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A b s t r a c t .

Esche ric hia coli C can utilise 3 , 4 - d i h y d r o x y p h e n y l a c e t a te 
as a carbon and energy source for growth. The b i o c h e m i c a l  and
ge ne tic c h a r a c t e r i s a t i o n  of the c h r o m o somally enc oded pathway
involved is desc ribed  in this thesis.

The st ru ctu ral genes have been cloned and found to lie in
two opérons, h p c BCDEF and h p c G H , both of w h ic h were  
ne gativ el y con tr olled  by the r e g u lat or y gene hpcR. There also 
appeared to be an add itio na l level of cont rol acting in a 
pos iti ve manner, med ia ted by cAMP.

Various subclones isolated in this analysis  were useful in 
the prod uc ti on of pat hway in ter m e d i a t e s  w h i c h  were i den ti fied 
by a variety of means. The use of the pathway i nt ermedi at es 
in the b i o c h em ical c h a r a c t e r i s a t i o n  of the 3,4DHPA cata bolic 
pathway has lead to the i d e n t i f i c a t i o n  of a novel step. The 
use of both b i o c h em ical and g e n e t i c  te chniqu es  in the 
analysis of the pathway has enabled a g r e at er  un d e r s t a n d i n g 
of the inte ra ct ing m e c h an is ms of the pathway.
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1 . 0 I N T R O D U C T I O N .

AR OMATI C CATABOLISM.

The Plant K i n gd om pro duces m i l l i o n s  of tonnes of organic

compounds annual ly by the p h o t o s y n t h e t i c  reduction of CO and
2

this represent s the ma jo r synthesis phase of the carbon

cycle. The or ga ni c m a t e r i a l  thus gener at ed is a v a i lable to 
serve the nu tr i t i o n a l  r e q u i re ments of the Animal Kingdom.

There are cert ain  or ga nic comp ounds pro duced  by plants whi ch

cannot be d i r ec tly m e t a b o l i s e d  by me mbers of the Animal

Kingdom, the mos t common example s being the b i o p olyme rs

cellulose and lignin. Ce llulose  is a linear pol ymer w h ic h is

composed of D-gluc os e units in a #(1-4) li nka ge  and lignin  is

a three d i m e n s i o n a l  structu ra l polymer wh ic h is d e ri ved from

the enzy mic coupling of three ar omatic alcohols, p-c ouma ry l,

coniferyl and sinapyl alcohol. The oxidati ve  action  of

m i c r o o r g a n i s m s  is the sole process by w h ich the carbon locked

in these polymers can be returned to the environment.

The c a t a b o l i s m  of the ce ll ulose s t r u ct ural unit, glucose,

by m i c r o o r g a n i s m s  has been ex te n s i v e l y  studied. In co ntrast

the m i c r o b i a l  d e g r a d a t i o n  of lignin and its s t r u c t u r a l  unit

the be nz ene ring still remains re l a t i v e l y  unexplored. The

role played by m i c r o o r g a n i s m s  in this specialised, but

essential, part of the carbon cycle is t h e r efor e

justi f i c a t i o n  for the study of aro ma ti c catabolism.

Many m a n - m a d e  chemicals  such as det ergents, pesti cides or

other s y n the ti c co mpo und s wh ich  find their wa y  into the

environ me nt contain the aromat ic nucleus. Some of these
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peca^Ctireu^V
^ c o m p o u n d s  have long term d e l e t e r i o u s  effects on the 

e nv i r o n m e n t  due to their itjacia- nature. An

un ders t a n d i n g  of m i c r o b i a l  ar om at ic c a t a b o l i s m  wil l allow  the 

d e t e r m i n a t i o n  of w h ich m a n - m a d e  chemicals  are safe to use in 

the environment.

The study of aromat ic  c a t a b o l i s m  is of further value since 

aroma tic  ca ta bo lic pathways pr ovi de an i ntere st ing and

c on ve nient sy ste m for study ing f u n c t i o n a l l y  related genes.

Ring cleavage.

The return  of carbon locked w i t h i n  aromatic co mpounds to 

the e n v i r on ment relies upon the ability of m i c r o o r g a n i s m s  to 

di srupt  the ch em ically  stable s t r uc ture of the be nzene ring. 

The b i o l ogical  d e - s t a b i l i z a t i o n  of the benzene ring is 

ach iev ed by the enzymic insertion  of hydroxyl groups (if they 

are not already present). Dio xy ge nases (dihydroxylases)

cat al yse the i n t r o d u c t i o n  of two hydroxyl groups, and

h ydrox yl as es (m ono-oxy genases or mixed function oxidases) 

catalyse the i n t r o d u c t i o n  of a single hyd roxyl gro up  into the 

ring, thus pr ovi din g a suitable labil e c o nfor ma tion for ring 

cleavage. Fig, 1.1.1, shows two examples of such

hydroxylation. For a compound to be acceptable  as a subs tr ate  

for ring cleav ag e two hydro xyls must be present, ei ther ortho

(1,2-dihydroxy) as in ca tec ho l or para (1,4-dihydroxy) as in

gentisate. Ring cleava ge occurs via a d i o x y g e n a s e  whi ch

do na tes two oxyge n a t o m s , one to each of the two carbo n atoms 

on either side of the break. When the ring is ortho-

d i h y d r o x y l a t e d  it can undergo two types of cleavage: a 

1 , 2 - d i ox ygena se  can cleave the ring between adjac en t
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f i g ,1.1.1.
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hy dr ox yls (ortho cleavage) and a 2 , 3 - d i o x y g e n a s e  can cleave 

the ring to one side of the two adj ac ent hydr oxyls  [meta 

cleavage). If the hydroxyl s are o p p o s i t e  each other (para)

the ring is cleaved betw een one h y d r o x y l  and a side chain.

F i g , 1.1.2, shows exampl es  of these types of cleavage.

The opened str uc tu re can now serve as a su bstrate for

su b s equent  re action s in w h i c h  it is converted  to cent ral 

metaboli te s. These and other aspects of arom at ic c a t a b o l i s m  

have been e x t e n s i v e l y  reviewed by Dagley (1971,1975 and 

1978).

C o n v e r g e n c e  of pathways involve d in the c a t a b o l i s m  of 

ar o m a t i c  compounds.

The co nv e r g e n c e  of c a t ab ol ic pathwa ys inv olv ed in ar omati c 

d e g r a d a t i o n  has been e x t e n s i v e l y  reviewed ( D a g l e y , 1975; 

Ornston and Yeh,1982; Ribbons and E a t o n , 1982; Fr an klin et 

a l , 1981). When ar om at ic com pound s are de grade d by bacteria 

the products tend to be cha nn elled through a few co mpo und s 

w h i c h  act as su bs trates  for co n v e r s i o n  to central m e t a b o l i t e s  

(Ribbons and Eaton, 1982). The most ex te n s i v e l y  studied of 

these is the p - k e t o a d i p a te path way (Stanier and Ornston,

1973). Various compoun ds  conve rg e upon either p r o t o c a t e c h u a te 

or catechol, for ring cleavage. F i g , 1.1.3, shows the cleav ag e 

pathways of these two compounds. Both of which undergo ortho 

cl e ava ge  and are e v e n tu ally co nverted to P- k e t o a d i p a t e  enol 

l a cton e and then to p - k e t o a d i p a t e . This is then con verte d to 

the TCA cycle i n te rmediat es  a c e t yl-CoA and succinate. The 

e x i s t e n c e  of such c o n v ergent  pathways implies the e v o luti on  

of a high d e g r e e  of path way  integration. F i g , 1.1.4, shows
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f i g .1.1.2.
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f i g , 1.1.3.
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fig,1,1.4.
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some examples w h er e compo unds are ch an nelle d through catech ol 

w h ich is cleaved by both ortho and meta fission.

D i v e rgenc e of m i c r o b i a l  evolution.

Due to the lack of fossil records the cons t r u c t i o n  of a 

p h y l o g e n e t i c  family tree for bacteria has proved difficult. 

The apparent restri ct ed m e t a b o l i c  options or n u t r i t i o n a l  

re qui r e m e n t s  of bac te ria have often served as a basis for 

t ax o n o m i c  schemes (Stanier et a l , 1966). More e x a ct in g 

te chn iques such as pr ot ei n or DNA hom ol ogy are now being 

em ploye d to d e t e r m i n e  the r e l a t i o n s h i p  between d i f f e r e n t 

b ac te rial species. To date the relatedne ss of aromatic 

pathways has c o n c e n t r a t e d  m a i n l y  on bios y n t h e t i c  pat hways 

( J e n s e n , 1985). Ornston 's  gr ou p are at present in v e s t i g a t i n g  

the simi larit y be tw een both the prot ein  (Ornston and

Yeh,1982  ) and DNA (Shanley et a l , 1 986) sequences of the 

enzymes and genes fr o m  the p - k e t o a d i p a te pa t h w a y  of 

Ps eudom on as  pu tida and A c i n e t o b a c t e r  c a l c o a c e t i c u s .

An un d e r s t a n d i n g  of the po ssibl e interac tions between 

di f f e r e n t  pathways  and the clus t e r i n g  of f u nc tionall y rel ated 

genes may provide an insi ght  into the ev olution  of bac t e r i a l  

m e t a b o l i c  pathways. The abilit y of a ba c t e r i u m  to adapt to 

novel nu tr i t i o n a l  c o n d ition s has provid ed the basis for the 

d e v e l o p m e n t  of hyp o t h e s e s  c o n c er ning the evo l u t i o n  of

me t a b o l i c  pathways. One of the earlie st  theories to account 

for e v o l u t i o n a r y  gr owth of a m e t a b o l i c  pat hway was that of

Ho row itz (1945). He p r o po sed that pathways d e v el oped by a

process of " r e t rogra de  evolution ." This was based on the 

hy pot hesis that the first prim it ive o r g a n i s m  could find all
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the nut rients it requir ed from the env ironment. Upon 

d e p l e t i o n  of a req ui red compound, a vari ant of the or gan is m 

d e v el oped w h ic h posses se d an add i t i o n a l  enzyme that 

f uncti on ed  to convert a c hemic al ly related compound to the 

require d compound. Only a vague ge n e t i c  m e c h a n i s m  to support 

this process was suggested. A mor e complet e evol u t i o n a r y  

scheme was put forward by Lewis (1951), who proposed that new 

genes arose by a t w o - s t e p  process in w h ich  new geneti c 

m a t e r i a l  was created by gene duplicati on . A new gene thus 

formed w o ul d then be free to un dergo  "mutation to new 

functions", wh il s t  the other gene ret ained its ori gin al 

function. This m e c h a n i s m  was proposed  to be re sp onsibl e for 

the build up of m e t a b o l i c  pathways. It was also suggested 

that f u n c t i o n a l l y  related but not highly clust ere d genes also 

arose by tand e m  d u p l i c a t i o n  then d i s p e r s e d  later.

There are several ar gum ents ag ainst these theories for 

example, evo lu ti on of a new enzyme dep ends upon the 

substrate s for a pa r t i c u l a r  enzy mic react i o n  being present in 

high conc en t r a t i o n s  in order to support the growth  of the 

organism. Not all the i n t e r mediat es  in aromatic pathways are 

stable or occur natura ll y in large qu ant ities. However, their 

presence in the pathways  could be e x p la ined by a sub sequent 

stre a m l i n i n g  of a process once a crude m e c h a n i s m  had been 

established. A furt her ob jection  to the gene du pl i c a t i o n  

theory was descri be d by Dagley (1975); 3, 4DHPA  is de grade d to 

give suc cina te  s e m i a l d e h y d e  (SSA) and pyruvate, by a sequence 

of reactio ns  ini ti ated by a m e ta - cl eav a g e  dioxygenase, 

followed by an NA D-linke d de hy dr ogenas e.  The next reaction 

identif ie d by Dagley was a de ca rbo x y l a t i o n .  These reactio ns  

occur by very d i f f eren t reaction m e c h a n i s m s  and it is hard to

-9-



see how they could evolve from the same gene.

The third and most c o n c lu sive argument against ta nd em  gene

du pl i c a t i o n  is the direct com paris on  of two con secut iv e

enzymes from a pathway. A com paris on  of the peptide maps for 

tryptop ha n sy nthase A and B from E.coli showed no homology 

(Hegeman and Rosenberg, 1970). No im mun o l o g i c a l  similari ties 

between the m u c o n o l a c t o n e  is om erase and mu c o n a t e  l a c t on ising 

enzyme of the p - k e t o a d i p a te pathway were observed (Stanier et 

al, 1970).

Another process for ge n e r a t i n g  new gene tic  m a t e r i a l  was 

proposed by Riley and An ilionis (1978). They hypo th esised 

that the E.coli c h r o mosome has un de rgone two d u p l i c a t i o n  

events and that this a d d i tional DNA had the potent ia l to 

mu tat e to serve other reactions.

An alte r n a t i v e  m e c h a n i s m  for pathway evolution  is enzyme 

recr ui tment by the m u t a t i o n  of one enzyme, w h ich can then

subsequent ly  part i c i p a t e  in another pathway. Four primary 

mechani sm s have been iden ti fied which may enable an or g a n i s m

to utilise a pre vi ously u n m e t a b o l i s a b l e  compound:

i) C o n s t i t u t i v e  p r o d uct io n of a p r e v io usly in ducible  enzyme 

which possess a slight activity  to the novel substrate.

ii) Change in s p e c i ficity  of a pr ee x i s t i n g  gro up of enzymes 

with some ac tivity  towards the novel compound.

iii) Dec re as ed s ensitiv it y to a normally toxic compound 

whic h could o t h e rwise  serve as a substrate.

i V ) Acquisition of per m e a b i l i t y  to a m e t a b o l i s a b l e  compound.

This suggests that genes for a pathway would be scattered 

around the chr omosome. An inte restin g example to support this 

theory was d e m o n s t r a t e d  by Campbel l et al (1973). The 

(3-galactosidase ilacZ) gene was de leted  from a strain of
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E.coli. Mu tants of this strain with a restor ed ability to 

g ro w on la ctose  wer e then isolated. The new gene iebg) was 

m a p p e d  at m i n u t e  65 as compared  to those of the lac operon 

wh ic h normal ly map at m i nut e 6.

A furt her ex ample of the m u t a t i o n  and subs equ ent 

recr u i t m e n t  of an add i t i o n a l  functi on to a pathway was 

reported by Hack ing et al (1977). They proposed that if 

sufficent selecti on pressure was placed on a gene then

m u t a t i o n  to a new funct io n wo uld occur. If a d u p l i c a t i o n

event had not taken place then the o r i gi na l function would be 

subs e q u e n t l y  lost. This m o d e l  was d e m o n s t r a t e d  by selecting a 

muta n t  of E.coli that could ut ilise  the pre vi ou sly 

u n m e t a b o l i s a b l e  compound L-1 ,2- pr op anedio l,  with the 

re su lt ing loss in the ability to gro w on L-fucose.

Enzyme r e c r u i t m e n t  explains some of the evolu tion of new or 

mor e  e f f i ci en t m e t a b o l i c  pathways, but it does not explain 

the origin of the new' DNA.

Ev id en ce for gene d u p l i c a t i o n  and subseque nt m u t at ion

enabl in g r e c r u i t / m e n t  to a new pathway was presented by

O r n ston and his col leagu es  (Patel et a l , 1973; Orns ton et a l ,

1982). The p - c a r b o x y m u c o n a t e  l a c t o n i s i n g  enzyme  (C M L ) and 

m u c o n a t e  l a c t o n i s i n g  (ML) enzyme from of the p - k e t oadipa te  

pa th wa y of P.putida wer e  shown to have ap p r o x i m a t e l y  the same 

m o l e c u l a r  weights, similar subunit structures, cry stall in e 

forms and N - t e r m i n a l  amino acid sequences. Close r es emblanc e  

was found be tween ^ - c a r b o x y m u c o n o l a c t o n e  d e c a r b o x y l a s e  (CMD) 

and m u c o n o l a c t o n e  isomerase (MLI). Little similarity, 

however, was d e t e c t e d  between CML and CMD, or ML and ML I 

w h ich are c o n s e cut iv e reactions in either  arm of the 

p - k e t o a d i p a te pa thway (see f i g , 1.1.3, for a d i a g r a m  of the
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p a t h w a y ).

He geman and Ros en berg (1970) reviewed  the topic of 

m i c r o b i a l  evolution. They proposed  a compo site theory in 

w h ich m e t a b o l i c  pat hways ori g i n a l l y  arose by gene d u p l icat io n 

and subs equen t mutation. This either provides the next step 

in the pathway or the DNA source m a t e r i a l  for enzyme 

recruitment. It was also suggested that unitary control of 

these enzy mes w o uld  prove useful and possible if the genes 

were brought together in the same operon by translocation.

Various m e c h a n i s m s  for t r a n s l o c a t i o n  have been wel l  

ch a r a ct er ised since Hege man  and Rose nb erg's proposal. These 

in cl ude viral i n c o r p o r a t i o n  into the ch romoso me  followed by 

transduction, the int egr at ion of two insertion elements 

forming t r a n s p o s o n - l i k e  structures, F-primes, c o n j ug able and 

n o n c o n j u g a b l e  plasmids. Evidence to support the compo site 

theory and enzym e r e c r u i t m e n t  from d u p l icated  genes in the 

p - k e t o a d i p a te pathway, has p r e v i o u s l y  been discussed. A 

recent publ i c a t i o n  by Belfaiza et a l , (1986), also has some

be aring on the pro po se d theory. Belfaiza et al conducted a 

c o m p arati ve  study on the p - c y s t a t h i o n a se (metC) and 

c y s t a t h i o n i n e  Y - s y n t h a s e  (metB) protei ns of the m e t h i o n i n e

b i o s y n t h e t i c  pathway. They showed that although  m et B and m e t C  

w e r e  loca ted  at 88 and 65 mi nutes  on the E.coli chrom os ome

re spectively, there was strong homolo gy ( 367.) between the

m e t B  and m e t C  proteins. This suggests that they have evolved

from a common anc es tral  gene.

With the various m e c h a n i s m s  of gene tra ns l o c a t i o n  it is 

easy to envisage  a sit uation in w h ich genes for a particul ar 

function may be mov ed around the chromosome. The int egr at ion 

of new genes next to other funct i o n a l l y  related genes could
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be selected for, since this situation affords an increased 

regulatory efficiency. If genes are clustered their movement 

or transfer would be easier. This idea can be developed 

further to include the action of plasmids. If various genes 

or groups of genes are only occasionally required they could 

become integrated into plasmids, which could then act as a 

bank for these functions within a population. It would also 

be equally possible that if certain genes became required 

more frequently they could become integrated into the 

chromosome. This could lead to the build up and clustering of 

the genes involved in the metabolic pathways. If this was the 

case then one may expect to see situations in which pathways 

were partly chromosomally encoded and partly plasmid encoded.

A similar situation to that just discussed has been 

Observed for the toluene degradative pathway ([williams and

J e e n e s , 1981). P.putida harbouring the TOL-plasmid has two

pathways for the catabolism of benzoate, one chromosomally

encoded (ortho) and the other encoded by the TOL-plasmid 

(meta). The chromosomally encoded pathway supports a faster 

rate of growth on benzoate, but these genes are not expressed 

if the TOL-plasmid is present, so this phenomenon can be 

utilised in curing experiments. Strains isolated using the

benzoate curing method can be shown to have lost the meta

cleavage pathway, and correspondingly all or part of the

TOL-plasmid. What is surprising is that in some circumstances 

the toluene ixyl) genes do not appear to have been lost but 

have become integrated into the chromosome, where they are no 

longer functional. These genes also appear to be able to 

transfer back to a suitable plasmid when the additional

functions are required. This has led to the speculation that
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the xyl genes may be on a t r a n s p o s o n - l i k e  st ructure (Sinclair 

et a 1, 1986). A fur ther exa mple of this type of e v o l u t i o n a r y

c o n s e r v a t i o n  for the xyl genes was d e m o n s t r a t e d  by Keil et al

(1985). They showed that two sup er fically  d i s s i m i l a r  pla smi ds 

have very strong regions of homol og y in the area w h i c h  

carried all the xyl genes necessary  for the u t i l i s a t i o n  of 

t o l u e n e .

An ex ample of the i n v o lveme nt  of plasmids in the e v o l u t i o n  

of a pathway for the c a t a b o l i s m  of 4 - c h l o r o b e n z o a t e  (4CB) was 

d e m o n s t r a t e d  by Rei necke and K n a c k m u s s (1979). They i s o lated a 

strain called P se ud omonas  B13 that was capabl e of gr owt h on

3- c h l o r o b e n z o a t e  (3CB), but unable to grow  on other 

c h l o r inat ed  benzoat es due to the high s pec if icity of the 3CB- 

dioxygenas e. The TOL -p lasmid  was introduce d into this strain 

by conjugation, wit h the in ten tio n of supplying a n o n s p e c i f i c  

benzo at e dioxygen ase. The initial tr an sc o n j u g a n t s  could still 

not g r o w  on 4CB. For gr ow th  a mu t a t i o n  re sultin g in the loss 

of the p l a s m i d - e n c o d e d  meta pathway, p r e v enting  the d i v e r s i o n  

of 4CB into lethal products, was required. The t o l ue ne 

pathway w ill be d i s c u s s e d  more fully later.

Experiments have been con ducted using broad host range 

plasmids w h ich d e m o n s t r a t e  that ge n e t i c  ex ch ange b e twe en  

plasmids and the c h r o mos om e are not limited to or ga nisms of 

the same species. As a result of these gene tic e x c h a n g e  

events all G r a m - n e g a t i v e  bacteria could be co ns idered  in 

e v o l u t i o n a r y  terms to be interrelated. A l t ho ugh this has been 

shown in the laborat or y the transfer of gene tic i n f o r m a t i o n  

between species oc c u r i n g  in this m a n n e r  must be li mited  in 

Nature, by some mechanism, otherwis e the e l i m i n a t i o n  of 

various species wou ld be expected.
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Genes e n c od in g the enzymes for ar omati c catabolism.

A great number  of enzymes would be required for an org a n i s m  

to ca ta bolise  the wide variety of ar omatic co mpo unds that are 

available. If one o r g a n i s m  had the capacity to ut il ise all 

these sub strat es it wo uld i n i ti ally appear as a selec ti ve 

advantage. However, the drain on the cells resources in terms 

of r e p l i c a t i n g  the add i t i o n a l  DNA require d w o u l d  be 

d i s a d v an ta ge ous. Funnel ling the aromat ic compoun ds into 

i n t e r c o n n e c t e d  path ways may re duce the number of enzy mes 

required, but the most ef f e c t i v e  way of deali ng wit h the 

pr o b l e m  is to carry the path way on a plasmid. Ev ide nc e for 

this is provided by the large number of c onj ug able plasmi ds 

car ryi ng ar om a t i c  catab ol ic pathways. Table 1.1.1, shows 

several ex amples of these. These plasmids act a gene bank 

being re taine d at low levels in the p opu la tion until they 

e nc ou nter the specific substrate. Each o r g a n i s m  gen e r a l l y 

carries c h r o m o s o m a l  genes for central m e t a b o l i s m  and 

com pounds com mo nl y encountered. The plasmid encoded pat hways 

then feed into these re actions incr ea sing the s u b s t r a t e  

uti li si ng capa city of the organism. These c o n c lusions  and 

other ideas c o n c er ni ng plasmids have been reviewed by Broda 

(1981) and Williams and Jeenes (1981).

Ge netic  analysi s of aroma tic cata bo lic pathways.

Most studies on the geneti cs of aro ma ti c pathways have been 

ca rried out on n a t u ra lly occurfing plasmids since the genes of 

inter est  are already on small easily m a n i p u l a t e d  fragm ent s of
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Table 1.1.1

Plasmid encoded degradative pathways 

modified from Franklin ei al.1981

Pathway for degradation

Toluene/Xylene

Camphor

n-Octane

Salicylate

Naphthalene

2,4 Dichlorophenoxyacetate

3-Chlorobenzoate

4-chiorobiphenyl

Plasmid

TOL

CAM

OCT

SAL)
)

BAH)

pJP4

pJP4

pSSSO

Reference.

Williams & Murray (1974) 

Chakrabarty (1976) 

Fennwald £1 al (1978)

Yen ei. al (1985)

Don £1 al (1985a)

Don £i. al (1985b)

Shields el al (1985)



DNA. T a b l e , ^ 1.1.1, shows a variety of these plasmids. The

most w i d e l y  studied of these is the TO L- p l a s m i d  and its

g en etic analys is has served as a mod el  for the genetic 

analysis of the 3.4DHPA pathway reported in this thesis. For

this reason a de ta iled d e s c r i p t i o n  of the plasmid encoded

tol uen e pathway is given below.

Ben zo ate was shown to be cat ab ol ised via an o r t h o -cleavage

pathway (Stan ier , 1 947 ) whereas, phenol and m e th yl sub stituted 

benzene are cata b o l i s e d  via ben zoate and a m e t a - c l e a v a g e  

pathway (Sala-Trepat and Evans 1971), thus indi cat ing that 

there wer e  two pathways for benzoate metabolism.

Nakazawa and Yokota (1973) isolated sp ontaneo us mutants of 

P.arvilla w h ich  had lost the m e t a - c l e a v a g e  enzymes but could 

still g r o w  on be nzoate  using the or tho-pat hway. A report by 

C h a k r abar ty  (1972) had shown that the genes encoding the

m e t a - c l e a v a g e  pathway for sa li cylate are plasmid encoded. 

This prompted  the su gg est ion by Nakazawa and Yokota that

P.a rvilla had both pathways for ben zoate m e t a b o l i s m  and that 

the genes en codin g the m e t a- cl eav age pathway were plasmid 

e n c o d e d .

Similar mu ta nts w e r e  obtain ed  by Williams and Murra y (1974) 

w h o  showed that the b e n z o a t e /t o l u a te m e t a - c l e a v a g e  pathway 

genes wer e carried by a plasmid (TOL). This was d em on strated

by ma ting the plasmid into Toi mu ta nts ther eby restoring 

their ability to gro w  on be nzo ate and toluate by the 

m e ta - cleavag e pathway. Wong and D u n n (1 974 ), independ ently, 

d e m o n s t r a t e d  that the b e n z o a t e / t o l u a t e  m e t a-cle avage pathway 

was carried on a trans m i s s i b l e  plasmid. It was also shown 

that the TO L- p l a s m i d  carried the genes for the c a t a b o l i s m  of 

m e t h y l  d e r i v a t i v e s  of toluene, (m-/p- xylene), via the
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m e ta-cl eav ag e path way (Worsey and Williams, 1975).

In an i n v e s t i g a t i o n  into the na ture of P.putida strains

which had lost the ability to utilis e toluene, it was found

that some of the cured' strains still contained a 48M d a l t o n

plasmid, the w i l d - t y p e  TOL -plasmi d being 78Mdaltons. From

this it was conclud ed  that a 27 Mdalton  fragme nt carried at
eleast part of the to lu ate pathway (Bayi^y et al, 1 977 ).

An initial insi ght  into the r e g u l a t i o n  of the tolu ene m e t a 

cleavage pathway was shown by the induction of the first 

series of enzymes, which c a t al yse the reacti on s for 

con ver tion of the h ydrocar bo n to the ca rboxcyl ic  acid, by 

toluene, m-/ p- xy lene (Worsey et a l , 1978). A r e g u l a t o r y

mutant was isolate d in wh ic h m - x y l e n e  or m - m e t h y l b e n z y 1 

alcohol no longer induced the toluate catabolic enzymes. 

Tol uate however, was still able to induce its own 

de gradation. From their results they proposed that the genes 

were in two r egul at ory blocks, each co nt rolled by their own 

re gulator y gene.

Re st rict io n maps of the TOL- p l a s m i d  (pWWO), (Downing and 

B r o d a , 1979) and a 27 Md alton d e r i v a t i v e  pWWO-8 (Downing et 

a l , 1979) w e r e  deter min ed. T r a n s p o s o n  m u t a g e n e s i s  and clonin g 

were used to localise the two gene c l u s t e r s , one for the 

upper p a t hway (hydro carbon to carbox ylic acid) and the other 

for the lower pathway (carbox ylic acid to tri ca rb ox ylic 

acid cycle) (Franklin et a l , 1981). The two gene blocks w e r e  

separated by 14Kb.

The rela t i v e  pos it ions of the x y l B ,D ,E ,G and F genes, w h i c h  

encode the benzyl  alco hol deh ydro genase , toluate oxygenase, 

ca techo l 2,3-dioxyg en as e, 2 - h y d r o x y m u c o n a t e  s e m i a l d e h y d e  

de hy dr ogenas e,  and 2 - h y d r o x y m u c o n a t e  s e m i a ld ehyde hydratase,
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resp ect ively, w e r e  d e t e r m i n e d  by Inouye et a l (1981 a ,b ). The 

enzymes enco ded by x y l D E G F  w e r e  shown to be n o n - i n d u c i b l e  

unless the product of xylS was present, in d i c a t i n g  pos it ive  

regulation. The relative positions of the genes from the two 

re g u latory  groups and their r e g u l a t o r y  genes xyl R  and xylS 

wer e shown in a m ap c o n s tr uc ted by Lehrbac h et al (1983).

A pre cis e genetic map for the lower part of the toluene 

pathway, showing the positio n of the eight st ru c t u r a l  genes, 

has been d e t e r m i n e d  (Harayama et al, 1 984 ). The gene order 

found was xylDLE, x y l G F J , x y l I H  and x y l S . The first three 

genes encode  the first three co ns e c u t i v e  reactio ns of the 

lower pathwa y (toluate to h y d r o x y m u c o n i c  s e m i a l d e h y d e  

[HMSD]). x yl G and xy lF  encode the enzymes for either  side of 

a lt er native  routes in the benzoate pathway for wh ich HMSD is 

the substrate. The order of the other genes in g e ner al  also 

follow the reacti on order as shown by f i g , 1.1.5. The ord er of 

the upper pathway genes was d e t e r m i n e d  using tr a n s p o s o n  

m u t a g e n e s i s  (Harayama et a l , 1986) and was found to be xylC 

(b e n z a l d e h y d e  d e h yd rogena se ), xyl A  (xylene oxygena se) and 

xylB (benzyl al co hol de hydr og enase).  The order of the genes 

wh ich  encode the enzymes for the upper pathway differs from 

the reacti on  order, as can be seen in f i g , 1.1.5.

A ref ined m o del for the regu lation of the toluene c a t a bo li c 

pathway, based on c o m p l e m e n t a t i o n  analyses, has been 

des c r i b e d  (Inouye et a l , 1986). B e n zoate (or toluate) is the 

ind uce r for the po sitive re g u l a t o r  xylS wh ic h acts on the 

x y l D E G F  operon. It was i n i t ia lly thou ght that the pr oduct of 

xy l R  (induced by toluene, m-lp- xylene) was also a po si tive 

r e g ul at or  acting d i r e c t l y  on both xy lC A B  and x y l D E G F . It has 

now been sugge sted that the produc t of xy l R  acts as an
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fig,1.1.5.

The TOL o l a s m i d - soecified pathway for 
the de gr a d a t i o n  of toluene and xvlenes.
Derived from Harayama et a l , (1984); Harayama et
al, (1986) and Spooner et a l , (1986).

Enzyme abbre viations:  X O , xylene oxygenase; BADH,
benzy l alcohol dehyd rogen ase; BZDH, ben zaldeh yd e 
deh ydrog en as e; TO, toluate dioxygenase; DHCDH, 
d i h y d r o x y c c y c l o h e x a d i e n e  carbox ylate deh ydrogenase; 
C230, catec ho l 2,3-di oxygena se; HMSH, h y drox ym uconic 
s em i a l d e h y d e  hydrolase; HMSD h y dr ox ymuconi c
se mia l d e h y d e  dehyd rog enase ; 4-01, 4 - o x al oc rotonat e
isomerase; 4-OD, 4- o x a l o c r o t o n a te decarboxylase; OEH,
2 - o x o p e n t - 4 - e n o a t e  hydratase; HOA,
2 - 0 X 0 - 4 - h y d r o x y - p e n t o n a te aldolase.

