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6 .2 .1 ) M o d ifica tio n  o f p T JS 1 4 0  to  re m o ve  BamYW  and  N d e \

s ite s  p. 141

6 .2 .2 ) R e m o va l o f A/cfel an d  f irs t B am H I s ite  fro m  p T JS 1 7 5  p .141

6 .2 .3 ) R e m o va l o f fin a l B a m H \ s ite  p. 143

6 .2 .4 ) D e le tio n  o f 5 1 6 b p  fra g m e n t fro m  m m o X  p. 144

6 .2 .5 ) S u b c lo n in g  th e  m o d ifie d  s M M O  o p e ro n  in to  pTN 1 p .145

6 .3  A s s e s s in g  th e  e f f ic ie n c y  o f  p T 2 M L  p. 147

6 .3 .1 ) E xp re ss io n  o f re c o m b in a n t w ild -ty p e  sM M O  in

p T 2 M L  p .149

6 .3 .2 ) C o m p a riso n  o f w ild  ty p e  O B 3 b  an d  p T 2 M L .W T 1 A  

a c tiv itie s  to w a rd s  n a p h th a le n e  p . 150

6 .4  S u m m a ry  o f  th e  n e w  e x p re s s io n  v e c to r  p T 2 M L  p. 152

C h a p te r  7: M u ta t io n  s tu d ie s  u s in g  th e  n e w  e x p re s s io n  v e c to r  p T 2 M L  p. 153

5 .5 .3 ) D ifficu ltie s  e n c o u n te r d u rin g  th e  c lo n in g  s ta g e s  p. 138
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7 .1 ) In tro d u c tio n p .153

7.1.1 R o le  o f Phe 188 as a su b s tra te  g a tin g  re s id u e  in

sM M O  p .153

7 .1 .2  T h e  G ly  113 m u ta n t o f b u ta n e  m o n o o x y g e n a s e  p. 154

7 .1 .3 ) D e s ig n in g  n e w  sM M O  m u ta n ts  F 1 8 8 A  and N 1 1 6 G  p .155

7 .2  C o n tru c t io n  o f  m u ta n ts  N 1 1 6 G  a n d  F 1 8 8 A  u s in g  p T 2 M L  

e x p re s s io n  v e c to r  p. 157

7 .3  N 1 1 6 G  a n d  F 1 8 8 A  s h o w  re d u c e d  ra te  w ith  a ro m a t ic  

s u b s tra te s  b u t li t t le  o r  no  c h a n g e  in re g io s e le c t iv ity  p. 160

7.3.1 O x id a tio n  o f N a p h th a le n e  by N 1 1 6 G  and F 1 8 8 A  p .160

7 .3 .2  O x id a tio n  o f e th y lb e n z e n e  by N 116G  and  F 18 8 A  p. 162

7 .3 .3  O x id a tio n  o f m e s ity le n e  by N 1 1 6 G  and  F 1 8 8 A  p. 164

7 .3 .4  O x id a tio n  o f b ip h e n y l by  N 1 1 6 G  and F 1 8 8 A  p .166

7 .3 .5  O x id a tio n  o f to lu e n e  by N 1 1 6 G  p .167

7 .4  K in e tic  d a ta  fo r  to lu e n e  o x id a tio n  by  w ild  ty p e  O B 3 b  an d  

N 1 1 6 G  p .168

7 .5  T h e  m u ta n ts  s h o w e d  no  m e a s u ra b le  a c t iv ity  to w a r d s

a lk a n e s  o r  t r i-a ro m a tic  s u b s tra te s  p. 170

7 .6  S u m m a ry  p .170

C h a p te r  8: D is c u s s io n s  p .172

8 .1 ) Leu  110 is n o t th e  lim it in g  fa c to r  p re v e n t in g  o x id a t io n  o f
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t r ia ro m a t ic  c o m p o u n d s  by  w ild - ty p e  s M M O  p. 172

8 .2  L e u c in e  110 is an  im p o r ta n t  re s id u e  in d e te rm in in g  th e  

re g io s e le c t iv ity  o f  s M M O  p. 174

8 .3  T h e  p re s e n c e  o f  o th e r  e n z y m e s  in th e  m e th a n o tro p h  c e lls  

a ffe c ts  p ro d u c t d is tr ib u t io n  p. 177

8 .4  D if fe re n t e x p re s s io n  le v e ls  b e tw e e n  b a tc h e s  a f f e c ts  ra te  

a n a ly s is  p .180

8 .5  S ite  d ire c te d  m u ta t io n s  b a s e d  u p o n  B M O  d o  n o t c o n fe r  

“ B M O - lik e ” re g io s e le c t iv ity . p. 181

8 .6  S in g le  M u ta t io n s  o f  s M M O  a c t iv e  s ite  re s id u e s  t o  B M O  

c o u n te rp a r ts  a re  n o t s u f f ic ie n t  to  c o n fe r  a B M O -lik e  a c t iv i ty  p. 184

8 .7  T h e  M 1 8 4 V  m u ta n t is an  u n s ta b le  e n z y m e  p. 186

8 .8  E v id e n c e  o f  s u b s tra te  t ra f f ic k in g  v ia  h y d ro p h o b ic  c a v it ie s

1 ,2  a n d  3 p .188

8 .9  S u m m a ry  p .191

R e fe re n c e s  p. 193

A p p e n d ix  1 m e d ia  p re p a ra t io n  p .2 1 6

A p p e n d ix  2 B u ffe r  p re p a ra t io n  p .2 1 9

A p p e n d ix  3 S D S  P A G E  re a g e n ts  an d  p ro to c o l p .221
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A p p e n d ix  4  E th a n o l fre e  N A D H  p re p a ra t io n  

P a p e rs  

S ta te m e n t

p .22 3

T h e  w o rk  ca rrie d  o u t in th is  th e s is  w a s  u n d e rta ke n  to  s tu d y  th e  so lu b le  m e th a n e  

m o n o o x y g e n a s e  e n z y m e  us ing  m u ta g e n ic  m e th o d s . T h e  w o rk  c o n ta in e d  in th is  

th e s is  is th e  re su lt o f o r ig in a l re se a rch  u n d e rta ke n  by m y s e lf u n d e r th e  s u p e rv is io n  o f 

P rof. T. J. S m ith , S h e ffie ld  H a llam  U n ive rs ity  and  P ro f J .C . M urre ll, U n iv e rs ity  o f 

W a rw ic k  e x c e p tin g  th e  fo llo w in g :

(A ) C re a tio n  o f m u ta n ts  L1 10C , L110G , L110Y , L 1 1 0 R  (C h a p te r 3) and M 1 8 4 V , 

C 1 5 1 T , F 2 8 2 L  (C h a p te r 4 ) by  D r E. B o ro d in a , U n ive rs ity  o f W a rw ic k .

(B ) C re a tio n  o f p la sm id  P T 2 M L  by D r M a lco lm  Lock, S h e ffie ld  H a lla m  U n iv e rs ity

A ll so u rc e s  o f in fo rm a tio n  have  been  re fe re n ce d

N on e  o f th e  w o rk  co n ta in e d  in th is  th e s is  has be en  su b m itte d  p re v io u s ly  fo r  a 

re se a rch  de g re e .

T im  N icho l 

Ju n e  2011
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A c k n o w le d g e m e n ts

F irs t and  fo re m o s t I w o u ld  like  to  th a n k  m y s u p e rv is o r P ro fe s s o r T h o m a s  J. S m ith  

(S h e ffie ld  H a llam  U n ive rs ity ) fo r  a ll th e  a d v ice  and s u p p o rt he has g ive n  m e o v e r th e  

yea rs , w ith o u t h is e n c o u ra g e m e n t th is  th e s is  w o u ld  n o t have  been  p o ss ib le . I w o u ld  

a lso  like  to  th a n k  m y c o lla b o ra to r P ro fe s s o r J. C o lin  M u rre ll (U n iv e rs ity  o f W a rw ic k ) 

w h o  has g ive n  m e lo ts o f a d v ice  and  s u p p o rt th ro u g h o u t m y tim e  w o rk in g  on  sM M O ; 

and th a n k s  to  m y  se co n d  s u p e rv is o r P ro fe s s o r P. S tron g  w h o  a lso  g ive n  m e  a d v ice  

on w ritin g  th is  th e s is  an d  ta ke n  tim e  to  he lp  go  th ro u g h  th is  w ork .

I w o u ld  a lso  like to  th a n k  P ro fe s s o r N ico la  W o o d ro o fe  and th e  B M R C  (S h e ffie ld  

H a llam  U n ive rs ity ) fo r  fu n d in g  and a llo w in g  m e  to  ca rry  o u t th is  PhD .

T h a n k s  to  D r E lena  B o ro d in a  (U n iv e rs ity  o f B ris to l) fo r  h e r he lp  in c re a tin g  th e  

L e u 1 10 m u ta n ts  and to  D r M a lco lm  Lock  (S h e ffie ld  H a llam  U n ive rs ity ) fo r  h is  he lp  

w ith  th e  c re a tio n  o f th e  p T 2 M L  e xp re ss io n  v e c to r and  to  a ll o th e r m e m b e rs  o f th e  

m ic ro b io lo g y  la b o ra to ry  bo th  p a s t and  p re s e n t fo r  y o u r c o n tin u e d  su p p o rt.

I w o u ld  a lso  like  to  th a n k  th e  te c h n ic a l s ta ff he re  a t S h e ffie ld  H a lla m  U n ive rs ity , 

p a rtic u la rly  Jo a n  H ague , M ike  C o x  and D an  K in sm a n  fo r  he lp  w ith  th e  G C  and  

G C M S .

O u ts id e  o f th e  la b o ra to ry  I w o u ld  like to  th a n k  m y fa m ily  and  p a rtic u la r ly  m y  w ife  

C a ro lin e  w h o  has p u t up w ith  m e w o rk in g  on  th is  P hD  as long as  I ha ve  kn o w n  h e r 

and  has sh o w n  co m p le te  p a tie n ce  and u n d e rs ta n d in g  a t a ll t im e s  It's  f in a lly  d o n e !!!
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A b s tra c t

S o lu b le  m e th a n e  m o n o o x y g e n a s e  (sM M O ) is a m u lt ic o m p o n e n t b a c te ria l e n zym e  

th a t ca ta lyze s  th e  o x id a tio n  o f m e th a n e  to  m e th a n o l, as w e ll as o x id iz in g  m a n y  o th e r 

a d v e n tit io u s  su b s tra te s . A  n u m b e r o f m u ta g e n ic  s tu d ie s  w e re  ca rrie d  o u t on the  

sM M O  e n z y m e  o f M e th y lo s in u s  t r ic h o s p o r iu m  O B 3 b  in o rd e r to  ga in  in s ig h t in to 

sM M O  and  p ro b e  h o w  s tru c tu ra l a sp e c ts  re la te  to  fu n c tio n  o f th e  e n zym e .

L e u 1 10 w ith in  th e  h yd ro x y la s e  a -s u b u n it o f sM M O  has b e en  p ro p o se d  as a 

p o ss ib le  g a tin g  re s id ue , co n tro llin g  a cce ss  o f su b s tra te  to  th e  a c tive  s ite  

(R o se n zw e ig  e t  a l. 1997). A  ra n g e  o f s ite  d ire c te d  m u ta n ts  w e re  c re a te d  a t th e  110 

p o s itio n  and  sc re e n e d  fo r  a c tiv ity  w ith  a n u m b e r o f a ro m a tic  su b s tra te s . A ll m u ta n ts  

sh o w e d  re la xed  re g io s e le c tiv ity  w ith  all s u b s tra te s  a ssa ye d . H o w e v e r no e v id e n c e  o f 

a g a ting  re s id u e  w a s  fo u n d , in d ica tin g  th a t L e u 1 1 0  is m o re  im p o rta n t in d e te rm in in g  

re g io s e le c tiv ity  th a n  s u b s tra te  a cce ss  to  th e  a c tive  site .

C o m p a ris o n  to  th e  h ig h ly  s im ila r b u ta n e  m o n o o x y g e n a s e  led to  th e  c re a tio n  o f 

th re e  s ite  d ire c te d  m u ta n ts : M 1 8 4 V  F 2 8 2 L  and C 15 1T . M 1 8 4 V  an d  C 1 5 1 T  s h o w e d  

sm a ll c h a n g e s  in re g io s e le c tiv ity  and  re d u ce d  a c tiv ity  w ith  m o s t su b s tra te s . T h e  

M 1 8 4 V  m u ta n t sh o w e d  re la xed  re g io s e le c tiv ity  and  a no ve l o x id a tio n  p ro d u c t w ith  

th e  su b s tra te  m e s ity le n e  w h ich  m a y  h a ve  im p lica tio n s  fo r  s u b s tra te  tra ffic k in g . T h e  

F 2 8 2 L  m u ta n t p ro d u ce d  a s ta b le  e n z y m e  w h ich  had no a c tiv ity  w ith  a n y  o f th e  

s u b s tra te s  te s te d , sh o w in g  P h e 2 8 2  is im p o rta n t fo r  th e  e n zym e  fu n c tio n .

A  ra n d o m  m u ta g e n e s is  e x p e rim e n t w a s  d e v ise d  an d  a c o lo r im e tr ic  sc re e n  fo r  

th e  o x id a tio n  o f tr ia ro m a tic  co m p o u n d s  w a s  used to  sc re e n  m u ta n t lib ra rie s  fo r  

a c tiv ity  to w a rd s  a n th ra c e n e  and p h e n a n th re n e . H o w e ve r no a c tiv ity  to w a rd s  

tr ia ro m a tic  co m p o u n d s  w a s  d e te c te d . In o rd e r to  im p ro ve  th e  c lo n in g  s tra te g ie s  and  

to  m a ke  c re a tio n  o f m u ta n t lib ra rie s  e a s ie r, a nove l e x p re s s io n  v e c to r p T 2 M L  w a s  

c re a ted . T h e  p T 2 M L  v e c to r re d u ce s  th e  n u m b e r o f c lo n in g  s te p s  re q u ire d  to  m a ke  

so lu b le  m e th a n e  m o n o o x y g e n a s e  m u ta n ts . T h is  e x p re s s io n  sys te m  w a s  used  to  

m a ke  a s ite  d ire c te d  m u ta n ts  F 1 8 8 A a n d  N 1 1 6 G  in o rd e r to  c o m p le m e n t p re v io u s  

s ite  d ire c te d  m u ta n t s tud ies , as w e ll as a re c o m b in a n t w ild  typ e  m u ta n t in o rd e r to  

a sse s  th e  a c tiv ity  o f th e  n e w  e xp re ss io n  sys te m  w h ich  is c o m p a r ib le  to  th e  w ild  ty p e  

e n zym e .
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C h a p te r  1: In tro d u c tio n  

1.1 M e th a n o tro p h s  an d  m e th a n e  m o n o o x y g e n a s e

1 .1 .1 ) M e th a n o tro p h ic  b a c te r ia

M e th a n o tro p h s  a re  a e ro b ic  G ra m  n e g a tive  o rg a n is m s  th a t u tilize  m e th a n e  as th e ir  

so le  so u rce  o f ca rb o n  and  en e rg y . T h e s e  o rg a n is m s  o x id ize  m e th a n e  v ia  m e th a n o l 

to  fo rm a ld e h y d e , w h ich  is th e n  a s s im ila te d  in to  c e llu la r b io m a ss  v ia  o n e  o f tw o  

d is tin c t p a th w a ys  (F ig. 1.1). M e th a n o tro p h ic  b a c te ria  a re  h ig h ly  p re v a le n t in th e  

e n v iro n m e n t and  have  be en  iso la te d  fro m  n u m e ro u s  d ive rse  s o u rce s  in c lu d in g  

w e tla n d s , a g ricu ltu ra l so ils , m a rin e  s e d im e n ts  (H a n so n  and H an son , 1996) as  w e ll 

as m o re  e x tre m e  e n v iro n m e n ts  su ch  as ho t s p r in g s  (B o d ro s s y  e t  a l. 1995) and  

a lka lin e  so d a  la ke s  (K h m e le n in a  e t  a l. 1997). S y m b io tic  m e th a n o tro p h s  h a ve  a lso  

be en  id e n tifie d  such  as th o s e  liv ing in th e  g ills  o f d e e p  sea  m u sse ls  an d  g u tle s s  

tu b e -d w e llin g  w o rm s  a ro u n d  h y d ro th e rm ic  ve n ts  (C a va n a u g h  e t  a l. 1987; 

S ch m a ljo h a n , 1991). M e th a n o tro p h ic  b a c te ria  a re  b ro a d ly  d iv id e d  in to  tw o  g ro u p s  

ba sed  o r ig in a lly  on th e  a rra n g e m e n t o f th e ir  in tra c y to p la s m ic  m e m b ra n e s  (IC M )

(T ab le  1.1). T yp e  I m e th a n o tro p h s  co n ta in  b u n d le s  o f v e s ic le  d iscs  th ro u g h o u t th e  

ce ll and  a re  g ro u p e d  in th e  g a m m a  p ro te o b a c te ria  su b d iv is io n . T y p e  II 

m e th a n o tro p h s  have  pa ired  p e rip h e ra l la ye rs  o f in tra c y to p la s m ic  m e m b ra n e s  and 

a re  g ro u p e d  in th e  a lp h a  p ro te o b a c te ria  su b d iv is io n  (D a v ie s  and W h itte n b u ry  1970 , 

W h itte n b u ry  e t  a l. 1970). T h e  typ e  I m e th a n o tro p h s , in c lu d in g  th e  g e n e ra  

M e th y lo m o n a s ,  M e th y lo b a c te r ,  M e th y lo m ic ro b iu m  and M e th y lo c o c c u s  a s s im ila te  

fo rm a ld e h y d e  in to  ce llu la r b io m a ss  v ia  th e  r ib u lo se  m o n o p h o s p h a te  p a th w a y  (R u M P ), 

w h e re a s  th e  typ e  II m e th a n o tro p h s , in c lu d in g  th e  g e n e ra  M e th y lo s in u s  and 

M e th y lo c y s t is  a s s im ila te  fo rm a ld e h y d e  in to  c e llu la r b io m a ss  v ia  th e  se r in e  p a th w a y  

(A n th o n y  1992; H an son  an d  H an son , 1996) (F ig. 1 .1) In re ce n t ye a rs  a n u m b e r o f 

iso la te s  have  be en  d is c o v e r th a t e x te n d  th is  in itia l c la s s ifica tio n  o f m e th a n o tro p h s . 

F ila m e n to u s  b a c te ria  o f th e  C lo n o th r ix  and C re n o th r ix  g e n e ra  ha ve  b e en  id e n tifie d  

as m e th a n o tro p h s . T h e s e  have  be en  id e n tifie d  as IC M  typ e  I b e lo n g in g  to  th e  y - 

p ro te o b a c te ria  ph y lu m  an d  co n ta in  p a rticu la te  m e th a n e  m o n o o x y g e n a s e  (S to e k e r e t  

al. 2006 ; V ig lio tta  e t  a l. 20 07 ). A  n u m b e r o f m e th a n o tro p h s  o f th e  a c id o p h ilic
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M e th y lo c a p s a  g e n u s  ha ve  be en  iso la ted  and  a p p e a r to  be long  to  a n e w  in tra c e llu la r 

m e m b ra n e  c la s s ifica tio n  type . T h e  ce lls  co n ta in  a w e ll d e ve lo p e d  in tra c y to p la s m ic  

m e m b ra n e  sys te m  p a cke d  in p a ra lle l on on e  s id e  o f th e  m e m b ra n e  and h a ve  be en  

te rm e d  typ e  III (D e d ysh  e t  a l. 20 03 ; D u n fie ld  e t  a l. 20 10 ). T h re e  s e p a ra te  

th e rm o a c id o p h ilic  m e th a n o tro p h s : M e th y lo a c id ip h il iu m , A c id im e th y lo s i le x  and 

M e th y lo a c id a  b e lo n g in g  to  th e  V e rru c o m ic ro b ia  p h y lu m  have  been  id e n tifie d  (P o l e t  

al. 2007 ; H ou e t  a l. 20 0 8 ; Is lam  e t  a l. 2008 ; K h a d e m  e t  a l. 20 10 ). T h e s e  

m e th a n o tro p h s  do  no t a p p e a r to  h a ve  d is tin c t in tra c y to p la s m ic  m e m b ra n e s  h o w e v e r 

th e  p re se n ce  o f p o lyh e d ra l o rg a n e lle s  in th e s e  o rg a n is m s  m a y re p re s e n t a nove l 

IC M  typ e  IV. T h e s e  o rg a n e lle s  a re  s im ila r in a p p e a ra n c e  to  c a rb o x y s o m e s  in vo lve d  

in C 0 2 fu n c tio n . T h e  p re se n ce  o f th e s e  o rg a n e lle s  as  w e ll as  th e  d e te c tio n  o f g e n e s  

invo lve d  in th e  se r in e  pa th w a y , te tra h y d ro fo la te  p a th w a y  and  C a lv in  cyc le  p a th w a y  

led B irke la n d  and c o -w o rke rs  to  su g g e s t th e s e  o rg a n ism s  m a y a s s im ila te  ca rb o n  

c o m p o u n d s  v ia  a u n iq u e  m e ch a n ism  (Is la m  e t  a l. 2 0 08 ).

Typ e  I M e t h a n o t r o p h s
r

R u M P  P a th w a y

i
CH.

s M M O

p M M O
C H .O H

M D H
H C H O

F A D H
H C O O H

F D H
CO-

I
S e r in e  P a th w a y

Typ e  II M e t h a n o t r o p h s

F ig . 1 .1 ) P a th w a y s  fo r  th e  o x id a tio n  o f  m e th a n e  a n d  a s s im ila t io n  o f fo rm a ld e h y d e . A b b re v ia t io n s : 

s M M O  s o lu b le  m e th a n e  m o n o o x y g e n a s e , p M M O  p a r t ic u la te  m o n o o x y g e n a s e , M D H  m e th a n o l 

d e h y d ro g e n a s e , F A D H  fo rm a ld e h y d e  d e h y d ro g e n a s e , F D H  fo rm a te  d e h y d ro g e n a s e  (A n th o n y , 1 9 9 2 ; 

H a n s o n  a n d  H a n s o n , 19 9 6 ).
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T a b le  1.1 C la s s ific a tio n  o f m e th a n o tro p h  g e n e ra

G enus nam e P hylogeny MMO Ci ICM n 2 G+C M ajor T rophic niche
type assim ila tion ty p e 1 fixation (m ol %) P L F A 2

M e th y lo b a c te r y P r o te o b a c te r ia p M M O R u M P ty p e  I N o 4 9 -5 4 16:1 s o m e  p s y c h ro p h ilic
M e th y lo s o m a y P r o te o b a c te r ia p M M O n o t kn o w n ty p e  I Y e s 4 9 .9 16:1 n o t e x tre m e
M e th y lo m ic r o b iu m y P r o te o b a c te r ia p M M O  + / -  

s M M O

R u M P ty p e  I N o 4 9 -6 0 16:1 H a lo to le ra n t; a lk a lip h ilic

M e th y lo m o n a s Y P r o te o b a c te r ia p M M O  + / -  

s M M O

R u M P ty p e  I s o m e 5 1 -5 9 16:1 s o m e  p s y c h ro p h ilic

M e th y lo s a r c in a Y P r o te o b a c te r ia p M M O R u M P ty p e  I N o 54 16:1 n o t e x tre m e
M e th y lo s p h a e r a Y P r o te o b a c te r ia p M M O R u M P N D 3 Y e s 4 3 -4 6 16:1 p s y c h ro p h ilic

M e th y lo c o c c u s Y P r o te o b a c te r ia p M M O  + 

s M M O

R u M P /S e r in e ty p e  I Y e s 5 9 -6 6 16:1 th e rm o p h ilic

M e th y lo c a ld u m Y P ro te o b a c te r ia p M M O R u M P /S e rin e ty p e  I N o 57 16:1 th e rm o p h ilic
M e th y lo th e r m u s Y P ro te o b a c te r ia p M M O R u M P ty p e  I N o 6 2 .5 1 8 :1 /1 6 :0 th e rm o p h ilic
M e th y lo h a lo b iu s Y P ro te o b a c te r ia p M M O R u M P ty p e  I N o 5 8 .7 18:1 h a lo p h ilic
M e th y lo c y s t is a  P r o te o b a c te r ia p M M O  + / -  

s M M O

S e rin e ty p e  II Y e s 6 2 -6 7 18:1 s o m e  a c id o p h ilic

M e th y lo s in u s a  P r o te o b a c te r ia p M M O  + 

s M M O

S e rin e ty p e  II Y e s 6 3 -6 7 18:1 n o t e x tre m e

M e th y lo c e l la a  P r o te o b a c te r ia sM M O S e rin e N A 4 ye s 60-61 18:1 a c id o p h ilic

M e th y lo c a p s a a  P ro te o b a c te r ia p M M O S e rin e ty p e  III Y e s 63.1 18:1 a c id o p h ilic
M e th y lo fe ru la a  P r o te o b a c te r ia sM M O S e rin e N A 4 Y e s 5 6 -5 8 18:1 a c id o p h ilic

C re n o th r ix Y P ro te o b a c te r ia p M M O ty p e  I n o t e x tre m e
C lo n o tr ix Y P r o te o b a c te r ia p M M O ty p e  I n o t e x tre m e
M e  th y l lo a c id ip h i l iu m ; V e r ru c o m ic ro b ia p M M O S e rin e , R u M P ? ty p e N o ? C 1 8 :0 a c id o p h ilic
A  c id im e th y lo s i le x ; V e r ru c o m ic ro b ia p M M O S e rin e , R u M P ? IV?

M e th y lo a c id a V e r ru c o m ic ro b ia p M M O

IC M , in tra c e llu la r  m e m b ra n e ; P LF A , p h o s p h o lip id  fa tty  ac id ; N D , n o t d e te rm in e d ; N A, n o t a p p lic a b le  b e c a u s e  IC M s  a re  v e ry  lim ite d  in th is  g e n u s

(a d a p te d  fro m  S m ith  an d  M u rre ll, 2 0 0 9 )



1 .1 .2 ) A c t iv ity  o f  m e th a n e  m o n o o x y g e n a s e s

T h e  m e th a n e  m o n o o x v g e n a s e s  a m  anzym p?; w h ir.h  ra ta Jyse  th e  f irs t s te p  ip. th e  

m e th a n e  m e ta b o lism  p a th w a y  o f m e th a n o tro p h ic  ba c te ria . M e th a n o tro p h s  o x id ize  

m e th a n e  v ia  m e th a n o l to  fo rm a ld e h y d e , w h ich  is the n  a s s im ila te d  in to  c e llu la r 

b io m a ss  (H a n so n  and H an son , 1996). T h e  m e th a n e  m o n o o x y g e n a s e  e n z y m e s  

ca ta lyse  th e  f irs t s te p  in th is  re ac tion , th e  o x id a tio n  o f m e th a n e  to  m e th a n o l:

C H 4 + N A D (P )H  + 2 H + + 0 2  ►  C H 3O H  + N A D (P )+ + H 20

T h e  a b ility  o f m e th a n e  m o n o o x y g e n a s e s  to  c o n ve rt m e th a n e  to  m e th a n o l ha s  m a d e  

th e m  o f g re a t in te re s t fo r  s e ve ra l re ason s . T h e  a b ility  to  p ro d u ce  m e th a n o l w ith  h igh  

tu rn o v e r a t an  a m b ie n t te m p e ra tu re s  a t 1 a tm  us ing  d io x y g e n  as th e  o n ly  o x id a n t 

m a ke s  it a ttra c tive  to  in d u s tria l a p p lica tio n s . T h e  C -H  bond  o f m e th a n e  is ve ry  

u n re a c tive  re q u irin g  > 1 0 0  kca l m o l'1 to  a b s tra c t th e  f irs t h yd ro g e n . P re s e n tly  th e  

ch e m ica l s y n th e s is  o f m e th a n o l re q u ire s  h igh  te m p e ra tu re s  and  p re s s u re  as  w e ll as  

e xp e n s iv e  ca ta lys ts  and m u ltip le  s ta g e s  (G e s s e r e t  a l. 1985). T h e  a b ility  to  c o n v e rt 

m e th a n e  ga s  in to  an e a s ily  tra n s p o rta b le  fo rm  o f e n e rg y  a lso  m a ke s  th is  e n z y m e  o f 

in te re s t to  ind us try . A n o th e r re a so n  fo r  such  an in te re s t in m e th a n e  

m o n o o x y g e n a s e s  and m e th a n o tro p h s  is th e  v ita l ro le  th a t th e y  p la y  in th e  g lo b a l 

m e th a n e  cyc le  (R e e b u rg h  e t  a l. 1993). In re ce n t ye a rs  th e  re g u la tio n  o f g re e n h o u s e  

g a sse s  has b e co m e  a fo c u s  o f m u ch  sc ie n tif ic  re se a rch  and  m e th a n e  has  be en  

sh o w n  to  be 25  tim e s  m o re  e ffe c tiv e  as  a g re e n h o u s e  ga s  th a n  C 0 2. A lth o u g h  C 0 2 

is th e  m o s t a b u n d a n t g re e n h o u s e  gas, m e th a n e  is th e  m o s t a b u n d a n t o rg a n ic  g a s  in 

th e  a tm o s p h e re  and  is a m a jo r fa c to r  in g lo b a l w a rm in g  (IP C C  F o u rth  a s s e s s m e n t 

re po rt: C lim a te  C h a n g e  20 07 : 2 .1 0 .2 ).
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1 .1 .3 ) C o p p e r  d e p e n d e n t re g u la t io n  o f  m e th a n e  m o n o o x y g e n a s e s

T w o  fo rm s  o f m e th a n e  m o n n n y y n e n a s p  a rp  knn w n  tn  ev ic t; a m e m b ra n e  a sso c ia te d  

p a rticu la te  m o n o o x y g e n a s e  (p M M O ) and  a s o lu b le  fo rm  (sM M O ). T h e  a c tiv ity  o f 

th e s e  e n z y m e s  is c o p p e r d e p e n d e n t w ith  th e  co p p e r-c o n ta in in g  p M M O  b e ing  a c tive  

a t h igh  c o p p e r-b io m a s s  ra tio s  (> 2 .5  pm o l g '1 ce ll) and  a c tive  sM M O  o n ly  b e ing  

e xp re sse d  d u ring  low  c o p p e r to  b io m a ss  ra tios  (S ta n le y  e t  a l. 1983). It has a lso  been  

sh o w n  th a t re g u la tio n  o f M M O  e x p re s s io n  by  c o p p e r ions  ta k e s  p la ce  a t th e  a t th e  

tra n s c r ip tio n  leve l w ith  th e  sM M O  o p e ro n  o n ly  be ing  tra n s c rib e d  a t low  c o p p e r- 

b io m a ss  c o n c e n tra tio n s  (N ie lse n  e t  a l. 1996, 1997). In co m p a riso n  th e  p m o A  g e n e  o f 

p a rticu la te  m e th a n e  m o n o o x y g e n a s e  has  b e en  sh o w n  to  be c o n s tiu tiv e ly  e xp re s s e d  

eve n  in th e  a b se n ce  o f c o p p e r and  th a t e x p re s s io n  in c re a se s  w ith  in c re a s in g  c o p p e r 

c o n c e n tra tio n s  (C ho i e t  a l. 20 03 ). T h e  g e n e s  im p o rta n t in th e  tra n s c r ip tio n  o f s M M O  

w e re  id e n tifie d  as m m o R  (e n co d in g  o 54-tra n s c r ip tio n a l re g u la to r: M M O R ), m m o G  

(e n co d in g  a G ro E L  like  h o m o lo g u e : M m o G ) and  r p o N  (e n co d in g  th e  tra n s c r ip tio n  

in itia tio n  fa c to r a 54). In a c tiva tio n  o f a n y  o f th e s e  g e n e s  w a s  sh o w n  to  h a lt sM M O  

tra n s c r ip tio n  (S ta ffo rd  e t  a l. 2 0 0 3 .). U s ing  a c o n s tru c t co n ta in in g  a g re e n  f lu o re s c e n t 

p ro te in  re p o rte r g e n e  fo u n d  d o w n s tre a m  o f th e  s ta rt o f m m o X  it w a s  sh o w n  th a t 

d e le tio n s  to  th e  4 1 7 b p  re g ion  b e tw e e n  m m o G  and m m o X  c o n ta in in g  th e  a 54 

p ro m o te r re g ion  a lso  a b o lish e d  tra n s c rip tio n  o f th e  sM M O  op e ro n . G e l s h ift 

e x p e rim e n ts  s u g g e s t th a t bo th  M m o R  an d  M m o G  a re  re qu ire d  fo r  e ffe c tiv e  b in d in g  o f 

M m o R  to  th e  p ro m o te r reg ion  (S ca n la n  e t  a l. 2 0 0 9 ). A lth o u g h  th e  e x a c t m e c h a n is m  

is u n c le a r it is p ro p o se d  th a t m m o R  and m m o G  a re  e xp re sse d  u n d e r lo w  c o p p e r 

c o n d itio n s  and th a t M m o R  fa c ilita te s  tra n s c r ip tio n  o f sM M O  s tru c tu ra l g e n e s  by 

fo rm in g  a c o m p le x  w ith  a 54. It has a lso  be en  s u g g e s te d  th a t in th e  p re s e n c e  o f 

cop pe r, M m o R  is in a c tiva te d  so  th a t it d o e s  no t b ind a 54 an d  so  in h ib its  tra n s c r ip tio n  

o f th e  sM M O  o p e ro n  (F ig. 1.2). T h e  re q u ire m e n t o f M m o G  fo r  e ffe c tive  tra n s c r ip tio n  

o f sM M O  and th e  e v id e n ce  th a t M m oG  is p ro b a b ly  re q u ire d  fo r  e ffe c tiv e  b in d in g  o f 

M m o R  to  th e  D N A  a c tiv a to r s e q u e n c e  s u g g e s t th a t M m o G  m a y  be  an  M m o R  s p e c ific  

ch a p e ro n e  re qu ire d  fo r  e xp re ss io n  o f fu n c tio n a lly  a c tive  M m oR . A lth o u g h  m u ch  less 

is kn o w  a b o u t th e  g e n e s  co n tro llin g  e x p re s s io n  o f pM M O , tra n s c r ip tio n  is kn o w n  to  

s ta rt fro m  a a 70 (tra n sc rip tio n  in itia tio n  fa c to r) d e p e n d a n t p ro m o to r in m a n y
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m e th a n o tro p h s  and  th o u g h t to  be fa c ilita te d  by  a c o p p e r b in d ing  re g u la to ry  p ro te in  

(G ilb e rt e t  a l. 2000 , S to ly a r e t  a l. 20 01 , U ka e g b u  e t  a l. 2 0 06 )

m m o R  m m o G  m m o X  m m o Y  m m o B  m m o Z  m m o D  m m o C

m m o R  m m o G  m m o X  m m o Y  m m o B  m m o Z  m m o D  m m o C

Fig. 1 .2) P ro p o se d  m e c h a n is m  fo r  th e  re g u la tio n  o f s M M O  e x p re s s io n  by c o p p e r. U n d e r lo w  c o p p e r  c o n d it io n s  

(< 0 .8 9  p m o l/g  ce ll; H a n so n  a nd  H a n s o n  1 996 ) fu n c tio n a lly  in a c tiv e  m m o R  (ye llo w ) is e x p re s s e d  a n d  b in d s  a 54 to  

fo rm  th e  fu n c tio n a lly  a c tiv e  M m o R  (g re e n ). M m o G  (b lu e ) a s s o c ia te s  w ith  th e  fu n c tio n a lly  a c tiv e  M m o R  an d  

a s s is ts  in b in d in g  to  th e  a 54 p ro m o te r  (P  a 54) a nd  in itia tin g  tra n s c r ip tio n  o f s M M O  s tru c tu ra l g e n e s  (b la c k ). U n d e r 

h igh  c o p p e r c o n d it io n s  M m o R  c a n n o t a s s o c ia te  w ith  a 54 an d  so  fu n c tio n a l M m o R  c a n n o t in it ia te  e x p re s s io n  o f 

sM M O

M a ny m e th a n o tro p h s  such  as M e th y lo m o n a s  m e th a n ic a  and M e th y lo m ic ro b iu m  

a lb u m  B G 8 p ro d u ce  o n ly  th e  m e m b ra n e  b o und  pM M O . O th e rs  su ch  as M e th y lo s in u s  

t r ic h o s p o r iu m  O B 3 b  and M e th y lo c o c c u s  c a p s u la tu s  B ath p ro d u ce  th e  p M M O  and  

sM M O  fo rm s  o f th e  e n zym e  (H a n so n  and H a n so n  1996). T o  da te  M e th y lo c e l la  and  

M e th y lo fe ru la  a re  th e  on ly  m e th a n o tro p h  g e n e ra  iso la te d  w h ich  p o s s e s s e s  o n ly  th e  

so lu b le  m e th a n e  m o n o o x y g e n a s e  (D u n fie ld  e t  a l. 2003 ; V o ro b e v  e t  a l. 2 0 1 0 ).
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1 .1 .4 ) S tru c tu re  o f  p a r t ic u la te  m e th a n e  m o n o o x y g e n a s e

F ig. 1 .3 ) S tru c tu re  o f p M M O  fro m  M . c a p s u la tu s  (B a th ). T h e  49, 2 7  a nd  22  kD a  s u b u n its , e n c o d e d  by  p m o B ,  

A  and  C, a re  c o lo u re d  lilac , y e llo w  a nd  g re e n , re s p e c tiv e ly . M e ta l a to m s  in th e  p ro te in  a re  s h o w n  a s  sp h e re s , 

co p p e r red a nd  z in c  o ra n g e , (a ) (a f3y)3 e n z y m e  c o m p le x  w ith  th e  p re d o m in a n tly  a lp h a -h e lic a l p re s u m e d  

m e m b ra n e -s p a n n in g  re g io n  u p p e rm o s t; (b ) v ie w  lo o k in g  d o w n  on  (a ) fro m  a b o ve ; (c ) o n e  a(3y p ro to m e r 

sh o w in g  th e  m o n o n u c le a r  a n d  d in u c le a r  c o p p e r c e n tre s  a s s o c ia te d  w ith  e a ch  a  (P m o B ) s u b u n it a n d  th e  z in c  

w ith in  th e  m e m b ra n e -s p a n n in g  re g io n  (m o n o n u c le a r  c o p p e r in M .t r ic h o s p o r iu m  O B 3 b ). (P D B  a c c e s s io n  c o d e  

1Y E W T

T h e  c rys ta l s tru c tu re  o f p M M O  fo r  M e th y lo c o c c u s  c a p s u la tu s  (B a th ) has  be en  

d e te rm in e d , sh o w in g  th a t th e  e n z y m e  is a tr im e r w ith  an  a 3 p 3 y 3 s tru c tu re . T h e  th re e  

s u b u n its  a re  e n co d e d  by p m o A B C  w ith  m a sse s  o f 49  kD a, 27  kD a  and 22  kD a 

re sp e c tive ly  (L e ib e rm a n  and  R o se n zw e ig , 20 0 5 ; Fig. 1.3). T h re e  s e p a ra te  m e ta l 

co n ta in in g  s ite s  w e re  a lso  d e te c te d  in th is  s tru c tu re . A  d in u c le a r and a m o n o n u c le a r 

c o p p e r c e n tre  w e re  d e te c te d  w ith in  th e  P M O  a -s u b u n it and a th ird  z in c -c o n ta in in g  

c e n tre  c o -o rd in a te d  by  bo th  th e  p an d  y su b u n its . M e ta l a n a lys is  by  in d u c tiv e ly  

co u p le d  p la sm a  a to m ic  e m iss io n  sp e c tro s c o p y  s h o w e d  o n ly  0.2 m o l z in c  p e r 100 

kD a su g g e s tin g  th a t z in c  is p ro b a b ly  ta ke n  up fro m  th e  c ry s ta llis a tio n  b u ffe r and  so  

th is  s ite  is m o re  like ly  to  be o ccu p ie d  by  c o p p e r o r iron in th e  a c tive  e n z y m e  

(L e ib e rm a n  and R o se n zw e ig , 20 0 5 ; B a la s u b m a ra n ia n  e t  a l. 2 0 10 ). T h e  c rys ta l 

s tru c tu re  o f pM M O  fro m  M e th y lo s in u s  t r ic h o s p o r iu m  O B 3 B  sh o w e d  o n ly  tw o  m e ta l 

c o n ta in in g  s ites  (H a ke m ia n  e t  a l. 2 0 08 ). T h e  d in u c le a r c o p p e r c e n tre  w a s  d e te c te d  in 

th e  a -s u b u n it h o w e ve r no m o n o n u c le a r co p p e r w a s  d e te c te d . In th e  m e m b ra n e  

s p a n n in g  re g ion , th e  s ite  o ccu p ie d  by z in c  in p M M O  o f M . c a p s u la tu s  B a th  w a s  

o ccu p ie d  by a m o n o n u c le a r c o p p e r s ite  a d d in g  fu r th e r e v id e n ce  to  th e  h y p o th e s is
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th a t th is  is a m e ta l lab ile  s ite . O x id a tio n  o f m e th a n e  a t th e  m o n o n u c le a r s ite  is 

co n s id e re d  le a s t like ly  d u e  to  th e  a b s e n c e  o f th is  s ite  in O B 3b  and  th e  la ck  o f 

c o n se rva tio n  a m o n g  P M O  se q u e n c e s  fro m  o th e r m e th a n o tro p h s  (H a k e m ia n  e t  al. 

20 07 , 2 0 08 ). A  n u m b e r o f m o d e ls  have  be en  p ro p o se d  fo r  th o  o x id a tio n  o f m e th a n e  

a t th e  o th e r tw o  m e ta l co n ta in in g  s ite s . R o se n zw e ig  and  co -w o rk e rs  ha ve  p ro p o se d  

a m o de l fo r  pM M O  ba sed  on th e  c rys ta l s tru c tu re s  o f M s. t r ic h o s p o r iu m  O B 3 B  and M . 

c a p s u la tu s  B ath (L e ib e rm a n  and  R o se n zw e ig , 20 05 ; H a ke m ia n  e t  a l. 2 0 0 8 ). In th is  

h yp o th e s is  th e  d in u c le a r c o p p e r c e n tre  is su g g e s te d  as th e  s ite  o f m e th a n e  o x id a tio n , 

a lth o u g h  o x id a tio n  o f m e th a n e  has no t been  ru led  o u t a t th e  s ite  c o n ta in in g  z in c  o r 

cop pe r. T h e  se co n d  fu n c tio n a l m o de l fo r  pM M O  is p ro p o se d  by C h a n  and c o 

w o rk e rs  and  p ro p o se s  th e  e x is te n c e  o f 12 - 15 c o p p e r ions  p e r 100 kD a  p ro to m e r 

a rra n g e d  in tr in u c le a r c o p p e r c lu s te rs  based  on e le c tro n  p a ra m e tr ic  re s o n a n c e  (E P R ) 

d a ta  and in d u c tive ly  c o u p le d  p la sm a  m a ss  s p e c tro m e try  (IC P -M S ) a n a lys is . T h e s e  

tr in u c le a r c lu s te rs  a lth o u g h  no t see n  in th e  c rys ta l s tru c tu re s , have  b e en  p ro p o se d  

as  be ing  invo lve d  in bo th  o x id a tio n  (C -c lu s te rs ) and  e le c tro n  tra n s fe r  (E -c lu s te rs ) 

(N g u ye n  e t  a l. 1994, 1998; C ha n  e t  a l. 2004 , 2 0 0 7 ). T h e  th ird  fu n c tio n a l m o d e l fo r  

pM M O  o x id a tio n  has been  p ro p o se d  by bo th  th e  D isp irito  g ro u p  and th e  D a lto n  

g roup . In th is  m o de l th e  p re se n ce  o f tw o  c o p p e r ions  and  tw o  iron ions  p e r 100 kD a  

p ro to m e r has been  p ro p o se d  ba sed  on IC P -M S  m e ta l a n a lys is  an d  E P R  s tu d ie s  

( Z a h n  and  D isp ir ito  1996; B asu  e t  a l. 2003 ; C ho i e t  a l. 20 03 ; K itm o tto  e t  a l. 20 05 ; 

M yro n o va  e t  a l. 20 06 ; M a rtin h o  e t  a l. 2 0 0 7 ) T h e  p re se n ce  o f a d iiro n  s ite  in th e  m e ta l 

ce n tre  o ccu p ie d  by z in c /c o p p e r in th e  c rys ta l s tru c tu re s , th a t is im p o rta n t in th e  

o x id a tio n  o f m e th a n e  has led to  th e  su g g e s tio n  th a t p M M O  can be  re g a rd e d  a s  a 

h yd ro xy la se  c o m p o n e n t o f a la rg e r 's u p e rco m p le x '. D a lto n  and c o w o rk e rs  h a ve  

su g g e s te d  th a t th e  m e th a n o l d e h y d ro g e n a s e  e n z y m e  a c ts  as a re d u c ta se  

co m p o n e n t in th is  s u p e rc o m p le x  (M yro n o va  e t  a l. 2 0 06 ). W h e re a s  D isp ir ito  an d  c o 

w o rk e rs  have  su g g e s te d  th a t m e th a n e  o x id a tio n  by p M M O  is co u p le d  to  th e  

c y to c h ro m e  b c i c o m p le x  p o s s ib ly  v ia  ub iq u in o l. In th is  p ro p o sa l th e  p M M O  e n z y m e  

is co o rd in a te d  w ith  c o p p e r bound  b in d ing  p ro te in  m e th a n o b a c tin  (Z ahn  and D isp ir ito ,

1996; C ho i e t al 2005 ; M a rtin h o  e t  a l. 2007).
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1 .1 .5 ) S tru c tu re  o f  s o lu b le  m e th a n e  m o n o o x y g e n a s e

Fig. 1 .4) S tru c tu re  o f  th e  h y d ro x y la s e  c o m p o n e n t o f sM M O . T h e  a , (3 a n d  y s u b u n its , e n c o d e d  by  th e  

m m o X , Y  a n d  Z  g e n e s , a re  c o lo u re d  b lue , g re e n  a n d  ye llo w , re sp e c tiv e ly . T h e  iron  a to m s  o f  th e  

b in u c le a r iron  c e n tre s  a re  sh o w n  as  o ra n g e  s p h e re s . F ig u re  w a s  c o n s tru c te d  u s in g  X -ra y  

c ry s ta llo g ra p h ic  d a ta  (P D P  a c c e s s io n  c o d e  1 M M O ).

T h e  s tru c tu re  o f th e  sM M O  e n zym e  and th e  fu n c tio n  o f th e  a c tive  s ite  has  be e n  

m u ch  m o re  e x te n s iv e ly  ca te g o rize d  c o m p a re d  to  th a t o f pM M O . T h e  s M M O  e n z y m e  

is co m p rise d  o f th re e  co m p o n e n ts , a 39 kD a  N A D H  re d u c ta s e  c o m p o n e n t e n c o d e d  

by m m o C , a 16 kD a  e ffe c to r p ro te in  c o m p o n e n t kno w n  as p ro te in  B e n c o d e d  by 

m m o B  and a h yd ro xy la se  c o m p o n e n t w ith  an a 2 (32 Y2 s tru c tu re  e n co d e d  by  m m o X ,  

m m o Y  and m m o Z  w ith  m o le c u la r m a sse s  o f 61 kD a, 4 5  kD a and 20  kD a  re s p e c tiv e ly  

(C o lb y  and  D a lton , 1978; G re en  e t  a l. 1985; G re e n  and  D a lto n , 19 85 ; C a rd y  e t  a l. 

1991; B uzy  e t  a l, 1998). W ith in  th e  sM M O  o p e ro n  th e re  a re  a lso  g e n e s  m m o G  and  

m m o R  e n co d in g  a G ro E L  h o m o lo g u e  and a o 54-d e p e n d a n t tra n s c r ip tio n a l re g u la to r 

as  w e ll as a p ro te in  o f un kn o w n  fu n c tio n  e n co d e d  by m m o D  (C sak i e t  a l. 2 0 0 3 ; 

S ca n la n  e t  a l. 20 09 ; Fig. 1.2). T h e  a su b u n its  o f th e  h y d ro xy la se  c o m p o n e n t e a ch
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con ta in  a ( j- (h y d r)o x o b rid g e d  b in u c le a r iron a c tive  s ite  w h ich  is co -o rd in a te d  by  fo u r  

g lu ta m a te  an d  th re e  h is tid in e  re s id u e s  w ith in  a fo u r-h e lix  b u n d le  (W o o d la n d  e t  a l. 

1986; E ricso n  e t  a l. 1988; D e W itt e t  a l. 1991). F rom  th e  c rys ta l s tru c tu re s  o f th e  

sM M O  h y d ro xy la se  c o m p o n e n t fro m  bo th  M e th y lo c o c c u s  c a n s n la tn .c  R ath and 

M e th y lo s in u s  tr ic h o s p o r iu m  O B 3 b  ha ve  sh o w n  th a t th e s e  su b u n its  a re  p re d o m in a n tly  

a -h e lic a l in sh a p e  w ith  th e  d iiro n  a c tive  s ite  re s id in g  w ith in  a h yd ro p h o b ic  c a v ity  

d e s ig n a te d  ca v ity  1 (R o se n zw e ig  e t  a l. 1997, E la n g o  e t  a l. 1997). A  n u m b e r o f o th e r 

h y d ro p h o b ic  p o cke ts  have  b e en  id e n tifie d  and c o -c rys ta liza tio n  o f th e  h yd ro x y la s e  

c o m p o n e n t w ith  su b s tra te  a n a lo g u e s  have  im p lica te d  th e s e  ca v itie s  in b e ing  in vo lve d  

in a cce ss  o f su b s tra te  to  th e  a c tive  s ite  (S a z in sky  e t  a l. 20 05 ; Fig. 1.5).

Fig. 1 .5 ) T h e  a -s u b u n it o f s M M O  H y d ro x y la s e  d e p ic tin g  th e  h y d ro p h o b ic  ca v itie s . T h e  d iiro n  c e n tre  is 

sh o w n  as  o ra n g e  s p h e re s  o n e  o f w h ic h  is v is ib le . C a v it ie s  1-3 (p u rp le , g re y , tu rq u o is e  re s p e c tiv e ly ) , 

h e lice s  A, E, a nd  F, a n d  th e  N a nd  C te rm in i a re  la b e lle d  (T a k e n  fro m  S a z in s k y  e t  a l. (2 0 0 4 ).
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T h e  use o f m u ta g e n ic  te c h n iq u e s  in s tu d y  o f th e  re la tio n sh ip  b e tw e e n  th e  s tru c tu re  

and th e  fu n c tio n  o f e n z y m e s  and  th e  co m p le x  c h e m is try  in vo lve d  in th e ir  c a ta ly tic  

cyc le  is v ita l in u n d e rs ta n d in g  h o w  th e s e  e n z y m e s  w o rk . T h is  c h a p te r w ill fo c u s  on 

w h a t is c u rre n tly  kn o w n  a b o u t th e  c a ta ly tic  cyc le  o f sM M O  and re v ie w  m u ta g e n ic  

s tu d ie s  o f sM M O  and re la ted  m e m b e rs  o f th e  so lu b le  d iiro n  m o n o o x y g e n a s e  

(S D IM O ) fa m ily  (T a b le  1.2)

29



Enzym e Source
organism

G enetic organisation Reference(s)

s o lu b le  m e thane  

m o n o o x y g e n a s e

b u ta n e  m o n o o x y g e n a s e

to  luene -4 -m o  no o x y g e n a s e

to lu e n e -o r th o -

m o n o o x y g e n a s e

to lu e n e  /  o -x y le n e  

m o n o o x y g e n a s e

t o lu e n e -3 -rn o no o x y g e n a s e

M e th y io s in u s  

t r ic h o s p o r iu m  Q B 3b

T h a u e ra  b u ta n iv o ra n s

P s e u d o m o n a s  

m e n d o c in a  KR1

B u rk h o id e r ia  c e p a c ia  

G4

P s e u d o m o n a s  s tu tz e r i  

0 X 1

R a ls to n ia  p ic k e t t i i  

PKOI

’V tv o R  >vtv oG rv 'V o X  rv<voV  < v tv o d  v ? > v c Z rv tv  oD  (V tv  oC 

b tv o X  c v o t  o tv o d  b m o Z  c v c D  c rv o C

tm o A  T rvod  T tvoC  fm o D  tm c E  t t v o r

iQ tv A  to rv B  to tv C  to m D  io r v c  : c " v r

to u A  l C'u'B l Oii'C l Cl iD foti'E to u F

TC uA l t c u d  ic u 3  ‘ o u V  tb i:A 2  ib u C

d e o x y h y p u s in e  h y d ro x y la s e  H o m o  s a p ie n

s tea ro  y l-A C P -d  e sa tu ra se  R ic in is  c o m m u n is

D C  d r !

R C O M  ±2 3 8 3 5 9

T a b le  1 .2 : G e n e tic  o rg a n is a tio n  o f  s o lu b le  d iiro n  m o n o o x y g e n a s e s  a n d  re la te d  d iiro n  e n z y m e s  

R e fe re n c e s

1. S ta ffo rd  e t  a l, 2 0 0 3
9. O ls e n  e t  a l. 1 9 9 4

2. S c a n la n  e t  a l. 2 0 0 9
10. B y rn e  e t  a l. 1 9 9 5

3. S te in  e t  a l. 2 0 1 0
11. C a rls o n  e t  a l. 1 9 8 4

4.

5.

S lu is  e t  a l. 2 0 0 2  

Y e n  e t  a l. 1991

12.

13.

P a rk  e t  a l. 2 0 0 6  

K im  e t  a l. 2 0 0 6

6. Y e n  a n d  K a rl 1 9 9 2
14. A b b ru z z e s e  e t a l .  1 9 8 6

7. N e w m a n  a n d  W a c k e tt ,  1 9 9 5 30  15'
S h a n k lin  a n d  S o m e rv ille , 1991

8. B e rto n i e t  a l. 199 8

1, 2, 3

5, 6

9, 10

r ib o n u c le o t id e  re d u c ta s e E s c h e r ic ia  c o i i  K -12
nrctA 'irc,'3

11

12, 13, 14
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1 .1 .6 ) T h e  c a ta ly t ic  c y c le  o f  s o lu b le  m e th a n e  m o n o o x y g e n a s e

T h e  c a ta ly tic  cyc le  o f s M M O  (F ig . 1 .6) has been  w e ll ch a ra c te riz e d  us in g  a v a r ie ty  o f 

s p e c tro s c o p ic  te c h n iq u e s  in c lu d in g  U V /V is , M o s s b a u e r and  E P R . In its re s tin g  s ta te  

th e  d iiro n  c e n tre  is in its d ife rr ic  (F e m2) fo rm  w h ich  is re d u ce d  to  th e  d ife rro u s  (F e N2 ) 

fo rm  to  b ind  d io xyg e n  (W o o d la n d  e t  a l. 1986, Liu e t  a l. 1995). T h e  tw o  e le c tro n s  

re q u ire d  fo r  th is  re d u c tio n  a re  p ro v id e d  by N A D (P )H  v ia  th e  FA D  an d  F e2-S 2 s ite s  o f 

th e  re d u c ta se  w h ich  ac ts  as a tra n s fo rm a s e  p a ss ing  e le c tro n s  s in g ly  to  th e  a c tive  

s ite  (L und  an d  D a lto n  1985). T h e  n o n -c o v a le n t b o n d in g  o f d io xyg e n  to  th e  a c tive  s ite  

is know n as c o m p o u n d  O, th is  is fo llo w e d  by co m p o u n d  P* w h e re  d io x y g e n  is 

co v a le n tly  b o und  to  th e  d iiro n  s ite  v ia  an u n p ro to n a te d  p e ro xo  b r id g e  (L iu  e t  a l. 1995). 

T h e  d iiro n  s ite  o f co m p o u n d  P* has been  sh o w n  to  be in a d ife rr ic  (F e m2) s ta te  

(B ra ze a u  and  L ip sco m b , 20 00 ; K opp  and L ip pa rd , 20 02 ; T in b e rg  and  L ip p a rd , 2 0 09 ). 

T h e  p ro to n a tio n  o f th e  p e ro x o -b r id g e  fo rm s  co m p o u n d  P th a t d e c a y s  s p o n ta n e o u s ly  

c le a v in g  th e  0 - 0  bond . T h is  le a d s  to  th e  fo rm a tio n  o f co m p o u n d  Q  w h ich  is th e  

k in e tica lly  a c tive  fo rm  o f th e  d iiro n  s ite  th a t re a c ts  w ith  m e th a n e  to  p ro d u c e  m e th a n o l 

and has an F e lv "d ia m o n d  co re " s tru c tu re . T h e  p re se n ce  o f p ro d u c t in th e  d iiro n  s ite  

has been  sh o w n  w ith  th e  c h ro m o g e n ic  su b s tra te  n itro b e n z e n e  an d  th e  e n z y m e - 

p ro d u c t c o m p le x  has been  te rm e d  co m p o u n d  T  (L ee  e t  a l. 1993). T h e  e x a c t 

m e ch a n ism  o f C -H  bond  b re a k in g  and  su b s tra te  o x y g e n a tio n  a re  no t fu lly  

u n d e rs to o d  bu t th re e  p o ss ib le  m e c h a n ism s  have  been  p u t fo rw a rd . E ith e r c le a v a g e  

o f th e  bond  is h o m o ly tic  and p ro ce e d s  v ia  a ra d ica l m e ch a n ism ; c le a v a g e  is 

h e te ro ly tic  w h e re b y  th e  ca rb a n io n  is s ta b ilize d  by b in d in g  to  th e  iron a to m s  o r th e  

m e th a n e -F e  and o xyg e n  sp e c ie s  m a y re a c t v ia  a co n c e rte d  m e c h a n is m  o f bo nd  

b re a ka g e  and fo rm a tio n .
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Fig. 1 .6) D ia g ra m  s h o w in g  th e  c o n fo rm a tio n  o f th e  d iiro n  c e n tre  d u rin g  th e  c a ta ly t ic  c y c le  o f  s M M O . 

In te rm e d ia te s  H ox, H red, O, P*, P, Q , Q * a nd  T  a re  la b le d . (a d a p te d  fro m : S m ith  a n d  D a lto n , 2 0 0 4  to  

in c lu d e  in te rm e d ia te  Q *)

In th e  a b se n ce  o f su b s tra te , c o m p o u n d  Q d e ca ys  b a ck  to  th e  re s ting  d ife rr ic  (F e m2) 

v ia  a n o th e r in te rm e d ia te  te rm e d  co m p o u n d  Q * (T in b e rg  and  L ippa rd , 2 0 0 9 ). 

C o m p o u n d  Q * w a s  d e te c te d  us ing  s to p p e d  flo w  o p tica l s p e c tro s c o p y  in th e  p re s e n c e  

o f > 5 4 0 n M  m e th a n e  to  su p p re ss  th e  d o m in a tin g  a b s o rb a n c e  s ig n a l d u e  to  

co m p o u n d  Q and sh o w e d  an a b s o rb a n c e  band  a t 4 2 0 n m . T h e  a u th o rs  s h o w e d  th a t 

th e  ra te  o f d e ca y  o f Q * w a s  no t a ffe c te d  by  th e  p re se n ce  o f m e th a n e  and  s u g g e s t 

th a t th e  m e ch a n ism  o f Q d e ca y  in th e  a b se n c e  o f su b s tra te  a r ise s  fro m  th e  

a cq u is itio n  o f tw o  p ro to n s  and tw o  e le c tro n s  e ith e r tw o  s te p w ise  e le c tro n  tra n s fe r 

e ve n t fro m  p ro x im a l a m in o  a c id s  o r by  re ce iv in g  e le c tro n s  fro m  a d iiro n  (F e N2) c e n tre  

p re se n t in th e  n e ig h b o u rin g  h yd ro xy la se  p ro to m e r. F rom  a n a lys is  o f th e  o p tica l 

sp e c tra  th e  a u th o rs  s u g g e s t th a t Q * m a y  be  an F e m/F e lv c e n tre  and  a p ro te in  ba sed  

ra d ica l o r a co m b in a tio n  o f an F e M/F e m an d an F e m/F e lv sp e c ie s .
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1 .1 .7 ) T h e  s u b s tra te  ra n g e  o f  s o lu b le  m e th a n e  m o n o o x y g e n a s e

A s w ell as oxidizing m e thane , s M M O  has been  show n t o co-ox id ize  a  range o f  

adventitious substrates; how ever the  resu ltan t oxid ation products a re  unab le to  

provide a  nutrient source fo r the m ethano troph ic ba cteria (C o lby  et al.  1977; Burrows  

etal.  1984; G reen  and Dalton, 19 89 ). A s  well as  aliphati c hydrocarbons such as  

a lkanes and a lkenes, s M M O  has also been shown to co -ox id ize a w id e  range o f  

m onoarom atic , d iarom atic and ha logenated  com pounds leading to m uch in terest in  

the  use o f so lub le m e th ane m on ooxygenase for b iocat alysis and b io rem ed ia tion  

applications. In the m ajority o f reactions be tw een  s M M O  and m ulti-carbon substrates ,  

w h ere  a  num ber o f sites can be oxid ised, a m ixture o f products is observed. M a n y  

ha logenated  com pounds such as  trich loroe thy lene and  chloroform  a re  cons idered  to  

be m ajo r g roundw ater pollutants. T h e s e  ha logenated  com pounds do not se em  to ac t  

as carbon and energy  sources for bacteria and persi st as pollutants fo r m an y years  

(H an son  and H anson , 1 9 96 ). R esearch  has been  carrie d out by a num b er o f g roups  

into the  oxidation o f tr ich loroethy lene by so lub le m eth an e m ono oxygenase and the  

use o f m ethano trophs within consortia o f bacteria a b le  to m etabo lize  th e  ox idation  

products o f tr ich loroethylene have been shown to co m p lete ly  deg rad e  

tr ich lo roe thy lene (Little etal.  1988; Ts ien  etal.  1989; Fox etal.  1990 ; Jahng  etal.  

