION GRAPH OF THE SUPEROSE 12 GEL FILTRATION COLUMN.
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TABLE 4.2; MOLAR EXTINCTION COEFFICIENTS OF CHMS AT DIFFERENT pH VALUES,

pH SaeoCHMS

6.0 8,700

6.6 14,800

6.8 21,900

7.0 23,100

7.2 23,800

7.4 26,400

7.5 31,800

7.6 32,800

7.8 35,500

8.0 45,600
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pH 6.8 the  a c t i v i t y  dropped o f f  qu ick ly  ( f ig .  4.7).

APPARENT Km DETERMINATIONS.

The Km va lues  fo r  each s u b s t r a t e  were m easured a t  pH 7.5 us ing  a s in g le  

s a t u r a t i n g  c o n c e n t ra t io n  o f  the  o th e r  s u b s t r a t e .  With 196pM NAD the  Km fo r  

CHMS was 9.2± 1 .4pM and w ith  26pM CHMS the  Km fo r  NAD was 11.7+1.5pM. The 

method used to  dete rm ine  th e s e  va lu e s  and the  r e s u l t i n g  g rap h s  a re  shown in 

s e c t io n  4.2 (page 121) where they a re  compared to  the  co rrespond ing  d a ta  from 

th e  p u r i f ie d  K le b s ie lla  pneum oniae  CHMS dehydrogenase.

AMINO-TERMINAL AMINO ACID SEQUENCING.

A 0.5 ml sample o f  the  peak a c t i v i t y  f r a c t i o n  from the  Phenyl Superose  column 

was d ia ly sed  o v e rn ig h t  a g a in s t  100 volumes o f  25mM sodium phosphate  b u f fe r  pH 

7.5 b e fo re  being subm it ted  fo r  am ino-term ina  I amino ac id  sequencing . The 

sequencing  was kindly c a r r ie d  ou t  by Dr.M.D. Davison u s ing  an Applied 

Biosystems 470A g as  phase sequencer .  The f i r s t  34 r e s id u e s  o f  the  enzyme were 

determ ined  w ithou t  any a m b ig u it ie s  and the  sequence  is  shown in f ig u re  4.8.
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FIGURE 4 . 7 :  GRAPH SHOWING THE VARIATION IN ENZYME SPECIFIC ACTIVITY WITH pH.
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FIGURE 4.8: SEQUENCE FROM THE FIRST 34 RESIDUES OF THE AMINO TERMINUS OF E.

c o li  OHMS DEHYDROGENASE.

Residue Number: 1 2 3 4 5  6 7 8 9  10

Residue: Met Lys Lys Val Asn His Trp l ie  Asn Gly

Residue Number: 11 12 13 14 15 16 17 18 19 20

Residue: Lys Asn Val Ala Gly Asn Asp Tyr Phe Gin

Residue Number: 21 22 23 24 25 26 27 28 29 30

Residue: Thr Thr Asn Pro Ala Thr Gly G lu Val Leu

Residue Number: 31 32 33 34

Residue: Ala Asp Val Ala
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4.2: HOMOLOGIES BETWEEN THE CHMS DEHYDROGENASE ENZYMES OF E. c o l i  AND K. 

pneum aiiae.

The CHMS dehydrogenase from E scherich ia  c o l i  B has been p u r i f ie d  and 

c h a ra c te r i s e d  (Alonso and G a r r id o - P e r t ie r r a ,  1982; 1986). The n a t iv e  m olecular 

w eight of the  p u r i f ie d  enzyme was found to  be 210,000 and the  su b u n i t  w eight 

58,000, s u g g e s t in g  a te t r a m e r  o f  id e n t ic a l  s u b u n i t s .  The enzyme d isp la y e d  a 

narrow pH optimum with maximum a c t i v i t y  a t  pH 7.8 in phosphate  b u f f e r  (Alonso 

and G a r r id o - P e r t ie r r a ,  1982). When CHMS and NAD were used a s  v a r ia b le  

s u b s t r a t e s  the  fo r  CHMS was found to  be 9.0±1.0 ^M and the  K„., fo r  NAD 

29.1±4.6 pM (Alonso and G a r r id o - P e r t ie r r a ,  1986). No am ino-te rm ina l  sequencing  

of t h i s  p ro te in  was undertaken .

The co rrespond ing  enzyme from K. pneum oniae  M5al was p u r i f ie d  by P ro fe s s o r  A. 

G a r r id o - P e r t ie r r a  and the  am ino -te rm ina l  amino ac id  sequence de te rm ined  by 

Dr.M.D. Davison. The f i r s t  20 am ino -te rm ina l  r e s id u e s  o f  the  K le b s ie lla  enzyme 

were determ ined  w ithou t  any a m b ig u it ie s .  F igu re  4.9 compares the  sequences  of 

E. c o li  Q and K. pneumoniae  M5al enzymes. Of the  20 amino ac id s  fo r  which 

d i r e c t  comparison is  p o s s ib le ,  18 of th e  r e s id u e s  a re  id e n t ic a l  and the  o th e r  

two a re  c o n se rv a t iv e  s u b s t i t u t i o n s .  The s u b u n i t  m olecu lar  w eight and n a t iv e  

m olecular w eight o f  the  K le b s ie lla  enzyme were a ls o  de term ined  by P ro fe s s o r  

G a r r id o - P e r t ie r r a  and were 52,000 and 102,000(±5,000) r e s p e c t iv e ly .

pH OPTIMUM OF K le b s ie lla  ENZYME.

A c o n s ta n t  c o n c e n t ra t io n  o f  CHMS (26pM), which produced an absorbance  o f  0.825 

a t  pH 7.5, was used th roughou t t h i s  experim ent;  the  c o n c e n tra t io n  o f  NAD was 

0.2mM and each a ssa y  con ta ined  approx im ate ly  lOOng of  p u r i f ie d  enzyme. The 

r a t e  of r e a c t io n  was h ig h e s t  in O.IM sodium phosphate  b u f f e r  a t  pH 7.5.
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FIGURE 4.9; AMINO-TE RM INAL AMINO ACID SEQUENCES OF THE CHMS DEHYDROGENASES OF

E. co li  C AND K. pneumoniae M5al.

Residue Number: 1 2 3 4 5 6 7 8 9 10

E. coli: Met Lys Lys Val Asn His Trp He Asn Gly

K.pneumoniae: Met Lys Lys He Asn His Trp He Asn Gly

Residue Number: 11 12 13 14 15 16 17 18 19 20

E. coli: Lys Asn Val Ala Gly Asn Asp Tyr Phe Gin

K. pneumoniae: Lys Asn Val Ala Gly Ser Asp Tyr Phe Gin
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APPARENT Km DETERMINATIONS OF K lebsie lla  CHMS DEHYDROGENASE.

The Km va lues  fo r  each s u b s t r a t e  were measured a t  pH 7.5 us ing  a s in g le  

s a tu r a t i n g  c o n c e n t ra t io n  o f  the  o th e r  s u b s t r a t e .  With 196pM NAD the  Km fo r  

CHMS was 5.2±1.6pM and w ith  26pM CHMS the  Km fo r  NAD was 11.7±1.5pM. The 

method used to  de te rm ine  th ese  va lu e s  and those  o f  the  E. c o li  enzyme was by 

a n o n - l in e a r  l e a s t  s q u a re s  r e g r e s s io n  f i t  o f  v a g a in s t  S by the  computer 

programme of  Wa 1msley and Lowe (1985). The r e s u l t i n g  f i t  produced by th i s  

a n a ly s i s  is  p ic tu re d  in f ig u r e  4.10. Both o f  the  enzymes show hyperbo lic  

k in e t ic s  when CHMS or NAD was used a s  th e  v a r ia b le  s u b s t r a t e .