Startin g compounds: R ,R '= H , toluene; R = H, R'=CH^,
m-xylene; R=CH^, R'=H, p-xylene.

Genes: xylA-S. x y l D encodes TO a m u l t i c o m p o n e n t
en zym e w h os e s t r u ct ural genes are xylX, xylY and x y l Z .



I /)co
S 3
c_CJw

o  cr

*a
u
w

_Q

- - 2 0 -



inducer for xylS not di r e c t l y  on x y l D E G F . This is also 

re pr esen te d in f i g , 1.1.5.

A m o l e c u l a r  analysis of the genes encod in g the toluene 

pathway has also been started. Naka i et al (1983) published  

the DNA seq ue nc e of the xyl E gene (catechol 2 , 3 d i o x y g e n a s e ) 

and the pos it ion of the open rea din g frame was identif ied by 

c om par iso n w ith the protein sequence data. The sequences of 

the p r o moter regions of x y l A B C  and x y l D E G F (Inouye et al 

1984a/b; Me rmod et a l , 1984) have also been published. These

groups identi fied the t r a n s c r i p t i o n  ini tia ti on sites of 

x y lABC  and x y l D E G F  by SI nuclea se  mapping. A compariso n of 

the o p e r a t o r - p r o m o t e r  regi ons  of the x y l A B C  and x y l DE GF 

opérons ide nti fied two regions of homology around -40 and -8 

nuc le ot ides (Inouye et a l , 1984b). When the o p e r a t o r - p r o m o t er

regions of w i l d - t y p e  and m u t a n t  c o n s t i t u t i v e  x y l D E G F 

pr omoters wer e compared two regions of homolog y wer e  again 

identified. These, however, are ce ntered around -25 and -8 

nu cleoti des and from these results consensus sequences for 

P.putida promote rs  w e r e  proposed. These are A- AGGCT-T and 

GCTATA or GCAAT A r e s p e c t i v e l y  (Mermod et a l , 1984). A "-25"

seque nce  similar to the proposed co nse nsus sequence can be 

i de nti fie d for the x y l A B C  o p e r a t o r - p r o m o t er region.

The n u c l e o t i d e  seque nces of the two xyl r e g u lat or y genes 

have also been published, xylR (Inouye et a l , 1985) and xylS

(Spooner et a l , 1986). The xylR t r a n s c r i p t i o n  start site was

d e t e rm in ed by SI nuc le ase m a p p i n g  and up s t r e a m  from this 

similar seque nce s to the proposed P.putida pro mo te r con sensus 

sequences could be identified. The sequence data presented 

for xylS id en ti fies an open re ading frame of 963bp but up 

stream from this no clear cand idate  for promote r type
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str uctures can be identified.

Other Plasmid encoded aromatic catabolic pathways.

The strategies employed in the study of the TOL-plasmid  

have been applied to man y other aro ma ti c cata bo lic plasmids. 

Examples of these are the plasmids carrying the na ph thalene 

and the c h l o r o - p h e n o l / b i p h e n y l  pathways. The genes encodin g 

their res pe ctive  d e g r a d a t i o n  show a no ti ceable  degree of 

c l u s t e r i n g .

The genes enc oding  the pathway for naph t h a l e n e  c a t a b o l i s m  

are carried on the N A H - p la sm id and have been analysed by 

cloning and tra ns po son m u t a g e n e s i s  (Grund and G u n s a l u s ,1983 ; 

Yen and G u n s a l u s , 1985 ), see f i g , 1.1.6. It was shown that the 

genes en cod ing the n a p h t h a l e n e  cat ab ol ic pathway consiste d of 

two opérons, na h A B C D E F  and na h G H I J K  w h ich  are both positive ly  

regulated  by a single nahR gene product. Schell et al (1985) 

proposed a m o d e l  for the regula ti on of the nah opérons in 

whi ch the product of nahR is always bound to the DNA but in 

the presence of an inducer it undergoes  a co n f o r m a t i o n a l

change swit ching on the p r o d u c t i o n  of the NAH degr a d a t i v e

enzymes. The plasmid encoded enzymes for the degr a d a t i o n  of 

either na ph t h a l e n e  or sa licylic acid we r e  un af fecte d by the 

pre sen ce of gl uc ose or su ccinate  in the m e d i u m  as the

d e g r a d a t i v e  enzymes wer e still induced and were therefor e not 

subject to c a t a bol it e rep re ssion (Schell et a l , 1988). The

studies by Bateman et al (1986) on the tra ns port of

n aphth al en e through the me mb rane showed that its uptake was 

i n d e p e n d e n t  of a carrier protein, an activated m e m b r a n e  or a 

re qu irem en t for ATP. This implied that there was unlikely to
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fig,1.1.6.

The pat hway for the ca ta b o l i s m  of naph thalene  and 
s a l l e v i a t e .
From Grund and Gunsalus, (1983): Yen and Gunsalus,
(1986).

The plasmid pIG7 shows the relative positions of the 
nah genes.

The capi tal letter s in di cate genes or gene products: 
A, n a p h thal en e di oxy genas e; B, c i s - d i h y d r o d i o l
n aphth al en e d e hy drogena se ; C, 1 , 2 - d i h y d r o x y n a p h t h a l e n e  
di oxygenase ; D, 2 - h y d r o x y c h r o m e n e - 2 - c a r b o x y l a t e
isomerase; E , 2- hydroxy- ben z a l p y r u v a t e  aldolase; F, 
s alicy la te  deh yd r o g e n a s e ;  G , salicy late m u c o n a t e  
t a u tomerase; K, 4 - o x a l c r o t o n a t e  deca rb oxylase ; L,
2 - 0X 0 - 4 - p e n t en oate hydratase; M, 2-oxo-
4- h y d r o x y p e n t a n o a te aldolase.
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be a transp or t protein or a c o r r e s p o n d i n g  gene present.

Sev era l poten ti al pathway s for the m i n e r a l i s a t i o n  of 

c h l o r o - p h e n o l s /biph enyls  have been reviewed by Steiert and 

Crawfor d (1985). A r e l a t i o n s h i p  between the d e g r a d a t i o n  of 

these types of compounds and the presen ce of a plasmid has 

been d e m o n s t r a t e d  (Shields et al,1985; Don and Pem berton 

1985a). The plasmid pJP4 permits its host Alcalige nes 

eu tr op hus to d e g ra de and u t i li se 3 - c h l o r o b e n z o a t e  and 

2 , 4 d i c h l o r o p h e n o x y - a c e t a t e . Tran sp oson mu ta g e n e s i s  and DNA 

cloning tec hniq ue s w e r e  used in the l o c a l i s a t i o n  of four 

genes. tfdB-E, w h ic h corre sp ond to the second to fifth

react ion s in the pathway (2.4 d i c h l o r o p h e n o l  hydratase, 

d i c h l o r o c a t e c h o l  1,2 d i o x y g e n a s e , c h l o r o m u c o n a te cyclois om- 

erase, and c h l o r o d i e n e l a c t o n e  h y d r ol as e respectiv ely). A 

fifth gene, tfdF was also iden tified but no function could be 

assigned to it. The genes wer e shown to be clustered, but the 

gene order does not corr espond  to the reaction order (Don et 

al,1985b).

Chromosomallv-encoded aromatic pathways.

Two recent reports have dealt with the iso lation and

g e n et ic c h a r a c t e r i s a t i o n  of c h r o m o s o m a l l y - e n c o d e d  aromatic 

pathways. Both reports, however, only de sc ribe the cloning of

part of the pa thw ay so it would be di f f i c u l t  to d r a w  any

co nclus io ns  about the e v o l u tion ar y s ignif ic ance of the 

o r g a n i s a t i o n  of these c h r o mo so mal genes. The c a t B C D E  genes 

fr om  A c i n e t o b a c t e r  ca lc o a c e t i c u s which encode the enzymes for 

four c o n s e cutiv e reactions of the catechol branch of the 

p - k e t o a d i p a  te pa thway were iso lated  by Ornston's gro up
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(Shanley et a l , 1 986) see f i g , 1.1.3, for the pathway. The 

r ecomb in an t plasmid was selected by co mp lem e n t a t i o n  of a 

P.putida mu ta nt  w ith a lesion in the catBC and p c a D E  genes. 

The order of the genes was de t e r m i n e d  by sub cloning the 

plasmid and test ing  various con str uc ts har boured by E.coli 

HB101 for a cti vi ties of the p- k e t o a d i p a t e  enzymes. The order 

iden ti fi ed was catB (muconate l a c t o n i s i n g  enzyme), catC 

(muconate la ct on e isomerase), catD (p - k e t o a d i p a te

e n o l - l a c t o n e  hydrolase) and ca tE  (p - k e t o a d i p a te

s u c c i n y l - C o e n z y m e  A transferase).

Furukawa and M i y a z a k i  (1986) have cloned three 

c h r o m o s o m a l l y  encoded genes from P .p s e u d o a l c a l i g e n e s , b p h A B C , 

wh ic h cor re sp ond to c on se cutive reactions in the chloro- 

b i p he nyl (PCB) pathway. F i g , 1.1.7, shows the gene order in 

re lat ion to the pathway. It is in teres ting to note that this 

is a c h r o m o s o m a l l y - e n c o d e d  pathway compared  to the p revio us ly 

de s c r i b e d  p l a s m i d - e n c o d e d  c h l o r o - b i p h e n y l  pat hway (Shields et 

a l , 1985; Don and Pe mberton ,1985b).

The use of geneti c tech ni ques to aid the fine bioc h e m i c a l 

analvsis of aromatic oathwavs.

The study of a b i o c h em ic al pathway is an analysis of two 

i n t e r l i n k i n g  phases, the i n t e r m ed ia te s and the enzyme 

cata lys ed reactions. Using cl ass ical b i o c h e m i c a l  tech niq ues 

the i d e n t i f i c a t i o n  of inte rm ediates  and c h a r a c t e r i s a t i o n  of 

the enz ymi c react ions have been achieved by some of the 

fol lo wing  methods:

i) Oxida ti on  using w h ol e cells; washed cells are cha llenged 

with  a p o t e nt ial i nt er me diate  and the rate of ox idati on
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fig,1.1.7.

The ca tabolic pathway for the d e g r a d a t i o n  of 
c h l o r o b i p h e n v l  and biphenyl. A l s o  the reported gene 
or ga n i s a t i o n  of bo hA B C  operon in P .D s e u d o a l c a l i a e n e s . 

From Furukawa and Miy az ak i (1906).

Compounds: I, biphenyl; II, 2,3 - d i h y d r o x y - 4-
ph en yl h e x a - 4 , 6 - d i e n e ;  III, 2 , 3- dihydr ox ybiphen yl ; 
IV. 2 - h y d r o x y - 6 - o x o - 6 - p h e n y l h e x a - 2 ,4-dienoic  acid 
(meta cleavag e compound); V, benzoic acid.
Enzymes: A, b i p he ny l dio xygenase; B, d i h y d r o d i o l
dehydrog en ase; C, 2 , 3 - d i h y d r o x y b i p h e n y l  
dioxygenase; D, meta cleavage compound hydro lase 
(the gene bphD had not been cloned).
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mea sured.

ii) Enzyme assays; using cell free extracts to characterise 

the enzyme catalysed reactions of a pathway.

iii) Isolation of mutants; identification and use of

mutants that are altered for the normal processes involved in 

the pathway of interest.

i V ) Isolation of intermediates; this often relies on

blocking the normal series of reactions causing an

accumulation of a potential intermediate. The blockage can be

either achieved by mutation or in cell-free extract by 
o r ohaYiicW 

physical^treatm e n t .

Intermediates isolated in this way are identified using 

chromatography or spectrophotometry by comparison with a

reference compound. In the study of aromatic pathways the

standards for comparison with potential intermediates may not

always be available so different more powerful techniques 

such as NMR or mass spectroscopy are now being employed.

Two examples have recently appeared in the literature in

which genetic techniques such as mutagenesis of a particular

gene and gene cloning have been used to accumulate

intermediates of an aromatic pathway. The compounds were then

isolated, purified and analysed. Furukawa and Miyaki (1986)

used gene cloning techniques to create a supply of enzymes

that could be used to isolate trimethyl derivatives of PCB.

Confirmation of these structures was obtained by gas

chromatography-mass spectrometry. Whited et all 1 9 86 ) employed

N-methy1-N ’-nitro-N-nitroso-guanidine to produce mutants of

the toluene pathway, which were blocked so that they

accumulated carboxylic acid diols. These were isolated as

sodium salts and subjected to NMR analysis in D o,  which
2
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co nfirm ed  their st ru ctu res as cis-diols. To aid the analysis 

of the structures aut he nt ic p-c re sol was used as a standard. 

An e x a m p l e  of the PMR spectra of this compound is shown in 

f i g ,1 .1 .8 .

The i s o l at ion and i d e n t i f i c a t i o n  of i n t e r m ed iates is an 

ess e n t i a l  part of ch a r a c t e r i s i n g  a m e t a b o l i c  pathway. Some of 

the t e c h ni ques d e s c r i b e d  above have been used to ide nt ify the 

intermed ia tes of the 3.4DHPA catabolic  pathway.

The use of oathwavs involved in aromatic m e t a b o l i s m  for 

com m e r c i a l  purposes.

As the supply of fossil fuels is exhausted the search for a 

r ep la cement  for this source of organic chemicals has become 

important. Rene wa ble biomass, in pa rt icular plant tissue with 

a high lignin content, has been proposed as pote ntial  

candida te  for this purp ose (Kern, 1981; Muller  and Classer, 

1983; Soltes and Lin, 1983).

Mi c r o b i a l  attack of wood is normally a slow process. The 

initial attack is by primary moulds, whi ch  are not able to 

d e g r a d e  the woo d cell walls, but utilise the sapwood or 

nutrients brought by water movement. This provides the 

initial pen e t r a t i o n  into the fibre creating an opening for 

W^^C'.-rot fungi. These are nor mally as comycet es  and fungi 

i m p e rf ec t! that are capable of d e g radi ng  the lignin 

co nt aining cell wa l l  by oxidative, extra c e l l u l a r  non sp ecific  

enzymes. It is thoug ht that the enzymes do not attack the 

lignin the mselves but act by gene rating free radicals or 

active oxygen species. These then d e s t a b i l i s e  the lin kage 

between the ar omatic subunits (Wallace et al 1983). This
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f i g ,1.1.8.

The PMR spectra of authentic p-cresol
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fungal attack, allows the r e l e a s e  of low m o l e c u l a r  we ight 

aro mat ic m o n om ers w h i c h   ̂ av ail able for bacteri al

utilisation. To d e v e l o p  this na t u r a l  process for economic 

purposes the time scale betw een initial attack and the 

r el ease of e c o n o m i c a l l y  imp o r t a n t  compo unds has to be 

r e d u c e d .

There are sev eral areas whi ch  can be de velope d to harness 

this na tural process. Straw and other plant m a t e r i a l  whi ch

have a high lignin content, are not d i r ect ly  suitable for

animal feed. A re la t i v e l y  simple bi o l o g i c a l  process could be 

d e v e lo pe d to upgrad e the l i g n o c e l l u l o s i c  m a t e r i a l  for use as 

fertiliser or animal feed. The paper m a n u f a c t u r i n g  industry 

has two major pr obl ems w h ich  are sol vable by biol ogical  

means. The initial pulping nor ma lly involves physic al and 

chemical treatm en t to extract the cel lu lose fibr es^  a 

bi o - d e l i g n i f i c a t i o n  process or c om bi nation  of the two may 

prove mo r e  economic. The r e s u lting ligni n con ta in ing was te 

from c o n v e n t i o n a l  pul ping is a pol lutant and expensiv e to 

treat. These i n d u s t r i a l  lignins are an obvious choice for a

b i o - procès sing trea tm ent (Wallace et al, 1983 ).

Most studies involving ba c t e r i a l  aromat ic pathways have 

tended to c o n c e n t r a t e  on expandi ng  the range of harmful or 

r ec al citran t comp oun ds which they have the ability to 

mineralise. A few b a c t erial aromatic pathways, however, have 

been m a n i p u l a t e d  to produce products of c om me rcial interest. 

An exa mpl e of one of these has been des cr ibed by Ensley at al 

(1983). During an i nv estigat io n of the n a p h t halen e pathway of 

P.putida various cloned nah genes were i ntr od uced into 

E.coli. Some of the re sul tan t co lonie s turned blue. It was 

s u bseq ue ntly shown that the blue c o l o u rat io n was due to the
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dye indigo. They propose d that the enzymes produced from the 

nah genes int e r a c t e d  with in te r m e d i a t e s  from normal E.coli 

m e t a b o l i s m  to create a product, whi ch was indigo. F i g , 1.1.9, 

shows the propos ed scheme. This d i s c o v e r y  has been further 

de v e l o p e d  and is in the process of going into com merci al  

p r o d u c t i o n .

The H v d r o x v D h e n v l a c e t a t e  and 3 . 4 D i h v d r o x v o h e n v l a c e t a t e

P a t h w a v .

The 4 - h y d r o x y p h e n y l a c e t a t e  (HPA) pathway was first

d e s c r i b e d  by Spa rni ns et al (1974) for a species of 

A c i n e t o b a c t e r  and two strains of P s e u d o m o n a s . The pathway for 

HPA c a t a b o l i s m  via 3 , 4 - d i h y d r o x y p h e n y l a c e t a t e  (3,4DHPA) to 

su c c i n a t e  s e m i a ld ehyde (SSA) and pyruvate is shown in 

f i g , 1.1.10. Adach i et a l ( 1964) id entified 3,4DHPA  as an 

in t e r m e d i a t e  in the m e t a b o l i s m  of HPA by P.ovalis. They also 

showed that 5 - c a r b o x y m e t h y 1 - 2 - h y d r o x y m u c o n a te semialdeh yd e

(CHMS) was the pr od uct of the 3,4DHP A ring fission. These

results we r e  con fi rmed by Sparnins et al (1974) who 

identif ie d 3,4DHPA, CHMS and other int erme diate s in the 

d e g r a d a t i o n  of HPA to carbon dioxide, succinat e and pyru vate  

by P.putida. CHMS was id en tif ied by comp arison  of its 

c h r o m a t o g r a p h i c  and p H - d e pe ndent spectr al pro per ti es with 

those of a u t h entic  5 - c a r b o x y - m e t h y l - 2 - h y d r o x y m u c o n i c  

s e m i a l d e h y d e .

The is ol ation and c h a r a c t e r i s a t i o n  of 5 - c a r b o x y m e t h y l - 2- 

h y d r o x y m u c o n a t e  (CHM) has been desc ri bed (Sparnins et al 

1974). This compound  was initially identified by comparis on

of its ab so rbance  spect r u m  in acid and alkali to that
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f i g ,1.1.9.

The proposed  path way for Indigo synthesis 
Fro m Ensley et a l , 1983.

NH

j*!— j j —CHg— CH— cooH Tryptophane

N

Tryptophanase 
(E.coli.)

N

H

In d o le

Naphthalene
dioxygenase
(from  the N A H -p lasm id )

OH

Spontaneous

OH

A ir oxidation

C is-indo le- 
2,3 -dihydrodiol

Indoxyl

Indigo
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fig,1.1.10.

The pathway for the catabolism of

h v d r o x v p h e n v l a c e t a t e . 
tVcjooSiii. Dagley, (1973).

HPA hydroxyphenylacetate, hydroxylase.
(I) 3.4DHPA, 3.4-dihydroxyphenylacetate, 

a ) dioxygena s e .
(II) CHMS, 5 - c a r b o x y m e t h y1- 2 - hydroxymuconate 
semialdehyde, b ) dehydrogenase.
( I I I ) CHM, 5- c a r boxymethyl-2-hydroxymuconate, 

c ) i somera s e .
(IV) COM ED, 5 -c ar b o x y m e t h y 1-2 - 0X 0 - he x - 3- 

e n e - 1 ,6-d i o a te , d) decarboxylase.
(V) HHDD, 2-h ydroxyhep ta-2,4-diene-1,7-dioate,

e ) i somera s e .
(VI) OHED, 2 - 0 X0 -hepta - 3- e n e - 1 ,7-d i o a t e ,

f) hydratase.
(VII) HHED, 2,4-dihydroxy-hept a-2-ene-1 ,7 -di oat e,

g ) is ornerase .
(VIII) HKP, 4 - h yd r oxy - 2 - ke t opirnila t e , h) aldolase

The stages fr o m  III to VIII are a r r a n g e d  to sh o w  
the s i m i l a r i t i e s  in the m e c h a n i s m s .  Steps V to VII are //
only p r o p o s a l s  and have not been fully c h a r a c t e r i s e d .
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obse rv ed  for 2- h y d r o x y m u c o n i c  acid. Mass s p e c t r o s c o p y  of its 

t r i m e t h y l s i l a n e  d e r i v a t i v e  confir med its identity as

5 - c a r b o x y m e t h y l - 2 - h y d r o x y m u c o n i c  acid. Sparnins et al also 

obser ved  the forma tion of an a d d i ti onal compound w h i c h  had a 

X- max at 274nm. Ana lys is of this compound ut ili se d the shift 

in X - max at var ying pH and c h r o m a t o g r a p h y  of the compounds' 

2 , 4 d i n i t r o p h e n y l h y d r a z o n e  derivative. The c onclusi on  arrived 

at was that the compound isolated was 2- h y d r o x y h e p t a - 2 , 4 -  

d i e n e - 1 , 7 - d i o a t e , (HHDD).

A similar pa thw ay for the c o n v er sion of HPA to central

m et a b o l i t e s  was de sc ribed by Cooper and Skinner (1980) for 

E.coli C. The fact that E.coli possess es a pathwa y for 

ar oma ti c c a t a b o l i s m  may seem un us ual however, ev id en ce that 

en teric org anis ms  come into contac t with these types of 

comp oun ds in the i n t e s t i n a l - f e c a l  env ironm en t was presented 

by Spo elstra (1978). Fu rther exampl es  of the ability of 

E.coli to uti lis e aromatic compoun ds have been des c r i b e d  by 

B ur lin gam e and Chapman (1983).

Reg ul at ion of the HPA pathway.

Growth of P.ova lis  on HPA induces the HPA h y d r o x y l a s e  and

the 3.4DHPA cat ab ol ic enzymes wh er eas growth on 3.4DHPA

induces the 3 . 4 DH PA  ca t a b o l i c  enzymes but not the HPA

h y d r o x y l a s e  (Adachi et a l , 1964). These results implie d that 

the HPA cata bolic pathway was divided into at least two 

re g u latory  groups. Simi lar results have been obtai ne d for 

P.putida (Barbour and Bayly,1977) and E.coli C

(S k i n n e r ,1981).

When mu ta nt s d e f e c t i v e  in only a single enzyme, the CHMS
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deh ydr og enase,  w e r e  grown on gl yc e r o l  in the presenc e of 

3,4DHPA, the 3, 4D HPA cat ab ol ic enzymes (except the CHMS 

d e hydr og en ase) w e r e  shown to be induced. The low specific 

acti vit ies obser ve d wer e assumed to be due to the 

ac cu m u l a t i o n  of CHMS aff ec ting the normal growth  of the 

organism. These results were  inter pre ted to mean that 

3. 4DHPA  induces all the enzymes required for its c a t a b o l i s m  

iP.putida (Barbour and Bayly,1977) and E.coli C 

(S k i n n e r ,19 8 1)].

Both Barb our (1978) and Skin ner  (1981) isolated 

c o n s t i t u t i v e  mu t a n t s  of P.putida and E.coli C, respectively, 

using continuou s culture te chniques with HPA as the carbon 

source. The m u t ants ob taine d wer e only c onstitu ti ve for the 

3, 4DHPA enzymes, in dicating that these reactions probab ly  

re prese nt  the rate li mi ting stages of the pathway.

Further mu tants shown to be de fe ctive in both sets of 

en zymes (HPA to 3 . 4 DH PA  and 3,4DHPA to SSA and pyruvate) wer e 

obtained from c o n s t i t u t i v e  strains. Reverta nts of these 

p l e i o t r o p i c a l l y  d e f e c t i v e  mu ta nts regaine d the p h e n otyp e of 

the c o ns ti tutive  strain. These results were inte rp reted as 

evidence that the HPA and 3,4D HPA enzymes were co nt rolled  by 

the same regul ator m o l e c u l e  (Barbour, 1978; Skinner, 1981).

Skinner (1981) o b t ai ne d a d d i tional  E.coli C HPA negati ve  

mu tants and combined the observa ti ons from these with those 

al ready de scribe d above for E.coli C to propose a m o del for 

the regu la tion of the HPA pathway, whi ch is d e s c ri bed in 

app en dix 1 (from S k i n n e r ’s Thesis). He proposed that the 

product of a single r e g ulator gene, hpaR, cont rol led both the 

Jiydroxy£[henyla.cetate [hpa) and 3,4DHPA (h omo^rotpc atechuate , 

hpc) genes. The pr oposed  m e c h a n i s m  by which re gu lation was
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achieved was similar to that observed for the arabinose 

operon. A brief summary of the evidence is presented below:

i) Transposon mut agenesis of a strain that expresses the 

3.4DHPA enzymes constitutively produced a mutant that did not 

express any of the 3.4DHPA catabolic enzymes. This was 

explained as the insertional inactivation o f^ a positive 

regulatory protein.

ii) This mutant was non-inducible for the HPA hydroxylase 

and did not express the 3,4DHPA catabolic enzymes. This was 

presented as evidence for inactivation of a positive 

regulator molecule which controlled both opérons.

iii) Partial diploid experiments, involving the 

introduction of DNA from a wild -type strain into the 

constitutive strain by F - m a t i n g , were used to demonstrate 

that the constitutive mutation was recessive to the wild-type 

regulatory control. This result indicates that the expression 

of the 3.4DHPA catabolic enzymes was negatively controlled.

If only one uptake system was required to take up both 

substrates, different interpretations could be placed on some 

of the results observed for the mutants. Skinner conducted 

some experiments which indicated that 3.4DHPA could partially 

( 337.) induce HPA uptake. Unfortu natel y no radiolabelled 

3.4DHPA was available so the uptake of 3.4DHPA by HPA-induced 

cells could not be analysed. The tra nsposon-induced mutant 

isolated from the constitutive strain, upon which some of the 

evidence of the regulation of the pathway was based, was not 

tested to see if its uptake mechani sm was defective.

Some useful inf ormation concerning the positioning of the 

hpa genes in relation to the hpc genes was also demonstrated 

by Skinner (1981). PI transduction showed that the two groups
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of genes were 90 7 c o - t r a n s d u c i b l e  wit h  each other. It was 

also shown that E.coli K-12 could not g r o w  on HPA or 3.4DHPA 

and that it did not carry any of the hp a/hpc genes. This was 

co ncl ud ed from the i n a b ility  of E.coli K-12 to repair HPA 

mu tants of E.coli C, in F '-mating or PI t ran sd uction 

ex periments. However the ability to in tro duce the whole  

H P A / 3 . 4 D H P A  pathway  into E.coli K-12 from E.coli C by 

F ‘-mating and PI tr an s d u c t i o n  could be demonstrated, showing 

the close l i n kage of the genes and ma king them  a possib le 

candi dat e for cloning.

The HPA c a t abo li c pa thway can be c onside re d in terms of 

three dis ti nct groups of reactions, de fined by the ind uction 

of the various enzymes, as summarised below:

i) HPA is taken up and h y d r oxylate d at the 3 position on 

the ring, adjace nt  to the existing hy dr oxyl group, conve rt ing 

HPA to 3,4DHPA. The enzymes for these fun ctions are induced

by HPA and their r e s p ective  genes have been des i g n a t e d  hpaA

(permease), hpaB (hydroxylase) and hpaR (regulatory protein).

ii) 3.4D HPA is convert ed by a series of further reactions 

to SSA and pyruvate. The enz ymes for this stage are either

induced by HPA or 3,4DHPA. This second stage also represents

a com ple te pathway, be ca us e 3, 4DHP A can be taken up and 

co nverted to SSA and pyruvate. 3.4DHPA induces the enzymes 

for its own c a t a b o l i s m  but not those for the c onv er sion of 

HPA to 3,4DHPA. HPA can theref ore be con side re d as feeding

into the 3. 4D HP A pathway.

iii) The c on ve rsion  of SSA to succinate, which is achieved 

by the NAD- li nk ed SSA d e h y d r o g e n a s e  (encoded by the sad gene) 

w h ose inducer is SSA (Donnelly and Cooper 1981).
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Aims of the project.

Most studies on aromatic catabolism have been previously 
conducted on Pseudomonas. However, due to the ease with which 
DNA manipulations could be achieved in E.coli C, a genetic 
investigation into the 3,4DHPA pathway was initiated in this 
organism. The information from the E.coli C 3 . 4 DH PA pathway 

could then be used to look for s im ilarit ie s in other species 

c a r rying the 3 . 4D HP A pathway. The c a t a b o l i s m  of an aro ma tic  

compound by E.coll C is an i n t e r e s t i n g  p h e n o m e n o n  and the 

r e l a t i o n s h i p  of the gene order to the b i o c h e m i c a l  pathway may 

pr ovide an in si gh t into the e v o l u t i o n a r y  origins of the 

p a t h w a y .

Ut i l i s i n g  the various tech niq ues and ideas d e s c r i b e d  in the 

Introduction, ex pe r i m e n t s  were des ig ned to gain i n f o rm ation 

about the 3 , 4 DHPA  cata bo lic pathway. The se will be 

inte r p r e t e d  to provid e a pl au sible b i o c h e m i c a l  and ge ne tic 

d e s c r i p t i o n  of the reac ti ons and r e g u la ti on of the pathway. 

The main ob je c t i v e s  were:

1. To clone the genes involved in the 3 , 4 DH PA ca taboli c  

p a t h w a y .

2. To i d e nti fy  the gene order.

3. To reassess the b i o c h e m i c a l  pathway with the aid of the 

i s o la ted genes, i d e n t i f y i n g  any new in termediates .

4. To combin e both b i o c h e m i c a l  and genetic data to propos e a 

po s s i b l e  m o d e l  for the r e g u la tion of the pathway.
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2 .0 . METHODS.

RACTFRTAI. STRAINS AND PLASMIDS.

The ba cterial strains and plasmids used in this study are 

listed in t a b l e , 2.1.1.

MEDIA.

Luria broth and mi n i m a l  media have been descr ibed

pr eviously  by Miller, (1972) and Harland et a l , (1975)

re spectively. M e diu m was solidified as a pprop ri ate using 1.6%

Bacto agar (Difco). Carbon and energy sources we r e  sterilised

sep ara tely and added to give a final c o nc en tratio n of: HPA

(5mM); 3,4DHPA (5mM); and glycerol  (20mM). So dium d ith io nate

(0.05%) was added to 3,4DHPA m e d i u m  to slow down the

spo ntaneous oxidation. Amino acids were added to give final

con centr at io ns of 80pg/ml. Antibi oti cs at the following final

co ncent ra ti ons were incor porated into the media as required;

amp ici llin (Ap) lOOpg/ml; chl o r a m p h e n i c o l  (Cm) 50pg/ml; and

te tra c y c l i n e  (Tc) lOpg/ml. Bacteria wer e gen er ally grown at

3 0^ ^C on mi n i m a l  media and at 37 C on rich media.

C E L L - FREE EXTRACTS.

Bacteria from 100ml of m e d i u m  were harve sted in late 

l o g a r it hmic phase of growth and washed with 20ml 0.1M sodium 

ph osp ha te buffer p H 7 .5, then resusp ended in 4ml of the same 

buffer. The cells wer e broken by ul t r a s o n i c a t i o n  (2x30sec 

pulses with a one min. rest between), wh il st being cooled on
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Table,2 .1.1.
STRAINS AND PLASMIDS.