1996; Lee et al.  20 0 6 ; H aze n  et al.  2 0 0 9 ) To  inves tiga te the  affec t o f specific am ino  

acid changes on the substra te range and product dis tribution of s M M O  has been  one  

o f the principal a rea s  o f research pursued.
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1 .1 .8 ) S ite  d ire c te d  m u ta g e n e s is  o f  s o lu b le  m e th a n e  m o n o o x y g e n a s e

T o  d a te  fe w  s ite  d ire c te d  m u ta g e n e s is  s tu d ie s  have  been  ca rried  o u t on  sM M O  du e  

to  th e  la ck  o f an a d e q u a te  e xp re ss io n  sys te m . T h e  in a b ility  to  p ro d u ce  fu n c tio n a l 

e n zym e  w ith in  E s c h e r ic h ia  c o l i led to  th e  d e v e lo p m e n t o f a h o m o lo g o u s  e x p re s s io n  

sys te m  w ith in  an sM M O  n e g a tive  ho s t and a llo w e d  th e  f irs t s ite  d ire c te d  

m u ta g e n e s is  s tu d ie s  o f sM M O  (S m ith  e t  a l. 2 0 02 ). T w o  re s id u e s  C 151 and  T 2 1 3  

w e re  ch o se n  as c a n d id a te s  fo r  s ite  d ire c te d  m u ta g e n e s is  d u e  to  th e  c lo se  p ro x im ity  

o f th e s e  p ro to n a te d  s ide  ch a in s  to  th e  a c tive  site . T h e  C 151 p o s itio n  w ith in  th e  a c tive  

s ite  o f sM M O  is a lso  a n a lo g o u s  to  th e  Y 1 2 2  p o s itio n  w ith in  th e  R 2 s u b u n it o f 

r ib o n u c le o tid e  re d u c ta se , w h e re  th e  g e n e ra tio n  o f a ty ro sy l ra d ica l by  a d iiro n  s ite  is 

e sse n tia l fo r  in itia tin g  th e  rib o n u c le o tid e  re d u c ta se  c a ta ly tic  cyc le . T h e  C 1 5 1 E  m u ta n t 

s h o w e d  s lig h t a c tiv ity  to w a rd s  th e  d ia ro m a tic  s u b s tra te  n a p h th a le n e  s tro n g ly  

su g g e s tin g  th a t C 151 w a s  n o t in vo lve d  in ra d ica l c h e m is try  (T a b le  1.3). T h e  a c tiv ity  

o f T 2 1 3 A  and T 2 1 3 S  to w a rd s  n a p h th a le n e  sh o w e d  th a t th is  re s id u e  w a s  a lso  no t 

e s se n tia l fo r  c a ta ly tic  a c tiv ity  o f sM M O . T h e  in s ta b ility  o f so lu b le  ce ll e x tra c t 

p re p a ra tio n s  o f th e  T 2 1 3 A  m u ta n t and th e  s ta b ility  an d  a c tiv ity  o f T 2 1 3 S  m u ta n t led 

to  th e  s u g g e s tio n  o f th e  im p o rta n ce  o f an O H  g ro u p  a t th is  p o s itio n  fo r  s ta b ility  o f th e  

e n zym e . H o w e ve r th e  a c tiv ity  o f th e  T 2 1 3 S  m u ta n t w ith in  so lu b le  ce ll e x tra c t 

p re p a ra tio n  led to  th e  firs t p u rifica tio n  o f a s ta b le  s ite  d ire c te d  m u ta n t o f sM M O  

(T a b le  1.4).

a c tiv ity  w ith  

n a p h th a le n e

in h ib it io n  by 

a c e ty le n e

w ild  typ e Y e s Y e s

C 1 5 1 E Y e s Y e s

C 1 5 1 Y N o N /A

T 2 1 3 A d im in ish e d Y e s

T 2 1 3 S Y e s Y e s

A c tiv ity  (n m o l m in '1 m g 'i;

M e th a n e A P ro p e n e b T o lu e n e b

W ild  typ e 2 3 5  ± 22 2 4 4  ± 7 7 .8  ± 0 .8 3

T 2 1 3 S 169  ± 2 7 4 3  ± 3 5 .6  ± 0 .4 9

T a b le  1.3: P ro p e rtie s  o f sM M O  s ite  d ire c te d  m u ta n ts  T a b le  1.4: A c tiv ity  o f T 2 1 3 S  m u ta n t to w a rd s  

N/A = not applicable m e th a n e , p ro p a n e  a nd  to lu e n e .

A D e riv e d  fro m  o x y g e n  u p ta k e  m e a s u re m e n ts  

B D e r iv e d  fro m  G C  d e te c t io n  o f  o x id a tio n  p ro d u c ts
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T h e  so lu b le  m e th a n e  m o n o o x y g e n a s e  e n z y m e  is p a rt o f th e  s o lu b le  d iiro n  

m o n o o x y g e n a s e  (S D IM O ) fa m ily  o f e n z y m e s  (L e a h y  e t  a l. 20 03 ). T h e s e  e n z y m e s  

in c lu d in g  b u ta n e  m o n o o x y g e n a s e  (B M O ), to lu e n e -4 -m o n o o x y g e n a s e  (T 4 M O ), 

to lu e n e  - o r th o -m o n o o x y g e n a s e  (T O M ) to lu e n e  /  o -xy le n e  m o n o o x y g e n a s e  (T o M O ) 

and  d e o x y h y p u s in e  h yd ro xy la se  (D O H H ) a re  h o m o lo g o u s  to  sM M O  and a ll ha ve  a 

d iiro n  s ite  w ith  c o n se rve d  H is -G lu  lig a n d s  (T a b le  1.2). T h e  p re se n ce  o f s im ila r  iron 

b in d in g  m o tifs  a re  a lso  fo u n d  in o th e r d iiro n  co n ta in in g  e n zym e s  su ch  as acy l c a rr ie r 

p ro te in  (A C P ) d e s a tu ra s e s  (S h a n k lin  and  S o m e rv ille  1991) and th e  R2 s u b u n it o f 

C lass  la r ib o n u c le o tid e  re d u c ta se  fro m  E . c o l i (C a rle so n  e t  a l. 1984). B e lo w  a re  

d e sc rib e d  a n u m b e r o f th e s e  S D IM O s  and  e n z y m e s  s tru c tu ra lly  re la te d  to  s o lu b le  

m e th a n e  m o n o o x y g e n a s e  a lo ng  w ith  e x a m p le s  o f h o w  c re a tio n  and  e x p re s s io n  o f 

m u ta n ts  has led to  m a jo r b re a k th ro u g h s  and  in s ig h ts  in to  th e  w o rk in g s  o f th e s e  

co m p le x  p ro te in s .
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1.2 B u ta n e  M o n o o x y g e n a s e

1 .2 .1 ) S tru c tu re  o f  b u ta n e  m o n o o x y g e n a s e

T h e  b u ta n e  m o n o o x y g e n a s e  o f T h a u e ra  b u ta n iv o ra n s  ( fo rm e rly  P s e u d o m o n a s  

b u ta n o v o ra )  is on e  o f th e  m o s t c lo se ly  re la ted  e n z y m e s  to  so lu b le  m e th a n e  

m o n o o x y g e n a s e  o f M s. t r ic h o s p o r iu m  O B 3b . T h is  e n z y m e  ca ta ly s e s  th e  c o n ve rs io n  

o f bu ta n e  to  1-b u ta n o l and  is th e  f irs t s te p  in th e  b u ta n e  m e ta b o lic  p a th w a y  o f 

T .b u ta n iv o ra n s .  T h e  bu ta n e  m o n o o x y g e n a s e  e n z y m e  is m a d e  up o f a 45  kD a  

o x id o re d u c ta s e  c o m p o n e n t e n co d e d  by b m o C \  a 22  kD a  re g u la to ry  p ro te in  e n co d e d  

by  b m o B  and  a h yd ro xy la se  c o m p o n e n t (B M O H ) m a d e  up o f th re e  s u b u n its  o f 54, 43  

and  25  kD a  e n co d e d  by b m o X Y Z .  T h e  h y d ro xy la se  c o m p o n e n t o f B M O  has  an 

a 2p 2Y2 q u a te rn a ry  s tru c tu re  and  like sM M O  th e  non h e m e  d iiro n  a c tive  s ite  is lo ca te d  

in th e  a  s u b u n it e n co d e d  by  b m o X  (S lu is  e t  a l. 20 02 ; T a b le  1). A n a ly s is  o f th e  

s e q u e n c e  o f B m o X  sh o w s  63 %  se q u e n c e  id e n tity  a t th e  a m in o  ac id  leve l to  th e  a - 

s u b u n it o f sM M O . C o m p a riso n  to  th e  c rys ta l s tru c tu re  o f M m oH  s u g g e s te d  th e  

p re se n ce  o f a 19 re s id u e  h yd ro p h o b ic  p o cke t a d ja c e n t to  th e  a c tive  s ite  o f B M O  

w h ich  m a y  be in vo lve d  in s u b s tra te  b in d ing . F o u rte e n  o f th e s e  p u ta tive  s u b s tra te -  

b in d ing  re s id u e s  w e re  fo u n d  to  be  c o n se rve d  b e tw e e n  B M O  and sM M O  (F ig . 1 .7 ,Fig.

1.8). T h e  iro n -b in d in g  re s id u e  o f sM M O  a re  p e rfe c tly  co n se rve d  s u g g e s tin g  a v e ry  

s im ila r d iiro n  c e n tre  in bo th  e n zym e s .
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Fig 1.7) s M M O  H y d ro x y la s e  a -s u b u n it s h o w in g  re s id u e s  c o rre s p o n d in g  to  th o s e  c h o s e n  fo r  m u ta tio n  in 

B M O  by H a ls e y  e t a l .  (2 0 0 6 ) T h e  d iiro n  c e n tre  is s h o w n  as  o ra n g e  s p h e re s , re s id u e s  a re  c o lo u re d  as  

fo llo w s : N 1 1 6  (R E D ), C 151  (g re e n ), L 2 7 9  (y e llo w ), K 3 2 3  (M a g e n ta ) a nd  Y 3 2 4 (c y a n ). P ic tu re  is c o m p ile d  

fro m  x -ra y  c ry s ta llo g ra p h y  d a ta  o f s M M O  h y d ro x y la s e  (1 M T Y )

F ig 1 .8 ) B M O H  a -s u b u n it w ith  s h o w in g  re s id u e s  c h o s e n  fo r  m u ta tio n  by  H a lse y  e t  a l. (2 0 0 6 ) R e s id u e s  a re  

c o lo u re d  as  fo llo w s  G 1 1 3  (R E D ), T 1 4 8  (g re e n ), L 2 7 9  (ye llo w ), Q 3 2 0  (M a g e n ta ) an d  F 3 2 1 (c y a n ). P ic tu re  is 

c o m p ile d  fro m  s tru c tu ra l d a ta  a nd  b a se d  upo n  x -ra y  c ry s ta l s tru c tu re  o f  s M M O H  a  c h a in  (1 M T Y )
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1.2 .2 ) S ite  d ire c te d  m u ta g e n e s is  o f  b u ta n e  m o n o o x y g e n a s e  a c t iv e  s ite  

re s id u e s  to  th e  s M M O  c o u n te rp a r ts

T h e  B M O  e n zym e  has been  sho w n  to  co -o x id ize  a n u m b e r o f a lk a n e s  and a lke n e s , 

a lth o u g h  its su b s tra te  p ro file  is m u ch  n a rro w e r th a n  th a t o f sM M O  and  it has  ve ry  lo w  

a c tiv ity  to w a rd s  m e th a n e . A  n u m b e r o f s ite  d ire c te d  m u ta g e n e s is  s tu d ie s  h a ve  been  

ca rried  ou t on th e  B M O H  a s u b u in t by m u ta tin g  s p e c ific  a m in o  a c id s  to  th e  

c o u n te rp a rt re s id u e s  w ith in  th e  h yd ro xy la se  a -s u b u n it o f sM M O  in o rd e r to  p ro b e  th e  

d iffe re n c e s  in th e s e  tw o  e n zym e s . T h re e  d is tin c t re g io n s  have  be en  th e  fo c u s  o f s ite  

d ire c te d  m u ta g e n e s is  s tu d ie s  to  s tu d y  h o w  th e  d iffe re n c e s  b e tw e e n  th e s e  tw o  

e n z y m e s  m a y  g ive  rise  to  th e  d iffe re n c e s  in th e ir  c a ta ly tic  ac tiv ity . T h e s e  m u ta tio n s  

have  been  m a d e  in th e  h y d ro p h o b ic  re g ion  a d ja c e n t to  th e  a c tive  site , a n e a rb y  

h y d ro p h o b ic  ca v ity  te rm e d  ca v ity  2 and th e  p u ta tive  b in d in g  s ite  fo r  th e  re g u la to ry  

B M O B  p ro te in  (H a lse y  e t  a l. 2 0 06 ). B e lo w  a re  d e sc rib e d  a n u m b e r o f s tu d ie s  ca rrie d  

o u t w ith  th e se  B M O  m u ta n ts  a g a in s t so m e  s h o rt cha in  a lka n e  su b s tra te s , a n a lys is  o f 

in a c tiva tio n  o f so m e  o f th e s e  m u ta n ts  by p ro p io n a te  and  a n a lys is  o f th e  d e g ra d a tio n  

o f a n u m b e r o f ch lo ro e th y le n e s .

1 .2 .3 ) A c t iv ity  o f  b u ta n e  m o n o o x y g e n a s e  s ite  d ire c t e d  m u ta n ts  a g a in s t  s m a ll  

c h a in  a lk a n e s

Five B M O  m u ta n ts  w e re  c re a te d : G 113N , T 1 4 8 C  n e a r th e  a c tive  s ite , L 2 7 9 F  in 

h yd ro p h o b ic  ca v ity  2 and  Q 3 2 0 K  and F 3 2 1 Y  a t th e  B M O B  b in d in g  s ite  (F ig. 1.7, Fig.

1.8). It w a s  fo u n d  th a t all o f th e s e  m u ta n ts  had a re d u ce d  s p e c ific  a c tiv ity  to w a rd s  

bu ta n e . A ll m u ta n t e n zym e s  cou ld  su p p o rt g ro w th  on bu tan e , p ro p a n e  and e th a n e , 

w ith  th e  e xce p tio n  o f th e  G 11 3N  m u ta n t e n z y m e  w h ich  cou ld  no t s u p p o rt g ro w th  on 

p ro p a n e  (T ab le  1.5). T h e  G 11 3N  e xp re ss in g  ce lls  had s ig n if ic a n tly  lo n g e r g e n e ra tio n  

tim e s  o f 9.1 h fo r  g ro w th  on b u ta n e  co m p a re d  to  3.6 h fo r  th e  w ild  ty p e  b u ta n e  

m o n o o x y g e n a s e  and 13.1 h fo r  g ro w th  on e th a n e  c o m p a re d  to  4 .5 h  fo r  th e  w ild  typ e . 

S tu d ie s  on th e  p ro d u c t d is tr ib u tio n  o f th e se  m u ta n ts  id e n tifie d  th e  G 1 1 3 N  an d  L 2 7 9 F  

m u ta n ts  as sh o w in g  la rg e  c h a n g e s  in re g io s p e c ific ity  c o m p a re d  to  th e  w ild  ty p e
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e n zym e . T h e  L2 7 9 F  and G 11 3N  m u ta n ts  sh o w e d  a 5 .5 -fo ld  and 2 7 8 -fo ld  in c re a se  in 

th e  p ro d u c tio n  o f 2 -b u ta n o l re sp e c tive ly  (T a b le  1.6). W ild  ty p e  b u ta n e  

m o n o o x y g e n a s e  o x id ize s  a lka n e s  a lm o s t e x c lu s iv e ly  a t th e  te rm in a l ca rb o n  an d  th e  

re la xa tio n  o f re g io s p e c ific ity  s e e m s  to  s h o w  a p h e n o ty p e  c lo se r to  m e th a n e  

m o n o o x y g e n a s e  fo r  th e s e  m u ta n ts . T h e  G 11 3N  m u ta n t a lso  o x id ize d  p ro p a n e  

e x c lu s iv e ly  a t th e  sub  te rm in a l ca rb o n  to  y ie ld  2 -p ro p a n o l w h ich  is fu r th e r o x id ize d  to  

a ce to n e  as a de ad  en d  p ro d u c t w h ich  c a n n o t be  u tilized  by  th e  o rg a n ism  fo r  g ro w th  

and so  a c c u m u la te s  in th e  ce ll. A n o th e r M M O -like  p h e n o ty p e  fo r  th e  G 1 13N  m u ta n t 

w a s  th e  re d u ce d  m e th a n o l in h ib itio n  d u rin g  m e th a n e  o x id a tio n  a s sa ys  c o m p a re d  to  

th e  w ild -ty p e  e n z y m e  and  th e  o th e r m u tan ts . F u rth e r k in e tic  a n a lys is  us in g  p u rifie d  

p ro te in  sh o w e d  th a t w h ile  th e  w ild  typ e  e n z y m e  had s im ila r Km v a lu e s  o f 1100  pM  fo r  

m e th a n e  and 1250  pM  fo r  m e th a n o l, th e  G 1 1 3 N  m u ta n t had a m u ch  lo w e r K m v a lu e  

o f 340 pM  fo r  m e th a n e  c o m p a re d  to  750  pM  m e th a n o l (C o o le y  e t  a l. 2 0 0 9 ) . T h is  

in d ica te s  th a t m e th a n o l is a less  e ffe c tiv e  co m p e titiv e  s u b s tra te  fo r  th e  G 1 1 3 N  

m u ta n t c o m p a re d  to  th e  w ild  type , w h ich  e x p la in s  th e  o b s e rv a tio n  th a t m e th a n e  

o x id a tio n  cou ld  co n tin u e  fo r  a lo n g e r p e riod  o f tim e  w ith  G 1 1 3 N  un til th e  m e th a n o l 

co n c e n tra tio n  re a ch e d  a h igh e n o u g h  leve l to  in h ib it th e  e n zym e .

b u ta n e  (h) p ro p a n e  (h) e th a n e  (h)

W T 3.6  ± 0 .2 4 .0  ± 0 .4 4 .5  ± 0 .3

T 1 4 8 C 4 .4  ± 0 .3 4 .2  ± 0 .4 7 .0  ± 0 .1

Q 3 2 0 K 4.1 ± 0 .3 3 .9  ± 0 .1 5 .9  ± 0 .1

F 3 2 1 Y 3 .4  ± 0 .3 3 .4  ± 0 .2 3 .8  ± 0 .1

L279F 5 .7  ± 0 .1 4 .5  ± 0 .1 7 .9  ± 0 .6

G 11 3N 9.1 ± 0 .4 N A 13.1 ± 0 .5

T a b le  1.5: G e n e ra tio n  tim e s  o f b u ta n e  m o n o o x y g e n a s e  m u ta n ts  g ro w n  on  s h o rt ch a in  a lk a n e s  

T a k e n  fro m  H a lse y  e t  a l. 2 0 0 6 .

1-b u ta n o l a c cu m u la tio n  

(n m o l m in "1 m g p ro te in '1)

2 -b u ta n o l a ccu m u la tio n  

(n m o l m in '1 m g p ro te in '1)

R a tio  o f 2 -b u ta n o l 

to  1-b u ta n o l

W T 7 4 .0  ± 3 .9 2 .7  ± 0 .9 1 0 .0 4

T 1 4 8 C 4 1 .3  ± 4 .0 6 .1 4  ± 0 .8 9 0 .1 5

Q 3 2 0 K 5 0 .4  ± 7 .8 10.3 ± 0 .5 3 0.2

F 3 21Y 102.4 ± 5 .7 ND N A

L279F 4 7 .0  ± 7 .1 10 .4 5  ± 4 .2 0 .2 2

G 11 3N 1.77 ± 0 .0 6 19 .67  ± 2 .4 11.1

T a b le  1.6: O x id a tio n  o f b u ta n e  by B M O  m u ta n ts : p ro d u c t fo rm a tio n  ra te s  a nd  p ro d u c t d is tr ib u tio n  

T a ke n  fro m  H a ls e y  e t  a l. 20 0 6 .
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1 .2 .4 ) E ffe c t  o f  m u ta t io n s  on  in a c t iv a t io n  o f  b u ta n e  m o n o o x y g e n a s e  by  

p ro p io n a te

T h e  m e ch a n ism  o f a c tio n  o f p ro p io n a te , a n o th e r B M O  inh ib ito r, w a s  s tu d ie d  us ing  

th e s e  m u tan ts . It w a s  sh o w n  th a t bo th  re ve rs ib le  in h ib itio n  and in a c tiva tio n  o f B M O  

o ccu rre d  w ith  p ro p io n a te  b e ca u se  so m e  bu t no t all a c tiv ity  cou ld  be  re co ve re d  by 

w a sh in g  o f th e  ce lls  to  re m o ve  th e  p ro p io n a te  (D o u g h ty  e t  a l. 2 0 07 ). A lth o u g h  

re ve rs ib le  in h ib itio n  w a s  see n  w ith  all m u ta n ts  te s te d , o n ly  th o s e  m u ta n ts  c lo se  to  th e  

a c tive  s ite  had a n y  e ffe c t on th e  irre ve rs ib le  in a c tiva tio n  o f B M O  by p ro p io n a te . T h e  

G 11 3N  m u ta n t sh o w e d  no  in a c tiva tio n  by p ro p io n a te  tre a tm e n t an d  th e  T 1 4 8 C  

m u ta n t sh o w e d  an in c re a se d  in p ro p io n a te  d e p e n d a n t in a c tiva tio n  o f B M O . B e ca u se  

th e  re ve rs ib le  in h ib itio n  by  p ro p io n a te  re m a in e d  u n a ffe c te d  in th e  G 1 1 3 N  m u ta n t, y e t 

th e re  w a s  no irre ve rs ib le  in a c tiva tio n , th is  led th e  a u th o rs  to  c o n c lu d e  th a t re v e rs ib le  

in h ib itio n  and irre ve rs ib le  in a c tiva tio n  o f B M O  o ccu re d  th ro u g h  s e p a ra te  m e c h a n is m s . 

T h e  a u th o rs  p ro p o se d  th a t irre ve rs ib le  in a c tiva tio n  o f th e  B M O  e n z y m e  by 

p ro p io n a te  m a y  be  v ia  co o rd in a tio n  o f a lip h a tic  ta il o f p ro p io n a te  to  Fe ion s  a t th e  

a c tive  s ite , re su ltin g  in th e  u n co u p lin g  o f 0 2 a c tiva tio n  fro m  su b s tra te  o x id a tio n  and 

lea d ing  to  th e  fo rm a tio n  o f H2O 2 , w h ich  d a m a g e s  th e  e n zym e . In te re s tin g ly , s M M O  is 

no t in a c tiva te d  by  p ro p io n a te  and  so  th is  is a n o th e r M M O -like  p h e n o typ e  d is p la y e d  

by th e  G 11 3N  m u ta n t (D o u g h ty  e t  a l. 2 0 07 ).
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1 .2 .5 ) C h lo ro e th y le n e  d e g ra d a t io n  by  b u ta n e  m o n o o x y g e n a s e  s ite  d ire c te d  

m u ta n ts

T h e  o x id a tio n  o f a n u m b e r o f c h lo ro e th y le n e s  by  G 1 1 3 N , L2 7 9 F  and F 3 2 1 Y  m u ta n ts  

o f B M O  w a s  s tu d ie d , and  th e  ra te  o f o x id a tio n  and  a m o u n ts  o f c h lo rin e  re le a se d  

du rin g  th e  co m p le te  d e g ra d a tio n  o f 1 ,1 -d ich lo ro e th y le n e , 1 ,2 -c /s -d ic h lo ro e th y le n e  

and tr ic h lo ro e th y le n e  w a s  c o m p a re d  to  th e  w ild  typ e  e n z y m e  (H a ls e y  e t  a l. 20 07 ). 

T h e  w ild  typ e  B M O  e n zym e  w a s  sh o w n  to  re le a se  a lm o s t 100 % c h lo rin e  fro m  ea ch  

su b s tra te  te s te d . T h e  G 1 1 3 N  m u ta n t sh o w e d  re d u ce d  o x id a tio n  ra tes  an d  re d u ce d  

a m o u n ts  o f ch lo rin e  re le a se d  fo r  a ll su b s tra te s  c o m p a re d  to  th e  w ild  ty p e  e n zym e . 

T h e  L 2 7 9 F  m u ta n t sh o w e d  re d u ce d  ra te s  fo r  tr ic h lo ro e th y le n e  d e g ra d a tio n  w ith  

a lm o s t 100 %  c h lo rin e  re le a se  and  o n ly  4 0  % o f th e  c h lo rin e  re le a se d  fro m  1 ,2 -c /s - 

d ic h lo ro e th y le n e  bu t a t a ra te  c o m p a ra b le  to  th e  w ild  ty p e  e n zym e . T h e  F 3 2 1 Y  

m u ta n t sh o w e d  co m p a ra b le  ra tes  o f d e g ra d a tio n  to  th e  w ild  typ e  fo r  a ll th re e  

su b s tra te s , h o w e ve r o n ly  4 0  %  o f th e  c h lo rin e  w a s  re le a se d  fro m  1 ,2 -c /s -D C E  and  

T C E . T h is  sh o w s  th a t in bo th  th e  L2 7 9 F  and  F 3 2 1 Y  m u ta n ts  a p ro p o rtio n  o f th e  

c h lo rin e  fro m  th e s e  su b s tra te s  is no t co n ve rte d  to  fre e  ch lo rid e . It w a s  a lso  sh o w n  

th a t th e  G 1 1 3 N  m u ta n t w a s  th e  o n ly  iso fo rm  u n a b le  to  d e g ra d e  th e  p ro d u c t 1 ,2 -c /s - 

D C E  e p o x id e . By m o n ito r in g  la c ta te  d e p e n d e n t 0 2 u p ta ke  o f th e s e  ce lls  d u rin g  th e  

d e g ra d a tio n  o f ch lo ro e th y le n e  su b s tra te s  it w a s  sh o w n  th a t th e  tu rn o v e r o f th e s e  

su b s tra te s  had to x ic  e ffe c ts  upon  th e  ce ll w ith  la c ta te  d e p e n d e n t re s p ira tio n  d ro p p in g  

to  < 1 0%  fo r th e  w ild  ty p e  e n zym e  and  m o s t o f th e  s ite  d ire c te d  m u ta n ts . H o w e ve r,

G 1 13N w a s  th e  o n ly  m u ta n t th a t m a in ta in e d  >75  % o f c e llu la r re s p ira tio n  d u rin g  

ox id a tio n  o f th e  c h lo ro e th y le n e s . T h is  led to  th e  s u g g e s tio n  th a t by  a lte r in g  th e  

re g io se le c tiv ity  o f th e  e n z y m e  th e  G 11 3N  m u ta n t w a s  a b le  to  u tilize  a c h lo ro e th y le n e  

o x id a tive  p a th w a y  s e p a ra te  fro m  th e  p a th w a y  used  by th e  w ild  ty p e  e n z y m e . It w a s  

p ro p o se d  th a t th is  p a th w a y  co u ld  be u tilized  fo r  m o re  s u s ta in a b le  b io re m e d ia tio n  o f 

C E s fro m  th e  e n v iro n m e n t (H a lse y  e t  a l. 2 0 0 7 ). B y u tiliz in g  a p a th w a y  w h ic h  fo rm s  

o x id a tio n  p ro d u c ts  w ith  re d u ce d  to x ic ity  to w a rd s  b a c te ria l ce lls , th e s e  p ro d u c ts  co u ld  

th e n  be fu r th e r d e g ra d e d  by o th e r b a c te ria  m o re  e ffe c tive ly .
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1.3  T o lu e n e -4 -m o o n o o x y g e n a s e

1 .3 .1 ) S tru c tu re  o f  to lu e n e -4 -m o n o o x y g e n a s e

A  n u m b e r o f to lu e n e  m o n o o x y g e n a s e s  re la te d  to  sM M O  th a t o x id ize  th e ir  n a tu ra l 

s u b s tra te  to lu e n e  a t s p e c ific  p o s itio n s  ha ve  be en  id e n tifie d  and s tu d ie d  e x te n s iv e ly  

us ing  a v a r ie ty  o f m u ta g e n e s is  te c h n iq u e s . T h e  to lu e n e  4 -m o n o o x y g e n a s e  (T 4 M O ) 

fro m  P s e u d o m o n a s  m e n d o c in a  KR1 is a fo u r  c o m p o n e n t m o n o o x y g e n a s e  co n s is tin g  

o f a 33  kD a o x id o re d u c ta s e  c o m p o n e n t (e n co d e d  by tm o F ),  a 12 .5  kD a  R ie ske -typ e  

fe rre d o x in  c o m p o n e n t (e n co d e d  by tm o C ),  an  11 .6 kD a  re g u la to ry  p ro te in  (e n co d e d  

by tm o D )  and  a d iiro n  h y d ro xy la se  (e n co d e d  by tm o A E B )  c o m p o n e n t w ith  an a 2P2Y2 

q u a te rn a ry  s tru c tu re  (Y en  e t  a l. 1991; Y e n  an d  Karl, 1992). T h e  c o o rd in a tio n  and 

lo ca tio n  o f th e  a c tive  s ite  is s im ila r to  th a t o f sM M O ; th e  d iiro n  a c tive  s ite  is fo u n d  

w ith in  th e  T 4 M O H  a -s u b u n it (e n co d e d  by tm o A )  and x -ra y  c ry s ta llo g ra p h y  has 

sh o w n  th a t th is  is co o rd in a te d  by  fo u r g lu ta m a te  re s id u e s  (G 104 , G 1 3 4 , G 19 7 , G 2 3 1 ) 

and  tw o  h is tid in e  lig a n d s  (H 137 , H 234) w ith in  a fo u r  h e lix  b u n d le  (B a ile y  e t  a l. 2 0 08 ).

1 .3 .2 ) S ite  d ire c te d  m u ta t io n  o f  to lu e n e -4 -m o n o o x y g e n a s e  a c t iv e  s ite  re s id u e s  

to  s M M O  c o u n te rp a r ts

T h e  T 4 M O  e n z y m e  sh o w s h igh  d e g re e s  o f re g io s e le c tiv ity  c a ta lys in g  th e  p a ra - 

h yd ro xy la tio n  o f to lu e n e  to  p ro d u ce  th e  o x id a tio n  p ro d u c t p -c re so l. A  n u m b e r o f 

m u ta g e n e s is  s tu d ie s  have  be en  used to  p ro b e  th e  m e ch a n ism  o f a c tio n  fo r  th is  

e n zym e  as w e ll as to  try  an d  u n d e rs ta n d  w h a t ro le  p a rtic u la r re s id u e s  p la y  in 

co n tro llin g  th e  re g io sp e c ific ity . A  n u m b e r o f m u ta n ts  w e re  c re a te d  to  s tu d y  th e  

d iffe re n c e  b e tw e e n  T 4 M O  and sM M O  (P iku s  e t  a l. 1997). T h re e  m u ta n ts  w ith  

re s id u e  ch a n g e s  to  th e ir  h o m o lo g o u s  c o u n te rp a rts  w ith in  sM M O  w e re  c re a te d :

Q 1 4 1 C  (C151 in sM M O ), I180F  (F 1 9 2  in sM M O ) and  F205I (1217 in sM M O ). T h e s e  

m u ta n ts  w e re  a ssa ye d  fo r  a c tiv ity  w ith  th e  s u b s tra te s  to lu e n e , m -x y le n e  and  p -x y le n e  

(T a b le  1.7, T a b le  1.8). T h e  g re a te s t c h a n g e  in re g io s e le c tiv ity  in c o m p a r is o n  to  th e  

w ild  ty p e  e n z y m e  w a s  see n  w ith  th e  Q 1 4 1 C  and  F205 I m u tan ts . T h e  I18 0F  m u ta n t
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sh o w e d  ve ry  litt le  c h a n g e  in re g io s e le c tiv ity  w ith  an y  o f th e  su b s tra te s  h o w e v e r bo th  

th e  Q 1 4 1 C  and  F205I m u ta n ts  sh o w e d  a s h ift a w a y  fro m  th e  p a r a -h y d ro x y la tio n  

w h e n  to lu e n e  w a s  th e  su b s tra te . T h e re  w a s  a s lig h t s h ift to w a rd s  s id e  ch a in  

h yd ro xy la tio n  w ith  m -xy le n e  as  th e  s u b s tra te  and  a m a jo r sh ift to w a rd s  s id e  cha in  

h yd ro xy la tio n  w h e n  p -x y le n e  w a s  th e  o x id a tio n  p ro d u c t. T h e  d e te c tio n  o f a c tiv ity  w ith  

th e  Q 1 4 1 C  and Q 1 4 1 V  m u ta n ts  led th e  a u th o rs  to  co n c lu d e  th a t g lu ta m in e  w a s  no t 

an e s s e n tia l a m in o  ac id  a t th is  po s ition . T h e  la rg e  c h a n g e  in re g io s e le c tiv ity  w ith  th e  

Q 141 an d  F 205  m u ta n ts  co m p a re d  to  th e  re la tive ly  sm a ll c h a n g e  in re g io s e le c tiv ity  

o f th e  I180F  m u ta n t s u g g e s t a p o ss ib le  su b s tra te  b in d in g  s ite  w ith in  th is  e n zym e . By 

us ing  s e q u e n c e  a lig n m e n ts  and  co m p a riso n  to  th e  c rys ta l s tru c tu re  o f M M O  

(R o se n zw e ig  e t  a l. 1995; E la n g o  e ta l .  1997) th e  a u th o rs  s u g g e s t th a t th e  Q 141 and  

F 208  re s id u e s  a re  on o n e  s id e  o f th e  h yd ro p h o b ic  ca v ity  c lo se  to  th e  iron  a to m  FeA 

w h e re a s  th e  1180 p o s itio n  is on  th e  o p p o s ite  s id e  o f th e  ca v ity  c lo s e r to  F e B ato m . 

T h is  has s in ce  been  co n firm e d  by d e te rm in a tio n  o f th e  c rys ta l s tru c tu re  o f th e  T 4 M O  

h y d ro xy la se  (B a ile y  e t  a l. 2 0 0 8 ). T h e s e  re su lts  im p lica te  th is  re g ion  o f th e  

h y d ro p h o b ic  ca v ity  a d ja c e n t to  th e  a c tive  s ite  o f T 4 M O  in o r ie n ta tin g  s u b s tra te  in a 

m a n n e r w h ich  fa v o u rs  p a r a -h yd ro xy la tio n .

T o lu e n e  o x id a tio n

E n zym e

p -c re s o l (% )

OH

a ,
m -c re so l (% )

OH

6 “’ 
o -c re so l (% )

(X 0H
B e n zy l a lc o h o l (% )

W T 96 2 .8 0 .4 0.8

Q 1 4 1 C 85 5 4 6

F205 I 81 14.5 3 .5 1

I180F 96 .7 1.2 0.2 1.9

T a b le  1.7: P ro d u c t d is tr ib u tio n  fro m  th e  o x id a tio n  o f  to lu e n e  by T 4 M O  s ite  d ire c te d  m u ta n ts  

(P ik u s  e t  a l. 1997 ).
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m -c re so l o x id a tio n  (% ) p -x y le n e  o x id a tio n  (% )

E n zym e

OH

X
3 ,5 -

d im e th y lp h e n o l

O H

y
2 ,4 -

d im e th y lp h e n o l

.O H

(X ,
3 -m e th y l

be nzy l

a lco h o l

.O H

i i i

V
C H 3

4 -m e th y l

b e nzy l

a lco h o l

OH

2 ,5 -

d im e th y lp h e n o l

W T 0.3 97 .4 2 .2 82 18

Q 1 4 1 C 0.1 88 .3 11.7 22 78

F205 I 0.1 4 4 .4 11.6 42 58

I1 80F 0.6 90 .6 8.8 89 11

T a b le  1.8: P ro d u c t d is tr ib u tio n  fro m  th e  o x id a tio n  o f  m -c re s o l a nd  p -x y le n e  by  T 4 M O  s ite  d ire c te d  m u ta n ts  

(P iku s  e t  a l. 1997).

1 .3 .3 ) R e g io s e le c t iv i ty  o f  to lu e n e -4 -m o n o o x y g e n a s e  s ite  d ire c te d  m u ta n ts  

a t p o s it io n s  T201 a n d  G 1 0 3

Fox and  co -w o rk e rs  a lso  a d o p te d  a sa tu ra tio n  m u ta g e n e s is  a p p ro a ch  w h e re  all 

p o ss ib le  a m in o  ac id  m u ta tio n s  w e re  m a de  a t p o s itio n  T 2 01 , to  p ro b e  w h e th e r o r no t 

th is  re s id u e  w a s  e sse n tia l fo r  ca ta lys is  (P iku s  e t  a l. 2 0 00 ). C o m p a ris o n s  o f all 

b a c te ria l d iiro n  m o n o o x y g e n a s e s  sh o w  th a t th e y  ha ve  a th re o n in e  a t a p o s itio n  

e q u iv a le n t to  T201 in T 4 M O  (T 213  in sM M O ) th a t p o ss ib ly  a c ts  as  a p ro ton  d o n o r 

du ring  0 2 a c tiva tio n  by th e  e n zym e . H o w e ve r by c re a tin g  5 m u ta n ts  a t th is  s ite , a ll o f 

w h ich  had s im ila r kcat and  km va lu e s , it w a s  co n c lu d e d  th a t th is  s ite  w a s  no t e s s e n tia l 

fo r  ca ta lys is . T h e se  re su lts  d id , h o w eve r, h ig h lig h t th e  im p o rta n c e  o f th is  re s id u e  in 

th e  re g io s e le c tiv ity  o f th e  e n zym e . T h e  s ize  o f th e  s id e ch a in  d ra m a tic a lly  a ffe c te d  th e  

p ro d u c t d is tr ib u tio n  w ith  to lu e n e  and  p -x y le n e  as su b s tra te s . T h e  g re a te s t re la xa tio n  

o f re g io s e le c tiv ity  w ith  to lu e n e  as su b s tra te  w a s  see n  w ith  th e  T 2 0 1 F  m u ta n t w ith  a 

la rg e  in c re a se  in o x id a tio n  a t th e  o r th o  po s ition . W h e n  p -x y le n e  w a s  th e  s u b s tra te  

th e  la rg e s t ch a n g e  in re g io s e le c tiv ity  fro m  s id e ch a in  to  ring h y d ro x y la tio n  w a s  se e n
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w ith  th e  T 2 0 1 G  m u ta n t. T h e s e  la rg e  s h ifts  in re g io s e le c tiv ity  led th e  a u th o rs  to  

co n c lu d e  th a t it w a s  th e  s ize  and v o lu m e  o f th e  s id e ch a in  th a t o ccu p ie d  th is  s ite  th a t 

led to  th e  a lte ra tio n s  in th e  re g io s p e c ific ity  o f T 4 M O . H o w e v e r it is n o ta b le  th a t 

m u ta tio n  to  th e  m u ch  s m a lle r g lyc in e  re s id u e  had little  e ffe c t on re g io s e le c iv ity  w ith  

to lu e n e  as th e  su b s tra te  an d  s im ila r ly  m u ta tio n  to  th e  m u ch  la rg e r p h e n y la la n in e  

re s id u e  had litt le  e ffe c t on th e  re g io s e le c tiv ity  w h e n  p -x y le n e  w a s  th e  su b s tra te .

T h e  G 1 0 3 L  m u ta n t o f T 4 M O  w a s  d e s ig n e d  a fte r se q u e n c e  a n a lys is  o f to lu e n e  

m o n o o x y g e n a s e  a lo n g s id e  re la te d  p h e n o l h y d ro xy la se  and  a lke n e  m o n o o x y g e n a s e  

e n zym e s  w h ich  have  Leu a t th is  po s itio n . T h e  su b s titu tio n  o f th e  tm o D  e ffe c to r 

p ro te in  w ith  th e  T 3 b u V  e ffe c to r p ro te in  o f a to lu e n e  3 -m o n o o x y g e n a s e  sh o w e d  litt le  

ch a n g e  in th e  re g io s e le c tiv ity  o f th e  e n zym e  and b u t d id  s h o w  a re d u ce d  tu rn o v e r 

ra te  w ith  to lu e n e  as th e  su b s tra te . H o w e ve r e n h a n ce d  re g io s e le c tiv ity  to w a rd s  o r th o  

h y d ro xy la tio n  w a s  se e n  w ith  th e  m u ta n t G 1 0 3 L  fo r  to lu e n e , m e th o x y b e n z e n e  and 

ch lo ro b e n z e n e  o x id a tio n  fu r th e r h ig h lig h tin g  th e  im p o rta n c e  th a t th e s e  a c tive  s ite  

re s id u e s  have  on re g io s e le c tiv ity  (M itch e ll e t  a l. 20 02 ).

1 .3 .4 ) Id e n t if ic a t io n  o f  to lu e n e -4 -m o n o o x y g e n a s e  m u ta n ts  fo r  th e  in c re a s e d  

p ro d u c tio n  o f  p h a rm a c e u t ic a l p re c u rs o rs

T h e  id e n tifica tio n  o f G 1 0 3  as an im p o rta n t re s id u e  fo r  co n tro llin g  re g io s p e c ific ity  o f 

T 4 M O  led to  th is  re s id u e  be ing  ch o se n  as on e  o f th e  s ite s  fo r  s a tu ra tio n  m u ta g e n e s is  

s tu d ie s  (T ao  e t  a l. 2 0 04 ). T h is  s ite  w a s  ch o se n  to  in ve s tig a te  th e  s y n th e s is  o f no ve l 

co m p o u n d s  a lo ng  w ith  s ite s  A 1 0 7  and 1100. T h e s e  s ite s  w e re  a lso  id e n tifie d  as 

be ing  im p o rta n t in d e te rm in in g  re g io s e le c tiv ity  d u e  to  a p re v io u s  s tu d y  w h e re  a 

d ire c te d  e vo lu tio n  a p p ro a ch  led to  c re a tio n  o f m u ta n ts  o f to lu e n e -o r th o  

m o n o o xyg e n a se  w ith  in c re a se d  1 -n a p h th o l s y n th e s is  a c tiv ity  (m e n tio n e d  la te r in th is  

ch a p te r). W ild  typ e  T 4 M O  w a s  sh o w n  to  o x id ize  o -c re so l to  th e  d ih y d ro x y la te d  

p ro d u c t 3 -m e th y lca te ch o l and m e th y lh y d ro q u in o n e  and to  o x id ize  o -m e th o x y p h e n o l 

to  4 -m e th o x y re s o rc in o l, 3 -m e th y lc a te c h o l and m e th o x y h y d ro q u in o n e . U s ing  o -c re so l, 

an d  o -m e th o xyp h e n o l as  su b s tra te s , m u ta n ts  w e re  s c re e n e d  fo r  in c re a se d  

p ro d u c tio n  o f 3 -m e th o xyca te ch o l, m e th o x y h y d ro q u in o n e  and  m e th y lh y d ro q u in o n e  a ll
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u se fu l p re cu rso rs  fo r  p h a rm a ce u tica ls . A  n u m b e r o f m u ta n ts  w e re  id e n tifie d  w ith  

in c re a se d  p ro d u c tio n  o f th e s e  p re cu rso rs  c o m p a re d  to  th e  w ild  ty p e  e n z y m e  as w e ll 

as  a sh ift in th e  p ro d u c t d is tr ib u tio n  o f th e s e  p ro d u c ts , w h ich  led th e  a u th o rs  o f th e  

w o rk  to  a rg u e  th a t th is  e n z y m e  cou ld  be  e n g in e e re d  us ing  m u ta g e n e s is  to  o p tim is e  

th e  p ro d u c tio n  o f s p e c ific  p ro d u c ts  by c o n tro llin g  re g io s p e c ific ity  (T a o  e t  a l. 20 04 ).

1.3 .5 ) R e g io s p e c if ic  o x id a t io n  o f  n a p h th a le n e  by  to lu e n e -4 -m o n o o x y g e n a s e  

m u ta n ts

T h e  G 103 , A 1 0 7  and  1100 sa tu ra tio n  m u ta g e n e s is  lib ra rie s  m e n tio n e d  a b o v e  w e re  

a lso  sc re e n e d  fo r  th e  p ro d u c tio n  o f 1 -n a p h th o l and  2 -n a p h th o l us ing  n a p h th a le n e  as 

th e  s u b s tra te  (T ao  e t  a l. 2 0 0 4 b ). W ild  ty p e  T 4 M O  o x id ize d  n a p h th a le n e  a t a ra te  o f 

7 .7 n m o l/m in /m g  p ro te in  to  a lm o s t e q im o la r a m o u n ts  o f 1 -n a p h th o l (5 2 % ) and  2 - 

n a p h th o l (48% ). T h e  m u ta n ts  I100A , I1 0 0S  and I1 00G  sh o w e d  s im ila r ra te s  o f 

n a p h th a le n e  o x id a tio n  to  th a t o f th e  w ild  ty p e  bu t w ith  8 8 -9 5  %  2 -n a p h th o l a s  th e  

m a jo r o x id a tio n  p ro d u c t. T h e  ra tes  o f n a p h th a le n e  o x id a tio n  by  m u ta n ts  G 1 0 3 A  an d  

G 1 0 3 S  w e re  o n ly  s lig h tly  less  th a n  th e  w ild  ty p e  e n z y m e  (5 .6  and 5 .9  n m o l/m in /m g  

re sp e c tive ly ) bu t w ith  81 and 83 % 1 -n a p h th o l as th e  m a jo r o x id a tio n  p ro d u c t an d  a 

d o u b le  m u ta n t G 1 0 3 S /A 1 0 7 G  p ro d u c in g  > 99 % 1 -n a p h th o l w a s  a lso  id e n tifie d  

(T a b le  1.9).

N a p h th a le n e  o x id a tio n

R a te  (n m o l/m in /m g ) %1 n a p h th o l % 2 n a p h th o l

W T T 4 M O 7.7  ± 0 .5 52 48

I1 0 0 A 7.0  ± 0 .5 8 92

I100S 5.5  ± 1 .6 5 95

I100G 7 .6  ± 0 .5 12 88

I1 0 0L 3.2  ± 1 .5 83 17

G 1 0 3 S /A 1 0 7 G 0.5 ± 0 .1 99 1

G 1 0 3 A 5.6  ± 1.5 81 19

G 1 0 3 S /A 1 0 7 G 5.9  ± 0 .1 83 17

T a b le  1.9: A c tiv ity  a nd  p ro d u c t d is tr ib u tio n  fro m  th e  o x id a tio n  o f n a p h th a le n e  by  T 4 M O  s ite  

d ire c te d  m u ta n ts  (T a o  e t al. 2 0 0 4 b ).
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1 .3 .6 ) P ro d u c t io n  o f  in d ig o id  p ro d u c ts  by  to lu e n e -4 -m o n o o x y g e n a s e  m u ta n ts

U s ing  th e  sa m e  s ite s  1100 G 10 3 , A 1 0 7  and a n o th e r s ite  F196 , S te ffa n  and  c o 

w o rk e rs  used  s ite  d ire c te d  m u ta g e n e s is  to  c re a te  a n u m b e r o f m u ta n ts  th a t p ro d u ce d  

nove l p ig m e n te d  p ro d u c ts  fro m  th e  o x id a tio n  o f in d o le  (M cc la y  e t  a l. 2 0 0 5 ). T h e s e  

a u th o rs  s u g g e s t th a t th e  a lte ra tio n  o f re g io s p e c ific ity  o f th is  e n zym e  co u ld  lead to  a 

g re e n e r a lte rn a tive  to  th e  fo rm a tio n  o f in d ig o id  co lo u re d  p ro d u c ts  c o m p a re d  to  

c u rre n t in d u s tria l s y n th e s is  and  h ig h lig h t a n u m b e r o f a p p lic a tio n s  o f th e s e  p ro d u c ts  

in th e  te x tile  in d u s try  as  d ye s  as w e ll as  th e ra p e u tic  a p p lic a tio n s  o f a n u m b e r o f 

th e s e  co m p o u n d s . H o w e ve r th e  c o m m e rc ia l v ia b ility  o f  th is  a p p ro a ch  c o m p a re d  to  

m o re  w e ll e s ta b lis h e d  c h e m ica l sy n th e s is  m e th o d s  is un c lea r.
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1.4  T o lu e n e  o ft f to -m o n o o x y q e n a s e

1 .4 .1 ) S tru c tu re  o f  to lu e n e -o r f f ro -m o n o o x y g e n a s e

S im ila r m u ta g e n e s is  e x p e rim e n ts  ha ve  been  ca rrie d  ou t w ith  a n o th e r 

m o n o o x y g e n a s e  fro m  th e  to lu e n e  m o n o o x y g e n a s e  fa m ily : to lu e n e  o r th o 

m o n o o x y g e n a s e  (T O M ) fro m  B u r k h o ld e r ia  c e p a c ia  G 4. L ike  sM M O  th e  to lu e n e  

o r th o -m o n o o x y g e n a s e  c o n s is ts  o f th re e  c o m p o n e n ts : a 40  kD a o x id o re d u c ta s e  

c o m p o n e n t (e n co d e d  by to m A S ), a 10.4 kD a  re g u la to ry  c o m p o n e n t (e n co d e d  by 

to m A 2 )  and  a 211 kD a  h y d ro xy la se  c o m p o n e n t w ith  an 0 2^ 27 2  q u a te rn a ry  s tru c tu re  

(e n co d e d  by to m A 1 A 3 A 4 )  w h e re  th e  d iiro n  s ite  is lo ca te d  w ith in  th e  h y d ro x y la s e  a - 

su b u n it e n co d e d  by to m A ^  (S h ie ld s  e t  a l. 1995).

1 .4 .2 ) D ire c te d  e v o lu t io n  o f  to lu e n e -o r f f to -m o n o o x y g e n a s e  to w a rd s  in c re a s e d  

n a p h th a le n e  o x id a tio n  a n d  c h lo ro e th y le n e  d e g ra d a t io n

T h e  n a tu ra l s u b s tra te  fo r  T O M  is to lu e n e  and th e  e n z y m e  sh o w s  a h igh  d e g re e  o f 

re g io s p e c ific ity  fo r  h y d ro xy la tio n  a t th e  o r th o  p o s itio n  to  fo rm  o -c re so l a lm o s t 

e xc lu s ive ly . O n e  o f th e  m a jo r s u c c e s s e s  in th e  m u ta g e n e s is  s tu d ie s  o f s o lu b le  d iiro n  

m o n o o x y g e n a s e s  u tilized  a d ire c te d  e vo lu tio n  a p p ro a ch  to  id e n tify  a m u ta n t w ith  

in c re a se d  n a p h th a le n e  o x id a tio n  and in c re a se d  c h lo ro e th y le n e  d e g ra d a tio n  (C a n a d a  

e t  a l., 2 0 02 ). By us ing  a D N A  sh u fflin g  te ch n iq u e , a ra n d o m  m u ta n t lib ra ry  w a s  

sc re e n e d  fo r  n a p h th a le n e  o x id a tio n  us ing  th e  c o lo r im e tr ic  n a p h th a le n e  o x id a tio n  te s t 

and a m u ta n t w a s  id e n tifie d  w ith  a s ix  fo ld  in c re a se  in a c tiv ity  to w a rd s  n a p h th a le n e  

w ith  no c h a n g e  in re g io sp e c ific ity . S e q u e n c in g  o f th e  m u ta n t id e n tifie d  it as  h a v in g  a 

m u ta tio n  a t th e  V 1 0 6  p o s itio n  (L 1 10 in sM M O  1100 in T 4 M O  and T o M O ). T h is  V 1 0 6 A  

m u ta n t (d e s ig n a te d  T O M -g re e n ) a lso  sh o w e d  in c re a se  d e g ra d a tio n  o f 

1 ,1 d ich lo ro e th y le n e  and 1 ,2 - fra n s -d ic h lo ro e th y le n e  and  in c re a se d  o x id a tio n  o f 

tr ia ro m a tic  c o m p o u n d s  p h e n a n th re n e  and  a n th ra c e n e  co m p a re d  to  th e  w ild  ty p e  

en zym e . T h is  s u p p o rte d  th e  h yp o th e s is  th a t th is  re s id u e  w a s  a c tin g  as  a s u b s tra te  

ga te  and  th a t m u ta tio n  to  a re s id u e  w ith  a s m a lle r s id e  cha in  a llo w e d  g re a te r a c c e s s
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o f  s u b s tra te s  to  th e  a c tive  s ite . T h is  g a ve  e x p e rim e n ta l e v id e n ce  s u p p o rtin g  th e  

h y p o th e s is  th a t L1 10  in sM M O  a lso  had a g a ting  ro le  c o n tro llin g  s u b s tra te  a c ce ss  to  

th e  a c tive  s ite  (R o se n zw e ig  e t  a l., 1997). T o  fu r th e r in c re a se  th e  p ro d u c tio n  o f 1- 

n a p h th o l syn th e s is , a sa tu ra tio n  m u ta g e n e s is  a p p ro a ch  a t th e  106 p o s itio n  o f th is  

T O M -g re e n  m u ta n t e n z y m e  w a s  used  and th e  re su ltin g  m u ta n t lib ra ry  s c re e n e d  fo r  

in c re a se d  n a p h th o l s y n th e s is  (R u i e t  a l., 2 0 04 ). A n  A 1 0 6 E  m u ta n t w a s  id e n tifie d  th a t 

had a tw o  fo ld  in c re a se  in 1 -n a p h th o l sy n th e s is  w ith  no c h a n g e  in re g io se le c tiv ity . 

T h is  e n z y m e  sh o w e d  63%  in c re a se  in to lu e n e  o x id a tio n  a c tiv ity  and  had a la rg e  

ch a n g e  in re g io s e le c tiv ity  c o m p a re d  to  th e  w ild  typ e  w ith  o -c re so l (5 0% ) m -c re so l 

(2 5% ) and p -c re s o l (2 5% ) co m p a re d  w ith  98 % o -c re so l be ing  p ro d u ce d  by th e  w ild  

typ e  e n zym e . A n o th e r m u ta n t id e n tifie d  as  A 1 0 6 F  had a 62 % in c re a se d  a c tiv ity  fo r  

to lu e n e  o x id a tio n  and  a lso  sh o w e d  re la xed  re g io s p e c ific ity  w ith  o -c re so l (2 8 % ) t r i

c re s o l (1 8% ) and p -c re s o l be ing  p ro d u ce d  (T a b le  1.10).

to lu e n e  o x id a tio n n a p h th a le n e  o x id a tio n

% o -

c re so l

% t r i

c re s o l

% p -

c re so l

ra te  o f 1 -n a p h th o l (nm o l 

m in '1 m g p ro te in '1)

% 1 -n a p h th o l

W T  T O M >98 0 0 0 .8 0  ± 0 .0 6 98

V 1 0 6 A 50 33 17 3.6  ± 0.4 97

A 1 0 6 E 50 25 25 7 .4  ± 0.4 98

A 1 0 6 F 28 18 54 7 .4  ± 0.4 99

T a b le  1.10 : P ro d u c t d is tr ib u tio n  fro m  th e  o x id a tio n  o f  to lu e n e  a n d  n a p h th a le n e  by  to lu e n e  

o r th o -m o n o o x v a e n a s e  s ite  d ire c te d  m u ta n ts  ( R u i e t  a l.. 2 0 0 4 ).
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1 .4 .3 ) P ro d u c tio n  o f  in d ig o id  p ig m e n ts  by  to lu e n e -o r f f to -m o n o o x y g e n a s e

D N A  sh u fflin g  and ra n d o m  m u ta g e n e s is  w e re  used  to  s tu d y  the  p ro d u c tio n  o f nove l 

p ig m e n ts  fro m  o x id a tio n  o f in d o le  by T O M , (R u i e t  a l. 2 0 0 4 ) in a s im ila r e x p e rim e n t to  

th a t m e n tio n e d  a b o ve  by S te ffa n  and co -w o rk e rs  us ing  T 4 M O . M u ta n t lib ra rie s  w e re  

sc re e n e d  on c o m p le x  m e d ia  and  a m u ta n t w a s  id e n tifie d  w ith  a d is tin c t b lu e  

p ig m e n ta tio n  in its co lo n ie s . T h e  se q u e n c in g  o f th is  m u ta n t id e n tifie d  th re e  a m in o  

ac id  ch a n g e s  co m p a re d  to  th e  w ild  typ e  e n z y m e  a t D 14, A 1 13 and  F465 . T h e  D 14 

and  A 1 13 s ite s  a lo ng  w ith  a n o th e r s ite  V 1 0 6  id e n tifie d  as in flu e n c in g  re g io s e le c tiv ity  

in T O M  (C a n a d a  e t  a l. 2 0 0 2 ) w e re  c h o se n  fo r  s a tu ra tio n  m u ta g e n e s is  and  a v a r ie ty  

o f m u ta n ts  w e re  c re a te d  th a t o x id ize d  in d o le  to  w id e  ra n g e  o f no ve l p ig m e n te d  

p ro d u c ts . T h is  led th e  a u th o rs  to  s u g g e s t th a t T O M  m u ta n ts  cou ld  a lso  be  c re a te d  

w ith  a lte re d  re g io s e le c tiv ity  to  p ro d u c e  c o m m e rc ia lly  v ia b le  p ro d u c ts . H o w e ve r, as in 

th e  p re v io u s  e x p e rim e n t w ith  T 4 M O  th e  q u e s tio n  s till re m a in s  a b o u t th e  co m m e rc ia l 

v ia b ility  co m p a re d  to  c o n v e n tio n a l c h e m ica l s y n th e s is  m e th o d s .
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1.5 T o lu e n e /o -x y le n e  m o n o o x y g e n a s e

1 .5 .1 ) S tru c tu re  o f  to lu e n e /o -x y le n e  m o n o o x y g e n a s e

T h e  to lu e n e -o -x y le n e  m o n o o x y g e n a s e  (T o M O ) o f P s e u d o m o n a s  s tu tz e r i  0 X 1  is a 

fo u r c o m p o n e n t m o n o o x y g e n a s e  c o n s is tin g  o f a o x id o re d u c ta s e  c o m p o n e n t 

(e n co d e d  by to u F )  an e ffe c to r p ro te in  (e n co d e d  by  to u D )  a R ie ske  typ e  fe rre d o x in  

c o m p o n e n t (e n co d e d  by to u C )  and  a h yd ro x y la s e  c o m p o n e n t (e n co d e d  by  to u A B E ) .  

T h e  h yd ro xy la se  has an a 2p 2V2 q u a te rn a ry  s tru c tu re  w h e re  th e  d iiro n  c e n tre  is fo u n d  

w ith in  th e  h yd ro y la se  a -s u b u n it e n co d e d  by to u A  (B e rto n i e t  a l. 1998).

1 .5 .2 ) Id e n t if ic a t io n  o f  to lu e n e /o -x y le n e  m o n o o x y g e n a s e  m u ta n ts  fo r  th e  

in c re a s e d  p ro d u c tio n  o f  p h a rm a c e u t ic a l p re c u rs o rs

T o M O  h yd ro xy la te s  to lu e n e  in th e  o r th o , m e ta ,  and p a ra  p o s itio n s , h y d ro x y la te s  o- 

x y le n e  in bo th  th e  m e ta  and p a ra  p o s itio n s  and  a lso  co -o x id iz e s  a n u m b e r o f o th e r 

a ro m a tic  su b s tra te s . W o o d  and  co -w o rk e rs  ha ve  used  bo th  ra n d o m  m u ta g e n e s is  

us ing D N A  sh u fflin g  and sa tu ra tio n  m u ta g e n e s is  a p p ro a c h e s  to  s tu d y  th is  e n z y m e  in 

de ta il. S a tu ra tio n  m u ta g e n e s is  a t p o s itio n s  1100 Q 141 T201 and F 2 05  id e n tifie d  a 

n u m b e r o f m u ta n ts  in c lu d in g  I100Q  and  F 2 05G  ca p a b le  o f p ro d u c in g  n o ve l o x id a tio n  

p ro d u c ts  an d  im p o rta n t p h a rm a c e u tic a l p re c u rs o rs  4 -m e th y lre s o rc in o l and 

m e th y lh y d ro q u in o n e  (V a rd a r and W o o d , 2 0 0 4 ) in an  e x p e rim e n t s im ila r to  th a t 

ca rried  o u t in th e  sa m e  la b o ra to ry  w ith  T 4 M O  m e n tio n e d  a b o ve  (T ao  e t  a l. 2 0 0 4 ). 