Comparison o f  p u r i f i e d  CHMS dehydrogenases.

Three CHMS dehydrogenase  enzymes have now been p u r i f ie d  from v a r io u s  

organism s which have the  a b i l i t y  to  c a ta b o l i s e  HPC (Alonso and G arrido -

P e r t i e r r a ,  1982; Faw cett  e t  a l. ,  1989). Comparison o f  the  th re e  enzymes is  g iven 

in Table 4.3. The su b u n i t  m olecular w e igh ts  o f  the  enzymes a re  a l l  s im i la r ,  bu t 

the  E c o ll  B enzyme ap p ears  to be a s s o c ia te d  in to  a t e t r a m e r ic  form r a t h e r  

than a dimer ( the  most l ike ly  c o n f ig u ra t io n  o f  the  o th e r  two enzymes). The 

th re e  enzymes e x h ib i t  s im i la r ,  bu t  n o t  id e n t ic a l ,  a f f i n i t i e s  fo r  t h e i r  two 

s u b s t r a t e s  and a l l  o p e ra te  op tim ally  a t  a s im i la r  pH value . The most s t r i k in g  

s im i la r i ty ,  however, is  the  am ino -te rm ina l  sequences . U nfo r tuna te ly  the  da ta

was no t  a v a i la b le  fo r  the  E. c o li  B enzyme, bu t  the  o th e r  two CHMS 

dehydrogenases r e v e a le d  a 90% id e n t i ty  in the  f i r s t  twenty  amino a c id s  a t

th e i r  amino-term  ini. The o th e r  two amino a c id s  showed c o n se rv a t iv e

s u b s t i t u t i o n s .
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FIGURE 4.10: K in e tic  p lo ts  o f v a g a in s t  S w ith a s in g le  s a tu r a t in g

c o n c e n tra t io n  o f  one o f  the  s u b s t r a t e s  fo r  two p u r i f ie d  CHMS 

dehydrogenases, a) K, pneum oniae  M5al enzyme with 26pM CHMS and va rious  

NAD c o n c e n t ra t io n s ,  c) K, pneum oniae  M5al enzyme with  196pM NAD and 

va r io u s  CHMS c o n c e n t ra t io n s ,  b) E. c o li  C enzyme with  26pM CHMS and 

v a r io u s  NAD c o n c e n t ra t io n s  and d) E .co li C enzyme with  196pM NAD and 

v a r io u s  CHMS c o n c e n t ra t io n s .



FIGURE 4 .1 0 : KINETIC PLOTS OF v AGAINST S FOR CHMS DEHYDROGENASES OF E .coli C

AND K. pneumoniae M 5al.
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TABLE 4.3: SUMMARY OF KNOWN CHARACTERISTICS OF PURIFIED CHMS DEHYDROGENASES.

CHARACTERISTIC E, COÎÎ  C K. pneumoniae E. c o li  B 
M5al

Subunit Molecular 52,000 
Weight

52,000 58,000

Native Molecular 
Weight

120,000 (±5,000) 102,000 (±5,000) 210,000 (± 10,000)

pH Optimum 7.5 7.5 7.8

K,. (CHMS) 9.2±1.4 5.2±1.6 9.0±1.0

K„.. (NAD) 19.4±2.7 11.7±1.5 29.1±4.6

S p ec if ic  A c t iv i ty  35 54 54

AmIno-Termlnal 
Homology

90% homology in f i r s t  20 
re s Id u e s

N/T

N/T= n o t  t e s t e d .

S pec if ic  A c t iv i ty  m easured in pmol min“ ’ mg-' p ro te in .
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Southern B lot A nalysis o f  CHMS Dehydrogenase Genes Using a Probe Derived from 

the Amino-Ac Id Sequence.

The p h y s ica l  c h a r a c t e r i s t i c s  o f  the  CHMS dehydrogenases  (Table 4.3) show some 

s im i l a r i t i e s .  However, p r o p e r t i e s  such a s  Kr„ v a lu e s  do n o t  p rov ide  the  kind o f  

evidence on the  r e l a t e d n e s s  o f  p r o te in s  as  prim ary DNA or p r o te in  sequence 

d a ta  do. In th e  absence  o f  p u r i f i e d  p r o te in s  o r  sequenced genes  i t  is  p o s s ib le  

to a s s e s s  how w ell  conserved  a p a r t i c u l a r  DNA sequence is  in d i f f e r e n t  sp e c ie s  

by DNA h y b r id i s a t io n .

A p o r t io n  of  amino ac id  sequence  which was a b s o lu te ly  conserved between the  

CHMS dehydrogenases  o f  E. c o l i  C and K. pneum oniae  M5al was chosen and a 

de g e n e ra te  o l ig o n u c le o t id e  probe c o n s t ru c te d  such t h a t  a l l  p o s s ib le  DNA 

sequences  fo r  t h a t  p e p tid e  sequence  were r e p re s e n te d ;  the  o l ig o n u c le o t id e  

m ix tu re  was c a l le d  probe C ( f ig .  3.6b). Five micrograms o f  chromosomal DNA from 

E. c o li  C, B, W and K-10, K. pneumoniae  M5al and Pseudomonas p u tid a  were each 

d ig e s te d  with BamRl and then e le c tro p h o re se d  through a 0.6% a g a ro se  g e l ,  the  

DNA b lo t t e d  on to  n i t r o c e l lu l o s e  and immobilised by baking fo r  2h a t  8 0 *C. The 

n i t r o c e l lu lo s e  f i l t e r  was t r e a t e d  w ith  r a d io  labe l  led probe C and washed. The 

probe h y b r id ised  s t ro n g ly  to  an approx im ate ly  7kbp fragm ent o f  E. c o li  B, C and 

W DNA. E. c o li  W showed a second s t r o n g ly  h y b r id is in g  band o f  approx im ate ly  

3kbp, K, pneumoniae  gave a s in g le  s t r o n g ly  h y b r id is in g  band o f  approx im ate ly  

5kbp. No s t r o n g ly  h y b r id is in g  band was seen  fo r  E, c o li  K-12 ( s t r a in  K-10) o r  

P. p u tid a  DNA. However, a l l  o f  the  E. c o li  samples showed a very  weakly 

h y b r id is in g  band o f  approx im ate ly  2kbp ( f ig .  4.11). Since th e re  is  no BamHl s i t e  

in any of the  sequences  probed fo r ,  the  two s t r o n g ly  h y b r id is in g  bands seen 

fo r  E. c o li  W s u g g e s t s  t h a t  th e re  may be a d u p l ic a te  form o f  the  CHMS 

dehydrogenase gene in t h a t  organism. The f a i l u r e  to  d e te c t  any s ig n i f i c a n t  

h y b r id is a t io n  w ith  P. p u tid a  DNA in d ic a te s  t h a t  i t s  CHMS dehydrogenase may have 

d iverged  s ig n i f i c a n t l y  from t h a t  o f  E, c o li  C and K. pneumoniae.
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FIGURE 4.11; Southern  b lo t  o f chromosomal DNA: A utorad iograph  o f  a

Southern  b lo t  of EamHl d ig e s te d  b a c t e r i a l  DNA h y b r id ised  with  rad io  labe l  led 

probe C. The lanes con ta ined  DNA from the  fo llow ing  sou rces ;  1, E .co li C; 2, 

E, c o li  W; 3, E, c o li  KIO; 4, P. putida]  5, K. pneum oniae  M5al; 6, E. c o l i  B 

and 7, H ind lll  d ig e s te d  X-DNA.