Strains/
plasmid______Genotype/phenotype
E.coli C strains.
E.coll C Wild type.
MS022

MS024

CTOO 1

CT 1 0 1

CT1 07

J J22 1

JJ247

J J200

1 1 2 10

hpcC

p l e i o t r o p i c a l l y  
d e f e c t i v e  in the 3. 4DHPA 
c a t a b o l i c  enzymes. 
C o n s t i t u t i v e  e x p r essi on  
of the 3,4DHPA ca ta bolic 
e nzy me s .
AS CT001 but d e f e c t i v e  in 
the N A D - d e p e n d e n t  SSA 
d e h y d r o g e n a s e  (sad).
As CT101 but noni n d u c i b l e  for 
all 3 . 4 D H P A  c a t abo li c enzymes

hpcC recA.

hpcB,C, recA.

HPA-, 3.4DHPA+ 30 C . 
HPA-, 3.4DHPA- 37°C.

HPA- (even with pllBOl 
pr ese nt ) .

E.coll K^2 strains.
5K f " , supE, tonA, hsdR, rpsL,

thr-1, leu-B6 and th1-l. 
RB308 F + . deoC. thyA, lacY recA.

Source/reference

L a b . stock . 
Skinner, 1981 . 

EMS muta genesi s.
S k i n n e r , 19 8 1.

EMS mut agenes is .

S k i n n e r , 19 8 1.
Chemost at  
s e l e c t i o n . 

S k i n n e r , 19 8 1.
EMS m u t a g e n e s i s  
of CTOO 1 .
Skinner , 19 8 1.

T ran sp oson 
m u t a g e n e s i s . 

Isolated from 
MS022, made recA  

by PI transduction . 
Isolated from 
MS024 , made recA  

by P 1 transduct ion. 
This study, EMS 
m u t a g e n e s i s  of 
E . c o l l  C .
This s t u d y , EMS 
m u t a g e n e s i s  of 
CTO 01 ,followed 

by t r a n s f o r m a t i o n  
wi t h  p i 18 01 .

L a b .s t o c k .

lones and 
Holland 1984.
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Strains/
Plasmid G e n o t y p e / p h e n o t y p e S o u r c e / r e f e r e n c e

Pseudomonas strains.
2440 r-,m+.

P P 001 hpcC.

PP003 pleiotropic for the 3.4DHPA
ca t abo li c enzymes.

Pla smid s . 
pBR3 22 Ap.Tc.

pBR328 A p . T c , C m .

PLG223

pMMB3 4 
Co s 4

pjJ80 1 
pjJ200 
p J 32 1 0

Tc .

Kn . 
Ap .

cos X
COS %

hpcB-F (pBR322)
hpcP. hpcGH. hpcBCDEF. (pBR328) 
hpcR, hpcGH, hpcBCDEF. (pBR328)

B a g d a s a r i a n  et al 
1981.

Martin, 1985. 
M a r t i n , 1985.

Soberon et a 1 
1 980.

Soberon et al 
1 980.

Boulnois et al 
1 985.

Frey et al 1983 
Roberts et al 

1 9 88 .
This study. 
This study. 
This study.

The d e s c r i p t i o n s  of the is ola tion of pJJ801, pJJ200 and 
pJJ210 are given on pages 77, 110 and 111 respec ti vely.
Subclones produced from pJJ801, pJJ200 and pJJ210 are 

shown on pages 97, 102 and 122 respectively.



me lting ice at 0° C and then cen tr ifuged at 183,500g for 90 

min at 4 q The protein c o n c e ntra ti on of extracts was 
mea su red by the biuret method (Gornall et al 1949), using

cr ys tal lin e bovine serum albumin as standard, and was usually 

1 - 4 m g / m l .

W A S H E D - C E L L  SUSP EN SION FOR MEAS UR MENT OF OXYGEN

C O N S U M P T I O N .

Cells from l o g a r i t h m i c  phase cultures were harvested, 

wa shed with 0.1M sodium phos phate buffer p H 7 ,5 (half 

ori gi onal  volume) and finally sus pended in the same buffer to 

give co nce nt ra tions  of 2-5mg of cells/ml. Oxygen con sumption

was mea su re d p o l a r o g r a p h i c a l l y  at 30°.C using a Gilson
Oxygraph mod el K-1C, fitted with a Clark oxygen electrode.

ISOLATION OF INTE RM EDIATES  IN THE 3.4DHPA PATHWAY.

Initially 5 - c a r b o x y m e t h y l - 2 - h y d r o x y m u c o n i c  semial dehyde 

(CHMS) and 5 - c a r b o x y m e t h y l - 2 - h y d r o x y m u c o n a t e  (CHM) were 

prepared from 3,4DHPA using heat-tre at ed extracts from HPA 

grown P.putida U accor din g to the method of Sparnins et al 

(1974). The method relies on the 3.4D HPA  ca tabolic enzymes in 

the extract to convert 3.4DHP A to the required compound. The 

reaction is prevented from going to co mpletion by selectively 

heat ina ctiva ti ng  the enzyme after the required stage in the 

pathway. Enzymes were selectively inactivate d by holding the 

extract at a p e rdete rm in ed tem pera tu re for a set time.

Upon ide ntific at io n of the various subclones that encoded 

p ar tic ula r sequences of the 3,4D HPA catabolic pathway, CHMS
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and CHM, as we l l  as a d d i tional  i n terme di ates wer e produced 

using E.coli 5K strains harbourin g the ap propriate subclone, 

see t a b l e , 3.3.1, in Results. This process is more 

adva nta ge ous than the previous method because there is no 

p os si bility of co nversion beyond the product required.

The gen era l method for the prod uction of the intermed ia tes 

is as follows: 100ml Luria broth Ap culture of strain 5K with

the appr opriat e plasmid was grown overnight, harvested and 

the cells washed in 0.1M sodium pho sphate buffer pH7.5. The 

cell pellet was r e s u s pe nded in 4ml of the same buffer and the 

cells broken as p reviou sl y described. The reaction mixture 

consisted of: for the pro du ction  of CHMS, 20ml 0.1M sodium

phosphate buffer p H 7 .5 , SOpmol 3,4DHPA and extract from 

5K(pJJ002); for the pr od uct ion of CHM, 25ml 0.1M sodium 

phosphate buffer p H 7 .5, 50pmol 3,4DHPA, 67pmol NAD,and

extract from 5K(pJRJ003); for the prod uction of HHDD 25ml 

0.1M sodium phosph at e buffer pH7.5, SOpmol 3,4DHPA, 67pmol 

NAD and extract from 5K(pJRJ002); and for the production of 

HHED, 25ml 0.1M sodiu m pho sphate buffer pH7.5, 50pmol

3,4DHPA, 67pmol NAD, 125pmol Mg^ and extract 5K(pJJ212).

Initially 2ml of extract was added to the reaction mixt ure

which was shaken gently in a flask at 30°^ until the reaction 

was complete as dete rm ined by m e a s u r e m e n t  of 3,4DHPA.

Additio na l extract was added, if necessary, to complete the 

reaction.

Concentrat ed HCl (1ml) was added to the reaction mi xtu re  

which was then cen tr ifuged to remove the precipit ated

protein. The re sul ting supernatan t was extracted three times 

with an equal volume of ethyl acetate, the pooled extracts 

dried over sodium sulphate and eva por ated to dry ness under
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v a cuum  at 37° C in a rotary evaporator. The compound was then 
di ss ol ved in 0.5ml of wat er and could be stored at -20°^

freeze dried and kept as the solid.

ASSAYS OF ENZYME ACTIVITIES.

Enzyme assays were  carried out in quartz cuvettes (1cm path 

length) in a total volume of 1ml, at 30°^ using a P y e - U n i c a m  

SP18QQ or a Pe rkin-Elmer Â-U V 5.

a ) HPA HYDROXYLAS E ( EC .1.14.13.3).

(Skinner and C o o p e r , 1981)

ÇHjCOOH CHjCOOH

0,
NADH NAD T

OH OH
HPA 3,40 HPA

HPA hy droxylas e activity was followed

spe c t r o p h o t o m e t r i c a l l y  at 340nm. The reaction mixt ure 

consisted of 0.1M N a-p ho sphate buffer p H 7 .5, 0.13pmol NADH 

and 10-20Gpl of an ultra centrifuged cell extract. After

m e a s ur in g the blank rate the reaction was started by the

addition of 2.5pmol HPA. A molar extinction co efficien t of

6,200 dm cm was assumed for NADH.
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OH
OH

b ) 3.4DHPA 2 ■ 3DI0X Y 6 E N A S E  ASSAY. (EC 1.13.11.15)

(Skinner and C o o p e r , 1981)

CHgCOOH

IsVs^OOH
I (Amax 380nm)
OH

3,4DHPA CHMS
Di o x ygenas e activit y was assayed by following the increa se

in abso rp tion at 380nm due to the forma tion of

5 - c a r b o x y m e t h y l - 2 - h y d r o x y m u c o n a t e  semi ald ehyde (CHMS). The

reaction mixtur e contained 0.1M Na-phosphat e buffer pH7.5,

0.2pmol 3.4DHPA and was started by the addition of 5-200pl of

extract. A molar extinction  coeff icient of 35,500 dm^ mol  ̂

-  1cm was assumed for CHMS.

C ) 3. 4DHPA A S S A Y .

This is a var iat io n of the 3,4DHPA d i o x y g e n a s e  assay used 

to de te rmine w h e t h e r  3,4DHPA is still present in the reaction 

mixture  when iso lating intermediates. The substrate  is 

limiting and the extract containing the d i o x y g e n a s e  is in 

excess. The rea ct io n mi xture consists of 0.1M Na phosp hate 

buffer pH7.5, 200-500pl of the int er mediat e is olation

reaction mi xture and 50-200pl of extract from 5K har bou ri ng a 

plasmid whi ch c o n s t i tu tively  produces the dioxygenase.
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d ) CHMS DEH YDROGENAS E ASSAY.

( Skinner and C o o p e r , 1981)

CHjCOOH CHjCOOH

[<^COpH
W/COOH,^'' ^  k^^COOH

Ï h  NAD NADN L  ' » " » «  300nm )
CHMS CHM

CHMS d e hy dr ogena se  activity  was assayed by m e a su ri ng the 

d e c r e a s e  in absorbance at 380nm as the CHMS was oxidised to 

CHM. The reaction mi xt ur e consisted  of 0.1M Na-p h o s p h a t e  

buffer pH7.5, 0.035pmol CHMS (giving an ab so rbanc e at 38 0nm

of "0.9 units) and 5-200pl extract. The reaction was started 

by adding 0 . 2pmol NAD. The molar exti nctio n coeff ici ent for 

CHMS was taken as 35,500 dm^ mol cm

e ) CHM ISOMERASE ASSAY.

(G a r ri do-Pert ie rra and C o o p e r , 1981)

CHjCOOH ÇOOH
COOH--------=— if̂ ĈOOH

( Amax 300nm) [ II m u m  I A max246nm)
OH CHM oCOHED

CHM isome rase activity was assayed by following the

d e c re ase in absorba nce at 300nm. The assay mi xture con sisted 

of 0.1M Na- pho sphat e buffer pH7.5, 0.05pmol CHM (giving an 

a bs or bance at 300nm of ~ 0.9 units). After measur in g the

blank rate the reaction was started by the addition of

5-IOOpl of extract. The molar ex ti nct ion co ef ficient for CHM
3 -1 -1was taken as 20,000 dm ^lol cm
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f ) COHED DE C A R B O X Y L A S E  ASSAY.

(Ga rr i d o - P e r t i e r r a  and C o o p e r , 1981) 

CH,COOH ÇH,COOH

r i ^ C O O H

( AmaxBOOnm)^^
kj^COOH
^OH
CHM

CO,
COOH
COOH

6 COHED 
substrate

CHjCOOH

COOH

OH
HHDD

To assay the d e c a r b o x y l a s e  a m i xt ur e of CHM and COHED was

allowed to form spo nt aneou sly in the cuvette. To de te rmin

when the spo ntaneous i s oméris at ion had reached an e q u i l i b r i u m

state, thus forming the substrate for * the d e c a r b o x y l a s e

assay, the absor ba nce at 300nm was monitored. The react ion

mi x tur e consists of O.ipmol spo nta neous ly  isomeri sed CHM

(~0.8 units) in 0 .1M N a- phospha te  buffer pH7.5 and the

reaction was started by the addition of 5-100pl of extract.

The initial rate of reacti on was obtained from the decreas e

in absorbance  at 300 nm due to the spontaneous conv ersion of

CHM to COHED to restore the e q u i l i b r i u m  as the COHED was

decar b o x y l a t e d  to form HHDD. The molar extinctio n coef fi cient
.3 - 1 - 1for CHM was taken as 20,000 dm' mol cm

9 ) HHDD ISOMERASE ASSAY.

CHgCOOH

( Amax 276nm)
COOH COOH

OH
HHDD OHED

HHDD has an abs or ba nce peak at 276nm which dec r e a s e s 

rapidly in 0.1M sodium pho sphate buffer pH7.5 due to 

spontaneous isomérisa tion. However, the rapid sp ontaneous  

iso mér isat io n can be slowed by carrying out the assay in
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d e u t e r i u m  oxide (D q ). For this the reaction mi xture
2

consist ed  of 0.97ml D 0, 20pl 0.1M s o d i u m - p h o s p h a te buffer
2

p H 7 .5 and 5-20ul of extract. It was assumed that HHDD was 

convert ed  to pyruvate in equ im ol ar amounts via the enzymes of 

the 3.4 DHPA catabolic pathway, th er efore the molar extincti on 

co ef f i c i e n t  for HHDD could be calculated from the amount of 

pyr u v a t e  formed. The amount of pyruvate produced from a given 

q u a n t i t y  of HHDD, with a known absorbance at 275nm, was 

de t e c t e d  by the NADH linked lactate de h y d r o g e n a s e  assay. The 

m o la r extinctio n coeffi cient for HHDD at pH7.5 was calculated 

to be 1 8,500 dm3 * 0 1 "' c m ' \

h ) 2-O XO- HEPT 3-ENE 1.7 DIOIC ACID (OHED) HYDRATASE ASSAY.
CHgCOOH CHjCOOH CHgCOOH

Mg'" H o X
COOH li^^C O O H  n k ^ C O O H

( Xmax 276nm) o q h ED o
HHDD s u b s t ra te  HHED

To assay the OHED hydratase an e q u i l i b r i u m  mixture of HHDD 

and OHED was allowed to form in the cuvette, utilising the

rapid spontaneous is omérisation  rate in G.1M s o d i u m - p h o s p h a te 

buffer  p H 7 .5. When the de crease in absorbanc e at 275nm had

stopped Spmol of m a g n e s i u m  chlori de was added and the

reaction started by the addition of 20-50pl of extract. The 

in it ia l rate of reaction is obtained from the de cre ase in 

a b s o rbanc e at 276nm as OHED is converted to HHED with the 

co nc omit an t iso mér isation of HHDD to OHED to mai ntain  the 

e q u i l i b r i u m .
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i) HHED ALDOLASE ASSAY.

The HHED aldolase can be assayed for in two ways; either by 

fo llowing the dec re ase in a b s o rb ance at 26Gnm upon the 

additi on of a cell extract to the reaction mixture, or by 

assaying for the product of the al do la se reaction, pyruvate. 

For the purposes of this study the assay for the product of 

the aldola se reaction was chosen, as it appeared to be the 

most reliable method for d e t e r m i n i n g  the specific activity of 

the HHED aldolase.

j ) THE FORMA TIO N OF PYRUVATE.

This was used to de te rmine if all the enzymes required for 

the conversion of a specific sub strat e to pyruvate were 

present in the extract being tested. The initial rate of 

reaction was obtained from the de crease  in abso rbance at 

34Gnm as NADH was oxidised in the presence of lactate 

d e h y d r o g e n a s e  (LDH) by the pyruvate  formed from the substrate  

being analysed. The reaction was assayed in G.1M sodium 

phosphate buffer pHB.G con tain in g Spmol m a g n e s i u m  chloride, 

G . 1Spmol of NADH, 4 units of lactat e de h y d r o g e n a s e  and an 

excess of the substrate.

The formation of pyruva te was also used as a disc o n t i n u o u s  

assay to de te rmine  the molar ex tinction coef ficient for HHDD 

and HHED. The assay is e s s e n ti al ly the same as descr ib ed 

above except that the reaction for the conversi on of a known 

amount of inter m e d i a t e  to pyruv at e was allowed to continue 

for 2Gmin before the addition of NADH and LDH. The total
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decrease in absorbance at 340nm was measured as NADH was 
oxidised due to the LDH acting on the pyruvate formed in the 
reaction.

PROTEIN PURIFICATION.

The initial attempt to purify the 3,4DHPA dioxygenase was 
by the method of Takeda (1966) who isolated the 3,4DHPA 
dioxygenase from P . p u t i d a .  This procedure did not prove to be 

successful for the E . c o H  C enzyme, so an alternative 
procedure was tried. The protocol subsequently developed for 
the purification of the 3,4DHPA dioxygenase is described on 
page 146.
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FAST PROTEIN LIQUID CHROMATOGRAPHY (FPLC).

The Pharmacia FPLC and columns were used according to the 
conditions specified in the Pharmacia manual.

NUCLEAR MAGNETIC RESONANCE SPECTROMETRY (NMR).

The analysis and characterisation of the isolated 
intermediates of the 3,4DHPA catabolic pathway was kindly 
carried out by Dr.P.Cullis of the Chemistry Dept. Leicester 
University.

GENETIC PROCEDURES.

STRAIN CONSTRUCTION.

The p r e s e n c e  of a recA m u t at ion d e c r ease s r e c o m b i n a t i o n  

be tween the plasmid and ch ro mosome w h e r e  there are homologou s 

DNA sequences. For this reason recA mu t a t i o n s  w e r e  int rod uc ed  

into HPA ne gat i v e  mutants which w e r e  used as reci pi ents in 

cl oning e x p e r i m e n t s .

A strain of E.COli K-12 ca rrying a recA m u t a t i o n  with  a 

clo sel y linked TnlO (tetracycline res istance) tra nsp os on 

in ser te d into the sorbito l gene, ( c o t r a n s d u c i o n  fr equenc y 507. 

be tween recA and TnlO) was used as the d o nor for PI 

t r a n s d u c t i o n  (Miller 1972), the r ec ipient s being E.COTI C HPA 

n e g at iv e mutant s. In this way an i n i ti al  scree ni ng for recA 

mu tants was made  by se lec tio n for t e t r a c y c l i n e  resistance.



Further id e n t i f i c a t i o n  was made by testing the te tr acycl ine 

resi sta nt recipients  for sensiti vity to i rra di ation with 

u l tra- vi ol et light (Maniatis et a l , 1982).

In gen erati ng  recA strains by this manner the res ulting 

strain is now resi stant to tetracycline. Detection of the 

presenc e of ch ro m o s o m a l  DNA in the BamHI site of a pBR vector 

is by i n s e rti on al i nac ti vation of the tetr acycli ne  resi sta nce 

gene. This means that there could be problems if the strain 

used in the cloning procedures is already tet racy cl ine

resistant. So, the TnlO carryin g the t etr ac ycline resistance  

must be eliminated. Using the method of Bochner et al(1980) a 

positive selection for loss of TnlO can be made by growth on 

fusaric acid plates. Growth media con sisting of nutrient

agar, plus a gratui to us inducer of the TET protein and 

fusaric acid, ensures that only tet racycli ne  sensitive 

organisms grow.

PHENOL E XTRACTI ON  OF PROTEIN FROM DNA.

Freshly dist illed  phenol (Fisons) was e qu il ibrated  with 

0.5M Tris-HCl buffer pH7.4 and made 0.17. with respect to 

8-hydroxy -quinolin e. The phenol was measu re d into 50ml 

aliquots and stored at -20°^

For the ex traction of protein from DNA the Tris- 

equilibrat ed  phenol was mixed with an equal volume of 

c h l o r o f o r m / i s o a m y l  alcohol (24:1). An equal volume of this 

mixture was then added to the DNA solution and the two phases 

mixed. These extrac tions were  usually carried out in 

Eppendorf tubes, so the two phases were  sep arated by

centrifu ga tion in a m i c ro fuge for 1-2 min.. The upper aqueous
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phase was removed and any traces of phenol in this fraction 

were ext racted with either  c h l o r o f o r m  or die thy l ether.

ETHANOL P R E C I P I T A T I O N  OF DNA.

To pre cip it at e DNA from solution 0.1 volume of 3M Na

acetate, p H 5 .6, was added followed by 2-3 volumes ethanol.

The mi xtu re  was incubated at -70°^ ^C for 1 0 - 15min. in a dry
ice/etha no l bath and then ce ntrifuged  for lOmin. in a

microfuge. The supernat ant was poured off carefully and the 

pellet washed with 707. ethanol. The pellet was then dried 

under vacuum and r esusp en ded in the desired buffer.

PREPARATI ON  OF CH RO MOSOMAL DNA.

High mo lecular  weigh t chro mo somal  DNA from E.coli and

P.putida was produced using the method of Chow et al (1977).

Cells were grown ov ernight in 200ml of Luria broth at 37°^

The cells were harvested by c e n t r i fuga ti on at 7,000r.p.m. in

a 6x250ml rotor using an MSE18 cen tr if uge for 10 minute s at 
I o

C, and r es us pended in lysis solution (Tris-HCl 1O m M , EDTA 
ImM, NaCl lOOmM pH7.9, Img/ml lysozyme) and inc ubated at 37°^

for 10 minutes. Thirty ml of 27- sarcosyl NL97 (in the same

buffer) was then added, followed by h e at-tre at ed RNAse and

pronase to final concentr ations of 20pg/ml and Img/ml

respectively. The resul tin g mixture was then incubated at

C for 60 minutes.
The above prep ar ation  was ext racted three times with

phenol, then e t h a n o l - p r e c i p i t a t e d  and dried. The DNA was 

allowed to r ed is solve slowly in TE buffer (TE= Tr is- H C l  1OmM
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pH7.9, EDTA 1m M ) (for up to three days). Resid ual traces of 

phenol were removed by dialysis  against three changes of TE 

b u f f e r .

BULK P R E P ARATIO N OF PLASMID DNA.

The Birnbo im  and Doly Method ( 1 979 ).

Cells from a 500ml ove rn ight culture wer e harvested at 

9,000r.p.m. in a JA21 rotor using a Beckman J-21B centrif uge

for 5 mi nutes at 4 ^ after whi ch they were resu spend ed  in 

40ml ice-cold lysis solution ( Tri s- HC l lOmM, EDTA 1m M , NaCl 

lOOmM, pH7 . 8 , Img/ml lysozyme) and incubated on ice for 5 

minutes. The spheropl asts were lysed by the addition of 80ml 

alkalin e/ SDS (NaOH 0.2M, SOS 17- ) followed by incubation  on

ice for 4 minutes. Then 60ml of ice cold 3M potas si um acetate 

pH5.5 solution was added and the mixtur e centrifuged at 

B.OOOr.p.m. using a 6x250ml rotor in an MSE18 for 10 minutes

 ̂ C. The su pernatant was mixed with 100ml of iso pr op anol 
and centri fuged at 8 , 0 0 0 r.p.m. in a 6x250 rotor in an MSE18

cent ri fuge for 10 mi nu tes at 4°c. The resulting pellet was 

washed with 7 0% ethanol and then res uspended in 7.5ml TE 

buffer. This was prepared for d y e - bo uy ant density equi l i b r i u m  

centrifugation, by the addition of 4ml 5mg/ml et hidium  

bromide and 1.12g/ml CsCl and centri fuged at 40,000r.p.m. 

using a Vti65 rotor in a Sorvall 0TD65 for 40 hours at 20°^ 

The plasmid bands were  removed and et hidi um  bromide extracted 

with isopropanol. The CsCl was removed by dia lysis (1 volume 

of DNA solution to 1000 volumes of TE) against three changes 

of TE.
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PLA SMID MINI P R E P A R A T I O N S .

The alkaline lysis metho d ( Man ia tis et al 1982 ).

This method was used to de t e r m i n e  the average insert size 

of a pot en tial libra ry and also to ana lyse plasmid 

con struc ti on s of interest.

A 1.5ml sample of an ov ernight  culture was harv est ed by 

ce ntri f u g a t i o n  in an Eppendorf cen tr ifuge for one minute. The 

m e d i u m  was removed and the pellet resus pended in lOOpl Tris- 

gluc ose  (glucose 50mM, EDTA lOmM, Tris-HCl 25mM pH8.0) 

solution and allowed to stand at room te mperat ur e for 5

minutes. This was then followed by the addition of 200pl of

alkaline SDS solution (1% SDS in 0.2M NaOH) and the contents

of the tube mixed. The mi xt ur e was then inc ubated on ice for 

5 minutes, followed by the add ition  of 150pl of ice-cold 

p o t a ss iu m acetate (3M with respect to pot assiu m and 5M with 

respect to acetate pH 5.0). The tube was inverted then 

vortexed for 10 seconds and incubated on ice for 5 minutes.

The m i x ture was then centrifuged, in an Eppendorf centrifuge, 

for 5 minutes and the supern atant  tr an sferred to a fresh tube 

wh er e it was phenol extract ed as de scr ibe d previously. Two 

volumes of ethanol were added to the supernatant and

in cub ated at room t e m p e ra tu re for 2 minutes, followed by a 5 

mi nu te  centrifugation . The resulting pellet was then vacuum 

dried and resusp ended in TE.

The DNA was then suitable for trans f o r m a t i o n  or restrict ion 

e n d o n u c l e a s e  di ge stion analysis.
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AGAROSE GEL ELECT ROPHORESI S.

(Maniatis et a l , 1982)

To analyse the mo l e c u l a r  w e i ghts of most DNA samples 0.8% 

agarose gels wer e normally used. However, for high mole cular 

weight DNA 0.5% agarose gels were necessary. The agarose was 

made up with TAE buffer (0.04M T r is -a cetate pH8.0, EDTA

0.001M). Before loading the DNA sample, it was mixed with 0.1

volume loading buffer (0.25% br om o p h e n o l  blue, 30% glycerol

in water). Gels were ge ne rally run at 20-50v for 14hr. or 

1 0 0V for 1 - 4 h r .

Marker fragments of known m o l e c u l a r  weight from Ac DNA 

digested with res tri ct ion enzyme(s) wer e  used to det er mi ne

the size of unknown fragments. The re st riction digest

normally used was Hindi 11 but on some occasions Xho^ and

EcoRI were also used.

PREPARATION OF A - PHAGE DNA.

The method of Blattner et al (1977) was used for the

preparation of all types of A-phage.

Five hundred ml of Luria broth was in oculated with 3

plaques, and the su rroun ding cells, picked (using a sterile 

Pasteur pipette) from a freshly prepared plate lysate. This

produced the desired ratio of phage to bact er ial cells to

achieve a titre of at least phage/ml. w h ic h is

necessary for further processing.

The phage were p recip it ated with NaCl (10g/50Gml) and PEG 

6000 (50g/500ml) and resus pende d in 5 ml phage buffer ( 1OmM
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Tris, 1OmM MgSo  ̂ 1OmM NaCl and 0.01% gelatine, pH7.5). The
4

phage were  then purified by caes ium chloride block gradient 

cen t r i f u g a t i o n  at 40,000r.p.m. for 4 hours at 20°^ ^

Beckman AH627 rotor. The purified phage band was isolated

from the block gradi en t then dialysed  to remove CsCl. The 

phage protein coat was removed by dig est io n with pronase at

Img/ml for 1 hour at 42 ^ . The resultant mixture was then

extr acted with phenol to give pro tein -free DNA.

RE STRIC TI ON  ENZYME DIGESTION.

Re str iction digests of DNA were carried out according to 

the s u p p l i e r s ’ r e com me ndation s (Bethesda Research

Laboratori es  Inc.).

For partial rest r i c t i o n  digestio ns a series of aliquots 

were taken from a single large digest at 5 minute intervals 

and the reaction stopped by the addition of EDTA (to a final 

concent ra tion of 20mM). The aliquots were then

el e c t r o p h o r e s e d  on an 0.8% agarose gel to assay the size of 

the (partial) d i g e stio n products. This allowed suitable 

dig e s t i o n  conditi ons  to be deduced for a single large 

digestion, giving DNA fragments around the size desired.

After a r e s t r ic ti on digest on any piece of DNA the 

fragments produced were routinely run out on an agarose gel 

to ensure the desired products had been achieved cleanly.

LIGAT IO N REACTIONS.

Ligation of the chr omo so mal DNA and plasmid vector was

carried out in BBmM Tris-HCl pH7.6, 6 . BmM MgCl , 1OmM
2
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d i t h i o t h r e i t o l  0 . 5mM ATP and incub ate d over night at 10 ^

with the addition of 1p 1 T , (l unit) DNA ligase
4

(B o e h r i n g e r ).

P H O S P H A T A S E  TREATMENT.

Calf intest in al  alk aline  p h o s p h a t a s e (C l P ) was obt ained from 

Boe hr inge r and added at 0.1 unit CIP per pg of DNA, after the 

one hour r es tricti on  reaction i.e. in the same buffer. The 

p h o s p ha tase reacti on was then allowed to proceed for 15-30 

min.. The re stric ti on enzyme and the CIP were removed by 

phenol ext ra ct io n and the DNA precipitat ed with ethanol.

P R E P A R A T I O N  OF VECTORS.

The vectors pBR322 and pBR328 were prepared for the cloning 

e xperi me nt s by d i g es ti ng them with the rest ricti on  enzyme 

SamHI and then incu bated with CIP to remove the terminal 

ph osphate group. The re strict ion enzyme and the CIP were 

removed by phenol ex tracti on  and the DNA p recipi ta ted with 

ethanol. The vectors were prepared in a similar manner for 

the su bc lon ing  expe riment s except that diffa-rnt res tric ti on 

enzymes have been used.

The cosmid vector, C o s 4 , was prepared by dig e s t i n g  the 

vector with the r e s t rict io n enzyme BamHI then tre at ing it 

with CIP. The r es tr iction  enzyme and the CIP were extracted 

with phenol and the DNA precipitated using ethanol. The now 

linear Cos4 was di ge sted with Pvull to produce the cosmid 

arms. The Pvull was extracted with phenol and the DNA 

pre ci pi tated using ethanol.
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ISOLATION OF DNA FRAGMENTS FROM AGAROSE GELS.

The required fragment of DNA was cut out of an agarose gel 

and placed in a di alysis  bag cont ainin g 300pl TAE (0.04M 

Tris-acetate, 0.1M EDTA pH8.0) buffer and e l ectr op horesed  for 

1-2hr. at lOOv. The current was then reversed for 45sec. 

after which the solution was removed from the dialysis bag 

and passed through a blue Gilson tip plugged with siliconised 

glass wool to remove any pieces of agarose gel. The dialysi s 

bag was then wa shed with a further 3D0pl of TAE and this was 

also passed through the blue tip. The resulting solution was 

then ex tra cte d with phenol and the DNA p r ecipit at ed with 

ethanol.

T R A N S F O R M A T I O N .

( K u s h n e r , 1 978 )

This pro cedure was used to in troduce plasmid DNA into a 

recipient cell, by makin g the cell more per meable to DNA. The 

M O P S - r u b i d i u m  chloride (RbCl) method was used wit h all 

plasmids in this study.

The recipie nt cells w er e grown to an O.D. of 0.5 ( for
680

recA strains ) and 0.2 ( for non recA strains ). The cells

were then harvested and wa shed in 1/3 volume MOPS-RbClI (1OmM 

MOPS. 0.01M RbCl pH7.0) solution. The cells were centrifuge d 

and resu spended in 1/3 of the original  volume MOP S-RbClII ( 

lOOmM MOPS. 0.01M RbCl, 50mM CaCl pH6.5) and were then 

incubated on ice for 30-90 minutes. The cells were 

centrifuged and r esus pe nded in 1/10 original volume
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MOPS-RbClII. DMSO added to 0.2% and plasmid DNA w er e then 

added and the mixtu re  placed on ice for an hour. It was then

heat shocked at 55 ^ for 3 0 seconds, placed in an ice/wat er 

bath, 1 ml of Luria broth was added and the cells incubated at

C for one hour (non-shaking) to allow them to recover. 
From this stage they were plated out onto selection plates.