A n o th e r M 1 8 0 T /E 2 8 4 G  m u ta n t id e n tifie d  fro m  th e  D N A  sh u fflin g  m u ta g e n e s is  lib ra ry  

w a s  a lso  a b le  to  fo rm  th e  nove l o x id a tio n  p ro d u c t m e th y lh y d ro q u in o n e  (V a rd a r an d  

W ood , 20 04 ). N itro b e n ze n e  o x id a tio n  w a s  a lso  used  to  sc re e n  th e  D N A  s h u fflin g  

m u ta n t lib ra rie s  and sa tu ra tio n  m u ta g e n e s is  m u ta n t lib ra rie s  and  y ie ld e d  a n o th e r 

re s id u e  E 214  th a t w a s  sh o w n  to  a ffe c t re g io s e le c tiv ity  o f th e  e n z y m e  and  y ie ld e d  a 

n u m b e r o f m u ta n ts  w ith  in c re a se d  p ro d u c tio n  o f 3 -n itro ca te ch o l, 4 -n itro c a te c h o l and  

n itro h yd ro q u in o n e .
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1 .5 .3 ) D ire c te d  e v o lu t io n  o f  to lu e n e /o -x y le n e  m o n o o x y g e n a s e  to w a rd s  

in c re a s e d  c h lo ro e th y le n e  d e g ra d a t io n

A  D N A  sh u fflin g  ra n d o m  m u ta n t lib ra ry  and  a s a tu ra tio n  m u ta g e n e s is  (a t p o s itio n s  

1100 Q141 T201 F 205  and E 214 ) lib ra ry  w e re  used to  sc re e n  fo r  e n h a n ce d  

ch lo ro e th y le n e  d e g ra d a tio n  w h e re  I1 00Q  w a s  sh o w n  to  ha ve  a 2 .8  fo ld  in c re a se  in 

T C E  d e g ra d a tio n  co m p a re d  to  th e  w ild  typ e  T o M O  e n zym e . A n o th e r m u ta n t 

id e n tifie d  fro m  th e  D N A  sh u fflin g  lib ra ry  E 2 1 4 G /D 3 1 2 N /M 3 9 9 V  w ith  in c re a se d  

d e g ra d a tio n  o f 1 ,2 -c /s -d ich lo ro e th y le n e  (V a rd a r and  W o o d ,. 2 0 05  b; T a b le  1.11). T h e  

a u th o rs  a lso  sh o w e d  th a t m u ta n ts  T 2 0 1 G  T 2 0 1 S  and  A 1 0 7 T /E 2 1 4 A  had s ig n if ic a n tly  

a lte re d  re g io s p e c ific ity  in th e  o x id a tio n  o f n a p h th a le n e  and o -xy le ne . In d e p th  s tu d y  

o f th e  M 1 80  and E 214  p o s itio n s  us ing  s a tu ra tio n  m u ta g e n e s is  a p p ro a ch  w a s  a lso  

ca rrie d  ou t (V a rd a r and W o o d , 20 0 5 b ; T a b le  1.12). T h e  a u th o rs  sh o w e d  th a t M 1 80  

has  a m u ch  m o re  p ro n o u n ce d  a ffe c t on  re g io s p e c ific ity  w ith  a n u m b e r o f a ro m a tic  

c o m p o u n d s  and  th a t E 214  has m u ch  less o f an e ffe c t on th e  re g io s p e c ific ity  o f th e  

e n z y m e  bu t d o e s  e ffe c t th e  ra te  o f th e  re ac tion . T h e s e  re su lts  lead  to  th e  h y p o th e s is  

th a t M 180 is a n o th e r re s id u e  in vo lve d  in g a tin g  a c ce ss  o f th e  su b s tra te  to  th e  a c tive  

s ite .

TCE degradation 

(nmole m in '1 mg 

prote in '1)

DCE degradation 

(nmole m in '1 mg 

pro te in '1)

W T  T o M O 0.41 ± 0 .0 2 2 .7  ± 0 .0 5

I100Q 0 .8 5  ± 0 .0 1 3 .8

K 160N 0 .5 3  ± 0 .0 1 N M

E 2 1 4 G /D 3 1 2 N /M 3 9 9 V NM 5.3

T a b le  1.11 : D e g ra d a tio n  ra te s  fo r  T o M O  m u ta n ts  a g a in s t tr ic h lo ro e th y le n e  a n d  d ic h lo ro e th y le n e  (V a rd a r  a n d  

W o o d . 2 0 0 5 )
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to lu e n e  re g io se le c tiv ity

(% )

o -xy le n e

re g io s e le c tiv ity

(% )

n a p h th a le n e  

re g io s e le c tiv ity  (% )

E n zy m e

O-

c re so l

m -

c re so l
P-
c re so l

3 ,4 -

D M P

2 ,3 -

D M P

1 -N a p h th o l 2 -N a p h th o l

W T  T o M O 32 21 4 7 82 18 88 12

I1 00Q 22 44 34 76 24 89 11

A 1 0 7 T /E 2 1 4 A 2 5 93 97 3 64 36

K 160N 30 23 47 82 18 89 11

M 1 8 0 T /E 2 8 4 G 32 26 42 88 12 88 12

T 2 0 1 S 31 18 51 65 35 96 4

T 2 0 1 G 53 12 35 100 0 >99 <1
E 2 1 4 G /D 3 1 2 N

/M 3 9 9 V 35 22 43 81 19 89 11

E 2 1 4 G 32 20 4 8 83 17 89 11

T a b le  1.12 : P ro d u c t d is tr ib u tio n  fro m  th e  o x id a tio n  o f to lu e n e , o -x y le n e  a nd  n a p h th a le n e  by T o M O  s ite  d ire c te d  

m u ta n ts  (V a rd a r a nd  W o o d . 2 0 0 5 b ).

1 .5 .4 ) In v e s t ig a t io n  o f  to lu e n e /o -x y le n e  m o n o o x y g e n a s e  fre e  ra d ic a l  

in te rm e d ia te s  u s in g  s ite  d ire c te d  m u ta g e n e s is

S ite  d ire c te d  m u ta g e n e s is  w a s  used to  c re a te  m u ta n ts  I100Y , I1 00W , F 2 0 5 W  and  

L 2 08F  w ith  th e  in te n tio n  o f c re a tin g  a m u ta n t w ith  a la rg e  s id e  cha in  th a t b lo c k e d  th e  

h y d ro p h o b ic  ch a n n e l (M u rra y  e t  a l. 20 0 7 ; Fig. 1 .9). T h is  a llo w e d  th e  a c c u m u la tio n  o f 

in te rm e d ia te s  in th e  T o M O  re a c tive  cyc le  th a t had no t p re v io u s ly  b e en  d e te c te d . In 

th e  I1 0 0 W  m u ta n t th e  fo rm a tio n  and  d e c a y  o f re a c tive  sp e c ie s  w a s  c h a ra c te r iz e d  by 

ra p id  fre e z e -q u e n c h  EPR , M o s s b a u e r and E N D O R  s p e c tro s c o p y  an d  th e  a u th o rs  

re p o rte d  th e  d e te c tio n  o f an E P R  s ilen t, o p tic a lly  tra n s p a re n t d iiro n  (F e IM2) 

in te rm e d ia te  th a t w a s  a b le  to  o x id ize  th e  n e a rb y  W 1 0 0  re s id u e  to  fo rm  a m ixe d  

v a le n t d iiro n  (F e m/F e lv) c e n tre  co u p le d  to  a try p to p h a n y l ra d ica l th a t d is p la y e d  an 

a b so rp tio n  band  a t 500  nm . T h is  s p e c ie s  w a s  sh o w n  to  s u b s e q u e n tly  d e c a y  to  th e  

re s ting  d iiro n  (F e IN2) sta te . T h e  d e te c tio n  o f th e s e  in te rm e d ia te s  led to  th e  p ro p o s a l o f 

a sch e m e  w h e re  d io xyg e n  a c tiva tio n  p ro ce e d s  v ia  th e  o n e  e le c tro n  re d u c tio n  o f a 

p e ro xo d iiro n  (III) in te rm e d ia te  to  fo rm  th e  m ixed  v a le n t c e n tre  and led to  

co m p a ris o n s  w ith  r ib o n u c le o tid e  re d u c ta se  w h e re  a p e ro x o d iiro n  ce n tre  has  be e n  

sh o w n  to  re ac t in a s im ila r m a n n e r (K re b s  e t  a l. 20 00 ).
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Fig 1.9) V ie w  o f th e  a c tiv e  s ite  p o c k e t o f T o M O H  fro m  th e  s u b s tra te  a c c e s s  c h a n n e l. T h e  d iiro n  

a to m s  a re  sh o w n  as  o ra n g e  s p h e re s . T h e  o p e n in g  to  th e  p o c k e t is b o rd e re d  by  re s id u e s  1100, 

T 2 0 1 , F205 , a nd  F 196.

(T a k e n  fro m  M u rra y  e t  a l. (2 0 0 7 )
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1.6 T o lu e n e -3 -m o n o o x y q e n a s e

1.6 .1 ) S tru c tu re  o f  to lu e n e -3 -m o n o o x y g e n a s e

T h e  to lu e n e -3 -m o n o o x y g e n a s e  (T 3 M O ) o f R a ls to n ia  p ic k e t i i  PKO -1 is a fo u r 

c o m p o n e n t m o n o o x y g e n a s e  co n s is tin g  o f a o x id o re d u c ta s e  c o m p o n e n t (e n co d e d  by 

tb u C )  an e ffe c to r p ro te in  (e n co d e d  by tb u V )  a R ie ske  typ e  fe rr id o x in  c o m p o n e n t 

(e n co d e d  by tb u B )  and a h yd ro xy la se  c o m p o n e n t (e n co d e d  by  tb u A 1 A 2 U )  w ith  an 

c<2p2Y2 q u a te rn a ry  s tru c tu re  w h e re  th e  d iiro n  c e n tre  is fo u n d  w ith in  th e  h y d ro y la s e  a - 

su b u n it e n co d e d  by tb u A 1  (O lse n  e t  a l. 1994; O lse n  e t  a l. 1995).

1.6 .2 ) S ite  d ire c te d  m u ta g e n e s is  o f  to lu e n e -3 -m o n o o x y g e n a s e

By co m p a riso n  o f m u ta g e n e s is  e x p e rim e n ts  o f re la te d  a ro m a tic  m o n o o x y g e n a s e s  

th re e  a m in o  ac id  p o s itio n s  w e re  ch o se n  fo r  s ite  d ire c te d  m u ta g e n e s is  o f T 3 M O  

(F ish m a n  e t  a l., 2 0 04 ). T h e  p o s itio n s  1100, G 1 0 3  and A 1 0 7  w e re  ch o se n  b a sed  on 

th e  w o rk  o f W o o d s  and  c o -w o rke rs  on a n a lo g o u s  p o s itio n s  o f T 4 M O  m e n tio n e d  

e a r lie r (T ao  e t  a l.. 2 0 0 4 ) as  w e ll as m u ta g e n e s is  e x p e rim e n ts  on a n a lo g o u s  p o s itio n s  

w ith in  T O M  a lso  m e n tio n e d  a b o ve  (M itch e ll e t  a l. 2 0 02 ), (R u i e t  a l., 2 0 0 5 ). M u ta n t 

lib ra rie s  w e re  c re a te d  and e xp re sse d  in E. c o l i and  sc re e n e d  fo r  a c tiv ity  a g a in s t a 

n u m b e r o f su b s titu te d  b e n ze n e s  and ph eno ls . A c tiv ity  o f th e  m u ta n ts  w a s  a sse s s e d  

by th e  fo rm a tio n  o f c a te ch o l d e riv a tiv e s  fro m  th e  o x id a tio n  o f th e s e  s u b s tra te s  w h ich  

a u to -o x id iz e  to  fo rm  a red -  b row n  co lo u r. T h e  w ild  ty p e  T 3 M O  e n z y m e  s h o w s  a 

p re fe re n c e  fo r  o x id a tio n  a t th e  p a ra  p o s itio n  w ith  88 %  p -c re s o l be ing  p ro d u ce d  fro m  

o x id a tio n  o f to lu e n e . T h e  a u th o rs  ide n tified  a n u m b e r o f m u ta n ts  w ith  s ig n if ic a n tly  

a lte re d  re g io se le c tiv ity  to w a rd s  o x id a tio n  a t bo th  th e  o r th o  and m e ta  p o s itio n s . T h e  

A 1 0 7 G  m u ta n t sh o w e d  80%  o -c re so l p ro d u c tio n  w h e n  to lu e n e  w a s  th e  s u b s tra te  and  

88%  o -m e th o xyp h e n o l p ro d u ce d  w h e n  m e th o x y b e n z e n e  w a s  th e  su b s tra te , 

c o m p a re d  to  100%  p -m e th o x y p h e n o l p ro d u ce d  by th e  w ild  typ e  e n zym e . T w o  

m u ta n ts  I1 00S  and  G 1 0 3 S  w e re  sho w n  to  ha ve  an in c re a se  in h y d ro xy la tio n  a c tiv ity  

a t th e  m e ta  p o s itio n  w ith  33%  an d 29%  m -c re so l b e ing  p ro d u ce d  re s p e c tiv e ly  w h e n  

to lu e n e  w a s  th e  o x id a tio n  p ro d u c t co m p a re d  to  10%  fo r  th e  w ild  typ e  e n zym e . T h is  

led th e  a u th o rs  to  c re a te  th e  d o u b le  m u ta n t I1 0 0 S /G 1 0 3 S  w h ich  p ro d u ce d  7 5 %  m -
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c re so l w h e n  to lu e n e  w a s  th e  su b s tra te  and 10 0%  /77-n itro p h e n o l w h e n  n itro b e n ze n e  

w a s  th e  s u b s tra te  co m p a re d  to  100%  p -n itro b e n z e n e  w ith  th e  w ild  ty p e  (F ish m a n  e t  

a l., 2 0 0 4 ). T h e se  re su lts  s h o w e d  h o w  th e  a u th o rs  co u ld  use  m u ta g e n e s is  

e x p e rim e n ts  o f re la te d  m o n o o x y g e n a s e s  to  g u id e  th e ir  ch o ice  o f s ite s  fo r 

m u ta g e n e s is  to  a lte r th e  re g io s p e c ific ity  o f th is  en zym e .
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1.7 D e o x y h y p u s in e  h y d ro x y la s e

1 .7 .1 ) S tru c tu re  o f  d e o x y h y p u s in e  h y d ro x y la s e

T h e  hu m an  d e o x y h y p u s in e  h y d ro xy la se  (D O H H ) e n z y m e  has a lso  re ce n tly  been  

sho w n  to  be a non haem  d iiro n  m o n o o xyg e n a se , h o w e v e r th e re  is v e ry  little  

s e q u e n ce  s im ila r ity  to  th e  o th e r m o n o o x y g e n a s e s  m e n tio n e d  he re  (V u e t  a l. 2 0 09 ). 

H yp u s in e  is an u n u su a l a m in o  ac id  p re s e n t in th e  e u k a ry o tic  tra n s la tio n a l in itia tio n  

fa c to r e lF 5 A  w h ich  is re q u ire d  fo r  ce ll p ro life ra tio n  (P a rk  e t  a .1 1997, C h e n  an d  Liu, 

1997, C a ra g lia  e t  a l. 2 0 01 ). D e o xy h y p u s in e  h yd ro x y la s e  w o rk s  in c o n ju n c tio n  w ith  a 

se co n d  e n z y m e  d e o x y h y p u s in e  sy n th a s e  to  fo rm  th e  h yp u s in e  a m in o  ac id  fro m  a 

lys ine  re s id u e  on an e lF 5 A  p re cu rso r.

1 .7 .2 ) A n a ly s is  o f  d e o x y h y p u s in e  h y d ro x y la s e  iro n  b in d in g  re s id u e s

T h e  hu m an  d e o x y h y p u s in e  h y d ro xy la se  e n z y m e  co n ta in s  th e  H is -G lu  iron b in d in g  

lig a n d s  p re se n t in all b a c te ria l d iiro n  m o n o o x y g e n a s e s . A  n u m b e r o f m u ta g e n e s is  

a p p ro a c h e s  w e re  used  to  p ro b e  th e  a c tiv ity  o f th e s e  g lu ta m a te  and  h is tid in e  iron 

lig a n d s  S ite  d ire c te d  m u ta g e n e s is  w a s  used to  s h o w  th a t by  s u b s titu tin g  an  a la n in e  

re s id u e  in to  a n y  o f th e  g lu ta m a te  o r h is tid in e  re s id u e s  w ith in  th e  fo u r  H is -G lu  b in d in g  

m o tifs  re su lted  in a loss o f e n z y m a tic  a c tiv ity  (K im  e t  a l. 2 0 07 ). W ild  ty p e  and  s ite  

d ire c te d  D O H H  m u ta n ts  w e re  c re a te d  as G S T -fu s io n  p ro te in s  by su b  c lo n in g  in to  th e  

p G E X -4 T -3  e x p re s s io n  v e c to r and  o ve r e xp re ss in g  w ith in  E. c o l i  s tra in  B L 2 1 (D E 3 ). 

By m e a su rin g  th e  m e ta l c o n te n t o f th e se  m u ta n ts  us ing  IC P -M S  it w a s  sh o w n  th a t 

th e re  w a s  a s ig n if ic a n t re d u c tio n  in th e  iron c o n te n t o f s ix  o u t o f th e  e ig h t s in g le  s ite  

d ire c te d  m u ta n ts  c o m p a re d  to  th e  w ild  typ e  e n zym e s . T h e  tw o  m u ta n ts  E 5 7 A  and  

E 2 0 8 A  sho w ed  n o rm a l iron c o n te n t bu t had no d e te c ta b le  ac tiv ity . T h is  p ro v id e d  

s tro n g  e v id e n c e  th a t th e s e  H is -G lu  m o tifs  w e re  in vo lve d  in iron b in d in g  a t tw o  

se p a ra te  iron co o rd in a tio n  s ite s .
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1.7 .3) S ite  d irec ted  m u tag en es is  o f  am in o  ac id  res i d u es  con se rv ed  am o n g  

d e o x y h y p u s in e  h yd ro xy la se

A  study o f 3 6  am ino acid sites tha t w ere  highly con served am ong eukaryo tic  

deoxyhypus ine hydroxylases w as  carried out includin g those o f H is -G lu  motifs  

m entioned ab ove and a lan ine  substitutions a t each  s ite w e re  created  using the sam e  

expression system  described ab ove (K ang et al.  2 0 0 7 ). A ffinity ch rom otog raphy with  

G S H -s e p h a ro s e  beads w as used to study substrate bin ding o f th ese m utants. It w as  

shown tha t four m utants E 57A , E 208A , E 90 A  and E 2 4 1 A  all exh ib ited significantly  

less substra te binding than the  wild type en zym e . A s  described prev iously th ese  

m utants show ed no en zym e  activity but E 5 7 A  and E 2 0 8 A  show ed a iron content  

co m parab le  to the  wild type en zym e  highlighting th e  role o f th ese residues in  

substra te binding. T h e  poor binding effic iency o f E 9 0 A  and E 2 4 1 A  indicated tha t  

th ese residues w e re  involved in both iron coordinat ion and substrate binding. T h e  

histidine to a lan ine  substitutions within the  H is-G lu motifs all show ed subs tra te  

binding activity com p arab le  to the  wild type en zym e . A s  th ese m utants w e re  show n  

to have very little iron content, this shows tha t t he  substrate binding o f the  e n zym e  is  

not depen da n t on the p resence o f iron although it i s necessa ry  fo r activity. T h e  

rem aining a lan ine  substituted m utants all reta ined activity but less than th a t o f the  

wild type en zym e. O f th ese  m utants G 6 3 A  and G 2 1 4 A  s how ed reduced subs tra te  

binding which possibly accounts for the reduction i n activity. A n o th er m utan t M e t2 3 7  

also show ed a w e a k  ho loenzym e band on a  non-denatur ing native gel, leading the  

authors to suggest tha t this too m ay be involved in  iron binding. Fu rther site d irec ted  

m utagenes is  to c rea te  substitutions o f a lan ine , asp a rag in e  and g lu tam ine a t E 5 7  and  

E 2 0 8  sites show ed tha t only aspa rag in e  substitu tion s a t th ese sites reta ined  any  

en zy m e or substrate binding activity. Th is provided  strong ev idence  th a t it w as  th e  

in teraction o f the carboxy late s ide chain th a t w as  required fo r activity. T h e  M 2 3 7 A  

m utant show ed a  fa int band on a native gel correspo nding to the  ho loenzym e,  

leading the au tho r to suggest this too m ay be invol ved in iron binding. H o w e ve r th e re  

is insufficient ev idence to confirm  this as  it is p ossible tha t the  reduced iron cen tre  

m ay be due to instability o f the en zym e  and not due  to a ltered iron binding.
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1 .7 .4 ) D e te c t io n  o f  a d iiro n  s ite  in d e o x y h y p u s in e  h y d ro x y la s e  u s in g  

s p e c tro s c o p ic  a n a ly s is

T h e  p re se n ce  o f a d iiro n  c e n tre  s u g g e s te d  by th e  m u ta g e n e s is  s tu d ie s  m e n tio n e d  

a b o ve  w a s  co n firm e d  us ing  a c o m b in a tio n  o f v a r io u s  s p e c tro s c o p ic  a p p ro a c h e s  

in c lu d in g  EPR , M o s s b a u e r and R A M A N  s p e c tro s c o p y  (V u e t  a l. 2 0 09 ). T h e  d e te c tio n  

o f a d iiro n  c e n tre  in th is  e n zym e , th e  fa c t e n z y m e  a c tiv ity  is O 2 d e p e n d e n t and  

e v id e n c e  o f a p -p e ro xo -d iiro n  (F e m) in te rm e d ia te  d e te c te d  by R am a n  s p e c tro s c o p y  

led th e  a u th o rs  to  s u g g e s t a m o n o o x y g e n a s e  like  re a c tio n  fo r  th is  e n zym e . A lth o u g h  

to  d a te  th e  so u rce  o f e le c tro n s  fo r  th e  re d u c tio n  o f th e  d iiro n  s ite  is s till u n kn o w n .
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1.8 R ib o n u c le o tid e  re d u c ta s e

1 .8 .1 ) S tru c tu re  o f  r ib o n u c le o t id e  re d u c ta s e

R ib o n u c le o tid e  re d u c ta se s  p la y  a ce n tra l ro le  in D N A  b io s yn th e s is  ca ta lys in g  th e  

re d u c tio n  o f r ib o n u c le o tid e s  to  th e  co rre sp o n d in g  d e o x y rib o n u c le o tid e s . T h e re  a re  

th re e  c la sse s  o f r ib o n u c le o tid e  re d u c ta se s , th e  c la ss  1 e n zym e s  c o n ta in  a d iiro n  s ite  

h o m o lo g o u s  to  sM M O , th e  c la ss  2 e n z y m e s  co n ta in  a c o b a lt co n ta in in g  c o fa c to r  and 

th e  c la ss  3 e n z y m e s  co n ta in  a [4 F e -3 S ] c lus te r. T h e  C la ss  1A  e n z y m e  o f E. c o li, 

w h ile  no t a m o n o o xyg e n a se , co n ta in s  a d iiro n  s ite  h o m o lo g o u s  to  sM M O  w h ich  

in te ra c ts  w ith  d io xyg e n  v ia  a w e ll e s ta b lis h e d  ra d ica l c h e m is try  p a th w a y  w h ich  w a s  

on e  o f th e  fu n c tio n s  th a t led to  th e  s u g g e s tio n  o f ra d ica l c h e m is try  in sM M O . T h e  

e n zym e  has an a 2p 2 s tru c tu re  w ith  th e  a su b u n it c o n ta in in g  th e  a c tive  s ite  an d  th e  (3 

s u b u n it c o n ta in in g  th e  d iiro n  s ite . In E. c o l i th e  a -s u b u n it is d e s ig n a te d  R1 an d  is 

e n co d e d  by n rd A .  T h e  d iiro n  c o n ta in in g  (3 s u b u n it is e n co d e d  by n rd B  an d  is 

d e s ig n a te d  R 2 (C a rlso n  e t  a l. 1984). T h e  d iiro n  s ite  w ith in  R2 is h o u se d  w ith in  a fo u r 

h e lix  b u n d le  s im ila r to  th a t in th e  S D IM O s  and  is co o rd in a te d  by a th re e  g lu ta m a te  

(G 1 15, G 20 4 , G 2 3 8 ) and  tw o  h is tid in e  re s id u e s  (H 1 18, H 24 1 ) as w e ll as  o n e  

a s p a rta te  re s id u e  (D 84 ) (N o rd lu n d  an d  E ck lund , 1993). T h e  d iiro n  c e n tre  fo rm s  a 

s ta b le  c a ta ly tic  ty ro sy l ra d ica l a t p o s itio n  Y 1 2 2  w h ich  is e sse n tia l fo r  a c tiv ity  o f th e  

e n zym e  (S jo b e rg  e t  a l. 1978) and o cc u p ie s  an e q u iv a le n t p o s itio n  in th e  s tru c tu re  to  

C 151 in sM M O  (E la n g o  e t  a l. 20 07 ). T h e  ty ro sy l ra d ica l is tra n s fe rre d  to  a c y s te in e  

w ith in  th e  a c tive  s ite  o f R1 v ia  a co n se rve d  a rra y  o f h yd ro g e n  b o n d e d  a m in o  a c id s  to  

p ro d u ce  a th iy l ra d ica l w h ich  re m o ve s  th e  h yd ro xy l g ro u p  fro m  th e  r ib o n u c le o tid e  

(U h lin  an d  E ck lund  1994; S jo b e rg  1997; E ckb e rg  e t  a l. 1998; S tu b b e  e ta l .  2 0 0 3 )
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1 .8 .2 ) A n a ly s is  o f  th e  ra d ic a l p a th w a y  o f  r ib o n u c le o t id e  re d u c ta s e  u s in g  s ite  

d ire c te d  m u ta g e n e s is

A  n u m b e r o f s ite  d ire c te d  m u ta n ts  h a ve  be en c re a te d  to  c lo s e ly  s tu d y  th e  ra d ica l 

tra n s p o rt fro m  th e  R 2 s u b u n it to  th e  a c tive  site . E x te n s ive  s tu d ie s  on  m u ta tio n s  o f 

Y 1 2 2 , W 4 8 , D 237  and Y 3 5 6  h a ve  id e n tifie d  th e s e  a m in o  a c id s  as be ing  in vo lve d  in 

th e  tra n s fe r o f th e  ra d ica l fro m  th e  R 2 d iiro n  s ite  to  th e  R1 s u b u n it (B o llin g e r Jr. e t  

a l. 1994; C lim e n te fa / .  1992; S a h lin  e ta l .  1994; E ckbe rg  e ta l .  1998; K re b s  e t  a l. 

2 0 0 0 ).

O th e r m u ta g e n e s is  s tu d ie s  have  fo c u s s e d  on th e  in te rm e d ia te s  in th e  a c tiva tio n  o f 

Y 1 2 2  by th e  d iiro n  s ite . T h e  iron ligand  D 84 has a lso  been  th e  s u b je c t o f m u ch  

in ve s tig a tio n  by m u ta g e n e s is . T h e  c re a tio n  o f a r ib o n u c le o tid e  re d u c ta se  R 2 

W 4 8 F /D 8 4 E  d o u b le  m u ta n t a llo w e d  th e  ch a ra c te riz a tio n  o f a p e ro xo -d iiro n  

in te rm e d ia te  s im ila r to  th a t d e te c te d  in th e  sM M O  e n zym e  (B a ld w in  e t  a l. 2 0 0 1 ), 

w h ich  w a s  fo llo w e d  by th e  s e lf h yd ro xy la tio n  o f re s id u e  F 208 . T h is  is no t se e n  in th e  

w ild  ty p e  a c tiv ity  o f th e  R 2 s u b u n it o f r ib o n u c le o tid e  re d u c ta se  w h e re  th e  n a tu ra l 

re a c tio n  is th e  o n e  e le c tro n  o x id a tio n  o f ty ro s in e  to  a ty ro sy l ra d ica l. T h is  s h o w e d  

th a t by  a lte rin g  th e  iron lig a n d s  an d  d is ru p tin g  th e  e le c tro n  tra n s p o rt ch a in  an  M M O  

like a c tiv ity  cou ld  be c o n fe rre d  upon  th e  R 2 su b u n it. T h e  d o u b le  m u ta n t 

F 2 0 8 A /Y 1 2 2 F  m u ta n t c re a te d  a la rg e r h y d ro p h o b ic  p o cke t a ro u n d  th e  a c tive  s ite  

w h ich  a llo w e d  th e  b in d in g  o f a z id e  to  th e  d iiro n  s ite  (A n d e rsso n  e t  a l. 1999). T h e  

a z id e  w a s  a b le  to  m im ic  th e  in te ra c tio n  o f o xyg e n  to  th e  a c tive  s ite  s in ce  it is a b le  to  

b ind th e  iron w ith o u t o x id iz in g  it. T h is  a llo w e d  N o rd lu n d  and c o w o rk e rs  to  c a rry  o u t 

a n a lys is  on th e  c rys ta l s tru c tu re  o f th is  m u ta n t and  o b se rve  a c a rb o x y la te  s h ift o f th e  

E 238  iron ligand , a p h e n o m e n o n  a lso  see n  w ith in  th e  c a ta ly tic  cyc le  o f sM M O  

(W h ittin g to n  e t  a l. 2001).
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1.9 S te a ro y l A C P  d e s a tu ra s e

1 .9 .1 ) A c t iv ity  o f  s te a o ry l A C P -d e s a tu ra s e

T h e  a c y l-c a rr ie r p ro te in  (A C P ) d e s a tu ra s e s  a re  a fa m ily  o f p ro te in s  w h ich  ca ta ly s e  

th e  f irs t s te p  in th e  sy n th e s is  o f u n sa tu ra te d  fa tty  a c id s  in p lan ts . T h e s e  e n z y m e s  

ca ta lyse  a d e h y d ro g e n a tio n  re a c tio n  a t s p e c ific  lo ca tio n s  a lo ng  th e  fa tty  ac id  ch a in  

and in se rtio n  o f a d o u b le  bond  in s a tu ra te d  fa tty  ac id s . O ne  o f th e  m o s t c o m m o n  o f 

th e s e  e n z y m e s  is th e  s o lu b le  A 9-s te a ro y l-A C P  (1 8 :0 ) d e s a tu ra s e  w h ich  c a ta ly s e s  th e  

sy n th e s is  o f o le o y l-A C P  (1 8 :1 ) fro m  s te a ro y l-A C P  by a b s tra c tin g  a h y d ro g e n  fro m  

th e  A 9 p o s itio n  and  in se rtin g  a d o u b le  bo nd  b e tw e e n  C 9 and C 10  o f th is  1 8 -ca rb o n  

fa tty  ac id  cha in . T o  ca rry  o u t th is  re a c tio n  th e  e n z y m e  uses an a c tive  s ite  d iiro n  

c e n tre  to  a c tiva te  o xyg e n  in o rd e r to  c a rry  o u t th e  a b s tra c tio n  o f h y d ro g e n  (L in d q v is t 

e t  a l. 1996). T h is  is a n o th e r e x a m p le  o f an e n z y m e  th a t w h ile  no t s tr ic tly  a 

m o n o o x y g e n a s e  is re la te d  to  sM M O  and  has  a s im ila r m e ch a n ism  o f a c tio n  th a t has  

been  s tu d ie d  us ing  s ite  d ire c te d  m u ta g e n e s is .

1.9 .2 ) S ite  d ire c te d  m u ta g e n e s is  o f  s te a ro y l A C P -d e s a tu ra s e  a t p o s it io n  

T h r1 9 9

T h e  d e te rm in a tio n  o f th e  c rys ta l s tru c tu re  fo r  th is  e n z y m e  has e n a b le d  s tru c tu ra l 

c o m p a ris o n s  w h ich  have  be en  th e  ba s is  o f so m e  s ite  d ire c te d  m u ta g e n e s is  

e xp e rim e n ts . By co m p a rin g  th e  a c tive  s ite  to  th a t o f a n o th e r re la te d  d iiro n  c o n ta in in g  

p e ro x id a se  e n z y m e  ru b e ry th rin , th e  re s id u e  T 1 9 9  w a s  no ted  as p o s s ib ly  in te ra c tin g  

w ith  th e  d iiro n  s ite  and a ffe c tin g  th e  end  p ro d u c t (G u y  e t  a l. 20 06 ). T h is  has  g ive n  

s u p p o rt to  th e  th e o ry  th a t th e  fo u r h e lix  d iiro n  p ro te in  fa m ily  e vo lve d  fro m  an  a n c ie n t 

a n c e s tra l o x id a se  p ro te in  s in ce  such  s tru c tu ra l h o m o lo g y  is see n  d e s p ite  a la ck  o f 

se q u e n c e  h o m o lo g y  fo r th e s e  e n zym e s . T h e  co rre s p o n d in g  p o s itio n  w ith in  

ru b e ry th rin  w a s  o c cu p ie d  by a g lu ta m a te  re s id u e  and  so  m u ta n ts  T 1 9 9 D  and  T 1 9 9 E  

w e re  c re a te d  w h e re  th e  th re o n in e  s id e ch a in  w a s  re p la ce d  by a ca rb o x y la te  

co n ta in in g  g lu ta m a te  o r a s p a rta te  res idue . T h e s e  m u ta n ts  w e re  e xp re s s e d  w ith in  E.
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coli  and purified before being assayed  for desatu rase a ctivity using rad io lab led  

substrate and analysis by thin layer chrom atog raphy . T h e  reduced (d iferrous) form  of  

the  en zy m e  has been shown to have a  s low  rate o f au tooxidation in the  ab sen ce  of  

substra te com pared to th a t o f o ther diiron en zym es.  Th ere fo re  the perox ide-  

de pen de n t reoxidation of the  reduced form  o f the  en zy m e  w as  used as  a  basis for  

assaying perox idase activity. Both en zym es  had redu ced d esatu rase activity  

com pared to the  wild type en zym e  but the T 1 9 9 D  had a  > 3 1 -fold increase in  

perox idase activity com pared to the wild type en zym e.

1.9.3) C rea tio n  o f  ch im e ric  d esa tu ra s e  p ro te in s

Shanklin  and cow orkers have used the  structures o f a num ber o f d ifferen t A C P -  

desatu rase en zym es  as a basis fo r site d irected m ut agenes is  experim en ts  in o rder to  

study the  product specificity o f th ese en zym es. By creating ch im eric proteins o f the  

A 6-1 6 :0 -A C P  d esatu rase  and the A 9-1 8 :0 -A C P  desatu ra se; a  A e-1 6 :0 -A C P  ch im eric  

m utant w as  created  which d isp layed A 6 and A 9 d esatu rase  activities tow ards both  

16 :0 -A C P  and 1 8 :0 -A C P  (C ahoon  etal.  19 97 ). Th is led to the identification o f a  

group o f 2 9  am ino ac ids (res idues 178 - 2 0 7  in stea ryl acp desa tu rase corresponding  

to residues 2 2 6  - 2 5 6  in M m oX ) which contained dete rm inan ts o f both chain length  

and doub le bond position specificity. T h e  authors t hen used this know ledge as  the  

basis fo r the  rational design o f a L 1 1 8 F /P 1 7 9 I A 9-1 8 :0 -A C P  d esatu rase doub le  

m utant w ith a  15-fo ld increase in specific activity  tow ards 16 :0 -A C P . T h e  c rea tion  o f  

a triple m utant o f A 9-1 8 :0 -A C P  de satu rase  designed to study the de term ination o f  

regioselectiv ity o f a A 4-1 6 :0 -A C P  desa tu rase produc ed a  m utant which re ta ined  

activity tow ards A 9-1 8 :0 -A C P  desaturation activity ho w ever the  products w e re  fu rther  

m etabo lized  to the  corresponding trans-a lly lic  alco hol and a conjugated lino len ic acid  

isom er (W hittle etal.  2 0 0 8 ). In both th ese  studies, the  alteration o f th e  subs tra te  

binding site and in particu lar o f a  bend in th e  ac t ive site has led to the g reates t  

chan ge  in regioselectiv ity suggesting tha t this str uctural fea tu re  is key in the  

regioselectiv ity o f this en zym e.
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1.10  S c o p e  o f th is  th e s is

T h e  m u ta g e n e s is  s tu d ie s  d e sc rib e d  a b o v e  have  a llo w e d  s u b s ta n tia l in s ig h t in to  th e  

s tru c tu ra l ba s is  fo r  m a n y  a s p e c ts  o f th e  a c tiv ity  o f d iiro n  m o n o o x y g e n a s e s  and  th e ir  

re la te d  e n zym e s . T h e s e  d ive rse  p re v io u s  s tu d ie s  have  led to  a n u m b e r o f 

h yp o th e se s  a b o u t th e  ro le s  o f s p e c ific  re s id u e s  in sM M O  th a t can  o n ly  re a s o n a b ly  be 

Rested by s ite  d ire c te d  m u ta g e n e s is . T h e  a im  o f th is  th e s is  is to  use  a co m b in a tio n  o f 

s ite  d ire c te d  and  ra ndo m  m u ta g e n e s is  to  s tu d y  th e  s tru c tu ra l fe a tu re s  th a t a ffe c t th e  

re g io s e le c tiv ity  an d  su b s tra te  a c ce ss  to  th e  a c tive  s ite . S ite  d ire c te d  m u ta g e n e s is  w ill 

b e  used to  p ro b e  th e  fu n c tio n  o f L e u 1 10 w ith in  sM M O  h yd ro x y la s e  a -s u b u n it. By 

se le c tin g  s p e c ific  re s id u e s  loca te d  w ith in  th e  a c tive  s ite  o f s o lu b le  m e th a n e  

m o n o o x y g e n a s e  and  m u ta tin g  th e m  to  th e  c o u n te rp a rt re s id u e s  o f re la te d  b u ta n e  

m o n o o xyg e n a se ; th e  a im  is to  ga in  in s ig h t in to  th e  d iffe re n c e s  in c a ta ly tic  a c tiv ity  

b e tw e e n  th e s e  tw o  e n zym e s . T h e  fin a l o b je c tiv e  o f th is  th e s is  is to  c re a te  a ra n d o m  

m u ta n t lib ra ry  and sc re e n  fo r  a c tiv ity  a g a in s t tr ia ro m a tic  c o m p o u n d s  in o rd e r to  

u n d e rs ta n d  m o re  a b o u t th e  s tru c tu ra l lim ita tio n s  o f th e  so lu b le  m e th a n e  

m o n o o x y g e n a s e  e n zym e .
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C h a p te r  2: M a te r ia ls  and  M e th o d s

2.1 B a c te r ia l s tra in s  and  g ro w th  c o n d it io n s

2 .1 .1 ) B a c te r ia l s tra in s

T h e  b a c te ria l s tra in s  used in th is  p ro je c t w e re  M e th y lo s in u s  tr ic h o s p o r iu m  s tra in s  

O B 3 b  and  th e  s M M O -n e g a tiv e  s tra in  S M D M  o b ta in e d  fro m  th e  cu ltu re  c o lle c tio n  o f 

P ro fe s s o r J .C .M u rre ll, U n ive rs ity  o f W a rw ick . T h e  c o m m e rc ia lly  a v a ila b le  c o m p e te n t 

E s c h e r ic h ia  c o l i  s tra in s  S o lo p a c k  go ld , XL-1 and  X L -1 0  w e re  s u p p lie d  by  S tra ta g e n e . 

T h e  d o n o r s tra in  used  fo r  co n ju g a tio n  w a s  E s c h e r ic h ia  c o l i  S17-1 (S im o n  e t  a l. 1983)

2 .1 .2 ) G ro w th  o f  b a c te r ia l c u ltu re s

E. c o l i  s tra in s  w e re  cu ltiva te d  in LB o r N u tr ie n t b ro th  No. 2 (O xo id ) liqu id  m e d ia  o r on 

a g a r p la te s  (see  A p p e n d ix  1). In o cu la te d  a g a r p la te s  w e re  in cu b a te d  a t 37 °C  

ove rn ig h t. L iq u id  c u ltu re s  w e re  in cu b a te d  in f la s k s  a t 37 °C, sh a k in g  a t 180 rpm  

o ve rn ig h t.

M s. tr ic h o s p o r iu m  s tra in s  w e re  cu ltiva te d  on n itra te  m in e ra l sa lts  (N M S ) m e d iu m  

(see  A p p e n d ix  1) in Q u ik fit fla sks , in 5 litre  ba tch  fe rm e n to r cu ltu re s  and on N M S  

a g a r p la te s  us ing  m e th a n e  as th e  so le  ca rb o n  so u rce . N M S  a g a r p la te s  w e re  s e a le d  

in a n a e ro b ic  ja rs  co n ta in in g  50%  a ir/m e th a n e . L iq u id  cu ltu re s  w e re  cu ltiv a te d  in 2 5 0  

m l Q u ic k fit f la s k s  w ith  a S u b a se a l and 50 m l o f th e  h e a d sp a ce  re p la ce d  w ith  

m e th a n e . C u ltu re s  w e re  in cu b a te d  a t 30 °C  w ith  m e th a n e  be ing  re p la ce d  e v e ry  3 -5  

days. L iq u id  c u ltu re s  w e re  in cu b a te d  w ith  sh a k in g  a t 180 rpm . A fte r  2 -3  w e e k s  

g ro w th , b io m a ss  w a s  u su a lly  s u ff ic ie n t to  p ro d u ce  a p o s itive  n a p h th a le n e  te s t 

in d ica tin g  e xp re ss io n  o f sM M O . P la tes  cou ld  be  s to re d  a t 4  °C  fo r  m o re  th a n  1 m o n th  

b e fo re  su b cu ltu r in g  on to  fre sh  N M S  a g a r p la te s . B a tch  fe rm e n to r cu ltu re s  w e re  

g ro w n  in a N ew  B ru sn w ick  B io lfo  101 fe rm e n to r fitte d  w ith  an a d d itio n a l ro ta m e te r to
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a llo w  s im u lta n e o u s  g a ss in g  w ith  m e th a n e  and  a ir. T h e  v e sse l o f th e  fe rm e n to r had a 

w o rk in g  vo lu m e  o f 5 litres  and co n ta in e d  N M S  in o cu la te d  w ith  5 0 -1 0 0  m l o f liqu id  

cu ltu re . T h e  fe rm e n to r w a s  ke p t a t 30  °C  and  c o n s ta n tly  s u p p lie d  w ith  a ir and 

m e th a n e  a t f lo w  ra te s  75 0  m l m in '1 and 55  m l m in '1 re sp e c tive ly . T h e  o p tica l d e n s ity  

w a s  m e a su re d  a t 60 0  nm  us ing  a s p e c tro p h o to m e te r a t re g u la r in te rva ls  to  o b se rve  

g ro w th  o f th e  cu ltu re . C e lls  h a rve s te d  fro m  th e  fe rm e n to r w e re  p e lle te d  by 

c e n tr ifu g a tio n  fo r  15 m in  a t 12 ,0 00  x g, w a sh e d  o n ce  w ith  25  m M  M O P S  (pH  7 .0 ), 1 

m M  b e n z a m id in e  1 m M  d ith io th re ito l (b u ffe r B) and  re su sp e n d e d  in a m in im u m  

a m o u n t o f b u ffe r B. T h e  ce ll w e re  fro ze n  d ro p w is e  in to  liqu id  n itro g e n  and s to re d  a t - 

80  °C.

W h e re  a p p ro p ria te , a n tib io tic s  w e re  used  a t th e  fo llo w in g  w o rk in g  c o n c e n tra tio n s : 

a m p ic illin  5 0 -1 0 0  pg m l"1, s tre p to m y c in  20  pg m l'1, sp e c tin o m y c in  20  pg m l'1 an d  

g e n ta m ic in  5 pg m l'1.

2 .1 .2 ) G ro w th  o f  b a c te r ia l c u ltu re s

A ll c h e m ica l re a g e n ts  w e re  s u p p lie d  by S ig m a  A ld r ic h  an d  M e lfo rd  Labs. G a se s  

w e re  su p p lie d  by B O C  and  A ir  liq u id e  (fo rm e rly  S c o tt gas).
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2.2  G e n e ra l D N A  m e th o d s

G e n e ra l m e th o d s  fo r  D N A  p u rifica tio n , a n a lys is  and  c lo n in g  w ith  E . c o l i w e re  

p e rfo rm e d  a cco rd in g  to  S a m b ro o k  e t  a l. (1989). R e s tr ic tio n  e n z y m e s  w e re  su p p lie d  

by N ew  E n g la n d  B io la b s  and P ro m e g a ; D N A  ligase , p h o s p h a ta s e  and T 4  D N A  

p o ly m e ra s e  e n zym e s  w e re  su p p lie d  by  N ew  E n g la nd  B io la b s  and m a n u fa c tu re rs ’ 

p ro to co ls  w e re  fo llo w e d . F o r c o m p o s itio n  o f all b u ffe rs  used  fo r  D N A  m a n ip u la tio n  

and a n a lys is  se e  A p p e n d ix  2. F o r e x tra c tio n  o f s m a lle r a m o u n ts  o f p la sm id  D N A  (<

50  ng) th e  Q IA p re p  sp in  m in ip re p  k it (Q IA G E N ) w a s  used  fo llo w in g  th e  

m a n u fa c tu re rs  p ro toco l. F o r la rg e r c o n c e n tra tio n s  o f D N A  (> 100 ng pi"1) th e  p la sm id  

m axi k it (Q IA G E N ) w a s  used .

2 .2 .1 ) Q IA p re p  s p in  p la s m id  m in ip re p  p ro to c o l:

T h is  is a m o d ifica tio n  o f th e  a lk a lin e  lys is  m e th o d  o f B irn b o im  an d  D o ly  (1 9 7 9 ). LB  

m e d iu m  (5 m l) p lu s  a p p ro p ria te  a n tib io tic s  w a s  in o cu la te d  w ith  a s in g le  c o lo n y  and  

g ro w n  o v e rn ig h t a t 37  °C. 1.5 m l o f th e  re su lting  c u ltu re  w a s  tra n s fe rre d  to  a fre sh  

E p p e n d o rf tu b e  and  ce n tr ifu g e d  a t m a x im u m  sp e e d  (1 6 ,1 0 0  *  g) on a b e n c h to p  

c e n tr ifu g e  fo r  30 s to  p e lle t ce lls . T h e  p e lle t w a s  re su sp e n d e d  in 2 5 0  p i o f P1 

re s u sp e n s io n  b u ffe r and 25 0  pi o f lys is  b u ffe r P2 w a s  a d d e d . T h e  lysa te  w a s  m ixe d  

by in ve rtin g  6 tim e s  b e fo re  350  p i o f n e u tra lisa tio n  b u ffe r N 3 w a s  a d d e d  to  s to p  lys is . 

T h e  lysa te  w a s  inve rted  a g a in  and th e  w h ite  p re c ip ita te  c o n ta in in g  S D S , d e n a tu re d  

p ro te in s  and c h ro m o so m a l D N A  w a s  p e lle te d  o u t by c e n tr ifu g a tio n  fo r  10 m in s  a t 

m a x im u m  sp e e d  (1 6 ,1 0 0  *  g) a t 4  °C. T h e  s u p e rn a ta n t  w a s  a p p lie d  to  a m in ic o lu m n  

by c e n tr ifu g a tio n  a t m a x im u m  sp e e d  fo r  30 s a t 4  °C  and  f lo w -th ro u g h  d is c a rd e d .

T h e  co lu m n  w a s  w a sh e d  by  a d d in g  0 .5  m l b in d in g  b u ffe r PB to  th e  co lu m n , 

ce n tr ifu g in g  a t m a x im u m  sp e e d  and flo w  th ro u g h  d is ca rd e d  as ab ove . T h e  c o lu m n  

w a s  ce n tr ifu g e d  fo r  a n o th e r m in u te  a t m a x im u m  sp e e d  to  re m o ve  a ll tra c e s  o f th e  PB 

bu ffe r. T h e  co lu m n  w a s  tra n s fe rre d  to  fre sh  E p p e n d o rf tu b e  and th e  D N A  e lu te d  by 

a d d in g  3 0 -50  pi s te rile  d is tille d  w a te r (sdFEO) o r 10 m M  T ris -H C I (p H 8 .5 ), a llo w e d  to
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s tan d  fo r  1 m in  and ce n tr ifu g e d  fo r  1 m in  a t 16 ,1 0 0  x g . T h e  e lu ted  D N A  w a s  th e n  

s to re d  a t -2 0  °C  B u ffe rs  P1, P2, N 3 an d  PB w e re  su p p lie d  in th e  Q ia p re p  sp in  

m in ip re p  kit.

2 .2 .2 ) Q ia g e n  M a x ip re p  k it  p la s m id  is o la t io n  p ro to c o l

A  fla s k  co n ta in in g  500  m l o f fre sh  LB m e d ia  w a s  in o cu la te d  w ith  5 m l o v e rn ig h t 

cu ltu re  and in cu b a te d  o v e rn ig h t a t 37 °C, sh a k in g  a t 20 0  rpm . T h e  cu ltu re  w a s  

ce n tr ifu g e d  a t 6 ,0 0 0  x g f o r  15 m in  a t 4  °C  and  re su sp e n d e d  in 10 m l P1 b u ffe r. A n  

e q u a l a m o u n t o f P2 b u ffe r w a s  ad d e d ; th e  co n te n ts  o f th e  tu b e  w e re  m ixed  by 

in ve rtin g  6 tim e s  and in cu b a te d  fo r  5 m ins  a t ro om  te m p e ra tu re . T h e  lys is  w a s  

s to p p e d  by a d d in g  10 m l p re -ch ille d  n e u tra liza tio n  b u ffe r P3 and in ve rtin g  to  m ix . T h e  

lysa te  w a s  in cu b a te d  on ice fo r  20  m in  and  p e lle te d  a t > 2 0 ,0 0 0  x g  fo r  30  m in  a t 

4  °C  to  re m o ve  th e  w h ite  p re c ip ita te  co n ta in in g  S D S , d e n a tu re d  p ro te in s  and  

ch ro m o s o m a l D N A. T h e  c le a re d  lysa te  s u p e rn a ta n t w a s  ce n tr ifu g e d  as a b o v e  fo r  a 

fu r th e r 15 m in  in a fre sh  tu b e  to  re m o ve  a n y  tra ce  p re c ip ita te . A  Q IA G E N -tip  500  

co lu m n  w a s  e q u ilib ra te d  by  a d d in g  10 m l e q u ilib ra tio n  b u ffe r Q B T  and a llo w e d  to  run  

th ro u g h  by g ra v ity  flow . T h e  lysa te  w a s  a d ded  a p p lie d  to  th e  co lu m n  and th e  c o lu m n  

w a sh e d  tw ice  w ith  30  m l b u ffe r Q C . T h e  D N A  w a s  e lu te d  fro m  th e  c o lu m n  w ith  15 m l 

b u ffe r Q F  and p re c ip ita te d  by ad d in g  10 .5 m l iso p ro p a n o l a t room  te m p e ra tu re  and 

ce n tr ifu g in g  a t > 2 0 ,0 0 0  x  g fo r  30 m in  a t 4  °C. T h e  D N A  p e lle t w a s  w a s h e d  w ith  5 m l 

70 %  e th a n o l (v/v); a ir  d rie d  and  re su sp e n d e d  in 1 m l 10 m M  T ris -H C I (pH  8 .5 ). 

B u ffe rs  P1, P2, P3, Q B T  Q C  and  Q F w e re  a ll s u p p lie d  in th e  Q ia g e n  m a x ip re p  kit.

T o  o b ta in  pu re  D N A  fra g m e n ts  fo r  c lo n in g  and  D N A  se q u e n c in g , P C R  fra g m e n ts  an d  

d ig e s te d  p la sm id  D N A  w e re  run on a 1 %  a g a ro s e  ge l and th e  d e s ire d  b a n d s  

e xc ise d  and  p u rifie d  us ing  a ge l e x tra c tio n  kit. F o r D N A  < 10 kb th e  Q ia q u ic k  ge l 

e x tra c tio n  k it (Q ia g e n ) w a s  used, fo r  D N A  > 10 kb th e  G e n e c le a n e  III k it (B IO  101) 

w a s  used.
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2 .2 .3 ) Q ia q u ic k  ge l e x tra c t io n  p ro to c o l

T h e  d e s ire d  D N A  co n ta in in g  band  w a s  e xc ise d  fro m  an a g a ro se  gel us ing  a sca lp e l 

and  c a re fu lly  w e ig h e d  to  e s tim a te  vo lu m e  (1 m g = 1 pi vo l). T h e  ba nd  w a s  p la ced  in 

an E p p e n d o rf tu b e  and  3 v o lu m e s  o f b u ffe r Q G  w e re  a d d e d . T h e  s a m p le  w a s  

in cu b a te d  in a h e a t b lo ck  a t 55 °C  fo r  2 -3  m in  till  th e  a g a ro s e  had d isso lve d  and  th e n  

1 v o lu m e  iso p ro p a n o l w a s  a d d e d . T h e  s a m p le  w a s  a p p lie d  to  a Q IA q u ic k  sp in  

co lu m n  by  c e n tr ifu g a tio n  fo r  1 m in  a t m a x  sp e e d  in a b e n ch to p  c e n tr ifu g e  and  th e  

f lo w  th ro u g h  d isca rd e d . T h e  sp in  co lu m n  w a s  w a s h e d  w ith  75 0  p i e lu tio n  b u ffe r PE  

and ce n trifu g e d  fo r  a fu r th e r m in u te  to  re m o ve  la s t tra c e s  o f bu ffe r. T h e  D N A  w a s  

e lu te d  fro m  th e  co lu m n  by a d d in g  30 -5 0  p i e lu tio n  b u ffe r EB, s ta n d in g  fo r  1m in an d  

ce n tr ifu g in g  a t m a x im u m  sp e e d  fo r  1 m in. B u ffe rs  Q G  and EB w e re  su p p lie d  in th e  

Q ia q u ick  ge l e x tra c tio n  kit.

2 .2 .4 ) G e n e C le a n  III P ro to c o l

T h e  d e s ire d  band  w a s  e xc ise d  fro m  th e  a g a ro s e  ge l and w e ig h e d  to  e s tim a te  v o lu m e  

as a b o ve  and 3 v o lu m e s  o f su p p lie d  N a l so lu tio n  ad de d . T h e  m ix tu re  w a s  h e a te d  a t 

55 °C  fo r  5 m in  un til th e  a g a ro s e  had d isso lve d . 10  p i o f  su p p lie d  g la s s m ilk  s ilica  

s u s p e n s io n  w a s  a d d e d  to  th e  tu b e  and m ixed  by p ip e ttin g  up and  do w n . T h e  s a m p le  

w a s  in cu b a te d  a t room  te m p e ra tu re  fo r  15 m in, in ve rtin g  e ve ry  2 -3  m in  to  re s u s p e n d  

th e  g la ssm ilk . T h e  g la s s m ilk  w a s  pe lle te d  by  c e n tr ifu g a tio n  a t m a x im u m  sp e e d  fo r  5 

s to  p e lle t g la ssm ilk , w a sh e d  tw ice  w ith  th e  s u p p lie d  N E W  W a sh  b u ffe r and  p e lle te d  

as ab ove . T h e  p e lle t w a s  hea te d  a t 55 °C  fo r  2 m in  to  re m o ve  la s t tra c e s  N E W  W a s h  

bu ffe r, re su sp e n d e d  in 20  pi sdhEO , a llo w e d  to  s ta n d  fo r  1 m in  th e n  c e n tr ifu g e d  fo r  

30 s and th e  s u p e rn a ta n t (co n ta in in g  th e  p u rifie d  D N A ) tra n s fe rre d  to  a fre sh  

E p p e n d o rf tu b e  and  s to re d  a t -20  °C.
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2 .2 .5 ) P h e n o l/c h lo ro fo rm /ls o a m y l a lc o h o l e x tra c t io n

A n  e q u a l vo lu m e  o f b u ffe r s a tu ra te d  p h e n o l (S ig m a ) w a s  a d ded  to  th e  D N A - 

co n ta in in g  so lu tio n  and  vo rte xe d  to  m ix . If th e  to ta l v o lu m e  o f th e  D N A -co n ta in in g  

so lu tio n  w a s  less th a n  100 pi th e n  th e  so lu tio n  w a s  m a d e  up to  100 pi w ith  s te r ile  

d is tille d  w a te r (s d H 20 ) .  T h e  laye rs  w e re  se p a ra te d  by  c e n tr ifu g a tio n  a t m a x im u m  

spe ed  in a b e n ch to p  c e n tr ifu g e  fo r  1 m in  and  th e  u p p e r a q u e o u s  p h a se  re m o ve d  to  a 

s e p a ra te  E p p e n d o rf tub e . A n  e q u a l vo lu m e  o f s d H 20  w a s  a d ded  to  th e  ph e n o l 

so lu tio n  and th e  u p p e r a q u e o u s  p h a se  re ta in e d  as above . T h e  a q u e o u s  p h a se s  w e re  

c o m b in e d  and  an e q u a l a m o u n t o f C H C Isdsoa m yl a lco h o l (24:1 v /v ) a d d e d . T h e  

s a m p le  w a s  vo rte xe d  b r ie fly  to  m ix  and  ce n trifu g e d  as a b o ve  re ta in in g  th e  u p p e r 

a q u e o u s  ph ase . A  0.1 v o lu m e  o f 3 M so d iu m  a c e ta te  (pH  5 .5 ) and 3 v o lu m e s  ice 

co ld  e th a n o l w e re  a d d e d  to  th e  a q u e o u s  phase . T h e  so lu tio n  w a s  m ixed  c a re fu lly  

and in cu b a te d  o v e rn ig h t a t -2 0  °C  o r fo r  1 h a t -7 0  °C. T h e  s a m p le  w a s  c e n tr ifu g e d  a t 

4  °C  a t m a x im u m  sp e e d  us ing  a be n ch  to p  c e n tr ifu g e  fo r  30 m in  and  th e  D N A  p e lle t 

w a s  w a sh e d  w ith  50  pi ice co ld  70  % e th a n o l to  re m o ve  e x ce ss  sa lts . T h e  tu b e  w a s  

ce n tr ifu g e d  a t 4  °C  a t m a x im u m  sp e e d  fo r  15 m in  and  th e  70%  e th a n o l w a s  

a sp ira te d  us ing  a sm a ll p ip e tte  and  d isca rd e d . T h e  re su ltin g  D N A  p e lle t w a s  a ir 

d rie d  fo r  15 m in  b e fo re  be ing  re su sp e n d e d  in e ith e r s d H 20  o r 10 m M  T ris -H C I 

(p H 8 .5 ) and  s to re d  a t -2 0 °C .

2 .2 .6 ) E le c tro p h o re s is  o f  D N A

W h e re  ne ce ssa ry , D N A  w a s  a n a lyse d  and v isu a lize d  by ru nn in g  on a g a ro s e  g e ls  in 

T A E  b u ffe r (40  m M  T r is -a c e ta te  10 m M  E D T A ) co n ta in in g  0 .5  pg m l'1 e th id iu m  

b ro m id e  run a t 9 0 -1 1 0  V  fo r  3 0 -5 0  m in  and v ie w e d  u n d e r a U V  light. S e p a ra tio n  o f 

ge l fra g m e n ts  < 500  bp w a s  ca rrie d  o u t us ing  1.5 % a g a ro s e  ge ls  (w t/vo l), a ll o th e r 

s e p a ra tio n s  w e re  ca rried  o u t us ing  1 % a g a ro se  (w t/vo l).
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2 .2 .7 ) R e s tr ic t io n  d ig e s t

R e s tr ic tio n  d ig e s ts  w e re  se t up in a 50  pi re a c tio n  v o lu m e  c o n ta in in g  D N A  an d  th e  

a p p ro p ria te  re s tric tio n  e n z y m e s  (1 -10  un its ), 1 *  e n zym e  b u ffe r and 1 pi B SA . T h e  

re a c tio n  w a s  in cu b a te d  fo r b e tw e e n  1 and  4 h o u rs  in a w a te rb a th  a t th e  te m p e ra tu re  

re co m m e n d e d  by th e  e n z y m e  su p p lie rs , u su a lly  37 °C.

2 .2 .8 ) P h o s p h a ta s e

T h e  e n d s  o f d ig e s te d  v e c to r D N A  w e re  d e -p h o s p h o ry la te d  us ing  c a lf in te s tin a l 

a lka lin e  p h o s p h a ta s e  (C IP ) o r A n ta rc tic  a lka lin e  p h o s p h a ta s e  (A P ) (N e w  E n g la n d  

B io la b s) to  p re v e n t se lf- lig a tio n . D ig e s te d  D N A  fra g m e n ts  w e re  e ith e r h e a te d  to  

in a c tiva te  re s tric tio n  e n z y m e s  an d  used d ire c tly  o r p u rifie d  fro m  a ge l p r io r to  

d e p h o s p h o ry la tio n . 50 pi re a c tio n  v o lu m e s  w e re  s e t up co n ta in in g  1 u n it (< 100 ng 

D N A ) o r 10 un its  (> 100 ng D N A ) a lka lin e  p h o s p h a ta se  and 1 x p h o s p h a ta s e  bu ffe r. 

T h e  re a c tio n  m ix  w a s  in cu b a te d  a t 37  °C fo r  30 m in.  W h e re  C IP  w a s  used  th e  D N A  

w a s  fu r th e r p u rified  by  G e n e c le a n  III o r Q ia g e n  ge l p u rifica tio n  fit to  re m o ve  th e  

p h o sp h a ta se . W h e n  A P  w a s  used  th e  p h o s p h a ta s e  w a s  in a c tiva te d  by  h e a tin g  a t 

65  °C fo r  5 m in .
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2 .2 .9 ) E nd  f i l l in g  w ith  T 4  D N A  p o ly m e ra s e

Filling o f D N A  co h e s iv e  e n d s  to  c re a te  b lu n t e n d s  w a s  c a rrie d  o u t us ing  T 4  D N A  

p o lym e ra se  (P ro m e g a ). T h e  re a c tio n  w a s  s e t up in 50 pi v o lu m e  c o n ta in in g  < 2 pg 

D N A, 1 x T 4  p o ly m e ra s e  bu ffe r, 100 pM  d N T P S  (25 pM  o f ea ch  d N T P ) (In v itro g e n ) 

and 5 un its  o f T 4  D N A  p o lym e ra se . T h e  re a c tio n  m ix  w a s  in cu b a te d  a t 37 °C  fo r  5 

m in and th e  re a c tio n  s to p p e d  by in cu b a tin g  a t 75  °C  fo r  10 m in . T 4  p o lym e ra se  

b u ffe r w a s  (1 0 * )  w a s  s u p p lie d  by  P ro m e g a  and d ilu te d  a cco rd in g  to  th e  

m a n u fa c tu re r ’s in s tru c tio n s .