FIGURE 4 . 1 1 :  SOUTHERN BLOT OF Barnm DIGESTED CHROMOSOMAL DNA'S HYBRIDISED WITH

PROBE C.
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4.3; CLONING AND PRIMARY ANALYSIS OF hpc  GENES FROM K le b s ie lla  pneumoniae 

M5al.

Iso la tio n  o f  Clones.

The amino te rm in a l  amino ac id  sequences  of  the  E. c o ll  C and K. pneumoniae

CHMS dehydrogenase enzymes have been shown to  be h ig h ly  homologous. A 

d e g e n e ra te  o l ig o n u c le o t id e  probe d e r iv ed  from a p o r t io n  o f  th o se  sequences

(probe C) was ab le  to  h y b r id is e  to  chromosomal DNA from E. c o l l  C and K. 

pneumoniae M5al as w ell  a s  to chromosomal DNA from E. c o ll  s t r a i n s  B and W 

(Fawcett e t  aL, 1989). Although s t r o n g  h y b r id i s a t io n  was seen  fo r  K. 

pneumoniae DNA the  s iz e  o f  the  labe l led  f ragm ent was d i f f e r e n t  to  t h a t  fo r  E. 

c o ll  C s u g g e s t in g  t h a t  the  two organ ism s did n o t  have id e n t ic a l  r e s t r i c t i o n  

maps fo r  the  hpc  genes. D etec tion  of chromosomal cop ies  o f  hpc genes  with 

probe C in d ic a te d  th a t  a p o ss ib le  method of  i s o la t in g  the  genes  on a cloned 

fragm ent would be colony h y b r id i s a t io n .

Chromosomal DNA from M5al was d ig e s te d  w ith  s e v e r a l  r e s t r i c t i o n  enzymes and 

e le c tro p h o re se d  th rough a 0.5% ag a ro se  g e l .  The DNA was b lo t t e d  onto 

n i t r o c e l lu lo s e  and h y b r id ised  w ith  r ad io  lab e l led  probe C ( f ig .  4.12). Each track  

con ta ined  a s in g le  h y b r id is in g  band; DNA d ig e s te d  with H ind lll and Sa il

hy b r id ised  to  the  probe a t  s i z e s  which lay between the  23kbp and 9 .6kbp 

m arkers. BaiiAil and P stl  d ig e s te d  DNA con ta ined  h y b r id is in g  f ragm en ts  o f  about

5kbp. In an a t te m p t  to  o b ta in  a l l  o f  the  hpc  genes  on a s in g le  fragm ent of  DNA

the  r e s t r i c t i o n  endonuclease  H ind lll was chosen to  c o n s t r u c t  the  gene l ib ra ry ,  

a s  probe C h y b r id ised  to a la rg e  (approxim ate ly  15kbp) H ind lll f ragm en t. To

reduce  the  number o f  recom binant p lasm ids which had to be sc reened  in the

l ib ra ry ,  com pletely  d ig e s te d  chromosomal DNA was s iz e  f r a c t i o n a te d  and

fragm en ts  o f  the  r e q u i re d  s iz e  s e le c te d  p r io r  to  l ig a t io n  in to  a plasmid 

v ec to r .

K. pneumoniae M5al chromosomal DNA (330pg) was com pletely  d ig e s te d  w ith  400
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FIGURE 4.12; Southern  b lo t  o f  K le b s il la  DNA: A utorad iograph  o f  a Southern 

b lo t  of K, pneumoniae  M5al chromosomal DNA h y b r id ised  w ith  probe C. The 

lanes  con ta ined  DNA d ig e s te d  w ith  the  fo llow ing  enzymes; 1, H indlll; 2, 

Sa il;  3, BamHl; 5, P s t l .  Lane 4 con ta ined  H ind lll d ig e s te d  X-DNA.



FIGURE 4 . 1 2 :  SOUTHERN HYBRIDISATION OF M 5al DNA WITH PROBE C
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u n i t s  o f  H indlll^ the  m ix tu re  e x t r a c te d  tw ice  w ith  pheno l/ch lo roform  and the 

DNA p r e c i p i t a t e d  w ith  two volumes o f  e th a n o l  in the  p resen ce  o f  0.1 volumes o f  

3M sodium a c e t a t e .  The p r e c i p i t a t e  was c o l le c te d  by c e n t r i f u g a t io n  and washed 

with 70% e th a n o l ,  the  p e l l e t  vacuum d r ie d  and d is so lv e d  in 500pl TE. A Spl 

sample o f  the  s o lu t io n  was e le c tro p h o re s e d  through a 0.6% ag a ro se  g e l  to  

e n su re  t h a t  com plete  d ig e s t io n  had taken p lace  and the  rem ainder  o f  th e  DNA 

s o lu t io n  was la id  on top o f  a 10-40% l in e a r  su c ro se  g r a d ie n t  (in IM NaCl, 20mM 

T r is  .Cl pH 8.0, 5mM EDTA). The g r a d ie n t  was c e n tr i fu g e d  f o r  24h a t  2 5 ,000rpm in 

a Beckman SW27 r o to r  and then  the  g r a d ie n t  was c o l le c te d  in 1ml f r a c t i o n s  

us ing  a p e r i s t a l t i c  pump. A 20pT sample o f  each even numbered f r a c t i o n  was

d i lu te d  w ith  an equa l volume o f  w a te r ,  mixed and e le c tro p h o re s e d  th rough  a 

0.5% a g a ro se  g e l  a long w ith  some n o n -d ig e s te d  chromosomal DNA and H ind lll 

r e s t r i c t e d  X-DNA. F igu re  4.13 shows a photograph  o f  the  r e s u l t i n g  g e l  and the 

s u c c e s s fu l  s iz e  f r a c t i o n a t io n  of the  K le b s ie lla  DNA.

F ra c t io n s  which con ta ined  f ragm en ts  o f  above 9.6kbp were t e s t e d  fo r  the 

p resence  o f  hpc  coding sequences  by a DNA-DNA do t  b lo t  a ssay . The DNA from 

lOOjil o f  each even numbered f r a c t io n  (up to  number 10) was p r e c ip i t a t e d  and 

red is so lv e d  in 20pl o f  w a te r  and d e n a tu red  by the  a d d i t io n  o f  5p l o f  4M NaOH 

and incubation  a t  3 7 "C fo r  10 min. The sam ples were then m ain ta ined  on ice fo r  

two min. b e fo re  being  s p o t t e d  onto  a n i t r o c e l lu l o s e  f i l t e r .  The f i l t e r  was a i r  

d r ied  and baked a t  80 "C fo r  two ho u rs  and then h y b r id ised  to  r ad io  labe l led

probe C as  p re v io u s ly  desc r ib ed .  The a u to ra d io g ra p h  r e v e a le d  t h a t  f r a c t i o n s  8, 

10, 12, 14 and 16 h y b r id ise d  to  the  probe to some e x te n t ;  the  s t r o n g e s t

h y b r id i s a t io n  being  w ith  f r a c t i o n  14 and the  second s t r o n g e s t  in f r a c t io n  16, 

T herefo re ,  400pl o f  f r a c t i o n s  14 and 15 were pooled and the  DNA p r e c ip i t a te d  

by an equal volume of  isopropanol in the  p resence  o f  tRNA a t  a f in a l  

c o n c en tra t io n  o f  20pg ml“ ’ . The p r e c i p i t a t e  was c o l le c te d  by c e n t r i f u g a t io n  and 

washed in e th a n o l ,  vacuum d r ie d  b r i e f ly  and d isso lv e d  in 200pl of s t e r i l e

w ater.  E le c t ro p h o re s is  o f  a sample o f  the  DNA in d ica ted  t h a t  th e  c o n c en tra t io n

128



FIGURE 4.13; S ize  f ra c t io n a t io n  o f chromosomal DNA: The DNA was

f r a c t io n a te d  on a 10-40% l in e a r  su c ro se  g r a d i e n t  (in IM NaCl, 20mM Tris .C l 

pH 8.0, 5mM EDTA) by c e n t r i fu g in g  a t  2 5 ,000rpm fo r  24h in a Beckman SW27 

r o to r  and 1ml f r a c t i o n s  c o l le c te d  us ing  a p e r i s t a l t i c  pump; 20pl sam ples o f  

each even numbered f r a c t io n  were e le c tro p h o re s e d  th rough a 0.6% a g a ro se  

g e l .  lane A con ta ined  u n d ig es te d  chromosomal DNA and lane B con ta ined  

H indlll d ig e s te d  X-DNA.