Tn 1000 MUT AGENESIS.

( Guyer et a l , 1 9 80 )

Tn 1000 mu ta g e n e s i s  relies on a tra ns p o s i t i o n  event 

occuring between an F plasmid carrying TnlOOO and the plasmid 

of interest, in this case pJJ801.

A strain of E.coli K-12, RB308, carrying Tn 1000, was

transformed with pJJ801 DNA isolated from 5 K . RB308 (F*

pJJ801) was then used as the donor in conjugal mating 

experiments. The re ci pie nts were HPA negative mutants, JJ221 

(5 - c a r b o x y m e t h y l - 2 - hydroxymu co na t e se mialde hy de d e h y d r o g e n a s e 

deficient) and JJ247 (a plelotrop ic mutant). The selection 

for a reci pient  receiving pJJ801 by conj ug ation was made on 

Luria agar con tain in g ampi cillin  (lOOpg/ml) or m i n im al m e d i u m  

containing gl yc er ol and ampicillin (100pg/ml). This selects 

against the donor which has a thymine req ui re ment and also 

against any reci pie nts which  lack the plasmid, and so are 

ampicillin sensitive.
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PRE PA RA TION OF À - P A C K A G I N G  EXTRACTS.

(Maniatis et al 1982).

a ) Sonicat ed ext ract from induced strain BHB2690 (prehead

d o n o r ).

A culture of BHB2690 was grown in 500ml Luria broth to an 

O. D. BOOn m of 0.3. The lysogen was induced by placing the

flask in a wate r bath at 42 ^ for 15 minu tes with constant 

shaking. The induced cells were then shaken for a further 2-3

hours at 38-39 ^ The cells were har ve sted by c e ntrifug at ion  
at 9,000r.p.m. in a JA21 rotor using a Beckman J21B

centrifuge for 5 m i n ut es at 4 q and resu spende d in 3.6ml 

sonication buffer (20mM Tri s- HCl 1mM EDTA 5mM

|3-mercaptoethanol pH8.0). This was followed by 20-30 second 

sonication bursts, with one mi nute cooling in between, until 

the solution had just cleared. Sonic ated samples were 

centrifuged at 12,000r.p.m. in a 8x50ml rotor using an MSE 18 

centrifuge for 10 mi nu te s to remove cell debris. An equal 

volume of sonicatio n buffer and 1/6 volume of freshly 

prepared packa ging buffer (Tris-HCl 60mM pH8.0, spermid ine

50mM, pu trescine  50mM, MgCl 20mM, ATP 30mM, and
2

p- merca pt oe thano l 30mM) w er e added to the supernatant. 

Aliquots of 15pl were then disp en sed into precooled Eppen dorf  

tubes and immediately immersed in liquid nitrogen. These were 

then transfer red to -70 q for long term storage.
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b) F r e e z e / t h a w  Ivsate from induced strain BHB2688 (Packaging 

protein d o n o r ).

A culture of BHB2688 was grown in 500ml Luria broth to an

O.D . S 8 0 n m  of 0.3. This was then heat -i nduced at 45°_ ...C with
constant shaking for 15 minute s the induced cells were 

further shaken for 2-3 hours at 38-39°^ y cells were 

harvested by c e n t r if ugation  at 9,000r.p.m. in a JA21 rotor 

using a Beckman J2 1B c e n t rifu ge  for 5 minutes at 4 ^nd 

re sus pended in 3ml of ice-cold sucr ose solution (10% sucrose, 

Tr is -H Cl 50mM pH 8.0). This was then disp en sed into six 

precooled Eppendorf tubes and 25pl of fresh, ice cold 

lysoz yme  solution (2mg/ml lysozyme, Tri s-HCl  0.25M pH8.0) was 

added to each tube, mixed and qu i c k l y  put into liquid

nitrogen. The extracts were thawed on ice and 25pl of

pac kaging buffer added to each tube. Next, the thawed

extracts were combined and cen tr ifuged at 40, 000r.p.m. in a 

Til 0x10 rotor using an MSE 65 c e n t ri fuge for 60 minut es at

L  °^ C. Aliquots (lOpl) of the su pe rnatant were then dispense d 
into precooled Eppendorf tubes, immersed in liquid nitrogen

and then stored at -70°^

DNA was packaged in vitro by com bi ni ng one aliquot of each

of the fr ee z e / t h a w  and sonicated extracts with a p proxi ma tely

one pg of DNA and in cubating  on ice for one hour.
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TRANSF ER OF NU CLEIC ACIDS FROM AGAROS E GELS TO 

NI TROC E L L U L O S E  PAPER. ( S o u t h e r n , 1980)

For some exp erime nt s it is nec essary to transfer DNA (after 

e l ec tropho re si s in agarose) to nitroc e l l u l o s e  paper. DNA runs 

as a d o u b l e - s t r a n d e d  m o l ec ul e so it must be de natured before 

transfer. The DNA fragments we r e  denatu re d by placing the gel 

on the t r a n s i l l u m i n a t o r  for 5min. and then soaking the gel 

twice for 15min. in 1.5M NaCl, 0.5M NaOH. The gel was then 

neu tralised by soaking it twice, for 15min in 0.5M Tris-HCl 

p H 7 .5, 1.5M NaCl.

The ni t r o c e l l u l o s e  paper used as the recip ient for the DNA 

was pre-soa ked in 3xSSC (1xSSC= 0 . 1 5M NaCl, 0.015M 

Na-citrate). A c o n s t ruc ti on was then built as shown in 

f i g , 2.1.1. The first pieces of 3MM Wha tman paper on top of 

the gel wer e soaked in 3xSSC. It is important that there are 

no air bubbles between the surface of the agarose and the 

ni tr ocellul os e paper. The transfer was allowed to continue 

overnight, after whic h the n i t r o c ell ul ose filter was baked 

for 2hr. at 80°^

SCREENING BAC TERIAL COLONIES BY HYBRIDIZATION.

(Grunstein and H o g n e s s , 1 975 ) .

Colonies to be screened wer e patched in du plicate  on 

selection plates. After incubation overnight  one of each

duplica te  was placed at 4 ^ storage whilst the other was
used for screening. Ni t r o c e l l u l o s e  filters were then placed 

on the surface of the plate and left for 2-5 minu tes
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f ig ,2.1.1

glass plate

3M M  paper (xlO)
• soaked in 3 *  SSC

plastic

glass plate

weight ^

paper towels ( 6“)

nitrocellulose filter 
floated on S^SSC

3 M M  poper(xS)

20 X SSC

Transfer apparatus for Southern Blots.

- " 6 4 " -



(aligning marks were  made  if necessary) to transfer  the 

colonies. The filters were care fully lifted from the agar 

surface, and placed on 3mm Whatman paper pr edampened  with 107. 

SDS. After 5 minutes the filters wer e  placed on a 0.5M NaOH 

pad for a further 5 minutes after the alka li - t r e a t m e n t  the 

filters were neutral ised by being placed on pads wette d with 

1.0M Tris-HCl, p H 7 .5 1.5M NaCl. The filters were  then blotted 

dry and baked for 2 hours at 80°^

OL I G O - L A B E L L I N G  OF DNA BY HEXA D E O X Y N U C L E O T I  DE PRIMER. 

(Feunberg and Voge/stein, 1983)

Plasmid DNA was cleaved with the a ppr op riate re st riction

enzyme(s) to give the required fragme nt for labelling. The

digest was then run out on a low gell ing te mp erature agarose

gel and the required band excised ca refully with the m i n i m u m

amount of agarose. This was placed in an Eppend orf tube and

water added at a ratio of 1.5ml H 0: 1 g agarose gel. The tube
2

was then placed in a water  bath and boiled for 7 min. to melt

the agarose and d e n ature  the DNA. The labelli ng reacti on was

carried out at room temp eratu re  by the addition of the

following reagents in the stated order: Xpl H 0 (to a total
2

volume of 25pl), 5pl OLB buffer, 1 pi BSA (BRL enzyme grade),
3 2Xpl DNA fragment (25ng) upto 16.25pl, 1 pi ( p ̂

a - d C T P (10p C i / p i ) and 2 pi Klenow (large fragment) polymera se 

1, 2 units. The reaction was inc ubated at room temperat ure

for 3hr. and stopped by the additi on of IGQpl Stop buffer. 

The u n i n c o rpor at ed mate r i a l  was removed by passing the 

reaction mi xt ure thro ugh a Sephadex G 50 column made  in a 

Pasteur pipette. The fractions wit h the labelled DNA were
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then used in the h y b r i disati on  reaction.

Buffers :

TE. buffer.

3mM Tr is- H C l

0 . 2mM EDTA. at pH 7.0.

Solut ion  0.

1.25M T r i s - H C l .

0.125 M MgC l at pH 8.0. (stored at
2 '

d N T P ■s .

dATP}

dTTP} 0.1M in TE (stored at -20°^j

dGTP}

Solution A.

lOOOpl s o l n . 0.

18pl 2- m e r c a p t o e t h a n o l .

5pl each of the dNTP"s.

Solution B .

2M HEPES (titrated to pH 6.6 with 4M NaOH.

( stored at 4°^)

Solution C.

H e x a d e o x y n u c l e o t i d e s

50 A units suspended in 550pl TE to give a 

c oncen tr ation of 90 A units/ml.

(stored at - 2 0 ° c )

OLB buffer.

The sol utions A ,B ,C wer e mixed togeth er in 

the ratio 10:25:15 (50pl). (stored at - 2 0 ^ qj
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stop buffer.

20mM NaCl. 20mM Tr is - H C l  pH 7.5, 2mM EDTA,

0.257. SDS and 1 mM dCTP (cold).

(stored at - 2 0 ° ^ ^

H Y B R I D I Z A T I O N  OF R A D I OACTIV E PROBES TO DNA.

N i t r o c e l l u l o s e  papers impregna ted with DNA were

pr ehy b r i d i z e d  in degassed, prewarmed (65-70°^) 5xSSPE

5xDenha rts  solution and 100pg/ml boiled salmon sperm DNA. The

p r e h y b r i d i z a t i o n  was carried out in a sealed plastic bag at 
o65 C for one hour.
For the hybridization, the pre h y b r i d i z a t i o n  solution was 

squeezed out of the plastic bag and the hybridi za tion 

solution added using a Pasteur pipette. The h y br id ization

solution consisted of prewa rmed (65-70°^,^ degassed, 4 x SSPE 

1X Denharts solution and 100pg/ml boiled salmon sperm DNA. 

The de na tured probe DNA was then introduced into the plastic 

bag whic h was resealed and incubated overnig ht at 65°^.

After h y br id isation  the filter was wa shed  twice for fifteen 

min. at room t emp er ature in 2xSSPE, 0.17. SDS. Then twice for 

fifteen min. in O.IxSSPE, 0.17. SDS. The nit r o c e l l u l o s e  filter 

was blotted dry and autoradiograp hed.

SSPE: 0.18M NaCl, 1OmM NaPO p H 7 .1 and ImM EDTA.
4

Denhart's solution: 0.02 7- ficol, 0.02%

p o l y v i n y l p y r o l l i d o n e  in 3xSSC.
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M U T A G E N E S I S  USING E T H Y L M E T H A N E S U L P H O N A T E (E M S ).

Cultures of E.coli were mu ta g e n i s e d  in m i n i m a l  m e d i u m  with

1.57. EMS for 2hr. at 30°^ des cr ib ed by M i l l e r  ( 1 97 2 ). The

culture was split into two so that inde p e n d e n t  mutants might 

be isolated. The survivors were  then al lowed to gro w to an 

O.D . 6 8 0 n m  of 0.4 in n o n - s electiv e g l y c e r o l - m i n i m a l  media at

30°C.
Mutants unable to gr o w  on a partic ular carbo n source were

selected by peni ci llin treatment. The EMS m u t a g e n i s e d  cells

were harv ested in e x p o n e n t i a l  phase. The cells were  then

resuspen ded in a m e d i u m  that did not a l low  growth of the

desired mutant s (HPA), to an OD of 0.08 and were allowed
880

to grow until the 00 had doubled, at w h ic h time peni ci llin
680

was added to a final c o ncentr at ion of l-2mg/ml. The cultures 

were then inc ubate d over night. Cells su rviving the 

pe ni cillin treatme nt were harvested and resu s p e n d e d  in the 

same volume of m i n i m a l  medium.

In the m u t a g e n e s i s  of CT001 the survi vi ng cells were 

harvested and re su s p e n d e d  in Luria broth w h e r e  they were 

treated as the in ocul u m  for a t r a n s f o r m a t i o n  procedure.

pJJ801 was then i nt ro duced into the m u t a g e n i s e d  cells, with

the hope that in subse quent selection stages mut ati on s in 

genes not carried by pJJ801 wou ld be identified. The cells 

were harvested after the t r an sf ormatio n and treated in the 

same way as the E.coli C m u t a geni se d cells, except that 

ampicillin was always present in the medium.

Various di lutions  of the cells were plated onto a m e d i u m  

allowing mutant growth (glycerol). Colonies appearin g after
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incubati on were r e plic a- plated onto HPA and 3.4DHP A plates to 

ident ify  mu ta nts unable to g r o w  on these substrates. 

P res umptive  mutants ide nti fied by their growth patterns were 

picked off, purified and checked for growth on appropriat e 

selective and n on se lective  media.

CONJUGAL MATINGS.

In order to transfer cloned E.coli C DNA into P.putida the

desired fragment(s) were sub cloned into the shuttle vector

pMMB34 which can replicate in both strains. The newly

const ruc ted plasmid is then t ransfor me d into C 6 0 0 (p L G 2 2 3 ).

The plasmid pLG223 can c o- mobilis e the shuttle vector into

the recipient. pLG223 is a suicide vector as it cannot

repl ica te in P.putida.

Both the donor and the recipient strain were grown (shaking

gently) to an OD of 0.1 and mixed together in a series of
680

ratios: 10:1, 5:1, 1:1, 1:5 and 1:10 which were then

incubated at 30 q for 4hr. A sample was then removed, 

vortexed to dis rupt the mating  pairs and plated onto the 

selection plates. The rem ai nder of the culture was allowed to

incubate overnight, then a further sample was removed,

vortexed and plated onto the selection plates.

AC RYLAM ID E GEL ELECTROPHO RESIS .

Various types of po l y a c r y l a m i d e  gels were used, dependan t 

upon the type of sample.

O l i g o n uc le ot ides were resolved on 7.1M urea 207. 

p o lyac ry la mide gels in IxTBE buffer. The po lyacryl a m i d e / u r e a
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gels were poured in a v e r ti ca l gel a p p a r a t u s . The gel was run 

in 0 . 5 k TBE buffer at a p p r o x i m a t e l y  50v/cm for 2-3hr..

For DNA sequen cing 6 7. p o l y a c r y l a m i d e / u r e a  gels were used.

To increase the amount of useful data o b t ained from one

loading an ionic gr adien t was made in the lower half of the

gel. The gradi e n t  was made  in a 25ml p i p et te by drawing up

0ml of a 0.5xTBE buffer acry l a m i d e  mix, followe d by 12ml of a

2.5xTBE buffer a c r y lami de  solution into the same pipette. The

two solutions wer e mixed at the int erface by intr oducing  four
u.air bubbles into the pipe tte and the res ul ti ng mix was pored 

slowly between the two plates. The top of the gel was filled 

with 0.5xTBE acryla mi de mix. The upper re s e r v o i r  was then 

filled with G.5xTBE buffer and the lower reservoi r filled 

with IxTBE. The gel was run at about 50v/c m (40w) for 15min. 

to preheat the gel. The samples were loaded on the gel and 

run at 50v/cm for 2-3hr.

Proteins were  separated on 0.1% SDS/ 7-12.5% p o l y a c ryl am ide  

gels, with a 3.5% a c r y la mide stacking gel. The reservoirs 

contained 1x T r i s - g l y c i n e  0.2% SDS buffer pH8.9. The loaded 

gel was run at 500v 40mA on an LKB protein e l e c t r op horesi s 

system. Protein samples we r e  mixed with S D S - loading  buffer 

and boiled for 3 m i n . before loading.

Native protein gels w e r e  run using the same con ditions 

except the SDS was left out at all the stages. Also a 

non den atur in g loadin g buffer was used w i t h  the protein 

samples and they were not boiled.

The protein gels we r e  stained with prot ein gel staining 

b u f f e r .
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SOLUTIONS :

TBE buffer: (20x)

Tr is- base 205g

Boric a cid 115g

EDTA 50g

Made up to 1000ml

A cr yl amide gel mixes.

2 0 % a c r y l a m i d e / urea :

38:2g a c r y l a m i d e /Bis 25ml

( B i s = N , N * -me thylene  bisacrylamide) 

Urea 2 1.5g

1OxTBE 5ml

Water to 50ml

10% A m m onium per sulp ha te 0.3ml 

TEMED 15pl

(T E M E D = T e t r a m ethyle th ylenedi a min e)

6% a c r y l a m i d e / urea :

0.5xTBE acryla mide urea mix (6 %); 

Urea 430g

1OxTBE 50ml

38:2 a c rylamid e/ Bis 15 0ml

water to 11
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2.5xTBE acry la mide urea mix { 67.) \

Urea 430g

1OxTBE 250ml

38:2 ac ryla m i d e / B i s  150ml

Sucrose 5 Og

Br o m opheno l blue 50mg

Water t o l l

12.5% a c r y l a m i d e / S D S :

30:0.8 a c r y l amide/ Bi s 

3M Tris-HCl. pH8.9 

1M Tris-HCl. p H 6.8 

Water 

10% SDS

10% A m m o n i u m  per sulp ha te 

TEMED 

SD S-sample  buffer:

Gl ycero l 2ml

SDS 0.4g

0.25M Tris-HCl. p H 6.8 5ml

p - m e r c a p t o e t h a n o l  1 ml

Br o m opheno l blue O.OIg

Native - s a m p l e  buffer:

0 . 1 8M T r i s - H C l . p H G .8 

Gly ce rol 29%

Br omoph en ol blue 0.1%

Protein staining:

Kenacid blue 

Me th an ol

Acetic acid (glacial)

0 .2% 

5 0% 

7.5%

72-

qel stack

18.7 5ml 

5 . 6ml

1.25ml

1.25ml 

19.9ml 6 . 84ml

0 . 45ml 

0 . 225ml 

22 . 5pl

0 . 1 ml 

BOpl 

7pl



DNA SEQUENCING.

DNA sequencing was carried out by the chain termination 

method of Sanger et al (1977) using dATP as the

radioactive label. Templates for sequencing were prepared by 

inoculating a 2ml starter culture of JM101 (lOOpl of a fresh 

overnight culture of JM101 in 50ml Luria broth) with lOOpl 

M13 phage suspension (1 plaque picked into 0.5ml phage 

buffer). This was incubated, with good aeration, overnight at

' C. after which 1.5ml of each culture was transferred to an 
Eppendorf tube and spun in a microfuge for three minutes.

Supernatant (1ml) was transferred to a fresh Eppendorf tube

and 200pl of 2.5M NaCl. 10 7. PEG 6000 was added. The mixture

was left at room temperature for 30 min, and then centrifuged

for 5min. The supernatants were removed, the tubes respun and

the remnants of the supernatants carefully pipetted off. The

pellets were resuspended in lOOpl 1.1M sodium acetate, pH7.0

and phenol extracted. The DNA was precipitated by the

addition of 250pl of ethanol and resuspended in 15pl TE

b u f f e r .

For the priming reaction 5pi of the DNA template solution 

was mixed with 1 pi TM buffer, 2.5ng of the primer and made up 

to 1Opl with water. The priming reaction was carried out at

65° C for 30min. and then the reaction was allowed to cool
slowly, to room temperature. The primed DNA templates were

split info 4x2pl aliquots t o ̂  which 2 pi of the appropriate

di-deoxy-nucleotide mix was added. After the addition of 2p1 
35°^ S - d A T P /Klenow polymerase mix to each tube the mixture

was left at room temperature for 2 0 m i n . . Then 2p1 of chase
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mix was added and the reacti on left at roo m t e m p e r a t u r e  for a 

further 20 min.. The reaction could then be stored at this

stage at 20 ^ for subsequ ent analysis or else 2 pi of 
sequencing dye was added to each tube and the solution boiled 

for 3 min.. After the samples had been spun down they were 

ready for loading onto a po l y a c r y l a m i d e  gel. When the gel had 

run it was imme rsed in 10% methanol, 10% acetic acid for 

15min. The excess fixer solution was d r a ined  from the gel, 

which was blotted onto Whatma n 3MM paper and dried down using 

a gel dryer for 40-60min. The gel was then aut ora diogra ph ed.

Sequencin g mixes.

a) Reacti on Mixes.

T c G A

0 . 5mM d T T P 25 500 500 500

0 . 5mM d C T P 500 25 500 500

0 . 5mM d G T P 500 500 25 500

lOmM d d T T P 50 - - -

lOmM d d C T P - 8 - -

lOmM d d G T P - - 1 6 -

1OmM d d A T P - - - 1

TE buffer 1 000 1000 1000 1000

b)

(volumes in pi)
35 S-dATP K l en ow mix:
St erile H 0 (Q) BOpl

2
35

S-dATP (Amersham) 6 pi
K len ow pol ymer as e (BRL) 3pl

(2pCi)
(5 u n i t s /p i )
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c) dNTP Chase mix

0.25mM dATP 

0.25mM dCTP 

0.25mM dGTP 

0.25mM dTTP

d) Seq uenci ng  dye mix

De-ionised formam ide 100ml

X yle ne cyanol FF O.lg

B ro mo phenol  blue O.lg

0.5M EDTA pH7.5 2ml

A NAL YSIS OF SEQUENCE  DATA.

The data produced was analysed with the aid of DNA data 

pro ces sing packag es ava il able on the Uni ve rs ity m a i n f r a m e 

c o m p u t e r .
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RESULTS.

The b i o c h e m i c a l  pa th way for the c a t a b o l i s m  of 3. 4DHPA by 

E.coli C has been rep orted by Cooper  and Skinner (1980) see 

f i g . 1.1.10. Little is known about the gen eti c o r g a n i s a t i o n  

and regu l a t i o n  of this pathway, al thoug h Skinner (1981) did 

attempt some analysi s using class ic al m i c r o b i a l  gen etic 

approac he s such as phage PI c o - t r a n s d u c t i o n  and F-mating. He 

concl ud ed that the hpa/hpc  genes we r e  located bet wee n minutes  

1 and 3 on the E.coli C chromosome. The HPA m u t a ti on s  

isolated by Skinner wer e  > 9 0% c o - t r a n s d u c i b l e  with each

other and he also showed that E.coli K12 grows n e i ther on 

HPA, nor carries any hpa/hpc genes. PI t r a n s d u c t i o n  of the 

hp a /hp c genes from E.coli C to E.coli K 12 re su lted in the 

h p a /hpc  genes i n t e g r a t i n g  into at least two po sitions  on the 

E.coli K 12 c h r o m o s o m e  (at minutes 90to98 and 28to31).

In this section the setting up of cloning systems to 

i d e ntify genes f ro m the 3,4DHPA (hpc) pathway is described, 

along with the c h a r a c t e r i s a t i o n  of the plasmids obtained by 

these procedures.

3 . 1  TSOI ATTON AND CHARACTERISATION OF PJJ801.

Hybrid plasmi ds ca rry in g hpc genes wer e  sought by their 

ability to confer upon the rec ipient HPA negati ve  m u t a n t  the 

ability to g r o w  on HPA. The CHMS d e h y d r o g e n a s e  m u t a n t  JJ221 

ihpcC, recA) was chosen for the initial clo ning e x p e r im ents 

because it was the best cha ra cterise d mu tan t av a i l a b l e  and 

d e f e c t i v e  in only one gene.

E.coli C c h r o m o s o m a l  DNA was prepared a c c ording  to the
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metho d of C h o w  et al (1977). Conditions for the partial 

di gesti on  of c h r o m os om al DNA yi el ding fragments of about 10Kb 

wer e d e t e r m i n e d  by i n c u ba ting a known amount of DNA with a 

series of di l u t i o n s  of the r e s t r i c t i o n  enzyme Sau3a for one 

hour (see f i g , 3.1.1).

To op timis e the con di ti ons of hybrid plasmid pro du ct ion 

various ratios of pBR328 vector DNA to chro m o s o m a l  DNA were  

used in a series of pilot liga ti ons as shown in t a b l e , 3 . 1 .1 . 

The best results were obtain ed w h e n  a ratio of 1:1 was used, 

so the ligat io n r e a ction  for the clo ning e xperim en t consisted 

of 350ng of the vector and 350ng of ch ro m o s o m a l  DNA. After 

the ligati on the m i x t u r e  was used to t r a n s f o r m  JJ221 and 

a m p i c i l l i n - r e s i s t a n t  t r ans fo rmants were  selected on Lur ia -Ap 

agar. The in it ial selection was on Luria- Ap plates as 

opposed to m i n i m a l - H P A  plates because this substan ti ally 

reduces the number of HPA+ re vertant  colonies. Of the 6,100 

tra nsfor ma nt s obtain ed plasmid DNA was isolated from 24, 

chosen at random, to d e t e rm ine the size of the chro m o s o m a l  

DNA insert. An insert size of a p p r o x i m a t e l y  10Kb was 

i ni ti ally intended. However, the plasmi ds analys ed showed an 

insert size range of 3-12Kb, the average being 6 Kb. This 

size was then used in the Clarke and Carbon (1976) equation 

to ca lcu late the pr ob ab ility  of obtain in g the desi red  genes, 

see calculation, 3.1.1. The p r o b a b i l i t y  of o b t ainin g the 

desi red  gene from the 6,100 transf or mants was 99.97%.

All the colonies we r e  then replica plated onto HPA plates 

and three colonies capable of growth on HPA were identified. 

To show that these w e r e  not simply revertants, pl as mid  DNA 

was isolated from each of them and used to tr a n s f o r m  J J 2 2 1 . 

It was shown that each pla smid res to re d the ab ility of JJ221
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fig .3.1.1.

Determination of the conditions for Sau3a partial 
digestion of E.coli C chr omoso ma l DNA.

0

Units of Sa u3 a /uq D N A .

1 0,25 0.6 015 0 Kb
2 I 0.5 |0.125|0.3|0,05|

1pg of E.coli C chromosomal DNA in a total reaction 
volume of 15pl was digested for 1 Aour and stopped by the 
addition of EDTA, then placed on ice. The various samples 
were then run on an agarose gel, as shown above. From this 
experiment it was estimated that 0.12 units Sau3a/pg DNA 
gave the optimum conditions for producing fragments of 
approximatly IGkb in size.
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Table 3.1.1

Transformation.results .obtained at...%ariovs stages in tbe isolation of. 
pJJbOl.. using JJ221 ...as the. re.o.ipient.

Treatment
Number of 

Transformants 
(per jig of DNA)

Percentage 
transformants that 

grow on LB-tc plates 
 <%)________

None (supercolled pBR 328)

pBR328 digested with BamHI. 
and ligated

pBR328 digested with BamHI. 
treated with calf intestinal 
phosphatase (CIP) and ligated

Ratios of pBR328 digested 
with BamHI and treated with 
(CIP): E. coli C chromosomal 
DNA

1

1

1

2
10

10

2
1

1

1

5.5 X  10* 

5.1 X  10*

1.3 X  10 '%

8.7 X  1 0 - ’ 

1.3 X  10^

1.6 X 10^

8.5 X  1 0 3

3.8 X  10-’

100

100

95

50 

25

7

51 

78
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Calculation 3.1.1

Calculation of the probability of obtaining a__cl_one carrying the..desired.
genes

Using the Clarke and Carbon (1976) equation:

N = In (I - P)

In (I - S)

Where: N = number of colonies

P = probability of obtaining the desired gene

S = size of the insert as a fraction of the E.coli
chromosome (4000kb)

or P = I - (I - 8)"

N = 6,100 X 93% 93% = number of tc sensitive transformants

S = 6/4000

So P = 1 - (1-6/4000)**'*

P = 99.97%
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to gro w  on HPA. The three plasmids were then m a p p e d  using the 

r e s t ricti on  enzymes BamHI, EcoRI, Hindi 11 and Sail. All three 

plasmids appeared to be ident ic al and thus wer e proba bl y  

siblings. One was chosen for further study and d e s i g n a t e d  

pJJSOI. A de ta iled r estr ic tion map is shown in f i g , 3.1.2, 

this was produced using the r e s t r i c t i o n  enzymes: BamHI*, 

Psti , EcoRI*, Pvull*, Hindi 11, Sail*, Sphi, Pvul, Bell, Clal, 

Bglll, and Nco^ , (A * in dicates a rest r i c t i o n  site w i t h i n  the 

ch r o m os omal DNA). These re stricti on  enzymes only have one or 

two r e s t r ic ti on sites w i t h i n  the vector. The d i a g r a m  of 

pJJBOl shows the plasmid with a 6.5Kb fragment of c h r o m o s o m a l 

DNA inserted in the BamHI site of pBR328.

ID ENTI F I C A T I O N  OF THE ENZYMES ENCODED BY pJJSOI.

In the previous section the selection of a plasmid, pJJBQI, 

that suppres sed the CHMS d e h y d r o g e n a s e  m u t a n t  JJ221 was 

described. The ability of pJJBOl to allow growth of JJ221 on 

HPA suggested that the CHMS d e h y d r o g e n a s e  gene (hpcC) had

been cloned. The enzyme assays carried out on extracts from 

JJ2 21( pJJBOl)  are shown in t a b l e , 3.1.2. These show that whe n  

JJ221(pJJBOl) was grown on glyce ro l there was very little 

CHMS d e h y d r o g e n a s e  activity  detectab le. However, whe n

JJ 221 (pJJBOl ) was grown on HPA high activi ty  for the CHMS 

d e h y d r o g e n a s e  was observed. The CHMS d e h y d r o g e n a s e  and other 

3,4DHPA catabolic enzymes wer e found at similar levels to 

those ob ser ved for E.coli C grown on HPA. This showed that

the CHMS d e h y d r o g e n a s e  was encoded by pJJBOl and its

e x p r e s s i o n  was ind ucibl e in JJ221.

To c h a r a ct erise pJJBOl further it was int rod uced into a
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fig,3.1.2.

A photograph showing examples of the restriction 
digests used to generate the restriction map of

pJJSOI .

Restriction digests.

C8w

E O E o ■o o« Ü CO CO o c « um lii Q. m lU — Û. LU
3 3 3 X '—  

E o E 3
> > > CO CO /< CO CO o CO CO >Q. 0. 0. CO CO CO CO LU CO Ol CL

Kb

a

The map of pJJBOl.

B E S Pv BS Ps FVE
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Table 3.1.2

Activities, of. the 3,ADHPA catabolic, enzym&s lii-JJ231 (pJJSQl)

Specific activity (nmoles min~' mg protein

strain Growth
substrate

3,4DHPA 
dioxygenase

CHMS
dehydrogenase

OHM 
isomerase

COHED
decarboxylase

coll C HPA 180 160 98 43

JJ221 Gly 0 0 1 3

JJ221 Gly/HPA 59 0 45 10

JJ221
(pJJÔOl) Gly 0 0. 5 2 7

JJ221
(pJJBOl) HPA 190 170 102 56
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series of E.coli C m u t a n t s  and the effect of the plasmid 

o b s e r v e d .