2 .2 .1 0 ) D N A  lig a s e

T 4  D N A  lig a se  w a s  used  to  jo in  co h e s iv e  e n d s  o f D N A. W h e n  in se rtin g  D N A  in to  a 

d ig e s te d  p la sm id  ve c to r, th e  ra tio  m o la r co n c e n tra tio n  o f D N A  w a s  1:1 o r  3:1 

(in se rt:ve c to r). T h e  re a c tio n  w a s  ca rrie d  o u t in a 50 pi v o lu m e  co n ta in in g  1 *  lig a se  

b u ffe r (c o n ta in in g  A T P ) and  1 pi c o n ce n tra te d  T 4  lig a se  so lu tio n . T h e  re a c tio n  w a s  

in cu b a te d  fo r  60  - 90 m in  a t 16 °C  o r in cu b a te d  o v e rn ig h t a t 4  °C. T h e  e n z y m e  w a s  

th e n  in a c tiva te d  by h e a tin g  to  65  °C  fo r  20  m in. T h e  T 4  lig a se  b u ffe r (1 0 * )  w a s  

su p p lie d  by  N ew  E n g la n d  B io la b s  and  d ilu te d  a cco rd in g  to  th e  m a n u fa c tu re r ’s 

in s tru c tio n s .
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2 .3  T e m p la te  p re p a ra tio n  a n d  a m p lif ic a t io n  c o n d it io n s  fo r  P C R

2.3 .1 ) C u ltu re  te m p la te  p repa ra tio n

Th is is a m ethod o f extracting D N A  from  a culture o f bacteria l cells for use as  a  

tem p la te  for P C R  am plification. A n E ppend orf tube c ontaining 1 - 1 . 5  ml liquid cu lture  

w as  centrifuged fo r 1 m in a t m axim um  speed  in a ben chtop centrifuge to pe lle t the  

cells. T h e  pe lle t w as w ash ed  once with 5 0  jul sd H 20 ,  centrifuged for 1 m in and  

resuspended in 3 0  pi sd H 20 .  T h e  cell suspension w as  boiled a t 10 0  °C fo r 10 min  

then centrifuged for 10 m in a t m axim um  speed  and 1 - 5 pi o f the resulting  

su pernatan t w as used as  the  D N A -conta in ing  tem p la te  fo r P C R .

2 .3 .2 ) C o lo n y  te m p la te  p rep ara tio n

A  sm all am ou n t o f cell b iom ass w as rem oved from  a c olony o f E. coli  using a  sterile  

toothpick, resuspended in 20  pi sd H 20  and used as  D N A  tem p la te  fo r P C R .

2.3 .3 ) G en o m ic  D N A  iso la tion  us in g  Q iagen  g en o m ic  t ip  k it

An E ppendorf tube containing 1 ml liquid culture (O D 6oo: 0 . 5 - 1 )  w as centrifuged a t  

5 0 0 0  x g  for 5 min to pellet cells. T h e  pe llet w as resuspen ded in 1 ml bu ffe r B1 by  

vortexing and 2 0  pi lysozym e (1 0 0  mg m l'1) and 4 5  p i P ro te inase K (2 0  mg ml"1)  

added . T h e  reaction m ix w as incubated a t 37  °C  fo r 30  min, 0 .3 5  ml bu ffe r B 2 ad ded  

and the  m ixture w as  incubated a t 5 0  °C  fo r 30  m in. A  genom ic tip 2 0  co lum n w as  

equilib ra ted with 2  ml Q B T  buffer and allow ed to fl ow  through by gravity. T h e  lysed  

cell-contain ing sam p le  w as added  to the colum n and w as he d  with 3 x 1 ml Q iag en  

Q C  buffer. T h e  genom ic D N A  w as  e lu ted using 2  x 1 m l Q iagen  Q F  buffe r and  

precip itated by adding 1 .4  ml isopropanol at room t em p era tu re  and centrifuged a t  

8 0 0 0  x g  fo r 2 0  min a t 4  °C  to pelle t the  D N A . T h e  pe llet w a s w ashed  w ith 7 0  %  

Ethanol, centrifuged a t 8 0 0 0  x g  fo r 10 min a t 4  °C  and allow ed to air dry fo r 10  m i n.  

T h e  pe llet w as resuspended in 50  -  100 pi 10 m M  Tri s -C I, pH  8 .5  and p laced in  

sh ake r a t 30  °C  overnight to dissolve (or 55  °C  for  1 - 2  h). Buffers B 1 , B2, Q B T , Q C
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and Q F w e re  m a d e  a cco rd in g  to  th e  m a n u fa c tu re r ’s in s tru c tio n s  (see  A p p e n d ix ). 

P ro te in a se  K so lu tio n  (20 m g m l"1) w a s  su p p lie d  by Q iag en .

2 .3 .4 ) S ta n d a rd  P C R  P ro to c o l

T a q  p o ly m e ra s e  (In v itro g e n ) o r P fu T u rb o  (S tra ta g e n e ) p ro o fre a d in g  p o ly m e ra s e  w a s  

used  fo r  P C R  re a c tio n s . P rim e r m e ltin g  te m p e ra tu re s  T m  w e re  e s tim a te d  us ing : 

T m (°C ) =  2 (Na + N t ) +  4 (N G + N c) w h e re  NA, NT, N c and N G a re  th e  n u m b e r o f 

a d e n o s in e , th ym in e , cy to s in e  and  g u a n in e  b a se s  p re se n t re sp e c tive ly .

T h e  re a c tio n  m ix  w a s  in cu b a te d  a t 95  °C  fo r  2 m in  t o  d e n a tu re  th e  D N A . T h e  D N A  

w a s  a m p lifie d  by 3 0 -3 5  cyc le s  of: 95  °C  fo r  30  s k b '1; (Tm  -  5 °C ) fo r  30 s k b '1; 72  °C  

fo r  1 m in  k b '1. T h e  fin a l a m p lific a tio n  s te p  w a s  h e a tin g  a t 72  °C  fo r  10 m in  an d  th e n  

th e  te m p e ra tu re  he ld a t 4  °C. F o r P C R  re a c tio n s  us i ng  co lo n y  te m p la te  o r cu ltu re  

te m p la te  35 cyc le s  w a s  used .

P C R  S e tu p :

e d N T P s  (25 m M  ea ch  d N T P ) 0 .5  pi

© 10 x b u ffe r 5 pi

G p rim e r 1 (1 0 0 -2 0 0  ng) 1 pi

Q p r im e r 2 (1 0 0 -2 0 0  ng) 1 pi

G D N A  te m p la te 1 - 5 pi

© T a q  p o lym e ra se  o r P fu  tu rb o 1 pi

Q 50  m M  M gC I2 (n o t a d d e d  fo r  P fu  T u rb o ) 2 pi

© B S A  (co lo n y  and cu ltu re  te m p la te  on ly ) 1 pi

Q s d H 2Q up to  50 pi
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2 .3 .5 ) F o u r -p r im e r  o v e r la p  e x te n s io n  P C R

P I P 3

P 4

Fig. 2.1 D ia g ra m  s h o w in g  th e  c re a tio n  o f  s ite  d ire c te d  m u ta n ts  by  th e  fo u r  p r im e r o v e r la p  P C R  

m e th o d  (H o  e t  a l. 1989). P r im e rs  P1 an d  P4 b ind  th e  e x te rn a l e n d s  o f th e  D N A  s e q u e n c e  to  

be  a m p lif ie d . In te rn a l p r im e rs  P2 a n d  P3 a re  c o m p le m e n ta ry  to  e a c h  o th e r an d  c o n ta in  th e  

d e s ire d  m u ta tio n . D N A  fra g m e n t A B  u p s tre a m  o f th e  d e s ire d  m u ta tio n  is a m p lif ie d  us in g  

p rim e rs  P1 a nd  P2. D N A  fra g m e n t C D  d o w n s tre a m  o f th e  d e s ire d  m u ta tio n  is a m p lif ie d  us in g  

p r im e rs  P3 a nd  P4. F ra g m e n ts  A B  a n d  C D  b ind  fo rm  a c o m p le te  te m p la te  w h ic h  is a m p lif ie d  

by p rim e rs  P1 a nd  P4.

T h is  te c h n iq u e  use s  tw o  in te rn a l c o m p le m e n ta ry  p r im e rs  co n ta in in g  a d e s ire d  

m u ta tio n  to  c re a te  u p s tre a m  and d o w n s tre a m  D N A  w ith  c o m p le m e n ta ry  e n d s  (F ig .

2 .1 ). T h e s e  b ind  and fo rm  th e  te m p la te  D N A  fo r  s u b s e q u e n t a m p lific a tio n  cyc le s . 

U p s tre a m  and d o w n s tre a m  c o m p le m e n ta ry  D N A  te m p la te  fra g m e n ts  w e re  a m p lif ie d  

us ing  s ta n d a rd  P C R  c o n d itio n s  as a b o ve  and p u rifie d  by ge l e x tra c tio n . T h e  te m p la te  

fra g m e n ts  w e re  m ixed  in e q u im o la r a m o u n ts  w ith  th e  re s t o f th e  P C R  c o m p o n e n ts  as 

ab ove , o m ittin g  p rim e rs  and  p o lym e ra se . T h e  re a c tio n  w a s  h e a te d  to  96  °C  fo r  2 m in  

to  a llo w  D N A  to  d e n a tu re  and  th e n  coo led  s lo w ly  to  a llo w  c o m p le m e n ta ry  e n d s  to  

an n e a l. T h e  p o lym e ra se  w a s  a d ded , m ixed  and h e a te d  to  72 °C  fo r  2 m in. T h e  

e x te rn a l p r im e rs  w e re  ad d e d  and  P C R  th e rm a l cyc lin g  w a s  co n tin u e d  u n d e r n o rm a l 

co n d itio n s  fo r  30 cyc le s  as  ab ove .

75



2 .3 .6 ) E rro r  P ro n e  P C R  ra n d o m  m u ta g e n e s is

T a q  p o ly m e ra s e  w a s  ch o se n  fo r  th e  e rro r p rone  P C R  te c h n iq u e  d u e  to  its in tr in s ic  

h igh e rro r ra te  (T in d a ll and  K unke l, 1988). T h e  re a c tio n  co n d itio n s  w e re  s e t up b e lo w  

to  fa v o u r low  fid e lity  o f th e  e n zym e  and in co rp o ra tio n  o f m is m a tc h e s  in to

a m p lific a tio n  o f th e  D N A  te m p la te .

E rro r -p ro n e  P C R  s e tu p :

•  D N A  te m p la te  (8 0 n g /p l) 1pl

100 m M  d C T P  0 .5 p l

100 m M  d T T P  0 .5 p l

10 m M  d A T P  1pl

10 m M  d G T P  1pl

•  10 x T a q  p o lym e ra se  b u ffe r 5p l

•  p r im e r 1 (1 0 0 -2 0 0  ng) 1pl

•  p r im e r 2 (1 0 0 -2 0 0  ng) 1pl

•  T a q  p o ly m e ra s e  1pl

•  50 m M  M g C b  7p l

•  50 m M  M n C b  0 .5 p l

B S A  1pl

•  sd H 20  up to  50 p l

T h e  re a c tio n  fo llo w s  n o rm a l P C R  c o n d itio n s  (se c tio n  2 .3 .4 ) fo r  30 cyc le s .

2 .3 .7 ) G e n e m o rp h  ra n d o m  m u ta g e n e s is  k it

E rro r p ro n e  P C R  w a s  a lso  ca rrie d  ou t using th e  G e n e m o rp h  II ra n d o m  m u ta g e n e s is  

k it (S tra ta g e n e ) w ith  M u ta zym e  II p o lym e ra se  e n zym e . T h e  e rro r ra te  o f th e  

M u ta zym e  II is a lte re d  by  d iffe re n t c o n c e n tra tio n s  o f ta rg e t D N A. T o  m a in ta in  a low  

e rro r ra te  5 0 0 -1 0 0 0  ng ta rg e t D N A  w a s  used  w ith  1 x M u ta z y m e  II b u ffe r, d N T P ’s, 

p r im e rs  and p o lym e ra se  as in th e  P fu  tu rb o  s ta n d a rd  P C R  se tu p  (o m ittin g  a d d itio n a l 

M g C I2) and  a m p lifie d  by 30 P C R  cyc le s  as ab ove .
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2 .4  P la s m id s  u sed  in th is  s tu d y :

P la sm id R e fe re n c e

p T J S 1 4 0 B ro a d -h o s t- ra n g e  c lo n in g  v e c to r, 7 .5  kb; M ob , A p r S p r 

S m r la c Z ’

S m ith  e t  a l. 2 0 0 2

p T J S 1 7 5 M e th a n o tro p h  e x p re s s io n  v e c to r, p T J S 1 4 0  c o n ta in in g  

10.1 kb  in s e rt in c lu d in g  th e  s M M O  o p e ro n . A p r S p r S m r

S m ith  e t  a l. 2 0 0 2

p T J S 1 7 6 C lo n in g  v e c to r  c o n ta in in g  10.1 kb K p n I in s e rt in c lu d in g  

th e  s M M O  o p e ro n  A p r.

S m ith  e t  a l. 2 0 0 2

pTN 1 p T J S 1 4 0  w ith  A/c/el s ite  an d  o n e  B a m H I s ite  re m o ve d , 

A p r S p r S m r

T h is  s tu d y

p T N 2 p T J S 1 4 0  w ith  a ll B a m H I a n d  N d e \  s ite s  re m o ve d , A p r 

S p r S m r

T h is  s tu d y

p T 2 M L N e w  m e th a n o tro p h  e x p re s s io n  v e c to r, p T N 2  c o n ta in in g  

9 .6  kb  k p n \  in s e rt in c lu d in g  s M M O  o p e ro n  w ith  5 00  bp 

d e le tio n  o f  m m o X  g e n e , A p r S p r S m r

T h is  s tu d y

2 .4 .1 ) B lu e /W h ite  s e le c t io n

C lo n in g  e x p e rim e n ts  us ing  p la s m id s  co n ta in in g  a u n iq u e  re s tric tio n  s ite  w ith in  a 

fu n c tio n a l la c Z  g e n e  w e re  sc re e n e d  fo r  s u cce ss fu l lig a tio n s  by  b lu e /w h ite  s e le c tio n . 

T h e  la c Z ’ g e n e  a llo w s  e xp re ss io n  o f p -g a la c to s id a s e  w ith in  an a p p ro p ria te  h o s t 

s tra in . In th e  p re se n ce  o f th e  c h ro m o g e n ic  s u b s tra te  5 -b ro m o -4 -c h lo ro -3 - in o d ly l-p -D - 

g a la c to p y ra n o s id e  (X -g a l) and  ind uced  by is o p ro p y l-1 -th io -p -D -g a la c to p y ra n o s id e  

(IP T G ), p -g a la c to s id a s e  e xp re ss in g  c o lo n ie s  fo rm  th e  co lo u re d  p ro d u c t ind ig o . 

S u cce ss fu l c lo n in g  in to  th e  la c Z  g e n e  re su lts  in no p -g a la c to s id a s e  be ing  p ro d u c e d  

an d  c o lo n ie s  a re  w h ite  in co lo u r. T h e  tra n s fo rm a n ts  w e re  p la te d  on LB a g a r 

co n ta in in g  80  pg m l"1 X -g a l and  20  m M  IPTG .
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2 .5  P re p a ra t io n  o f E. coli  c o m p e te n t ce lls

2 .5 .1 ) C a C I2 ce ll p re p a ra t io n  m e th o d

T h is  m e th o d  w a s  a d a p te d  fro m  th a t o f S a m b ro o k  e t  a l. (1 989 ). LB (2 m l) w a s  

in n o cu la te d  w ith  a fre sh  s in g le  c o lo n y  fro m  an E. c o l i cu ltu re  p la te  and  in cu b a te d  

o v e rn ig h t a t 37 °C. T h e  cu ltu re  w a s  d ilu te d  50 fo ld  w ith  LB  + M gC I2 [10  m M ], M g S 0 4 

[10  m M ] (up to  100 m l fin a l v o lu m e ) and  in cu b a te d  a t 37 °C  w ith  sh a k in g  a t 2 0 0  rpm  

un til th e  cu ltu re  re a ch e d  an O D 6ooof 0 .5  - 0 .6 (m id  log p h ase ). T h e  ce lls  w e re  

pe lle te d  by  c e n tr ifu g a tio n  a t 5 0 0 0  x g  fo r  10 m in  (4 °C ), w a sh e d  in 2 5  m l ice co ld 

f ilte r  s te rilize d  0.1 M M gC I2 and  pe lle te d  by c e n tr ifu g a tio n  as ab ove . T h e  ce lls  w e re  

w a sh e d  in 5 m l f ilte r  s te rilize d  C aC I2, p e lle te d  a ga in  and  re su sp e n d e d  in 5 m l 0.1 M 

M O P S , 50 m M  C aC I2, 20  % g lyce ro l. T h e  ce lls  w e re  d ro p  fro ze n  in 2 0 0  pi a liq u o ts  in 

liqu id  n itro g e n  and s to re d  a t -8 0  °C. U s ing  th is  m e th o d  ce lls  can  be s to re d  fo r  se v e ra l 

yea rs .

2 .5 .2 ) T ra n s fo rm a t io n  o f  C a C I2 c o m p e te n t  c e lls

A n  a liq u o t o f 20 0  pi o f c o m p e te n t ce lls  w a s  th a w e d  on ice and  1-5 pi D N A  w a s  

a d ded . T h e  ce lls  w e re  in cu b a te d  on ice fo r  30 m in  th e n  h e a t sh o cke d  in a w a te rb a th  

a t 42  °C fo r  90 s. T h e  ce lls  w e re  in cu b a te d  on ice fo r  a fu r th e r  2 m in  and  LB o r S O C  

m e d ia  w a s  a d ded  up to  1 m l. T h e  ce lls  w e re  in cu b a te d  a t 37  °C  w ith  s h a k in g  a t 2 0 0  

rpm  fo r 1 h and the n  p la te d  on LB p la tes  co n ta in in g  th e  a p p ro p ria te  a n tib io tic . W h e n  

us ing  co m m e rc ia lly  a v a ila b le  c o m p e te n t ce lls  su ch  as S o lo p a c k  go ld  u ltra c o m p e te n t 

ce lls  (S tra ta g e n e ) th e  s u p p lie rs ’ tra n s fo rm a tio n  p ro to co ls  w e re  used .
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2 .5 .3 ) P re p a ra t io n  o f  e le c tro c o m p e te n t  c e lls

LB (5 m l) w a s  in o cu la te d  w ith  a fre sh  s in g le  co lo n y  o f E. c o l i  and in cu b a te d  a t 37  °C  

o ve rn ig h t. T h e  cu ltu re  w a s  d ilu te d  100-fo ld  up to  500  m l w ith  fre sh  LB m e d iu m  and 

in cu b a te d  a t 37 °C w ith  sh a k in g  a t 2 2 0  rpm  un til th e  c u ltu re  had re a ch e d  an  O D 60o o f 

a p p ro x im a te ly  0 .5 -0 .7 . T h e  cu ltu re  w a s  in cu b a te d  on ice fo r  20  m in, tra n s fe rre d  to  a 

p re  ch ille d  ce n tr ifu g e  b o ttle  and  ce n tr ifu g e d  a t 4 0 0 0  x g fo r  15 m in  a t 4  °C. T h e  p e lle t 

w a s  w a s h e d  in 50 0  m l ice -co ld  10 % (vo l/vo l) g lyce ro l and p e lle ted  as ab o ve . T h e  

p e lle t w a s  fu r th e r w a s h e d  w ith  2 5 0  m l ice -co ld  10 % g lyce ro l, ce n tr ifu g e d  a s  a b o ve  

and w a sh e d  w ith  20  m l ice -co ld  10 % g lyce ro l. T h e  ce lls  w e re  ce n tr ifu g e d  a g a in  and  

th e  p e lle t re su sp e n d e d  in 1 m l 10 % g lyce ro l an d  d ro p  fro ze n  in 50  pi a liq u o ts  in 

liqu id  n itro g e n .

2 .5 .4 ) E le c tro p o ra t io n  o f  E.coli

A ll ce lls , D N A  and e le c tro p o ra tio n  c u v e tte s  w e re  ke p t on ice a t all t im e s . A  50  pi 

a liq u o t o f e le c tro c o m p e te n t E. c o l i w a s  th a w e d  on ice and  100 -  3 0 0  ng D N A  a d d e d  

in < 5 pi vo lu m e . T h e  ce lls  and D N A  w e re  tra n s fe rre d  to  a B io -R ad  e le c tro p o ra tio n  

cu ve tte  (0.1 cm  g a p  w id th ) an d  e le c tro p o ra te d  us ing  a B io -R a d  M ic ro p u ls e r us in g  

p ro g ra m  E c 1 (1 .8  kV ). LB o r S O C  m e d iu m  w a s  a d d e d  up to  1 m l, and th e n  th e  ce ll 

su sp e n s io n  w a s  tra n s fe rre d  to  an E p p e n d o rf tu b e  and  in cu b a te d  a t 37  °C , w ith  

sh a k in g  a t 2 2 0  rpm  fo r  60  m in. 100 pi o f th e  ce ll s u s p e n s io n  w e re  s p re a d  on  L B -a g a r 

p la te s  co n ta in in g  th e  a p p ro p ria te  a n tib io tic  and  in cu b a te d  a t 37 °C  o ve rn ig h t.
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2 .5 .5 ) H a n a h a n  t ra n s fo rm a t io n  m e th o d

T h is  m e th o d  w a s  a d a p te d  fro m  th a t o f  H a n a h a n  (1 983 ). S O B  m e d iu m  (10 m l) w a s  

in o cu la te d  w ith  a fre sh  s in g le  c o lo n y  o f E. c o l i  an d  in cu b a te d  a t 3 7 °C  s h a k in g  a t 180 

rpm  till an o p tica l d e n s ity  a t 550  nm  (O D 550) o f  b e tw e e n  0 .5  and 0 .6  w a s  re a ch e d .

T h e  cu ltu re  w a s  in cu b a te d  on ice fo r  10 m in  th e n  p e lle te d  by c e n tr ifu g a tio n  a t 1000  x 

g (4 °C ) fo r  12 m in. T h e  p e lle t w a s  re su sp e n d e d  in 3  m l o f ice -co ld  T F B  B u ffe r and  

in cu b a te d  on ice fo r  10 m in. T h e  ce ll su sp e n s io n  w a s  p e lle te d  a g a in  by c e n tr ifu g a tio n  

a t 1000  x g (4 °C ) fo r  12 m in  an d  re su sp e n d e d  in 800  pi ice co ld  T F B . 28  pi o f D nD  

S o lu tio n  w a s  a d d e d  and th e  ce ll su sp e n s io n  in cu b a te d  on ice fo r  10 m in . A n  

a d d itio n a l 28  pi o f  D nD  S o lu tio n  w a s  a d d e d  an d  th e  ce ll s u s p e n s io n  w a s  in c u b a te d  

on  ice fo r  a fu r th e r 15 m in. A  2 0 0  pi a liq u o t o f ce ll s u s p e n s io n  w a s  tra n s fe rre d  to  a 

p re -ch ille d  15 m l F a lcon  tu b e  an d  10 pi v e c to r D N A  (up to  100ng ) w a s  a d d e d . T h e  

ce ll s u s p e n s io n  w a s  in cu b a te d  on  ice fo r  20  m in, h e a t sh o cke d  a t 42°C  fo r  90  s an d  

in cu b a te d  on ice fo r  a fu r th e r 2 m in. S O C  m e d iu m  (800  p i) w a s  a d d e d  b e fo re  

in cu b a tio n  a t 37 °C  fo r  1 h. LB  b ro th  co n ta in in g  a m p ic illin  [50  pg /m l] w a s  a d d e d  up  to  

10 m l and cu ltu re  w a s  in cu b a te d  o v e rn ig h t a t 37°C . T h is  o v e rn ig h t cu ltu re  w a s  th e n  

used  fo r  c o n ju g a tio n  w ith  M s. tr ic h o s p o r iu m  S M D M  (se e  se c tio n  2 .6 .1 )
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2.6  In tro d u c tio n  o f D N A  in to  Ms. trichosporium  by c o n ju g a t io n .

F or e x p re s s io n  o f re c o m b in a n t s M M O  w ith in  a h o m o lo g o u s  h o s t th e  e x p re s s io n  

v e c to r w a s  tra n s fo rm e d  in to  th e  co n ju g a tiv e  E. c o l i  s tra in  S17-1 (S im o n  e t  a l. 1983) 

and  tra n s fe rre d  to  a m u ta n t sM M O  n e g a tive  m e th a n o tro p h  re c ip ien t, S M D M  

(B o ro d in a  e t  a l. 2006). T h e  M s. t r ic h o s p o r iu m  S M D M  s tra in  has a ll th e  s M M O  o p e ro n  

e x c e p t 3 ’ p o rtio n  o f m m o C  d e le te d  and  re p lace d  w ith  a G e n tR ca sse tte .

2 .6 .1 ) C o n ju g a t io n  p ro to c o l

A  10 m l o v e rn ig h t cu ltu re  o f E .c o li S17-1 co n ta in in g  th e  d e s ire d  p la sm id  w a s  m ixed  

w ith  50  m l M s . tr ic h o s p o r iu m  S M D M  (O D 60o ~ 0 .5 ) and  p e lle te d  by c e n tr ifu g a tio n  a t 

5 0 00  x g  fo r  10 m in. T h e  ce lls  w e re  re su sp e n d e d  in 50  m l s te rile  N M S  and  c o lle c te d  

o n to  a s te r ile  n itro c e llu lo s e  f ilte r  (0 .2  pM  p o re  size ). T h e  filte r  p a p e r w a s  tra n s fe rre d  

to  N M S  a g a r p la te s  co n ta in in g  0 .0 2  % p ro te o se  p e p to n e  (w /v) and  in c u b a te d  a t 

30 °C fo r  24  h in a sea led  c o n ta in e r w ith  50  % a ir / m e th a n e . T h e  f ilte r  p a p e r w a s  

b r ie fly  vo rte xe d  w ith  10 m l N M S  to  re su sp e n d  th e  ce lls  and  c e n tr ifu g e d  as  a b o ve .

T h e  ce lls  w e re  re su sp e n d e d  in 1 m l N M S , p la ted  in 100 pi a liq u o ts  o n to  N M S  + 

s tre p to m yc in  [20  pg m l'1] and  in cu b a te d  a t 30 °C  in  50  % a ir /m e th a n e  fo r  1 . 5 - 2  

w e e ks  un til m e th a n o tro p h  c o lo n ie s  w e re  c le a rly  v is ib le . In d iv id u a l c o lo n ie s  w e re  

su b cu ltu re d  o n to  fre sh  N M S  a g a r c o n ta in in g  g e n ta m ic in , s tre p to m yc in , 

s p e c tin o m y c in  and n a lid ix ic  ac id  [20  pg m l'1] un til p u re  co lo n ie s  fre e  o f E . c o l i  g ro w th  

w e re  see n . N a ld ix ic  ac id  w a s  used b e ca u se  it in h ib its  th e  g ro w th  o f th e  E . c o li,  

g e n ta m ic in  w a s  used  to  m a in ta in  th e  a n tib io tic  c a s s e tte  w ith in  th e  S M D M  

ch ro m o so m e , and s tre p to m yc in  and  s p e c tin o m y c in  w e re  used  to  m a in ta in  th e  

e xp re ss io n  ve c to r. P u re  m e th a n o tro p h  c o lo n ie s  fre e  o f E. c o l i w e re  a s s e s s e d  by 

p la ting  o n to  n u trie n t agar.
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2 .7  P ro te in  q u a n t if ic a t io n  and  v is u a lis a t io n

2 .7 .1 ) P ro te in  e s t im a t io n  v ia  th e  B ra d fo rd  a s s a y

P ro te in  s ta n d a rd s  w e re  p re p a re d  by a d d in g  va ry in g  a m o u n ts  o f B S A  to  1 m l M O P S  

[25  m M ] (pH  7 .0 ). 100 pi o f p ro te in  s a m p le  w a s  a d d ed  to  3 m l B ra d fo rd  re a g e n t a t 

ro om  te m p e ra tu re  and in cu b a te d  fo r  5 m in. T h e  in c re a se  in a b s o rb a n c e  re la tive  to  a 

no -p ro te in  co n tro l w a s  m e a su re d  a t 5 9 5  nm  us ing  a J e n w a y  6 7 1 5  U V /V is  

s p e c tro p h o to m e te r and p ro te in  c o n c e n tra tio n  e s tim a te d  fro m  co m p a ris o n  a g a in s t a 

p ro te in  s ta n d a rd  cu rve . W h e n  th e  A 595 > 1, p ro te in  s a m p le s  w e re  d ilu te d  1:10 o r 1 :20 

to  g ive  re lia b le  re ad in gs .

2 .7 .2 ) S D S  P A G E

C o m p o s itio n  o f a ll g e ls  b u ffe rs  and  so lu tio n s  can  be fo u n d  in A p p e n d ix  3. A  10 m l 12 % 

a c ry la m id e  re so lv in g  ge l m ix tu re  w a s  p re p a re d  a d d in g  a m m o n iu m  p e rs u lfa te  (A P S ) 

so lu tio n  and te tra m e th y le th y le n e d ia m in e  (T E M E D ) las t and  o v e rla y in g  w ith  7 0 0  pi 

e th a n o l o r iso p ro p a n o l. T h e  ge l w a s  a llo w e d  to  se t fo r  30 m in  b e fo re  th e  e th a n o l w a s  

w a s h e d  off. T h e  5 % a c ry la m id e  s ta ck in g  ge l m ix tu re  w a s  o ve rla id  w ith  co m b  

in se rte d  and a llo w e d  to  se t. A n  e q u a l a m o u n t o f s a m p le  b u ffe r w a s  a d d e d  to  e a ch  

p ro te in  s a m p le  and  b o ile d  fo r  10 m in. T h e  sa m p le s  w e re  loaded  o n to  th e  g e l and  run  

a t 130 V  fo r  1 h o r un til th e  d ye  fro n t had re a ch e d  th e  b o tto m  o f th e  ge l. T h e  ge l w a s  

su b m e rg e d  in 0.1 % C o o m a s s ie  s ta in  so lu tio n , s lo w ly  sh a k in g  a t ro om  te m p e ra tu re  

fo r  40  m in. T h e  s ta in  w a s  w a sh e d  o ff and ge l su b m e rg e d  in d e s ta in  so lu tio n  (3 0  % 

m e th a n o l, 10 % g la c ia l a c e tic  ac id ) fo r  4 0  m in  to  re vea l p ro te in  ba nds.
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2.8  C e ll p re p a ra tio n  an d  s u b s tra te  o x id a t io n  a s s a y s

2 .8 .1 ) W h o le  ce ll a s s a y s

D ro p  fro ze n  ce lls  w e re  re su sp e n d e d  in 25  m M  M O P S  b u ffe r (pH  7 .0 ) to  an O D 6oo: 

5 -10 . S o d iu m  fo rm a te  w a s  a d d e d  [5 m M ] to  p ro v id e  an e xce ss  o f re d u c in g  

e q u iv a le n ts  fo r  th e  sM M O . A n a ly s is  o f a ro m a tic  su b s tra te s  w a s  ca rrie d  o u t us in g  

w h o le  ce lls  as th e s e  c o m p o u n d s  do  no t se rve  as a su b s tra te  fo r  th e  p a rtic u la te  

m e th a n e  m o n o o x y g e n a s e . A lip h a tic  co m p o u n d s  can se rve  as  a s u b s tra te  fo r  p M M O  

and so w e re  a ssa ye d  us ing  ce ll fre e  e x tra c t w h e re  th e  p M M O -c o n ta in in g  ce ll 

m e m b ra n e s  ha ve  be en  re m o ve d  (see  be low ).

2 .8 .2 ) S o lu b le  e x tra c t  p re p a ra t io n

D ro p  fro ze n  ce lls  w e re  w a sh e d  o n ce  w ith  25  m M  M O P S  b u ffe r + 1 m M  b e n z a m id in e , 

1 m M  d ith io th re ito l (D T T ), 1 m M  D N a se  and  re su sp e n d e d  in a m in im u m  v o lu m e  o f 

th e  sa m e  bu ffe r. O n ce  ce lls  w e re  th a w e d  th e y  w e re  ke p t on ice a t a ll t im e s . T h e  ce lls  

w e re  b ro ke n  e ith e r by  3 p a ssa g e s  th ro u g h  a F re n ch  ce ll p re ss  (T h e rm o ) a t 2 0 ,0 0 0  

m P a  o r fo r  s m a lle r a m o u n ts  (< 5 m l) us ing  a S o n ics  v ib ra ce ll V O X  7 5 0  s o n ic a to r  on 

ice us ing  10 x 30  s b u rs ts  a t 4 0 %  a m p litu d e  w ith  30  s on  ice b e tw e e n  e a ch  b u rs t to  

a llo w  co o lin g . T h e  ce lls  w e re  ce n tr ifu g e d  in p re -ch ille d  O a ke n rid g e  tu b e s  a t 1 0 ,0 0 0  *  

g  fo r  5 m in  to  re m o ve  th e  m a jo rity  o f th e  ce ll d e b ris . T h e  s u p e rn a ta n t w a s  th e n  

tra n s fe rre d  to  u ltra ce n tr ifu g e  tu b e s  and ce n trifu g e d  fo r  90  m in  a t 5 0 ,0 0 0  x g  a t 4  °C. 

T h e  s o lu b le  e x tra c t w a s  a liq u o te d  in to  p re  ch ille d  E p p e n d o rf tu b e s  b e fo re  b e in g  d ro p  

fro ze n  in liqu id  n itro g e n  and s to re d  a t -8 0  °C. F o r  s o lu b le  e x tra c t assa ys , a liq u o ts  o f 

so lu b le  e x tra c t w e re  th a w e d  and used im m e d ia te ly .
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2 .8 .3 ) C o lo r im e tr ic  n a p h th a le n e  o x id a tio n  a s s a y

T h e  n a p h th a le n e  o x id a tio n  a ssa y  w a s  ca rrie d  o u t in ce ll su sp e n s io n  and on p la te s . A  

fe w  c rys ta ls  o f n a p h th a le n e  w e re  a d d e d  e ith e r d ire c tly  to  th e  re ac tion  m ix tu re  o r on 

th e  lid o f in ve rte d  fre s h ly  g ro w n  p la te s . T h e  ce lls  w e re  in cu b a te d  fo r  1 h a t 30 °C  and  

n a p h th o l p ro d u c ts  v isu a lize d  by  a d d in g  te tra z o tiz e d  o -d ia n is id in e  (T O D ) re a g e n t 

so lu tio n  [0 .5  m g m l"1] w h ich  fo rm s  a p in k  -  p u rp le  d ia zo  d ye  c o m p le x  up on  c o n ta c t 

w ith  th e  h yd ro xy la te d  p ro d u c ts . F o r so lid  m e d ia  a ssa ys  th e  w h o le  p la te  w a s  flo o d e d  

w ith  T O D  re a g e n t so lu tio n  and fo r  liqu id  c u ltu re s  100 pi m l'1 T O D  re a g e n t so lu tio n  

w a s  a d d e d

2 .8 .4 ) S e m iq u a n t ita t iv e  c o lo r im e tr ic  n a p h th a le n e  o x id a tio n  a s s a y

B ased  on th e  m e th o d  d e sc rib e d  by W o o d  and  c o -w o rke rs  (C a n a d a  e t  a l. 2 0 0 2 ), 5 m l 

ce ll s u s p e n s io n  w a s  p re p a re d  as ab o ve . T h e  ce lls  w e re  e q u ilib ra te d  in a 30  °C  w a te r  

ba th  fo r  2 m in  b e fo re  a d d itio n  o f a c rys ta l o f n a p h th a le n e  (~5  m g). C e lls  w e re  

in cu b a te d  fo r  1 h a t 30 °C sh a k in g  a t 180 rpm . T h e  re a c tio n  w a s  s to p p e d  by 

tra n s fe rr in g  to  ice and in cu b a tin g  fo r  5 m in . C e ll d e b ris  w a s  re m o ve d  by 

ce n tr ifu g a tio n  fo r  1 m in  a t 17 ,0 00  x g  (4 °C ) and  1 m l s u p e rn a ta n t w a s  tra n s fe rre d  to  

a 1 m l cu ve tte . 50 pi 1 % T O D  re a g a n t w a s  a d d e d  and m ixed  by p ip e ttin g  up  and  

dow n. T h e  re a c tio n  w a s  ha lte d  a fte r 15 s by  a d d itio n  o f 120 pi g la c ia l a c e tic  a c id  to  

q u e n ch  th e  d ye  co m p le x  fo rm a tio n  and s ta b ilize  th e  co lo u r. Q u a n tific a tio n  o f 

n a p h th o l fo rm a tio n  w a s  ca rrie d  ou t by m e a su rin g  th e  in c re a se  in a b s o rb a n c e  a t 540  

nm  us ing  a J e n w a y  6 7 1 5  U V A /is  s p e c tro p h o to m e te r and co m p a rin g  a g a in s t a 

p ro d u c t s ta n d a rd  cu rve  o f know n 1 -n a p h th o l co n ce n tra tio n s .
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2 .8 .5 ) P ro d u c t  d is tr ib u t io n  o f  n a p h th o ls

5 m l a ssa ys  w e re  s e t up as a b o v e  us ing  n a p h th a le n e  as th e  s u b s tra te  and in cu b a te d  

fo r  up to  48  h. O x id a tio n  p ro d u c ts  w e re  e x tra c te d  in to  1 m l e th e r and e v a p o ra te d  to  < 

50 pi u n d e r a la m in a r f lo w  hood. 1 pi sa m p le s  w e re  a n a lyse d  v ia  G C -M S  us ing  a 

58 90  G C  (H e w le tt P a cka rd ) co u p le d  to  a Trio -1  m a ss  sp e c tro m e te r. T h e  G C  w a s  

fitte d  w ith  a H e w le tt P acka rd  H P -5  co lu m n  w ith  a (5 % p h eny l) m e th y l p o ly s ilo x a n e  

co a tin g  (50 m *  0 .3 2  m m ; co a tin g  th ic k n e s s  0 .2 5  pm ) and o p e ra te d  w ith  a c a rr ie r 

ga s  (n itro g e n ) flo w  ra te  o f 1.5 m l m in '1. T h e  s e p a ra tio n s  w e re  ca rried  o u t w ith o u t sp lit 

and th e  co lu m n  te m p e ra tu re  w a s  ra m p e d  fro m  80 °C  to  126 °C  a t 10 °C  m in "1, 

fo llo w e d  by 126 °C  to  129 °C  a t 0.1 °C  m in '1 and  th e n  129 °C to  25 0  °C  a t 10 °C 

m in '1. S a m p le s  (2 .5  p i) w e re  a lso  a n a lyse d  v ia  a S h im a d zu  G C 2 0 1 0  c o u p le d  to  a 

fla m e  io n isa tio n  d e te c to r. T h e  G C  w a s  fitte d  w ith  a R e s te k  R T X -5  c o lu m n  w ith  a 5 % 

d ip h e n y l/9 5  % d im e th y l p o ly s ilo x a n e  co a tin g  (50 m x 0 .3 2  m m ; co a tin g  th ic k n e s s  

0 .2 5  pm ) and o p e ra te d  w ith  a ca rr ie r ga s  (n itro g e n ) f lo w  ra te  o f 1.5 m l m in '1. T h e  

te m p a ra tu re  w a s  ra m p e d  fro m  100 - 2 0 0  °C  a t 10 °C  m in '1, he ld  a t 2 0 0  °C  fo r  1 m in  

th e n  ra m pe d  to  25 0  °C  a t 5 °C  m in '1 and  he ld a t 2 5 0  °C  fo r  15 m in. T h e  c a rr ie r  ga s  

flo w  ra te  w a s  30  m l m in '1 and th e  s p lit ra tio  w a s  30 :1 .

2 .8 .6 ) B ip h e n y l o x id a t io n  a s s a y

A  5 m l ce ll su sp e n s io n  w a s  e q u ilib ra te d  fo r  1 m in  in a 30 °C  w a te r ba th . A  fe w  

c rys ta ls  o f b ip h e n y l w e re  a d ded  an d  th e  ce lls  in cu b a te d  a t 30 °C sh a k in g  a t 180 rpm  

fo r  30 m in . C e lls  w e re  tra n s fe rre d  o n to  ice fo r  5 m in  to  q u e n ch  th e  re a c tio n  b e fo re  

e x tra c tio n  in to  1 m l d ie th y l e th e r and  e v a p o ra tio n  to  < 50  pi. T h e  p ro d u c ts  o f b ip h e n y l 

o x id a tio n  w e re  c h a ra c te rise d  us ing  a S h im a d zu  G C 2 0 1 0  and  R T X -5  c o lu m n  as 

ab ove . T h e  co lu m n  te m p e ra tu re  w a s  ra m p e d  fro m  100 °C  to  20 0  °C a t 2 °C  m in '1 an d  

he ld fo r  1 m in . T h e  co lu m n  te m p e ra tu re  w a s  th e n  in c re a se d  to  25 0  °C a t a ra te  o f 

15°C  m in"1 and he ld fo r 15m in . T h e  ca rr ie r ga s  flo w  w a s  30 m l m in '1 and  th e  s p lit 

ra tio  w a s  30:1
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2 .8 .7 ) M e s ity le n e  o x id a t io n  a s s a y

A  5 m l ce ll su sp e n s io n  co n ta in in g  so d iu m  fo rm a te  [5 m M ] w a s  in cu b a te d  w ith  5p l 

m e s ity le n e  a t 30 °C  fo r  b e tw e e n  1- 72 ho u rs  sh a k in g  a t 180 rpm . A n  in te rn a l 

s ta n d a rd  o f 2 p m o le s  m -c re so l w a s  a d d e d  and th e  h yd ro xy la te d  p ro d u c ts  w e re  

e x tra c te d  in to  1 m l d ie th y l e th e r. T h e  e th e r w a s  th e n  co n ce n tra te d  to  <50  pi by 

e va p o ra tio n  u n d e r a la m in a r f lo w  ho od  an d  a n a lyse d  by G C -M S  v ia  in je c tio n  o n to  a 

58 90  S e rie s  II ga s  c h ro m a to g ra p h  (H e w le tt P a cka rd ) co u p le d  to  5 9 1 7 A  m a ss  

s e le c tive  d e te c to r (H e w le tt P a cka rd ). T h e  G C  w a s  fitte d  w ith  a H e w le tt P a cka rd  H P - 

5m s co lu m n  w ith  a (5 % p h e n y l) m e th y l p o ly s ilo x a n e  co a tin g  (30  m x 0 .3 2  m m ; 

c o a tin g  th ic k n e s s  0 .2 5  pm ) and o p e ra te d  w ith  a c a rr ie r ga s  (h e liu m ) f lo w  ra te  o f 1 m l 

m in"1. T h e  se p a ra tio n s  w e re  ca rrie d  o u t w ith  a s p lit ra tio  o f 30:1 and th e  co lu m n  

te m p e ra tu re  w a s  he ld fo r  5 m in  a t 50 °C  the n  ra m p e d  fro m  50  °C  to  118 °C  a t 10 °C  

m in '1, fo llo w e d  by 118 °C  to  125 °C  a t 1 °C  m in '1 a nd  th e n  125 °C to  2 8 0  °C  a t 50  °C  

m in"1 and he ld fo r  2 m in . T h e  in je c tio n  te m p e ra tu re  w a s  26 0  °C  and th e  d e te c to r 

te m p e ra tu re  w a s  300  °C. T h e  p ro d u c ts  o f m e s ity le n e  o x id a tio n  w e re  d e te c te d  by  

m o n ito r in g  th e  to ta l ion co u n t b e tw e e n  50 -  550  m /z .
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2 .8 .8 ) T o lu e n e  o x id a tio n  a s s a y s

T h e  w h o le  ce ll su s p e n s io n s  w e re  p re p a re d  as ab o ve . 5 m l w a s  a d d e d  to  a 30  ml 

un ive rsa l tu b e  w ith  so d iu m  fo rm a te  [5 m M ] and e q u ilib ra te d  in a 30  °C w a te r ba th  fo r 

1 m in. 5 pi to lu e n e  w a s  a d d e d  and  th e  tu b e s  w e re  in cu b a te d  a t 30 °C  fo r  up to  4 8  h 

sh a k in g  a t 180 rpm . W h e n  an in te rn a l s ta n d a rd  w a s  re q u ire d  2 -p h e n y l e th a n o l w a s  

a d ded  and th e  h yd ro xy la te d  p ro d u c ts  w e re  e x tra c te d  in to  1 m l d ie th y l e th e r. T h e  

e th e r w a s  th e n  co n ce n tra te d  to  < 50 pi by e v a p o ra tio n  u n d e r a la m in a r f lo w  hood.

F o r G C -M S  a n a lys is  a 1 pi s a m p le  w a s  in je c te d  o n to  a 58 90  se rie s  II ga s  

ch ro m a to g ra p h  co u p le d  to  a 5 9 7 1 A  m a ss  se le c tive  d e te c to r (H e w le tt P a cka rd ) us ing  

th e  sa m e  p a ra m a te rs  as  fo r  th e  a n a ly s is  o f m e s ity le n e  by G C -M S  a b o ve . T h e  

p ro d u c ts  o f to lu e n e  o x id a tio n  w e re  d e te c te d  by  se le c te d  ion m o n ito r in g  a t 39 .0 , 50 .0 , 

51 .0 , 53 .0 , 77 .0 , 78 .0 , 79 .0 , 80 .0 , 89 .0 , 90 .0 , 91 .0 , 107.0 , 108.0 , and 109 .0  m /z . 

T h e se  re p re se n t th e  m a in  m a ss  ions p re s e n t in th e  m a ss  sp e c tra  o f to lu e n e  

o x id a tio n  p rodu c ts .

T h e  p ro d u c ts  o f to lu e n e  o x id a tio n  w e re  a lso  c h a ra c te ris e d  by m e a n s  o f G C , us ing  a 

6 8 9 0  G C  a p p a ra tu s  (H e w le tt P a cka rd ) fitte d  w ith  a S ta b ilw a x  c a p illa ry  c o lu m n  w ith  a 

C a rb o w a x  P E G  co a tin g  (50 m x 0 .3 2  m m ; co a tin g  th ickn e ss , 1 pm ) and  c o u p le d  to  a 

fla m e  io n isa tio n  d e te c to r. T h e  co lu m n  te m p e ra tu re  a t th e  b e g in n in g  o f th e  

se p a ra tio n  w a s  he ld a t 100 °C  fo r  5 m in, w h e re a fte r  it w a s  ra m pe d  to  180 °C  a t 2 °C  

m in '1, fo llo w e d  by 15 m in  a t 180 °C. T h e  f lo w  ra te  o f ca rr ie r gas  (n itro g e n ) w a s  1.5 

m l m in '1 and th e  sp lit ra tio  w a s  10:1. T h e  in je c to r te m p e ra tu re  w a s  150°C  and th e  

d e te c to r te m p e ra tu re  w a s  22 0  °C .

F o r d e te rm in a tio n  o f s p e c ific  a c tiv ity  w ith  to lu e n e  as su b s tra te  a 2 m l ce ll s u s p e n s io n  

w a s  in cu b a te d  w ith  1 pi to lu e n e  in a w a te r ba th  fo r  5 m in. T h e  re a c tio n  w a s  s to p p e d  

by p la c in g  tu b e s  on ice fo r  5 m in. A n  in te rna l s ta n d a rd  o f 2 -p h e n y le th a n o l w a s  a d d e d  

as b e fo re  e x tra c tio n  in to e th e r and  e v a p o ra tio n  to  < 50 pi as  ab o ve . T h e  ra te  o f 

fo rm a tio n  o f o x id a tio n  p ro d u c ts  w a s  m e a su re d  us ing  a S h im a d zu  G C 2 0 1 0  c o n n e c te d
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to  a R T X -5  co lu m n  (R e s te k ) w ith  fla m e  io n isa tio n  d e te c to r. T h e  te m p e ra tu re  w a s  

ra m p e d  fro m  150 °C  to  180 °C a t 2 °C  m in "1. T h e  te m p e ra tu re  in c re a se d  to  2 2 0  °C a t 

2 0 0  °C  m in '1 and  w a s  he ld fo r  15 m in. T h e  c a rr ie r g a s  flo w  ra te  w a s  30  m l m in '1 and 

th e  sp lit ra tio  w a s  20 :1 . T h e  in je c to r te m p e ra tu re  w a s  150 °C  and th e  d e te c to r 

te m p e ra tu re  w a s  25 0  °C.

T h e  Km and V max d a ta  w e re  m e a su re d  by a d d in g  va ry in g  a m o u n ts  o f to lu e n e  

s a tu ra te d  w a te r w ith  75 0  pi ce ll s u s p e n s io n  m a k in g  up to  1 m l w ith  25  m M  M O P S  

b u ffe r (pH  7 .0 ) and ru nn in g  on a S h im a d zu  G C 2 0 1 0  us ing  co n d itio n s  a b o ve . 2 m l 

to lu e n e  w a s  vo rte xe d  fo r  1 m in  w ith  5 m l s d H 20  and 2 m l o f th e  a q u e o u s  la ye r w a s  

re m o ve d  to  s e p a ra te  E p p e n d o rf tu b e s  and  ce n tr ifu g e d  a t 17 ,0 00  x g f o r  1 m in  and 

used im m e d ia te ly  as to lu e n e  sa tu ra te d  w a te r. T h e  a m o u n t o f to lu e n e  d is so lve d  in th e  

w a te r w a s  m e a su re d  by d ire c t in je c tio n  o f 2 .5  pi to lu e n e  s a tu ra te d  w a te r o n to  a th e  

G C  co lu m n  us ing  th e  a b o ve  co n d itio n s .

2 .8 .9 ) E th y l b e n z e n e  o x id a tio n  a s s a y

T h e  w h o le  ce ll s u s p e n s io n s  w e re  p re p a re d  as d e sc rib e d  ab ove . 5 m l ce ll s u s p e n s io n  

co n ta in in g  so d iu m  fo rm a te  [5 m M ] a d d e d  to  a 30 m l u n ive rsa l tu b e  and  e q u ilib ra te d  

fo r  1 m in  a t 30 °C. E thyl b e n ze n e  w a s  a d d e d  (50 p i)  an d  th e  tu b e s  w e re  in c u b a te d  a t 

30  °C fo r  up to  4 8  h sh a k in g  a t 180 rpm . T h e  h yd ro x y la te d  p ro d u c ts  w e re  e x tra c te d  

in to  1 m l d ie th y l e th e r. T h e  e th e r w a s  the n  c o n c e n tra te d  to  < 50  pi by  e v a p o ra tio n  

u n d e r a la m in a r flo w  hood. T h e  o x id a tio n  p ro d u c ts  w e re  a n a lyse d  v ia  G C -M S  u s in g  a 

58 90  G C  (H e w le tt P a cka rd ) co u p le d  to  a T rio-1 m a ss  sp e c tro m e te r. H ere , th e  G C  

w a s  fitte d  w ith  a H e w le tt P a cka rd  H P -5  co lu m n  w ith  a (5 % p h e n y l) m e th y l 

p o ly s ilo x a n e  coa tin g  (50 m x 0 .3 2  m m ; coa tin g  th ic k n e s s  0 .2 5  pm ) and  o p e ra te d  w ith  

a ca rr ie r gas  (n itro g e n ) flo w  ra te  o f 1.5 m l m in '1. T h e  s p lit ra tio  w a s  30:1 an d  th e  

co lu m n  te m p e ra tu re  w a s  ra m pe d  fro m  80 °C  to  25 0  °C  a t 4  °C  m in '1, fo llo w e d  by 1 

m in  a t 2 5 0  °C. T h e  in je c to r te m p e ra tu re  w a s  180 °C  and  th e  d e te c to r te m p e ra tu re  

w a s  2 5 0  °C.
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2 .8 .1 0 ) B u ta n e  o x id a tio n  a s s a y

S o lu b le  e x tra c t w a s  p re p a re d  as d e sc rib e d  ab ove , 1.9 m l w a s  sea led  in 8 m l T e flo n  

se a le d  G C  v ia ls  (A g ile n t) and 3 m l b u ta n e  a d d e d  by sy rin g e . T h e  ce lls  w e re  

e q u ilib ra te d  a t 30 °C  fo r  30  s and th e  re a c tio n  s ta rte d  by a d d in g  100 pi 100 m M  

N A D H  (e th a n o l fre e ) p re p a re d  as d e sc rib e d  in A p p e n d ix  4. C e lls  w e re  in cu b a te d  fo r  

tim e  in te rva ls  ra ng in g  b e tw e e n  1 and 30 m in  and  re ac tio n  s to p p e d  by p la c in g  

im m e d ia te ly  on ice. T h e  h yd ro xy la te d  p ro d u c ts  w e re  e x tra c te d  in to  500  pi d ie th y l 

e th e r and  c o n ce n tra te d  by  e v a p o ra tio n  to  < 50 pi as  ab ove . T h e  ra te  o f fo rm a tio n  o f 

b u ta n e  o x id a tio n  p ro d u c ts  w a s  m e a su re d  us ing  a S h im a d zu  G C 2 0 1 0  c o n n e c te d  to  a 

R T X -5  co lu m n  w ith  fla m e  io n isa tio n  d e te c to r. T h e  te m p e ra tu re  w a s  he ld a t 50  °C  fo r  

19 m in  th e n  ra m pe d  to  2 5 0 °C  a t 2 5 0 °C  m in"1 and  w a s  held  fo r  25  m in. T h e  c a rr ie r 

ga s  flo w  ra te  w a s  12 .6 m l m in"1 an d  th e  sp lit ra tio  w a s  10:1. T h e  in je c to r te m p e ra tu re  

w a s  150 °C  and th e  d e te c to r te m p e ra tu re  w a s  2 5 0  °C.

2 .8 .1 1 ) P e n ta n e  o x id a tio n  a s s a y

S o lu b le  e x tra c t w a s  p re p a re d  as d e sc rib e d  ab ove , 1.9 m l w a s  sea led  in 8 m l T e flo n  

se a le d  G C  v ia ls  (A g ile n t) and  1 pi p e n ta n e  added . T h e  ce lls  w e re  e q u ilib ra te d  a t 30 

°C fo r  30 s and  th e  re ac tion  s ta rte d  by  a d d in g  100 pi 100 m M  N A D H  (e th a n o l fre e ). 

C e lls  w e re  in cu b a te d  fo r  b e tw e e n  5 and 20  m in and  re a c tio n  s to p p e d  by  p la c in g  

im m e d ia te ly  on ice. A n  in te rn a l s ta n d a rd  o f 2 -p h e n y le th a n o l w a s  a d d e d  and  th e  

o x id a tio n  p ro d u c ts  w e re  e x tra c te d  in to 500 pi d ie th y l e th e r and e va p o ra te d  to  < 50  pi 

as  ab ove . T h e  ra te  o f fo rm a tio n  o f p e n ta n e  o x id a tio n  p ro d u c ts  w a s  m e a su re d  u s in g  a 

sh im a d zu  G C 2 0 1 0  c o n n e c te d  to  a R T X -5  co lu m n  w ith  fla m e  io n isa tio n  d e te c to r. T h e  

co lu m n  te m p e ra tu re  w a s  held  a t 7 0 °C  fo r 25  m in  th e n  ra m p e d  to  2 5 0  °C a t 100 °C  

m in '1 and w a s  held fo r  5 m in . T h e  c a rr ie r ga s  flo w  ra te  w a s  12.1 m l m in '1 and  th e  

sp lit ra tio  w a s  30 :1 . T h e  in je c to r te m p e ra tu re  w a s  150 °C  and  th e  d e te c to r 

te m p e ra tu re  w a s  25 0  °C.
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2 .8 .1 2 ) H e x a n e  o x id a tio n  a s s a y

S o lu b le  e x tra c t w a s  p re p a re d  as d e sc rib e d  ab ove , 1.9 m l w a s  se a le d  in 8 m l T e flo n  

s e a le d  G C  v ia ls  (A g ile n t) an d  1 pi h e xa n e  a d d e d . T h e  ce lls  w e re  e q u ilib ra te d  a t 30 

°C fo r  30  s and th e  re a c tio n  s ta rte d  by a d d in g  100 pi 100 m M  N A D H  (e th a n o l fre e ). 

C e lls  w e re  in cu b a te d  fo r  b e tw e e n  5 and 20  m in an d  re ac tion  s to p p e d  by p la c in g  

im m e d ia te ly  on ice. A n  in te rn a l s ta n d a rd  o f 2 -p h e n y le th a n o l w a s  a d d e d  and th e  

o x id a tio n  p ro d u c ts  w e re  e x tra c te d  in to  50 0  pi d ie th y l e th e r and e v a p o ra te d  to  < 50  pi 

as ab ove . T h e  ra te  o f fo rm a tio n  o f h e xa n e  o x id a tio n  p ro d u c ts  w a s  m e a su re d  us in g  a 

sh im a d zu  G C 2 0 1 0  co n n e c te d  to  a R T X -5  co lu m n  w ith  fla m e  io n isa tio n  d e te c to r 

us ing  th e  sa m e  G C  se ttin g s  as  a b o ve  fo r  th e  p e n ta n e  o x id a tio n  a s s a y  (2 .8 .1 1 ). T h e  

te m p e ra tu re  w a s  he ld  a t 100 °C fo r  20  m in  th e n  ra m p e d  to  25 0  °C  a t 100 °C  m in '1 

and w a s  held fo r  5 m in '1. T h e  c a rr ie r gas  flo w  ra te  w a s  27  m l m in '1 and th e  s p lit ra tio  

w a s  30 :1 . T h e  in je c to r te m p e ra tu re  w a s  150 °C an d  t h e  d e te c to r te m p e ra tu re  w a s  

2 5 0  °C.

2.9  D a ta  a n a ly s is

2 .9 .1 ) S ta t is t ic a l a n a ly s is

C o m p a riso n  o f O B 3 b  w ild -ty p e  and sM M O  m u ta n t d a ta  w a s  ca rrie d  o u t u s in g  a tw o - 

ta ile d  s tu d e n t T -T e s t. D a ta  w a s  se e n  as ha v ing  a s ta tis tica l s ig n if ic a n t d iffe re n c e  if 

P < 0 .0 5 . A ll s ta tis tica l a n a lys is  w a s  ca rried  o u t us ing  S ig m a p lo t da ta  a n a ly s is  

so ftw a re  (S ys ta t so ftw a re  inc.)
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C h a p te r  3: A n a ly s is  o f th e  ro le  o f Leu 110

3.1 In tro d u c tio n

3 .1 .1 ) A  p ro p o s e d  g a tin g  ro le  fo r  Leu  110

T h e  c rys ta l s tru c tu re s  o f th e  sM M O  h y d ro xy la se  c o m p o n e n ts  fro m  M e th y lo s in u s  

t r ic h o s p o r iu m  (O B 3 b ) and M e th y lo c o c c u s  c a p s u la tu s  (B a th ) in d ica te  th a t th e  a c tive  

s ite  is d e e p ly  b u ried  in th e  p ro te in  and h e nce  th e  s u b s tra te s  and p ro d u c ts  m u s t 

tra ve l a s u b s ta n tia l d is ta n c e  b e tw e e n  th e  e x te rn a l s o lv e n t and  th e  a c tive  ce n tre . T h e  

c rys ta l s tru c tu re s  in d ica te  th a t a ch a in  o f b u ried  s o lve n t-fille d  ca v itie s  th a t 

c o m m u n ic a te  b e tw e e n  th e  a c tive  s ite  and th e  s o lv e n t m a y  be  th e  ro u te  o f s u b s tra te  

e n try  an d  p ro d u c t e g re ss  (E la n g o  e t  a l. 1997; R o se n zw e ig  e t  a l. 1997). A t th e  en d  o f 

th is  p ro p o se d  su b s tra te  c h a n n e l b e tw e e n  th e  so -ca lle d  c a v ity  tw o  and  th e  a c tiv e  s ite  

lies th e  re s id u e  Leu 110 (F ig. 3 .1 ). T h e  o x id ize d  an d  re d u ce d  c rys ta l fo rm s  o f th e  

h yd ro xy la se  d iffe r in th e  co n fo rm a tio n  o f Leu 110 le a d in g  to  th is  re s id u e  be ing  

p ro p o se d  by R o se n zw e ig  and  co -w o rk e rs  as a g a tin g  re s id u e  (the  “ le u c in e  g a te ”), 

re g u la tin g  a cce ss  o f th e  s u b s tra te  to  th e  a c tive  s ite  (R o se n zw e ig  e t  a l. 19 97). In th e  

c rys ta l s tru c tu re  o f o x id ize d  h yd ro xy la se  p ro te in , Leu 110 b lo cks  th e  p a th w a y  

b e tw e e n  ca v ity  tw o  an d  th e  a c tive  s ite . H o w e ve r in th e  re d u ce d  fo rm , a 2 .6 -A  

d ia m e te r ch a n n e l o p e n s  b e tw e e n  th e  tw o  ca v itie s . It has be en  h y p o th e s ise d  th a t a 

la rg e r c o n fo rm a tio n a l ch a n g e , such  as m a y  be ca u se d  by in te ra c tio n  w ith  th e  o th e r 

c o m p o n e n ts  o f th e  sM M O  co m p le x , cou ld  open  th is  ‘le u c in e  g a te ’ fu rth e r, to  a llo w  

p a ssa g e  o f s u b s tra te s  an d  p ro d u c ts .
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Fig. 3 .1 ) T h e  a c tiv e  s ite  o f s M M O  h y d ro x y la s e  s h o w in g  p ro p o s e d  s u b s tra te  e n try  ro u te  fro m  

c a v ity  2 (b lu e ) to  c a v ity  1 (ta n ) a d ja c e n t to  th e  a c tiv e  s ite . T h e  b in u c le a r  iron  c e n tre  is 

h ig h lig h te d  in o ra n g e  a nd  th e  p ro p o s e d  g a tin g  re s id u e  Leu  110 is h ig h lig h te d  in g re e n . F ig u re  

w a s  c o n s tru c te d  us in g  X -ra y  c ry s ta llo g ra p h ic  d a ta  (P D P  a c c e s s io n  c o d e  1M T Y ).
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3 .2  C o m p a r is o n  o f Leu  110 w ith  e q u iv a le n t  re s id u e s  o f re la te d

m o n o o x y q e n a s e s .