FIGURE 4.13: GEL SHOWING THE SIZE FRACTIONATION OF CHROMOSOMAL DNA.
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was approx im ate ly  50pg ml” ' and had a s iz e  d i s t r i b u t io n  o f  between 

approx im ate ly  10 to  15kbp.

The chosen v e c to r ,  pBR322, was p repared  by r e s t r i c t i o n  enzyme d ig e s t io n  with  

H ind lll and phospha tase  t re a tm e n t  to  remove te rm in a l  phosphate  groups. The 

s o lu t io n  was e x t r a c te d  w ith  pheno l/ch lo ro fo rm  and the  DNA p r e c ip i t a t e d  with 

e th a n o l  and d is so lv e d  to  a c o n c e n t ra t io n  o f  approx im ate ly  lOOpg ml” ’ in TE. A 

20pl l ig a t io n  was s e t  up co n ta in in g  approx im ate ly  200ng of l in e a r i s e d  pBR322 

and 200ng of s i z e  s e le c te d  chromosomal DNA; a c o n tro l  l ig a t io n  con ta ined  only 

200ng o f  l in e a r i s e d  pBR322. The l ig a t io n s  were allowed to  proceed o v e rn ig h t  a t  

room te m p e ra tu re  and then lOOng o f  DNA from the  c o n tro l  l ig a t io n  and 200ng o f  

DNA from the  t e s t  l ig a t io n  were used  to  t ran s fo rm  competent E, c o l i  5K c e l l s  

in s e p a r a te  experim en ts .  The transfo rm ed  c e l l s  were sp re a d  onto  pre-warmed LB- 

Ap p l a t e s  and incubated  o v e rn ig h t .  The l in e a r i s e d  and phospha tase  t r e a te d  

v e c to r  gave 4,300 t r a n s fo rm a n ts  per  microgram of v e c to r  DNA whereas each of 

the  seven t e s t  p l a t e s  con ta ined  approx im ate ly  1,000 co lon ies  (an approxim ate  

e f f ic ie n c y  o f  70,000 t ra n s fo rm a n ts  per  microgram o f  v e c to r  DNA). All o f  the  

t e s t  p l a t e s  were r e p l i c a - p la t e d  onto  s e p a r a te  n i t r o c e l lu l o s e  f i l t e r s  r e s t i n g  on 

top o f  LB-Ap p l a t e s ;  th ese  were incubated  o v e rn ig h t  such t h a t  sm all  co lon ies  

were p re s e n t  on th e  f i l t e r s .  The f i l t e r s  were marked with a s o f t  penc il ,  

removed from th e  p l a t e s ,  the  co lo n ie s  lysed (as  d e sc r ib ed  in methods) and the 

DNA fixed  to  th e  n i t r o c e l lu l o s e  by baking fo r  2h a t  80*C. Each f i l t e r  was p re ­

hy b r id ised  and h y b r id ise d  w ith  rad io  labe l led  probe C, a i r  d r ie d  and exposed to  

X-ray film . Two h o u rs  exposure  o f  the f i l t e r s  to  the  f ilm  rev e a le d  

approxim ate ly  100 p o s s ib le  p o s i t iv e  co lon ie s .  As the  m as te r  p l a t e s  were 

overcrowded a s e le c t i o n  o f  p o s i t i v e s  co lon ies  were taken from them and spread  

onto f r e s h  LB-Ap p l a t e s  to  o b ta in  s in g le  co lon ies .  S eve ra l  s in g le  co lo n ie s  from 

each p u ta t iv e  p o s i t i v e  were pa tched  onto  n i t r o c e l lu l o s e  f i l t e r s  r e s t i n g  on top 

of LB-Ap p l a t e s  and the  s c re e n in g  proceedure  was re p e a te d  fo r  a second time. 

F igure  4.14 shows an example o f  an au to rad iog ram  of a s in g le
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FIGURE 4.14; S creen ing  p u ta t iv e  p o s it iv e  c lones: Panel A shows an

au torad iogram  of a s in g le  n i t r o c e l lu lo s e  f i l t e r  cont a ing 5 p u ta t iv e

p o s i t iv e  c lones  from the  I n i t i a l  round o f  sc reen ing  a f t e r  30 min. exposure  

of the  f i l t e r  to X -ray  film . Panel B shows an au to rad iogram  o f  the  same

f i l t e r  a f t e r  o v e rn ig h t  exposure  o f  the  f i l t e r  to X -ray  film.



FIGURE 4 . 1 4 :  AUTORADIOGRAM OF A SECONDARY SCREEN WITH PROBE C.
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n i t r o c e l lu l o s e  f i l t e r  a f t e r  30 min and o v e rn ig h t  exposu re  to  X -ray film . The 

f i l t e r  c o n ta in s  s in g le  co lo n ie s  from 5 p u ta t iv e  p o s i t iv e  c lones  in the  f i r s t  

round o f  sc re e n in g ;  two o f  the  g roups were a l l  p o s i t i v e  a f t e r  30 min exposure  

and an a d d i t io n a l  two were rega rded  a s  p o s i t iv e  a f t e r  o v e rn ig h t  exposure . The 

nex t  to  bottom row were reg a rd ed  a s  n e g a t iv e .  In a l l ,  13 c lones  were p o s i t iv e  

a f t e r  the  second round o f  sc re e n in g  by colony h y b r id i s a t io n  and th e s e  were 

f u r t h e r  in v e s t ig a te d  by the  r e s t r i c t i o n  p a t t e r n  o f  th e  DNA a f t e r  d ig e s t io n  w ith  

BamHl. The DNA from each o f  the  p o s i t iv e  c lones  was r e s t r i c t e d  com plete ly  with

BamHl and e le c tro p h o re s e d  th rough a 0.8% ag a ro se  g e l  ( f ig .  4.15); the  c lones

f e l l  in to  5 d i f f e r e n t  r e s t r i c t i o n  p a t t e r n  g roups and were named pTF100-pTF104. 

The c lones  which gave th e  s t r o n g e s t  h y b r id i s a t io n  in the  second round of 

sc re e n in g  f e l l  in to  two g roups  by th e i r  r e s t r i c t i o n  p a t t e r n s  (pTFlOO and 

pTF102).

Complementation o f  E. coH  C Mutants o f  the HPC Pathway w ith P u ta tive  Clones.