JJ247 {h p c B C ,r e c A ,) was i n i t ial ly  tho ught to be

pl e i o t r o p i c a l l y  d e f e c t i v e  in all the 3.4D HPA  c a t a bolic  

enz yme s (Skinner, 1981). When pJJBOl was int ro du ced into this 

strain the ability to gro w  on HPA was restored. T a b l e , 3.1.3, 

shows the act iv it ies of the 3, 4D HPA cata bo lic en zymes 

d e t ec ted in JJ2 47(pJJBOl) when  grown on the subs trate s 

g l y c e r o l  or HPA. High activitie s for the 3, 4D HPA ca t a b o l i c 

enzymes could be d e t ected in extracts from cells grown on 

eithe r substrate. The values obt ai ned for JJ247 (pJJBOl) gr own  

on HPA are similar to those observed for E.coli C grown on 

HPA. The specific activities obtained from extracts of JJ247 

(pJJBOl) grown on g l y c e r o l  were even higher than those for 

E.coli C grown on HPA. These results indicate that the genes 

carried by pJJBOl can restore JJ247 to growt h on HPA and the 

en zy me s exp resse d by these genes are produced  c o n s t i t u t i v e l y  

in this strain. This suggests that genes other than hpcC are 

present on the clone.

The strain CT001 was is olated  by Skinner (1981) as a m u t a n t  

w h ich produced the 3, 4DHPA catab ol ic enzymes constitutively . 

The aim of i n t r o d u c i n g  pJJBOl into this strain was to see if 

the regulate d phe no type was restor ed and so indic ate w h e t h e r  

a reg u l a t o r y  gene had been cloned. T a b l e , 3.1.4, shows the 

specific activi ties of CT001 are unaffecte d by the pres en ce 

of pJJBOl.

A succina te  s e m i a l d e h y d e  (SSA) d e h y d r o g e n a s e - n e g a t i v e  

mu ta n t  of the c o n s t i t u t i v e  strain, CT101, was transf or med 

w i t h  pJJBOl to d e t e r m i n e  wh e t h e r  the sad gene was carried on 

pJJBOl. C T 1 0 1 (pJJBOl) failed to grow on HPA, implyin g that
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Table 3.1.3

Agtly.mas.-of- t.bg..3>.4P.H£A catabolic enayiBes-in IJ34Z... (pJlGOll.

Specific activity (nmoles mi n" ' mg protein" |)

Strain Growth 3,4DHPA CHMS CHM COHED
substrate dioxygenase dehydrogenase isomerase decarboxylase

E, coli C
Et_cflIL C

JJ247

JJ247

JJ247
(pJJôOl)

-JJ247
(pJJBOl)

HPA

Gly/HPA

Gly

Gly/HPA

Gly

HPA

180

120

0
3

380

190

160

110

0.5

2

210

180

98

71

2
5

250

120

43

27

1

5

123

52
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Table 3.1.4

Actjyl-ties of tbs.2,4DÜP6_catabolic anzymas in CTOOl (pJJSOl)

Specific activity nmoles min"' mg protein"'

Strain Growth 3,4DHPA CHMS CHM COHED
substrate dioxygenase dehydrogenase isomerase decarboxylase

CTOOl

CTOOl

Gly

HPA/Gly

CTOOl
■ (pJJBOl) Gly

CTOOl 
(pJJBOl) HPA/Gly

250

310

260

350

210

270

200

283

150

190

145

205

57

63

53

60

—  8 7 * “



pJJ801 does not encode the SSA d e h y d r o g e n a s e  gene.

THE EX PR E S S I O N  OF THE hoc GENES CARRIED BY dJJBOI IN AN 

E.coli K12 STRAIN.

E.coli K-12 strains do not utilise HPA or 3 . 4 DH PA and 

F-primes from E.coli K-12 do not repair E.coli C HPA mu ta nts 

(Skinner, 19B1). An hsdR d e r i v a t i v e  of E.coli K-12, strain 

5K, was tra ns for med  wit h pJJBOl. No growth was observe d when 

5K(pJJB01) was tested for growth on HPA or 3,4DHPA. From this 

it was concluded that pJJBOl did not encode all the enzymes 

of the 3, 4D HP A c a t a boli c pathway.

Enzyme assays were then carried out on 5K(pJJBOl) grown on 

various substrates. Table 3.1.5, shows that act iv ities for 

the following 3, 4DHPA catabo li c enzymes could be detected: 

3 , 4 DH PA  dioxygena se; CHMS de hydrog enase; CHM isomerase; COHED 

dec arb ox ylase;  and HHDD isomerase. From these results it can 

be conclud ed  that the genes enc oding these enzymes must have 

been cloned on pJJBOl. The 3,4DHPA cat ab ol ic enzyme 

act iv it ies could be d e t ec te d in 5K(pJJB01) w hen grown on 

g l y ce ro l or Luria broth (n o n-indu ci ng conditions) whi ch  

in dic ates that the enzymes encoded by the plasmid are 

ex pressed c o n s t i t u t i v e l y  in this strain.

C H A R A C T E R I S A T I O N  OF oJJBOI.

The genes that have been cloned on pJJBOl were  identifie d 

fro m the act ivi ti es  of the 3,4D HPA cata bo lic enzymes detected  

in 5K(pJJB01). This obs e r v a t i o n  was utilised in the ordering 

of the genes encoded by pJJBOl.

— B B —



I f )

<-4
CO

0)x—4XIcdH

Id
P-p
10

oir-
bd
-r-
r-
□
Ü

fei t-4
(=9 o-iH X'—)w
a pg
> > X
K -f4
C E
0 iS i

Id
Ü rH

p1-4
0 0
X X
Id ■P-p
Id fcJI
u c
< pOL, pXI o
Q X

p
03

CO X
<3
è
(UX+J
O
tn0)tH

-PtH>.H+JÜ-<

0)
- p
G

-P

-PÜ
Id

Ü
oLm

0
(D CO O  H  00

A  «3 CVJ X  I f )
A  P lO A
X  0 T—1 COX  So

w
•H

0
10
Idr-4AW X CO O  LO O

X  o OO AO  X
O  P

Id
Ü
0

-d

0
0

X  p OO O  CS O
X  0 A A  (M
u  e s f  Xo

0
t 4

0
0
IdP
0

M  bO O O  A  OX  o X CO O
X  P tH CO ^
O  T j

> ,
X
0

•d

0
0

<d Id
X  P
X  0 O O  X
A  faO CO A  C~T—1 OO X- X
CO ot4

"d

0
0
Id

1—H
OO o  o  oX  X P

X  op
X)

X
0p ■X <J

X  Id X  Xp  P <d X  X  >>
?  p X •V. -v. p
O  0 X O
P  X rH  rHO  3 o  o0

o rH  Po  o
p X  X

p r p  p
0 p  p

Id u X  pH
p

p W  isii W
CO M X X X

Tl0)
- p
ID0

- p

- po

H

- 8 9 -



a ) Subc lonin a of d JJBQI using the re st r i c t i o n  sites

i de nt ified on the Plasmid.

To de t e r m i n e  the order of the genes carried by pJJBOl 

subcl one s w ere pr odu c e d  using the rest r i c t i o n  sites 

i de nti fie d on the cloned DNA. A d i a g r a m  of the subclones 

pro du ced along w i t h  the enzymes de te cted in 5K strains 

ca rry ing these plasmids can be seen in f i g , 3.1.3. This shows 

that the 2.5Kb BamHI-EcoRI fragment from pJJBOl contains the 

first gene ihpcB) w h ic h encodes the 3,4DHPA dioxygen ase, as 

shown by 5K(pJJ002). The dif f e r e n c e  in the enzyme  activit ies 

d e t e c t e d  in 5K(pJJ006) and 5K(pJJB01) indicates  that pJJBOl

carries an ad d i t i o n a l  function, wh ich co rresponds  to the

pr ev i o u s l y  u n r e po rted HHDD is om erase (this was de si g n a t e d 

h p c F ) . When the o r i e n t a t i o n  of the 6.5Kb BamHI fra gment is 

inverted the 3, 4D HPA enzymes are still expre ssed 

c o n s t i t u t i v e l y  in the 5 K strain, i ndicati ng  that pJJBOl 

carries its own pr omo ter region. If this inverted form of 

pJJBOl is harbou re d by JJ221 the regulated p h e n otype of the

3,4D HPA  cat ab ol ic enzymes is still retained.

b ) TnlOOO Mutagenesis.

T r a n sp os on m u t a g e n e s i s  using TnlOO O was used to 

c h a r a c t e r i s e  the plasmid further. TnlOOO mu ta ted forms of 

pJJBOl w e r e  tested in JJ221 and JJ247 to see if they affected 

growth on HPA. Those that no longer enabled growth on HPA 

w e r e  is ola ted and then mapped using rest r i c t i o n  enzymes to 

d e t e r m i n e  the pos iti on of the TnlOOO. A r e s t ric ti on map for
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fig .3.1.3.

D e l e t i o n  s u b c l o n e s  p r o d u c e d  f r o m  pJJSOI and the 
3 . 4 D H P A  c a t a b o l i c  e n z y m e s  d e t e c t e d  in 5K 
h a r b o u r i n g  the v a r i o u s  s u b c l o n e s .

p J J 8 0 1

P J J 0 0 2

p j J 0 0 3

p j J 0 0 4
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TnlOOO has been produced by Guyer (1978) which shows an 

offset BamHI site which can be used in the restriction 

mapping to determine the position and orientation of the 

TnlOOO insertion. The insertion sites of the TnlOOO mutated 

plasmids and the results of assays on 5K harbouring these 

plasmids can be seen in fi g , 3.1.4. The isolation and mapping 

of these mutated plasmids proved rather difficult, so only a 

few were analysed. From these results only the position of 

the hpcB gene could be confirmed. It was surprising that 

plasmids containing insertions beyond the hpcC gene were not 

detected the possible reason for this will be discussed 

later, (see the analysis of JJ247).

c ) Further subclonina of pJJBOl.

To complete the ordering of the genes encoded on pJJSOI,

the 6.5Kb chr omosomal insert region bounded by two BamHI

sites was isolated and partially digested with Sau3a. The

digested fragments were then ligated into pBR32B. The

ligation mixture was used to transform JJ221 and the

resulting a m p i c i l l i n - r e s i s tant transformants tested for

growth on HPA. Plasmid DNA was isolated from colonies which
Jut, ^  T/uL làekeKcvi ujed ecxd/v p(a.Wi<4 an
grew. To ensure that the subclones were composed of' A
contiguous Sau3a fragments the subclones were digested with

EcoRI and Southern transfers probed on separate occasions
3 2with the p labelled 2.5Kb BamHI-EcoRl and 4.0Kb EcoR1-BamH1

Haffragments of pJJBOl, see fi g,3.1.5. This shows the^majority 

of the subclones authentic contiguous fragments of DNA.

The hybridization of the probe to specific fragments aided 

the restriction mapping of the subclones. The Southern
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f i g ,3.1.4.

TnlOOO mutagenesis of pJJSOI and the 3.4DHPA 
catabolic enzymes detected in 5K harbouring the 
various mutant versions of pjjaoi.

T n l O O O  i n s e r t i o n s
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fig.3. 1 .5 .

An analysis of the subelones produced fron 
partial digestion of pJJSOI.

E c o R 1 subclones.

%- evi CO IX) CO s. CD OO CO a o r- to h- CM
o o O o o o o »“ o 7- o T- "D T- f
o o O o o o o o o o o o o o o o o
-i -i -> -i -> -3 “J ~3 “Ï -i -> “Ï I -) -) “Ï
œ CL CL (L CL tt cr CL cc CL CL CL oc cc cc oc cc
-i -i — > -) -i -> ~> -3 -) -> -> -> -> “3
o. Q. a a o. Q. a a. Q. a. a a Q. a a. a Cl

Kb

•23.1
■ 9.6
■ 6.6
■ 4.4

2.3
2.0

T .

A.Southern transfer of the Saul a produced 
subclones probed with the 2.5Kb BamHI-FroRI 
fragment from pJJOOI.
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h y b r i d i s a t i o n  ide nti fi es the anoma lou s subclones if mor e than 

one r e s t ric ti on  fragment h ybri di ses to the probe. The 

subc lon es co n t a i n i n g  c o n t ig uous fragments  were  then 

t ra ns formed  into 5K and the res ul ting strains analysed for 

the five enz ymes of the 3.4DHPA  pathway, see f i g , 3.1.6. The 

gen e order of the hpc genes en codin g the five 3 , 4D HPA 

enzymes, as d e t e r m i n e d  from 5K h a r b ou ring various subclones, 

is shown in f i g , 3.1.7. This gene  order corr espon ds  to the 

reaction order for the 3 , 4 DH PA  catabo li c pathway.

d ) The use of d JJ801 to probe a Southern  tra ns fe r of 

c h r o m o s o m a l  DNA.

To ensure that the cloned 6.5Kb BamHI fragme nt from pJJBOl 

has not under go ne any re arran gement, E.coli C c h r o m o s o m a l  DNA 

was digest ed  with several r e s t rict io n enzymes. A Souther n 

tr a n s f e r  of the DNA was probed with the labelle d 6 5Kb

BamHI fragm ent from pJJBOl, see fig,3.1.B. It was shown that 

the struct ure of the 6.5Kb fragment from pJJBOl cor resp on ds 

to that of the E.coli C chromosome. Two c h r o m o s o m a l  bands 

showed homolo gy  whe n  the c h r o m o s o m a l  DNA had been di ge sted 

w i t h  EcoRI, but only one band hyb ri dised when the c h r o m o s o m a l  

DNA was dig es t e d  w ith  either BamHI or Psti. These results 

also in dic ate that there is only one copy of the genes on the 

chromosome. Little or no ho molog y was de t e c t e d  bet ween pJJBOl 

and E.coli 5 K c h r o m o s o m a l  DNA whe n the h y b r i d i s a t i o n  filter  

was wa shed at a st ringenc y of O.IxSSC at 30°^
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fig.3.1.6.

The maps of the subclones produced by
Sau3a partial digestion of pJJ801 and the 3.4DHPA 
catabolic enzymes detected in 5K harbouring the 
various sub clones.
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f i g ,3.1.7.

A c o m p i l a t i o n  o f  v a r i o u s  s u b c l o n e s  u sed  t n

(det e r m i n e  t h e  o r d e r  o f  t h e  hoc g e n e s  c a r r i e d  hy 
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fig.3.1.0 .

A Southern transfer of various chromosomal 
digests probed with the 6.5Kb BamHI fragment 
f r om p J J 8 0 1 .

A photograph of the agarose gel used in the Southern 
transfer .

E.coli K12.
p . p u t i d a E.coli C

E
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A photograph of the autoradiograph (over night 
exposure).
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FURTHER STUDIES INVOLVING pJJBOl.

In the process of ch a r a c t e r i s i n g  pJJBOl a range of 

subclones w h ic h co nt ain  all or part of the 6.5Kb ch ro m o s o m a l  

insert fragment were produced. These subclones carry various 

hpc genes and w ere then used in a series of further 

e x p e r i m e n t s .

a ) C h a r a c t e r i s a t i o n  of JJ247 using subclones from pJJBOl.

The m u tant  JJ247 is a recA d e r i v a t i v e  of MS024 w h i c h  was 

in iti ally thought to be p l e i o t r o p i c a l l y  de f e c t i v e  for the 

3. 4 D H P A  catabol ic  enzymes (S k i n n e r ,19B 1). In order to test 

this, several subclones isolated from pJJBOl were  int roduc ed 

into JJ247 and the r e s u lting strains tested for growth on 

HPA. As shown in Table 3.1.3. pJJBOl can rest ore the ability 

of JJ247 to ut ilise HPA, al though  the enzymes are produc ed 

consti tu tively . However, when JJ247 harbours pJJ002 (carrying 

the 3 , 4 DHPA d i o x y g e n a s e  only) it is unable to g row on HPA, 

even though it was shown that the 3, 4DH PA d i o x y g e n a s e  was 

being produc ed consti tu tively.  When JJ247 was t r a n sf or med  

w i t h  pJRJ003 (carrying the genes c o r r e spo nd ing to the 3,4DHPA 

d i o x y g e n a s e  and the CHMS d e h y d r ogena se ) the abi lit y to grow 

on HPA was restored. The two enzymes encoded by pJRJ003 were 

shown to be produce d co nstitutive ly. The results of the 

assays carried out on JJ247 h arbo ur ing the plasmids are shown 

in table 3.1.6. The other enzymes of the 3, 4DHPA cat aboli c 

pathway wer e  shown to be inducible. These results suggest 

that there may  be some sec onda ry  or weak e r  pro mo ter allo wing

— 9 9 ~



Table 3.1.6

..gsrtain. 3, catabolic ̂enzymes la .JJ347
barbonriag ...yax.Lous-SUbgljJiies.

Specific activity nmoles min"' mg protein

Strain Growth 3,4DHPA CHMS CHM HHED
substrate dioxygenase dehydrogenase isomerase aldolase

JJ247

JJ247
(pJJBOl)

JJ247
(pJJBOl)

JJ247
(pJJ002)

Gly/HPA

Gly

HPA

Gly

JJ247 
(pJRJ003) Gly

JJ247
(pJRJOOS) HPA

3B0

190

850

797

191

210

180

0.5

220

254

250

120 25

47 15
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the p r o d uc ti on of the CHM is omerase and subseq uent enzymes, 

so enabling  growth. A similar situation was observed by 

Shanley et al (1986) in the cloning of the p - k e t o a d i p a te 

genes from  A c i n e t o b a c t e r  c a l c o a c e t i c u s . If the norma ll y 

co - o r d i n a t e l y  t r a n s c r i b e d  ca t BCD E genes have a d e f e c t i v e  

promoter or the pr omote r region is missing, then under some 

c i r c u m s tances the c a t C D E  genes may be tra ns cribed  from a 

promoter ind ep en dent of the promoter that nor mally  governs 

c o - o r d i n a t e  e x p r e s s i o n  of all four genes.

b )________ The exp r e s s i o n  of E.coli C hoc genes in P.putida.

The HPA ca t a b o l i c  pathway for P.putida has been de scribed  

by Sparnins et al (1974) and is ap parentl y i d e n ti cal to that 

of E.coli C. To t r a nsfer the E.coli C genes into P.putida, 

the 6.5Kb BamHI fragment from pJJBOl was iso la ted and ligated 

into the shuttle vector p M M B J 4. This produced two plasmids, 

pJJSBOl and pJJSlOB, w h ich  con tain the same 6.5Kb fra gme nt 

but in oppo s i t e  orientation, see f i g , 3.1.9. These w er e then 

t r a n s f o r m e d  into the E.coli K 12 strain C 6 0 0 (p L G 2 2 3 ) which  

contains a suic ide helper vector, pLG223, for the 

m o b i l i s a t i o n  of pJ JS B O I / l O B  into P.putida strains. The two 

plasmids w e r e  then mated into three P.putida strains, 2440 

(hsdR; un abl e to g r o w  on HPA or 3,4 D H P A ), PP001 (CHMS

d e h y d r o g e n a s e  defect ive) and PP003 (pleiot ro pi cally de f e c t i v e  

for the 3 , 4 DHPA c a t a b o l i c  enzymes). The strains h a r b our in g 

the plasmid s we r e  then tested for growth on HPA and 3 , 4 D H P A . 

No growth  was detected, which was surprising  as the two 

mu tants  PPG01 and PP0G3 appear to have the same ph enotyp e as 

JJ221 and JJ247, re spectivel y. A series of enzym e assays were

- 1 G1 -



fig ,3.1.9.
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ca rried out on the thr ee strains har bou ring the plasmids.

There appeared to be no di f f e r e n c e  between pJJSBOl and

pJJ SlO a the results for the three P.putida strains are shown

in table 3.1.7. The enzymes wer e found to be produced

c o n s t i t u t i v e l y  but at low er levels than nor ma ll y found in

w i l d - t y p e  P.putida ind uced for the 3 , 4 DHPA cat ab ol ic enzymes.

It is inte resti ng  to note that wh ‘en 5K harbours pJJSBOl the

levels of the 3 , 4 DHPA ca t a b o l i c  enzymes are higher than those

de te ct ed for the pBR 32 8 - b a s e d  clone pJJBOl. This may be due

to c o p y - n u m b e r  or to pr o m o t e r  ac tivity from  w i th in the pMMB34

vector. The pJJSlOB ve rsion was never tested in 5K.

To see if there was any ho mo lo gy betw een the cloned

E.coli C hpc genes and P.putida ch ro m o s o m a l  DNA. ch ro m o s o m a l

DNA from both strains was di geste d with the same r es tr iction

enzymes. A Souther n trans f e r  of the di ge st ed DNA was probed 
3 2wit h the p la belle d 6.5Kb region from  pJJBOl, see

fig 3.1.10. This shows that there is only weak homol ogy 
betw een  the E.coli C and the P.putida DNA whe n the filter was

wa shed in O.IxSSC at An ex po sure of two we ek s is

requir ed to show faint bands indi catin g very low homology 

wit h som et hi ng on the P.putida chromosome.

c ) A d d i t i o n a l  uses of oJJBOI.

The analysi s of pJJBOl ide ntified  several subclones whi ch 

only exp re ss ed  certain 3 , 4 DHPA ca tab oli c enzymes. 5K was then 

tr an sfor me d with various versio ns of these and extracts from 

the r e s u lting  strains wer e used to isolate in ter m e d i a t e s  of 

the 3,4 DHPA cat aboli c pathway. The isolation of the 

i n t e r m e d i a t e s  w i l l  be de s c r i b e d  later.
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Table 3.1.7

Actlvltles..af .tba.3..4PHF.A.c.atabQ.lic. .eazynigs ot. yarloui 
F..,.putlda strains Xar-bouring pJJS8Ql/lQ8

Specificity(nmoles min"' rag protein"']

Strain Growth 3,4DHPA CHMS CHM COHED
substrate dioxygenase dehydrogenase isomerase decarboxylase

P.putida U 

F, putida. U
5K(pJJ801)

5K<pJJS801)

2440
(pJJSBOl)

2440
(pJJSSOl)

PPOOl
(pJJSaOl)

PPOOl
(pJJSlOS)

PP003
(pJJSSOl)

PP003
(pJJSlOS)

Gly

HPA

Gly

Gly

Gly

Gly/HPA

Gly

Gly

Gly

Gly

0
388

875

2,372

50

52

65

63

70

72

2
273

400

1,556

80

79

60

65

70

69

5

187

520

1,800

70

74

144

132

113

120

9

96

90

252

NT

NT

36

33

34 

36
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f i g .3.1.10.

A Southern transfer of various chromosomal DNA 
probed with the 6.5Kb fragment from pJJ8Q1.

An eight day exposure of the filter to the film 
to see if there is any homology with chromosomal 
DNA other than E.coli C.
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3 . 2 n L D N I N G  A N D  rHARAHTFRT.HATTON H F  A D D T T T O N A L  hpc

Attempts wer e made to isolate further clones carrying 

add iti onal hpc genes using the isol ation pro cedur e described 

in section 3.1. Two clones were obtained and these were 

mapped using r e s t r i c t i o n  enzymes and shown to be smaller than 

pJJ801. The r e s t r i c t i o n  maps also showed that the cloned DNA 

did not contain any rest riction  fragments that were not 

present on pJJSOl. The fact that there wer e no add it ional  hpc 

genes was also confirm ed by an analysis of 5K ha rbouring 

these plasmids, w h e r e  no a dditio na l activi ties for 3.4DHPA 

catabolic enzymes could be detected. No further work was 

carried out on these plasmids.

COSMID CLONING.

In order to clone a d d i ti onal hpc genes a cosmid library was 

cons tr ucted using JJ221 as the recipient. The cosmid cloning 

procedu re  allows DNA fragments of 35-45Kb to be cloned, 

thereby impr ov ing the chances of cloning add ition al  hpc 

genes. 35 -4 5Kb fragments of E.coli C chromos om al DNA wer e 

generated  by Sau3a partial digestion. To estab lish the 

conditions for par tial d i g e st io n by Sau3a lOpg of c h r o m os om al 

DNA was di g e s t e d  w it h 4 units of Sau3a and samples removed 

from the reaction at 3min. intervals, see fig 3.2.1. The 

35 -45 Kb chro m o s o m a l  fragments were then ligated into the 

vector Cos4 and the li gatio n m i x t u r e  packaged in vitro .

It has been shown that the HPA pathway can be tran sd uced  

into E.coli K-12 strains by phage PI (Skinner 1981).
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fi g .3.2,1.

determination of the conditions for Sau3a partial 
.digestion of E.coli C chromosomal DNA.

TDOJCLQJ•4—00

12 15 18 21 24 27 30

The conditions for the partial digestion of 
E.coli C DNA were determined by removing samples 
at 3 minute time intervals from a restriction 
digestion reaction containing lOpg DNA and 4 units 
of S a u3a .

107



Th e ref or e 5 K was also used as a recipient in an atte mpt to 

identify clones encoding the wh ole pathway.

The packaged lig ati on mix was used to construct lib raries 

in both JJ221 and 5K. T ransf ec tants were selected on Lur ia- Ap 

agar and the colonies which g r e w  tested for growth on HPA 

plates. No plasmids whi ch enab led growth on HPA or 3,40HPA 

wer e isolated in either host. The 576 colonies isolat ed were 

then patched onto fresh Luria- AP agar and prepared for colony

hybridisation. The p labe lled 4.0Kb EcoR I-BamHI fragment 
from pJJBOl was used to probe the library. Ten clones

hy bridi se d stron gly to the probe. Plasmid DNA was isolated

from each of these and used to tr a n s f o r m  JJ221 and JJ247.

None of the ten plasmids in eithe r strain enabled gr ow th on

HPA. To d e t e r m i n e  w h e ther  there was any real hom ol ogy between

the 4.0Kb EcoRI-BamHI fragment from pJJBOl and the cosmids,

each cosmid was dig es te d with EcoRI and a Southern tr ansfer

probed with the p lab el led 6.5Kb BamHI fra gm ent from
pJJBOl, see f i g , 3.2.2. Only one cosmid still showed homolo gy

and this was d e s i g n a t e d  pJJ33C. It was t ra ns formed into 5K

and the resul ti ng strain tested for 3.4DHPA cat ab olic

enzymes, but none could be detected.

JJ200 (the is ol ation  is descri be d later) an E.coli C mu tant

unabl e to gro w  on HPA, was tran sfo rmed with pJJ33C. JJ200

(pJJ33C) was now able to g row on HPA. However, only a plasmid

of 6.2Kb could be isolated from this strain. The new form of

the plasmid was used to t r a n s f o r m  JJ221 and JJ247 w h e r e  its

prese nc e still did not restore the ability to gro w on HPA.

When the new form of pJJ33C was intr oduce d into 5K and the

strain assayed for 3,4DHPA catabolic  enzymes the CHM

is o m e r a s e  and COHED d e c a r b o x y l a s e  could now be detected. As

— 1 0 B -



fig,3.2.2. .

A S o u t h e r n  t r a n s f e r  of the v a r i o u s  c o smids  
d i g e s t e d  w i t h  EcoRI and pro b e d  w i t h  the G.5Kb  
BamHI f r a g m e n t  from pJJSOI.

(The p h o t o g r a p h  of the a g a r o s e  gel used in 
p r e p a r i n g  the S o u t h e r n  t r a n s f e r  is not 
p r e s e n t e d ).
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JJ200 is not a recA strain pJJ33C may have u n d e r g o n e  some

r e a r r a n g e m e n t  or de leti on  allowing the genes to be

expressed.

The fact that five hpc genes carried by pJJ801 had not been

cloned on pJ J33C should have been obvious from the Southe rn

hybri dis ation, shown in f i g , 3.2.2. When an EcoRI di ge st of 

pJJ33C was probed wit h the 6.5Kb BamHI from pJJ801 only one 

band is de tectable,  wh erea s when the same probe was used to 

test an EcoRI dige s t  of E.coli C chr omoso ma l DNA or pJJBOl 

two bands of po s i t i v e  h y b r i disa ti on can be detected. This is 

be ca use the hpcC gene contains an EcoRI site as shown in the

r e s t r i c t i o n  map, see f i g , 3.1.7. So, any fragment of DNA

c on ta ining the five hpc genes dig ested  with EcoRI should 

produce two bands on a Southern hybridization.

The cosmid pJJ33 C was found to be unstable in most strains 

so studies on this plas mid were discontinued.

ISOLATION AND ANA LY SIS OF NEW MUTANTS,

a) Isola tion of JJ20Ü.

As no fu rther genes were isolated using JJ221 as the 

recipie nt  in the cloning experiments, it was decided to seek 

new HPA and 3 , 4 D H P A  mutants. E.coli C was treated with EMS 

and mut ants d e f e c t i v e  in the HPA pathway selected by 

p e n i ci ll in enrich ment. In an attempt to isolate an HPA

h y d r o x y l a s e  mu ta n t  colonies capable of growing on 3,4DHPA but

not HPA were sought. One potential  mutant was obtained and 

d e s i g n a t e d  JJ200. Further analysis revealed it was not a HPA 

h y d r o x y l a s e  m u tant be ca use  JJ200 was HPA negative, 3, 4 D H P A

- 1 10-



positive at 30 ^ took 24-36 hours to grow but HPA

negative. 3.4D HPA negati ve at 37°^ try and est abli sh  the

defect in JJ200 enzyme assays were carried out on the strain, 

see t a b l e , 3.2.1. The i nformat io n in the table possibly 

indicates that the defec t was in the COHED d e c a r b o x y l a s e  as 

it is this and sub seq uent enzymes that are absent in JJ200 

grown on g l y cerol  in the presence of HPA at 30°^ this is

not con sist en t with the ability to grow on 3.4DHPA.

Despite the d i f f i c u l t i e s  in d et er mining the lesion in JJ200 

it was used as the recipient in a cloning experiment. 

E.coli C c h r o moso ma l DNA was partial ly dige sted with Sau3a 

and ligated into the BamHI site of pBR328. The ligation mix 

was then used to tra n s f o r m  JJ20Q and the transf ormants  

selected on Lu ri a-Ap agar. These were then tested on HPA 

plates and plasmid DNA isolated from the 3 colonies which 

grew. The res ul ti ng hybrid plasmids were mapped with various 

r es tr iction  enzymes and compared to pJJBOl. No add it ional  DNA 

had been isolated but the clones appear to conf irm  that JJ2Q0 

was mutated in the COHED decar b o x y l a s e  gene because they all 

carry the hpcE gene. It was also shown that the m u t at ion in 

JJ2QG was suppres sed by the presence of pJJBOl.

In order to clone further hpc genes a diff erent  mutant was 

needed as the hpcE gene had already been cloned.

b) The iso lation of JJ210.

The strain CT001, wh ic h is con stitu ti ve for the 3,4DHPA 

catabol ic  enzymes, was treated with EMS. After the penicillin  

en ri ch ment stage the cells were trans for med with pJJBOl, to 

e l i m in at e in the subsequent selection stage mutants with

— 1 1 1 —
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de fects in genes already cloned. The m u t a g en es is was carried 

out on the c o n s t i t u t i v e  strain, CT001, to facili tate the 

analysis of any mut an ts obtained.

The muta nts gen er ated were then screened to see if any were 

unable to g row on HPA. Using this proce dure one stable mu tant 

was isolated. This was cured of pJJBOl and d esigna te d JJ210. 

JJ210 was assayed for enzymes of the 3,4 DHPA pathway, but 

none of the enzymes previously produced c o n s t i tuti ve ly in 

CT001 wer e observed, even when JJ21Ü was grown on gly cerol 

in the presen ce of HPA. Despite the inability to identify the 

defect in JJ210, the mu t a t i o n  was not suppressed by pJJBOl so 

it was useful as a recip ient in further cloning experiments.

THE ISOLATION OF PJJ200 AND PJJ210.

It has been shown that if genes expr essing me mbrane

protei ns (permeases) are cloned on high copy -n umber  vectors

the resu lting strains may be unstab le (Stoker et al, 19B2).

Since the HPA per mease may be linked to the other hpc genes

sought, gene librari es were constructe d in JJ200 and JJ210 
*

using the vector pBR322 which has a lower cop y-numbe r than 

p B R 3 2 B .