3 .2 .1 ) M u ta g e n e s is  o f  V a l 10 6  fro m  to lu e n e  o r f f ro -m o n o o x y g e n a s e

A s  m e n tio n e d  in c h a p te r 1, m u ta g e n e s is  s tu d ie s  o f h o m o lo g o u s  m o n o o x y g e n a s e s  

w h o s e  n a tu ra l su b s tra te s  a re  m o n o a ro m a tic  h yd ro c a rb o n s  have  in d ica te d  th a t th e  

e q u iv a le n t p o s itio n  to  Leu 110 is ind eed  im p o rta n t in th e  in te ra c tio n  b e tw e e n  th e s e  

e n zym e s  and  th e ir  su b s tra te s  (F ig. 3 .2 ). In a d ire c te d  e vo lu tio n  s tu d y  o f to lu e n e  

o/? /70 -m onooxygenase  (T O M ) o f B u rk h o ld e r ia  c e p a c ia  G 4, a V a l to  A la  m u ta tio n  a t 

p o s itio n  106, e q u iv a le n t to  Leu 110 in sM M O , g a ve  in c re a se d  n a p h th a le n e  and 

p h e n a n th re n e  o x id a tio n  bu t no c h a n g e  in re g io s e le c tiv ity  w ith  n a p h th a le n e  (C a n a d a  

e t  a l. 2 0 0 2 ). B oth m u ta n t and  w ild -ty p e  g a ve  p re d o m in a n tly  1 -n a p h th o l as  th e  

p rodu c t. T h is  w a s  c o n s is te n t w ith  th e  p ro p o se d  g a tin g  ro le  o f th is  re s id ue , i.e. th e  

m u ta tio n  a ffe c te d  th e  ra te  o f o x id a tio n  o f la rg e  s u b s tra te s  bu t d id  n o t g re a tly  im p a c t 

on re g io se le c tiv ity .

3 .2 .2 ) M u ta g e n e s is  s tu d ie s  o f  lie  100 fro m  to lu e n e  4 -m o n o o x y g e n a s e

A  n u m b e r o f m u ta g e n e s is  s tu d ie s  a t th e  e q u iv a le n t po s itio n  lie  100 o f to lu e n e -4 - 

m o n o o x y g e n a s e  (T 4 M O ) in P s e u d o m o n a s  m e n d o c in a  KR1 have  a lso  in d ica te d  th a t 

th is  re s id u e  m a y  p la y  an im p o rta n t ro le  in a cce ss  o f s u b s tra te  to  th e  a c tive  s ite . A  

re d u c tio n  in ra te  o f o x in d o le  fo rm a tio n  fro m  in d o le  by  th e  A la , C ys and  V a l m u ta n ts  o f 

th e  e q u iv a le n t lie  100 in T 4 M O  b a ck  up th is  h yp o th e s is  (M cC la y  e t  a l. 2 0 0 5 ). S ite  

d ire c te d  m u ta g e n e s is  s tu d ie s  ca rried  ou t on th is  e n zym e  a lso  id e n tifie d  th a t th e  

I100L  m u ta n t sh o w e d  a tw o -fo ld  in c re a se  in th e  ra te  o f o x id a tio n  o f 2 -m e th o x y p h e n o l 

w ith  on ly  a m o d e s t loss o f re g io sp e c ific ity , h o w e v e r th e  m u ta n t (like  th e  w ild -ty p e ) 

g a ve  3 -m e th o x y re s o rc in o l (3 ,5 -d ih y d ro x y a n is o le ) as th e  m a jo r p ro d u c t. S im ila r 

re su lts  w e re  o b se rve d  w ith  to lu e n e  as th e  su b s tra te , w h e re  an in c re a se  in ra te  o f
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to luene oxidation w as  recorded but no chang e in reg ioselectiv ity (T a o  et al.  2 0 0 4 ). A  

fu rther site d irected m u tagenesis  study o f this res idue has highlighted a num b er o f  

m utants w ith both a ltered rates o f oxidation and en antioselec tiv ity  w ith a rom atic  

sulph ides as the substrate. T h e  I1 0 0 G  m utant show ed  a 1 .7  fold increase in the  rate  

o f oxidation o f m ethylphenylsu lfide and enan tiom eri c  excess  increased from  8 6 %  to  

9 8 %  (pro S ). S im ilarly the  rate o f oxidation o f m et hyl para-to ly l su lph ide by this  

m utant rose 11 -fold com pared to the  wild type and a n increase in enan tiom eric  

excess from  4 1 %  p ro-R  to 7 7 %  pro-S  w as observed. T h e s e  results coup led with in-  

silico  hom olo logy m odelling o f T 4 M O  and to luene o/iffro-m onooxygenase have  led to  

the 1100 res idue in T 4 M O  being im plicated not only in controlling access  to th e  ac tive  

site but a lso influencing the  orientation o f substr a te within the ac tive site (Fe ingersch  

et al.  2 0 0 8 ).

3.2 .3 ) M u tag en es is  s tu d ie s  o f  lie  100 fro m  to lu e n e / o -x y len e  

m o n o o x y g e n a s e

M utation studies o f the  equ iva len t res idue in to lue ne/o -xy len e m ono oxygenase o f  

Pseudomonas  sp strain O X1 (T o M O ) have shown th a t the  lie 100 r es idue o f this  

en zym e has an im portant role in both rate and regio selectiv ity o f arom atic  subs tra te  

oxidation. T h e  oxidation o f to luene and naph tha lene  by an I1 0 0 A  m utant o f T o M O  

show ed reduced oxidation rates and re laxed regiosel ectiv ity with both th ese  

substra tes (N otom ista et al.  2 0 0 9 ). A  change in the  predom inan t product o f phen ol  

hydroxylation from  catechol to hydroquinone (i.e. a  shift in regioselectiv ity from  th e  2 -  

to 4-pos ition) in the I1 0 0 Q  m utant o f T o M O  also ind icates tha t the  eq u iva len t s ite to  

Leu 110 m ay have a  role in determ in ing regioselecti v ity as  w ell as subs tra te  access  

(V a rd a r and W oo d , 2 0 0 4 ).

94



3.2.4) Com parison  to butane m onooxygenase

T h e  eq u iva len t res idue to Leu 110 o f s M M O  is also a  Leucine, Leu 10 7  in B M O  o f  

Thauera butanivorans  (fo rm erly  Pseudomonas butanovora).  R esults from  

m utagenesis  studies o f the  nearby  G ly  11 3  have show n an im portant role fo r this  

residue in de term ining regioselectiv ity o f this en z ym e  in the  oxidation o f short chain  

a lkan es and ch loroe thy lene derivatives w hich could be exp la ined  by a  

conform ational chang e within the  ac tive site (H a ls e y  et al.  2 0 0 6 ).

ramoX 97 PRWGETMKVISNFLEVGEYNAIAASAMLWDSATAAEQKNGYLAQVLDEIR 146

touA 87 PGWVSTMQLHFGAIALEEYAASTAEARMARFAKAPGNRNMATFGMMDENR136

tmoA 87 PGWISTLKSHYGAIAVGEYAAVTGEGRMARFSKAPGNRNMATFGMMDELR136

Fig. 3 .2 ) Part ia l protein se q ue nce  a lignm ent  o f hyd roxylase  a -subun it  o f sM M O (mm oX),  

t oluene/ o-xylene m onooxygenase  (touA), toulene 4 -m o nooxyge nase  (tm oA), butane  

m onooxygenase  (bm oX) and to luene ortho -m onooxygenase  (tomA3). Le u  110  (m m oX) and  

ana logous residues a re  h ighlighted yellow .
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3 .3  S ite  d ire c te d  m u ta g e n e s is  s tu d ie s  o f  Leu  110  in  s M M O

In order to probe the  role o f Leu 110 in s M M O , a nu m ber o f m utants with varying  

sized s ide chains w e re  c rea ted by D r E len a Borodina  (Un iversity o f W arw ick ) to  

study the effec ts this has on entry o f larger subst rates into the  ac tive site. S eve ra l  

m utants a t position 110 in the a-subun it o f the  hyd roxylase have been ana lysed  

using bulky arom atic  substra tes in o rder to eva lu a t e  the  role o f this res idue in the  

s M M O  system  and to com pare  its function to tha t o f the equ iva len t res idues in the  

arom atic  m onooxygenases. T h e s e  m utants have also be en screened  for tr iarom atic  

oxidation activity using the  tr iarom atic com pounds phenan th rene and an th racene ,  

w hich are  not ox id ized by the  wild type en zy m e  (Jen kins etal.  19 94 ). S ince  wild type  

s M M O  can accom m oda te  the  large d iarom atic  com pound naph tha lene, it w as  

hypothesised tha t the m utations o f Leu 110 to sm all e r residues Cys and G ly  m ay  

allow  access  o f th ese larger substrates to th e  ac ti ve site. C onverse ly  m utations to  

arg in ine and tyrosine a t this position m ight reduce  the substrate range o f the  en zy m e .

3.3 .1) M u tag en es is  o f  leuc in e  ga te  res id ue  p rod uced  m u tan ts  th a t g ave  an  

un usu a l n ap h th a le n e  o x id a tio n  te s t resu lt

A  num ber o f m utants o f the  proposed gating res idue Leu 110 w ere  c rea ted  with  

varying s ized s ide chains, in o rder to probe how  th e  s ize  o f the am ino  acid a t this  

position a ffec ted the functionality o f the  en zym e. Four m utants L 1 10G , L 1 1 0C ,

L 1 10 R  and L 1 1 0 Y  w ere  c rea ted , confirm ed by D N A  sequ enc ing and exp ressed  in  

the Ms. trichosporium  S M D M  hom ologous express ion system  as  described in the  

M ateria ls  and M ethods chap ter using p T J S 1 7 5  as  the express ion vector. W h e n  the  

four m utant strains w ere  grown in liquid culture a t  a  low copper-to -b iom ass ratio to  

induce expression of s M M O , all four gave  positive n aph tha lene tests. Th is confirm ed  

tha t all the m utant clones produced m utant en zym es  tha t w e re  ac tive with  

naph tha lene as  the substrate. O bserva tions o f the  p urp le d iazo  dye product fo rm ed  

with a positive naph tha lene test d iffered be tw een  t he  four m utants. T h e  L 1 1 0 G  and
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L 1 10C  m u ta n ts  g a ve  a p u rp le  p ro d u c t th a t w a s  s ta b le  fo r  o v e r 10 m in , s im ila r  to  

re su lts  o b se rve d  fo r  w ild  typ e  sM M O . H o w e v e r th e  c o lo u r fo rm e d  b y  th e  L 1 10R  and 

L 1 1 0 Y  m u ta n ts  w a s  s ta b le  fo r  less  th a n  1 m in  and  a p p e a re d  p in k  co m p a re d  to  the  

pu rp le  se e n  w ith  th e  w ild -typ e .
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Fig 3 .3 ) P ro d u c ts  o f n a p h th a le n e  o x id a tio n  by  Leu 110  m u ta n ts  s h o w in g  p e rc e n ta g e  p ro d u c t 

d is tr ib u tio n . D a ta  a re  d e r iv e d  fro m  th re e  s e p a ra te  e x p e r im e n ts  fro m  a s in g le  b a tch  o f  d ro p  fro z e n  c e lls  

fo r  e a c h  m u ta n t a nd  a re  s h o w n  in th e  fo rm  m e a n  ± S D
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Fig. 3 .4 ) G C M S  tra c e  fro m  w ild  ty p e  s M M O  n a p h th a le n e  o x id a tio n  a s s a y  s h o w in g  o x id a tio n  p ro d u c ts  

1 -n a p h th o l a nd  2 -n a p h th o l. Id e n tity  o f p e a k s  w a s  c o n firm e d  by c o m p a r in g  re te n tio n  tim e s  a g a in s t 

a u th e n tic  s ta n d a rd s  (n o t s h o w n )
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3 .3 .2 ) T h e  L 1 1 0 R  a n d  L 1 1 0 Y  m u ta n ts  o f  s M M O  s h o w  in v e r te d  re g io s e le c t iv ity  

w ith  n a p h th a le n e  c o m p a re d  to  th e  w i ld - ty p e

It w a s  re a so n e d  th a t th e  q u a lita tiv e  d iffe re n c e  in s ta b ility  o f th e  n a p h th a le n e  te s t 

c o lo u r a m o n g  th e  m u ta n t an d  w ild -ty p e  e n z y m e s  w a s  m o s t like ly  d u e  to  an a lte ra tio n  

in th e  p o s itio n (s ) o f h yd o xy la tio n  in th e  p ro d u c ts  o f n a p h th a le n e  o x id a tio n  by th e  

L1 1 0 R  and  L 1 1 0 Y  m u ta n ts . G C -M S  a n a lys is  c o n firm e d  th a t th e re  w e re  s ig n if ic a n t 

a lte ra tio n s  in th e  d is tr ib u tio n  o f m o n o -h y d ro x y la te d  p ro d u c ts  fro m  th e  m u ta n t 

en zym e s . B oth th e  w ild  typ e  e n z y m e  and  th e  L 1 1 0 C  m u ta n t g a ve  a s lig h t e x c e s s  o f

2 -n a p h th o l o v e r 1 -n a p h th o l. T h is  re g io s e le c tiv ity  w a s  re ve rse d  w ith  th e  o th e r th re e  

m u ta n ts , w ith  a s ig n if ic a n tly  s m a lle r  p e rc e n ta g e  o f 2 -n a p h th o l b e ing  d e te c te d  w ith  

th e  b u lk ie r m u ta n ts  L 1 1 0 R  and L 1 1 0 Y  (P = 0 .0 2  and  0 .0 0 0 0 3  re s p e c tive ly ) (F ig s  3.3 ,

3 .4 ). N o no ve l o x id a tio n  p ro d u c ts  su ch  as d ih y d ro x y la te d  p ro d u c ts  w e re  d e te c te d  

w ith  a n y  o f th e  m u ta n ts . A  s e p a ra te  e x p e rim e n t us ing  10 pM  s o lu tio n s  o f th e  tw o  

iso m e rs  o f n a p h th o l an d  th e  sa m e  co n c e n tra tio n  o f te tra z o tis e d  o -d ia n is id in e  as  used  

in th e  n a p h th a le n e  te s t fo r  sM M O  a c tiv ity  re ve a le d  th a t th e  d ia zo  d ye  p ro d u c e d  b y  1- 

n a p h th o l fo rm s  m o re  q u ic k ly  and  d e c a y s  m o re  q u ic k ly  th a n  th a t p ro d u ce d  by 2 - 

n a p h th o l (F ig. 3 .5 ). T h u s  th e  d iffe re n c e  in re g io s e le c tiv ity  o f th e  m u ta n ts  a c c o u n ts  

fo r  th e  d iffe re n c e  in co lo u re d  p ro d u c t fo rm a tio n  o b s e rv e d  in th e ir  n a p h th a le n e  te s ts .

1 - n a p h t h o l  

— 2 n a p h t h o l

O D 530 o f  1 a n d  2  n a p h th o l  s ta n d a r d s  u p o n  a d d i t io n  o f  D ia z o  r e a g a n t

Fig 3 .5 ) C h a n g e  in a b s o rb a n c e  o f  10 |j M 1 -n a p h th o l a n d  2 -n a p h th o l s o lu tio n s  a t 5 3 0  nm  

o v e r a 20  m in  pe rio d . D a ta  a re  d e riv e d  fro m  th re e  s e p a ra te  e x p e r im e n ts  an d  a re  s h o w n  

in th e  fo rm  m e a n  + SD
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3.3 .3 ) Th e  L110  m u tan ts  s h o w e d  a re laxed  reg io s e le c tiv ity  and  g e n e ra te d  

nove l p rod uc ts  w ith  s u b s titu te d  m o n o a ro m a tic  s u b s tr a te s  and  b ip hen y l

O xidation assays  with a  num ber o f arom atic  substra t es w e re  carried out ov er a  4 8  h  

period and ana lysed  using G C  and G C -M S  as  described  in the  M ateria ls  and  

M ethods chapter. W ith  the  m onoarom atic  substra te to luene, the  w ild -type s M M O  

exhib its a m ixture o f s ide-chain  hydroxylation and ring hydroxylation a t th e  p-position,  

with ring hydroxylation predom inating . W h e n  Leu 110  w as m u ta ted  to the  larger  

argin ine and tyrosine residues, ring hydroxylation a t the  p-position p redom inated (as  

with wild type s M M O ) with p -creso l being de tec ted  a s the  m ajo r oxidation product.  

H ow eve r w hen  Leu 110 w as rep laced  by th e  sm alle r g l ycine and cys te ine  residues a  

shift in regioselectiv ity tow ards s ide-cha in  oxidat ion w as observed  w ith benzyl  

alcohol being de tec ted  as  the  m ajo r oxidation produ ct. All th e  m utants a t position  

11 0  show ed re laxed  reg ioselectiv ity (T a b le  3 .1 ), w i th the  a p p ea ra n c e  o f s ignificant  

am oun ts  o f m -cresol, which is not seen  w ith th e  w il d-type. T h e  activity o f all the  

m utants w as  less than th a t o f the wild type en zy m e.

Enzyme Products (molar %) Molar ratio Relative

______________________________________ aromatic: total
Benzyl m-cresol p-cresol benzy|ic activity

>hol

c h 2o h

a *co^°* hydroxylation (% )a

O H

Wild-type 36.5 ± 8 .7 b 0.0 63.5 ± 8.7 1.7 100

L110G 53.7 ± 12.5 14.6 ± 6 .7 31.7 ± 9 .7 0.86 12

L110C 59.4 ± 12.1 11.2 ± 7.7 29.4 ± 5.4 0.68 7.4

L110Y 34.9 ± 8.2 17.8 ± 7 .4 47.3  ± 0.8 1.9 2.8

L110R 28.0 ± 6.5 14.0 ±3 .1 58.0 ± 9.7 2.6 2.5

Tab le  3 .1: Product s of to luene oxidat ion by Leu  110  m utants show ing pe rcen t age  product  dist ribut ion,  

relat ive total act ivit y and r ing:side  chain  hydroxy lat ion rat io. a Re la t ive  total act ivit ies w ith t o lu ene  a s  

the subst ra te , w hich w ere correct ed  for d if fe rences  in culture O D 60o, are  given  a s p e rce n t age s of the  

in cre ase  in total product  concent ra t ion w ith w ild-t ype Ms. trichosporium  O B3b , w h ich w as 12  pM  h'1.b  

Data a re  der ived from  three separa t e  expe rim en ts fr om  a  sin gle  batch o f drop f rozen  ce lls for each  

mutant  and a re  show n in the form  m ean  ± SD
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W h en  e thy lb en ze ne  w as the  substrate, the  wild type en zym e  show ed p redom inantly  

side chain hydroxylation with 1 -pheny le thano l being  the  m ajo r oxidation product. All  

the  m utants show ed a  very large shift from  sidechai n to ring hydroxylation and at  

least one new  product (2 -e thy lpheno l) w as observed with each  m utant (T a b le  3 .2 ,  

Fig. 3 .6 ). In th ese experim en ts  3-e thylpheno l and 4 -ethy lpheno l w e re  not reso lved  

and so it is not c lear w h eth er the product 3 -ethylp henol w as  produced. H ow eve r the  

use o f single ion recognition to scan for the  m ass ion 122 (the m ass o f hydroxylated  

ethyl be n zen e ) show ed a shou lder peak  with the  arg i n ine m utant which corre la ted to  

the  retention tim e o f a s tandard o f 3 -ethylpheno l s uggesting this as  an o th er possible  

novel oxidation product. No 2-pheny le thano l or d ihy droxylated products w e re  

detec ted with e ither the wild type en zym e  or any  o f  the  m utants.

Enzyme Products (molar %) Molar ratio  

_ aromatic:

Relative

total
1-phenyl

ethanol

hc >y

6

2-ethyl- 3-ethyl- 4-ethyl

phenol phenol phenol

6 oh 6oh $
U n  O H

sidechain

hydroxylation

activity

(% )b

Wild-

type

95.4 ± 1.4
b

0.0 4.6 ± 1 .4 a 0.048 100

L110G 9.2 ±3 .1 8.8 ± 0.4 82.1 ± 2 .7 9.9 32

L110C 23.6 ± 6.2 3.1 ±2 .1 73.3 ± 4.4 3.2 48

L110Y 40.2 ±  

10.5

3.1 ± 0 .6 56.8 ± 10.0 1.5 8.7

L110R 22.1 ± 1.6 1.3 ±0 .1 76.6 ± 1.5 3.5 63

Tab le  3.2: Product s of ethyl b enzene  oxidat ion by L e u  110  m utants show ing pe rcen t age  product  

dist ribut ion, relat ive total act ivit y and ring : si de  chain  hydroxylat ion rat io.3 3 -  and 4 -et hyl pheno l w e re  

not reso lved in t hese  exper im en ts and so  the mol fr act ions stated a re  the sum  of both.b Da t a  a re  

derived from  three separa t e  expe rim ent s from  a  sin g le  batch o f drop frozen ce lls for e ach  m utant  and  

are  show n in the form  m ean ±  S D .C Re lat ive  total act ivit ies w ith ethyl benzene  a s the  subst ra te , w h ich  

w ere corrected for d if fe rences in culture O D 60o, are  given a s pe rcen t age s of the rate of in cre ase  in  

total product  concen t rat ions obtained w ith w ild-typ e Ms. trichosporium  O B3b , w hich w as 0 .52  pM  h'1.
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Fig 3 .6 ) G C M S  tra c e s  fo r  w ild  ty p e  s M M O  (A ) a n d  L 1 10R  m u ta n t (B ) s h o w in g  to ta l ion 

sc a n  (b o tto m  tra c e  in red ) a n d  s p e c if ic  ion m o n ito r in g  a t 122 m /z  ( to p  tra c e  in g re e n ). 

Id e n tity  o f p e a k s  w a s  c o n firm e d  by  c o m p a r in g  re te n tio n  tim e s  a g a in s t a u th e n tic  s ta n d a rd s  

(n o t s h o w n ).
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F ig 3 .7 ) D is tr ib u tio n  o f b ip h e n y l o x id a tio n  p ro d u c ts  by  Leu 110  m u ta n ts . D a ta  a re  d e r iv e d  fro m  

d u p lic a te  e x p e r im e n ts  fro m  a s in g le  b a tch  o f  d ro p  fro z e n  ce lls  fo r  e a ch  m u ta n t a n d  a re  s h o w n  in th e  

fo rm  m e a n  ±  SD

W ith  b ip h e n y l as  th e  su b s tra te , th e  w ild -ty p e  p ro d u ce d  p re d o m in a n tly  4 - 

h yd ro xyb ip h e n y l. M u ta n ts  w ith  th e  la rg e r ty ro s in e  o r a rg in in e  re s id u e  a t p o s itio n  110 

sh o w e d  a s h ift in re g io s e le c tiv ity  w ith  s u b s ta n tia lly  m o re  2 -h y d ro x y b ip h e n y l p ro d u c e d  

th a n  th e  w ild -typ e . T h e  m u ta n ts  w ith  th e  s m a lle r g ly c in e  and  c ys te in e  re s id u e s  a t 

th is  p o s itio n  sh o w e d  re la xed  re g io sp e c ific ity , p ro d u c in g  th e  nove l o x id a tio n  p ro d u c t

3 -h y d ro x y b ip h e n y l (F ig  3.7 ).
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3 .3 .4 ) N e ith e r  m u ta n ts  n o r  w ild - ty p e  o x id iz e d  t r ia r o m a t ic  h y d ro c a rb o n s

C e lls  e x p re s s in g  w ild -ty p e  sM M O  and  a ll fo u r  m u ta n ts  a t p o s itio n  110 w e re  in itia lly  

sc re e n e d  fo r  o x id a tio n  o f th e  tr ia ro m a tic  c o m p o u n d s  p h e n a n th re n e  and a n th ra c e n e  

in th e  sa m e  m a n n e r as used  fo r  th e  se m iq u a n tita t iv e  n a p h th a le n e  assay, by  a d d itio n  

o f te tra zo tise d  o -d ia n is id in e , w h ich  w o u ld  g ive  co lo u re d  d ia zo  d ye s  a fte r re a c tio n  

w ith  th e  h yd ro xy la te d  p ro d u c ts . N o v is ib le  c o lo u r ch a n g e s  w e re  se e n  fro m  m u ta n ts  

o r w ild -typ e , a lth o u g h  a co n tro l o f 9 -p h e n a n th ro l ga ve  a co lo u re d  p ro d u c t w ith  a 

d e te c tio n  th re sh o ld  o f 5 pM  w h ich  is co m p a ra b le  to  th e  n a p h th a le n e  te s t (F ig. 3 .8 ). 

G C -M S  w a s  used  to  a n a lyse  a ssa y  re a c tio n s  th a t had been  in cu b a te d  fo r  30  °C  fo r  

4 8  h, as d e sc rib e d  in th e  M a te ria l and  M e th o d s  ch a p te r, b u t no h yd ro xy la te d  

p ro d u c ts  cou ld  be fo u n d  fro m  e ith e r o f th e  tr ia ro m a tic  s u b s tra te s  w ith  w ild -ty p e  M s . 

tr ic h o s p o r iu m  O B 3 b  o r a n y  o f th e  m u ta n t s tra in s . P re su m in g  th a t p h e n a n th re n e  and  

a n th ra c e n e  a re  a b le  to  d iffu se  in to  th e  ce lls , th e s e  re su lts  s tro n g ly  s u g g e s t th a t 

n e ith e r w ild -ty p e  sM M O  n o r th e  m u ta n ts  a re  a b le  to  o x id ize  th e s e  b u lky  a ro m a tic  

su b s tra te s .

1-naphthol standards

1 1* m o le /m l 1 0 0 n m o le s //m l 50nm oT es/m Il lO n m o les /m l In m o le /m l

Fig 3 .8 ) C o lo u r fo rm a tio n  o f 1 -n a p h th o l and  9 -p h e n a n th ro l s ta n d a rd  s o lu tio n s  

(1 m l) upon  th e  a d d itio n  o f 100 p l te tra z o tiz e d -o -d ia n is id in e  [0 .5  m g m l'1].
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3 .4 .1 ) R e g io s e le c t iv ity  o f  W T  s M M O

T h e  re su lts  fo r  th e  re g io s e le c tiv ity  o f M s . t r ic h o s p o r iu m  e xp re ss in g  th e  w ild  typ e  

sM M O  are  c o n s is te n t w ith  p re v io u s ly  p u b lish e d  re su lts  c o n ce rn in g  th e  

re g io s e le c tiv ity  o f sM M O  to w a rd s  a ro m a tic  s u b s tra te s  (C o lb y  e t  a l. 1977, B u rro w s  e t  

a l. 1984). T h e re  se e m s  to  be a ra nge  o f p o ss ib le  p o s itio n s  fo r  th e  s u b s tra te s  in th e  

a c tive  s ite  w ith  th e  w ild  typ e  e n zym e , as  a ll a ro m a tic  s u b s tra te s  s h o w  m o re  th a n  one  

o x id a tio n  p rodu c t. T h e re  a lso  se e m s  to  be so m e  co rre la tio n  b e tw e e n  th e  p re fe rre d  

s ite s  o f h yd ro xy la tio n  w ith  th e  v a r io u s  a ro m a tic  su b s tra te s . If th e  s u b s tra te s  a re  

c o n s id e re d  to  be ro u g h ly  re c ta n g u la r in sha pe , th e  w ild -ty p e  e n zym e  s h o w s  a s tro n g  

p re fe re n ce  fo r  h yd ro xy la tio n  n e a re s t to  th e  tw o  s h o rt s ides . T h is  w a s  o b s e rv e d  w ith  

all th e  s u b s tra te s  a ssa ye d . W h e n  n a p h th a le n e  w a s  th e  s u b s tra te  th e  p r im a ry  

o x id a tio n  p ro d u c t w a s  2 -n a p h th o l. S im ila r ly  th e  d ia ro m a tic  s u b s tra te  b ip h e n y l w a s  

p re d o m in a n tly  o x id ize d  to  4 -h y d ro x y b ip h e n y l. W ith  th e  m o n o a ro m a tic  s u b s tra te s  

to lu e n e  and e th y l b e n ze n e  bo th  ring and s id e  ch a in  h yd ro xy la tio n  w a s  se e n  w ith  a 

m ix tu re  o f be nzy l a lco h o l and p -c re so l be ing  see n  w ith  to lu e n e  o x id a tio n  and a 

m ix tu re  o f 1 -p h e n y le th a n o l and  4 -e th y lp h e n o l be ing  see n  w ith  e th y l b e n ze n e  

o x id a tio n .

3 .4 .2 ) M u ta n ts  s h o w e d  re la x e d  re g io s e le c t iv ity  b u t s h o w e d  no  a c t iv ity  

to w a rd s  t r ia ro m a t ic  s u b s tra te s

T h e  m u ta n t-e x p re s s in g  s tra in s  sh o w e d  lo w e r ra tes  o f to ta l p ro d u c t a c c u m u la tio n  

th a n  th e  w ild -typ e , rang ing  fro m  2 .5  to  63  % o f th e  w ild -ty p e  a c tiv itie s . E xa m in in g  

th e  d a ta  fro m  e th y l b e n ze n e  and  to lu e n e  as su b s tra te , th e re  d o e s  no t se e m  to  be  a 

c le a r co rre la tio n  be tw e e n  th e  p ro p e rty  o f th e  a m in o  ac id  and  th e  re d u c tio n  in a c tiv ity , 

an d  th e s e  re su lts  m a y  a lso  re fle c t d iffe re n c e s  in e x p re s s io n  an d  s ta b ility  b e tw e e n  th e  

m u ta n ts . H o w e ve r a n a lys is  o f th e  p ro p o rtio n s  o f o x id a tio n  p ro d u c ts  fo rm e d  fro m  th e  

a ro m a tic  su b s tra te s , y ie ld e d  in fo rm a tio n  th a t is n o t b ia sed  by th e  leve l o f e x p re s s io n .

3.4  A n a ly s is  o f  re su lts
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T h e  re su lts  in d ica te  a co rre la tio n  b e tw e e n  th e  s ize  a m in o  ac id  a t p o s itio n  110 and 

a lte re d  re g io s e le c tiv ity  fo r th e  m u ta n t e n zym e s . T h e  la rg e s t sh ift in re g io s e le c tiv ity  

w ith  n a p h th a le n e  as th e  s u b s tra te  w a s  o b se rve d  w ith  th e  la rg e r a rg in in e  and ty ro s in e  

m u ta n ts . In bo th  o f th e se  m u ta n ts  th e re  w a s  s ig n if ic a n tly  m o re  1 -n a p h th o l p ro d u ce d  

th a n  2 -n a p h th o l in co m p a riso n  to  th e  w ild  typ e  en zym e . C o n ve rse ly , th e  no ve l 

p ro d u c t fro m  b ip h e n y l o x id a tio n , 3 -h yd ro xyb ip h e n y l, is se e n  on ly  in th e  m u ta n ts  w ith  

th e  s m a lle r re s id u e s  g lyc in e  and cy s te in e  a t th is  po s ition . W ith  th e  m o n o a ro m a tic  

s u b s tra te s  a re la xa tio n  o f re g io s e le c tiv ity  w a s  seen  w ith  bo th  la rg e r (A rg  and  T y r) 

and  s m a lle r (C ys and  G ly) m u ta n ts  w ith  nove l o x id a tio n  p ro d u c ts  be ing  p ro d u ce d  

w ith  bo th  to lu e n e  and e th y l b e n ze n e . H o w e v e r th e  sh ift fro m  s id e -ch a in  to  ring 

h yd ro xy la tio n  o f to lu e n e  w a s  g re a te s t in th e  m u ta n ts  w ith  th e  s m a lle r re s id u e s  a t 

po s itio n  110 and th e  c o rre sp o n d in g  s h ift in re g io s e le c tiv ity  in o xy g e n a tio n  o f e th y l 

b e n ze n e  w a s  a lm o s t tw o  o rd e rs  o f m a g n itu d e  g re a te r th a n  th a t see n  w ith  a n y  o f th e  

o th e r m u tan ts .

3 .5  S u m m a ry

T h e  d a ta  in th is  c h a p te r c le a rly  s h o w  th a t th e  Leu 110 re s id u e  has a ro le  in 

re g io s e le c tiv ity  o f sM M O  ra th e r th a n  th a t o f a g a ting  re s id ue . T h e  d a ta  in th is  c h a p te r 

w e re  c o lle c te d  fro m  e x p e rim e n ts  ca rried  o u t in w h o le  ce lls  o ve r a 48  h p e riod . It 

sh o u ld  be m e n tio n e d  th a t th e  p re se n ce  o f o th e r e n z y m e s  in th e  m e th a n o tro p h  

m e ta b o lic  p a th w a y  m a y  ha ve  in flu e n ce d  th e  p ro d u c t d is tr ib u tio n  fo r  th e  s u b s tra te s  in 

th is  and in p re v io u s  s tu d ie s  us ing  w h o le  ce lls  e xp re ss in g  sM M O . A s  w ill be 

d is cu sse d  in m o re  d e ta il in la te r cha p te rs , th e  p re s e n c e  o f e n zym e s  su ch  as 

m e th a n o l d e h y d ro g e n a s e  w h ich  has been  sho w n  to  a c t on benzy l a lc o h o l (M o u n tfo rt, 

1990) and o th e r a ld e h yd e  d e h y d ro g e n a s e s  (P a te l e t  a l. 1972 ; 1980) m a y  a c t on th e  

s ide  cha in  o x id a tio n  p ro d u c ts  fro m  su b s titu te d  a ro m a tics . D iffe re n ce s  b e tw e e n  

p ro d u c t d is tr ib u tio n  fro m  m u ta n ts  and w ild  ty p e  sM M O  re p o rte d  in th is  c h a p te r w e re  

re co rd e d  fro m  a ssa ys  co n d u c te d  u n d e r id e n tica l c o n d itio n s  and  he n ce  in d ic a te  rea l 

d iffe re n c e s  in re g io se le c tiv ity . H ow eve r, s id e  ch a in  o x id ize d  p ro d u c ts  m a y  be  u n d e r
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re p re se n te d  in th e  da ta  du e  to  th e ir  fu r th e r m e ta b o lism  by c e llu la r e n z y m e s  o th e r 

th a n  sM M O .



C h a p te r  4: M u ta g e n e s is  b as e d  up on  b u ta n e  m o n o o x y g e n a s e

4.1 In tro d u c tio n

4 .1 .1 ) C o m p a ra t iv e  a n a ly s is  o f  s M M O

C o m p a riso n  o f h o m o lo g o u s  e n z y m e s  w ith  d is tin c t ca ta ly tic  p ro p e rtie s  can  o ffe r a 

p o w e rfu l w a y  to  d e s ig n  s ite -d ire c te d  m u ta n ts . A  c o m b in a tio n  o f s e q u e n c e  and  th re e - 

d im e n s io n a l s tru c tu re  in fo rm a tio n  can  be  used to  ide n tify  c a n d id a te  re s id u e s  th a t 

m a y  be  in vo lve d  in key  c a ta ly tic  p ro ce sse s , w h ich  can th e n  be  in ve s tig a te d  

e x p e rim e n ta lly  v ia  m u ta g e n e s is . A  s u b s ta n tia l n u m b e r o f sM M O  s e q u e n c e s  a re  n o w  

a va ila b le  b u t th e s e  do  no t p ro v id e  a la rg e  a m o u n t o f in fo rm a tio n  a b o u t th e  like ly  

fu n c tio n  o f sp e c ific  re s id u e s  b e ca u s e  th e  sM M O s  th a t ha ve  been  in v e s tig a te d  ha ve  

ve ry  s im ila r c a ta ly tic  p ro p e rtie s  (C a rd y  e t  a l. 1991; M cD o n a ld  e t  a l. 1997; D e d ysh  e t  

al. 1998, 20 04 ; D u n fie ld  e t  a l. 20 03 ; H u tch e n s  e t  al, 20 04 ; W a rd  e t  al, 20 04 ; Lin e t  a l. 

2 004 ; A li e t  a l. 20 0 6 ; D u m o n t e t  a l. 2006).

4 .1 .2 ) C o m p a r is o n  to  b u ta n e  m o n o o x y g e n a s e

B u ta n e  m o n o o x y g e n a s e  (B M O ), is an S D IM O  w ith  a re la tive ly  h igh  s im ila r ity  to  

sM M O  th a t has d is tin c t c a ta ly tic  p ro p e rtie s  fro m  sM M O . A s  m e n tio n e d  p re v io u s ly , 

th is  b a c te ria l m u ltim e ric  e n z y m e  c a ta lyse s  th e  o x id a tio n  o f b u ta n e  to  b u ta n o l us in g  

d io xyg e n  as th e  ox id an t. T h is  e n zym e  has a m u ch  n a rro w e r s u b s tra te  ra n g e  th a t 

sM M O  and has a ve ry  low  s p e c ific  a c tiv ity  o f 3 .6  nm o l m in '1 m g p ro te in '1 to w a rd s  

m e th a n e  (H a lse y  e t  a l. 2 0 06 ). T h e  c lo n in g  and s e q u e n c e  a n a lys is  o f th e  B M O  

o p e ro n  fro m  T h a u e ra  b u ta n iv o ra n s  (fo rm e rly  P s e u d o m o n a s  b u ta n o v o ra )  has  sh o w n  

th a t th is  e n zym e  sh o w s h igh se q u e n c e  id e n tity  a t th e  a m in o  acid leve l c o m p a re d  to
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sM M O  (S lu is  e t  a l. 20 02 , K urth  e t  a l. 2 0 0 8 ). T h e  b m o X  g e n e  th a t e n c o d e s  th e  

h y d ro xy la se  a -s u b u n it o f B M O  th a t c o n ta in s  th e  non ha em  d iiro n  a c tive  s ite  sh o w s  

63  %  id e n tity  a t th e  a m in o  a c id  leve l to  M m o X  o f M e th y lo s in u s  t r ic h o s p o r iu m  O B 3b . 

T h e s e  s e q u e n c in g  re su lts  e n a b le  us to  c re a te  s ite  d ire c te d  m u ta n ts  to  c o m p a re  th e  

d iffe re n c e s  in c a ta ly tic  a c tiv ity  b e tw e e n  th e s e  tw o  e n zym e s .

4 .1 .3 ) C o m p a r is o n  o f  a  h ig h ly  c o n s e rv e d  h y d ro p h o b ic  p o c k e t n e a r  th e  a c t iv e  

s ite  o f  B M O  a n d  s M M O

C ry s ta llo g ra p h ic  s tu d ie s  o f sM M O  fro m  M s. t r ic h o s p o r iu m  O B 3 b  by  E la n g o  e t al. 

(1 9 9 7 ) id e n tifie d  a h yd ro p h o b ic  p o c k e t lined  by  19 re s id u e s  a d ja c e n t to  th e  a c tive  

s ite , h yp o th e s ise d  to  be im p o rta n t in su b s tra te  b in d in g . O f th e s e  19 h y d ro p h o b ic  

re s id u e s , 14 a re  co n se rve d  w ith in  B M O  (F igs. 4 .1 , 4 .2 , 4 .3 ). T o  b e g in  to  p ro b e  th e  

d iffe re n c e s  in c a ta ly tic  a c tiv ity  b e tw e e n  B M O  an d  M M O , m u ta n ts  C 1 5 1 T , M 1 8 4 V  and  

F 2 8 2 L  w e re  c re a te d . T h e s e  m u ta n ts  w e re  h ig h lig h te d  as be ing  o f m o s t in te re s t and 

ha v ing  th e  m o s t s ig n if ic a n t in s tru c tu re  fo r  e a ch  re s id u e . T h e  o th e r tw o  p o s s ib le  

m u ta n ts , A 1 2 0 G  and V 2 3 9 I had o n ly  m in o r c h a n g e s  in a m in o  ac id  s id e  ch a in  w ith  

s im ila r s ize  and  p ro p e rtie s  in ea ch  case .

MMO

BMO

ETM KV IS NFL EV GE YN AI AA SAMLWDSATAAEQKNGYLAQ VLDEIRHTHQ

EVM KL VS NFL ET GE YG AI AG SALLWDTAQSPEQRNGYLAQ VIDEIRHVNQ
:k

150

147

MMO

BMO

CAF IN HY YSK HY HD PAGHNDARRTRAIGPLWKGMKRVFAD GFISGDAVEC 

T A YV NYY YG KH YYDPAGHTNMRQLRAINPLYPGVKRAFGEGFLAGDAVES 
* *

200

197

MMO

BMO

SVN LQ LV GEA CF TN PL IV AVTEWASANGDEITPTVFLSVE TDELRHMANG

SIN LQ LV GEA CF TN PL IV SLTEWAAANGDEITPTVFLSIE TDELRHMANG
*

250

247

MMO

BMO

YQ TV VS IA ND PA SAK FL NTDLNNAFWTQQKYFTPVLGYLF EYGSKFKVEP

YQ TI VS IM NN PE TMK YL QTDLDNAFWTQHKFLTPFVGVAL EYGSKYKVEP
*

300

297

Fig 4 .1 ) A m in o  a c id  a lig n m e n t o f  m e th a n e  m o n o o x y g e n a s e  an d  b u ta n e  

m o n o o x y g e n a s e . T h e  19 re s id u e s  w ith in  th e  h y d ro p h o b ic  p o c k e t a d ja c e n t to  th e  

a c tiv e  s ite  a re  h ig h lig h te d  in y e llo w . * in d ic a te s  a d iffe re n c e  in a m in o  ac id  

s e q u e n c e  b e tw e e n  B M O  a n d  sM M O .
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Fig 4 .2 ) T h e  a c tiv e  s ite  o f s M M O  s h o w in g  d iiro n  c e n tre  (m a g e n ta  s p h e re s ) a n d  a d ja c e n t 19 - 

re s id u e  h y d ro p h o b ic  b in d in g  re g io n  (E la n g o  e t  a l. 1997 ). T h e  p ro p o s e d  s u b s tra te  g a te  Ie u 1 1 0  

(c o n s e rv e d  in B M O ) a nd  th e  five  re s id u e s  th a t a re  n o t c o n s e rv e d  b e tw e e n  s M M O  a n d  B M O  a re  

la b e le d . D ia g ra m  has  bee n  c re a te d  fro m  x -ra y  c ry s ta llo g ra p h y  d a ta  (1 M T Y ). T h e  a m in o  a c id s  a re  

c o lo u re d  a s  fo llo w s : a la n in e  ( lig h t g re e n ), c y s te in e  (p a le  o live ), g ly c in e  (w h ite ), g lu ta m in e  (p in k ), 

is o le u c in e  (d a rk  g re e n ), le u c in e  (g re e n /g re y ), p h e n y la la n in e  (d a rk  g re y ), th re o n in e  (o ra n g e ) a n d  

v a lin e  (v io le t).
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Fig 4 .3 ) T h e  a c tiv e  s ite  o f  B M O , s h o w in g  a m in o  a c id  p o s it io n s  c o rre s p o n d in g  to  th e  1 9 -re s id u e  

h y d ro p h o b ic  b in d in g  re g io n  o f s M M O  (E la n g o  e t  a l. 1 997 ). T h e  five  re s id u e s  in th is  re g io n  th a t 

a re  n o t c o n s e rv e d  b e tw e e n  s M M O  a nd  B M O  a re  la b e lle d  a lo n g  w ith  th e  re s id u e  a n a lo g o u s  to  th e  

p ro p o s e d  s u b s tra te  g a te  o f s M M O . D ia g ra m  has  b e e n  c re a te d  fro m  x -ra y  c ry s ta llo g ra p h y  d a ta  

(1 M T Y ). T h e  a m in o  a c id s  a re  c o lo u re d  as  fo llo w s : a la n in e  ( lig h t g re e n ), c y s te in e  (p a le  o live ), 

g ly c in e  (w h ite ), g lu ta m in e  (p in k ), is o le u c in e  (d a rk  g re e n ), le u c in e  (g re e n /g ra y ), p h e n y la la n in e  

(d a rk  g rey ), th re o n in e  (o ra n g e ) a n d  v a lin e  (v io le t)
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4 .2  C o n s tru c t io n  a n d  e x p re s s io n  o f m u ta n ts

4 .2 .1 ) E x p re s s io n  o f  m u ta n ts  in Ms. trichosporium  S M D M

T h e  m u ta n ts  C 15 1T , M 1 84V , and  F 2 8 2 L  w e re  c o n s tru c te d  w ith in  th e  p T JS 1 7 5  

e xp re ss io n  v e c to r and  co n firm e d  by  D N A  se q u e n c in g  by  D r E lena  B o ro d in a  

(U n ive rs ity  o f  W a rw ick ). T h e  m u ta n t p la s m id s  w e re  tra n s fo rm e d  in to  E .c o l i  S17-1 

and  tra n s fe rre d  to  th e  s M M O  n e g a tive  h o s t s tra in  M s. t r ic h o s p o r iu m  S M D M  by 

c o n ju g a tio n  as  d e sc rib e d  in th e  M a te ria ls  and M e th o d s  ch a p te r. T h e  th re e  m u ta n ts  

w e re  g ro w n  in liqu id  cu ltu re s  and  on  a g a r p la te s  a t a lo w  c o p p e r to  b io m a s s  ra tio  to  

in d u ce  e x p re s s io n  o f sM M O . A  s tro n g  p u rp le  c o lo u r w a s  d e te c te d  fo r  C 1 5 1 T  and  

M 1 84V , in d ica tin g  th e  p re se n ce  o f n a p h th o ls  w h ich  a re  th e  o x id a tio n  p ro d u c ts  o f 

n a p h th a le n e , h o w eve r, no  a c tiv ity  w a s  d e te c te d  w ith  th e  F 2 8 2 L  m u ta n t (F ig . 4 .4 ). 

T h e  F 2 8 2 L  m u ta n t w a s  a lso  a ssa ye d  fo r  b u ta n e  and  to lu e n e  o x id a tio n  a c tiv ity  us in g  

th e  G C  and  no  o x id a tio n  p ro d u c ts  w e re  d e te c te d  w ith  e ith e r su b s tra te  in d ica tin g  an  

a c tiv ity  < 0 .0 0 8  nm o l m in '1.

F 2 8 2 L

C 1 5 1 T W ild  ty p e  O B 3 b

Fig 4 .4 ) N M S  a g a r  p la te  s h o w in g  p o s itiv e  n a p h th a le n e  o x id a tio n  a s s a y  fo r  M s. 

t r ic h o s p o r iu m  O B 3 b  (w ild  typ e ), M s. t r ic h o s p o r iu m  S M D M  (p T J S 1 7 5 .C 1 5 1 T ) an d  

M s. t r ic h o s p o r iu m  S M D M  (p T J S 1 7 5 .M 1 8 4 V ).
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A  so lu b le  e x tra c t o f th e  F 2 8 2 L  m u ta n t e xp re ss in g  s tra in  w a s  p re p a re d  u s in g  th e  

so n ica tio n  m e th o d  as d e s c rib e d  in th e  M a te ria ls  and  M e th o d s  se c tio n , a lo n g  w ith  

s o lu b le  e x tra c t fro m  th e  w ild  ty p e  s tra in  M s . t r ic h o s p o r iu m  O B 3 b  a s  a p o s itiv e  co n tro l 

and a n a lyse d  us ing  S D S  P A G E . T h e  p ro te in  b a n d s  c o rre s p o n d in g  to  th e  a, p and  y 

h y d ro xy la se  s u b u n its  o f sM M O  in th e  F 2 8 2 L  s o lu b le  e x tra c t a re  c le a r ly  v is ib le  (F ig .

4 .5 )

4.2.2) Analys is o f F282L so lub le  ex trac t

M

66,000

45.000
36.000
29.000

24.000  
2 0 ,1 0 0

14,200

Fig 4 .5 ) S D S  P A G E  g e l s h o w in g  P ro te in  m a rk e r  (M ) a n d  s o lu b le  e x tra c t fro m  M s. t r ic h o s p o r iu m  O B 3 b  

(1) a nd  m u ta n t F 2 8 2 L  (2). T h e  h y d ro x y la s e  s u b u n its  M m o X , M m o Y  a n d  M m o Z  a re  m a rk e d  a, |3 a n d  y 

re sp e c tiv e ly .
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4.2.3) The M 184V m utant is an uns tab le enzym e

S o lu b le  e x tra c t p re p a ra tio n s  o f M 1 8 4 V  and  C 1 5 1 T  w e re  p re p a re d  as d e s c r ib e d  in 

th e  M a te ria ls  and  M e th o d s  se c tio n  a lo n g  w ith  th e  w ild  ty p e  s tra in  M s . t r ic h o s p o r iu m  

O B 3 b  as a p o s itive  co n tro l and  a n a ly s e d  by  S D S  P A G E . T h e  a, (3 an d  y  h yd ro x y la s e  

s u b u n its  o f s M M O  w e re  c le a r ly  v is ib le  in th e  w ild  ty p e  s tra in  and  C 1 5 1 T  m u ta n t 

e x p re s s in g  s tra in . H o w e v e r litt le  o r no  v is ib le  p ro te in  b a n d s  fo r  th e  M 1 8 4 V  

h y d ro xy la se  s u b u n its  w e re  d e te c te d  (F ig . 4 .6 ). A s s a y s  w ith  th e  s u b s tra te s  b u ta n e , 

p e n ta n e  an d  h e xa n e  w e re  c a rrie d  o u t us in g  so lu b le  e x tra c ts  o f C 1 5 1 T , M 1 8 4 V  and 

w ild  ty p e  O B 3 b  h o w e v e r no  a c tiv ity  w a s  d e te c te d  fo r  M 1 8 4 V  w ith  a n y  o f th e s e  

su b s tra te s .

M 1 2 3

F ig  4 .6 ) S D S  p a g e  g e l s h o w in g  P ro te in  m a rk e r  (M  ) an d  

s o lu b le  e x tra c t fro m  O B 3 b  (1 ) a n d  M 1 8 4 V  (2 ) a n d  C 1 5 1 T

(3).
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4 .3  O x id a tio n  o f  b u ta n e  a n d  n a p h th a le n e  by  th e  m u ta n ts  s h o w e d  no

c h a n g e  in re g io s e le c t iv ity  o r  a c t iv ity  c o m p a re d  to  w ild  ty p e  s M M O

4 .3 .1 ) O x id a tion  o f  b u tan e  by B M O  insp ired  s ite  d ir ec te d  m u tan ts

Butane oxidation assays  w e re  carried out using so lu b le ex tract to ensu re  tha t no  

particu late M M O  w as  acting on the butane. A ssays  w e re  carried out for 1 m in, 5 min  

and 10 min for both w ild -type O B 3b  and the C 1 5 1 T  m u tant. Analysis o f M 1 8 4 V  w ith  

the substrate bu tane w as  not possible due to the in stability o f the M 1 8 4 V  m utant in  

soluble ex tract preparations . T h e  prim ary products o f bu tane oxidation are  1-butano l  

and 2-butano l, w ith bu ty raldehyde and 2-b u tan o ne  as  o ther possible products. T h e  

specific activities w ere  quantified by using 1-p rop anol (2  pm ol) as an in ternal  

s tandard. As products w e re  de tec tab le  a fter 1 min t his w as the tim e chosen to  

ensure  the specific activity w as  m easured  w hen  the en zym e  w as  a t it m ost active.  

For both the wild type s M M O  and the C 1 5 1 T  m utant, h ydroxylation o f bu tane w as  

observed only at the te rm ina l carbon since 1-butano l w as  the only product de tec ted .  

An ex tra peak  w as  observed  at - 1 0 .6  min tha t w as no t seen  in e ither the  so lub le  

extract with no substra te negative  control or the c ontrol w ith only substrate and  

M O P S  buffer (F ig. 4 .7 ). Th is ex tra peak  is possibly  due to im purities in the  bu tan e  

that can be oxid ized by sM M O . T h e  specific activity  o f C 1 5 1 T  agains t bu tan e w as  6  

tim es less than wild type O B 3b  (T ab le  4 .1 ).
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8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0min

F ig 4 .7 ) G C  tra c e  fro m  O B 3 b  B u ta n e  o x id a tio n  a s s a y  s h o w in g  1-b u ta n o l p e a k , re te n tio n  t im e  

o f 2 -b u ta n o l a n d  th e  u n k n o w n  p e a k  a t 10 .6  m in s . Id e n tity  o f th e  p e a k s  w a s  c o n firm e d  by 

co m p a rin g  re te n tio n  tim e s  a g a in s t a u th e n tic  s ta n d a rd s  (d a ta  n o t s h o w n ).

S p e c ific  a c tiv ity  (n m o l/m in /m g ) a c tiv ity  (% )

O b3 b 7 8 .0  ± 2 .6 100

C 1 5 1 T 13.1 ± 1.0 16 .8

T a b le  4 .1 : S p e c ific  a c tiv it ie s  fo r  b u ta n e  o x id a tio n . S p e c if ic  a c tiv it ie s  a re  a m e a n  o f tr ip lic a te  

re su lts  a n d  e x p re s s e d  as  n m o le s  p ro d u c t /m in /m g  s o lu b le  p ro te in  ± s ta n d a rd  e rro r.

4 .3 .2 ) O x id a t io n  o f  n a p h th a le n e  by  B M O  in s p ire d  s it e  d ire c te d  m u ta n ts

B oth C 1 5 1 T  and M 1 8 4 V  sh o w e d  no s ig n if ic a n t c h a n g e  in re g io s e le c tiv ity  fro m  th e  

w ild  typ e  w h e n  n a p h th a le n e  w a s  th e  su b s tra te . A s  a re su lt o f th e  s y m m e try  o f  th e  

n a p h th a le n e  m o le cu le , th e re  a re  o n ly  tw o  p o ss ib le  p ro d u c ts  fro m  a s in g le  

h yd ro xy la tio n  eve n t, 1 -n a p h th o l o r 2 -n a p h th o l. T h e  C 1 5 1 T  an d  M 1 8 4 V  m u ta n ts  

sh o w e d  s im ila r re g io s e le c tiv ity  to  th e  w ild  typ e  e n z y m e  w ith  an  a lm o s t e q u im o la r 

a m o u n t o f bo th  iso m e rs  o f n a p h th o l and o n ly  a ve ry  s lig h t e xce ss  o f 2 -n a p h th o l in a ll 

c a se s  (T a b le  4 .2 ).
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1-naptho l (% ) 2-nap tho l (% ) specific  activity  

(nm o les /m in /m g)

W ild -type 4 6 .4 9  ± 1 .6 5 53 .51 ± 1 .6 5 3 3 .8 9  ± 2 .3 6

C 1 5 1 T 4 8 .0 0  ± 0 .8 4 5 2 .0 0  ± 0 .8 4 2 1 .7 5  ± 0 .4 8

M 1 8 4 V 4 6 .2 2  ± 1 .7 7 5 3 .7 8  ± 1 .7 7 2 1 .2 6  ± 6 .2 7

Tab le  4 .2 : Product  dist ribut ion and spe cif ic act ivi t y w ith napht ha lene  a s subst ra t e . Sp e cif ic act ivit y  is  

e xp re sse d  a s nm oles per m inute per m g so lub le  prote in. Da ta  a re  derived from  three separa t e  

expe rim en ts from  a single  batch o f  drop frozen ce ll s for each  mutant  and a re  show n in the form  

mean ±  SD

T h e  assays  w e re  carried out a t 30  °C  for 3 0  m in usi ng w hole  cells w ith 5 m M  

fo rm ate  to provide an excess  o f reducing equiva len t s  fo r the  reaction. T h e  reaction  

w as started by adding tw o naph tha lene crystals (~ 5  mg total) to each  as say  and w as  

stopped by plunging the tube into ice. T h e  rate o f oxidation o f naph tha lene w as  

ca lcu lated using the  colorim etric m ethod described by the  W ood  group (C a n a d a  et al.  

2 0 0 2 ). Upon addition o f the  T O D  reag en t in the p res ence o f naphthol ox idation  

products a d iazo  dye is fo rm ed (W ackett and G ibson 1 9 8 2 ) which is m easured  by  

detecting an increase in ab so rbance a t 54 0n m  using a  Jenw ay  6 7 1 5  U V /V is  

spectropho tom eter and quantified by com paring again s t a standard curve o f known  

standards for 1 and 2  naphthol. T h e  specific  activi ty o f the  C 1 5 1 T  and M 1 8 4 V  

m utants exp ressed as  nm ole product per min pe r mg s o lub le protein (T a b le  4 .2 )  a re  

6 4 .1 %  and 6 2 .7 %  tha t o f the wild type O B 3b  respecti ve ly. It should be noted tha t  

th ese specific activities a re  with respect to the  f o rm ation o f 1-naphtho l only, be cau se  

the 1-naphtho l-dye com p lex form s m ore quickly and t he  abso rbance a t 5 4 0  nm of  

the d iazo  dye form ed from  this isom er is m uch g rea t e r than that from  2-nap h th o l (F ig.

4 .8 )
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Fig 4 .8 ) S ta n d a rd  c u rv e  o f c o n c e n tra tio n s  o f  1- a nd  2 -n a p h th o l a g a in s t a b s o rb a n c e  a t 5 4 0  nm  15 

s a fte r a d d itio n  o f T O D  re a g a n t a s  d e s c r ib e d  in th e  M a te r ia ls  a n d  M e th o d s  c h a p te r.
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4 .4  O x id a tio n  o f  to lu e n e , b ip h e n y l a n d  h e x a n e  by B M O  in s p ire d  

m u ta n ts  s h o w s  re la x e d  re g io s p e c if ic ity  c o m p a re d  to  th e  w ild  ty p e

e n zy m e

4 .4 .1 ) O x id a t io n  o f  to lu e n e  by  B M O  in s p ire d  m u ta n ts

O x id a tio n  o f to lu e n e  can  p ro d u ce  fo u r p o ss ib le  p ro d u c ts . O x id a tio n  o f th e  m e th y l 

g ro u p  p ro d u ce s  b e n zy l a lco h o l w h e re a s  ring o x id a tio n  cou ld  p ro d u ce  p -c re s o l, m -  

c re so l o r o -c re so l. Q u a lita tive  id e n tifica tio n  o f to lu e n e  o x id a tio n  p ro d u c ts  w a s  ca rrie d  

o u t us ing  G C M S  a n a lys is  and  co m p a rin g  an d  p ro d u c ts  ide n tified  by  c o m p a r is o n  o f 

re te n tio n  tim e s  a g a in s t kno w n  s ta n d a rd s  and  c o m p a riso n  o f m a ss  s p e c tra  a g a in s t 

th e  N IS T  m a ss  s p e c tra  lib ra ry . F o r q u a n tita tiv e  a n a lys is , to lu e n e  o x id a tio n  p ro d u c ts  

w e re  run on a S h im a d zu  G C 2 0 1 0  w ith  1 pi 2 -p h e n y l e th a n o l as  an in te rn a l s tan da rd . 

T h e  s p e c ific  a c tiv itie s  fo r  to lu e n e  fo r  bo th  C 1 5 1 T  and M 1 8 4 V  w e re  ca lc u la te d  ba sed  

upon  to ta l s o lu b le  p ro te in  and sh o w e d  re d u ce d  a c tiv ity  c o m p a re d  to  w ild  ty p e  O B 3 b  

(T a b le  4 .4 ). F o r th e  M 1 8 4 V  and  C 1 5 1 T  m u tan ts , th e  o x id a tio n  p ro d u c ts  d e te c te d  

sh o w e d  a s im ila r d is tr ib u tio n  to  th o s e  fro m  th e  w ild  ty p e  e n zym e  w ith  a m a jo r ity  o f 

benzy l a lco h o l be ing  p ro d u ce d  (T ab le  4 .3 ). N o m -c re so l o r o -c re so l w a s  d e te c te d  in 

e ith e r w ild  ty p e  sM M O  o r th e  C 1 5 1 T  o r M 1 8 4 V  e xp re ss in g  m u tan ts . W h e n  to lu e n e  

w a s  th e  su b s tra te  bo th  C 1 5 1 T  and M 1 8 4 V  s h o w e d  a s ta tis t ic a lly  s ig n if ic a n t in c re a s e  

in ring h yd ro xy la tio n  c o m p a re d  to  th e  w ild  ty p e  e n z y m e  w ith  39%  o f th e  o x id a tio n  

p ro d u c t as p -c re s o l c o m p a re d  w ith  29 %  in th e  w ild  typ e  e n z y m e  (P = 0 .0 2 3  an d  0 .0 2 8  

re sp e c tive ly ) (T a b le  4 .3 ).
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M u ta n t b e n zy l a lco h o l (% ) p -c re s o l (% )

O B 3 b  W T 7 1 .3 8  ± 2 .8 9 2 8 .6 2  ± 2 .8 9

C 1 5 1 T 6 0 .8 6  ± 0 .3 5 3 9 .1 4  ± 0 .3 5

M 1 8 4 V 6 0 .7 7  ±1 .2 0 3 9 .2 3  ± 1.20

T a b le  4 .3 : D is tr ib u tio n  o f  to lu e n e  o x id a tio n  p ro d u c ts  g ive n  as  a p e rc e n ta g e  o f to ta l 

p roduc t. A s s a y s  w e re  c a rr ie d  o u t in tr ip lic a te  a nd  a re  d is p la y e d  as  m e a n  v a lu e s  ± 

s ta n d a rd  e rro r.