S evera l  m utant s t r a i n s  of E, c o li  C were a v a i la b le  which con ta ined  le s io n s  in 

hpa o r  hpc  genes, including  an hpcC s t r a i n .  As the c lones  had been s e le c te d  

using  a DNA probe de rived  from the  am ino-te rm inal amino ac id  sequence  o f  the  

hpcC gene p roduct ,  complementation o f  t h i s  m utant would be l ike ly  i f  an a c t iv e  

hpcC gene had been cloned. This  method a lthough  quick and easy  could g ive

f a l s e - n e g a t iv e  r e s u l t s  i f  only a p o r t io n  o f  the  gene was cloned o r  the  cloned 

K. pneum oniae  genes  were n o t  exp ressed  in the  E. c o l i  h o s t .  The cloned genes  

were a l s o  t ran s fo rm ed  in to  o th e r  m utant s t r a in s :  JJ210 is  a s t r a i n  which 

rem ains HPA” even with pJJ801 (hpcBCDEF) p r e s e n t  and D03 is  a s t r a i n  which is  

HPA” /HPC^. E. c o l i  5K was a ls o  transfo rm ed  w ith  the  c lones  and t e s t e d  fo r

growth on HPA and HPC in o rd e r  to  de te rm ine  w hether  a l l  o f  the  genes  r e q u i re d  

fo r  grow th on e i t h e r  o f  th e s e  two carbon so u rc e s  had been c loned. Table 4.4 

shows the  growth c h a r a c t e r i s t i c s  o f  th ese  s t r a i n s  co n ta in in g  the  v a r io u s  c lones  

a f t e r  48h incuba tion  a t  37*0. E. c o li  C and K, pneumoniae  M5al were included on
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FIGURE 4.15: Photograph o f  r e s t r i c t i o n  d ig e s t  a n a ly s i s  o f  p u t a t iv e  p o s i t i v e  

c lones:  the  DNA from each clone was r e s t r i c t e d  w ith  BanM.1 and

e le c tro p h o re s e d  through a 0.8% a g a ro se  g e l .  The clone in lane 1 was c a l le d  

pTFlOO; th o se  with the  r e s  t r i e  ion p a t t e r n  of lanes 2 and 11, pTFlOl; lanes  

5, 12 and 13, pTF102; lanes  4, 7 and 9, pTF103 and lanesG, 8 and 10, 

pTF104. The lanes  marked M con ta ined  H ind lll d ig e s te d  X-DNA.



FIGURE 4 . 1 5 :  RESTRICTION ANALYSIS OF PUTATIVE POSITIVE CLONES.

9 10 11 12 13
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TABLE 4 . 4 ;  COMPLEMENTATION OF VARIOUS STRAINS BY CLONED K le b s ie l l a  DNA.

STRAIN GROWTH SUBSTRATE
HPC HPA GLUCOSE

E. c o li  C 4+ 5+ 5+
M5al 3+ 5+ 5+

JJ221 -  -  5+
JJ221 (pTFlOO) 2+ 3+ 5+
JJ221 (pTFlOl) -  -  5+
JJ221(pTF102) 2+ 4+ 5+
JJ221(pTFlOS) 5+
JJ221<pTF104) -  -  5+

JJ210 5+
JJ210(pTF100) 2+ 2+ 5+
JJ210(pTF101) -  -  5+
JJ210(pTF102) 2+ 2+ 5+
JJ210(pTFlC3) -  -  5+
JJ210(pTF104) _ -  5+

DOS 4+ -  5 +
DOSCpTFlOO) 4+ -  5 +
D03(pTF101) 4+ -  5+
D03(pTF102) 4+ -  5+
D03(pTF103> 4+ -  5+
D03(pTF104) 4+ -  5+

5K -  -  5 +
5K<pTF100) -  -  5+
5K<pTF101) -  -  5+
5K(pTF102) -  -  5+
5K<pTF103) -  -  5 +
5K<pTF104) -  -  5+

Growth was marked on a s c a le  o f  0-5+; th e  maximum being taken a s  the  growth 

using  g lu co se  a s  th e  carbon sou rce  a f t e r  two days  incubation ,

1 3 4



the  p la te s  as  p o s it iv e  c o n tro ls .

The c lones  pTFlOO and pTF102 complemented the  m u ta tio n s  in s t r a i n s  JJ221 and 

JJ210; th e s e  c lones  a ls o  gave the  s t r o n g e s t  h y b r id i s a t io n  to rad io  labe l led  

probe C. No c lones  were ab le  to  r e p a i r  the  m uta tion  in D03, which is  ab le  to 

grow on HPC bu t no t  HPA and is  th e re fo re  probably d e f i c ie n t  in an hpa gene, or 

allow 5K to grow on e i t h e r  HPA or HPC. This experim ent s u g g e s t s  t h a t  the  hpcC 

gene and a t  l e a s t  one o th e r  gene o f  the  hpc pathway were p re s e n t  on both 

pTFlOO and pTF102, bu t  they did no t  con ta in  a l l  o f  the  genes  r e q u i re d  fo r  

growth on HPA or HPC as  the  s o le  carbon sou rce .  The more weakly h y b r id is in g  

c lones (pTFlOl, pTF103 and pTF104) do n o t  appear to co n ta in  an i n ta c t  hpcC 

gene and a re  n o t  ab le  to  r e p a i r  the  m uta tion  in p J J2 10.

Enzyme A c t iv it ie s  A ssociated  w ith the Clones.

The p resence  o f  enzymes which a re  r e s p o n s ib le  fo r  the  c a t a ly t i c  convers ion  of 

HPA to  SSA and p y ruva te  were t e s t e d  fo r  by m easuring t h e i r  a c t i v i t i e s  in c e l l  

f r e e  e x t r a c t s  o f  E, c o l i  5K co n ta in in g  the  v a r io u s  c lones  a f t e r  growth in LB-Ap 

l iqu id  medium in the  p resence  o f  HPA. Those c lones  which f a i l e d  to  complement 

any m u tan ts  were a lso  t e s t e d  a s  they may have con ta ined  genes  of  the  HPC 

pathway o th e r  than  those  t e s t e d  in the  p rev ious  experim ent. The plasm ids 

pTFlOO and pTF102 co n ta in  a c t iv e  hpcBCDEFGH ^e n e s  whereas, pTFlOl, pTF103 and 

pTF104 co n ta in  no a c t iv e  hpc  genes. Thus the  l a t t e r  th re e  c lones  were 

e l im in a te d  from f u r t h e r  in v e s t ig a t io n .  If hpc  genes  have evolved by a p ro cess  

o f  r e t r o g r a d e  e v o lu t io n  a s  proposed by Horowitz (1945; 1965) then the  lower 

leve l  o f  h y b r id i s a t io n  e x h ib i te d  by some c lones  may have been due to 

h y b r id i s a t io n  o f  probe C to an a n c e s t r a l ly  r e l a t e d  sequence, in the  absence of 

the  hpcC gene.

The c lones  pTFlOO and pTF102 con ta in  the  same hpc  genes, bu t  e x h ib i t  a 

d i f f e r e n t  r e s t r i c t i o n  p a t t e r n  when t r e a t e d  w ith  BanMl, Each was grown in LB-Ap 

with and w ithou t  the  p resence  o f  HPA and c e l l  f r e e  e x t r a c t s  made to dete rm ine
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whether the  c lones  con ta ined  a r e g u la to r y  gene and i f  they both behaved in a 

s im i la r  manner. Table 4.5 shows t h a t  in the  absence o f  an inducer  th e  HPC 

enzyme s p e c i f ic  a c t i v i t i e s  a re  p r e s e n t  a t  very low v a lu e s ,  b u t  a re  in c re a se d  

when HPA was p re s e n t  in the  growth medium. Both o f  the  c lones  behaved in a 

s im i la r  manner, showing an inducib le  re sp o n se  to  the  p resence  o f  HPA.

Comparison o f  pTFlOO and pTF102.