E.coli C chr o m o s o m a l  DNA was partially dig es ted with Sau3a , 

as descri be d for the pBR32B cloning. To optimise the number 

of recom bi nant plasmids test ligations of varying amounts of 

chro m o s o m a l  and plasmid DNA were set up. The results of using 

these various lig at ion mixes to t r a ns fo rm JJ210 are shown in 

t a b l e , 3.2.2. The most efficient  proporti ons of c hromo so mal to 

plasmid DNA were 2:1, so a ligation rea ct ion cons isting  of 

200ng pBR322 and 400ng par tially digested E.coli C

— 1 1 3 -



Table 3.2.2

The transformation results using JJ21Q as the„reclpieiit and 

pBR322 as the. clQiiiJig_velii_cle.

Treatment Number of transformants Percentage of transformants 
(per pg of DNA) that grow on LB-tc plates

(%)

None (supercoiled 
pBR322)

pBR322 digested with 
and ligated

pBR322 digested with 
BamHIf treated with 
GIF and ligated

Ratios of pBR322 digested 
with BamHI treated with 
GIF: Bu. -.QflU. G 
chromosomal DNA

6.3 X lO*̂'

5.5 X  10'=

1.2 X  10="

2.15 X  10^

2.6 X  10"̂  

2.3 X  10* 

2.0 X  10*

1.6 X  10*

100

100

95

15

5

10

19

37

^  114 ̂



ch ro m o s o m a l  DNA was set up for the cloning experiment. Two

thirds of the ligation mix was used to t r a n sform  JJ210 and

the t r an sform an ts selected on Lur ia-Ap agar. The 2,500

t ransf or ma nts identif ied  in this way wer e then replica plated

onto HPA plates. Two clones were iden tified which had the

ability to restore the growth on HPA. These were desi gnate d

pJJ210 and pJJ300, and various rest ri ction enzymes were used

in an attempt to map them. The rest riction  map of pJJ210 is

shown in f i g , 3.2.3. However, a re striction map for pJJ300

could not be constructed. In an attempt to aid its mapping,

pjJ300 was digest ed  with a series of rest ri ction enzymes and

a Southern hy br id i s a t i o n  probed with the _ _P-labelled 4.0Kb
EcoRI-BamHI fragment from pJJBOl. These results are shown in 

f i g ,3.2.4a /b . From this data it was concluded that pJJ300 

contained various fragments whi ch  had been ligated together, 

rather than a contiguous fragment of ch romoso ma l DNA.

The rema in ing third of the li gat ion mi xt ure was used to 

t r a n s f o r m  JJ200 and from the BOO colonies wh ich  gre w on 

L u r ia-Ap agar only one was capable of gro wing on HPA. The 

plasmid DNA was isolated and desi gnated  pJJ200. pJJ200 was 

then mapped  using r e s t r ic tion enzymes, see f i g , 3 . 2 .5.

C H A R A C T E R I S A T I O N  OF PJJ210 AND oJJ200.

a) The expr es sion of hoc genes from the plasmids oJJ200 and 

PJJ210 in E.coli strains.

As can be seen from f i g , 3 . 2 . B, the two plasmids contain 

similar regions of DNA and as is shown later they also 

express the same 3,4D HPA cat abolic enzymes.
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fig ,3.2.3.

A photograph showing examples o_f— t he— r e s_
digests used in determining the re. 
nf 033210.

map
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fig.3.2.4.

A photograph showing the re digest
generated in an attempt to restriction map 
p 3 J 3 0 0 ■

o 3 o
uLU

ou oo 09 03
>CL 03CL T3C o00

oUJlij UJ CO Q.
ECOm

'V — E E I -3 E3>0. 0)0.
>
0. 03CO

<0m (0CQ < a (S
CD

Kb

A Southern transfer of p 3 3 3 0 0 digested with the 
above restriction enzymes and probed with the 
4.0Kb EcoRI-BamH1 fra gme n t f r om p 3 3 8 0 1 .
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Fig. 3.2.4 continued

Standard
X Hind III

Relative Size (kb) A * indicates homology with the
mobility (mm) 4.0kb BcaRI-BamHI fragment from pJJSOl

28.8 23.1
32.5 9.6 Est I Size (Kb) Hindlll Size (Kb)
36.0 6.6 13. 0 * 10. 0 *
41. 0 4.4 2.4 3.3
52.0 2.3 2. 1 1.7
54.0 1.96

BamHI Size(Kb) EcoRI Size(Kb) Sail Size(Kb) EcoRI/BamHI Size(Kb)
6.5 8.4 6.2 4.0
5.4* 3.9 3.65 3. 8
2.9 2.8* 3. 1 3.5

2.4 * 2 X  2.7 **

PvuII/EcoRI Size(Kb)
5.8
3.9 
2 ^ *
2. 5
1.8 t

Esil/E^RI Size (Kb)
6.7
3.65 *
2.8 *
2 . 0
1.4 
0. 7

EâJnHI/EviiII Size (Kb)
2 X 6.0 *

2.5
1.7

Eimll/Sail Size(Kb)
3.7 *
2.8 
2.6 *
2.3
1.9 
1.6
1.4

BâJBHI/PstI Size (Kb)
6.4 *
3.3
2.5 
2 . 1

1.8
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f 1 'J , 3 . 2 . 5 .

A ri t» X a m p I e of the restriction digests u u e d t o 
d e tr»r m i ne t hi ̂  restriction m a p n f p 3 J 2 0 0 and t h r? 
subsequent Soiithern transfer, which was probed 
with the 4 . n K ti EcoR 1 - 8amH 1 fragment from n 3 3 0 D 1

ooLU
OO
lij■D

C  E - O 3— ca CO o >X (Q CO LU 0.

o
uUJ

08
0)

3> 09 0009 ÛL Q. COÛ. —
E E E

(0 00 <s 00
CO m OQ m

ooo UJ

Ml

t

A restriction map of r > 3 3 2 D 0 .
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léi^
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When the two pla smids  wer e introduced, separately, into 

JJ221 and JJ247 the strains were now able to gr o w  on HPA. The 

two plasmids were then used to t r a n s f o r m  5K (on sep ara te 

occasions) and the two resul tin g strains assayed for enzymes 

of the H P A / 3 , 4 D H P A  cat abo li c pathway, see t a b l e , 3.2.3. The 

results indica te that both plasmids appear to carry the same 

hpc genes and that the specific act ivity of the 3, 4DHP A 

cata bol ic enzymes was inc reased by the presence of HPA in the 

medium. The assays also show that all the enzymes n e c essary 

for the c onver si on  of 3.4DHPA to SSA and py ru va te are encoded 

by genes on the plasmids pJJ210 and pJJ200. 5 K ( p J J 2 0 (D / p J J 2 1 0 )

was tested for growth on HPA and 3,4DHPA plates, but none was 

detected. To ensure that there was not even a small amount of 

growth, liquid growth ex perim ents were  carried out on 

5K (pJJ200 or pJJ210). The in o c u l u m  was taken from an 

ov ernight culture of 5 K (p J J 2 0 0 / p J J 2 1 0 ) grown on glycero l in 

the presenc e of HPA. The optical dens ity of the cultures was 

me asu re d over 10 hours for HPA and 4.5 hours for 3,4 DHP A

still no growt h could be detected. To d e t e r m i n e  w h e t h e r  HPA

or 3, 4DHPA was taken up and meta b o l i s e d  w h o l e - c e l l  oxi da tion

ex pe rime nt s wit h 5 K (p J J 2 0 0 / p J 3210) grown on glycerol plus HPA

were carried out. The positive controls for this were 

E.coli C grown on HPA and CT0G1 grown on glycerol. The

results showed that when HPA and 3,40 HPA were added to the

E.coli C cells in the oxygen m o n it or an increased rate of

ox ida ti on above the basal level could be observed. An

incre ase d rate of ox idati on  could also be observed if 3,4DHPA 

was added to CTQ01 cells. No oxid ation or partial oxidatio n 

of HPA or 3,4DHPA could be observ ed wit h 5K(pJJ200) or 

5K(pJJ210) cells.
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The two plasmids were shown, by an analysis of the 

r es tr iction  maps and their e xp re ssion in 5K, to encode the 

same hpc genes so only pJJ210 was chosen for further studies.

b) Su bcloninq of d J J 2 1 0 .

p J J 210 was subcloned using the r e s t ri ct ion sites id en tified 

on the plasmid. The resul tin g constructs along with the 

3,4 DHP A cat abolic enz ymes dete ct ed in 5 K har bo ur ing the 

subclones are shown in f i g , 3 . 2 . 6 . From this the relative 

po sitions of the genes encoding the OHED hydratase {hpcG) and 

the HHED ald ola se (hpcH) can be identified. 5 K harbouri ng 

pJJBOl shows co ns t i t u t i v e  expr ession of the 3,4DHPA catabolic 

enzymes, wh ere as  5K harb ou ring pJJ210 appears to show some 

type of regulation. This feature was used to identify a 

pu tat ive positi on for the re gulato ry  gene hpcR. (see section

3.4 for a d i s c u s s i o n  of this.)

When the in fo r m a t i o n  obt ained  from the subclones of pJJ210 

was combined with that obtained from the analysis of pJJBOl, 

the 3,4D HPA catab ol ic  genes were  shown to lie in two separate 

blocks, hp c B C D E F and h p c G H , see f i g , 3 . 2 . B. The hpcGH genes 

precede the hp c B C D E F genes. T h e  two clusters are separated by 

an o p e r a t o r - p r o m o t e r  region from w h ich the re sp ectiv e mRNA's 

are synth esised in a di v e r g e n t  manner. This gene order was 

also assumed to be the same in pJJ200 due to a comp arison of 

the rest r i c t i o n  maps of the two plasmids. To ensure that 

there had been no re arra n g e m e n t  of the cloned DNA in the

fo rm atio n of pJJ210 ^'^^_iabelled pJJ210 was used to probe a 
Souther n tra ns fer of E.coli C ch ro m o s o m a l  DNA dig es te d with 

various r e s t ri ct io n enzymes. F i g ,3.2 .7a /b , shows that the
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f i g ,3.2.6.

The deletion subclones produced from pJJ210 and 
the 3.40HPA catabolic enzymes detected in 5K 
harbouring the various plasmids.
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fig,3.2.7a/b.

The restr iction di ge st s of the various DNA

Track N o .

1 . p J J 2 10 Sal 1 .

2. pJJ210 8amHl/Pvu2.

3. 1 Kb l a d d e r .

4. K . p n e umon ia e Pst^.

5. K . p n eu mo niae EcoRI.

6 . K.pne u m o n i a e  BamHI.

7. E . coli K 1 2. 5K P s t 1.

8 . E.coli K12, 5K EcoRI.

9. E.coli K12, 5 K BamHI.

10. P .putida Pst ̂ .

11. P .putida E c o R 1 .

12. P.putida BamHI.

13. E .coli C Pst ̂ .

14. E.coli C B a m H I / P v u 2 .

15. E.coli C P v u 2.

15. E.coli C Sal 1 .

17. E .coli C EcoRI.

18. E .coli C B a m H 1.



fig.3.2. r a .

A Southern transfer of various chromosomal DNA 
probed with the plasmid. oJJ210.

A photograph of the agarose gel used in the Southern 
transfer.

Track No.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 Kb

Internal
froments

Bam/Pvu
6.3Kb

Sal
39Kb

#
A photograph of the autoradiograph (over night 
exposure).
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fig ,3.2.7b.

A 14 day exposure of the filter to the film 
showing weak homology with chromosomal DNA other 
t h a n  E .coli C .

Track No.

1 2  3 4  5 6 7 8 9 1011  1 2 1 3  14  15 16 17 18
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fig .3.2.8.

A comparison of the restriction maps of the three 
plasmids isolated in this study and the relative 
positions of the hoc genes identified.
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cloned DNA in pJJ21G corre spo nds to the same restrict ion 

patterns obs erved  for the probed c h r o m o s o m a l  DNA. This is 

shown by the size of hy bridised fragments w h ic h correspond to 

i nte rnal re st r i c t i o n  fragme nts in pJJ210.

A DDITI ON AL  USES OF SUBCLONES ISOLATED FROM PJJ2DD AND 

p J J 2 10.

a) The use of the subclon es produced from P J J 2  10 to analyse 

the m u t at io n in JJ21Q.

The various subclones produced from pJJ210 were used to 

t r a n s f o r m  JJ210 w h ic h was then tested for growth on HPA. Only 

pJJ210 and pJJ211 restored the ability to g r o w  on HPA, the 

other plasmids tested, pJJ212, pJJ214, pJJ215, pJJ216 and

pJJ213 did not. (See f i g , 3.2.6, for a list of the hpc genes 

the plasmids encode). This u nf ortuna te ly does not provide 

much i nf ormati on  about the nature of the m u t a t i o n  in JJ210. 

The only de fi ni te thing that can be stated from these 

findings is that the mu t a t i o n  is not in the hpcF gene (HHDD 

isomerase), bec ause pJJ211 whi ch lacks this gene can suppress 

the d e f e c t .

b) The ex p r e s s i o n  of the genes encoded on pJJ200 in

P .p u t i d a .

To enable  the genes to replica te in P.putid a the cloned 

E.coli C c h r o m o s o m a l  DNA was first tr ansferre d to the shuttle 

vecto r pMMB34. This was achieved by d i g esting  pJJ200 with 

BamHI wh ich gives 3 fragments. The hpc genes are carried on
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two BamHI fragments, neithe r of which contain pBR322 DNA. 

This digest  was then li gated into the BamHI site of pMMB34 

and the ligatio n mi x t u r e  was used to t r a n sf or m JJ210. The 

strain JJ210 was used as the recipient because it has been 

shown that neither of the two BamHI fragments on their own

can repair the defect. It was therefore  assumed that as the

who le plasmid repair ed the defect the two BamHI when combined 

in the correct order would also repair the defect. 

T ra ns f o r m a n t s  were then selected on Luria- Kn agar and tested 

for growth on HPA. These colonies were then tested on 

Lu ria-A p agar to ensure that the whole of pJJ210 had not been 

tr ansfer red into pMMB34. Plasmid DNA was isolated from the 

colonies with the correct phe notype and mapped using 

r es tr iction  enzymes to co nfi rm  the const ru ction whic h was

de s i g n a t e d  pJJS200 see f i g , 3.1.9. pJJS200 was used to

tra n s f o r m  C6Q0(pLG223) whi ch  was then used to mate pJJS200 

into the three P.putida strains, 2440, PP0Ü1 and PP003, which 

are unabl e to grow on HPA. Once again it was found that the 

P.putida strains were not able to grow on HPA or 3,4DHPA. 

Assays for the 3,4D HPA cat ab ol ic enzymes were then carried 

out, see t a b l e , 3.2.4. The activities detected are very low 

compared to those observed for P.putida grown on HPA, even 

when the strains harb ouring the plasmids were grown on 

gl ycero l in the pre se nce of HPA.
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Table 3.2.4

&çtlvi.ties .Qf...certain 3.4BHPA catabolic, enzymes .d.gj;agt£ii_ln_mri.QHs. 
-P-t_ pntlda -strai.ns-M c.bQuring..jLlÎ 2Qi)

Specific activity nmoles min"’ mg protein"

Strain Growth 3,4DHPA CHMS CHM OHED HHED
substrate dioxygenase dehydrogenase isomerase hydratase aldolase

P..t.pu-ti.da 
P. putIda 
PPOOl 

PP003 

2440

Gly

HPA

Gly

Gly

Gly

0
388

15

20
30

5

273

27

30

41

3

187

37 

50

38

1

78

9

10

10

0

45

2
3

3
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c) The use of a subclone  produced in the c h a r a c t e r i s a t i o n  

of PJJ210 to isolate an in te r m e d i a t e  in the 3.4DHPA 

c at ab olic pathway.

Extracts from 5K(pJJ212) w e r e  shown to accumul at e a 

compou nd wit h a A - max  250nm. T he i s o latio n of this

intermediate, HHED, w i l l  be d i s cu ss ed later.
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3.3 EURTHER BIÛCHEMICAL CHARACTERTSATION QF TH F 1.4nHPA 
PATHWAY

ISOLATION  AND I D E N T I FICAT IO N OF INTERMEDIATE S OF THE 

3.4DHPA  CA TABOLIC PATHWAY.

The ini tial analysis of the enzymes encoded by pJJBOl 

utilised CHMS and CHM isolated acc ording to the method of 

Sparnins et al (1974). It was shown that when 5K harboured 

plasmids earring hpc genes that expressed the 3.4DHPA 

catab ol ic enzyme consti t u t i v e l y  the specific activities 

detec t e d  in these strains were  higher than those detect ed for 

E.coli C grown on HPA, see t a b l e , 3.3.1. Extracts from 5 K 

strains, harb ou ring a specific subclone which only encoded 

the req ui red enzymes, wer e used to isolate inte rm ediate 

compounds of the 3, 4D HPA  ca tab olic pathway. The compounds

isola te d wer e CHMS, CHM, HHDD and HHED, according to the

pr o c edure d e s cribed  in the Methods.

In an attempt to char a c t e r i s e  several of the com pounds and 

e q u i l i b r i u m  mixes they were sent for analysis by N M R . 

Initially there were problems due to insuffi ci ent qua nti ties  

or lack of purity. Subseque nt samples of sufficient quantity  

and purity were submitted, some were analysed, but several 

samples we r e  lost due to tec hni ca l problems. These ranged

from the break down of the m a c hine to the accide ntal wi ping

out of the NMR traces stored in the memory bank.
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a ) 5 - C ar b o x v m e t h v l - 2 - h v d r o x v m u co nate s e m i a l d e h v d e . (CHMS)

CHMS was isolated using extracts from 5K(pJJ002). It showed 

a A-max of 380nm in alkali whi ch shifts to a A - ma x at 320nm 

in acid. This is very similar to the results de sc ribed by 

Sparnins et al (1974) for CHMS, see f i g , 3.3.1.

b ) 5 - C a r b o x v m e t h v l - 2 - h v d r o x v m u c o n a t e .  (CHM)

CHM was isolated using ext racts  from 5K(pJRJ003). This

compound was shown to undergo a spontane ous iso mérisation,

see f i g , 3.3.2. The spontaneous is o m é r i s a t i o n  of CHM to COHED

has been pre vi ou sly reporte d by G a r r i d o - P e r t i e r r a  and Cooper

(1981). In an attempt to c h a r a c t e r i s e  this compound a

l y o p hy li sed sample was r e s u s pe nded in D o and submitted
2

u n s u c c e s s f u l l y  for analysis by NMR. The samples of CHM 

isolated using heat treated P.putida and 5K(pJRJ003) extracts 

both had the same UV-s p e c t r a l  properties. It was there fore  

concluded  that the CHM isolated using 5K(pJRJ003) extracts 

was the same as that p r e v iously ch a r a c t e r i s e d  by Sparnins et 

al ( 1 974 ) .

c ) 5 - C a r b o x v m e t h v l - 2 - o x o - h e x - 3 - e n e - 1 .6-dioate. (COHED)

If a sample of CHM was allowed to isom er ise spon ta neously  

an e q u i l i b r i u m  m i x tu re  of CHM and COHED was obtained. The UV- 

spect ru m of the e q u i l i b r i u m  m i x tu re  of CHM and COHED can be 

seen in f i g , 3.3.2. A sample of the e q u i l i b r i u m  m i xt ur e was 

u n s u c c e s s f u l l y  submitted for NMR analysis. A dif fe rence

- 1 32-



fig,3.3.1.

A diagram of the spectral scans of CHMS in both 
acid and alkaline conditions.
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fig,3.3.2.

A d i a g r a m  of the s p e c t r a l  scan of CHM showing the 
s p o n t a n e o u s  i s o m é r i s a t i o n .

The time b e t w e e n  each scan is shown in minutes.
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sp ec tr um of the i s o m é ris at ion mi xture against a fresh sample 

of CHM is shown in f i g , 3.3.3. The A-max for COHED is 246nm. 

These results are similar to those observed for COHED 

i denti fi ed  by G a r r i d o - P e r t i e r r a  and Cooper (1981).

d ) 2- H v d r o x v h e p t a - 2 ■ 4 - d i e n e - 1 .7-dioate. (HHDD)

A compound with  a A-m ax at 276nm was isolated using an

extr act  of 5 K ( p J R J (302 ) . It had a similar A-max to an

i nt er mediat e of the 3.4DHPA catabolic pathway observed, but

not isolated, by Sparnins et al (1974), see f i g , 3.3.4. A

sample of HHDD was lyophylised, dis so lv ed in D o  and
2

success fu ll y analysed by NMR. The NMR trace which confirms

the structure as that of 2 - h y d r o x y h e p t a - 2 , 4 - d i e n e - 1,7-dioate

is shown in f i g , 3.3.5.

HHDD was shown to undergo a very fast spo ntaneous

isomérisation, in Q.1M Na-ph o s p h a t e  buffer pH7.5, to OHED as

shown in f i g , 3.3.4. This i s omé ri sation is similar to that

obs er ved for CHM to COHED shown earlier, f i g , 3.3.2. This is

not too su rp ris ing as the che mic al structures CHM and HHDD

are very similar, the dif f e r e n c e  only being a carboxyl  (C O O H )

group. The spont aneou s rate of iso mé risati on  was greatly

reduced when HHDD was disso lv ed in D o, and is the reason for
2

only the HHDD form being identif ied in the NMR analysis.

e ) 2 - O x o - h e p t - 3 - e n e - 1 .7-dioate. (OHED)

To analyse OHED an e q u i l i b r i u m  mixture of HHDD and OHED was 

formed in 0.0D5M N a - p h o s p h a t e  buffer pH7.5, whi ch was then

lyophilized, dis so lv ed  in D o and u n s u c c essful ly  submitted
2
- 1 35-



f i g ,3.3.3

A d i a g r a m  of the diff e r e n c e  spectr um of a m i x tur e 
of CHM and COHED against a fresh sample of CHM.
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f i g ,3.3.4.

A di a g r a m  of the spe ct ral scan of HHDD showing 
the sp ontaneous  i s o m e r i a s t i o n .

The time between each scan was 30 seconds.
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f i g .3.3.5.
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for NMR analysis. A d i f f e r e n c e  spe ct rum of the isomerised 

mi xture  against a fresh sample of HHDD, is shown in

f i g , 3.3.6, (conducted at 4 ^ ̂ This shows that OHED appears

to have a A-ma x of 222nm. It should be remember ed that at 

these low wave lengths the SP18G0 is not fully efficient so, 

a r e a s onable  margi n of error must be allowed for. The shift 

in A-m ax as CHM isomeri se s to COHED is app roxima te ly the same 

as the shift observed as HHDD isomerises to OHED.

f ) 2 ■ 4 - D i h v d r o x v - h e p t a - 2 ■e n e - 1 .7-dioate. (HHED)

4-H y d r o x y - 2- k e t o p ime la te (HKP) has been chemically

sy nth esised from SSA and o x a l o ace ta te by Leung et al (1974). 

This method was also used by a project student D.Burnha m 

(1985) to sy nt hes ise chem ically HKP, wh ich was used in the 

study of the the aldolase enzyme from the 3,4D HPA catabolic 

p a t h w a y .

A compound with a similar A-max (2S0nm), see f i g , 3.3.7, was 

isolated using extracts from 5K(pJJ212). This bio lo gically

m a n u f a c t u r e d  compound was suc cess fully subjected to NMR 

analysis and the trace can be seen in f i g , 3.3.8. This

suggests that the structure is

2 , 4 d i h y d r o x y h e p t a - 2 - e n e - 1 , 7 - d i o a t e  (HHED) that is the 

en o l - f o r m  of HKP. HHED appears stable and shows no sign of 

tautom é r i s a t i o n  to HKP as proposed in Dagley's (1978)

reaction scheme for the 3,4DHPA cata bolic  pathway. Also no

enzyme(s) capable of catalysing this process was encoded by 

pJJ210, wh ic h has been shown to encode all the enzymes

necessary for the co nversion of 3,4DHPA to pyruvate and SSA. 

The results from the b io logica ll y produced HHED suggest that

- 1 39-



f i g , 3.3.6.

A d i a g r a m  of the d i f f e r e n c e  spectr um of a mi xture  
of HHDD and OHED against a fresh sample of HHDD.

This shows that OHED appears to have a \-max 
of 222nm.
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fig,3.3.7.

A d i a g r a m  of the spectral scan of HHED,_

HHED has a A-max of 260nm. at pH7.5, £his is the 
same as the che mic ally synthesised " H K P " .
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f i g ,3.3.8.
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it is HHED that is cleaved by the aldolase to produce 

e n o l - p y r u v a t e  and SSA. The compound called HKP and HHED 

appear to be the same. Also the chem icall y synthesised 

compound serves as a substrate for the cloned aldolase

enzyme. From this it wou ld be reasona bl e to assume that the

compound called HKP is HHED.

USE OF ISOLATED INTERME DI ATES TO C H A R AC TE RISE FURTHER THE 

3.4DHPA CATABOLIC  PATHWAY.

a ) The COHED d e c a r b o x v l a se enzvme.

The COHED d e c a r b o x y l a s e  of E.coli B was shown by Garrido- 

Pertierra and Cooper (1981) to be m ag ne sium-d ep endgnt.

However, this enzyme from E.coli C was shown to be

magnes i u m - i n depend en t with the reaction occurring in the 

presence of EDTA.

b ) HHDD isomerase.

As the substrate had not been isolated the HHDD isomerase 

enzyme had not been de tected previously. The enzyme was 

origina ll y assayed in 0.1M Na -ph o s p h a t e  buffer pH7.5 and

detected bjj an increase in rate over an already fast

spontaneous reaction. However, during the NMR analysis it was

di sc ov ered that D q reduces the spontaneous rate by about 5
2

fold. This reduced blank rate was then utilised in an enzyme 

assay whi ch allowed a better est ima tion of the specific 

activity of the HHDD iso merase since the enzyme catalysed

re act ion appeared to be unaffected. It was also shown that no

— 1 4 3 —



me ta l ions were req ui red as the reaction is una ffe cted by the 

presenc e of EDTA.

The mol ar  e x t i ncti on  coe ff icien t of HHDD was calc ul ated

from the amount of pyruva te  enzy micall y produced from a known

qua n t i t y  of HHDD. The qu a n t i t y  of pyruvat e produced from HHDD

was c al culat ed  using the NADH linked LDH assay. The mol ar

extinct io n c o e f f ic ient for HHDD at p H 7 .5 as d e t e rmine d in

Calculation, 3 . 3 . 1 , b  1 8, 600 dm^ "mol cm

c ) OHED hvdratase.

The isol at io n and c h a r a c t e r i s a t i o n  of HHDD also enables the 

s ub seq uen t reaction to be analysed. As stated earlier HHDD

under goe s a rapid sp ont aneous i s o m é risati on  forming an

e q u i l i b r i u m  m i x ture of HHDD and OHED. The e q u i l i b r i u m  m i xt ur e 

was then used as the su bst rat e for the OHED hydra tase assay. 

The assay for the hyd ra ta se (described in Methods) is a

sl igh tly un us ua l linked assay because it relies on the

s pon taneous  pre ce di ng reaction.

The OHED hyd ra tase is the first enzyme encoded by the 

second hpc operon and of the two enzymes in this operon, it 

is the to assay. This fact was used in sub seque nt

studies of factors w h ich affect the reg ula ti on of the hpc 

g e n e s .

In the course of the study of this enzyme it was shown that

it requir es the prese nc e of m a g n e s i u m  ions in the reaction

mixture. Until the d e v e l o p m e n t  of the OHED hydrat ase assay 

and the i d e n t i f i c a t i o n  of the separa te hpcG and hpcH genes it 

was uncert ai n w h e t h e r  this stage required the presence of 

m a g n e s i u m  ions. This was because this reactio n was only
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Calculation 3,3,1

Tke calculation at the molar extinctlQajcoefiicient for HHDD

It was assumed that HHDD is converted to pyruvate in equi-molar amounts, 
i,e, IM of HHDD gives IM of pyruvate.

Various known amounts of HHDD were enzymically converted to pyruvate. The 
quantity of pyruvate produced was determined by the change in absorbance at 
340 nm which occurs upon the addition of LDH to a reaction mixture 
containing NADH and pyruvate.

Amount of HHDD 

10 pi 

20 pi 

30 pi

Change at 340nm 

0, 16 

0, 31 

0, 465

Assume NADH 

1 pmol NADH

Pyruvate

Asao 6,2

10 pi of HHDD 0. 16

6.2 pmol NADH

= 0,0256 pmol HHDD

measured at 4"='C 

10 pi of HHDD = A27S 0.48 = 0,0258 pmol

Ipraol 1 X 0,48 = 18.6

0,0258

Ipmol HHDD in 1ml would have an absorbance of 18,6 

Therefore the molar extinction coefficient 

= 18,600 dm-' mol"' cm"'

- 1 4 5 -



pr e v iously  m e a s u r e d  as part of a combined c onversi on  of COHED 

to pyruvate.

d ) HHED  aldolase.

HHED rather than HKP is cleaved by the al dol ase to produce 

SSA and e n o l - p y r u v a t e  since no add it ional enzyme activities 

could be de te ct ed or proved n e c e ss ar y for this reaction.

The reactio n catalyse d by the P.putida enzyme using the 

chemica ll y sy nt hesised sub st ra te "HKP" has been shown to 

require m a g n e s i u m  ions, Leung et al (1974). The E.coli C 

aldol as e reacti on using the b io lo gicall y produced HHED as the 

substrate was also shown to require the presence of m a g n e s i u m  

ions.

The mola r e x t i nctio n coef ficien t for both the chemicall y 

synthesis ed "HKP" and b i o l o gic al ly produced HHED at pH7.5 was 

calculate d using the assay for the p roducti on  of pyruvate, 

c a l c ul at ion 3.3.2. Both compounds appear to have the same 

mo lar  ex ti n c t i o n  coefficent, further ev idence  for the 

co mpo unds being the same. The est imated m o lar extinction 

c o e f ficie nt  for HHED was 16,400 dm^ mol cm

AN ATTEMPT TO PURIFY THE 3.4DHPA 2.3 DIOXYGENASE.

The main reason for purifying the d i o x y g e n a s e  from 

E.coli C was to aid the analysis of the DNA se qu encing data, 

see Results 3.4. The N-term in al amin o-aci d sequ encing of the 

protein would help d e t e r m i n e  the relative position of the 

start of the protein on the DNA sequence. The p u r i f icat io n of 

the 3, 4DHPA d i o x y g e n a s e  from  P.putida was de s c r i b e d  by Takeda

- 1 4 6 -



Calculation 3.3.2

Calculation of the molar extinction coefficient, for, HHED

It was assumed that IM of HHED was converted to IM of pyruvate.

16 pi "HKP" = 1.0 Aaso = change at 340 nm 0.365

54.4 pi HHED = 1.0 Azso = change at 340 nm 0.375

1 pmol NADH = 6.2 As a o nm

54.4 pi HHED = 0,378

6.2 pmol NADH

= 0.061 pmol HHED

so Ipraol 1
  = 16,4

0. 061

Therefore the molar extinction coefficient

= 16,400 dm'̂ ‘ mol” ’ cm"’

- 1 4 7 -



(1966). Initially  it was de ci de d to repeat this process, 

using 5K(pJJ002) as the source of the dioxygenase. As can be 

seen in t a b l e , 3.3.2. the acetone p r e c i pi ta tion procedure 

p re vi ously used appears to inact iv ate the enzyme. However, it 

was shown that 107. acetone stabilises the enzyme, giving up 

to 90 7 of the or ig inal activi ty after 4 days.