S p e c ific  A c tiv ity R e la tive  A c tiv ity  (% )

O B 3b 132.4  ± 5 1 .7 100

C 1 5 1 T 9 1 .6  ± 2 6 .1 68

M 1 8 4 V 4 2 .7  ± 5 .4 35

T a b le  4 .4 : S p e c if ic  a c tiv it ie s  o f w ild - ty p e  O B 3 b  a n d  C 1 5 1 T  a nd  M 1 8 4 V  e xp re s s in g  

m u ta n ts . S p e c if ic  a c tiv it ie s  a re  g ive n  as  n m o le /m in /m g  s o lu b le  p ro te in . R e la tive  a c tiv ity  is 

sh o w n  a g a in s t w ild - ty p e  O B 3b .

4 .4 .2 ) O x id a t io n  o f  b ip h e n y l by  B M O  in s p ire d  m u ta n t s

A n a ly s is  o f th e  o x id a tio n  o f b ip h e n y l a lso  sh o w s  a s lig h t re la xa tio n  in re g io s e le c tiv ity  

co m p a re d  to  th a t o f th e  w ild  type . T h e  o x id a tio n  o f b ip h e n y l can  p ro d u c e  th re e  

p o ss ib le  o x id a tio n  p ro d u c ts  d e p e n d in g  on w h ich  p o s itio n  on th e  a ro m a tic  ring  is 

o x id ize d . T h e  o x id a tio n  a ssa ys  w e re  ca rrie d  o u t us ing  w h o le  ce lls  co n ta in in g  5m M  

fo rm a te  to  p ro v id e  p le n ty  o f re duc in g  e q u iv a le n ts  fo r  th e  re ac tion . T h e  C 1 5 1 T  and 

M 1 8 4 V  m u ta n ts  sh o w e d  > 97%  o f th e  b ip h e n y l o x id a tio n  p ro d u c t as  th e  4 - 

h yd ro xyb ip h e n y l is o m e r (4 hbp ) . T h e re  w a s  a s ig n if ic a n t in c re a se  in th e  p ro d u c tio n  

o f bo th  3 -h y d ro x y b ip h e n y l is o m e r (3 hbp ) and 2 -h y d ro x y b ip h e n y l (2 h b p ) fro m  th e  

C 1 5 1 T  m u ta n t c o m p a re d  to  th e  w ild  typ e  e n z y m e  (P =0 .021  an d  0 .0 4  re s p e c tiv e ly ) 

(T a b le  4 .5 ).
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C e lls

2 -h yd ro x y b ip h e n y l

(% )

3 -h y d ro x y b ip h e n y l

(% )

4 -h y d ro x y b ip h e n y l

(% )

O B 3b 0 .1 6  ± 0 .1 4 0 .3 8  ± 0 .2 7 9 9 .4 6  ± 0 .4

C 1 5 1 T 0 .7 6  ± 0.11 1 .84 ± 0 .4 4 97.41 ± 0 .2 5

M 1 8 4 V < 0 .08 2 .2 7 ±  0 .9 7 9 7 .7 3  ± 0 .9 7

T a b le  4.5 : D is tr ib u tio n  o f b ip h e n y l o x id a tio n  p ro d u c ts  g ive n  as  a p e rc e n ta g e  o f to ta l p ro d u c t. A s s a y s  w e re  

ca rr ie d  o u t in d u p lic a te  fro m  a s in g le  b a tch  o f d ro p  fro z e n  c e lls  fo r  e a c h  m u ta n t a nd  a re  d is p la y e d  a s  m e a n  

v a lu e s  ± s ta n d a rd  e rro r

4 .4 .3 ) O x id a t io n  o f  h e x a n e  by  B M O  in s p ire d  m u ta n ts

T h e  o x id a tio n  o f h e xa n e  can  y ie ld  3 p o ss ib le  p ro d u c ts  d e p e n d in g  on w h ich  c a rb o n  is 

o x id ize d : 1 -hexa no l, 2 -h e xa n o l o r 3 -h e xa n o l. H e xa n e  o x id a tio n  a ssa ys  w e re  ca rrie d  

o u t us ing  s o lu b le  e x tra c t to  e n s u re  th a t o n ly  sM M O  w a s  o x id iz in g  th e  su b s tra te .

S o lu b le  e x tra c t (2 m l) w a s  in cu b a te d  w ith  1 pi h e xa n e  fo r  10 m in  a t 30 °C  an d  th e  

re a c tio n  w a s  s ta rte d  by a d d in g  N A D H  up to  5 m M . T h e  in te rn a l s ta n d a rd  used  in 

th e s e  a ssa ys  w a s  1-p ro p a n o l (2 pm o l), th e  a ssa ys  w e re  e x tra c te d  w ith  e th e r w h ic h  

w a s  th e n  a llo w e d  to  e v a p o ra te  a t room  te m p e ra tu re  to  a v o lu m e  o f ~ 50  pi an d  run on 

th e  G C . T h e  C 1 5 1 T  m u ta n t sh o w s a s lig h t re la xa tio n  o f re g io s e le c tiv ity  c o m p a re d  to  

th e  w ild -ty p e  O B 3b . O x id a tio n  o f h e xa n e  by w ild -ty p e  O B 3 b  sh o w s 1 -h e xa n o l as  th e  

m a jo r o x id a tio n  p ro d u c t a cco u n tin g  fo r  65 %  o f th e  to ta l p ro d u c t d e te c te d . H o w e ve r, 

th e  C 1 5 1 T  m u ta n t sh o w s  a s ig n if ic a n tly  a lte re d  p ro d u c t d is tr ib u tio n  c o m p a re d  to  th e  

w ild  typ e  (P < 0 .0 0 1 ) w ith  o n ly  4 8 %  o f th e  h e xa n e  o x id a tio n  p ro d u c ts  as  1 -h e xa n o l 

(T a b le  4 .6 ). In th e  w ild  typ e  e n zym e  and th e  C 1 5 1 T  m u ta n t no 3 -h e xa n o l w a s  

de te c te d . T h e  s p e c ific  a c tiv ity  o f th e  C 1 5 1 T  m u ta n t w a s  re d u ce d  14 -fo ld  c o m p a re d  to  

th a t o f th e  w ild  typ e  sM M O  (T ab le  4.7 ).
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1-hexa no l

(% )

2 -h e xa n o l

(% )

3 -h e xa n o l

(% )
O B 3 b 64 .3 5  ± 

0 .0 5

3 5 .6 5  ± 

0 .0 5

0

C 1 5 1 T 4 8 .3 5  ± 

1.22

5 1 .6 5  ± 

1.22

0

S p e c ific  a c tiv ity  

(n m o le s /m in /m g )

a c tiv ity

(% )

O B 3b 0 .2 7  ± 0 .0 0 5 100

C 1 5 1 T 0 .0 1 9  ± 0 .0 0 0 7 6.8

;ab le  4 .6 : P e rc e n ta g e  p ro d u c t d is tr ib u tio n  o f h e x a n e  

id a tio n  o f W T  O B 3 b  a nd  C 1 5 1 T . A s s a y s  w e re  ca rr ie d  o u t 

tr ip lic a te  and  d is p la y e d  as  a m e a n  re s u lt ± s ta n d a rd  e rro r

T a b le  4 .7 : S p e c if ic  a c tiv ity ie s  o f W T  O B 3 b  a nd  

C 1 5 1 T  m u ta n ts  a g a in s t h e xa n e . A c tiv it ie s  a re  

e x p re s s e d  as  n m o le s  p ro d u c t/m g /to ta l s o lu b le  

p ro te in  ± s ta n d a rd  e rro r.
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4 .5  O x id a tio n  o f m e s ity ie n e  by th e  M 1 8 4 V  m u ta n t s h o w s  n o ve l

o x id a t io n  p ro d u c ts .

4 .5 .1 ) A  n o ve l s u b s t ra te  fo r  s tu d y in g  m o n o o x y g e n a s e  a c t iv ity

T h e  su b s tra te  m e s ity ie n e  (1 ,3 ,5 -tr im e th y lb e n z e n e ) w a s  ch o se n  as  a c a n d id a te  fo r  

s tu d y  d u e  to  its s ize  and  p o s itio n s  o f th e  th re e  m e th y l g ro u p s , m e a n in g  o n ly  tw o  

p o ss ib le  p r im a ry  o x id a tio n  p ro d u c ts  w o u ld  be  p ro d u ce d . R ing  h y d ro xy la tio n  o f 

m e s ity ie n e  w o u ld  p ro d u ce  2 ,4 ,6 - tr im e th y lp h e n o l and s id e  cha in  o x id a tio n  w o u ld  

p ro d u ce  3 ,5 -d im e th y lb e n z y l a lco h o l, m a k in g  it an idea l s u b s tra te  fo r  o x id a tio n  

a n a y ls is .

4 .5 .2 ) M e s ity ie n e  o x id a tio n  a s s a y s  o v e r  2 4  h a n d  72  h s h o w e d  no  

m o n o h y d ro x y la te d  p ro d u c ts

A s s a y s  w e re  ca rrie d  o u t us ing  w h o le  ce lls  o ve r a p e riod  o f 72 h and a n a ly s e d  v ia  

G C M S ; h o w eve r, no o x id a tio n  p ro d u c ts  w e re  d e te c te d  w ith  w ild  ty p e  O B 3 b  o r  th e  

m u ta n ts  M 1 8 4 V  and C 15 1T . It w a s  no ted  th a t th e re  w a s  a la rg e  p e a k  id e n tif ie d  by  its 

m a ss  sp e c tru m  as 3 ,5 -d im e th y l b e n zo ic  ac id . T h is  c o rre s p o n d s  to  fu r th e r  o x id a tio n  o f 

th e  s id e -ch a in  h yd ro xy la tio n  p ro d u c t 3 ,5 -d im e th y lb e n z y l a lco h o l. A n  a s s a y  w a s  s e t 

up fo r  ea ch  m u ta n t w ith  an o v e rn ig h t in cu b a tio n  and  a g a in  th e  la rg e  p e a k  

c o rre s p o n d in g  to  3 ,5 -d im e th y lb e n z o ic  ac id  w a s  p re se n t, h o w eve r, th e re  w e re  a lso
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tra c e  a m o u n ts  o f tw o  p ro d u c ts  w ith  a m a ss  o f 136 m /z , w h ich  c o rre sp o n d  to  th e  

s in g ly  h yd ro xy la te d  m e s ity le n e  p rodu c ts .

S in ce  re duc in g  th e  re a c tio n  tim e  a llo w e d  d e te c tio n  o f sm a ll a m o u n ts  o f th e  e xp e c te d  

m o n o h y d ro x y la tio n  p ro d u c ts , it w a s  p o ss ib le  th a t th e  in itia l p ro d u c ts  fro m  th e  sM M O - 

ca ta lyse d  re a c tio n  w e re  th e  m o n o h y d ro x y la te d  m o ie tie s , w h ich  w e re  th e n  fu r th e r 

o x id ise d  by  sM M O  o r a n o th e r e n zym e  p re s e n t in th e  m e th a n o tro p h  ce lls . T h e  

e n z y m e  m e th a n o l d e h y d ro g e n a s e  (M D H ) w a s  a p o ss ib le  ca n d id a te  fo r  su ch  a 

re a c tio n  b e ca u se  it has be en  re p o rte d  th a t M D H  fro m  M s . t r ic h o s p o r iu m  O B 3 b  can  

o x id ize  b e n zy l a lco h o l to  b e n z a ld e h y d e  (M o u n tfo rt 1990). H o w e ve r as M D H  w a s  

sh o w n  by th e  a u th o r no t to  be  a c tive  a g a in s t b e n z a ld e h y d e  it is like ly  th a t a n o th e r 

e n zym e  is re sp o n s ib le  fo r  th e  p ro d u c tio n  o f th e  b e n zo ic  ac id  d e riv a tiv e  se e n  in th e s e  

assa ys .

4 .5 .3 ) M e s ity le n e  o x id a tio n  a s s a y s  o v e r  1 h s h o w e d  m o n o h y d ro x y la te d  

p ro d u c ts

A n  a ssa y  w a s  se t up fo r 1 h and th is  t im e  th e  o x id a tio n  p ro d u c ts  w e re  c le a r ly  v is ib le  

(T a b le  4 .8 ). T h e  C 1 5 1 T  m u ta n t sh o w e d  s im ila r c h a ra c te r is tic s  to  th a t o f th e  w ild  ty p e  

e n zym e  w ith  h yd ro xy la tio n  p re d o m in a tin g  on th e  s ide  ch a in  w ith  th e  p ro d u c t 3 ,5 - 

d im e th y lb e n z y l a lco h o l m a k in g  up m o re  th a n  99%  o f th e  to ta l o x id a tio n  p ro d u c ts .

T h e  s p e c ific  a c tiv ity  o f th e  ce lls  e xp re ss in g  th e  C 1 5 1 T  m u ta n t sM M O  to w a rd s  

m e s ity le n e  w a s  a lso  reduced , to  19 % o f th a t o b se rve d  in th e  w ild  type .
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2 ,4 ,6 -

tr im e th y lp h e n o l

(% )

3 ,5 -d im e th y lb e n zy l 

a lco h o l (% )

3 ,5 -d im e th y l 

b e n z a ld e h y d e  (% )

O B 3 b 0 .4 0  ± 0 .3 4 99 .6 0  ± 0 .3 4 0 .0 0

M 1 8 4 V 0 .2 5  ± 0 .4 2 33 .3 0  ± 2 2 .5 3 6 6 .4 5  ± 2 2 .3 3

C 1 5 1 T 0 .8 2  ± 0 .3 4 99 .1 8  ± 0 .3 4 0 .0 0

T a b le  4.8 : P e rc e n ta g e  p ro d u c t d is tr ib u tio n  o f M e s ity le n e  o x id a tio n  p ro d u c ts . A s s a y s  w e re  c a rr ie d  o u t 

in tr ip lic a te  fro m  a s in g le  b a tch  o f d ro p  fro ze n  c e lls  fo r  e a ch  m u ta n t a nd  a re  d is p la y e d  a s  m e a n  v a lu e s  

± s ta n d a rd  e rro r.

T h e  M 1 8 4 V  m u ta n t sh o w e d  an e x tra  o x id a tio n  p ro d u c t no t e xp e c te d . A n  e x tra  p e a k  

w a s  p re s e n t id e n tifie d  by th e  m a ss  sp e c tra  lib ra ry  as  3 ,5  d im e th y l b e n z y la ld e h y d e  

w h ich  w a s  no t d e te c te d  in e ith e r O B 3 b  o r C 15 1T . T h e  s ig n ific a n c e  o f th is  

u n e xp e c te d  re su lt is co ve re d  in th e  d is c u s s io n s  ch a p te r.
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4 .6  S u m m a ry  o f re s u lts

T h e  d a ta  in th is  c h a p te r s h o w  th a t th e  M 184V , C 1 5 1 T  and F 2 8 2 L  m u ta tio n s  ha ve  an 

e ffe c t on th e  s ta b ility  and  th e  a c tiv ity  o f th e  sM M O  e n zym e . A s  th e  M 1 8 4 V  m u ta n t 

w a s  u n s ta b le  in so lu b le  e x tra c ts , o n ly  w h o le  ce ll a ssa ys  cou ld  be ca rrie d  o u t w ith  th is  

m u tan t. T h e  F 2 8 2 L  m u ta n t had no d e te c ta b le  a c tiv ity ; h o w eve r, th e  h yd ro x y la s e  

co m p o n e n ts  cou ld  c le a rly  be  see n  by  S D S  P A G E  in d ica tin g  th a t th is  is a s ta b le  

m u ta n t. T h e  a c tiv ity  o f th e  C 1 5 1 T  m u ta n t w a s  re d u ce d  co m p a re d  to  th e  w ild  ty p e  

e n z y m e  w ith  a ll s u s b s tra te s  te s te d  in c lu d in g  b u ta n e  and  no sh ift to w a rd s  te rm in a l 

ca rb o n  o x id a tio n  as see n  w ith  b u ta n e  m o n o o xyg e n a se , h e n ce  th is  s ite  d ire c te d  

m u ta n t d o e s  no t c o n fe r a B M O -like  p h e n o ty p e  up on  the  m u ta n t e n zym e . T h e  

re g io s e le c tiv ity  o f th e  C 1 5 1 T  m u ta n t w a s  re la xed  co m p a re d  to  th e  w ild  ty p e  e n z y m e  

w ith  a ll s u b s tra te s  te s te d  e x c e p t bu ta n e . T h e  g re a te s t ch a n g e  in re g io s e le c tiv ity  w a s  

se e n  w ith  h e xa n e  as th e  su b s tra te , w h e re  th e  m a jo r o x id a tio n  p ro d u c t s h ifte d  fro m  

6 4 .3 5  %  1 -h e xa n o l w ith  th e  w ild  typ e  e n zym e , to  5 1 .6 5  % 2 -h e x a n o l w ith  th e  C 1 5 1 T  

m u tan t. T h e  nove l s u b s tra te  m e s itly e n e  w a s  th e  o n ly  s u b s tra te  w h e re  a B M O - 

in sp ire d  m u ta n t had in c re a se d  a c tiv ity  c o m p a re d  to  th e  w ild  typ e  e n zym e . T h e  

M 1 8 4 V  m u ta n t sh o w e d  an 3 .6 -fo ld  in c re a se  in a c tiv ity  o v e r th e  w ild  typ e  e n z y m e  

to w a rd s  m e s ity ie n e  an d  p ro d u ce d  a nove l o x id a tio n  p ro d u c t 3 ,5 -d im e th y l 

b e n z a ld e h y d e  no t seen  w ith  th e  w ild  typ e  O B 3 b  o r th e  C 1 5 1 T  m u ta n t.
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C h a p te r  5: R an d o m  m u ta g e n e s is  o f mmoX

5.1 In tro d u c tio n

5 .1 .1 ) A  m u ta g e n e s is  a p p ro a c h  to  s tu d y in g  s M M O  s u b s tra te  s p e c if ic ity

O ne  o f th e  key  a im s  o f th is  th e s is  is to  loo k  a t th e  s u b s tra te  ra nge  o f sM M O  and  to  

try  and id e n tify  th e  s tru c tu ra l a s p e c ts  th a t m a y  lim it th e  s ize  o f s u b s tra te  th a t can  be 

o x id ize d  by  th e  e n zym e . A  ra n d o m  m u ta g e n e s is  a p p ro a ch  w a s  ca rrie d  o u t w ith  th e  

in te n tio n  o f id e n tify in g  n e w  re s id u e s  im p o rta n t in c o n tro llin g  s u b s tra te  sp e c ific ity .

T h is  is in a d d itio n  to  th o s e  w h ich  ha ve  be en  in fe rre d  fro m  v a rio u s  c rys ta l s tru c tu re  

s tu d ie s  and  w e re  be ing  te s te d  v ia  d ire c te d  m u ta g e n e s is . U s ing  a m o d ific a tio n  o f th e  

co lo r im e tr ic  n a p h th a le n e  o x id a tio n  a ssa y  to  sc re e n  fo r  a c tiv ity  a g a in s t th e  tr ia ro m a tic  

co m p o u n d s ; a n u m b e r o f m m o X  ra n d o m  m u ta n t lib ra rie s  w e re  c re a te d  and  sc re e n e d  

fo r  a c tiv ity  a g a in s t a n th ra c e n e  and p h e n a n th re n e .

5 .1 .2  M u ta g e n e s is  s tu d ie s  o f  re la te d  m o n o o x y g e n a s e s

D ire c te d  e vo lu tio n  is a te rm  used  to  d e s c rib e  a v a r ie ty  o f te c h n iq u e s  w h e re  p ro te in  

va r ia n ts  a re  c re a te d  v ia  ra ndo m  m u ta g e n e s is  and  m u ta n ts  a re  se le c te d  th a t s h o w  a 

d e s ire d  fu n c tio n . T h e re  a re  a n u m b e r o f w a ys  o f g e n e ra tin g  q u a s i-ra n d o m  m u ta n ts  

fo r  se le c tio n  o r sc re e n in g  fo r a c tiv ity  in c lu d in g  sh u fflin g  o f h o m o lo g o u s  g e n e s  

(S te m m e r, 1994) and e rro r p ro n e  P C R  (Leung  e t  a l. 1989; C a d w e ll and J o y c e  1992 ;
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Z h o u  e t. a l. 1994). N o w o rk  has be en  p u b lish e d  on th e  d ire c te d  e v o lu tio n  o f so lu b le  

m e th a n e  m o n o o x y g e n a s e  a lth o u g h  as d e sc rib e d  in c h a p te r 1, d ire c te d  e vo lu tio n  

a p p ro a c h e s  ha ve  been  used  w ith  a n u m b e r o f re la te d  b a c te ria l d iiro n  

m o n o o xyg e n a se s .

5 .1 .3 ) D ire c te d  e v o lu t io n  s tu d ie s  o f  a ro m a t ic  m o n o o x y g e n a s e s

A  ra n d o m  m u ta n t lib ra ry  o f to m A 0 1 2 3 4 5  g e n e s  e n co d in g  to lu e n e  o r th o 

m o n o o x y g e n a s e  o f B u rk h o ld e r ia  c e p a c ia  G 4 w e re  c re a te d  by W o o d  and  c o -w o rk e rs  

(C a n a d a  e t  a l. 2 0 0 2 ) us ing  D N A  sh u fflin g . A  n u m b e r o f to m  g e n e s  w e re  d ig e s te d  

w ith  D N a se  I and ra n d o m ly  re a sse m b le d  to  c re a te  a m u ta n t lib ra ry . S c re e n in g  o f th is  

lib ra ry  id e n tifie d  a m u ta n t sh o w in g  in c re a se d  tr ic h lo ro e th y le n e  d e g ra d a tio n  and  a lso  

im p ro ve d  a c tiv ity  to w a rd s  bo th  d ia ro m a tic  and  tr ia ro m a tic  su b s tra te s . T h e  s e q u e n c e  

o f th e  m u ta n t led to  th e  id e n tifica tio n  o f V a l 106 as  an  im p o rta n t re s id u e  in lim itin g  

th e  ra te  o f th e s e  re ac tion s . D ire c te d  e vo lu tio n  w a s  a lso  used  by W o o d  an d  c o 

w o rke rs  to  id e n tify  re s id u e s  im p o rta n t in th e  o x id a tio n  o f n itro b e n z e n e  to  4 - 

n itro ca te ch o l by  to lu e n e  4 -m o n o o x y g e n a s e  fro m  P s e u d o m o n a s  m e n d o c in a  KR1 

(F ish m a n  e t  a l. 20 04 ). A n  e rro r p ro n e  P C R  te c h n iq u e  w a s  used  to  g e n e ra te  ra n d o m  

m u ta tio n s  w ith in  th e  tm o A , tm o B  and tm o C  g e n e s  e n co d in g  e n co d in g  fo r  th e  

h yd ro xy la se  a -su b u n it, th e  h yd ro x y la s e  y -s u b u n it and a R ie ske  typ e  fe rr id o x in , 

re sp e c tive ly . S c re e n in g  o f th is  lib ra ry  id e n tifie d  a m u ta n t w ith  an 8 -fo ld  in c re a s e  in 

th e  ra te  o f 4 -n itro c a te c h o l p ro d u c tio n  c o m p a re d  to  th e  w ild  ty p e  e n z y m e  w h e n  

n itro b e n ze n e  w a s  th e  su b s tra te . T h is  led to  th e  id e n tific a tio n  o f an Ile 1 00 m u ta tio n  as 

a p o ss ib le  ca n d id a te  fo r  th e  ch a n g e  in re a c tiv ity  to w a rd s  n itro b e n ze n e , d u e  to
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c o m p a riso n  to  th e  w o rk  ca rrie d  o u t in th e  sa m e  la b o ra to ry  on th e  a n a lo g o u s  p o s itio n  

o f to lu e n e  o r th o  m o n o o x y g e n a s e  (V al 106 m e n tio n e d  a b ove ). F u rth e r s a tu ra tio n  

m u ta g e n e s is  w o rk  id e n tifie d  th e  m u ta n t I1 0 0 A  as hav ing  > 16 -fo ld  in c re a se  in 4 - 

n itro ca te ch o l p ro d u c tio n  co m p a re d  to  th e  w ild  typ e  and th e  d is c o v e ry  th a t re s id u e  lie  

100 is im p o rta n t in re g io s e le c tiv ity  in th is  e n zym e .

6 .1 .4 ) D ire c te d  e v o lu t io n  o f  a lk e n e  m o n o o x y g e n a s e

A  m e th o d  has a lso  be en  d e sc rib e d  us ing  e rro r p ro n e  P C R  fo r  d ire c te d  e v o lu tio n  o f 

a n o th e r b a c te ria l d iiro n  m o n o o x y g e n a s e  re la ted  to  s o lu b le  m e th a n e  m o n o o x y g e n a s e  

(P e rry  and  S m ith , 2 0 06 ). T h e  a lke n e  m o n o o x y g e n a s e  fro m  R h o d o c o c c u s  

rh o d o c h ro u s  B 276  w a s  e xp re sse d  in th e  h o s t S tre p to m y c e s  H v id a n s  and  a m u ta n t 

lib ra ry  o f th e  a m o C  g e n e  c re a te d  us ing  th e  c o m m e rc ia lly  a v a ila b le  G e n e m o rp h  

ra n d o m  m u ta g e n e s is  k it (S tra ta g e n e ). T h is  k it c o n ta in s  th e  M u ta zym e  e rro r p ro n e  

p o lym e ra se  e n z y m e  w h ich  has an e a s ily  c o n tro lla b le  e rro r ra te  and a c c o rd in g  to  th e  

m a n u fa c tu re r has re duce d  m u ta tio n a l b ia s  co m p a re d  to  o th e r e rro r p ro n e  P C R  

e n zym e s  su ch  as T a q  p o lym e ra se . E n a n tio s e le c tiv e  G C  a n a lys is  w a s  c a rrie d  o u t 

us ing  a ch ira l co lu m n  and m u ta n ts  w e re  s c re e n e d  fo r e n h a n ce d  e n a n tio s e le c tiv iy  

to w a rd s  th e  s u b s tra te  p rope ne .
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H ere , a m e th o d  w a s  d e v ise d  us in g  th e  p T JS 1 7 5  e x p re s s io n  sys te m  to  c re a te  a 

ra n d o m  m u ta n t lib ra ry  o f th e  m m o X  g e n e  an d  a ra p id  co lo rim e tr ic  a s s a y  d e v e lo p e d  

fo r  h igh  th ro u g h p u t sc re e n in g  o f m u ta n ts  w ith  th e  a b ility  to  o x id ize  tr ia ro m a tic  

c o m p o u n d s  (F ig . 5 .1 ).

a
rs W
f t  ^

mmoR mmoG m m oX Y B  Z  D  mmoC

I

p T J S 1 7 5  (con ta in ing  

10.1 kb  sM M O  operon)

mmoX Y  B  Z  D  mmoC

1.3  k b  f r a g m e n t  c o n ta in in g  Pcil a n d  FseI  

r e s t r ic t io n  s i te s  w a s a m p li f ie d  u s in g  e r r o r 

p ro n e  P C R  T h e  f r a g m e n t  w a s  d ig e s te d 

w ith  Pcil a n d  Fse I  th e n  r e - l ig a te d  in to  

p T J S 1 7 5  d ig e s te d  w ith  th e  sa m e  e n z y m e s .

T h e  m u ta n t  l ib r a r y  w a s  

t r a n s fo r m e d  in to  E.coli 
S 17 -1  a n d  t r a n s fe r r e d  to 

ex p re ss io n  h o st  Ms. 
trichosporium S M D M  b y  

b a c te r ia l co n ju g a t io n

Fig. 5 .1 ) D ia g ra m  s h o w in g  th e  c re a tio n  o f an m m o X  m u ta n t lib ra ry  a nd  e x p re s s io n  w ith in  

th e  s M M O  n e g a tiv e  h o s t s tra in  M s. t r ic h o s p o r iu m  S M D M
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5.2  D e v e lo p m e n t o f  a ra n d o m  m u ta g e n e s is  m e th o d  u s in g  Tag

p o ly m e ra s e

5 .2 .1 ) U s e  o f  Taq  p o ly m e ra s e  fo r  e r ro r  p ro n e  P C R

F o r ra n d o m  m u ta g e n e s is  T a q  p o lym e ra se  w a s  c h o se n  to  a m p lify  a p o rtio n  o f th e  

m m o X  g e n e  us in g  an  e rro r  p ro n e  P C R  re a c tio n . T h e  la ck  o f a 3 ’ to  5 ’ p ro o fre a d in g  

a c tiv ity  and  a h igh  in tr in s ic  e rro r ra te  (d e p e n d in g  on  re a c tio n  c o n d itio n s ) o f  b e tw e e n  

10"4 and 10 '6 e rro rs /n u c le o tid e  w ith  th is  e n z y m e  m a ke  it a p e rfe c t c a n d id a te  fo r  e rro r 

p ro n e  P C R . A  n u m b e r o f re a c tio n  co n d itio n s  can  be a lte re d  to  re d u ce  th e  fid e lity  o f 

T a q  p o lym e ra se  and  a m e th o d  fo r  e rro r p ro n e  P C R  b a sed  on C a d w e ll an d  Jo y c e  

(1 9 9 2 ) w a s  used  to  in c re a se  th e  m u ta tio n  fre q u e n c y  w h ils t re d u c in g  th e  m u ta tio n a l 

b ias  as  d e sc rib e d  in M a te ria ls  an d  M e th o d s  se c tio n  2 .3 .6 . O n e  o f th e  m a in  

d ra w b a c k s  o f us ing  T a q  p o lym e ra se  fo r  e rro r p ro n e  P C R  is th e  p re fe re n c e  o f th is  

e n zym e  to  p ro d u ce  A -> G  and T - * C  b a se  p a ir ch a n g e s . U s ing  m is m a tc h e d  d N T P s  

w ith  a m u ch  h ig h e r co n c e n tra tio n  o f d C T P  and d T T P  co m p a re d  to  th e  c o n c e n tra tio n s  

o f d A T P  and d G T P  re d u ce s  th is  m u ta tio n a l b ias  (C a d w e ll e t  a l. 1992). T a q  

p o ly m e ra s e  re q u ire s  a d iv a le n t m e ta l ca tio n  fo r  a c tiv a tio n  and  th is  is n o rm a lly  M g C I2 

in a c o n c e n tra tio n  th a t is e q u im o la r to  th e  d N T P  co n ce n tra tio n . By us ing  a 

c o n ce n tra tio n  o f m a g n e s iu m  in e xce ss  o f th e  d N T P  co n c e n tra tio n  th e  fid e lity  o f T a q  

p o lym e ra se  can  be  g re a tly  d e c re a se d , p o ss ib ly  d u e  th e  s ta b iliz a tio n  o f non 

c o m p le m e n ta ry  p a irs  (E c k e rt and K unke l, 1991). T h e  a d d itio n  o f M nC I2 has  b e en  

sh o w n  to  fu r th e r re d u ce  th e  fid e lity  o f T a q  and  is th o u g h t to  a c t in th e  sa m e  w a y  

(B e ckm a n  e t  a l. 1985). F in a lly  th e  n u m b e r o f P C R  cyc le s  use d  g re a tly  a ffe c ts  th e  

fid e lity  o f th e  p o lym e ra se , as m o re  re a c tio n  cyc le s  m e a n s  m o re  c h a n ce  o f an e r ro r  in
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am plification (Leung et al.  19 89 ). By using th ese conditions an error rate o f 10 - 1 4  

m utations/kb w as ach ieved (confirm ed by sequenc ing of five cloned P C R  products)  

[Fig. 5 .2 ]

Fig 5 .2 ) Part ia l s equence  data of mmoX  from  w ild t ype Ms. trichosporium  O B3 b  show ing base  

ch an ge s from  a random  mutant  library clone . Ba se  ch an ge s from  the mutant  library clone  a re  

show n in red below  the w ild t ype O B3 b  sequence .  Co r respond ing t ransla t ed protein data from  

wild type Ms. trichosporium  O B3 b  (b lue) and mutant  library clone  (green ) w ith am ino acid  is  

boxe dchanqe s highlighted in red.

5.2 .2) C reatin g  th e  ran dom  m u ta n t lib raries

In order to insert the error prone P C R  frag m en t int o the s M M O  operon two un ique  

restriction sites needed  to be found tha t could be used as  an ex ch a n g eab le  cassette .  

T h e  Pci\IFse\  w as  chosen as  it w as  the largest possible ex ch an g e ab le  cassette  

within the mmoX  region tha t w as ava ilab le  w ithout eng ineering of t he rest o f the  

plasm id. T h e  Pci\/Fse\  cassette  is 7 9 0  bp in s ize and encod es for am ino  a c ids 1 -  

167 of mmoX. Taq  m u tagenesis  w as  carried out using prim ers T rm u tp l and  

Trm utP 2 (T ab le  5 .1 ) and am plifies a 1281 bp frag m en t flanking the Pc/I site and Fse l  

restriction sites. T h e  error p rone P C R  product w as  d iges ted with th ese en zym es  and  

ligated into the larger frag m en t o f p T J S 1 7 5  also d i gested with Pc/I and Fs e l (F ig. 5 .1 ).
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5 .2 .3 ) T ra n s fo rm a t io n  o f  E. coli  S 17-1

T h e  E. c o l i  co n ju g a tive  s tra in  S17-1 p ro ve d  a d iff ic u lt s tra in  to  tra n s fo rm . A  n u m b e r 

o f m e th o d s  w e re  tr ie d  to  tra n s fo rm  th e  E . c o l i S17-1 s tra in  in c lu d in g  us ing  C a C b  

p re p a re d  c o m p e te n t ce lls  and a h e a t sh o c k  m e th o d  (S a m b ro o k  e t  a l. 1992). A  h igh  

e ff ic ie n c y  tra n s fo rm a tio n  m e th o d  (H a n a h a n ,1 9 8 3 ) and  e le c tro p o ra tio n  w e re  a lso  

used  as d e ta ile d  in M a te ria ls  and M e th o d s  se c tio n  2 .5 . F o r he a t sh o ck  

tra n s fo rm a tio n  m u ta n t lib ra rie s  w e re  1-7 x 102 co lo n ie s  in s ize, w h e re a s  

e le c tro p o ra tio n  and H a n a h a n  tra n s fo rm a tio n  m e th o d s  w e re  ty p ic a lly  1 -  3 x 103 in 

s ize . T h e  m u ta n t lib ra ry  w a s  tra n s fo rm e d  in to  E. c o l i  S17-1 ce lls  us ing  th e  H a n n a h a n  

h igh  e ff ic ie n c y  m e th o d  d e sc rib e d  a b o ve  and  tra n s fo rm e d  in to  M . t r ic h o s p o r iu m  

S M D M  v ia  b a c te ria l co n ju g a tio n  (M a te r ia ls  and M e th o d s  se c tio n  2 .6 ). E x c o n ju g a n t 

co lo n ie s  w e re  v is ib le  a fte r 5 -7  d a ys  and pa tch  p la te d  o n to  N M S  p la te s  c o n ta in in g  

s tre p to m yc in , s p e c tin o m yc in , n a lid ix ic  ac id  [20  p g /m l] and g e n ta m ic in  [5 p g /m l]. 

T yp ic a lly  th e  m u ta n t lib ra ry  s ize  and s u b s e q u e n t c o n ju g a tio n  ra te s  w e re  lo w  w ith  

ra n d o m  m u ta n t lib ra rie s  be ing  1 -  3 x 103 c lo n e s  in s ize.
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P r im e r S e q u e n c e  5 ’-3 ’ D e sc rip tio n

T rm u tP I G C G G T  C A C T  C A T A T T C C 2 1 0 b p  U p s tre a m  o f Pc/'l

T rm u tP 2 C G G A T C A T T G G C G A T C G 281 bp D o w n s tre a m  o f F se l

T a b le  5.1 )S e q u e n c e s  fo r  p r im e rs  used  fo r  e rro r  p ro n e  P C R  o f m m o X  g e n e

5.3  D e v e lo p m e n t o f  a c o lo r im e tr ic  m e th o d  fo r  d e te c t in g  o x id a tio n  o f  

t r ia ro m a t ic  c o m p o u n d s

In o rd e r fo r  d ire c te d  e v o lu tio n  s tu d ie s  to  be  e ffe c tive , a s u ita b le  m e th o d  o f s c re e n in g  

m u ta n ts  fo r  th e  d e s ire d  fu n c tio n  n e ede d  to  be d e ve lo p e d . A  m o d ifica tio n  o f th e  

n a p h th a le n e  o x id a tio n  a s s a y  has a llo w e d  e ff ic ie n t sc re e n in g  fo r  th e  o x id a tio n  o f 

tr ia ro m a tic  co m p o u n d s  p h e n a n th re n e  and  a n th ra ce n e . A s  m e n tio n e d  in c h a p te r 3, 

th is  co lo rim e tr ic  a ssa y  s h o w e d  s im ila r d e te c tio n  lim its  fo r  bo th  1 -nap tho l and  9- 

p h e n a n th ro l (F ig . 3 .5 ). E ach  p la te  w a s  in cu b a te d  a t 30 °C  fo r  1 h in a se a le d  

c o n ta in e r w ith  a fe w  c rys ta ls  o f n a p h th a le n e  o r p h e n a n th re n e . C lo n e s  p o s itiv e  fo r  

o x id a tio n  w e re  id e n tifie d  by th e  p u rp le  c o lo u r se e n  up on  a d d itio n  o f  te tra z o it iz e d -o - 

d ia n is id in e  [5 m g /m l]. W o o d  and c o -w o rke rs  re p o rte d  a s im ila r m e thod  to  m e a s u re  

o x id a tio n  o f bo th  p h e n a n th re n e  and a n th ra c e n e  us ing  a s p e c tro p h o to m e te r to  

q u a n tify  th e  co lo u re d  p ro d u c t (C a n a d a  e t  a l. 2 0 04 ).
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5 .4  U se  o f G e n e m o rp h  ra n d o m  m u ta g e n e s is  k it to  c re a te  ra n d o m  

m u ta n t lib ra r ie s

5 .4 .1 ) A  n e w  m e th o d  fo r  m u ta g e n e s is  w ith  re d u c e d  m u ta t io n a l b ia s  a n d  m o re  

c o n tro l la b le  e r ro r  ra te

A f te r s c re e n in g  12 00  m u ta n ts  g e n e ra te d  by  ra n d o m  m u ta g e n e s is  us ing  T a q  

p o lym e ra se  e rro r p ro n e  P C R , no a c tiv ity  to w a rd s  tr ia ro m a tic  c o m p o u n d s  w a s  

d e te c te d . It has be en  sh o w n  th a t h ig h e r m u ta tio n  ra tes  us ing  e rro r p ro n e  P C R  g ive  

rise  to  th e  m o s t u n iq u e  s e q u e n c e s  y e t fe w  re ta in  fu n c tio n  and co n v e rs e ly  th a t lo w  

m u ta tio n  ra tes  s h o w  m a n y  fu n c tio n a l se q u e n c e s  y e t fe w  a re  u n iq u e  (S u zu k i e t  a l, 

1996; D ru m m o n d  e t  a l. 2 0 05 ). It w a s  th o u g h t th a t p o s s ib ly  th e  m u ta tio n  ra te  o f T a q  

p o lym e ra se  w a s  to o  h igh  o r th e  m u ta tio n a l b ia s  w a s  e xc lu d in g  th e  d e s ire d  m u ta n t. 

T h e  G e n e m o rp h  II ra n d o m  m u ta g e n e s is  k it (S tra ta g e n e ) c o n ta in s  th e  M u ta z y m e  

p o lym e ra se  w h ich  a c co rd in g  to  th e  m a n u fa c tu re rs  has no m u ta tio n a l b ias  and  has  a 

c o n tro lla b le  e rro r ra te. By us ing  th e  M u ta zym e  p o ly m e ra s e  and a lte rin g  th e  a m o u n t 

o f D N A  te m p la te  in th e  re a c tio n  it is p o ss ib le  to  in flu e n c e  th e  n u m b e r o f e rro rs /k b . 

T h e  lo w e r th e  a m o u n t o f ta rg e t te m p la te  th e  m o re  a m p lific a tio n s  a re  ca rrie d  o u t and  

th e  h ig h e r th e  e rro r ra te. U p to  100 ng ta rg e t D N A  te m p la te  is re q u ire d  fo r  a h ig h e r 

m u ta tio n  fre q u e n c y  o f 9 -14  m u ta tio n s /kb . A  m e d iu m  m u ta tio n  fre q u e n c y  o f 4 .5 -9  

m u ta tio n s /kb  is a ch ie ve d  w ith  1 0 0 -5 00  ng ta rg e t D N A  and  a low  m u ta tio n  fre q u e n c y  

o f 0 -4 .5  m u ta tio n s /kb  is a ch ie ve d  by us ing  5 0 0 -1 0 0 0  ng ta rg e t D N A. F o r th e  ra n d o m  

m u ta g e n e s is  re a c tio n s  20 0  ng ta rg e t D N A  w a s  used  to  a ch ie ve  a m e d iu m  m u ta tio n  

fre q u e n c y  a ro u n d  h a lf th a t o f th e  T a q  e rro r p ro n e  P C R . T h e  1281 bp ta rg e t w a s  f irs t
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am p lifie d  by h igh  f id e lity  P fu  p o ly m e ra s e  us ing  p r im e rs  T r m u tp l/T rm u tp 2  (T a b le  5.2 ) 

and th e  P C R  p ro d u c t used  as  te m p la te  fo r  th e  e rro r p ro n e  P C R  re a c tio n s . A  

N a n o d ro p  s p e c tro p h o to m e te r w a s  used  to  m e a su re  th e  s ta rtin g  te m p la te  D N A  

co n ce n tra tio n s . A  m u ta tio n  fre q u e n c y  o f 5 -10  m u ta tio n s /kb  w a s  a ch ie ve d  us ing  th is  

m e th o d  (co n firm e d  by s e q u e n c in g  o f th re e  c lon ed  P C R  p ro d u c ts ). T h e  G e n e m o rp h  

P C R  p ro d u c t w a s  d o u b le  d ig e s te d  w ith  F s e I and  P c i\ and liga ted  in to  p T JS 1 7 5  as 

w ith  th e  taq  ra n d o m  m u ta g e n e s is  and tra n s fo rm e d  by e le c tro p o ra tio n  in to  E .c o l i  S 1 7 - 

1. A s  w ith  th e  p re v io u s  ro u n d s  o f ra n d o m  m u ta g e n e s is  w ith  T a q  p o lym e ra se , th e  

m u ta n t lib ra ry  g e n e ra te d  in E. c o l i S17-1 w a s  tra n s fe rre d  to  M s. t r ic h o s p o r iu m  

S M D M  by b a c te ria l c o n ju g a tio n . E x c o n ju g a n ts  w e re  pa tch  p la te d  o n to  N M S  a g a r 

p la te s  co n ta in tin g  s tre p to m yc in  and  s p e c tin o m y c in  [20  pg /m l], E x c o n ju g a n ts  w e re  

sc re e n e d  fo r  o x id a tio n  o f p h e n a n th re n e  and a n th ra c e n e  us ing  th e  m e th o d  d e s c rib e d  

a b o ve  h o w e v e r o n ce  a g a in  no a c tiv ity  w a s  d e te c te d .
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5 .5 .1 ) T h e  c o lo r im e tr ic  d e te c t io n  o f  t r ia ro m a t ic  o x id a t io n

T h e  use  o f te tra z o tiz e d -o -d ia n is id in e  as a c o lo r im e tr ic  te s t to  d e te c t o x id a tio n  o f 

tr ia ro m a tic  m a ke s  th e  d ire c te d  e v o lu tio n  to w a rd s  o x id a tio n  o f tr ia ro m a tic s  a d is tin c t 

p o s s ib ility  and  by re fin ing  th e  m e th o d s  d e sc rib e d  he re  it sh o u ld  be  p o s s ib le  to  

id e n tify  th e  s tru c tu ra l e le m e n ts  w ith in  w ild  ty p e  m m o X  th a t p re ve n t th e  o x id a tio n  o f 

th e s e  la rg e r c o m p o u n d s

5 .5 .2 ) E. coli  s tra in  S 17-1  is d i f f ic u lt  to  tra n s fo rm

A lth o u g h  ra ndo m  m u ta g e n e s is  w a s  no t s u c c e s s fu l in p ro d u c in g  a m u ta n t th a t cou ld  

o x id ise  tr ia ro m a tic  c o m p o u n d s , a n u m b e r o f te c h n ic a l d iffic u ltie s  w e re  o v e rc o m e  and  

fu tu re  re fin e m e n t o f th is  m e th o d  m a y  lead to  g re a te r su c c e s s  in th e  d ire c te d  

e vo lu tio n  o f sM M O . O n e  m a jo r d iff ic u lty  e n c o u n te re d  w ith  th is  sys te m  w a s  th e  d ire c t 

tra n s fo rm a tio n  in to  th e  co n ju g a tiv e  E. c o l i  S17-1 s tra in . In th e  c re a tio n  o f s ite  

d ire c te d  m u ta n ts  (see  M e th o d s  se c tio n ) th e  lig a tio n  re a c tio n s  a re  f irs t tra n s fo rm e d  

in to  a s tra in  o f E .c o li such  as XL-1 o r c o m m e rc ia lly  a v a ila b le  s tra in s  th a t h a ve  a 

m u ch  g re a te r tra n s fo rm a tio n  e ffic ie n cy . S uch  a s tra te g y  w a s  ju d g e d  u n a c c e p ta b le  fo r  

c lo n in g  o f lib ra rie s  (i.e . la rg e  m ixed  p o p u la tio n s ) o f m u ta n ts  b e ca u se  it w a s  

c o n s id e re d  th a t tw o  ro u n d s  o f a m p lifica tio n  o f th e  lib ra ry  in E. c o l i w o u ld  g re a tly  b ia s  

th e  m u ta n t lib ra ry  b e fo re  it cou ld  be sc re e n e d  in M s. tr ic h o s p o r iu m .  A  n u m b e r o f 

d iffe re n t m e th o d s  w e re  in ve s tig a te d  fo r  tra n s fo rm a tio n  o f E .c o li  S17-1 to  o b ta in  an 

a c c e p ta b ly  h igh  tra n s fo rm a tio n  fre q u e n cy . T h e  H a n a ha n  m e th o d  p ro d u ce d  m u ta n t 

lib ra rie s  up to  3 x 103 c lo n e s  in s ize. By us ing  e le c tro p o ra tio n  to  tra n s fo rm  th e  ce lls

5.5  S u m m a ry
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th e  s ize  o f th e  lib ra ry  in c re a se d  to  1 *  104 c lo n e s ; h o w e v e r th is  is s till a re la tive ly  

sm a ll m u ta n t lib ra ry . F u rth e r c h a n g e s  in th e  p re p a ra tio n  o f e le c tro c o m p e te n t E. c o l i  

S17-1 m a y  lead to  in c re a se d  tra n s fo rm a tio n  e ff ic ie n c y  and  la rg e r m u ta n t lib ra ries .

5 .5 .3 ) D if f ic u lt ie s  e n c o u n te re d  d u r in g  th e  c lo n in g  s ta g e s

A n o th e r m a jo r o b s ta c le  to  g e n e ra tio n  o f lib ra rie s  o f ra n d o m  m u ta n ts  o f m m o X  th a t 

has been  o v e rc o m e  s in ce  th e  w o rk  in th is  c h a p te r w a s  p e rfo rm e d  re la te s  to  th e  

e xp re ss io n  ve c to r. In th e  w o rk  d e s c rib e d  a b o ve  th e  p T JS 1 7 5  e x p re s s io n  sys te m  

w a s  used  and so  Pc/'l and  F se l re s tric tio n  s ite s  had to  be  used  as an e x c h a n g e a b le  

ca sse tte . T h e se  e n z y m e s  a re  bo th  ve ry  u n s ta b le  and  o ften  d id  no t d ig e s t th e  D N A  

w e ll, m a k in g  th e  c re a tio n  o f th e  ra n d o m  m u ta n t lib ra ry  d ifficu lt. M u ltis te p  c lo n in g  

s tra te g ie s  th a t w o u ld  have  a llo w e d  m u ta g e n e s is  o f a la rg e r c a s s e tte  us in g  m o re  

s ta b le  re s tric tio n  e n zym e s  w e re  a vo id e d  b e ca u se  (as d e ta ile d  a b o ve ) it w a s  

co n s id e re d  th a t th e  lib ra ry  sh o u ld  no t be a m p lifie d  m o re  th a n  o n ce  in E. c o li.  T h e  

7 8 0 b p  P c i\-F s e \  fra g m e n t o n ly  a llo w s  fo r  167 a m in o  a c id s  w ith in  th e  m m o X  g e n e  to  

be  m u ta te d . T h is  is o n ly  32%  o f th e  to ta l p ro te in  an d  so  m a y  m iss  c ru c ia l a m in o  

a c id s  w h ich  ne ed  to  be m u ta te d  in o rd e r fo r  tr ia ro m a tic  o x id a tio n  to  ta k e  p la ce . In 

la te r ch a p te rs  th e  e xp re ss io n  sys te m  p T 2 M L  is d e sc rib e d , w h e re  B am H I/A /cfe l s ite s  

can  be used to  c lo n e  a 0 .9 8 kb  ca sse tte  w h ich  w o u ld  in c re a se  th e  a m o u n t o f  m m o X  

th a t cou ld  be m u ta te d . H o w e ve r th is  e x p re s s io n  sys te m  w a s  no t a v a ila b le  w h e n  

th e s e  e x p e rim e n ts  w e re  ca rrie d  ou t.
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C h a p te r  6: C o n s tru c t io n  o f a n e w  e x p re s s io n  v e c to r  p T 2 M L

8.1 In tro d u c tio n

6.1 .1 C lo n in g  u s in g  th e  p T J S 1 4 0 /p T J S 1 7 5  e x p re s s io n  s y s te m

T h e  c u rre n t e xp re ss io n  sys te m  used fo r  s ite  d ire c te d  m u ta g e n e s is  uses  th e  b road  

h o s t e xp re ss io n  v e c to r p T JS 1 4 0  to  a llo w  c lo n in g  o f m u ta n ts  in E. c o l i and 

s u b s e q u e n t e xp re ss io n  in M s. tr ic h o s p o r iu m  (S m ith  e t  a l. 2 0 02 ). T h is  p la sm id  

c o n ta in s  a m p ic illin , s p e c tin o m yc in  and  s tre p to m yc in  re s is ta n ce  m a rke rs  and  co n ta in s  

an o rig in  o f co n ju g a tiv e  tra n s fe r (o r/7 ) an d  th e  b road  h o s t re p lico n  fro m  p la sm id  R K 2 

{o r i-R K 2 )  (F ig u rsk i e t  a l. 1979, B la tn y  e t  a l. 1997, S co tt 2 0 0 3 ). By us ing  th is  sys te m  

D N A  m o d ific a tio n s  can  be m a d e  in E. c o l i s tra in s  and th e  re su ltin g  p la sm id  

tra n s fe rre d  to  an sM M O  n e g a tive  m e th a n o tro p h  ho s t s tra in  v ia  b a c te ria l co n ju g a tio n  

as m e n tio n e d  in th e  M a te ria ls  and M e th o d s  c h a p te r (se c tio n  2 .6 ). T h is  sys te m  

a lth o u g h  e ffe c tiv e  can  be  a s lo w  p ro ce ss  b e ca u se  s u b c lo n in g  w ith in  th e  p la sm id  

p T JS 1 7 6  is re qu ire d  fo r  D N A  m a n ip u la tio n s  w ith in  m m o X  b e fo re  th e  w h o le  10.1 kb 

o p e ro n  is c lo n e d  in to  p T JS 1 4 0 . T h is  re q u ire s  tw o  c lo n in g  s te p s  and th e  in se rtio n  o f a

10.1 kb in se rt in to  an 8 kb v e c to r w h ich  can  be  a d iff ic u lt c lo n in g  s te p . T h is  c h a p te r 

d e s c rib e s  th e  m o d ifica tio n  o f th e  p T JS 1 4 0  sys te m  to  re m o ve  th e  ne ed  fo r  th e  

s u b c lo n in g  s te p  and  a llo w s  fo r  d ire c t c lo n in g  in to  th e  sM M O  o p e ro n  v ia  a 0 .9 8  kb 

e x c h a n g e a b le  casse tte . T h is  n e w  e xp re ss io n  s ys te m  a lso  a llo w s  fo r  e a s ie r s c re e n in g  

o f E. c o l i co lo n ie s  by  P C R  to  id e n tify  p la sm id s  c o n ta in in g  th e  d e s ire d  c o n s tru c t (F ig .

6 .1).
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Ndel a n d  f i r s t  BamHI s i t e  r e m o v e d  f r o m  

p T JS 1 4 0  b y  4  p r i m e r  o v e r l a p  P C R  t o  

c r e a t e  p l a s m i d  p T N 1

s/a
J_

D ele te  516 bp region  of  

mmoX  using  Pstl  

restriction sites

J\rJA i-v  . . j . .  w tm t iil 
o r i r  re p lica tio n  p ro te in

Ap* gem

Sm/Sp®

Se c o n d  u n w a n t e d  BamH\  s i t e  r e m o v e d  

b y  i n f i l l i n g  u s i n g  T 4  p o l y m e r a s e  t o  

c r e a t e  p l a s m i d  p T N 2

mmoR mmoG AmmoX mmoY mmoB mmoZ orfY mmoC

s/a

v f  essen tial 
o r lY  rep lication  p ro te in

A p*

la c Z ’

C lo n e  s M M O  o p e ro n  in to  

pT N 2 v ia  Kpnl  s ite

o r iT Sm /Sp*

I

C lone AmmoX  
containing fragm ent into  

sM M O  operon  w ith in  
pTJS 17 6to  create pDIDI

i f

I I I I

mmoR

Sm /SpP

mmoG AmmoX mmoY mmoB mmoZ orfY

D irec tion  o f  
in terrupted lacZ ’

oriT ApP o r i l '
TrfA  essen tia l 

rep lica tion p ro teu i

Fig 6 .1 ) D iagram  show ing th e st a ge s in rem oving Bam H I and Nde l sit e s from p TJS 1 4 0  and  

subsequen t  creat ion of new  exp ression  vect or  pT2M L.  Delet ion of the 516bp region, clon ing of the  

modified operon into pTN 2  and creat ion of clon ing v ect or  pD ID I w ere  carr ied  out  by Dr M alco lm  Lo ck  

(She f fie ld  Ha llam  Universit y).
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6 .2  C o n s tru c t io n  o f  n e w  e x p re s s io n  v e c to r : p T 2 M L

6.2 .1 ) M o d if ic a tio n  o f  p T JS 140  to  rem ove  Bam  HI and Nde\ s ites

As m entioned above  the p T J S 1 7 5  express ion system  re quired a subcloning step into  

the  plasm id p T J S 1 7 6 . Fo r every  m utant c rea ted  using  the  p T J S 1 7 5  express ion  

system  two cloning steps w e re  required. By rem oving  the B am H I and /Vc/el sites from  

pT JS 14 0 , a new  express ion vecto r w as c rea ted  tha t a llow ed d irect cloning into the  

s M M O  operon v ia a BamHl/Ndel  cassette.

P rim er S eq u en ce  5 - 3 ’ Description

T N 140p 1 C A C  G C G  A G G  A A C  T A T  G A C  G A C  C A A  G A A  G C U pstream  ex ternal prim er

T N 1 4 0 p 2 G T A  C T T  C T C  C C A  G A T  G A A  T T T  C G T  G T A  G R everse /co m p lem en t o f  

prim er 3 below .

T N 1 4 0 p 3 T A C  A C G  A A A  T T C  A T C  T G G  G A G  A A G  T A C M utag en ic  prim er to  

rem ove Ndel,  rem nan t of  

Ndel  site underlined;  

m utation doub le underlined

T N 1 4 0 p 4 G  T C G  A C T  C T A  G A G  G A C  C C C  C G G  G T A  C C G  A G Xbal  site underlined;  

m utation doub le  

underlined. A sp codon  

shown in bold

T a b le  6 .1 : S e q u e n c e s  o f  p r im e rs  u se d  fo r  re m o v a l o f an  N d e \  re s tr ic tio n  s ite  a n d  o n e  B a m H I re s tr ic tio n  s ite

b y  4  p r im e r o v e r la p  P C R  fro m  p la s m id  p T J S 1 4 0

6.2 .2) R em ova l o f  Ndel  and  f irs t BamHI  s ite  fro m  p T JS 175

T h e  first s tage in the  creation o f the new  express i on vec to r is to m odify the broad  

host range expression vector p T J S 14 0  by rem oving th e Ndel  site and the nearb y  

B am H I site to c rea te  plasm id pT N 1. A  four prim er ov erlap  extension P C R  m ethod as  

described in the  M ateria ls  and M ethods chap ter (see  section 2 .3 .5 )  w as used to  

rem ove the Ndel  and one o f the BamHI  sites using the prim ers in T a b le  6 .1 . T h e
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rem ova l o f the  A/c/el site w as do ne by m aking a s il ent chang e with respect to the  

encoded  am ino acids and the  a lternative lie codon i s the m ost abun dan t in both E.  

coli  and Ms. trichosporium  genes. T h e  rem oval o f the  B am H I site is a lso a sil ent  

change and the  A sp codon the  m ost abundan t in both E. coli  and Ms. trichosporium  

(T ab le  6 .1 ). T h e s e  sites a re  conta ined within the  lacL  and trfA  essen tia l replication  

protein and by m aking s ilent changes a s tab le worki ng p lasm id vecto r w ith a  

functional lacZ  g ene  for b lue /w h ite selection w as  m ain ta ined  (F ig.  6 .1 , T a b le  6 .1 ).

T h e  two prim ary P C R  products w e re  6 4 9  bp (T N 1 4 0 p 1 /T N 1 4 0 p 2  upstream  frag m en t)  

and 9 1 3  bp (T N 1 4 0 p 3 /T N 1 4 0 p 4  dow nstream  fragm en t) an d th ese upstream  and  

dow nstream  fragm en ts  w e re  used to c rea te  the  15 34  b p com binatoria l P C R  product  

using prim ers T N 1 40 p 1  and T N 1 4 0 p 4  (Fig. 6 .2 ). T h e  1 5 34  bp frag m en t w as  d iges ted  

with Sfi\  and Xba\, to give a 14 47  bp frag m en t tha t w as purified from  a 1%  ag aro se  

gel using the  Q iagen  gel extraction kit. In paralle l, the p T J S 1 4 0  vec to r w as  also  

diges ted with Sfi\  and Xba\  and the larger frag m en t w as purified from  a  1%  ag a ro se  

gel be fo re being trea ted  with a lkaline phosphatase.  T h e  14 4 7  bp insert and  

phosphatase trea ted  vecto r w e re  ligated using T 4  D N A  ligase and transfo rm ed into  

chem ica lly co m peten t E. coliX L1 and grown on LB ag a r p lates contain ing 100 pg/m l  

ampicillin. T rans fo rm an t colonies containing the  pu tative progeny p lasm id w e re  

grown overnight in LB contain ing ampicillin and the  plasm id iso lated using the  

Q iagen  m iniprep kit.

T h e  new  plasm id (p T N 1) w as  identified on the  basis tha t it only cut once w hen  

digested with B am H l (confirm ing rem oval o f 1 x B am H l site) and by no cutting w hen  

diges ted with A/cfel. T h e  plasm id w as also doub le  d iges ted with Sfi\  and Xba\  to
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confirm  the  p resence o f a 14 47  bp frag m en t indicati ng that the insert used to c rea te

pTN1 w as still intact.

M 1 2 M 3

Fig. 6 .2 A ) 1%  A g a ro s e  g e l s h o w in g  1 kb  g e n e ru le r  D N A  m a rk e r  (M ) 6 4 9  bp  u p s tre a m  (1 ) a n d  9 1 3  bp 

d o w n s tre a m  (2 ) P C R  p ro d u c ts  u se d  fo r  4  p r im e r m u ta g e n e s is .

F ig. 6 .2 B ) 1%  A g a ro s e  g e l s h o w in g  1 kb  g e n e ru le r  D N A  m a rk e r  (M ) 1534  bp  c o m b in a to r ia l P C R  

p ro d u c t (3 ) w ith  re m o v e d  N d e l  a n d  B a m H I  s ite s  c re a te d  b y  fo u r  p r im e r o v e r la p  P C R

6 .2 .3 ) R em ova l o f  fin a l BamHI  s ite

In order to use the  B am H I and A/c/el sites within t he  s M M O  operon for d irec t cloning  

in the  new  express ion vector, the  final B am H I site within pTN1 w as also  rem oved  by  

in-filling to c rea te  pT N 2. T h e  pTN1 plasm id w as  d ig es ted with B am H I and the  

linearized D N A  w as purified from  a 1%  agarose gel a nd trea ted  with T 4  po lym erase  

in the p resence o f buffer and d N T P s  to fill in the sticky ends  to c rea te  blunt ends.

T h e  blunt ends  w ere  ligated using T 4  D N A  ligase and  transform ed into chem ica lly  

com peten t E. coli  XL1 and grown on LB ag a r p lates containing ampicil lin.  