The c lones  pTFlOO and pTF102 both  e x p re s s  a l l  o f  the  enzyme a c t i v i t i e s  

n e c e s s a ry  fo r  the  convers ion  of  HPC to  SSA and py ruva te ;  the  genes  which 

encode those  enzymes a re  induced in the  p resen ce  of HPA. The num erica l  v a lu e s  

of  the  enzyme s p e c i f i c  a c t i v i t i e s  a re  low b u t  t h i s  is  s im i la r  to  an ana logous 

c lones  from E. c o li  C, pJJ200 (Jenkins, 1987; Jenkins  and Cooper, 1968; t h i s

work. Table 3.7). However, the  r e s t r i c t i o n  p a t t e r n  of  the  DNA of pTFlOO and

pTF102, when r e s t r i c t e d  with  FamHl, is  s ig n i f i c a n t l y  d i f f e r e n t .  There a re  

s e v e r a l  p o s s ib le  e x p la n a t io n s  fo r  t h i s  s e r i e s  o f  r e s u l t s :  the  f i r s t  i s  t h a t

more than one copy of  the  hpc  genes  a r e  p re s e n t  on the K. pneum oniae

chromosome; a l t e r n a t i v e l y  the  s in g le  chromosomal copy may have been cloned in 

both o r i e n t a t io n s ,  o r  a rea r ran g em en t in one o f  the  c lones , o u ts id e  of  the  hpc  

genes, may have taken p lace  r e s u l t i n g  in a d i f f e r e n t  r e s t r i c t i o n  p a t t e r n  b u t  no 

e f f e c t  on the  e x p re ss io n  o f  the  genes. This  was in v e s t ig a te d  by c u t t in g  the  

DNA from each with  a v a r i e ty  o f  d i f f e r e n t  r e s t r i c t i o n  enzymes and 

e lec tro p h o n e s in g  the  d ig e s t s  th rough  a 0.8% ag a ro se  g e l .  F igu re  4.16a d e p ic ts  

the  r e s u l t i n g  g e l .  The g e l  was a rranged  so t h a t  two d i g e s t s  with the  same 

enzyme were n e x t  to  each o th e r  to  a id  comparison; in each c ase  one or more of 

the  r e s t r i c t i o n  f ragm en ts  a re  in common and a t  l e a s t  one fragm ent is  

d i f f e r e n t .  The DNA from th i s  g e l  was t r a n s f e r r e d  to  n i t r o c e l lu lo s e  and 

hy b r id ised  to r ad io  lab e l le d  probe C. The r e s u l t i n g  au to ra d io g ra p h  is  p ic tu re d  in 

f ig u r e  4.16b. In each case  the  same r e s t r i c t i o n  f ragm ent h y b r id ised  to probe C 

excep t fo r  the  EccRl d ig e s te d  DNA's -  in t h a t  case  a 7kbp fragm ent o f  pTFlOO

137



FIGURE 4.16: F u r th e r  a n a ly s i s  o f  pTFlOO and pTF102; Photograph o f  an 

a g a ro se  g e l  and the  r e s u l t i n g  S ou thern  b lo t  o f  p lasm ids  pTFlOO and pTF102 

a f t e r  d ig e s t io n  w ith  s e v e r a l  enzymes. The lanes  con ta ined :

1) pTFlOO d ig e s te d  w ith  BamRl

3) pTFlOO d ig e s te d  w ith  EccRl

5) pTFlOO d ig e s te d  w ith  SaJl

7) pTFlOO d ig e s te d  w ith  Bind!II

9) pTFlOO d ig e s te d  w ith  EcdRV

11 > pTFlOO d ig e s te d  w ith  P vull

13) pTFlOO d ig e s te d  w ith  P stl

2) pTF102 d ig e s te d  w ith  BamHl

4) pTF102 d ig e s te d  w ith  EcdR.1

6) pTF102 d ig e s te d  with Sail

8) pTF102 d ig e s te d  w ith  H ind lll

10) pTF102 d ig e s te d  w ith  EcdRV 

12) pTF102 d ig e s te d  w ith  P vull

14) pTF102 d ig e s te d  with  P stl

15) \-DNA d ig e s te d  w ith  H ind lll,

Exposure o f  the  f i l t e r  to  X -ray film  was fo r  two ho u rs  a t  room 

tem p e ra tu re .



FIGURE 4 .16a; RESTRICTION DIGEST PATTERNS OF pTFlOO AND pTF102.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Kbp

S  Z

-23.1
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6.6
- 4.4
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0.5

FIGURE 4.16b: SOUTHERN BLOT ANALYSIS OF THE ABOVE GEL SCREENED WITH PROBE C,

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
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and a lOkbp fragm en t o f  pTF102 h y b r id ised  to  the  probe. These d a ta  s u g g e s t  

t h a t  a DNA rea rra n g e m e n t  was an un lik e ly  exp lana tion  fo r  the  d i f f e r e n t  

r e s t r i c t i o n  p a t t e r n s  a s  d i s r u p t io n  o f  the  arrangem ent o f  s t r u c t u r a l  genes 

would a lm ost c e r t a in ly  a f f e c t  enzyme a c t i v i t i e s .

Number o f  Copies o f  hpc  Genes on the Chromosome.

When K. pneumoniae M5al DNA was r e s t r i c t e d  with s e v e r a l  d i f f e r e n t  enzymes and 

probed with r a d io  lab e l  led probe C in a Southern  b lo t  experim ent, only one 

h y b r id is in g  band was seen  in each t ra c k  of the  g e l  ( f ig .  4.12). This  s u g g e s t s  

t h a t  only a s in g le  copy o f  the  genes  a re  p re s e n t  on th e  chromosome. However, 

the  two c lones  which p o s s e s s  HPC c a ta b o l ic  enzyme a c t i v i t i e s  e x h ib i t  very 

s im i la r  r e s t r i c t i o n  d ig e s t io n  p a t t e r n s  ( f ig .  4.16a) and in a l l  c a se s  excep t 

EcoRl d ig e s t io n ,  probe C h y b r id i s e s  to  the  same r e s t r i c t i o n  f ragm ent ( f ig .  

4.16b). As EccRl was n o t  used  in th e  genomic Southern  b lo t  i t  was no t  p o s s ib le  

to t e l l  i f  one o r  two cop ies  o f  th e  hpc  genes  were p r e s e n t  on the  chromosome 

from the  p re s e n t  e x p e r im e n ta l  ev idence . To in v e s t ig a te  t h i s ,  K le b s ie lla  DNA was 

d ig e s te d  with BamHl, EccRl, S a il and H ind lll  and equa l  q u a n t i t i e s  o f  each 

e le c tro p h o re se d  th rough  a 0.5% a g a ro se  g e l  in d u p l ic a te  so t h a t  a f t e r

e le c t r o p h o r e s i s  the  g e l  could be c u t  in two, the  DNA from each h a l f  t r a n s f e r r e d  

to n i t r o c e l lu lo s e  and h y b r id is e d  to  the  r a d io  labe l  led i n s e r t  DNA of e i t h e r  

pTFlOO or pTF102 ( f ig .  4 .17). As expec ted  the  p a t t e r n  o f  h y b r id is in g  bands in 

the  t ra c k s  co rrespond ing  to  BamHl, S a il  and H ind lll was the  same in each 

experim ent, however, th e  h y b r id i s in g  band in the  t ra c k s  co rrespond ing  to  the  

EcdUl d ig e s te d  DNA's were a ls o  the  same s iz e .  This experim ent in d ic a te s  t h a t  

only a s in g le  copy o f  the  hpc  g enes  is  p r e s e n t  on the  chromosome o f  K.

pneumoniae  M5al and t h a t  th e  c lones  pTFlOO and pTF102 probably  co n ta in  a 

simple invers ion  o f  the  i n s e r t  DNA. This can e a s i ly  be v e r i f ie d  by r e s t r i c t i n g

the c lones  w ith  H ind lll  and r e  l ig a t in g ;  i f  the  idea o f  an in v er ted  i n s e r t  was

t ru e  then ind iv idua l  c lo n e s  fo llow ing  such an experim ent would have the
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FIGURE 4.17; S ou thern  b lo t  a n a ly s i s  o f  M5al DNA: D uplica te  samples of 

r e s t r i c t i o n  enzyme d ig e s te d  M5al chromosomal DNA were e le c tro p h o re se d  

through a 0.5% a g a ro se  g e l ,  th e  g e l  c u t  in two and the  DNA from each h a l f  

t r a n s f e r e d  to  n i t r o c e l lu l o s e .  P la te  A shows a photograph  o f  a f i l t e r  a f t e r  

h y b r id i s a t io n  to  r a d io la b e l le d  i n s e r t  DNA from pTFlOO and p la te  B the 

second f i l t e r  a f t e r  h y b r id i s a t io n  to  r a d io la b e l le d  i n s e r t  DNA from pTF102. 