Since this metho d was u n s u c c e s s f u l  an a lt er native  approach

was tried. The ce ll -free extract from 5K(pJJ002) was passed

through a D E A E - c e l l u l o s e  (DE52) column attached to the FPLC,

which was used as a gradi en t maker. 50mM N a - p hospha te  buffer

p H 7 .5 was used in the DEAE cellulo se column. The 3,4DHPA

d i o x y g e n a s e  was eluted from the column using a 0-1M NaCl

gr ad ie nt at a flow rate of 2.5ml/min. The di ox y g e n a s e  was

eluted between 0.35 and 0.45M NaCl. The elution profile shows

the analysis of the fractions for protein, as d etermin ed  by

abso rb ance at 280nm, and d i o x y g e n a s e  activity  f i g , 3.3.9. The

peak fractions wer e colle cted and concentrat ed  in an mi nicon

c o n c e ntra to r 815. The 10x con ce ntrate d protein was then

passed down a Supero se  12 column; equi librat ed  against 50mM

N a - p h o s p h a t e  buffer pH7.5, at a flow rate of Iml/min, see

f i g , 3.3.10, for the elution profile. The fraction containing

the peak act ivity  eluted at 13.3ml. The peak active fractions

from this wer e then passed down the Pro-revers e phase column

which acts in a de n a t u r i n g  manner. A gradient of H o TFA (17)
2

to ac eto n i t r i l e  TFA (17) was used to elute the protein. The 

elution profile, f i g , 3.3.11 shows that the peaks from the 

Superos e 12 column were not pure.

In an al te r n a t i v e  str ategy fractions were  collected from 

the Su per ose 12 column and run on a non -denat ur ing  

p re p a r a t i v e  p o l y a c r y l a m i d e  gel. It was shown that if such a

- 1 4 8 —



Table 3.3.2

An attempt to purify the 3.4DHPA_dioxygenase bv aimoülum 

sulphate précipitation

5K(pJJ002) was used as the source of the enzyme.

Treatment Specific activity

nmole min"’ mg protein”’

None (cell free extract) (1 ml) 1835

10% acetone 1838

4 days later 1683

Ammonium sulphate

0 - 33% (1 ml) 979

Supernatant from (200jil) 1620
33% ppt.

33 - 55% (1 ml) 389

55% + (3.5 ml) 949

- 1 4 9 -



fig .3.3.9.

The elution profile m e a sured at. 280nm of a crude cell 
extract. from 5K(pJJ002). passing thr ough a DEAE (DE52) 
column. The activity profile of the 3.4DHPA d i o x v genase  is 
also s h o w n .
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fig,3.3.10.
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fig .3.3.11.

The elution profile of a protein sample, containing the 
3.4DHPA dioxvgenase passing through a Pro-reverse phase 
c o l u m n .
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gel was flooded with a 0.2M soln. of 3. 4D HPA a y e llow band of 

C H M S , pre sumably c o rr es pondin g to the positio n of the 

di ox y g e n a s e  could be detected. The fractions from the 

Super ose  12 column had lost a lot of activi ty by this stage, 

so to dete rm in e the positi on of the diox y g e n a s e  on the gel a 

sample with very highly d i o x y g e n a s e  activity from the DE52 

column was run in a parallel track. The appropr ia te fragment 

was cut out see f i g , 3.3.12, and the protein eluted from the 

p o l y a c ry lamid e gel.

The g el -p urifie d protein was then passed down the reverse 

phase column. The elution profile, f i g , 3.3.13, shows that 

there was not enough protein to be det ect ed over the 

bac kgr ound solvent absorption.

This was unfo r t u n a t e l y  left at this stage due to lack of 

time. If this is to succeed in the future a larger 

pre pa ra tive gel and more c o n c e ntrat ed  extract would be 

n e e d e d .

What can be d e t e r m i n e d  from this is the appr ox imate 

m ol e c u l a r  we igh t of the dioxyg enase. During the attempted 

isol ati on there were two ca li bra ted stages, the Superose 12 

column and the n a t i ve -gel el ectroph oresis, at which 

d io x y g e n a s e  activi ty was detected. F i g , 3.3.14, shows the 

ca lib ration curve for standards run on the Superose 12 column 

and the relative posit ion of the dio xygenase. F i g , 3.3.12, 

shows the photogra ph of the native-gel. From these a 

m o l ec ul ar  weigh t of 4 6,0 00-4 8,000  daltons was deduced.
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fig .3.3.12.

A photograph of a native polyacrylamide ael

A band corresponding to the 3.4DHPA dioxygenase 
was cut out of the gel and the protein isolated 
by electroelution. The photograph shows the 
replaced gel frag ment which was stained with the 
rest of the gel to show that the protein had been 
eluted.
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f i g ,3.3.13.

The elution profile of the 3. 4D HPA  di ox yqenas e isolated 
from a po l y a c r y l a m i d e  prepariitive gel passing through a 
P ro- reverse  phase column.
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f i g , 3 . 3 . 14a.

A cal ib ration  profile showing the relativ e elution 
distances  of various m o l ec ular weight molecules passing 
through a Superose 12 column.
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fig ,3.3.14b.

A graph showing the c al ib ration  curve from the 
elution profil e in f i g . 3 . 3 . 14a.
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3.4 FACTORS ABFECTING THE REGULATION AND EXBRESSIDN OF THE 
3.4nHPA PATHWAY.

ID E N T I F I C A T I O N  OF A RECEPTOR SITE ON pJJ801 FOR THE

PRODUCT OF hPcR.

It was shown (Section 3.1) that if the 6.5Kb BamHI fragment 

from pJJSOI was placed in the opposite o r i e n tation  in pBR328 

and the re su lting plasmid, p331 08, introduced into 5 K the 

same 3,4D HPA  cat ab olic enzymes are d e t e ctable  as for

5K(pJJ801), see t a b l e , 3.1.5. It was also shown earlier in 

f i g , 3.1.8, that the genes encoded by pJJ801 and pJJ108 are 

i n d u c i b l e  in 33221. These results would indicate that the 

plasmid p33801 carries the o p e r a t o r - p r o m o t er region for the 

hpc g e n e s .

When p3380 1 was har bo ur ed by 5 K five 3, 4DHPA ca tab oli c 

en zy mes were exp ress ed  c o n s t i t u t i v e l y . This indicates that a 

re g u l a t o r y  gene had not been cloned on p33801. This was

confirm ed  with the isola tion of p33210 and the regulated 

e x p r e s s i o n  of the hpc genes it encoded, see t a b l e , 3.4.1.

From the reg ulated exp re ss ion of the genes of p338Q1 in

33221 it was co nc luded that a t rans -a cting ch r o m o s o m a l l y  

encoded protein from 33221 must be ef fec tin g the p33801 

en co de d 3.4DHPA c a t a bo lic enzymes. Theref or there should be a 

r e c eptor site for a regu latory protein on p33801. If this is 

the case it means that the m u t at io n in 33247 must, at least 

in part, be due to a def ec tive regulatory gene since the 

en zy mes encoded by p33801 are c o n s t i tu ti vely exp re ssed in

- 1 58-
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JJ247 (Section 3.1).

The position of the re gu latory  receptor region or operator 

site was id en tified by the use of subclones. The subclones 

produc ed using the r e s t ricti on  sites identif ied on pJJ801 

indicate that the region of interest was carried on the 2.5Kb 

SamHI-EcoRI fragment. This is because only in subclones 

containin g this region was there exp ressi on of hpc genes, 

i.e. pJJ002, pJJOOB and pJJ801 but not pJJ003, pJJ004,

pJJ005, or pJJOOT. A more precice location of the operator 

site came from the subclones produced from the Sau3a partial 

di g e s t i o n  of the 6.5Kb BamHI fragment of pJJ801. These 

subclones were isolated using a positive selection for an 

active CHMS d e h y d r o g e n a s e  gene. So it is not surprisi ng that 

some of the subclones express the CHMS de h y d r o g e n a s e  

co n s t i t u t i v e l y  even in JJ221 (presumably with pro motion 

occurring from wi thin the vector). There are also some which 

retain the regul ated phenotype  in 33221. If these are 

compared, a positi on d i r ec tly adjacent to the hpcB gene is 

indicated as the operat or  site, see f i g , 3.1.7.

The position of the operator  region for the hpcGH genes 

appears to be in front of the hpcG gene, as shown in 

f i g , 3.1.7. The hpcGH genes seem to be tr an scribed from a 

single promoter. This is inferred by the results of 5K 

harbourin g various subclones of p33210. Only the phenotypes: 

hydratase  + (product of hpcG) aldolas e + (product of hpcH)\ 

hydratase  + aldola se - or hydratase  - aldolase - not 

hydratase - aldola se + can be observed. These phenotypes are 

shown by 5 K harb ou ring p332 1 0, p3321 2 and p33801 r e s p e ct iv ely

and no subclone with the last ph enotype was isolated, see 

t a b l e s , 3.1.7 and 3.2.6.

— 1 6 0 —



I D E N T I FI CATIO N OF A REG ULA TO RY GENE. hocR ON 

03 3200/03 32 10.

The pr ese nce of a r e g u lato ry  gene was ind icated by the low 

le ve l of e x p r ession  of the hpc genes in 5 K (p 3 3 2 0 0 / p 3 3 210) 

w hen grown on gl yce r o l  compared to the high levels of 

ex p r e s s i o n  ob serve d w he n 5K(p33801) was grown on glycerol. 

Fro m their r e s t r i c t i o n  maps it was obvious that the h p c BC DEF 

genes and the operat or  site were also present on 

p 3 3 2 0 0 / p 3 3 2 10, so something must be r epre ss ing the 

c o n s t i t u t i v e  e xp re ssion of these genes. Further evi dence  for 

a r e g u latory  gene on the plasmid aff ecting the e xp ressio n of 

the 3,4 DHPA ca tab olic enzymes was obtained from the increased 

lev el of ex press io n of the enzymes when 5K(p33210) was grown 

on g l y ce rol in the presence of HPA or 3.4DHPA (see 

t a b l e , 3.4.1). With HPA present in the media the specific 

a ctivi ti es  of the 3. 4D HPA  catabol ic enzymes were about 7-1 Ox 

those detec ted for the strain grown on glycerol. The presence 

of 3, 4D HPA  increased the levels of the 3.4DHPA catabol ic 

en zymes  to about 20 x those observed for the strain grown on 

glycerol. From this it was assumed that a regul atory gene 

(hpcR) had been cloned.

To ide ntify the pos iti on of hpcR the subclones from p3321G 

we r e  analysed in 5 K for the loss of the regulated phenotype, 

see f i g , 3.2.6. The results show that if DNA is deleted from 

the left of either the BamHI or Sail site in hpcH (as shown 

in f i g , 3.2.5) the enzymes are expressed con stitutively. This 

w o ul d place the positi on of the hpcR gene to the left of hpcH 

as shown in f i g , 3.2.6. It is also interestin g to note that

— 1 6 1 —



hpcR appears to reg ul ate both gene blocks. F i g , 3.2.6, shows 

that when hpcR is de leted as in pJJ212 the 3.4DHP A ca tabolic 

enzymes of both opérons are produced constitutively.

To obtain po sitive ev idence for the position of hpcR the 

6.5Kb BamHI fragment from pJJSOI was ligated into the shuttle 

vector pMMB34 (which has a dif fe rent antibi otic mar k e r  from 

pBR322). The res ul ti ng plasmid was named pJJSBOI. pJJSBOl and 

pJJ216 (pJJ216 carries only the puta tive hpcR region from 

pJJ210) were  used to t r a n sf or m 5 K and transfor ma nts 

con ta inin g both plasmids were selected on Luria Ap+Kn agar. 

5 K (p J J S 8 0 1.p J J 2 16) was then grown on glycerol in the presenc e 

and absence of HPA to see if the induc ible phenotype could be 

restored. T a b l e , 3.4.2, shows that whe n the hpc genes from

pJJ801 or pJJ200 are carried by the vector pMMB34 the level 

of exp re ss io n of the 3.4D HPA cat ab ol ic enzymes is much higher 

than when they are carried by the pBR-vectors. The regulated 

p h e n otype  is also lost if the hpc genes from pJJ200 are 

carried by the vector pMMB34, as shown by 5K(pJJS200) 

t a b l e , 3.4.2. 5 K (p J J S 8 0 1 , p J J 216) grown on gly ce rol shows lower

specif ic activiti es for the 3,4DHPA catabolic  enzymes than 

those observed for 5K(pJJS801) grown on gly ce rol this may be 

due to the fact that the or gan i s m  now harbours two types of 

plasmids. However, whe n 5 K (p J J S 8 0 1 , p J J 216) was grown on 

gl ycero l in the pre sence  of HPA the specific activit ies were 

in cre ased but not to those observed for 5K(pJJS801) grown on 

g l y c e r o l .

— 1 6 2 -



Table 3.4.2

Activltles-of tbe-3iL4DHPA- çatabolic-jea^ymes- iii_5K_Jiarbour 1 ng 
yariDü.S-plasmlds-in a& attempt , ta. show, regulation of cloned..bpc.. gene.

Specific activity (nmole min~'’ mg protein')

strain Growth.
substrate

3.4DHPA 
dioxygenase

CHMS
dehydrogenase

OHED
hydratase

HHED
aldolase

5K(pJJ801) Gly 875 400 0 0

5K(pJJS801) Gly 2.372 1.556 0 0

5K(pJJ210) Gly/3,4DHPA 60 103 73 63

5K(pJJS200) Gly 2,437 1.444 20 5

5K(pJJS801,
pJJ216) Gly 1, 068 520 0 0

5K(pJJS801,
pJJ216) Gly/HPA . 1,502 830 0 0
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THE EFFECT OF cAMP ON THE 3.4 DHPA PATHWAY.

If E.coli C is grown on glucose with HPA present in the 

m e d i u m  the 3.4DHPA catab oli c enzymes are not induced, 

t a b l e , 3.4.3. T a b l e , 3.4.3 also shows that if 5pmol/m l cAMP was 

added to the g l u c o s e + H P A  media the induction of the 3,4DHPA 

c at a b o l i c  enzymes was res tor ed to about 407. of that observed 

for E.coli C grown on HPA only. The table ind icates that the 

presence  of cAMP affects both opérons.

The isolated  pathway as encoded by pJJ21Q, when har boured

by 5 K , was also affected by the presence of c A M P , as shown in

t a b l e , 3.4.4. 5K(pJJ210) cannot gro w on HPA or 3,4DHPA, so to

induce the 3,4D HPA ca tabolic enzymes the strain has to be 

grown on gl yc erol in the presence of 3,4DHPA. T a b l e , 3.4.4,

shows that when 5K(pJJ210) was grown on a m e d i u m  composed of 

glycerol, glucose and 3. 4DHPA  the specific activitie s of the 

3 . 4DHP A cata bo lic enzymes were reduced to about 3 3% of that 

o b s er ved for 5K(pJJ210) grown on g l y c e r o l / 3 , 4 D H P A . If cAMP 

was also added to the m e d i u m  the specific activit ies of the 

3 , 4 DH PA  catabo li c enzymes were increased. Again one enzyme 

r e p r e s e n t i n g  each operon  was assayed showing that, as with 

E.coli C, both appear ed to be affected by the presen ce of 

cAMP .

DNA SEQU EN CING OF THE O P E R A T O R - P R O M O T E R  SITES OF THE

h P c B C D E F  AND hocGH GENE CLUSTERS.

The position of the operat or site has been identified as

being adjacent to the hpcB gene from the analysis of the

— 1 6 4 -



Table 3.4.3

Showing the effect of cAMF on the 3.4DHPA 

catabolic enzymes in E. coll C.

Specific activity (nmoles min~’ mg protein~M

Strain
Growth

substrate
CHMS

dehydrogenase
OHED

hydratase

Ei. QQll C 

El.. gQli C

Glucose/HPA

HPA

E. coli C Glucose/HPA cAMP

2
160

54

1

67

28

One enzyme was assayed representing each gene block
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Table 3.4.4

Showing the effect of cAMP on the activities of the 

3,4HDPA catabolic, enzymes .in..5K...harbQmzlng,j2JI31D.

Specific activity (nmoles min~' mg protein"’)

strain Growth
substrate

CHMS
dehydrogenase

OHED
hydratase

5K(pJJ210) Gly 3 6

5K(pJJ210> Gly/3,4DHPA 60 46

5K(pJJ210) Gly/3,4DHPA/Glc 16 14

5K(pJJ210) Gly/3,4DHPA/Glc 43 35
cAMP

One enzyme assayed representing each of the hpc gene block
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regulated expression of the subclones produced from pJJBOl

harboured by JJ221. The 2.5Kb BamHI-EcoRI fragment from

pJJ801 contains the operator site and the hpcB gene. If the 

restriction maps of pJJBOl and pJJ210 are compared, as shown 

in fig,3.2.8, the 2.5Kb BamHI-EcoRI fragment from pJJSOI^to 

contain part of the hydratase ihpcG) gene and possibly its 

promoter, but there is no positive evidence for this. The

2.5Kb BamHI-EcoRI from pJJ801 was ligated into the sequencing 

vectors MP18 and MPI 9. Single stranded DNA was isolated from 

these constructions and used as templates for the 

dideoxy-sequencing reactions. To extend the sequence data 

several oligomer primers were used. The specifications for 

these were determined from the sequencing data. The strategy 

for sequencing the 2.5Kb BamHI-EcoRI fragment from pJJBOl can 

be seen in fig 3.4.1. This shows that most of the sequencing 

data was obtained from the reactions carried out on MPI 8 

carrying the 2.5Kb pJJBOl fragment. Some regions have data 

obtained from two primers whose extention reactions cover the 

same region. However, in the time available only one 

sequencing reaction on the opposite strand (MP19 version) was 

obtained. Other primers were tried on the MPI 9 version but 

for some reason the sequencing reactions did not work.

The sequence data obtained is shown in fig 3.4.2, and the 

regions of potential interest are high-lighted. Although the 

sites are marked, no SI mapping or protein sequence data is 

available to confirm them. The sequence data was analysed for 

open reading frames, codon us age and potential start codons, 

in an attempt to identify regions which may code for the hpcB 

and hpcG genes. When suitable candidates for these were 

identified (those with no stop codons), upstream regions were

- 1 87-



fig ,3.4.1

The strategy used in d e t e r m i n i n g  the sequence of 
the opera tor -p romoter  region of the hoc ooerons.
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f i g .3.4.2.

The DNA s e q u e n c e  data of the reg i o n  e n c o d i n g  the 
hoc o p e r a t o r - p r o m o t e r .

MP18 BamHI pJJ002

1 T X T C T C G C A G G T C G A C T C T A G A G G A T C C C G A T A A A A G G G T G A T G G A T A A C

51 C T T G C C G A A G T AAGC AAGAG G T G A T G G T T A A C G G C A A G C C ACGG ACGTA T

101 T G G G C T A T T T G C A G G A C T T T C T G T T G C A T C C G A A A C G G G C G A T G A G G G G G

15 1 T A C G T N N C T T T C T G G C G G T G A C G G A A N G N T T G G T G C T G G C g g n t t t g t t :

201 T C A A A C A A G C A A C T T A T T G A T T C T T G A C G A A C G A C A A G A T C T G A T G T G G A

251 A A G C T G A A C T C T G A A G A A C T G A T G G A N A G G T A T T A G G G C N c g g t a t t g c t
f S t a r f  of  i nferpref at ion  -

G A A T G T T G G A301 G G T T A G C C A C G A T C G T C A G T T T G T C G A T A A C A C C G T T A C A

351 T C T T C G A A G G C G G C G G T A A A A T T G G T G G T T A T G T C G G C G G t t A T A T G A T G

401 G C C C G T G G T C A G O A A G A G G A G T A T G T G G T G G T A A A C A G C C T G G G G C T G A A

451 A A A A A C G A A G A A G C C G C G C A AA AGGAGAA A T G T A A A A C G C A G G A G T A G C A

50 1 A A C T A A G C T A I A A A T T G O A  G G G C G A A C T G G A G G A G C T A C C G A C G A T T G C T

551 C G A A G A T C T G G A G G C G A C A G T G G A A G C C C A T C A G A C G C A A G T T G G C C G G T

601 A T G C T T C C T T C T T C A G T G A G C C G G G T G A G G A G A C G C A A A A A G T G C T T G C T

651 G A T A T G G C T G C T G C A G A G G A G G A G G T G G A G C A A G C C T T T G A A C G C A G G G A

701 G T A T C T T G A A G C G T T A A A A A A T G G T G G C
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fig, 3. 4X3.

A n  i n t e r p r e t a t i o n  o f  t h e  D N A  s e q u e n c e  d a t a  
p r e s e n t e d  in f i g . 3 . 4 . 2 .

-100 -170 -150

TTGTCGATAiCACCGTTACAGAATGTTGGATCTTCGAAGGCGGCGGTAAAATTGGTCGTT
51  + + + + + + 110

AACAGCTATTGTGGCAATSTCTTACAACCTAGAAGCTTCCGCCGCCATTTTAACCAGCAA

-150 -110 -50

• • • • • *
ATGTCGGCGGTTATATGATCGCCCGTGGTCAGCAAGAGCAGTATGTGGTGGTAAACAGCC

TACAGCCGCCAATATACTAGCGGGCACCAGTCGTTCTCoTCATACACCACCATTTGTCGG

-50 -30
Potential GRP binding site

TCGCGCTGAAAAAaACGAAGAAGCCGCGCAAAAGCAGAAATGTAAAACGCAGCAGTAGCA

a g c g c g a c t t t t t t t g c t t c t t c g g c g c g t t t t c g t c t t t a c a t t t t g c g t c g t c a t c g t

-10 10 3 0
minus 10

a a c t a a g c t a t a a a t t g c a g c g c g a a c t g g a g c a g c t a c c g a c g a t t g c t c g a a g a t c t

t t g a t t c g a t a t t t a a c g t c g c g c t t g a c c t c g t c g a t g g c t g c t a a c g a g c t t c t a g a

170 150

CAAGCCTTTGAACGCAGGGAGTATCTTGAAGCGTTAAAAAATGGTGGC

GTTCGGAAACTTGCGTCCCTCATAGAACTTCGCAATTTTTTACCACCG
GlnAla.^naGlüArgArqGlüTyrlauGlüAlaLeuLysAsnGlyGly

290

50 70 90
R5S Translation start

• • • • • •
GAGGCGACAGTGGAAGCCCATCAGACGCAAGTTGGCCGGTATGCTTCCTTCTTCAGTGAG

291 v-iî'i--'------------------ +----------- +----------- + ----------- +----------- + 350
CTCCGCTGTCACCTTCGGGTAGTCTGCGTTCAACCGGCCATACGAAGGAAGAAGTCAGTC

/IpfrGluAlaHisGlnThrGlnValGlyArgTyrAlaSarPheOheSerGln

110 15 0 15 0

CCGCCTGAGCAGACGCAAAAAGTGCTTGCTGAT ATGGCTGCTGCAGAGCAGGAGCTGGAG
351  +----------- +----------- +----------- +----------- + + 410

GGCGGACTCGTCTGCGTTTTTCACGAACGACTATACCGACGACGTCTCGTCCTCGACCTC
ProProGluGlnlrrGlnLysValLeuAiaAspMetAlaAiaAlaGluGlnGluLeuGlu

170



analysed to try and find certain recognised structures. The 

best potent ia l can dida te s for the start region of hpcB is 

shown in f i g , 3.4.3. This shows a site which is similar to the 

consensus -10 site (Rosenberg and Court 1979). Down stream

from these is a p o t e nt ia l GTG start codon.

The data for the start of the hpcG gene is not as clear. A

po ten ti al -10 site is the only r ec ognisab le  structure,

f i g , 3.4.3. This is one of the areas where future work would 

be beneficial.
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DISCUSSION.

In studying the c a t a b o l i s m  of 3,4 D H P A , by E .CO 11 C, a 

n e c e ssary  p a r t n e r s h i p  between b i o c h e m i c a l  and m i c r o b i a l  

ge n e t i c  t echniq ue s has proved very profitable.

The ul ti mate aim of this study was to d e t e r m i n e  the order 

of the hpc genes and to expand the u n d e r s t a n d i n g  of the 

re g u lation  of the 3 , 4 DHPA catabol ic  pathway. To achieve this 

it was necess ar y to is olate the f u n c t i o n a l l y  active genes on 

a c o m p a r a t i v e l y  small genetic el ement for easy m a n i p u l a t i o n  

of the g e n e s .

THE GENE ORDER.

The clo ning of the hpc genes was ac hieved by the 

co m p l e m e n t a t i o n  of m u t a n t s  de f e c t i v e  in the 3,4 DHPA c a t a bo lic 

pathway. A series of clones were  produc ed using pBR-vec to rs 

and these we r e  tested to see if they could re sto re  growth of 

the m u t a n t  on HPA. The first clone isolated  was pJJBOl, wh ich 

was d e t ected in the CHMS d e h y d r o g e n a s e  mutant, JJ221. In 

attempts to is ola te addi t i o n a l  clones ca rrying  d i f ferent  hpc  

genes further mu tants wer e generated. JJ2Ü0 was isolated and 

s u b s e q u e n t l y  c h a r a c t e r i s e d  as a po ss ible COHED d e c a r b o x y l a s e  

mutant. As this gene had al re ady  been cloned a new 

m u t a g e n e s i s  strategy was tried to obtai n a d d i t i o n a l  mutants. 

This in vol ved the EMS m u t a g e n e s i s  of the c o n s t i t u t i v e  strain, 

C T O 01 , followe d by t r a n s f o r m a t i o n  with pJJBOl after the 

p e n i c i l l i n  e n r i c h m e n t  stage. pJJBOl car ries the hpcBCDEF 

genes, it was therefore hoped that any chromosomal mutations 

generated in these genes would be complemented by the 

plasmid. So, in the subsequent selection stages mutations in
-172- _____________



additional hpc genes would be identified. One stable mutant 

was isolated and designated JJ210. The use of both new 

mutants in cloning experiments enabled the isolation of 

PJJ200 and pJJ210.
The plasmids were initially characterised by studying the 

expression of the hpc genes they encode in various strains. 

The pre sence  of pJJBOl in the strains JJ221 , JJ24 7 and JJ200 

al lowed growth on HPA. The 3,4 DHPA cata bo lic enzymes w ere 

shown to be produced inducibl y in JJ221 and JJ200 but 

c o n s t i t u t i v e l y  in JJ247. The act ivi ti es of five 3,4 DHPA 

c at a b o l i c  enzymes: the 3,4 DHPA dioxygena se ; the CHMS

de hy dr ogenas e;  the CHM isomera se ; the COHED d e c a r b o x y l a s e  and 

the HHDO is om erase  w e r e  found in extrac ts of 5K(pJJ801). 

These enzymes were  all found to be pro duced co nstitu ti vely.  

pJ J 2 0 0 and pJ J 210 were also used to t r a n s f o r m  5K and tested 

for the presence of 3. 4DHPA ca t a b o l i c  enzymes. Both pJ J 2 0 0 

and pJ J 210 we r e  shown to behave in a similar ma nn er w hen 

ha r bou re d by 5K. Ox i d a t i o n  e xp eriment s showed that w h ole  

cells [5K (p J J 2 0 0 / p J J 210)], when grown on g l y c e r o l  in the 

pr e s e n c e  of HPA, were  not able to oxid ise HPA or 3,4 D H P A . 

When the extracts from these strains we r e  assayed for 3. 4DHPA 

cat a b o l i c  enzymes all the n e c e ssar y enzymes for the 

c o n v e r s i o n  of 3,4 DHPA to S SA and py ru vate we r e  shown to be 

present. With these two pieces of in fo r m a t i o n  and the report 

that E.coli K12 has the NAD- li nked SSA d e h y d r o g e n a s e  (Skinner 

and Cooper 19B2), it was assumed that the reason for non 

g r owth  of 5 K (p J J 2 0 0 / p J J 2 10) on 3,4 DHPA was due to the lack of 

a permease. However, some HPA or 3,4 DHPA must enter 5 K 

p r o b a b l y  by passi ve d i f f u s i o n  because the pr esence  of these 

co m pou nd s in the m e d i u m  s i g n i fi cantly  increases the levels of
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3,4 DHPA ca ta bo lic enzymes.

The rela ti ve  po sitio n of the hpc genes on the three

plasmids was de te r m i n e d  by sub cl on ing and tra nsp oson  

m ut agenesi s. Five genes des i g n a t e d  h p c BC DEF wer e ident ified 

on pJJBOl and these cor respo nd  to the first five reactions in 

the 3,4 DHPA c a t a bolic pathway. This block of genes was shown 

to be preceded by a region whi ch co nt rolled their e x p r e s s i o n . 

When JJ221 harbours pJJBOl the hpc genes carried by the

plasmid are regulated. However, whe n JJ221 harbours certain 

sub clones produced  from pJJBOl the re gulated e xp re ssion was 

lost. From these results the positi on of the operator region 

was det ermined, see f i g , 3.1.7. It can be seen from 

f ig , 3 . 1 . 3 , Sf. 3 . 1 . 4 , that Tn in sertions or deletions, produced 

using the r e s t r i c t i o n  sites, in u p s t r e a m  hpc genes exert 

polar effects res ul ti ng in the loss of subs equent 3 , 4 DHPA

cat ab olic  enzym e activity. The inf e r e n c e  from this was that 

all five h p c B C D E F  genes were t r a n sc ri bed as a single me s s a g e

from the one promoter. The pos it ion of two addi t i o n a l  hpc

st ructura l genes was identifi ed on pJJ200 and p J J 210, see 

f i g ,3.2.6. The p r e se nce of a r e g u l a t o r y  gene on these two

plasmids had already been implied by the increase in the 

levels of 3,4 DHPA c a t ab ol ic enzymes whe n 5 K (p J J 2 0 0 / p J J 2 10)

was grown in the presence  of HPA or 3 , 4 D H P A . Add i t i o n a l

i nform at io n to support this wh ich also enabled the pos ition 

of hpcR to be d e t e r m i n e d  was obtai ne d from subclones of 

p J J 210 (ha rboured  by 5K) which lacked this gene. In the 5K

strains h ar bourin g these plasmids it could be shown that the 

3 , 4 DHPA cat ab olic  enzymes were now produced constitutive ly.

The rela ti ve  positions of the seven s tr uctural  hpc genes and 

the reg ul at ory gene Sif£ shown in fig ,4.1.1. It is int eres ti ng
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to note that the seven genes are sepa rated into two gene 

blocks hpc B C D E F  and h p c G H . The h p c B C D E F  genes correspo nd to 

the first five re actio ns of the 3.4DHPA ca tabolic  pathway and 

the hp cGH  genes cor r e s p o n d  to the last two reactions. This on 

the surface wo ul d seem to support the su ggestion of Horowi tz 

(1965) that pathways  evolve by a stepwise process as one 

su bst rate req uired by an or g a n i s m  is depleted. The two hpc 

operon however, are facing each other and are tra ns cribed in 

o p p osite dir ections. This means that if the 3 , 4 DHPA catabol ic 

pathway has evolved by a similar m e c h a n i s m  to that proposed 

by Hor ow itz there mus t have been a subseq uent r ea rr angeme nt  

of the genes. Dagley (1978) has already pointed out that 

react io n m e c h a n i s m s  of the c o r r e s p o n d i n g  enzymes are very 

different. Sequencing  of two c o n s e cutive  genes in this 

pathway wo uld p r o vide the most c o n c lus iv e inform ation as to 

the re la tedness of the genes and w h e t h e r  they have evolved 

from each other.

The posi t i o n i n g  of the two gene blocks and the fact that

they both come under the cont rol of hpcR would tend to

suggest that one of them is a later addition. The posit ion ing
cnext to f u n c t i o n a l l y  rela ted genes w o ul d agree with Hegman 

and R o s e n b e r g ’s (1970) pro pos al that tran s l o c a t i o n  and 

su bs eq uent unitary cont rol would pro vide a mor e ef fi cient 

pathway. The h p c B C D E F  genes may have been ori ginal ly  plasmid 

encoded and don ated from another or g a n i s m  leading to a hybrid 

pathway. This type of event has been d e m o n s t r a t e d  in vitro in 

the c o n s t ruct io n of a novel haloa r o m a t i c  pathway. The 

ad di t i o n a l  functions r e q uire d for the pathway were obtained

from the TOL -plas mi d (Reineke and Knackmuss, 1979). How the

hpc genes w i t h i n  the two opérons became linked to each other
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is open to even more conjecture.