Transfo rm an t co lon ies w ere  grown overnight in LB co ntaining am picillin and p lasm id  

D N A  isolated by m eans of a m iniprep kit. T h e  correc t p lasm id w as  identified on the  

basis that it did not cut w hen  d iges ted with e ither  B am H I or Ndel,  show ed  a 14 47b p  

fragm en t w hen  doub le d igested with S/7I and Xbal,  and show ing linear D N A  w h en  

d igested with Kpn\  (Fig. 6 .3 ).
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M 1 M 2 3

Fig 6 .3 A ) 1%  A g a ro s e  g e l s h o w in g  1 kb  g e n e ru le r  D N A  m a rk e r  (M ), pTN 1 p a rtia lly  d ig e s te d  u s in g  S f i l 

a nd  X b a l  c o n firm in g  1 4 4 7 b p  in s e rt fra g m e n t (1 )

F ig 6 .3 B ) 1%  A g a ro s e  g e l s h o w in g  1kb  g e n e ru le r  D N A  m a rk e r (M ), u n c u t pT N 1 d ig e s te d  u s in g  B a m H I  

a nd  N d e l  (2 ) a n d  lin e a r p T N 2  d ig e s te d  u s in g  k p r t l  (3 )

6.2 .4 ) D e le tio n  o f  516 bp fra g m e n t fro m  mmoX

In order to facilitate the screening process for su ccessfu l transform ation o f site  

directed m utants o f mmoX,  a 5 1 6  bp section w as rem oved from  the Sam HI/A/cfel  

exch ang eab le  cassette tha t includes m ost o f mmoX.  Th is w ork w as carried  out by D r  

M alco lm  Lock (Sheffie ld  H a llam  University). T h e  use  o f a shortened mmoX  g e n e  

within the new  express ion vector w as designed to ha ve two benefits. Firstly, only  

successfu l ligation o f a com p le te  BamH\/Nde\  cassette  would en cod e an ac tive  

s M M O  en zy m e  so any  activity observed w as  due to a r ecom b inant c lone and not  

du e to a wild type pheno type resulting from  re-c irc u larization o f the express ion vector.  

S econd ly, by using P C R  prim ers flanking the  BamH\INde\  sites, P C R  could be  used  

to identify co lonies containing p lasm ids with the d esired insert w ithout the need  to  

grow  individual c lones in liquid cu lture overnight and carry out m in iprep p lasm id
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iso la tio n . T o  a c c o m p lish  th is  p a rtia l d e le tio n  o f m m o X  1624  bp P C R  fra g m e n t 

co n ta in in g  th e  B a m H l/N d e l e x c h a n g e a b le  c a sse tte  w a s  a m p lifie d  fro m  th e  sM M O  

o p e ro n  us ing  p r im e rs  P 1 /P 4  (T a b le  6 .2 ) and  p T JS 1 7 5  as th e  D N A  te m p la te . T h e  

0 .9 8  kb B am H I c a s s e tte  a lso  co n ta in s  tw o  Pstl s ite s  w h ich  w e re  used  to  re m o ve  th e  

5 1 6  bp fra g m e n t fro m  th e  e x c h a n g e a b le  ca sse tte . T h e  1646  bp fra g m e n t w a s  

d ig e s te d  us ing  P s tl to  g ive  th re e  fra g m e n ts  a 75 6  bp fra g e m e n t (P1 to  f irs t P s t l s ite ), 

a 516 bp fra g m e n t (1 st P s tl s ite  to  2 nd P s tl s ite ) and  a 372 bp fra g m e n t. T h e  75 8  bp 

and 372  bp fra g m e n ts  w e re  p u rifie d  fro m  a 1%  a g a ro se  ge l us ing  th e  Q ia g e n  ge l 

e x tra c tio n  kit and  liga ted  us ing  T 4  D N A  lig a se  o v e rn ig h t a t 4 °C. T h e  L ig a se  re a c tio n  

m ix  w a s  used as a D N A  te m p la te  fo r  a m p lific a tio n  o f a 1.1 kb fra g m e n t by P C R  us in g  

th e  P1 and P4 p rim e rs . T h is  fra g m e n t w a s  d ig e s te d  w ith  B am H I and N d e l and 

liga ted  in to  th e  la rg e r fra g m e n t o f p T JS 1 7 6  d ig e s te d  w ith  th e  sa m e  e n z y m e s  and 

tre a te d  w ith  a lka lin e  p h o s p h a ta s e  to  c re a te  th e  p la sm id  p D ID I (F ig. 6 .1 ).

6 .2 .5 ) S u b c lo n in g  th e  m o d if ie d  s M M O  o p e ro n  in to  pTN 1

T h e  sM M O  op e ro n  co n ta in in g  th e  m m o X  d e le tio n  w a s  e xc ise d  fro m  pD ID I us ing  

fla n k in g  K p n I s ite s  and c lo n e d  in to  th e  un iq u e  K p n I c lo n in g  s ite  w ith in  th e  la c Z  g e n e  

o f pT N 2. T h e  liga tio n  m ix tu re  w a s  tra n s fo rm e d  in to  E. c o li XL1 s u p e rc o m p e te n t ce lls  

(s tra ta g e n e ) and p la te d  o n to  LB a g a r p la tes  c o n ta in in g  a m p ic illin  X g a l and  IP TG .

B lue  and w h ite  se le c tio n  w a s  used  to  id e n tify  p la s m id s  co n ta in in g  a d is ru p te d  la c Z  

g e n e  in d ica tin g  su cce ss fu l c lo n in g  w ith in  th e  K p n  I s ite . T h e  p u ta tive  p la sm id  

co n ta in in g  c o lo n ie s  w e re  g row n  o v e rn ig h t in LB c o n ta in in g  a m p ic illin  and p la s m id ic  

D N A  iso la te d  by m in ip re p . T h e  p la sm id s  w e re  d ig e s te d  w ith  K p n l to  co n firm  th e  10 .2  

kb sM M O  op e ro n  co n ta in in g  inse rt. T o  co n firm  th e  c o rre c t o r ie n ta tio n  o f th e  10 kb
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insert w ithin the  p T N 2  vector, restriction pattern analysis w as  carried out by digestion  

with Xba\. If the s M M O  operon w as  inserted in the  correct ori entation then digestion  

with Xba\ would show  a band a t ~ 2 .2  kb and a band > 1 0  kb in s ize  (Fig. 6 .4 ). To  

confirm  the  correct orientation o f the insert, the plasm id w as also d iges ted with PvuW 

(Fig. 6 .5 ). Th is w ork w as  also carried out by D r M a lco lm  Lock (S heffie ld  Flallam  

University).

M 1
A )

M  2

F ig  6 .4 A ) P re d ic te d  b a n d in g  p a tte rn  o f 

p T 2 M L  d ig e s te d  w ith  X b a l.(N e b c u tte r , N e w  

E n g la n d  B io la b s

F ig 6 .4 B ) 1%  A g a ro s e  ge l s h o w in g  1kb 

g e n e ru le r  D N A  m a rk e r  (M ) a nd  p T 2 M L  

d ig e s te d  w ith  X b a l  (1).

1 0 0 0 b p

Fig 6 .5 A ) P re d ic te d  b a n d in g  p a tte rn  o f 

p T 2 M L  d ig e s te d  w ith  PvuW

F ig 6 .5 B )1 %  A g a ro s e  g e l s h o w in g  1kb  

g e n e ru le r  D N A  m a rk e r  (M ) a n d  p T 2 M L  

d ig e s te d  w ith  PvuW .
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6 .3  A s s e s s in g  th e  e ff ic ie n c y  o f  p T 2 M L

6.3 .1 ) E xp ress io n  o f  rec o m b in a n t w ild -ty p e  s M M O  in pT 2M L

T o  assess  the  effic iency o f the new  express ion syst em , a recom b inant "wild type"  

w as c rea ted  that would restore wild type activity t o the s M M O  negative express ion  

host using the  new  express ion system . Th is plasm id designated  p T 2 M L .W T 1 A  w as  

com pared aga ins t wild type Ms. trichosporium  O B 3b  to ana lyse  the  effic iency o f the  

express ion system . T h e  W T 1 A  plasm id w as  c rea ted  by am plification o f a 1 .6  kb  

frag m en t from  the  s M M O  operon by P C R  using p T J S 1 7 6  as  the tem p la te  and  

prim ers P1 and P 4 which flank the  BamHUNdel  exch ang eab le  cassette  (T ab le  6 .2 ).

Primer Sequence 5 ’-3 ’ Location

primer PI ATTCGAGCTCAAACGTTCGAAC upstream o f  Ndel  site

primer P4 GGGCTCTCGACGCCATATTTG downstream o f  BamHI  site

T a b le  6 .2 ) S e q u e n c e  o f  p r im e rs  u sed  fo r  s c re e n in g  o f  tra n s fo rm a n t c o lo n ie s  by  c o lo n y  

te m p la te  P C R

T h e  P C R  product w as purified, d igested with B am H I a nd Ndel  and ligated into the  

p T 2 M L  express ion vec to r using the  sam e  en zym es. T h e  ligation reaction m ixture  

w as  transform ed into chem ica l com peten t E. coli  XL1 and transfo rm an t co lon ies  

w ere sc reened  using colony P C R  with the P 1an d  P 4 pr im ers as  described in the  

M ateria ls  and M ethods chapter. Potential successfu l  transform ations w e re  identified  

by a  - 1 .6  kb P C R  product (Fig. 6 .6 ). A ny  co lon ies c ontaining p T 2 M L  p lasm id w ithou t  

insert w e re  identified by a -1 .1  kb P C R  product and  w ere  d iscarded as w e re  any  

colon ies failing to give a P C R  product. Potential p T 2M L .W T 1  containing co lon ies  

w ere incubated overnight in liquid LB broth contain ing ampicillin and p lasm ids w e re
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purified by m iniprep. T h e  correct express ion plasm i d w as confirm ed by D N A  

sequenc ing. T h e  p T 2 M L .W T 1 A  plasm id w as transform ed into E. coli  S 17-1  and  

transferred to the s M M O  negative host strain Ms. trichosporium  S M D M  by  

conjugation as  described in the M ateria ls  and M etho ds chapter. T h e  W T 1 A  m utant  

w as  grown in liquid cu lture and on ag a r p lates a t a  low copper to b iom ass ratio to  

induce express ion o f sM M O . T h e  activity o f W T 1 a  w as  confirm ed by a positive  

naph tha lene test.

Fig 6 .6 ) 1%  a g a ro s e  g e l s h o w in g  1 kb  g e n e ru le r  D N A  m a rk e r  (M ) a n d  p ro d u c ts  fro m  a 

c o lo n y  P C R  sc re e n . S u c c e s s fu l lig a tio n  o f  B a m H I/N d e l d ig e s te d  in s e rt in to  p T 2 M L  s h o w s  a 

1 .6 kb  p ro d u c t (1). R e c irc u la r is e d  v e c to r  s h o w s  1.1 kb  p ro d u c t (2, 3).

M 1 2
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6 .3 .2 ) C o m p a r is o n  o f  w ild  ty p e  O B 3 b  a n d  p T 2 M L .W T 1 A  a c t iv it ie s  to w a rd s  

n a p h th a le n e

A  50 m l cu ltu re  o f M s . t r ic h o s p o r iu m  S M D M  (p T 2 M L .W T 1 A ) ce lls  in N M S  m e d iu m  

w a s  used  to  in o cu la te  a 5 I fe rm e n to r w ith  th e  sa m e  m e d iu m . M e th a n e  ga s  and  a ir 

w e re  p u m p e d  th ro u g h  a t a 5:1 ra tio  and  th e  te m p e ra tu re  w a s  m a in ta in e d  a t 30°C  

(se e  se c tio n  2 .1 .2 ). T h e  ce lls  w e re  te s te d  fo r  sM M O  a c tiv ity  us ing  th e  n a p h th a le n e  

te s t and a fte r 3 w e e ks  a s tro n g  p o s itive  re a c tio n  w a s  d e te c te d . T h e  ce lls  w e re  th e n  

h a rve s te d , re su sp e n d e d  in a m in im a l a m o u n t o f 25  m M  M O P S  (1 m M  b e n za m id in e ,

1 m M  D TT, D N A se  [20  p g /m l]) and d ro p  fro ze n  in liqu id  n itro g e n  and s to re d  in th e  - 

80°C  fre e ze r. A  50 m l cu ltu re  o f w ild  typ e  M s. t r ic h o s p o r iu m  O B 3 b  w a s  a lso  g ro w n  

up in th e  5 I fe rm e n to r, h a rve s te d  and  s to re d  in th e  sa m e  w a y  a fte r a p o s itive  

n a p h th a le n e  te s t had be en  d e te c te d . F o r bo th  b a tch e s  o f ce lls  a t h a rve s t th e  O D 6 o o 

w a s  > 5. A n  a p p ro x im a te  v a lu e  fo r  th e  ra te  o f n a p h th a le n e  o x id a tio n  w a s  m e a s u re d  

us ing  th e  s p e c tro p h o to m e te r as d e sc rib e d  in th e  M a te ria ls  and M e th o d s  s e c tio n . T h e  

ce lls  w e re  in cu b a te d  a t 30 °C  sh a k in g  a t 180 rpm  fo r  60  m in  the n  re a c tio n  s to p p e d  

by in cu b a tin g  on ice fo r  a fu r th e r 5 m in. T h e  ce lls  w e re  p e lle te d  a t 1 7 ,00 0  *  g  an d  th e  

s u p e rn a ta n t used fo r  th e  s p e c tro p h o to m e tr ic  assa y . A  1%  T O D  so lu tio n  w a s  a d d e d  

to  each  cu ve tte  and  th e  c o lo u r fo rm a tio n  re a c tio n  w a s  a llo w e d  to  ta ke  p la ce  fo r  15 s 

b e fo re  be ing  q u e n ch e d  by th e  a d d itio n  o f 120 pi g la c ia l a c e tic  ac id . T h e  a b s o rb a n c e  

a t 540 nm  w a s  re co rd ed  and p lo tted  a g a in s t a s ta n d a rd  cu rve  o f 1 -n a p h th o l. T h e  

W T 1 A  ce lls  sh o w e d  a s lig h tly  h ig h e r a c tiv ity  to w a rd s  n a p h th a le n e  th a n  th e  O B 3 b  

ce lls  in th is  ca se  (T ab le  6.3 ).
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E n zym e 1 -n a p h th o l fo rm a tio n  

(n m o le s /m in )

re la tive  

a c tiv ity  (% )

± s ta n d a rd  e rro r

O B 3b 0 .4 0 100 0.0 7

W T 1 A 0 .6 0 150 0 .2 2

T a b le  6 .3 : C o m p a ris o n  o f A c tiv ity  o f  p T 2 M L .W T 1 A  a n d  w ild  ty p e  O B 3 b  a g a in s t n a p h th a le n e . A c tiv ity  w a s  

d e te rm in e d  by  s p e c tro p h o to m e te r  (M a te r ia ls  a nd  M e th o d s  s e c tio n  2 .8 .4 ) a nd  is d is p la y e d  as  a m e a n  o f th re e  

se p a ra te  e x p e r im e n ts  fro m  a s in g le  ba tch  o f d ro p  fro z e n  ce lls .

6 .3 .3 ) C o m p a r is o n  o f  w ild  ty p e  O B 3 b  a n d  p T 2 M L .W T 1 A  a c t iv ity  to w a rd s  b u ta n e

C ell fre e  e x tra c t w a s  p re p a re d  fro m  d ro p  fro ze n  ce lls  o f bo th  O B 3 b  an d  W T 1 A  as 

d e sc rib e d  in th e  M a te ria ls  and M e th o d s  se c tio n  2 .8 .2  as  fo llo w s . T h e  ce ll s u s p e n s io n  

w a s  pa sse d  th re e  tim e s  th ro u g h  a F rench  p re ssu re  ce ll and ce n trifu g e d  a t 5 5 ,0 0 0  x 

g fo r  90 m in  b e fo re  th e  s o lu b le  e x tra c t w a s  re m o ve d  and  fro ze n  in liqu id  n itro g e n . 2 

m l o f ce ll e x tra c t w a s  in cu b a te d  w ith  3 m l b u ta n e  and  N A D H  [5 pM ] fo r  5 m in  a t 30 

°C. T h e  re ac tion  w a s  s to p p e d  by in cu b a tin g  fo r  5 m i n  on ice b e fo re  an in te rn a l 

s ta n d a rd  o f 1-p ro p a n o l (2 p m o le s ) w a s  a d d e d  and  th e  re a c tio n  m ix tu re  e x tra c te d  

w ith  e th e r. T h e  e th e r w a s  e va p o ra te d  a t room  te m p e ra tu re  un til th e  vo lu m e  w a s  < 50 

pi th e n  run on S h im a d zu  G C 2 0 1 0  w ith  an R T X -5  c o lu m n  as d e sc rib e d  in th e  

M a te ria ls  and M e th o d s  se c tio n  2 .8 .1 0  (F ig. 6 .7 a , F ig. 6 .7 b ). T h e  re su lts  s h o w  th a t 

th e  M s . t r ic h o s p o r iu m  W T 1 A  m u ta n t so lu b le  e x tra c t has a 3 -fo ld  h ig h e r s p e c ific  

a c tiv ity  to w a rd s  b u ta n e  th a n  th e  so lu b le  e x tra c t o f w ild  ty p e  M s. t r ic h o s p o r iu m  O B 3 b  

(T a b le  6.4 ).
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Fig 6 .7 A ) P a rtia l c h ro m a to g ra m  s h o w in g  th e  1-b u ta n o l p ro d u c t fro m  th e  o x id a tio n  o f  b u ta n e  by  

w ild  ty p e  O B 3 b

Fig 6 .7 B ) P a rtia l c h ro m a to g ra m  sh o w in g  th e  1-b u ta n o l p ro d u c t fro m  th e  o x id a tio n  o f  b u ta n e  by  

p T 2 M L .W T 1 A

E n zym e S p e c ific  a c tiv ity  

(n m o le  m in '1m g '1)

%  R e la tive  

a c tiv ity

± S ta n d a rd  e rro r

O B 3b 0 .4 2 100 0 .0 2

W T 1 A 1.30 307 0 .2 8

T a b le  6 .4 ) C o m p a ris o n  o f p T 2 M L .W T 1 A  a nd  w ild  ty p e  O B 3 b  b u ta n e  o x id a tio n  a c tiv ity . S p e c if ic  a c tiv it ie s  a re  

sh o w n  a s  a m e a n  o f th re e  s e p a ra te  e x p e r im e n ts  fro m  a s in g le  b a tch  o f d ro p  fro z e n  ce lls .
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6 .4  S u m m a ry  o f th e  n e w  e x p re s s io n  v e c to r  p T 2M L

T h e  c re a tio n  o f th e  ne w  e x p re s s io n  v e c to r p T 2 M L  has d e c re a se d  th e  n u m b e r o f 

c lo n in g  s te p s  re q u ire d  in c re a tin g  ne w  s ite  d ire c te d  m u ta n ts  w ith in  th e  h yd ro x y la s e  a 

s u b u n it o f sM M O . T h e  a b ility  to  c lo n e  fra g m e n ts  d ire c tly  in to  th e  m m o X  g e n e  and  to  

su b s e q u e n tly  sc re e n  fo r  th e  d e s ire d  c o n s tru c t by  P C R  has fa c ilita te d  th e  p ro ce ss  o f 

c re a tin g  s ite  d ire c te d  m u ta n ts  c o n s id e ra b ly . T h is  ne w  e xp re ss io n  sys te m  has  be en  

co m p a re d  to  th e  w ild  typ e  O B 3 b  an d  th e  re su lts  fro m  a s in g le  p a ir o f fe rm e n to r ru ns 

sh o w  th a t W T 1 A  sh o w e d  s u b s ta n tia lly  in c re a se d  a c tiv ity  co m p a re d  to  th e  w ild  ty p e  

e n zym e .

T h e  d iffe re n c e  in s p e c ific  a c tiv ity  o b se rve d  b e tw e e n  th e  w ild -ty p e  M s. t r ic h o s p o r iu m  

O B 3 b  and  re c o m b in a n t w ild  typ e  e n z y m e  e x p re sse d  in M s . t r ic h o s p o r iu m  W T 1 A  m ay, 

ju d g in g  fro m  o th e r re su lts  d e sc rib e d  he re , be d u e  a t le a s t in p a rt to  b a tch  to  b a tch  

va r ia tio n  b e tw e e n  fe rm e n to r runs. It sh o u ld  be no ted  th a t th e s e  ce lls  w e re  h a rve s te d  

a t a s im ila r t im e  to  ea ch  o th e r bu t w e re  no t g ro w n  to  as h igh an  O D 6 o o  as th e  w ild - 

typ e  O B 3 b  and o th e r s ite  d ire c te d  m u ta n ts  d e sc rib e d  in c h a p te rs  3, 4  and  7.

H o w e ve r it is c le a r fro m  th e  re su lts  th a t th e  re c o m b in a n t w ild -ty p e  s tra in  M s. 

tr ic h o s p o r iu m  W T 1 A  p ro d u ce s  sM M O  e xp re ss in g  ce lls  w ith  a t le a s t th e  sa m e  

s p e c ific  a c tiv ity  as  th e  o rig in a l w ild  typ e  s tra in .
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C h a p te r  7: M u ta tio n  s tu d ie s  u s in g  th e  n e w  e x p re s s io n  v e c to r

P T 2M L  

7 .1 ) In tro d u c tio n

A s  m e n tio n e d  in th e  p re v io u s  cha p te r, th e  n e w  e x p re s s io n  v e c to r p T 2 M L  w a s  

d e s ig n e d  to  s im p lify  th e  s ite  d ire c te d  m u ta g e n e s is  o f m m o X  fro m  M e th y lo s in u s  

t r ic h o s p o r iu m  O B 3b . T h is  n e w  e xp re ss io n  v e c to r has  re s tric tio n  s ite s  re m o ve d  

a llo w in g  a 1 kb B a m H \IN d e \  fra g m e n t to  be used  as th e  e x c h a n g e a b le  c a s s e tte . T h e  

d e le tio n  o f a 0.5 kb se q u e n c e  w ith in  th is  fra g m e n t has a lso  a llo w e d  fo r  q u ick  

s c re e n in g  fo r  su cce ss fu l lig a tio n  o f s ite  d ire c te d  m u ta n ts  in to  th is  v e c to r u s in g  c o lo n y  

P C R . In C h a p te r 6 it w a s  sh o w n  th a t th is  e x p re s s io n  sys te m  cou ld  p ro d u ce  

fu n c tio n a l re c o m b in a n t sM M O  w ith  a c tiv ity  c o m p a ra b le  to  th e  w ild  ty p e  e n z y m e  

(6 .3 .2  - 6 .3 .3 ). In a d d itio n  to  th e  s ite  d ire c te d  m u ta n ts  d e sc rib e d  in C h a p te rs  3 an d  4; 

tw o  m o re  s ite  d ire c te d  m u ta n ts  ha ve  been  c re a te d  us ing  th is  ne w  sys te m  in o rd e r to  

c o m p le m e n t th e  m u ta g e n e s is  s tu d ie s .

7 .1 .1 ) R o le  o f  P h e  188 as  a s u b s tra te  g a tin g  re s id u e  in s M M O

In C h a p te r 3 a n u m b e r o f s ite  d ire c te d  m u ta n ts  w e re  c re a te d  a t th e  p o s itio n  L e u 1 10 

to  s tu d y  th e  ro le  o f th is  a m in o  ac id  as a g a ting  res id ue . A s  m e n tio n e d  in th a t c h a p te r, 

th is  ro le  fo r  Leu 110 w a s  p ro p o se d  a fte r th e  o b s e rv a tio n  th a t th e  c o n fo rm a tio n  o f th is  

re s id u e  ch a n g e d  d u rin g  c rys ta lisa tio n  o f th e  sM M O  h yd ro x y la s e  in its o x id is e d  s ta te
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and re d u ce d  s ta te s  (R o se n zw e ig  e t  a l. 1997). T h e  c o n fo rm a tio n a l c h a n g e  c re a te s  an 

o p e n in g  b e tw e e n  th e  h y d ro p h o b ic  ca v ity  1 and  a d ja c e n t h yd ro p h o b ic  c a v ity  2 an d  it 

w a s  su g g e s te d  th a t th is  m a y  in d ica te  e n try  o f s u b s tra te  th ro u g h  th e se  h y d ro p h o b ic  

ca v itie s  to  th e  a c tive  s ite . H ow eve r, it w a s  no te d  th a t a d d itio n a l m o v e m e n t o f e ith e r 

th is  re s id u e  o r P h e 1 8 8  (F ig. 7 .1 ) w o u ld  be re q u ire d  to  a llo w  su b s tra te  a cce ss  to  th e  

a c tive  s ite  (R o se n zw e ig  e t  a l. 1997).

7 .1 .2 ) T h e  G ly  113 m u ta n t  o f  b u ta n e  m o n o o x y g e n a s e

In C h a p te r 4, a n u m b e r o f m u ta n ts  w e re  c re a te d  to  p ro b e  th e  e ffe c ts  o f ch a n g in g  key  

re s id u e s  w ith in  th e  h y d ro p h o b ic  p o cke t o f sM M O  to  th e  h o m o lo g o u s  re s id u e s  w ith in  

b u ta n e  m o n o o xyg e n a se . In s im ila r e x p e rim e n ts  w ith  b u ta n e  m o n o o x y g e n a s e  

(H a lse y  e t  a l. 2 0 0 6 ) a n u m b e r o f re s id u e s  w ith in  b u ta n e  m o n o o x y g e n a s e  w e re  

m u ta te d  to  th e ir  c o u n te rp a rt re s id u e s  w ith in  sM M O . O n e  o f th e se  b u ta n e  

m o n o o x y g e n a s e  m u ta n ts  G 1 1 3 N  sh o w e d  c h a n g e s  in re g io s e le c tiv ity  and  a lte re d  

k in e tic  da ta  w ith  a ra nge  o f a lka n e  su b s tra te s . T h e  G 1 1 3 N  m u ta n t o f b u ta n e  

m o n o o x y g e n a s e  sh o w e d  a lo w e r s p e c ific  a c tiv ity  to w a rd s  its n a tu ra l s u b s tra te  

b u ta n e  and  a s h ift in re g io se le c tiv ity  w a s  se e n  w ith  bo th  b u ta n e  and p ro p a n e  fro m  

p r im a rily  te rm in a l o x id a tio n  in th e  w ild  typ e  to  a lm o s t e x c lu s iv e ly  s u b -te rm in a l 

o x id a tio n  w ith  th e  G 11 3N  m u ta n t (H a lse y  e t  a l. 2 0 0 6 ). M e th a n e  o x id a tio n  a s sa ys  

ca rried  ou t by  m e a su rin g  m e th a n o l a c c u m u la tio n  sh o w e d  th a t th e  in itia l ra te  o f 

m e th a n o l fo rm a tio n  w a s  lo w e r th a n  th a t o f th e  w ild  ty p e  b u ta n e  m o n o o x y g e n a s e . 

H ow eve r, it w a s  a lso  o b se rve d  th a t th e  G 11 3N  m u ta n t o f b u ta n e  m o n o o x y g e n a s e  

a ccu m u la te d  m e th a n o l to  a level 3 .5 -fo ld  h ig h e r th a n  th e  w ild  typ e  e n zym e . K in e tic
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a n a lys is  o f th is  m u ta n t sh o w e d  th a t it has a g re a te r a ff in ity  fo r  bo th  m e th a n e  and 

m e th a n o l w ith  K m o f 340 pM  and 75 0  pM  re sp e c tive ly , c o m p a re d  w ith  1100  pM  and 

1250 pM  fo r  th e  w ild  typ e  e n zym e  (C o o le y  e t  a l. 20 09 ). T h e s e  d a ta  in d ica te  an 

im p o rta n c e  o f th is  re s id u e  in th e  fu n c tio n  o f b u ta n e  m o n o o x y g e n a s e  w ith  ro le s  bo th  

in re g io s e le c tiv ity  and a c tiv ity  to w a rd s  th e s e  a lka n e  su b s tra te s .

7 .1 .3 ) D e s ig n in g  n e w  s M M O  m u ta n ts  F 1 8 8 A  an d  N 1 1 6 G

T h e  F 1 8 8 A  s ite  d ire c te d  m u ta n t has been  c re a te d  to  in ve s tig a te  th e  e ffe c ts  o f a 

s m a lle r s id e  cha in  a t th is  p o s itio n  and w h a t e ffe c t it has  on th e  ra te  and 

re g io s e le c tiv ity  o f th e  e n zym e . T h e  m u ta tio n  o f a p h e n y la la n in e  to  an a la n in e  a t 

p o s itio n  188 w ith in  m m o X  p ro v id e s  a s m a lle r s id e  ch a in  a t th is  p o s itio n  y e t m a in ta in s  

th e  h yd ro p h o b ic  n a tu re  o f th is  res id ue . T h e  re s id u e  A sn  116 w ith in  s o lu b le  m e th a n e  

m o n o o x y g e n a s e  (F ig. 7 .1 ) co rre s p o n d s  to  th e  G ly  113 re s id u e  o f b u ta n e  

m o n o o xyg e n a se . T o  loo k  a t th e  ro le  o f th is  re s id u e  th e  m u ta n t N 1 16G  w a s  c re a te d , 

w h ich  ch a n g e s  th e  A sn  re s id u e  to  th e  co rre s p o n d in g  G ly  re s id u e  o f b u ta n e  

m o n o o xyg e n a se . A  n u m b e r o f a ssa ys  have  be en  ca rrie d  o u t to  p ro b e  th e  e ffe c t th a t 

th e s e  m u ta n ts  have  on th e  a c tiv ity  o f sM M O .
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Fig 7 .1 ) D ia g ra m  sh o w in g  th e  A s n 1 1 6  (re d ) a n d  P h e 1 8 8  re s id u e s  (b lu e ). T h e  d iiro n  

c e n tre  ca n  be  se e n  in o ra n g e  a n d  a ll o th e r  h y d ro p h o b ic  s u r fa c e s  a re  co lo u re d  w h ite .
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7 .2  C o n s tru c t io n  o f m u ta n ts  N 1 1 6 G  and  F 1 8 8 A  u s in g  p T 2 M L  

e x p re s s io n  v e c to r

T h e  m u ta n ts  N 1 1 6 G  and F 1 8 8 A  w e re  c re a te d  by  4 p r im e r o ve rla p  P C R  u s in g  th e  

a p p ro p ria te  p r im e r se ts  (T a b le  7 .1 ). T h e  P C R  p ro d u c t w a s  p u rifie d , d ig e s te d  w ith  

B am H I and  N d e l and  liga ted  in to  th e  p T 2 M L  e x p re s s io n  v e c to r us ing  th e  sa m e  

e n zym e s . T h e  liga tio n  re a c tio n  m ix tu re  w a s  tra n s fo rm e d  in to  ch e m ica l c o m p e te n t E . 

c o l iX H a n d  tra n s fo rm a n t co lo n ie s  w e re  sc re e n e d  us ing  co lo n y  P C R  w ith  th e  P1 and  

P4 p rim e rs  (T a b le  7 .1 ).

P rim e r S e q u e n c e  (5 ’-3 ’) D e s c rip tio n

P1 A T T  C G A G C T  C A A A C G T T  C G  A A C F o rw a rd  p r im e r 4 1 0  bp  u p s tre a m  

o f B a m H I s ite

N 1 1 6 G P 2 G A  A G C  G G C  G A T  G G C  G C C  A T A  T T C  G C C R e v e rs e  c o m p le m e n t o f p r im e r 

N 1 1 6 G P 3

N 1 1 6 G P 3 G G C  G A A  T A T  G G C  G C C  A T C  G C C  G C T  T C M u ta g e n ic  p r im e r c o n ta in in g  th e  

A s p  —> G ly  m u ta tio n  a n d  s ile n t 

ch a n g e  to  in c o rp o ra te  th e  n o ve l 

re s tr ic tio n  s ite  S fi l

F 1 8 8 A P 2 A  G C C  G T C  G G C  C G C  G A C  G C G  C T T R e v e rs e  c o m p le m e n t o f p r im e r 

F 1 8 8 A P 3

F 1 8 8 A P 3 A A G  C G C  G T C  G C G  G C C  G A C  G G C  T M u ta g e n ic  p r im e r  c o n ta in in g  th e  

P he  —►  A la  m u ta tio n  a n d  s ile n t 

ch a n g e  to  in c o rp o ra te  th e  n o ve l 

re s tr ic tio n  s ite  E a g l

P4 G G G  C T C  T C G  A C G  C C A  T A T  T T G R e v e rs e  p r im e r 251 bp  

d o w n s tre a m  o f  N d e l s ite

T a b le  7 .1 ) M u ta n t p r im e r s e ts  fo r  th e  c o n s tru c tio n  o f  s ite  d ire c te d  m u ta n ts  N 1 1 6 G  a n d  F 1 8 8 A . M u ta n t 

co d o n s  a re  h ig h lig h te d  in bo ld, s p e c if ic  n u c le o tid e  c h a n g e s  a re  u n d e rlin e d , th e  n o v e l S fi l re s tr ic tio n  

s ite  (N 1 1 6 G ) is h ig h lig h te d  in g re e n  a nd  th e  E a g l re s tr ic tio n  s ite  (F 1 8 8 A ) is h ig h lig h te d  in ye llo w .

T h e  d e s ire d  c lo n e  w a s  p ro v is io n a lly  id e n tifie d  a m o n g  th e  p ro g e n y  on  th e  b a s is  o f a 

~ 1 .6  kb P C R  p rodu c t. A n y  co lo n ie s  co n ta in in g  th e  p T 2 M L  p la sm id  w ith o u t in s e rt 

w e re  id e n tifie d  a ~1.1 kb P C R  p ro d u c t and w e re  d is ca rd e d  as w e re  a n y  c o lo n ie s  

fa ilin g  to  g ive  a P C R  p rodu c t. P o te n tia l m u ta n t co n ta in in g  c o lo n ie s  w e re  in c u b a te d  

o v e rn ig h t in liqu id  LB b ro th  co n ta in in g  a m p ic illin  and p la sm id  w a s  c o lle c te d  by  

m in ip re p . T h e  1.6 kb C o lo n y  P C R  p ro d u c ts  fro m  th e s e  c o lo n ie s  w e re  th e n  d ig e s te d  

us ing  e ith e r S fil (N 1 1 6 G ) o r E a g l (F 1 8 8 A ) to  id e n tify  th e  d e s ire d  s ite  d ire c te d
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m utation (Fig. 7 .2 a , 7 .2 b ). T h e  correct m utant expre ss ion p lasm ids w e re  fu rther  

confirm ed by D N A  sequenc ing. T h e  m utant p lasm ids w e re  transform ed into E.coli  

S 17-1  and transferred to the  s M M O  negative  host str ain Ms. trichosporium  S M D M  by  

conjugation as described in the  M ateria ls  and M etho ds chapter. T h e  N 1 1 6 G  and  

F 1 8 8 A  m utants w e re  grown in liquid cu ltures and on ag a r p lates a t a  low copp er to  

biom ass ratio to induce express ion o f s M M O . T h e  act ivity o f the N 1 1 6 G  and the  

F 1 8 8 A  m utants w as  confirm ed by a positive naph tha le ne tes t (F ig. 7 .3 ).

Fig. 7 .2 A )
Fig 7 .2 B )

M  1 2 3 4

N 1 16 m utant W ild  type

Fig 7 .2 a ) D ia g ra m  s h o w in g  th e  p re d ic te d  D N A  b a n d  s iz e  o f P 1 -P 4  P C R  s c re e n in g  fra g m e n t d ig e s te d  w ith  S fil 

fo r  th e  N 1 1 6 G  m u ta n t a n d  w ild  ty p e  s M M O .

F ig 7 .2 B ) A g a ro s e  g e l s h o w in g  100  bp  g e n e ru le r  D N A  m a rk e r  (M ), 3 p u ta tiv e  N 1 1 6 G  P C R  fra g m e n ts  

d ia e s te d  w ith  S fil ( 1 - 3 )  a n d  a c o n tro l d ia e s t c a rr ie d  o u t on  a w ild  tv o e  m m o X  P C R  fra m e n t (4 )
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Fig 7 .3 ) N M S  a g a r  p la te  s h o w in g  p o s itiv e  n a p h th a le n e  o x id a tio n  a s s a y  fo r  M s . t r ic h o s p o r iu m  

O B 3 b  (w ild  typ e ), M s . t r ic h o s p o r iu m  S M D M  (p T 2 M L .N 1 1 6 G ) a n d  M s. t r ic h o s p o r iu m  S M D M  

(p T 2 M L .F 1 8 8 A ). N a p h th a le n e  o x id a tio n  a s s a y  w a s  c a rr ie d  o u t a s  d e s c r ib e d  in M a te r ia ls  a nd  

M e th o d s  s e c tio n  2 .8 .3
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7 .3  N 116G  a n d  F 1 8 8 A  s h o w  re d u c e d  ra te  w ith  a ro m a tic  s u b s tra te s  

b u t lit t le  o r  no  c h a n g e  in re g io s e le c t iv ity

7.3 .1  O x id a t io n  o f  n a p h th a le n e  by  N 1 1 6 G  a n d  F 1 8 8 A

A s  m e n tio n e d  p re v io u s ly  o x id a tio n  o f n a p h th a le n e  ca n  o n ly  o c c u r a t tw o  p o s itio n s

on th e  a ro m a tic  ring to  g ive  e ith e r 1 -n a p h th o l o r 2 -n a p h th o l as  th e  o x id a tio n  p ro d u c ts .

T h e  N 1 1 6 G  and  F 1 8 8 A  m u ta n ts  sh o w  a s lig h t s h ift in re g io s e le c tiv ity  w ith  a s lig h t

e xce ss  o f 1 -n a p h th o l p ro d u ce d  co m p a re d  to  th e  w ild  ty p e  e n z y m e  (P = 0 .0 0 5  and

0 .0 0 4  re sp e c tive ly ) w h e re  2 -n a p h th o l is th e  m a jo r o x id a tio n  p ro d u c t (F ig. 7 .4 ).

7 0 .0 0

6 0 .0 0

£  5 0 .0 0
co

4 0 .0 0  -
u
t/?
^  3 0 .0 0  -
4-»u
3

o  2 0 . 0 0  -

Q.

1 0 . 0 0  -

0 .0 0  -T

O B 3 b  N 1 1 6 G  F 188A

E n zym e 1 -n a p th o l (% ) 2 -n a p h th o l (% ) R e la tive  a c tiv ity  (% )

O B 3b 4 6 .4 9 53.51 10 0 .0 0 0

N 11 6G 56 .22 4 3 .7 8 3 7 .7 6 6

F 1 8 8 A 56 .9 2 4 3 .0 8 5 .7 5 4

F ig 7 .4 ) P e rc e n ta g e  p ro d u c t d is tr ib u tio n  fo r  n a p h th a le n e  o x id a tio n  s h o w in g  

re la tiv e  a c tiv ity  to  O B 3 b  w h ic h  h as  bee n  c o rre c te d  fo r  O D 60o a n d  is g iv e n  a s  0 .4 2  

n m o le s  m in '1 a t O D 6oo= 1.

■ L i .
■ ■ ■
■ ■
■ ■

■  % ln a p th o l

■  % 2 n a p h th o l
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T h e  a p p ro x im a te  ra te  o f n a p h th a le n e  o x id a tio n  w a s  c a lcu la te d  b a sed  on th e  

c o lo r im e tr ic  o x id a tio n  a s s a y  and a b s o rb a n c e  a t w a v e le n g th  54 0  nm  m e a s u re d  upon  

a d d itio n  o f 1%  T O D  re a g a n t as  d e s c rib e d  in th e  M a te ria ls  and M e th o d s  ch a p te r. T h e  

a m o u n t o f n a p h th a le n e  w a s  w o rke d  o u t fro m  th e  p ro d u c t s ta n d a rd  cu rve  o f 1- 

n a p h th o l as  see n  in C h a p te r 4 . T h e  a c tiv ity  o f bo th  N 11 6G  and  F 1 8 8 A  to w a rd s  

n a p h th a le n e  w a s  s ig n if ic a n tly  re d u ce d . W h e n  co m p a re d  to  th e  w ild  typ e , th e  m u ta n ts  

sh o w e d  3 7 .8 %  an d  5 .8 %  a c tiv ity , re sp e c tive ly . A s  m e n tio n e d  p re v io u s ly  th e s e  

s p e c ific  a c tiv itie s  a re  m o s tly  w ith  re s p e c t to  th e  fo rm a tio n  o f 1 -n a p h th o l o n ly  b e ca u s e  

th e  a b s o rb a n c e  o f th e  d ia z o  d ye  fo rm e d  fro m  th is  is o m e r a t 54 0  nm  is m u ch  g re a te r 

th a n  th a t fro m  2 -n a p h th o l (C h a p te r 4, Fig. 4 .8 )
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7 .3 .2 ) O x id a t io n  o f  e th y lb e n z e n e  by  N 1 1 6 G  a n d  F 1 8 8 A

T h e  o x id a tio n  o f th e  a ro m a tic  s u b s tra te  e th y lb e n z e n e  can  y ie ld  five  p o s s ib le  

h yd ro xy la te d  o x id a tio n  p ro d u c ts : 1 -p h e n y le th a n o l, 2 -p h e n y le th a n o l, 2 -e th y lp h e n o l, 3 - 

e th y lp h e n o l and  4 -e th y lp h e n o l. A s s a y s  w e re  c a rrie d  o u t w ith  w h o le  ce lls  co n ta in in g  5 

m M  s o d iu m  fo rm a te  to  p ro v id e  re d u c in g  e q u iv a le n ts  fo r  th e  e n zym e  (a s  m e n tio n e d  in 

th e  M a te ria ls  an d  M e th o d s  se c tio n  2 .8 .1 ). P ro d u c t a n a lys is  (F ig. 7 .5 ) w a s  ca rr ie d  o u t 

us ing  a S h im a d zu  2 0 1 0  G C  w ith  a R e s te k  R T X -5  co lu m n . A s  w a s  se e n  in C h a p te r 3, 

o x id a tio n  o f e th y lb e n z e n e  by  th e  w ild  typ e  e n z y m e  in 4 8  h a ssa ys  p ro d u ce d  o n ly  tw o  

o x id a tio n  p ro d u c ts . A  s im ila r p ro d u c t d is tr ib u tio n  w a s  a lso  see n  in 1 h a s s a y s  w h e re  

o n ly  1 -p h e n y le th a n o l and  4 -e th y lp h e n o l w e re  d e te c te d . N o nove l o x id a tio n  p ro d u c ts  

w e re  d e te c te d  w ith  e ith e r N 1 1 6 G  o r F 188A . 4 -E th y lp h e n o l w a s  th e  p re d o m in a n t 

o x id a tio n  p ro d u c t w ith  bo th  m u ta n ts , w h ich  sh o w e d  re d u ce d  a c tiv ity  c o m p a re d  to  th e  

w ild  typ e  w ith  th is  su b s tra te  (T a b le  7.2 ).

Fig 7.5 ). P a rt o f  a  re p re s e n ta tiv e  G C  tra c e  s h o w in g  b a s e  lin e  re s o lu tio n  o f  e th y l 

b e n z e n e  o x id a tio n  p ro d u c ts  fo r  an  s M M O  a ssa y . Id e n tity  o f  p e a k s  w a s  c o n firm e d  by 

c o m p a rin g  re te n tio n  tim e s  a g a in s t a u th e n tic  s ta n d a rd s  (n o t s h o w n )
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1 0 0 . 0 0
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m% l - p h e n y i e t h a n o l  

□  %  4 - e t h y l p h e n o l

O B 3 b F 1 8 8 A N 1 1 6 G

F ig 7 .6 ) G ra p h  s h o w in g  p ro d u c t d is tr ib u tio n  fro m  1 h e th y lb e n z e n e  o x id a tio n  a ssa y . D a ta  

is g ive n  a s  a m e a n  o f th re e  d iffe re n t e x p e r im e n ts  fro m  a s in g le  b a tch  o f  d ro p  fro z e n  ce lls  

fo r  e a ch  m u ta n t. E rro r b a rs  s h o w  ± s ta n d a rd  e rro r

A  s lig h t c h a n g e  o f re g io s e le c tiv ity  w a s  o b se rve d  w ith  bo th  m u ta n ts . T h e  o x id a tio n  o f 

e th y lb e n z e n e  by  th e  F 1 8 8 A  m u ta n t sh o w e d  an in c re a se  in ring h y d ro x y la tio n  w ith  89%  

o f th e  to ta l p ro d u c t be ing  4 -e th y lp h e n o l co m p a re d  to  7 8 %  w ith  th e  w ild  ty p e  

(P < 0 .0 0 1 ). T h e  N 11 6G  m u ta n t s h o w e d  a s lig h t in c re a se  in s id e  ch a in  h y d ro x y la tio n  

co m p a re d  to  th e  w ild  typ e  w ith  2 7 .0 1 %  o f th e  to ta l p ro d u c t as  1 -p h e n y le th a n o i 

co m p a re d  to  2 1 .8 6 %  w ith  th e  w ild  typ e  e n z y m e  (P = 0 .0 0 5 ). B o th  m u ta n ts  d is p la y e d  a 

re d u ce d  s p e c ific  a c tiv ity  to w a rd s  e th y lb e n z e n e  c o m p a re d  to  th e  w ild  ty p e  e n zym e .

(F ig. 7 .6 , T a b le  7 .2 )

E n zym e 1 -p h e n ye th a n o l

t % > H O r

6

4 -e th y lp h e n o l

(% ) f

0

O H

R e la tive  ra te

(% )

O B 3 b  w ild  

typ e 2 1 .8 6  ± 0 .6 7 7 8 .1 4 ±0 .6 7 1 0 0 .0 0

N 11 6G 27.01  ± 1.45 7 2 .9 9  ± 1.45 68 .71

F 1 8 8 A 11 .4 9  ± 1.67 88.51 ± 1.67 7 7 .3 3

T a b le  7 .2 ) P ro d u c t d is tr ib u tio n  o f  e th y lb e n z e n e  o x id a tio n  p ro d u c ts . R e la tiv e  ra te  h a s  been  

c o rre c te d  fo r  d iffe re n c e s  in O D 60o a n d  is re la tiv e  to  th e  ra te  o f w ild  ty p e  O B 3 b  w h ic h  w a s  

m e a s u re d  a t 0 .3 5  ± 0 .0 2  n m o le /m in /m g  p ro te in
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7 .3 .3 ) O x id a t io n  o f  m e s ity ie n e  b y  N 1 1 6 G  a n d  F 1 8 8 A

A s  m e n tio n e d  p re v io u s ly  th e  s u b s tra te  m e s ity ie n e  (1 ,3 ,5 -tr im e th y lb e n z e n e ) w a s  

c h o se n  as  a c a n d id a te  fo r  s tu d y  d u e  to  its s ize  an d  s y m m e try  o f  th e  th re e  m e th y l 

s u b s titu e n ts , w h ic h  m e a n  th a t o n ly  tw o  p o ss ib le  p r im a ry  o x id a tio n  p ro d u c ts  w e re  

e xp e c te d . A ll a s sa ys  w e re  s e t up  fo r  1 h a n d  th e  o x id a tio n  p ro d u c ts  (F ig . 7 .7 A , 7 .7 B ) 

q u a n tif ie d  b y  G C M S  as m e n tio n e d  in th e  M a te ria ls  a n d  M e th o d s . T h e  N 1 1 6 G  m u ta n t 

s h o w e d  th e  sa m e  c h a ra c te r is tic s  as  th e  w ild  typ e  e n zym e , w ith  a p re d o m in a n t s id e  

ch a in  h yd ro xy la tio n . W h e n  th e  F 1 8 8 A  m u ta n t w a s  a n a lyse d , a  13 fo ld  in c re a s e  in 

ring  h y d ro xy la tio n  w a s  d e te c te d  co m p a re d  to  th e  w ild  ty p e  e n z y m e  (P = 0 .0 0 1 9 7 ) 

(T a b le  7 .3 ).

E n zym e 2 ,4 ,6 - tr im e th y lp h e n o l (% )
OH

H3C . /L . C H 3

3 ,5 -d im e th y l b e n zy l a lc o h o l (% )

V
CHq

CHS

O b 3 b 0 .4 0  ± 0 .3 4 9 9 .6 0  ± 0 .3 4

N 1 1 6 G 0.41 ± 0 .1 4 9 9 .5 9  ± 0 .1 4

F 1 8 8 A 5 .4 2  ± 4 .7 2 9 4 .5 8  ± 4 .7 2

T a b le  7 .3 ) P e rc e n ta g e  p ro d u c t d is tr ib u tio n  fo r  m e s ity ie n e  o x id a tio n . A s s a y s  w e re  c a rr ie d  o u t in 

tr ip lic a te  fro m  a s in g le  b a c th  o f  d ro p  fro z e n  c e lls  fo r  e a c h  m u ta n t a n d  a re  d is p la y e d  a s  m e a n  

v a lu e s  ± s ta n d a rd  e rro r.
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Fig 7 .7 B

T I C :  M E S F 2 . D
A b u n d a n c e

Fig 7 .7 A ) P a rtia l G C  tra c e  s h o w in g  th e  p ro d u c ts  fro m  o x id a tio n  o f m e s ity le n e  by  N 1 1 6 G  

F ig 7 .7 B ) P a rtia l G C  tra c e  s h o w in g  th e  p ro d u c ts  fro m  o x id a tio n  o f  m e s ity le n e  by  F 1 8 8 A
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A n a ly s is  o f th e  o x id a tio n  o f b ip h e n y l by  th e  N 1 1 6 G  and F 1 8 8 A  m u ta n ts  a lso  sh o w s  a 

s lig h t re la xa tio n  in re g io s e le c tiv ity  co m p a re d  to  th e  w ild  type . T h e  o x id a tio n  o f 

b ip h e n y l can  p ro d u ce  th re e  p o ss ib le  o x id a tio n  p ro d u c ts  d e p e n d in g  on w h ic h  p o s itio n  

on  th e  a ro m a tic  ring is ox id ize d . T h e  o x id a tio n  a ssa ys  w e re  ca rrie d  o u t us in g  w h o le  

ce lls  p lus  5 m M  so d iu m  fo rm a te  to  p ro v id e  an  e x ce ss  o f re d u c in g  e q u iv a le n ts  fo r  th e  

re a c tio n  as  m e n tio n e d  in th e  M a te ria ls  and  M e th o d s  se c tio n . T h e  F 1 8 8 A  an d  N 1 1 6 G  

m u ta n ts  sh o w e d  s im ila r re g io s e le c tiv ity  c o m p a re d  to  th e  w ild  typ e  e n zym e , w ith  

4 -h y d ro x y b ip h e n y l re p re se n tin g  9 8 -9 9  % o f th e  o x id a tio n  p ro d u c ts . A  re la xa tio n  o f 

re g io s e le c tiv ity  w a s  o b se rve d  w ith  b o th  m u ta n ts , w ith  m o re  2 -h y d ro x y b ip h e n y l an d  3- 

h y d ro xyb ip h e n y l b e ing  d e te c te d  th a n  w ith  th e  w ild  typ e  e n zym e . T h e  N 1 1 6 G  m u ta n t 

sh o w e d  a 2 7 .5  fo ld  in c re a se  in th e  p e rc e n ta g e  o f 2 -h y d ro x y b ip h e n y l p ro d u ce d  and  a 

7 .4 -fo ld  in c re a se  in 3 -h y d ro x y b ip h e n y l co m p a re d  to  th e  w ild  typ e  e n z y m e  h o w e v e r 

th e s e  a re  no t see n  as s ta tis t ic a lly  s ig n if ic a n t (P > 0 .0 5 ). T h e  F 1 8 8 A  sh o w e d  a 

s ta tis tic a lly  s ig n if ic a n t 4 6 .5 -fo ld  in c re a se  in th e  p e rc e n ta g e  o f 2 -h y d ro x y b ip h e n y l 

p ro d u ce d  (P = 0 .0 0 2 ) and an 8 -fo ld  in c re a se  in th e  p e rc e n ta g e  o f 3 -h y d ro x y b ip h e n y l 

w h ich  w a s  n o t s ta tis tic a lly  s ig n if ic a n t (P > 0 .0 5 ) (T a b le  7.4 ).

7 .3 .4 ) O x id a t io n  o f  b ip h e n y l b y  N 1 1 6 G  a n d  F 1 8 8 A

E n zym e 2-

h yd ro xyb ip h e n y l

(% )

3-

h y d ro xyb ip h e n y l

(% )

4 -

h y d ro xyb ip h e n y l

(% )
W ild  typ e 0 .0 2  ± 0 .0 3 0 .0 5  ± 0 .0 9 9 9 .9 4  ± 0 .1 3

N 11 6G 0 .5 5 ±0 .1 6 0 .3 7 ±0 .1 6 9 9 .0 8 ±0 .1 7

F 1 8 8 A 0 .9 3 ±0 .0 3 0 .4 0 ±0 .1 9 9 8 .6 6 ±0 .2

T a b le  7 .4 ) P e rc e n ta g e  p ro d u c t d is tr ib u tio n  o f b ip h e n y l o x id a tio n .D a ta  is s h o w n  as  a m e a n  o f 

3 s e p a ra te  e x p e r im e n ts  fro m  a s in g le  b a tch  o f  d ro p  fro z e n  c e lls  fo r  e a c h  m u ta n t a n d  a re  

sh o w n  ± s ta n d a rd  e rro r
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7 .3 .5 ) O x id a t io n  o f  to lu e n e  by  N 1 1 6 G

A s s a y s  w e re  ca rrie d  o u t a t 30°C  us ing  w h o le  ce lls  su p p le m e n te d  w ith  5 m M  so d iu m  

fo rm a te . A n  in te rn a l s ta n d a rd  w a s  a d d e d  and  p ro d u c ts  w e re  e x tra c te d  in to  e th e r 

b e fo re  e v a p o ra tin g  a t room  te m p e ra tu re  and  ru n n in g  on a S h im a d zu  G C 2 0 1 0  w ith  

an  R T X -5  co lu m n . A s  m e n tio n e d  p re v io u s ly  th e re  a re  fo u r p o ss ib le  h y d ro xy la te d  

p ro d u c ts  th a t cou ld  be  fo rm e d  fro m  th e  o x id a tio n  o f to lu e n e  by sM M O . T h e  N 1 1 6 G  

m u ta n t s h o w e d  no no ve l o x id a tio n  p ro d u c ts  c o m p a re d  to  th e  w ild -ty p e  e n z y m e  and  

(like  th e  w ild -ty p e ) s h o w e d  b e n zy l a lco h o l as  th e  m a jo r o x id a tio n  p ro d u c t u n d e r 

th e s e  re a c tio n  co n d itio n s . T h e re  w a s  a s lig h t in c re a s e  in s id e  ch a in  h y d ro x y la tio n  

c o m p a re d  to  th e  w ild  typ e  e n zym e  w ith  N 1 1 6 G  (P = 0 .0 3 2 ) (F ig. 7 .8 ).

_  1 0 0 . 0 0  

a?

■  % BA

■  %PC

E n zym e B enzy l 

A lc o h o l (% )

p -c re s o l (% ) re la tive  ra te  (% )

O B 3b 7 1 .3 8  ± 

2 .8 9

28 .6 2  ± 2 .8 9 100

N 11 6G 8 0 .6 8  ± 

0 .0 6

19 .32 ± 0 .0 6 10 .33

C  o U .U U  
O

|  6 0 .0 0  
'C
2  4 0 .0 0TJ
+•»

= 20.00  
1 3  
O
a. 0 . 0 0

L L
O B 3 b  W T  N 116G

Fig 7 .8 ) P ro d u c t d is tr ib u tio n  o f e th y lb e n z e n e  o x id a tio n  p ro d u c ts . R e la tiv e  ra te  has  bee n  

c o rre c te d  fo r  d iffe re n c e s  in O D 6oo a n d  is re la tiv e  to  th e  ra te  o f  w ild  ty p e  O B 3 b  w h ic h  w a s  

m e a s u re d  a t 2 .9 5  n m o le s  m in '1 a t O D 60o = 1 •
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7 .4  K in e t ic  d a ta  fo r  to lu e n e  o x id a tio n  by  w ild  ty p e  O B 3 b  a n d  N 11 6 G

7 .9 a

H ane s w o lf  p lo t  OB3b

2 0  4 0  6 0  8 0  1 0 0  1 2 0  1 4 0

[S] \iM

7 .9 b

-4 0  -2 0  0 20  4 0  6 0  8 0  1 0 0  1 2 0  1 4 0

[S] pM

Hanes w o lf  p lo t  N 116G To luene

F ig  7 .9 a ) H a n e s  W o o lf  p lo t fo r  to lu e n e  o x id a tio n  by  M s . t r ic h o s p o r iu m  O B 3 b . T h e  tre n d lin e  

ha s  bee n  fitte d  to  th e  d a ta  us in g  M ic ro s o ft E xce ll s o ftw a re .

F ig 7 .9 b ) H a n e s  W o o lf  p lo t fo r  to lu e n e  o x id a tio n  by  N 1 1 6 G . T h e  tre n d lin e  h a s  b e e n  fitte d  to  

th e  d a ta  us in g  M ic ro s o ft E xce ll so ftw a re .
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Km (pM ) \/max (n m o le s /m in )

O B 3 b 2 1 .0  ± 7 .0 22.1 ± 5 .9

N 11 6G 13 .0  ± 9 .0 5 .7  ± 3 .1

T a b le  7 .6 ) K m  a nd  V m a x  fo r  0 B 3 b  an d  N 1 1 6 G  c a lc u la te d  fro m  h a n e s  w o lf  p lo ts  ( f ig s  9a  +

9b ). D a ta  is c o rre c te d  to  a c u ltu ra l O D 600= 1.0

T h e  k in e tic  d a ta  fo r  to lu e n e  o x id a tio n  b y  bo th  O B 3 b  and  N 11 6G  w a s  c o lle c te d  by 

a d d in g  va ry in g  a m o u n ts  o f to lu e n e  sa tu ra te d  w a te r to  w h o le  ce lls  an d  m e a s u rin g  th e  

a m o u n t o f to ta l p ro d u c t by  S h im a d zu  2 0 1 0  G C  w ith  a R e s te k  co lu m n  as  d e s c r ib e d  in 

th e  m e th o d s . T h e  a m o u n t o f to lu e n e  a d d e d  to  e a ch  sa m p le  w a s  a lso  m e a s u re d  by  

G C  and  used  to  c re a te  a H a n e s  W o lf  p lo t fo r  O B 3 b  and  N 11 6G . T h e  K m an d  Vm3iX 

v a lu e s  w e re  c a lcu la te d  b y  th e  fo llo w in g  e q u a tio n :

M  =  J - \ s ]  +  ^
V  V m a x  r  m a x

W h e re  [S ] is th e  su b s tra te  co n c e n tra tio n  and  V  is  th e  re a c tio n  ve lo c ity . T h e  K m o f  th e

N 1 1 6 G  e n z y m e  is 13 .0  pM , o n ly  s lig h tly  lo w e r th a n  2 1 .0  pM  fo r  th e  w ild  typ e . T h is  

in d ica te s  th a t in co m p a ra in g  w ild  ty p e  sM M O  an d  th e  N 1 1 6 G  m u tan t, th e re  is no 

d e te c ta b le  d iffe re n c e  in a ffin ity  fo r  th e  s u b s tra te  to lu e n e . H o w e v e r th e  \Zmax o f  th e  

N 1 1 6 G  m u ta n t sh o w e d  >3 .8  fo ld  d e c re a s e  a t 5 .7  n m o le s  m in '1 c o m p a re d  to  22.1 

n m o le s  m in '1 fo r  th e  w ild  typ e  (T a b le  7 .6 ). A lth o u g h  it is a c c e p te d  th a t th e s e  d a ta  a re  

lim ited , it is c le a r th a t th e  m a x im u m  ra te  o f th e  N 1 1 6 G  m u ta n t is g re a tly  re d u ce d  

co m p a re d  to  th e  w ild  ty p e  e n zym e .
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7 .5  T h e  m u ta n ts  s h o w e d  no  m e a s u ra b le  a c t iv ity  to w a rd s  a lk a n e s  o r  

t r i-a ro m a t ic  s u b s tra te s

S o lu b le  e x tra c ts  o f th e  F 1 8 8 A  and  N 1 1 6 G  m u ta n ts  w e re  p re p a re d  and a ssa ye d  w ith  

th e  a lka n e s : bu ta n e , p e n ta n e  and  h e xa n e  as d e s c rib e d  in th e  M a te ria ls  and M e th o d s  

ch a p te r. O x id a tio n  a ssa ys  w e re  ca rrie d  ou t o v e r a ra n g e  o f re a c tio n  tim e s  ra ng in g  

fro m  1-30  m in  h o w e v e r no a c tiv ity  co u ld  be  d e te c te d  w ith  e ith e r N 1 1 6 G  o r F 188A . 

A c tiv ity  w a s  d e te c te d  w ith  th e  w ild -ty p e  e n z y m e  in p a ra lle l e x p e rim e n ts .

O x id a tio n  a s sa ys  fo r  up to  4 8  h w e re  a lso  a tte m p te d  w ith  a n th ra c e n e  and 

p h e n a n th re n e  as  s u b s tra te s  us in g  bo th  us ing  b io m a ss  on a g a r p la te s  and  liqu id  

cu ltu re s . N o h yd ro xy la te d  p ro d u c ts  w e re  d e te c te d  fo r  th e  N 11 6G , F 1 8 8 A  o r th e  w ild  

typ e  e n z y m e  w ith  th e s e  tr ia ro m a tic  su b s tra te s .

7 .6  S u m m a ry

T h e  N 11 6G  and  F 1 8 8 A  m u ta n ts  w e re  c re a te d  to  c o m p le m e n t w o rk  ca rrie d  o u t in 

p re v io u s  ch a p te rs . T h e  N 1 1 6 G  m u ta n t s h o w e d  s im ila r re su lts  to  th e  p re v io u s  

m u ta n ts  a n a lyse d  in C h a p te r 4. N o in c re a se  in b u ta n e  o x id a tio n  w a s  o b s e rv e d  and  

a lth o u g h  sm a ll ch a n g e s  in re g io s e le c tiv ity  o f th e  N 11 6G  m u ta n t co m p a re d  to  th e  w ild  

typ e  w e re  see n , no s h ift to w a rd s  te rm in a l c a rb o n  o x id a tio n  w a s  see n . T h is  sh o w s  

th a t th is  s ite  d ire c te d  m u ta tio n  is no t e n o u g h  to  c o n fe r a "B M O -lik e " p h e n o ty p e  u p on  

th is  m u ta n t. T h e  s p e c ific  a c tiv ity  o f th e  N 11 6G  m u ta n t w a s  re d u ce d  co m p a re d  to  th e  

w ild  typ e  w ith  a ll s u b s tra te s  m e a su re d . T h e  k in e tic  d a ta  fo r  th e  o x id a tio n  o f to lu e n e  

sh o w s  th a t th e  N 11 6G  m u ta n t has a s im ila r a ff in ity  fo r  th e  s u b s tra te  c o m p a re d  to  th e  

w ild -ty p e  e n zym e  bu t has a s ig n if ic a n tly  re d u ce d  m a x im u m  o x id a tio n  ra te . T h e  

F 1 8 8 A  m u ta n t sh o w e d  a re g io se le c tiv ity  to  th e  w ild  typ e  e n zym e . A  s h ift in
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re g io s e le c tiv ity  o f n a p th a le n e  and b ip h e n y l w a s  see n  and an in c re a se  in ring 

h y d ro xy la tio n  w a s  se e n  w ith  e th y lb e n z e n e  and  m e s itly e n e  co m p a re d  to  th e  w ild -typ e . 