Lanes 1 and 6 con ta ined  DNA d ig e s te d  with BamHl] 2 and 7 w ith  EcoRl; 3 

and 8 with  S a i l  and 4 and 9 w ith  H indlll. Lane 5 con ta ined  H ind lll d ig e s te d  

X-DNA.



FIGURE 4.17: SOUTHERN BLOT ANALYSIS OF M5al DNA HYBRIDISED TO pTFlOO AND 

pTF102 INSERT DNA.
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r e s t r i c t i o n  p a t t e r n  o f  e i t h e r  pTFlOO or pTF102, r e g a r d le s s  o f  th e  sou rce  o f  

DNA.

Oxidation o f  HPA and HPC by Whole C ells  o f  5K<pTF100).

Overnight c u l t u r e s  o f  E. c o l i  5K(pTF100) and K. pneumoniae M5al a s  a co n tro l ,  

grown in LB, were each s u b c u l tu re d  in to  th re e  f la s k s  co n ta in in g  e i t h e r  LB, 

LB+HPA or LB+HPC. The c u l t u r e s  were grown fo r  approx im ate ly  4h in the  p resence  

of the  inducers ,  h a rv e s te d ,  washed tw ice in O.IM phosphate  b u f f e r  pH 7.5 and 

resuspended  in the  same b u f f e r  to  an approxim ate  c o n c e n t ra t io n  o f  15mg ml""’ 

dry weight (an 00^8 0  of  1.0 was assumed to  be e q u iv a le n t  to 0.68mg dry w eight 

ml""’ ). The whole c e l l s  were t e s t e d  fo r  t h e i r  a b i l i t y  to  o x id ise  4-HPA, 3-HPA 

and HPC a t  a c o n c e n t ra t io n  o f  lOmM. Those which did n o t  o x id is e  any o f  th ese  

s u b s t r a t e s  were t e s t e d  fo r  t h e i r  a b i l i t y  to  o x id ise  g lu co se .  When grown in the  

p resence  o f  HPA, K. pneum oniae  was ab le  to  o x id ise  4-HPA, 3-HPA and HPC; when 

grown in the  p resence  o f  HPC i t  was ab le  to o x id ise  HPC, bu t n o t  4-HPA or 3 -  

HPA. E. c o li  5K(pTF100) was n o t  ab le  to  o x id ise  any HPA or HPC when grown in 

the p resence  of e i t h e r  s u b s t r a t e ,  b u t  was ab le  to  o x id ise  g lu co se  r e g a r d le s s  o f  

the  growth co n d it io n s .  Table  4.6 shows the  r e s u l t s  ex p re sse d  as  ng-atom  0-  ̂

m g-’ .

Model o f  R egulation o f  K le b s ie lla  hpc  Genes.

The c lones  pTFlOO and pTF102 both encode a l l  o f  the  enzyme a c t i v i t i e s  

n e c es sa ry  fo r  the  enzymic convers ion  o f  HPC to  SSA and p y ru v a te .  The enzymes 

a re  exp ressed  a t  low r a t e s  in the  absence o f  an inducer of the  pathway and 

a re  ex p re sse d  a t  h ig h e r  r a t e s  in the  p resence  o f  HPA. When t ran sfo rm ed  in to  a 

s t r a i n  which does n o t  encode any hpa/hpc  enzymes (E. c o li  5K) n e i th e r  clone 

allow s the  organism to  grow on HPC. This paradox i s  p robably  due to  genes  fo r  

the  up take  o f  HPC n o t  be ing  p re s e n t  on pTFlOO. Some HPA must be ab le  to  e n te r  

the  5K c e l l s  in the  absence  o f  a s p e c i f ic  up take  sys tem  as  the  enzymes a re
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TABLE 4.6; OXIDATION OF HPA AND HPC BY WHOLE CELLS.

ASSAY GROWTH CONDITIONS

SUBSTRATE K.pneumoniae M5al E. c o li  5K(pTF100)

LB LB+HPA LB+HPC LB LB+HPA LB+HPC

4-HPA n.d. 13 n.d. n.d. n.d. n.d.

3-HPA n.d. 16 n.d. n.d. n.d. n.d.

HPC n.d. 34 18 n.d. n.d. n.d.

GLUCOSE 79 N.T. N.T. 75 81 88

n.d. =not d e te c te d

NT. =not t e s t e d .

S p ec if ic  a c t i v i t i e s  exp ressed  as  ng-O^ (mg dry w eigh t)  ’ •
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exp ressed  above the b a s a l  r a t e  in the  p resence  of HPA, however, t h i s  r a t e  of

uptake Is presumably i n s u f f i c i e n t  to  su p p o r t  growth. This is  s u p p o r te d  by the 

f a c t  t h a t  E. c o li  5K(pTF100) whole c e l l s  cannot o x id ise  HPC (Table 4.6) a f t e r  

growth under c o n d it io n s  which enab le  HPC c a ta b o l ic  enzymes to  be m easured in 

c e l l  f r e e  e x t r a c t s  (Table 4.5). The Induced enzyme a c t i v i t i e s  o f  5K(pTF100) a re  

low compared to  those  o f  M5al (Table 4.5); t h i s  may be due to  incomplete 

induction  of the  hpc genes.

K le b s ie lla  pneumoniae  M5al, when grown on LB in the  p resence  o f  4-HPA is  ab le  

to o x id ise  4-HPA, 3-HPA and HPC. When grown on LB in the  p re se n c e  of HPC i t  

can o x id ise  HPC b u t  n o t  3 -  or 4-HPA which in d ic a te s  t h a t  the  genes  fo r  the  

ca tabo lism  of  HPA a re  p r e s e n t  on a t  l e a s t  two r e g u la to r y  g roups.  One group fo r  

the  convers ion  o f  HPA to  HPC, inducib le  by HPA, and a second fo r  the  conversion 

of HPC to c e n t r a l  m e ta b o l i te s .  The second group of genes  is  inducib le  by HPC 

and HPA, a s  cloned hpc  genes  can be induced by HPA in the  absence  o f  HPA

hydroxylase  (Table 4.5). HPC is  unable  to  induce th e  r e g u la to r y  group

con ta in ing  the  HPA hydroxylase . T he re fo re ,  i t  i s  un l ik e ly  th a t  the  gene encoding

the HPC up take  system  is  p r e s e n t  on the  hpa operon o th e rw ise  when HPC was

encountered  in the  environm ent i t  would be unable  to induce i t s  own uptake

system . This s u g g e s t s  t h a t  a t  l e a s t  th re e  g roups o f  genes  a re  p r e s e n t  in the  

hpa/hpc  system .

Comparison o f  Cloned E scherich ia  and K le b s ie lla  hpc  Genes.