E.coli K12 has been reported not to carry any hpc genes

(Skinner 1981). To confirm this, DNA was isolated from E.coli

K12 and a Southern transfer of the DNA was probed with the

plasmids pJJBOl and pJ J 210. At the same time DNA was isolated

from other strains {E.coli C, K.pneumoniae and P.putida)
-fiiî» bXiJ} al-yo

which can grow on HPA and included in the same experiments. 

Virtually no homology was observed between p J J 801 /p J J 210 and 

the various chromosomal DNAs tested, other than with the 

E.coli C chromosomal DNA. To visualise any bands which showed 

homology with other chromosomal DNA required days or weeks of 

exposure of the film to the filter. This is not a surprising 

result for E.coli K 12 as none of the 3 ,4 DHPA catabolic 

enzymes can be detected in this strain. However, it is 

strange that as the other two bacteria appear to have the 

same pathway for HPA catabolism but there is no more homology 

than for E.coli K 12 DNA. It must be remembered that fairly 

high stringencies were used. Even when there was weak 

homology none of the restriction banding patterns were the 

same as those observed for E.coli C. Only one copy of each 

gene block was found for the E.coli C chromosomal DNA. No 

ghost bands can be observed, which could indicate duplication 

of genes on the E.coli C chromosome which have subsequently 

evolved by the process of gene recruit ment into hpc genes. 

This leads on to the tentative speculation that E.coli C has 

aquired the 3 ,4 DHPA pathway by horizontal transfer of genetic 

material, rather than the pathway evolving within this 

organism. If the E.coli chromosome has undergone duplication 

events as proposed by Riley and Anilio M is ( 1 978) one may 

have expected to detect at least two copies of DNA carrying
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hpc type genes. This would of course be d e p e nd ent on 

sufficient homology  be tween the su bs e q u e n t l y  evolved hpc 

genes and more i n t e r e s t i n g l y  on the hpc genes being present

prior to the d u p l i c a t i o n  event. Un fortunat ely, this type of

"dating" the a q u i s i t i o n  of genes is purely speculation. 

Looking for hom olo gy with  other strains is an idea for the 

future and may pr ov id e an insight into the origins of the 

E.coli C hpc genes.

BI OC HEMI CA L TECHNIQUES.

In d e t e r m i n i n g  the hpc gene order it was necess ar y to 

combine both ge netic and b i o c h e m i c a l  techniques. The gene 

order was shown by identi fy ing the gene product of various

subclones harbou red by 5K. This could only be achieved when

there was a suita bl e assay system for each reac tion in the 

3,4 DHP A catab ol ic  pathway. The assays develop ed  to analyse 

the 3 , 4 DHPA  ca taboli c enzymes wer e all continuo us and relied 

on ab so rp tion change mon i t o r e d  s p e c t r o p h o t o m e t r i c a l l y . Apart 

from 3. 4D HPA all the int er mediat es  in the 3.4DHP A catabolic 

pathway (to act as substrates for the assays) had to be 

prepared. The first two, CHMS and CHM were initially  isolated 

a cc or ding to the me th od of Sparnins et al (1974). However, as 

shown in the Results these and the other i nt er mediat es  were 

is ola te d mor e e f f i c i e n t l y  using extracts of 5K h a r b ou ring the 

relev ant  p l a s m i d - e n c o d e d  3,4DHPA c a t a bolic enzymes. The CHMS, 

CHM, HHDD and HHED isolated in this way were shown to behave 

in a similar m a nne r to their c ounte rp arts isolated and 

c ha ra c t e r i s e d  by Sparnins et al (1974) and Leung et al (1974) 

for P .putida .
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HHDD was isolated using cell-fr ee extracts of 5K(pJRJGQ2) 

the compou nd  has a A - ma x at 276nm and was c h a r a ct er ised by 

NMR analysis. This compou nd can be shown to be present prior 

to a rapid spontan eo us isomérisation. This same re action can 

also be d e m o n s t r a t e d  for a very rapid enzyme catalysed 

reaction, enco ded  by h p c F . These results suggest that HHDD is 

one of the i n ter me diates in the 3.4DHPA catabol ic  pathway. 

The a c i d i f i c a t i o n  stage of the p repara ti on of HHDD appears to 

affect the e q u i l i b r i u m  between HHDD and OHED resulting  in 

only the isola ti on of HHDD. The av ai l a b i l i t y  of HHDD as a 

su bstrate enabled an assay to be dev elope d to show that there 

was an en zym e catal ys ed reaction  r e s p o n s i b l e  for the 

i so mé r i s a t i o n  of HHDD to OHED. The reaction did not require 

any co fac tor s and was not impair ed by the presenc e of EDTA. 

The rea ct ion m e c h a n i s m  for the iso mé risatio n of HHDD to OHED 

is ass umed to be similar to that des c r i b e d  by 

G a r r i d o - P e r t i e r r a  and Cooper (1981) for the i s omérisa ti on of 

CHM to COHED.

In an att empt to c h a r a c t e r i s e  furt her  the e q u i l i b r i u m  

mixture, a spectru m of the mi xture  against a freshly prepared

solution of HHDD was run (at 4°c), gee f i g , 3.3.6. This shows 

that OHED has a A - ma x at 222nm. A shift in A-max of 54nm 

occurs as CHM is iso mer ised to COHED a shift of the same 

extent is observed for the isom ér isation  of HHDD to OHED.

The hydrat as e enzyme wh ich  catalyses the co nversion of OHED 

to HHED was assayed at 276nm using a s p on ta neousl y formed 

e q u i l i b r i u m  mi xture  of HHDD and OHED. This reaction has only 

been p reviou sl y me a s u r e d  as part of the over all c on ve rsion of 

CHM to pyruvate, as d e t e rmin ed  by the LDH -li nked assay. Using 

the ne w assay the h y d r ata se  was shown to require the additi on
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of m a g n e s i u m  ions to enable the rea ct ion to proceed. It was 

neces sar y to d e v elop separate assays for all the pathway 

reactions, as the pre vi ous assay system relied on the 

presenc e of all the required 3, 4DH PA catabolic  enzymes 

n ec es sary to con vert the test sub st ra te to pyruvate. This 

could have caused proble ms when analysing  the subclones, if 

the gene order did not cor res po nd to the reacti on order.

The final in te r m e d i a t e  in the 3 , 4 DHPA  ca tabolic pathway is 

HHED. This was iso la ted using a subcl on e of pJJ210, (pJJ212)

whic h carries all the hpc genes apart from hpcR and h p c H . 

HHED was ch a r a c t e r i s e d  by NMR analysis. Leung et al (1974) 

proposed that 4 - h y d r o x y - 2 - k e t o  pimelate (HKP) was the last 

i n t e r m e d i a t e  in the 3, 4DHPA ca t a b o l i c  pathway, produc ed by a 

t au t o m é r i s a t i o n  of HHED. This grou p chemi cally syn thesised  

what they thought was HKP and showed that extracts of 

P.putida, induced for the 3.4DHPA ca taboli c enzymes converted 

it to pyruvate. This compound has been synthesised in 

Leicester  by a pr oject student D . B u r n h a m  (1985). It has been 

shown that enzymes from E.coli C or 5K harb ou ring clones act 

on this compound. The chem ically  synthesise d "HKP" and HHED

were m e a s u r e d  to have the same mo lar e xtinct io n coefficient. 

Spectral scans of the two compounds also appear to be the

same. U n f o r t u n a t e l y  there was not enough of the che mical ly  

synthesised "HKP" for analysis by NMR. It seems a re as onabl e 

assumption  that the two com pounds are the same. There is no 

evidence for the is ome ras e h y p o t hes is ed by Dagley (1978).

This can be conclude d from the analysi s of the plasmid pJJ21Q 

which encodes all the enzymes necess ar y to convert 3,4DHPA to 

S SA and py ru va te and the fail ure to detect any spontaneous

spectral changes for HHED . The analysis of HHED is fairly
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conclusive and it would therefore be reasonable to state that 

"HKP" is actually HHED. The aldolase which cleaves HHED to 

SSA and pyruvate was shown to be m a g n es iu m ion dependent.

The subsequent conversion of SSA to succinate, by the 

NAD-linked dehydrog enase has been discussed by Skinner and 

Cooper (1982).

The 3.4DHPA catabolic pathway as determined by this study 

is shown in f i g , 4.1.1.

DNA SEQUENCING.

In an attempt to find out more about the hpc genes the 

operator regions identified as being responsible for their 

regulation were subjected to DNA sequence analysis. Both the

operator region for hpcBCDEF and hpcGH appear to be within a

BOObp region as shown by a comparison of the restriction maps 

of pJJ801 and pJJ210, see Results. The strategy for 

sequencing this area is also shown in the Results fig,3.4.1.

The DNA sequencing data is not complete due to time

limitations but the results obtained do show some potential

sites of interest. An interpretation of the data is shown in 

f i g .3.4.3.

Two features of E.coli promoters are known to be important

for tra nscriptional activity, the sequences centered around

position -35 and -10 and the distance between them. The most

frequently occuiTing or consensus sequences at these positions

are TTGACA and TATAAT, respectively (Rosenberg and Court,

1979). An additional consensus sequence which can function

instead of the -35 'is that for the cAMP receptor proteinA
(CRP) binding site (Busby 1986). A sequence very similar to
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that proposed  for the CRP consensus can be id en tifie d in theA
sequence data p r e s en te d in f i g , 3.4.3. This is p a r t i cu larly  

in te re sti ng if combined with the results from the cAMP 

counter r e p r e s s i o n  experiments. These showed that if glucose 

was also present in a m e d i u m  cont aining  3,4DHPA then the 

3, 4 DHP A c a t a bol ic  enz ymes were not expressed. The repres si on  

could be partly o v e rc ome if cAMP was also added to the 

medium. i.e. further ev idence for the in vo lvemen t of CRP in 

re gu lati ng  H P A / 3 ,4DHP A catabolism.

DNA sequences wit h homolo gy  to the 3 -terminus  of the 16S 

rRNA have been propos ed as the sites of ribos ome binding, so 

allo wi ng  in i t i a t i o n  of t ranslat io n (Gold et al, 1981) A 

similar seque nce to this can be identifie d d o w n s t r e a m  from 

the put at ive -10 region. Also 6 bp down from this po tentia l 

ribosome binding site is a GTG codon which can act as an 

in it ia tion codon (Looman and Knippenberg, 1985).

Poten ti al sites for - 3 5 / CRP-bind ing site, -10 region, 

ribosom e binding site and potentia l GTG ini tiat io n codon, all 

with r ea so nable spacing, can be shown for the region 

preceding  the h p c B C D E F  operon. Very little could be 

identif ie d in terms of r ec og nisable  structures for the hpcGH 

operon, although there is a po ten tial candidate  for a -10 

r e g i o n .

It should be r e - e m phas is ed that the str uctur es  hig hligh te d 

and subseque nt i n t e r p re tations  are only regions of pot en tial 

interest as i d e n tifie d by computer analysis. There is no SI 

nucleas e or pro tein sequence data to support these 

i nte rpretat ions.
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R E G U L A T I O N .

Some previous ideas c o n c erning  the re gu l a t i o n  of the 

HPA/ 3.4DH AP  cat ab olic pathway have been d e s c ribed  in the 

Introduction. These propo sals w er e based on the

in terp r e t a t i o n  of exp eri me nts using phage P - 1 transduction, 

F-matin g and mutants. The clo ning and subseq uent analysis of 

plasmid s carry in g hpc genes has pro vid ed a grea ter insight 

into their regulation.

pJJ801 was is ola te d using the CHMS d e h y d r o g e n a s e  mutant,

JJ221. Both the plasmid and c h r o m o s o m a l  3,4DHPA catabolic

enzymes we r e  shown to be regulat ed whe n pJJ801 was pre sent in

this strain this indicates that the genes on the plasmid

w er e being r e g ul at ed in some manner. When pJJ801 was
sfjciîri

introduc ed i n t o ^  5K the 3.4D HPA cat ab olic enzymes encoded by 

the plasmid w e r e  found to be express ed  c o n s t i t u t i v e l y . The 

co n s t it utive e xpres si on of the enzymes shows that a 

functio na l reg u l a t o r y  gene had not been cloned. The presence 

of p J J 2 0 0 / p J J 2 10 in 5K shows that the genes can be regulated 

in this strain so the si tuation observ ed with 5K(pJJ801) is 

not an artifact of cloning.

If 5 K (p J J 2 0 0 / p J 3210) is grown in the pre sence  of 3. 4DHPA  or 

HPA the extract s can be shown to contain raised levels of 

3.4DHPA ca tabolic enzymes, c o r r e sp on ding to both hpc opérons. 

Further evi dence for a reg ulat or y gene, h p c R , wh ic h affects 

both gene blocks was seen using a subclone of pJJ210. When 5K 

harbours pJJ212, w h ich has lost hpcR and part of hpcH , all 

the enzyme s encoded by the plasmid are produced 

c o n s t i t u t i v e l y . The absence of a region of DNA corre s p o n d i n g
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to hpcR result s in co ns t i t u t i v e  ex pr ession of the 3.4DHPA 

ca tab olic enzymes, as de mo n s t r a t e d  by 5 K harbou ri ng pJJ212, 

pJJ215 and pJJ801. This suggests that the reg ul at ion is 

negative, similar to the lactose operon (Miller and

R e z n i k o f f , 19 7 8).

To d e m o n s t r a t e  that hpcR regulated the hpc s tructu ra l genes 

in a negative manner  the two plasmids pJJ216 and pJJS801 were 

introduce d into 5K. The isolated hpcR gene is present on 

pJJ218. The ope ra tor region and five (hpcBCDEF) str uctur al  

genes are carried by pJJS801. If only pJJS801 is present in 

5K then the 3 , 4 DH PA cata bolic enzymes are exp re ssed at very 

high levels. When both pJJS801 and pJJ216 are present in 5K 

the levels of the 3, 4DHPA cat abolic enzymes d e c re ase to about 

half that obse rved for 5K(pJJS801). A posible reason for the 

level of the 3, 4DHPA  catabo li c enzymes is due to an inherent 

effect of the vector, pMMB34, whi ch carries the st ructural

genes. It has alr eady been shown that when  the same 8.5Kb

BamHI fr agment from pJJ801, carrying the five stru ct ural

genes hpcBCDEF^ was inserted into both pMMB34 and pBR328

higher specific act ivi ti es for the 3,4DHPA ca tabolic enzymes 

were obs er ved whe n pMMB34 was used. It would ther ef ore seem 

plausib le  that if insuf f i c i e n t  hpcR gene product was 

produced, because it was carried by the vector pBR322, then 

it could not totally repress the expressio n of the hp c BCD EF  

genes carried by pMMB34. Increased levels of the 3,40HPA 

ca tab olic enzymes can be d e m o n strated  in 5K(pJJS801, pJJ216)

if the strain is grown in the presence of HPA. The levels of 

the 3, 4 D H P A  c a t a bo lic enzymes are not as high as those 

detected for 5K(pJJS801). This may be due to the reduced copy 

number as the 5 K (p J 3 2 1 6 , p J J S 8 0 1) strain now carries two
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p l a s m i d s .

It was prev i o u s l y  suggest ed ( S k i n n e r , 1981) that the 

r e g u la ti on of the 3. 4D HP A cat ab ol ic pathway was both pos it iv e  

and negativ e in a m a n n e r  similar to the ar abinos e operon. 

This type of regu la tion requires the re gulatory protein to be 

bound at all times (Dunn et al 1984). The abs ence of the 

r e g u lator y gene does not result in c on st itutiv e pro du ction of 

the cata bo lic enzymes. It has already been shown that the 

3 , 4 DH PA  cata bo lic enzymes are exp ressed co n s t i t u t i v e l y  in the 

ab se nc e of h p c R . S k i n n e r ’s (1981) evidenc e for po si t i v e  

re gulat io n was based on an interp r e t a t i o n  of the results 

o b s er ved for a t r a n s p o s o n - p r o d u c e d  m u t a t i o n  in the 

c o n s t i t u t i v e  strain. The mu tant was n o ni nducib le  for both the 

HPA and 3, 4D HPA ca tabolic  enzymes. This strain was the resul t 

of many selecti on schemes: selection for c o n s t i t u t i v i t y  ;

m u t a g e n e s i s  by EMS to pr oduce a SSA d e h y d r o g e n a s e  mu tan t and 

finally tr an s p o s o n  mu tag enesi s. The in te rp retatio ns  based on 

this mu tant have to take into account its rather co mp lex 

origi n and w i t h  the hindsi ght of the results pre sented in 

this thesis, mo r e  com p l i c a t e d  exp la nation s to those proposed  

by Skinner (1981) would be required. If only the 3.4D HP A 

ca t a bolic enzy mes w ere lost then the results could be 

explain ed  as ins e r t i o n a l  i nact iv ation of the operator region. 

The mu tant  is u n f o r t u n a t e l y  not availab le  any more, so no 

analysis of it using the plasmids was possible.

It has been shown that 3, 4D HPA induces the enzymes  

re sp o n s i b l e  for its d e g r a d a t i o n  ( B a r b o u r , 1978: S k i n n e r , 1981).

It has also been d e m o n s t r a t e d  that if the cloned pathway, 

e.g. pJJ210, is harboured by 5K both HPA and 3.4 DHP A can be 

shown to induc e the 3,4DHP A ca tabolic enzymes. It is not too
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surprising that HPA also induces the enzymes because of the 

structural similarity to 3.4DHPA, but it is assumed that is 

is acting as a gratuitous inducer.

From the results presented in this study a model for the 

regulation of the two gene blocks, hpcBCDEF and h p c G H , has 

been suggested, see f i g , 4.1.1. It is proposed that in the \ 

absence of an inducer the product of hpcR binds to the 

operator sites of hpcBCDEF and hpcGH. (Due to the close 

proximity of these two opera t o r /promoter regions there may 

only be one binding site, this could be determined by DNA 

foot printing analysis.) The bound repressor would prevent 

the transcription of the two hpc mRNAs. If, however, an 

inducer, 3,4DHPA, was present it would interact with the 

repressor preventing binding to the opera tor-p r o m o t er site 

and so allow transcription.

An additional level of control has also been implicated, by

the DNA sequence data and more strongly from the experiments

which show that the repression of the 3.4DHPA catabolic

enzymes due to the presence of glucose in the medium can be

overcome if cAMP is also added to the medium. This refinement

to control comes into effect if both an inducer and an other

preferential substrate, resulting in low levels of internal

c A M P , is present in the medium. The inducer still prevents

the repressor mo le cule binding to the operator regions, but

the presence of the preferential substrate ( -low levels ofA
c A M P ) prevents expression of the 3.4DHPA catabolic enzymes.

The control is presumably mediated by the levels of cAMP in 

the cell, the presence of high cAMP levels acting positively 

with CRP and in conjunction with the inducer allowing 

expression of the 3,4DHPA catabolic enzymes. A representation
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of this is shown in f i g , 4.1.2.

The c on ve rsion of 3,4D HPA to centra l meta b o l i t e s  requires 

the prod uc tion of a large number of enzymes, whi ch wil l be a 

drain on the cells resources. It wou ld make econo mic sense if 

3,4DHPA was part of an order of substra te usage as proposed 

by Busby (1986). The proposed method of regu lating the order 

of substra te usage was by cAMP levels wi th in  the cells this 

also ties in wi t h  the results ob se rved for the 3,4DHPA 

catabolic pathway.

THE E XP RE SS ION OF E.coli C hoc GENES IN OTHER ORGANISMS.

The ex pressi on  of the hpc genes in an E.coli K 12 strain has 

already been di scusse d and used to great advantage. Althou gh 

the enzyme ac ti vitie s for all the 3,4DHP A catabolic enzymes 

could be d e m o n s t r a t e d  in 5K(pJJ210), no growth on 3,4D HPA  

could be observed. It was assumed that the inability to 

utilise the su bst rat e was due to the lack of a permease, 

which res ulted in i n s u f f i c i e n t  substrate  being present wi th in  

the cell to support growth.

To enable  the r e p l i c a t i o n  of the E.coli C hpa genes in 

P.putida strains a fr agment of DNA carrying the genes was 

sub cloned into the shuttle vector pMMB34. Three Pse ud om onas 

strains were av ai la ble for this study, PPQ01 a CHMS 

d e h y d r o g e n a s e  mutant, PP003 a possibl e plei o t r o p i c  mutant 

with a similar p h e n oty pe  to JJ247 and 2440 an hsdR mutant 

that also cannot gro w on HPA for unknown reasons. If the 

E.coli C hpc genes are int ro duced into the three Ps eu domo na s 

strains the 3,4DHPA ca tabolic enzymes are express ed 

constituti vel y. However, the specific ac tivities me a s u r e d  are
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fig ,4.1.2.

A model for the regulation of the hoc genes

a) No glucose; cAMP high; No 3.4DHPA.

CRP/cAMP

No hpc mRNA

b) Glucose; cAMP low; No 3.4DHPA 
■ CRP

No hpc mRNA

c) Glucose; cAMP low; 3.4DHPA. 
CRP

Very little hpc mRNA

■:> 3,4 D HPA

d ) No glucose; cAMP high; 3.4DHPA.

CRP/cAMP

—  --------------
.y A lot of hpc mRNA

,■;> 3.4DHPA



much lower than those normally observed for Pseudomonas and 

E.coli strains induced by growth on HPA. The CHMS 

dehydrogenase is detectable in extracts produced from PP001 

(p J J S 8 0 1/ p J J S 2 0 0 ) it is therefore surprising that these 

strains cannot grow on HPA. It may be that the level of 

expression from the E.coli C hpcC gene is not sufficient to 

support growth. The defects in the other two Pseudomonas 

strains have not been fully characterised so there are many 

possible reasons for these strains not being able to grow on 

HPA with the E.coli C hpa genes present.

FUTURE WORK.

There are several areas discussed in this study which would 

benefit from further development, to increase the 

understanding of the 3.4DHPA catabolic pathway:

* The model proposed for regulation provides a basis for

further experiments to test the hypothesis: This would

require the subcloning of the hpcR gene and receptor sites

for the gene product onto separate plasmids but of similar

origins to eliminate any copy number problems. Further proof 
A

of the involvement of cAMP in the regulation of the p athway

could be demonstrated by gel binding studies with the CRP

protein as described by Busby (1986).

If the product of hpcR could be isolated then some 

interesting foot-printing experiments could be undertaken to 

show where and under what conditions it bound to the operator 

sites of the hpc structural genes.

* The sequencing data from both promotor regions could be 

improved: The inter pretation of the data could then be
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en han ced by SI nu c l e a s e  mapping  to d e t e rm in e the mRNA  start 

point or N - t e r m i n a l  amino acid sequenc ing of the relevant 

p r o t e i n .

* The origins of the E.coli C hpc genes: This would 

require the screeni ng  of other organisms, capable of using 

3,4DHPA, for ho mo lo gy wi t h  the E.coli C hpc genes,

* HPA feeds into the 3.4DHPA catabolic  pathway: The genes 

re s p o n s i b l e  for the uptake and h y dr oxylat io n of HPA could be 

cloned. The problems of wh e t h e r  hpcR regulates these genes as 

w e l l  as the hpc s t r u c t u r a l  genes could be det ermined. Also 

wh e t h e r  there is one or two uptake system*s) for the uptake 

of HPA and 3.4DHPA.

S U M M A R Y .

The 3. 4DHPA c a t a b o l i c  pathway has been ch ara c t e r i s e d  both 

bioche m i c a l l y  and genetica lly. The in te rmediates have been 

isolated and id entified.  Using these in t e r m e d i a t e s  assay 

systems have been dev e l o p e d  to enable the d e t e r m i n a t i o n  of 

the gene order. Ther e are seven str uctural  genes w h i c h  are 

di vid ed into two op érons hpcBCDEF  and h p c G H . Both opérons are 

regulated n e g a tively by the product of hpcR. The in duction of 

the 3.4 DHPA c a t ab olic enzymes is also affected by the 

presence of cAMP. This i n f o r mation  is shown in the form of a 

d i a g r a m  f i g , 4.1.1, and f i g , 4.1.2, whi ch also shows the 

3,4DHPA cat ab olic p a t hway as de termine d by this study.

The initial cloning and dev el opment of the b i o c h em ic al  

techniques inv ol ve d in this study will hop efull y provide the 

basis for further res ea rch into the 3,4DHPA ca tab oli c 

p a t h w a y .
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Appendix 1

From Skinner 1981 (Ph.D Thesis).

A Model for the Regulation of the HPA Cat abolic enzymes

.̂5.1 Nature of the Tn5-induced mutation in CT107.

The Tn5-induced mutation in CT107 (sad,
HPA-noninducible) resulted in loss of all the HPA catabolic 
activities and of the HPA uptake activity. The mutation caused 
the same results in the SSA dehydrogenase positive background 
of _E. coli C. The E. coli C derivative (CTllO: hpa::Tn5) was 
unable to grow on HPA or 3,4-dIIPA but reverted on HPA to grow 
on 3,4-dHPA as well. The revertant (CTlll) also regained



the 3,4-dHPA constitutive phenotype present in the parental 
strain (CTlOl: 3,4-dHPA constitutive, sad) of the original 
mutant (CT107). Various explanations for such a wide-reaching 
pleiotropic phenotype may be considered:

1) The Tn5 insertion in an HPA gene causes polar 
inactivation of the other genes,
2) The insertion inactivates the substrate uptake 
system thereby preventing induction of the catabolic 
enzymes,

. 3) The insertion causes a change in a regulatory 
gene which prevents induction of the HPA catabolic 
enzymes and the permease(s).

The first of these possibilities is rendered unlikely by 
the fact that the HPA-hydroxylase obviously exists in an
operon which is distinct from the other operon(s) for the
3,4-dHPA catabolic enzymes. The second possibility requires 
tha-t the Tn5 insertion inactivates one uptake system that 
takes up both HPA and 3,4-dHPA.

The second possibility, that the pleiotropic lesion in
CT107 was Caused by the insertion of Tn5 in a gene encoding a

un
common permease, seems^likely in view of the fact that no
activity was detectable, for any of the HPA catabolic enzymes,
in CT107 (not even at the normal uninduced levels). It is
difficult to see how a permease mutation could result in the
reduction of the basal enzyme activities that are normally



seen in wild-type cells not exposed to HPA.

As the HPA catabolic sequence consists of at least 2 
units (not including the SSA dehydrogenase), the regulatory 
gene affected cannot be an initiator/promoter/operator 
sequence, as each operon will possess such a sequence. The 
affected gene must therefore code for a trans-acting 
regulatory protein. Insertion of Tn5 into a gene is likely to 
cause an extensive change (by chain termination) in the 
structure of the gene product. It is unlikely, therefore, that 
the insertion would cause the relatively specific change 
heeded to bring about a noninducible phenotype in a negatively 
controlled system (the insertion would have to prevent binding 
of the inducer whilst not affecting binding of the repressor 
to the operator). A more likely situation would be where the 
transposon inserts in a gene coding for a positive regulator. 
Total loss of regulator function would result in a 
noninducible phenotype. Thus the most likely explanation for 
the phenotype of CT107 is that Tn5 has inserted in the gene 
coding for a regulator protein (which probably acts as a 
positive regulator) that controls the HPA uptake/hydroxylase 
operon and the 3,4-dHPA catabolic operon(s).

In proposing a model for the regulation of synthesis of 
the HPA catabolic enzymes, three pieces of information have to 
be considered, namely:



1) the mutation in CT107 (non-inducible for all the 
HPA catabolic enzymes), caused by the insertion of 
Tn5, was most likely caused by insertional 
inactivation of a positive regulatory protein 
(similar to araC ) rather than by insertional 
modification of a negative regulatory protein (to 
give a lacl^-type molecule).
2 ) the fact, that the non-inducible mutation in 
CT107 overcame the 3,4-dHPA dioxygenase constitutive . 
mutation in the parental strain, is most • 
satisfactorily explained by the insertional 
inactivation of a positive regulatory protein (which 
has been modified in the parental strain to cause 
constitutive expression, as does araC );
3) the apparent dominance of the wild-type 
regulatory allele over the constitutive allele in 
the partial diploid experiment, a result which 
indicates that the expression of the 3,4-dHPA 
dioxygenase is negatively controlled.

Two lines of evidence, therefore, point to positive 
regulation of the HPA hydroxylase operon and of the 3,4-dHPA 
catabolic enzymes, but the other line points to negative 
regulation of the3,4-dHPA catabolic enzymes. Superficially, these 
results are irreconcilable but a similar situation was 
observed for the arabinose operon (Englesberg, 1971). Mutants 
lacking, or defective in, the gene encoding the regulator



(araC) were pleiotropically non-inducible . The araC mutants
were recessive to the wild-type, inducible allele (araC^) and
to the allele which caused constitutive expression (araC^ ).
These . results all indicated that the araC product was a
positive regulator. The positive regulation model predicts
that the araC constitutive allele would be dominant over the
wild-type allele. However, the inverse relationship proved to
be true, a characteristic of negative control. Thus a dual

* control system was proposed where araC produces a protein, PI,
that acts as a repressor, binding to the operator (araO) to
prevent expression of the operon. In the presence of inducer
(L-arabinose), PI undergoes a conformational change to P2 and
is released from the operator. This relief of repression,
however, does not, in itself, allow expression of the operon.
For expression to occur, the P2/inducer complex must also bind
to the initiator (aral) to act as a positive regulator
(activator). AraC constitutive mutant genes produce mutant
regulators (P3,P4...Pn) that are unable to bind to the
operator (and so are unable to act as repressors) but are able
to bind to the initiator, activating transcription, even in
the absence of inducer. In partial diploids of the type 

C "t"araC /araC , Pi produced by the wild-type allele binds to the 
operator (in the absence of inducer), repressing expression of 
the operon. In the presence of inducer, repression ceases and 
so the partial diploid is inducible for expression of the 
operon; thus the constitutive allele is recessive to the 
wild-type allele.



The arabinose model, with suitable modifications to 
allow for induction of the HPA hydroxylase operon by HPA and 
induction of the 3,4-dHPA catabolic enzymes by 3,4-dHPA, is 
consistent with the results obtained for regulation of 
synthesis of the HPA catabolic enzymes. In the HPA model (Fig. 
21), the hpaR gene produces a protein, PI, that binds at the 
operator(s) controlling the expression of hpaCDEFGV (which 
encode the 3,4-dHPA permease and catabolic enzymes) so 
repressing the expression of those genes. In the presence of
3,4-dHPA, PI changes conformation to P2 and is released from 
the operator. The P2/3,4-dHPA complex then binds at the 
initiator(s), which control the expression of hpaCDEFGV, thus 
activating transcription of the operon(s). The same regulatory 
protein, in the presence of HPA, binds to the initiator of the 
HPA hydroxylase.operon to activate express^ion of the HPA 
hydroxylase and uptake genes. It is not possible to say which 
conformation of the regulatory protein (P1,P2 or some other 
conformation) is responsible for forming a complex with HPA, 
nor is it possible to say whether regulation of the HPA 
hydroxylase operon also involves a negative regulation aspect. 
The gene arrangement depicted' in Fig. 21 is not meant to 
represent the actual gene order and no attempt has been made 
to indicate how many opérons are involved (except that there 
must be two or more, there being two blocks of coincident, if 
not coordinate, regulation).
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A b s t r a c t .

Escherichia coli C can utilise 3 ,4 - d i h y d r o x y p h e n y l a c e t ate 
as a carbon and energy source for growth. The bioch emica l and 
genetic characterisation of the chromosomally encoded pathway 
involved is described in this thesis.

The structural genes have been cloned and found to lie in 
two opérons, hpcBCDEF and h p c G H , both of which were 
negatively controlled by the regulatory gene hpcR. There also 
appeared to be an additional level of control acting in a 
positive manner, mediated by c A M P .

Various subclones isolated in this analysis were useful in 
the production of pathway intermediates which were identified
by a variety of means. The use of the pathway intermediates 
in the biochemical cha racterisation of the 3.4DHPA catabolic 
pathway has lead to the identification of a novel step. The 
use of both biochemical and genetic techniques in the 
analysis of the pathway has enabled a greater understanding 
of the interacting mechanisms of the pathway.