The K le b s ie lla  clone pTFlOO ap p ears  to  be analogous to  the  E. c o l i  C c lones  

pJJ200 and pJJ210 (Jenkins and Cooper, 1988). They show a r e g u la te d  phenotype 

when p re s e n t  in £. c o li  5K, e x p re s s  a l l  o f  the  enzymes n e c e s s a ry  fo r  the

convers ion  o f  HPC to SSA and p y ruva te  bu t  do no t  a llow 5K to  grow on HPC. The

r e s t r i c t i o n  p a t t e r n s  o f  the  K le b s ie lla  and E scherich ia  c lones  do n o t  appear  to 

sh a re  any common fragm en ts  ( f ig .  4.18) which along  w ith  the  f a i l u r e  o f  cloned 

E .co li C genes and an o l ig o n u c le o t id e  probe de rived  from the  p u r i f ie d  OHED
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h y d ra ta s e  p ro te in  o f  E. c o li  C to  h y b r id ise  to  K. pneumoniae  M5al DNA (Jenkins, 

1987; F e r re r  and Cooper, 1988) s u g g e s t s  t h a t  the  hpc  genes  o f  th e s e  two 

organism s a re  g e n e ra l ly  n o t  w ell  conserved . The am ino -te rm ina l  reg io n  o f  the  

two OHMS dehydrogenase enzymes a re  in s ta r k  c o n t r a s t  to t h i s  and may 

r e p r e s e n t  a reg io n  o f  s ig n i f i c a n t  s t r u c t u r a l  o r  c a t a ly t i c  im portance.
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FIGURE 4.18; Comparison o f  pTFlOO and pJJ200: Photograph o f  r e s t r l c l o n  

a n a ly s i s  o f  p lasm ids pTFlOO and pJJ200. Lanes 1-4 con ta ined  pTFlOO DNA 

d ig e s te d  w ith  1, BamHl; 2, Ecd?l; 3, H indlll; 4, Sa il  and lanes  5 -8  

con ta ined  pJJ200 DNA d ig e s te d  w ith  5, EamHl; 6, EcoRl; 7, H indlll; 8, 5 a i l .  

Lane 9 con ta ined  H ind lll  d ig e s te d  X-DNA,



FIGURE 4.18: RESTRICTION DIGESTS OF pTFlOO AND pJJ200.
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F’UT’URE P R O S P E C T 'S .

The p r e s e n t  work has opened up a number o f  p o ss ib ly  I n t e r e s t i n g  avenues fo r  

f u tu r e  r e s e a rc h .  Amongst the  most in te r e s t in g  o f  th e s e  is  the  chance to 

in v e s t ig a te  the  c o n se rv a t io n  o f  the  hpc  pathway in E. c o li  C and fC. pneum oniae  

M5al. The genes  fo r  the  convers ion  o f  HPC to SSA and p y ru v a te  from both o f  

these  organism s a r e  a v a i l a b le  on sm all  cloned f rag m en ts  o f  DNA and thus  

comparison o f  t h e i r  gene o rd e r ,  n u c le o t id e  sequence and r e g u la t i o n  have become 

p o ss ib le .

A Southern  b lo t  a n a ly s i s  o f  s e v e ra l  chromosomal DNAs In d ic a te d  two re g io n s  o f  

s t ro n g  homology on the  chromosome o f  E. c o li  W to  th e  o l ig o n u c le o t id e  probe 

c o n s tru c te d  u s in g  Inform ation  from the  N -term ina l sequence  of th e  p u r i f ie d  

CHMS dehydrogenase p r o te in s .  I t  may be t h a t  th ese  r e p r e s e n t  two fu n c t io n in g  

enzymes; th ese  may have occurred  by enzyme r e c r u i tm e n t  o f  the  CHMS 

dehydrogenase in to  an o th e r  pathway, by gene d u p l ic a t io n ,  chromosome d u p l ic a t io n  

or  l a t e r a l  t r a n s f e r  o f  a second homologous gene from a n o th e r  s p e c ie s .  The 

cloning and in v e s t ig a t io n  o f  th ese  genes  th e r e fo r e  would g ive  some idea of the  

o r ig in  of the  two h y b r id i s in g  bands and p o ss ib ly  an i n s ig h t  to  the  e v o lu t io n a ry  

mechanisms o f  c a ta b o l ic  pathw ays.

The p o s i t io n  o f  an o p e ra to r  reg io n  on the  E. c o li  C DNA has  been im plicated  

from t h i s  work; th e  p re se n c e  o f  t h a t  reg io n  could be qu ick ly  confirm ed by DNA 

sequencing  and  t h a t  reg io n  then used  to  p u r i fy  the  r e g u la to r y  p r o te in  by 

a f f i n i t y  chrom atography. A number o f  experim ents  u s ing  the  p u r i f ie d  p ro te in  to 

f o o tp r in t  the  o p e ra to r  r e g io n s  o f  both cloned sequences  then becomes f e a s ib le .
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A B S T R A C T .

A n alysis  o f  Cloned Genes fo r  Aromatic Catabolism : the H ydroxyphenylacetate G ^ e s  
o f  E schericA Ia c o l i  and K le b s ie lla  pneumoniae.
Tony Faw cett.

Cloned g e n e s , from E scherich ia  c o l i  C, for the catabolism  o f
hom oprotocatechuate were a v a ila b le . The o rg a n isa tio n  and ex p ress io n  o f  th e se  
g en es  was in v e stig a te d  by a number o f  m olecular g e n e t ic  tech n iq u es. The e x a c t  
p o s it io n  o f  the 5' end o f one o f  the g e n e s , hpcGt was determ ined by a  
com bination o f  Southern b lo tt in g  and DNA sequencing and su b seq u en tly  used a s  a 
marker to  a id  the p o sitio n in g  and i Hue Ida t ion o f  the d ir e c t io n  o f  tra n scr ip tio n  
o f  the o th er  gen es. The gen es were found to  be arranged in two b locks o f  
s tr u c tu r a l gen es which were both tran scribed  in the same d ir ec tio n  and a  
se p a r a te  reg u la to ry  gene. Northern h y b r id isa tio n  a n a ly s is  o f  RNA from w ild  type  
c e l l s  and from c e l l s  contain ing  cloned gen es ind icated  the presen ce  o f  th ree  
tr a n sc r ip ts  o f  4 .5 , 2.7 and 1.6 kbp. A model for the p o s it io n  o f  the hpc  g e n e s , 
th e ir  r e g u la tio n  and number o f  tra n sc r ip tio n a l u n its  is  proposed.
One o f  the c a ta ly t ic  p ro te in s , CHMS dehydrogenase, was p u r ifie d  and some o f  i t s  
p r o p e r tie s  in v estig a ted ; homology between the am ino-term inal amino acid  
sequence o f  th is  enzyme and the eq u iv a len t p rote in  from K le b s ie lla  pneum oniae  
M5al was very high. An o lig o n u c le o tid e  derived  from shared p ro te in  sequence o f  
the CHMS dehydrogenases from E. c o l i  C and K, pneumoniae  M5al was used to  
in v e s t ig a te  homology in r e la ted  s p e c ie s  by Southern h y b r id isa tio n . E, c o l i  
s tr a in s  B and W DNA contained a h yb rid isin g  fragm ent when te s te d  a t  h igh  
s tr in g e n c y , but Pseudomonas p u tid a  DNA did not h yb rid ise  under th ese  co n d itio n s . 
The same o lig o n u c le o tid e  was used to  screen  a K, pneum oniae  M5al genom ic 
lib rary  by colony h yb rid isa tion  and c lo n es carrying hpc  g en es were s u c c e s fu lly  
iso la te d . I n it ia l  a n a ly s is  o f  th ese  c lo n es  su g g e s t  that l i t t l e  g r o ss  homology 

—exsists^  betw een the hpc genes o f  E, cOJTX and K, pneumoniae M 5al.