T h is  re s id u e  has been  im p lica te d  a lo ng  w ith  th e  re s id u e  Leu 110 in h a v ing  a g a tin g  

ro le  c o n tro llin g  s u b s tra te  a cce ss  (R o se n zw e ig  e t  a l. 1997). N o e v id e n c e  has be en  

fo u n d  to  s u g g e s t th a t th e  F 188  re s id u e  has a g a tin g  ro le  in sM M O . T h e  F 1 8 8 A  

m u ta n t a lso  has o n ly  a little  e ffe c t on th e  re g io s e le c tiv ity  o f th e  e n z y m e  co m p a re d  to  

th e  L 1 10 m u ta n ts  see n  in C h a p te r 3.
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8.1 Leu  110 is n o t th e  lim it in g  fa c to r  p re v e n tin g  o x id a tio n  o f  

t r ia ro m a tic  c o m p o u n d s  by w ild ty p e  s M M O

T h e  p o s s ib ility  o f leu 110 as  a g a tin g  re s id u e  th a t co n tro ls  a cce ss  o f s u b s tra te  to  th e  

ac tive  s ite  led to  th e  h yp o th e s is  th a t th is  re s id u e  m a y  be th e  lim iting  fa c to r  in 

p re ve n tin g  o x id a tio n  o f la rg e r tr ia ro m a n tic  c o m p o u n d s  by sM M O . In th e  h yd ro x y la s e  

a -s u b u n it o f th e  re la te d  to lu e n e  o rffro -m o n o o x y g e n a s e  fro m  B u r k h o ld e r ia  c e p a c ia  G 4, 

th e  V a l 106 re s id u e  o cc u p ie s  th e  e q u iv a le n t p o s itio n  to  Leu 110 in sM M O  (S h ie ld s  e t  

a l. 1995). A  s im ila r s ite  d ire c te d  m u ta g e n e s is  e x p e rim e n t in th e  sa m e  e n z y m e  by 

th e  W o o d  g ro u p  sh o w e d  th a t th e  V 1 0 6 A  m u ta n t e xh ib ite d  in c re a se d  a c tiv ity  to w a rd s  

th e  th re e  ring a ro m a tic  c o m p o u n d s  p h e n a n th re n e , a n th ra c e n e  an d  flu o re n e  (C a n a d a  

e t  a l. 2 0 02 ). It w a s  th o u g h t th a t o p e n in g  th e  g a te  by  p u ttin g  a s m a lle r re s id u e  a t th is  

p o s itio n  a llo w e d  e a s ie r a cce ss  fo r  la rg e r s u b s tra te s  to  th e  a c tive  s ite  o f to lu e n e  

o r th o -m o n o o xyg e n a se .

S ite  d ire c te d  m u ta g e n e s is  o f m m o X  w a s  ca rrie d  ou t to  c re a te  m u ta n ts  w ith  v a ry in g  

s ized  s id e  ch a in s  a t p o s itio n  110. M u ta n ts  w ith  less  b u lky  s id e  ch a in s  a t p o s itio n  110 

w e re  a ssa ye d  to  see  w h e th e r th e se  re s id u e s  p ro v id e d  m o re  sp a ce  to  a llo w  a c c e s s  o f 

la rg e r tr ia ro m a tic  s u b s tra te s  in to  th e  a c tive  s ite . W h e n  th e  Leu 110 re s id u e  w a s  

m u ta te d  to  e ith e r th e  s m a lle r G ly  an d  C ys re s id u e s  o r th e  la rg e r T y r and  A rg

C h a p te r  8: D is c u s s io n s
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re s id u e s  o x id a tio n  o f tr ia ro m a tic  c o m p o u n d s  co u ld  no t be d e te c te d  by a c o lo r im e tr ic  

a s s a y  b a sed  on th e  n a p h th a le n e  te s t o r by  G C M S  w ith  to ta l ion o r se le c te d  ion 

m o n ito r in g . S e le c te d  ion m o n ito r in g  w a s  used  to  sc re e n  fo r  ions o f m /z  194, 

c o rre s p o n d in g  to  s in g ly  c h a rg e d  ions  o f m o n o h y d ro x y la te d  tr ia ro m a tic  c o m p o u n d s , 

w ith  ve ry  h igh  d e g re e s  o f s e n s itiv ity  (<1 pM ). H e n ce  n e ith e r th e  w ild  ty p e  n o r a n y  o f 

th e  s ite  d ire c te d  m u ta n ts  ( in c lu d in g  th e  s m a lle r G ly  and  C ys m u ta n ts ) can  d e te c ta b ly  

o x id ize  tr ia ro m a tic  co m p o u n d s . T h is  s u g g e s ts  th a t th e  Leu 110 re s id u e  is no t th e  

lim iting  fa c to r and  fu r th e r m u ta tio n s  a re  re q u ire d  fo r  th e  o x id a tio n  o f tr ia ro m a tic  

c o m p o u n d s  by sM M O .

It has been  sh o w n  th a t th e  co rre s p o n d in g  V 1 0 6 A  m u ta n t o f th e  h o m o lo g o u s  to lu e n e  

o r th o -m o n o o x y g e n a s e  sh o w e d  in c re a se d  tr ia ro m a tic  o x id a tio n  (C a n a d a  e t  a l. 2 0 0 2 ). 

H o w e ve r it sh o u ld  be no te d  th a t to lu e n e , th e  n a tu ra l s u b s tra te  fo r  th is  e n z y m e  is a 

m u ch  la rg e r co m p o u n d  th a n  th e  n a tu ra l su b s tra te  m e th a n e , o f sM M O . 

C ry s ta lo g ra p h ic  s tu d ie s  o f th e  to lu e n e -4 -m o n o o x y g e n a s e  and  to lu e n e  o -x y le n e  

m o n o o x y g e n a s e  (S a z in sky  e t  a l. 20 04 ; B a ile y  e t  a l. 2 0 0 8 ) have  sh o w n  th a t th e  

a ro m a tic  m o n o o x y g e n a s e s  have  a m u ch  m o re  a c c e s s a b le  a c tive  s ite  th a n  th e  

sM M O s, p ro b a b ly  d u e  to  th e  la rg e r s ize  o f  th e ir  n a tu ra l su b s tra te s . T h e  a c c e s s  o f 

s u b s tra te s  to  th e  a c tive  s ite  w ith in  sM M O  is like ly  to  be v ia  a se rie s  o f h y d ro p h o b ic  

ca v itie s  th a t can fo rm  a c h a n n e l a llo w in g  a c ce ss  to  th e  a c tive  s ite  and  so 

co n s tr ic tio n s  in th is  su b s tra te  e n try / e x it ch a n n e l m a y  p re v e n t e n try  o f tr ia ro m a tic  

co m p o u n d s  eve n  w h e n  th e  Leu 110 re s id u e  has a d o p te d  an "o p e n " c o n fo rm a tio n . If 

th e re  a re  se ve ra l c o n s tr ic tio n s  on th e  p a th w a y  th a t s u b s tra te s  ta k e  to  and  fro m  th e  

ac tive  s ite  o f sM M O , a n u m b e r o f m u ta tio n s  m a y be  n e e d e d  to  a llo w  a c c e s s  o f

tr ia ro m a tic  co m p o u n d s  and o th e r ve ry  la rg e  su b s tra te s .
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8.2  Leu  110 is an im p o r ta n t re s id u e  in d e te rm in in g  th e

re g io s e le c t iv ity  o f  s M M O

T h e  d a ta  sh o w n  in C h a p te r 3 (T a b le s  3.1 - 3 .4 ) s h o w  th a t th is  Leu 110 is e x tre m e ly  

im p o rta n t in d e te rm in in g  th e  re g io s e le c tiv ity  o f sM M O . W ith  th e  w ild  typ e  e n zym e , 

o x id a tio n  o f a ro m a tic  s u b s tra te s  p re d o m in a n tly  o ccu rs  a t th e  s h o rt e n d s  o f th e  

ro u g h ly  re c ta n g u la r s u b s tra te  m o le cu le . W ith  to lu e n e  as su b s tra te , th e  o x id a tio n  

p ro d u c ts  a re  b e nzy l a lco h o l and  p -c re s o l (T a b le  3.2 ). W ith  n a p h th a le n e  th e  p r im a ry  

o x id a tio n  p ro d u c t is 2 -n a p h th o l (T a b le  3.1 ); w ith  b ip h e n y l th e  p r im a ry  o x id a tio n  

p ro d u c t is 4 -h y d ro x y b ip h e n y l (T a b le  3 .4 ) and w ith  e th y lb e n z e n e  bo th  1- 

p h e n y le th a n o l and 4 -e th y lb e n z e n e  w e re  se e n  as  o x id a tio n  p ro d u c ts  (T a b le  3.3 ). 

H ow eve r, a ll m u ta tio n s  a t p o s itio n  110 sh o w e d  a sh ift a w a y  fro m  th is  o x id a tio n  a t th e  

"sh o rt e n d " o f th e  ro u g h ly  re c ta n g u la r s u b s tra te s  w ith  in c re a s in g  a m o u n ts  o f 1- 

n a p h th o l fro m  n a p h th a le n e , and 2 - and  3- h yd ro xy  p ro d u c ts  fro m  s u b s titu te d  

m o n a ro m a tic s  and  b ip h e n y l. T h is  re su lt w a s  u n e xp e c te d  s in ce  a “g a tin g  ro le ” fo r  Leu 

110 s u g g e s te d  th a t m u ta tio n s  to  s m a lle r re s id u e s  w o u ld  be m o re  like ly  to  a llo w  

su b s tra te s  in to  th e  a c tive  s ite  an d  c o n v e rs e ly  m u ta tio n s  to  la rg e r re s id u e s  w o u ld  be  

m o re  like ly  to  re s tr ic t a cce ss  to  th e  a c tive  site . T h e s e  re su lts  s h o w e d  th a t ra th e r th a n  

in c re a s in g  o r re s tric tin g  a cce ss  to  th e  a c tive  s ite , bo th  b u lk ie r s id e  ch a in  m u ta tio n s  

an d  s m a lle r s ide  cha in  m u ta tio n s  had s im ila r e ffe c ts  in re la x in g  re g io s e le c tiv ity .

A s  m e n tio n e d  p re v io u s ly  a n u m b e r o f m u ta g e n e s is  s tu d ie s  ha ve  be en  c a rr ie d  o u t on

v a rio u s  m o n o a ro m a tic  m o n o o x y g e n a s e s  a t th e  co rre s p o n d in g  p o s itio n  to  Leu 110.

M u ta tio n  a t V a l 106 o f to lu e n e -o rf/? o -m o n o o xyg e n a se  and lie  100 o f to lu e n e -4 -
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m o n o o x y g e n a s e  ha ve  in d ica te d  th a t th is  re s id u e  is im p o rta n t fo r  g a ting  a c ce ss  o f 

s u b s tra te  to  th e  a c tive  s ite  (C a n a d a  e t  a l. 2002 ; T a o  e t  a l  20 04 ; M cC la y  e t  al. 20 05 ). 

H o w e ve r so m e  m u ta tio n s  a t th is  p o s itio n  such  as th e  lie  100 m u ta n ts  o f to lu e n e  o- 

x y le n e  m o n o o xyg e n a se , have  a lso  sh o w n  th e  im p o rta n c e  o f th is  re s id u e  in 

re g io s e le c tiv ity  o f th e se  e n zym e s  (V a rd a r and W o o d , 20 04 ; N o to m is ta  e t  a l. 2 0 09 ).

T h e  re su lts  he re  in d ica te  th a t Leu 110 is an im p o rta n t re s id u e  in d e te rm in in g  th e  

p re c is io n  o f re g io s e le c tiv ity  w ith  a ro m a tic  su b s tra te s . T h is  m a y  be  m e d ia te d  v ia  th e  

co n fo rm a tio n a l ch a n g e s  sh o w n  to  a ffe c t th is  re s id u e  in its v a r io u s  c rys ta l fo rm s . It 

sho u ld  be  no te d  th a t in th e  c rys ta l s tru c tu re s  o f sM M O  p u b lish e d  to  da te , if Leu 110 

lies on th e  s u b s tra te  e n try  pa thw ay , it n e e d s  to  a d o p t a c o n fo rm a tio n a l c h a n g e  w h ich  

o p e n s  th e  a p e rtu re  co n n e c tin g  ca v itie s  1 and  2 w id e r th a n  is see n  w ith  a n y  o f th e  

c rys ta l s tru c tu re s  (E la n g o  e t  a l. 1997; R o se n zw e ig  e t  a l. 1997; S a z in sky  an d  L ip p a rd , 

2005). T h is  is th o u g h t to  co m e  a b o u t fro m  c o n fo rm a tio n a l ch a n g e s  d u rin g  th e  

a s s e m b ly  o f th e  w h o le  e n zym e  co m p le x . H o w e v e r to  d a te  no c rys ta l s tru c tu re  o f th e  

e n tire  sM M O  c o m p le x  has been  o b se rve d . T h e  “o p e n ” and “c lo s e d ” fo rm s  o f Le u  110 

m a y  a c t as  a “c la m p ” ho ld ing  th e  a ro m a tic  s u b s tra te s  in an o r ie n ta tio n  th a t p ro m o te s  

te rm in a l o x id a tio n  o f th e  a ro m a tic  su b s tra te s . T h e  S w is s -m o d e l p ro g ra m  w a s  u se d  to  

m o de l th e  ac tive  s ite s  o f m u ta n ts  L1 10C  and L 1 1 0 R  (F ig. 8 .1 ) b a sed  on th e  c rys ta l 

s tru c tu re  p u b lish e d  fo r  th e  sM M O  h yd ro xy la se  o f M s . t r ic h o s p o r iu m  O B 3 b  (E la n g o  e t  

a l  1997). T h e se  m u ta n ts  a d o p t a co n fo rm a tio n  w h e re  th e  d is ta n c e  b e tw e e n  th e  

s id e ch a in  and th e  d iiro n  s ite  is g re a te r tha n  th a t o f th e  w ild  typ e  Leu 110 re s id u e . 

In c re a s in g  th e  d is ta n ce  be tw e e n  th e  re s id u e  and  th e  d iiro n  s ite  a llo w s  fo r  g re a te r  

m o v e m e n t o f th e  su b s tra te  w ith in  th e  a c tive  site . T h is  re su lts  in an in c re a se  in

su b te rm in a l o x id a tio n  o f a ro m a tic  co m p o u n d s  and  re la xe d  re g io sp e c ific ity .
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Fig 8 .1 ) D iagram  show ing d ist a n ce s from  diiron sit e  for A) Le u  110, B) Cy s 110  and C)  

Arg 110. Th e  m ode ls w ere  crea ted based  using Sw iss- m ode l autom ated m ode lling and  

is based  on the Ms. trichosporium  sM M O hydroxylase  crysta l st ructure (pdb a cce ssio n  

code  1M HY)
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8.3  T h e  p re s e n c e  o f o th e r  e n zy m e s  in th e  m e th a n o tro p h  c e l ls

a ffe c ts  p ro d u c t d is tr ib u t io n

It sh o u ld  be no ted  th a t th e  p ro d u c t d is tr ib u tio n  o f o x id a tio n  p ro d u c ts  can  a lte r w ith  

tim e . O n e  w a y  th a t th is  can  h a p p e n  is v ia  th e  a c tio n  o f o th e r e n z y m e s  in th e  

m e th a n o tro p h  m e ta b o lic  p a th w a y  fu r th e r o x id iz in g  th e  in itia l o x id a tio n  p ro d u c ts .

W h e n  to lu e n e  o x id a tio n  w a s  ca rrie d  o u t in w h o le  ce lls  o f w ild  typ e  M s . t r ic h o s p o r iu m  

O B 3 b  o v e r a 48  h pe riod  as  d e sc rib e d  in C h a p te r 3 (T a b le  3 .2 ), th e  p ro d u c t 

d is tr ib u tio n  sh o w e d  th e  m a jo r o x id a tio n  p ro d u c t as 63%  p -c re so l. H o w e v e r w h e n  a 5 

m in  o x id a tio n  a ssa y  w a s  ca rrie d  o u t w ith  to lu e n e , th e  w ild  typ e  M s . t r ic h o s p o r iu m  

O B 3 b  ce lls  sh o w e d  b e nzy l a lco h o l as th e  m a jo r o x id a tio n  p ro d u c t a t 71 %  (T a b le  4 .4 ). 

T h is  d iffe re n c e  in p ro d u c t d is tr ib u tio n  is m o s t like ly  d u e  to  th e  a c tio n  o f m e th a n o l 

d e h y d ro g e n a s e  w o rk in g  on th e  b e nzy l a lco h o l. T h is  e n z y m e  has be en  s h o w n  to  

have  an a c tiv ity  to w a rd s  b e nzy l a lco h o l th a t is 52%  th a t o f th e  a c tiv ity  to w a rd s  th e  

na tu ra l s u b s tra te  m e th a n o l (M o u n tfo rt, 1990).

S im ila rly  o x id a tio n  o f e th y l b e n ze n e  by w ild -ty p e  O B 3 b  ce lls  fo r  1 h g a ve  7 8 %  4 -

e th y lp h e n o l as th e  p r im a ry  o x id a tio n  p ro d u c t (F ig. 7 .4 , 7 .5 ). H o w e v e r w h e n  w ild - ty p e

O B 3b  ce lls  w e re  le ft fo r  48  h in cu b a tio n s  w ith  e th y l b e n ze n e  th e  m a jo r o x id a tio n

p ro d u c t w a s  95%  1-p h e n y l e th a n o l (T a b le  3.3 ). W h e n  m e s ity le n e  w a s  th e  s u b s tra te ,

a ssa ys  had to  be run fo r  1 h b e ca u se  24  h an d  72 h a s sa ys  sh o w e d  n o ne  o f th e

e xp e c te d  o x id a tio n  p ro d u c ts . H o w e ve r tra ce  a m o u n ts  o f 3 ,5 -d im e th y l b e n z o ic  ac id

w e re  d e te c te d  a t all th re e  tim e sca le s , in d ica tin g  fu r th e r o x id a tio n  o f th e  3 ,5 -d im e th y l

benzy l a lco h o l p ro d u c t (T a b le  4 .9 , Fig. 7 .6 ).
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M ethano l de hyd ro genase is not the only e n zy m e  in th e  m etabo lic  pa thw ay tha t could  

a lte r the  product distribution in reactions initiat ed by the action o f s M M O . A  genera l  

a ld eh yde de hyd ro genase has been described in Ms. trichosporium  O B 3b  cap ab le  of  

fu rther oxidizing the  prim ary oxidation products (P ate l et al.  19 80 ). A  secon dary  

alcohol specific  de hyd rog en ase has also been descri bed within Ms. trichosporium  

w hich m ay also ac t upon the  oxidation products o f v arious substrates tes ted  in this  

w ork  (H ou  et al.  1979 , 19 81 ). In particu lar this secondary  alcohol d ehyd ro ge nase  

has been shown to have a high activity tow ards 2-bu tano l which m ay  be one o f the  

factors w hy this oxidation product w as  not de tec ted  by e ither the wild type or an y  o f  

the  m utants. T h e s e  en zym es  are  so lub le and th ere fo r e  are  also expec ted  to  be  

present within the  so lub le ex tract used for the  ass ays; hence, the  only w a y  

com p lete ly  to exc lude their action would be to use purified s M M O  protein.

In light o f the  p resence o ther en zym es, eve ry  effor t w as taken  to m ake  a ssay  tim es  

as short as possible to ge t the m ost accu ra te  d a ta  and to m in im ize the  e ffec ts  o f  

o ther en zy m es  upon the assays. S ince a large concen tration o f N A D H  or fo rm a te  is  

added  a t th e  start o f the  reaction, during the  init ial ph ase o f the reaction th e re  is an  

excess  o f reducing equ ivalen ts which p resum ably  fav ou r the  action o f the  

m onooxygenase (which require reducing equ iva len ts).  H ow eve r as  th e  reducing  

equivalen ts ge t used up th ere  will be an increase i n ox id ized co factors requ ired by  

the o ther en zym es  such as m ethano l dehyd rogenase. T h e  data  from  th e  longer  

assay tim es are  still valid as long as  com parison o f m utants and wild type e n zym e s  

are  carried out over the sam e tim e period and the p ossibility o f fu rther ox idation o f
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(so m e  o f th e ) p ro d u c ts  is ta ke n  in to  a c c o u n t w h e n  in te rp re tin g  th e  re su lts . H ow eve r, 

c o m p a ris o n s  have  no t been  m a d e  b e tw e e n  re su lts  fro m  a ssa ys  c a rrie d  o u t o ve r 

d iffe re n t t im e  p e rio d s  such  as th e  to lu e n e  o x id a tio n  a ssa ys  in C h a p te r 3 and  C h a p te r 

4, b e ca u se  it is g e n e ra lly  no t p o ss ib le  to  se p a ra te  e ffe c ts  o f ch a n g e s  in s u b s tra te  

d is tr ib u tio n  fro m  th e  sM M O  e n z y m e  fro m  th e  e ffe c ts  o f th e  s u b s e q u e n t e n zym e s .
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8 .4  D i f fe re n t e x p re s s io n  le ve ls  b e tw e e n  b a tc h e s  a ffe c ts  ra te

a n a ly s is

A n o th e r p ro b le m  e n c o u n te re d  in th is  p ro je c t w a s  va r ia tio n  in e x p re s s io n  le ve ls  

b e tw e e n  d iffe re n t b a tch e s  o f th e  sa m e  s tra ins , w h e n  th e  cu ltu re  c o n d itio n s  had been 

ch a n g e d  (e.g. va ry in g  le n g th s  o f tim e  fo r  g ro w th ). In C h a p te r 6, th e  a c tiv ity  o f th e  

w ild -ty p e  s tra in  M s . t r ic h o s p o r iu m  O B 3 b  w a s  co m p a re d  a g a in s t th e  a c tiv ity  fro m  M s. 

t r ic h o s p o r iu m  S M D M  co n ta in in g  re c o m b in a n t w ild -ty p e  sM M O  g e n e s  on  th e  p la sm id  

p T 2 M L -W T , th e  n e w  e xp re ss io n  p la sm id  e n co d in g  fo r  th e  w ild  typ e  e n zym e . In th is  

ca se  bo th  b a tch e s  w e re  g row n  in th e  fe rm e n to r un til th e  cu ltu re s  te s te d  p o s itive  fo r  

sM M O  a c tiv ity  ( O D 6 o o  = 5 -6 ) us ing  th e  n a p h th a le n e  o x id a tio n  te s t and  th e n  th e y  

w e re  h a rve s te d . T h e s e  b a tch e s  w e re  a ssa ye d  us ing  b u ta n e  and n a p h th a le n e  as th e  

su b s tra te s . S in ce  bo th  cu ltu re s  w e re  g row n  to  s im ila r o p tica l d e n s itie s  us in g  th e  

sa m e  co n d itio n s , th e  re su lts  w e re  used  to  c o m p a re  th e  n e w  e x p re s s io n  sys te m  

a g a in s t th e  w ild  typ e  e n zym e . T h e  ce lls  e xp re ss in g  th e  w ild  typ e  e n z y m e  us in g  th e  

n e w  e xp re ss io n  sys te m  w e re  sh o w n  to  ha ve  a c tiv ity  s im ila r to  th a t o f w ild  ty p e  M s. 

t r ic h o s p r iu m  O B 3 b  (T a b le  6 .3  - 6 .4 ). H o w e ve r in C h a p te r 4, th e  sa m e  b u ta n e  and 

n a p h th a le n e  a ssa ys  w e re  ca rrie d  o u t w ith  a ba tch  o f w ild  typ e  M s . t r ic h o s p o r iu m  

O B 3 b  th a t w e re  h a rve s te d  a t a m uch  h ig h e r o p tica l d e n s ity  ( O D 6 o o  = ~ 1 0). W h e n  

n a p h th a le n e  w a s  a ssa ye d  w ith  th is  ba tch  o f ce lls  th e  a c tiv ity  had 8 3 -fo ld  in c re a s e  

c o m p a re d  to  th e  ba tch  o f w ild  typ e  O B 3 b  ce lls  g ro w n  to  a lo w e r o p tica l d e n s ity  

(T a b le  4 .2 ). S im ila rly  w h e n  b u ta n e  w a s  th e  s u b s tra te  w ild  ty p e  O B 3 b  ce lls  g ro w n  a t a 

h ig h e r o p tica l d e n s ity  sh o w e d  a 185-fo ld  in c re a se  co m p a re d  to  th o s e  g ro w n  a t a 

lo w e r o p tica l d e n s ity  (T a b le  4 .3 , 6 .4 ). T h e  v a s t d iffe re n c e  in e x p re s s io n  leve ls  

b e tw e e n  th e se  b a tch e s  h ig h lig h ts  th e  ne ed  to  w o rk  w ith  p u rifie d  p ro te in s  fo r  m o re  

d e ta ile d  c h a ra c te riz a tio n  o f th e  re c o m b in a n t e n zym e s .
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8 .5  S i te  d ire c te d  m u ta t io n s  b as e d  up on  B M O  do  n o t c o n fe r  “ B M O -

lik e ” re g io s e le c t iv ity .

T h e  s ite  d ire c te d  m u ta g e n e s is  o f re s id u e s  n e a r th e  a c tive  s ite  o f sM M O  to  th e  

h o m o lo g o u s  re s id u e s  w ith in  b u ta n e  m o n o o x y g e n a s e  has a llo w e d  th e  co m p a ris o n  o f 

th e s e  tw o  e n zym e s . A s  m e n tio n e d  p re v io u s ly , o f th e  19 re po rted  p u ta tive  s u b s tra te - 

in te ra c tin g  re s id u e s  a ro u n d  th e  a c tive  s ite  o f sM M O  th e re  a re  14 th a t a re  c o n se rve d  

w ith in  B M O  (S lu is  e t  al. 2 0 0 2 ). H ow eve r, a lth o u g h  th e re  is a h igh  d e g re e  o f s im ila r ity  

b e tw e e n  th e se  tw o  e n z y m e s  th e re  a re  so m e  la rg e  d iffe re n c e s  in th e ir  a c tiv ity . T h e  

b u ta n e  m o n o o x y g e n a s e  e n zym e  has a m u ch  s m a lle r s u b s tra te  ra n g e  co m p a re d  to  

sM M O  and has v e ry  lo w  a c tiv ity  to w a rd s  m e th a n e . T h e  b u ta n e  m o n o o x y g e n a s e  

e n zym e  o x id ize s  a lk a n e s  w ith  a s tro n g  b ias  to w a rd s  p r im a ry  o x id a tio n  a t th e  te rm in a l 

ca rb o n  (A rp  1999). In c o n tra s t to  th is  sM M O  sh o w s  a m ix tu re  o f bo th  te rm in a l and  

s u b te rm in a l o x id a tio n  w ith  va ry in g  s to ic h io m e tr ic  ra tios  d e p e n d in g  on  th e  s u b s tra te  

used  (C o lb y  and  D a lto n , 1977; B u rro w s  e t  a l. 1984 ; F ox e t  a l  1990). T h e  a c tiv e  s ite  

re s id u e s  w h ich  d iffe re d  b e tw e e n  sM M O  and b u ta n e  m o n o o x y g e n a s e  w e re  s tu d ie d  to  

in ve s tig a te  th e ir  ro le s  in d e te rm in in g  th e  d iffe re n c e s  in a c tiv ity  sh o w n  by  th e s e  tw o  

e n zym e s . T h e  b u ta n e  m o n o o x y g e n a s e -b a s e d  sM M O  s ite -d ire c te d  m u ta n ts  s h o w e d  

v e ry  s im ila r re su lts  to  w ild  typ e  sM M O  w ith  re sp e c t to  th e  re g io s e le c tiv ity  o f th e  

e n zym e  w ith  a lm o s t a ll su b s tra te s  s tu d ie d . V a rio u s  a ro m a tic  and  a lip h a tic  s u b s tra te s  

w e re  o x id ize d  by th e s e  m u ta n t e n z y m e s  and, w ith  th e  e x ce p tio n  o f th e  o x id a tio n  o f 

m e s ity le n e  by th e  M 1 8 4 V  m u ta n t (d iscu sse d  la te r in th is  ch a p te r) th e re  w a s  no  

ch a n g e  in th e  re g io s e le c tiv ity  o f  a n y  o f th e s e  m u ta n ts  co m p a re d  to  th e  w ild  ty p e  

e n zym e  (T a b le s  4.1 - 4 .9 , F igs. 4 .4  - 4 .5 ).
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A s  m e n tio n e d  p re v io u s ly  b u ta n e  m o n o o x y g e n a s e  o x id ize s  b u ta n e  and p ro p a n e  

p re d o m in a n tly  to  1-b u ta n o l and 1-p ro p a n o l, re sp e c tive ly . T h e  G 11 3N  m u ta tio n  o f 

b u ta n e  m o n o o x y g e n a s e  led to  92 % o f th e  o x id a tio n  p ro d u c t a c c u m u la tin g  as 2- 

b u ta n o l w h e n  b u ta n e  w a s  th e  s u b s tra te  co m p a re d  w ith  up to  90%  1-b u ta n o l 

p ro d u ce d  by w ild  typ e  b u ta n e  m o n o o x y g e n a s e  (A rp , 1999; H a lse y  e t a l .  2 0 06 ). 

P ro p a n e  o x id a tio n  by  th e  G 11 3N  b u ta n e  m o n o o x y g e n a s e  m u ta n t w a s  e x c lu s iv e ly  

su b  te rm in a l a t a ra te  w h ich  w a s  2 .7  fo ld  g re a te r th a n  th a t o f th e  w ild  typ e  e n zym e  

(H a lse y  e t  a l. 2 0 06 ). T h is  m u ta n t a lso  sh o w e d  e v id e n c e  o f an  a lte re d  re g io s e le c tiv ity  

to w a rd s  d ic h lo ro  and tr ic h lo ro e th y le n e . H en ce  th e  G 1 1 3 N  m u ta n t, w h e re  a B M O  

re s id u e  w a s  re p la ce d  by  its sM M O  e q u iva le n t, m a d e  B M O  m o re  s im ila r  to  sM M O .

T h e  c o rre sp o n d in g  m u ta tio n  w ith in  sM M O  is th e  N 1 1 6 G  m u ta n t, w h ich  had v e ry  litt le  

a c tiv ity  to w a rd s  a n y  o f th e  a lk a n e s  te s te d  in c lu d ing  b u ta n e  and  p ro p a n e . A c tiv ity  o f 

th is  m u ta n t to w a rd s  a ro m a tic  co m p o u n d s  w a s  d e te c ta b le ; ho w e ve r, th e re  w a s  no 

e v id e n c e  o f a lte red  re g io s e le c tiv ity  in th e  o x id a tio n  o f e th y lb e n z e n e , m e s ity le n e , 

b ip h e n y l o r to lu e n e  co m p a re d  to  th e  w ild  typ e  e n zym e . A  s lig h t c h a n g e  in 

re g io s e le c tiv ity  w a s  se e n  w ith  th e  o x id a tio n  n a p h th a le n e  by  th is  m u tan t. T h e  w ild  

typ e  e n zym e  sh o w e d  th e  m a jo r n a p h ta le n e  o x id a tio n  p ro d u c t as 2 -n a p h th o l (5 7 % ). 

T h is  p ro d u c t d is tr ib u tio n  w a s  ch a n g e d  w h e n  N 1 1 6 G  o x id ize d  n a p h th a le n e  w ith  5 6 %  

1 -n a p th o l as  th e  m a jo r o x id a tio n  p ro d u c t (F ig. 6 .3 , T a b le  6 .2 ).

T h e  C 1 5 1 T  m u ta n t sh o w e d  a d e c re a se d  p ro p o rtio n  o f in te rm in a l o x id a tio n  w ith  a ll 

s u b s tra te s  a ssa ye d  w ith  th e  e xce p tio n  o f bu tan e ; w h e re  no s e c o n d a ry  a lco h o l 

p ro d u c t w a s  d e te c te d  w ith  e ith e r th e  w ild  ty p e  o r th e  C 1 5 1 T  m u tan t. T h e  o x id a tio n  o f
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n a p h th a le n e , m e s ity le n e  and b ip h e n y l by  C 1 5 1 T  s h o w e d  v e ry  litt le  c h a n g e  in 

re g io s e le c tiv ity  co m p a re d  to  th e  w ild  typ e  e n z y m e  T h e  C 1 5 1 T  m u ta n t s h o w e d  a 1.5%  

re d u c tio n  in 2 -n a p h th o l p ro d u c tio n  co m p a re d  to  th e  w ild  ty p e  w h e n  n a p h th a le n e  w a s  

th e  su b s tra te  (T a b le  4 .2 ). T h e  o x id a tio n  o f m e s ity le n e  by  th is  m u ta n t s h o w e d  o n ly  a

0 .8 %  re d u c tio n  in th e  p re d o m in a n t o x id a tio n  p ro d u c t 3 ,5  d im e th y l-b e n z y l a lco h o l 

co m p a re d  to  th e  w ild  type . H o w e v e r th is  w a s  a 5 fo ld  in c re a se  in th e  p ro d u c tio n  o f 

th e  2 ,3 ,5 - tr im e th y lp h e n o l ring h yd ro xy la tio n  p ro d u c t (T a b le  4 .9 ). T h e  o x id a tio n  o f 

b ip h e n y l sh o w e d  a 2%  re d u c tio n  in th e  p re d o m in a n t 4 -h y d ro x y b ip h e n y l and  a 9 .7  

fo ld  in c re a se  in th e  o x id a tio n  p ro d u c t 3 -h y d ro x y b ip h e n y l co m p a re d  to  w ild  typ e  

sM M O  (T a b le  4 .6 ). W h e n  to lu e n e  w a s  th e  s u b s tra te  th e  a m o u n t o f b e n zy l a lc o h o l 

p ro d u ce d  w a s  re d u ce d  fro m  71 %  w ith  th e  w ild  ty p e  to  6 0 %  w ith  th e  C 1 5 1 T  m u ta n t.

In all th e s e  ca se s  th e  m a jo r o x id a tio n  p ro d u c t re m a in e d  th e  sa m e  as th e  w ild  typ e  

sM M O . T h e  g re a te s t c h a n g e  in re g io s e le c tiv ity  b e tw e e n  w ild  ty p e  s M M O  an d  th e  

C 1 5 1 T  m u ta n t w a s  se e n  w ith  th e  su b s tra te  h e xane . T h e  p ro d u c t d is tr ib u tio n  o f 

h e xa n e  o x id a tio n  by w ild  typ e  sM M O  sh o w s  1 -h e xa n o l as  th e  p re d o m in a n t o x id a tio n  

p ro d u c t a t 6 4 .3 %  o f th e  to ta l h e xa n e  o x id a tio n  p ro d u c ts  (T a b le  4 .8 ). T h is  is a lte re d  in 

th e  C 1 5 1 T  m u ta n t to  51%  2 -h e xa n o l as  th e  m a jo r h e xa n e  o x id a tio n  p ro d u c t, a 

ch a n g e  sh o w in g  th e  la rg e s t in c re a se  sub  te rm in a l o x id a tio n  d e te c te d  w ith  all 

s u b s tra te s  te s te d  w ith  th is  m u ta n t.
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8.6  S in g le  m u ta t io n s  o f s M M O  a c tiv e  s ite  re s id u e s  to  B M O

c o u n te rp a r ts  a re  n o t s u f f ic ie n t  to  c o n fe r  a B M O -lik e  a c t iv ity

T h e  v a r io u s  s ite  d ire c te d  m u ta g e n e s is  s tu d ie s  ca rrie d  o u t by th e  A rp  g ro u p  on 

b u ta n e  m o n o o x y g e n a s e  ha ve  p ro v id e d  so m e  in s ig h t in to  th e  ro le  o f p a rtic u la r 

re s id u e s  w ith in  th e  B M O  e n z y m e  (H a lse y  e t  a l. 20 06 , 20 07 ; D o u g h ty  e t  a l. 2 0 0 7 ; 

C o o le y  e t  a l. 2 0 09 ). By c re a tin g  th e  c o rre s p o n d in g  m u ta n ts  w ith in  s M M O  it w a s  

hoped  th a t th e  ro le s  o f ke y  d iffe re n c e s  w ith in  th e  h ig h ly  co n se rve d  a c tive  s ite  and  

p ro p o se d  s u b s tra te  b in d in g  ca v ity  o f th e s e  tw o  h o m o lo g o u s  e n zym e s , c o u ld  be  

p ro b e d  to  ga in  in s ig h t in to  w h a t m a ke s  th e s e  h ig h ly  s im ila r e n z y m e s  h a ve  su ch  

d iffe re n t a c tiv itie s  and s u b s tra te  ranges. T h e  G 1 1 3 N  m u ta n t o f b u ta n e  

m o n o o x y g e n a s e  sh o w e d  a d e c re a s e  in s p e c ific  a c tiv ity  to w a rd s  b u ta n e  a n d  an 

in c re a se  in s p e c ific  a c tiv ity  to w a rd s  m e th a n e  an d  so w a s  re p o rte d  as b e ing  

p a rtic u la rly  s ig n if ic a n t in d e te rm in in g  th e  d iffe re n c e s  in th e  a c tiv ity  b e tw e e n  b u ta n e  

m o n o o x y g e n a s e  and  sM M O . T h e  c o rre s p o n d in g  N 1 1 6 G  m u ta n t w ith in  s M M O  w a s  

c re a te d  to  p ro b e  th e  s ig n ifica n ce  o f th is  re s id ue . T h e  a c tiv ity  o f th is  e n z y m e  to w a rd s  

b u ta n e  w a s  a ssa ye d  by G C  as d e sc rib e d  e a rlie r and  a c tiv ity  w a s  to o  lo w  to  be  

d e te c te d  us ing  th is  m e thod  (<0.01 nm o l m in '1 m g p ro te in '1).
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T h e  a c tiv ity  o f a n o th e r b u ta n e  m o n o o x y g e n a s e  m u ta n t L2 79F  a lso  sh o w e d  re duce d  

a c tiv ity  to w a rd s  a ll s u b s tra te s  a ssa ye d  h o w e v e r it d id  s h o w  a lte re d  re g io s e le c tiv ity  

to w a rd s  a lka n e  su b s tra te s  and c h lo ro e th y le n e s . T h e  c o rre sp o n d in g  m u ta n t F 2 82L  

w ith in  sM M O  p ro d u ce d  an e n z y m e  w ith  h y d ro xy la se  s u b u n its  th a t w e re  d e te c ta b le  

by  S D S  P A G E  in d ica tin g  th a t th e  e n zym e  w a s  s y n th e s ise d  and a c c u m u la te d  in th e  

ce lls . H o w e ve r no a c tiv ity  w a s  d e te c te d  w ith  th is  m u ta n t an d  a n y  o f th e  s u b s tra te  

o x id a tio n  a ssa ys  d e sc rib e d  in c lu d in g  s h o rt cha in  a lka n e s  (p rop ane , b u ta n e , h e xa n e ), 

a lk e n e s  (p ro p y le n e ), s u b s titu te d  m o n o a ro m a tic s  (to lu e n e , e th y l b e n z e n e ) and 

d ia ro m a tic s  (n a p h th a le n e ). In c o n tra s t to  th is  th e  M 1 8 4 V  sM M O  m u ta n t w h ic h  has 

go od  w h o le  ce ll a c tiv ity  w ith  a ll th e  a ro m a tic  s u b s tra te s  te s te d  and  g ive s  a s tro n g  

p u rp le  p ro d u c t w ith  th e  co lo rim e tr ic  n a p h th a le n e  o x id a tio n  assay.

T h e  u n su cce ss fu l a tte m p ts  to  re co ve r th e  a n a lo g o u s  V 1 8 1 M  m u ta n t v ia  s ite  d ire c te d  

m u ta g e n e s is  o f b u ta n e  m o n o o x y g e n a s e  led to  th e  co n c lu s io n  th a t p e rh a p s  th is  

m u ta tio n  y ie ld e d  a b u ta n e  a -h y d ro x y la s e  th a t cou ld  no t s u p p o rt b u ta n e  o x id a tio n  

(H a lse y  e t  a l. 2 0 06 ). T h e se  re su lts  s h o w  th a t th e  ro le  o f th e s e  ke y  a m in o  ac id  

d iffe re n c e s  b e tw e e n  th e  tw o  e n z y m e s  a re  m o re  c o m p le x  th a n  f irs t th o u g h t. T h e  s ite  

d ire c te d  m u ta g e n e s is  o f th e s e  re s id u e s  w ith in  sM M O  to  th e ir  c o u n te rp a rts  w ith in  

B M O  d o e s  no t c o n fe r a “ B M O -lik e ” a c tiv ity  upon  th e s e  m u ta n t e n z y m e s  in te rm s  o f 

o x id a tio n  ra te  o r re g io se le c tiv ity . T h e  c re a tio n  o f a m u ta n t w ith in  B M O  th a t has 

re d u ce d  b u ta n e  a c tiv ity  and  in c re a se d  m e th a n e  a c tiv ity  d o e s  no t m e a n  th a t th e  

re ve rse  m u ta tio n  w ith in  sM M O  w ill have  th e  o p p o s ite  e ffec t. T h e  s ta b ility  o f th e s e  

m u ta n ts  is a lso  a fa c to r  to  c o n s id e r as m u ta n ts  ha ve  be en  m a d e  in bo th  e n z y m e s  

th a t ha ve  in te re s tin g  p ro p e rtie s  w h e re a s  th e  co rre sp o n d in g  m u ta n t in th e  

h o m o lo g o u s  m u ta n t is u n s ta b le  a n d /o r ina c tive .
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T h e  re su lts  he re  do  s h o w  th a t m u ta tin g  re s id u e s  th a t d iffe r b e tw e e n  sM M O  and  B M O  

c re a te d  no ve l m u ta n ts  w ith  p ro p e rtie s  th a t shed  lig h t in to  h o w  th e  S D IM O s  w o rk . T h e  

c re a tio n  o f a C 1 5 1 T  m u ta n t w ith  re d u ce d  te rm in a l o x id a tio n  a c tiv ity  im p lica te s  th is  

re s id u e  as be ing  im p o rta n t in d e te rm in in g  re g io se le c tiv ity . T h is  w o rk  has  a lso  

p ro d u ce d  a n o th e r m u ta n t M 1 8 4 V  d e sc rib e d  be low , w h ich  sh o w s  a lte re d  

re g io s e le c tiv ity  to w a rd s  th e  no ve l s u b s tra te  m e s ity ie n e  th a t has im p lic a tio n s  fo r  

s u b s tra te  tra ffic k in g  w ith in  sM M O .

8 .7  T h e  M 1 8 4 V  m u ta n t is an u n s ta b le  e n zy m e

In th e  s tu d ie s  o f th e  M 1 8 4 V  sM M O  m u ta tio n  it w a s  d isco ve re d  th a t th is  m u ta n t th a t 

o n ly  had a c tiv ity  in w h o le  ce lls . P re p a ra tio n s  o f so lu b le  e x tra c t had no  a c tiv ity  an d  no 

h y d ro xy la se  s u b u n its  cou ld  be  see n  w h e n  s o lu b le  e x tra c t s a m p le s  w e re  run on  an 

S D S  P A G E . T h e s e  re su lts  in d ica te  th a t th is  m u ta tio n  y ie ld e d  a h y d ro xy la se  a -s u b u n it 

th a t w a s  less  s ta b le  th a n  th e  w ild  typ e  e n zym e . It is p o ss ib le  th a t th e  p a ck in g  o f 

p ro te in s  w ith in  th e  b a c te ria l ce ll a llo w e d  th e  m u ta n t h yd ro xy la se  to  m a in ta in  its 

s tru c tu ra l in te g rity  b u t th a t in th e  s o lu b le  e x tra c t th e  re d u c tio n  in p a ck in g  d e n s ity  

m e a n t th a t in te g rity  w a s  lo s t and led to  b re a kd o w n  o f th e  e n zym e .
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Fig 8 .2 ) A ct ive  site  of sM M O show ing diiron cent re  (o range  sp he res) and residue s chosen  for site  

directed m u t agenesis in this study. Le u1 1 0  (red), A sn 1 1 6  (m agent a), Cys1 5 1  (pink), M et184 (green),  

Phe188  (ye llow ) and Phe282  (w hite). Th e  d ist ance  be tw een M 184 and the diiron cent re  is d isp layed  a s a  

dotted line. Figu re  w as const ructed using X -ray  cry st a llograph ic data (PD P a cce ssio n  code  1M HY).
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8.8  E v id e n c e  o f s u b s tra te  tra f f ic k in g  v ia  h y d ro p h o b ic  c a v it ie s  1, 2

and  3

A lth o u g h  th e  m a jo rity  o f th e  “ B M O -lik e ” m u ta n ts  s h o w e d  no g re a t d iffe re n c e  in 

p ro d u c t d is tr ib u tio n  c o m p a re d  to  th e  w ild  typ e  e n z y m e  th e re  w a s  o n e  n o ta b le  

e xce p tio n . W h e n  th e  s u b s tra te  m e s ity le n e  w a s  o x id ise d  by  th e  w ild  ty p e  e n z y m e  th e  

o x id a tio n  p ro d u c t w a s  a lm o s t e x c lu s iv e ly  3 ,5 -d im e th y lb e n z y l a lco h o l. H o w e v e r w ith  

th e  M 1 8 4 V  m u ta n t th e re  w a s  a lso  a se co n d  o x id a tio n  p ro d u c t id e n tifie d  by  G C M S  as

3 .5 -d im e th y lb e n z a ld e h y d e . T h is  p ro d u c t m o s t like ly  a ro se  fro m  fu r th e r o x id a tio n  o f 

th e  p r im a ry  o x id a tio n  p ro d u c t 3 ,5 -d im e th y lb e n z y l a lco h o l. O n e  p o s s ib ility  fo r  th is  

re su lt is th a t th e  m u ta tio n  p re ve n ts  th e  o x id a tio n  p ro d u c t fro m  e x itin g  th e  a c tiv e  s ite  

as e a s ily  and  so  is fu r th e r o x id ize d  to  th e  a ld e h y d e  fo rm . T h is  m a y s u g g e s t th a t 

th e se  h yd ro p h o b ic  ca v itie s  a re  p a rt o f th e  e x it ch a n n e l in vo lve d  in p ro d u c t e g re s s  

fro m  th e  a c tive  s ite  and th is  m u ta tio n  p re ve n ts  p ro d u c t e g re ss  d ire c tly  o r th a t th is  

m u ta tio n  in d ire c tly  ca u se s  a c o n fo rm a tio n a l c h a n g e  e ls e w h e re  w ith in  th e  

h yd ro xy la se  w h ich  p re ve n te d  th e  m e s ity le n e  o x id a tio n  p ro d u c t e x itin g  th e  a c tiv e  s ite . 

A n o th e r p o s s ib ility  is th a t th e  m u ta tio n  g a ve  rise  to  an e n z y m e  w ith  a lo w e r K m fo r

3 .5 -d im e th y lb e n z y l a lco h o l and so th e  m u ta n t had g re a te r a ffin ity  fo r  th e  o x id a tio n  

p roduc t. H ow eve r, th e  lo ca tio n  o f th is  re s id u e  is 10 .99  A  a w a y  fro m  th e  c lo s e s t iron  

a to m  w ith in  th e  d iiro n  ce n tre  (F ig. 8 .2 ) and  so  is u n like ly  to  be  invo lve d  d ire c tly  in th e  

b in d ing  o f th e  p ro d u c t to  th e  a c tive  s ite  d u rin g  th e  o x id a tio n  re a c tio n  and  so  th is  

w o u ld  m o s t like ly  be d u e  to  a s e c o n d a ry  e ffe c t b ro u g h t a b o u t by c o n fo rm a tio n a l 

ch a n g e s  d u e  to  th e  M 1 8 4 V  m u ta tion .
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A  n u m b e r o f d iffe re n t p ro d u c t b o und  s M M O  h yd ro xy la se  c rys ta l s tru c tu re s  a ll ha ve  a 

c o n tin u o u s  c h a n n e l fro m  s o lv e n t to  th e  a c tive  s ite  v ia  h y d ro p h o b ic  ca v itie s  1, 2 and  3 

(C h a p te r 1, Fig. 1.5; S a z in s k y  e t  a l  2 0 0 4 ). T h e  in te rfa ce  b e tw e e n  h yd ro p h o b ic  

ca v itie s  1 a d ja c e n t to  th e  a c tive  s ite  and ca v ity  2 c o n ta in  th e  Leu 110 and P he  188 

re s id ue s . A s  e xp la in e d  p re v io u s ly , th e  d iffe re n t c o n fo rm a tio n s  o f th e  Leu 110 re s id u e  

in o x id ize d  and re d u ce d  fo rm s  o f sM M O  id e n tifie d  by R o se n zw e ig  e t  a l. (1 9 9 7 ) led to  

th e  “ le u c in e  g a te ” h yp o th e s is . T h e  c rys ta l s tru c tu re s  o f va r io u s  a lc o h o ls  b o u n d  to  th e  

a c tive  s ite  sh o w e d  an o p en  co n fig u ra tio n  co n n e c tin g  ca v itie s  1 and  2 s im ila r to  th e  

"o p e n " co n fo rm a tio n  o b se rve d  by R o se n zw e ig  an d  c o -w o rk e r p o s s ib ly  in d ica tin g  th a t 

a c o n fo rm a tio n a l ch a n g e  ta k e s  p la ce  th a t a llo w s  e x it o f h yd ro xy la te d  p ro d u c t fro m  

th e  a c tive  s ite . W ith in  ca v ity  2 th e re  w e re  a n u m b e r o f d iffe re n t re s id u e s  th a t w e re  

se e n  to  a d o p t a lte rn a tive  c o n fig u ra tio n s  upon  b in d in g  o f p ro d u c t to  th e  a c tive  s ite  

in c lu d in g  M e t-1 8 4  and P h e -282 . It w a s  a lso  no te d  th a t w ith  th e se  c rys ta l s tru c tu re s , 

m o v e m e n t o f th e  P h e -2 8 2  re s id u e  w a s  e s s e n tia l fo r  th e  a c c o m m o d a tio n  o f o x id a tio n  

p ro d u c t w ith in  th is  ca v ity . T h e  re su lts  p re se n te d  he re  sh o w  th a t th e  F 2 8 2 L  m u ta n t 

w a s  s ta b le  b u t u n re a c tive . O n e  p o ss ib le  e xp la n a tio n  fo r  th is  w o u ld  be if th is  m u ta n t 

w e re  no lo n g e r ab le  to  a d o p t a co n fo rm a tio n  th a t w o u ld  a llo w  p a ssa g e  o f s u b s tra te  

th ro u g h  th is  ca v ity . T h e re  a re  a n u m b e r o f p o ss ib ilit ie s  fo r  s u b s tra te  e n try  an d  e x it 

fro m  th e  a c tive  s ite , e ith e r v ia  a g a p  b e tw e e n  th e  fo u r  he lix  b u n d le  c o -o rd in a tin g  th e  

a c tive  site , v ia  in te rc o n n e c tin g  h y d ro p h o b ic  ca v itie s  o r by  a m ix tu re  o f th e  tw o . T h e s e  

re su lts  s h o w  th a t th e  ca v itie s  1 and 2 a re  im p o rta n t in s u b s tra te  tra ffic k in g  w ith  th is  

e n zym e . S in ce  w h e n  m e s ity le n e  w a s  used as a su b s tra te , a m u ta tio n  o f re s id u e  

M 1 84  w ith in  ca v ity  2 re su lte d  in fu r th e r o x id a tio n  o f th e  p r im a ry  o x id a tio n  p ro d u c t

3 ,5 -d im e th y lb e n z y l a lco h o l to  th e  co rre sp o n d in g  a ld e h yd e . T h is  is p re s u m a b ly  d u e  to
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in c re a se d  re te n tio n  o f th e  p r im a ry  o x id a tio n  p ro d u c t w ith in  th e  a c tive  s ite  a ris in g  fro m  

a c o n fo rm a tio n a l ch a n g e  w ith in  c a v ity  2 w h ich  re s tric ts  su b s tra te  exit.
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8 .9  S u m m a ry

T h e  re su lts  d iscu sse d  in th is  th e s is  ha ve  g ive n  im p o rta n t in s ig h ts  in to  th e  ro le  o f 

s p e c ific  re s id u e s  in th e  a c tiv ity  o f  sM M O . A lth o u g h  th e  re su lts  d id  no t e s ta b lish  

w h e th e r Leu 110 has th e  p ro p o se d  g a tin g  fu n c tio n  re s tric tin g  a c ce ss  to  th e  a c tive  

site , it w a s  sh o w n  th a t a m o n g  all sM M O  re s id u e s  s tu d ie d  to  da te , Leu 110 ha s  th e  

g re a te s t in flu e n ce  on re g io s e le c tiv ity  o f sM M O  to w a rd s  a ro m a tic  su b s tra te s .

A lth o u g h  th e  ra ndo m  m u ta g e n e s is  e x p e rim e n ts  d id  no t y ie ld  a m u ta n t c a p a b le  o f 

o x id iz in g  tr ia ro m a tic  su b s tra te s  th is  m e th o d  s e e m s  to  be  th e  b e s t a p p ro a ch  to  

p ro d u ce  a m u ta n t sM M O  e n z y m e  ca p a b le  o f o x id iz in g  th e s e  c o m p o u n d s  by  a llo w in g  

th e  s c re e n in g  o f la rg e  m u ta n t lib ra rie s  us ing  th e  s im p le  co lo rim e tr ic  a s s a y  d e s c rib e d . 

By m o d ify in g  th e  m e th o d s  d e sc rib e d  he re  an d  u tiliz ing  th e  ne w  e x p re s s io n  v e c to r  it 

m a y  be  p o ss ib le  to  c re a te  a ra ndo m  m u ta n t lib ra ry  th a t sp a n s  th e  w h o le  o f th e  

m m o X  g e n e  and  so g re a tly  in c re a se  th e  c h a n c e s  o f d isco ve rin g  a tr ia ro m a tic  

o x id iz in g  sM M O  m u ta n t. A lth o u g h  a m in o  ac id  s e q u e n c e  in fo rm a tio n  s u g g e s ts  th a t 

th e  a c tive  s ite s  o f b u ta n e  m o n o o x y g e n a s e  a re  h ig h ly  s im ila r w ith  v e ry  fe w  d iffe r in g  

re s id u e s , no ne  o f th e  m u ta n ts  th a t w e re  m a d e  to  p ro d u ce  an sM M O  th a t w a s  “m o re  

s im ila r to  b u ta n e  m o n o o x y g e n a s e ” co n fe rre d  a n y  o f th e  d is tin g u is h in g  c h a ra c te r is tic s  

o f th e  la tte r e n zym e s . T h e  s in g le  a m in o  ac id  c h a n g e s  m a d e  he re  d id  n o t m a ke  th e  

p ro p e rtie s  o f sM M O  m o re  s im ila r to  th o s e  o f B M O . It is p o ss ib le  th a t o th e r p o in t 

m u ta tio n s  w o u ld  have  th is  e ffe c t on sM M O  o r th a t a c o m b in a tio n  o f m u ta tio n s  

(p e rh a p s  in c lu d in g  th o se  a lre a d y  m a d e  s in g ly ) w o u ld  be  ne ede d . T h is  d id  h o w e v e r 

in d ica te  a n u m b e r o f re s id u e s  w h ich  w e re  im p lica te d  in a ffe c tin g  re g io s p e c ific ity , in 

p a rtic u la r th e  C 1 5 1 T  m u ta n t w h ich  sh o w e d  re la xed  re g io s p e c ific ity  w ith  a ll s u b s tra te s
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te s te d . T h e  use o f a n e w  s u b s tra te  m e s ity le n e  (1 ,3 ,5 -tr im e th y lb e n z e n e ) has  p roved  

use fu l fo r  p ro d u c t d is tr ib u tio n  and a c tiv ity  d u e  to  th e  lim ited  n u m b e r o f p o ss ib le  

p o s itio n s  fo r  o x id a tio n .T h e  use o f th is  ne w  s u b s tra te  ha s  id e n tifie d  th e  M 1 8 4 V  

m u ta tio n  w ith in  h y d ro p h o b ic  ca v ity  2 (F ig. 8 .3 ) as  ha v ing  a s ig n if ic a n t e ffe c t on th e  

e n zym e  a c tiv ity  and  su p p o rts  th e  su g g e s te d  ro le  o f in te rco n n e c te d  h y d ro p h o b ic  

ca v itie s  in s u b s tra te  tra ffic k in g .
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A p p e n d ix  1 m e d ia  p re p a ra tio n

P re p a ra t io n  o f  1 x  N M S  M e d iu m

© 100 m l 10 x  N M S  sa lts  so lu tio n .

® 1 m l S o d iu m  M o lyb d a te  so lu tio n

© 1 m l T ra c e  E le m e n ts  S o lu tio n .

© 0 .1 m l Fe E D T A  so lu tio n .

© D ilu te  up to  1 L s d H 20

© A u to c la v e  a t 15 psi fo r  15 m inu tes .

F o r so lid  a g a r p la te s  1.5 % b a c te rio lo g ica l a g a r (w t/v ) is a d d e d  to  N M S  m e d iu m  

p rio r to  a u to c la v in g . W h e n  th e  N M S  is coo l e n o u g h  to  ho ld in th e  hand , 

a s e p tic a lly  add 10 m l p h o sp h a te  bu ffe r. If th is  is d o n e  to o  e a rly  th e  p h o s p h a te  w ill 

p re c ip ita te  out.

10 x  N M S  s a lts  s o lu t io n

© 10 g K N 0 3

© 10 g M g S 0 4.7 H 20  (4 .8g M g S 0 4)

© 2g C aC I2.2 H 20  

© up to  1 L s d H 20

FE  E D T A  s o lu t io n

© 3 .8  g Fe E D T A  

© up to  100 m l s d H 20

Q

S o d iu m  M o ly b d a te  s o lu t io n

© 0 .5  g N a M o 0 4.2 H 20  

© up to  1 L sdh l20

1.1 ) P re p a ra t io n  o f  N itra te  M in e ra l S a lts  M e d iu m  (0 .1 m g /L tr  C u S 0 4.5 H 20 )
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T ra c e  e le m e n ts  s o lu t io n

9 0.1 g C 11S O 4 .5 H 2O

• 0 .5  g F e S 0 4.7 H 20  

o 0 .4  g Z n S 0 4.7 H 20

•  0 .0 1 5  g H 3B 0 3

o 0 .0 5  g Co CI2.6 H 20  

© 0 .2 5  g E D T A  (di so d iu m  sa lt)

© 0 .0 2  g M nC I2.4 H 20  

0 0.01 g N iC I2.6 H 20  

© up to  1 L w ith  s d H 20

D isso lve  th e  a b o ve  in th e  sp e c ifie d  o rd e r in d is tille d  w a te r an d  d ilu te  to  2 5 0  m l. S to re  

in th e  d a rk  (w rap  a ro u n d  w ith  A lu m in iu m  fo il).

P h o s p h a te  B u ffe r

© 4 9 .7  g N a2H P 0 426  g 

•  39  g K H 2P 0 4 

o U p to  1 L s d H 20

pH sh o u ld  be 6 .8  w ith o u t a lte ring . S te rilise  by a u to c la v in g  in 100 m l a liq u o ts  and  

s to re  a t room  tem p.

1.2 ) L iq u id  LB  m ed ia :

© 10 g T ryp to n e

© 5 g y e a s t e x tra c t

© 10 g N aC I

© 100 j l iI 5M  N aO H

® up to  1 L s d H 20  

© A u to c la v e  a t 15 psi fo r 15 m in u te s  

F o r so lid  a g a r p la te s  1.5 %  b a c te rio lo g ica l a g a r (w t/v ) is a d d e d  to  LB m e d iu m  p r io r  to  

a u to c la v in g
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1 .3 ) SO B  a n d  S O C  m e d ia

S O B  B ro th

© 2 0 .0  g o f  try p to n e

© 5 .0  g o f y e a s t e x tra c t 

© 0 .5 g o fN a C I

© A d d  d e io n ize d  H 20  to  a fin a l v o lu m e  o f 1 L 

© A u to c la v e  a t 15 psi fo r 15 m in

A d d  10 m l o f filte r-s te r iliz e d  1 M M g C ^ a n d  10 m l o f filte r-s te r iliz e d  1 M M g S 0 4 p r io r 

to  use

S O C  B ro th

(p re p a re d  im m e d ia te ly  b e fo re  use)

© 2 m l o f filte r-s te r iliz e d  20  % (w /v) g lu c o s e  o r 1 m l o f filte r-s te r iliz e d  

© 2 M g lu co se

© S O B  m e d iu m  (a u to c la ve d ) to  a fin a l v o lu m e  o f 100 m l
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1.1 ) P re p a ra t io n  o f  b u ffe rs  fo r  g e n o m ic  tip  p ro to c o l

A p p e n d ix  2 B u ffe r  p re p a ra tio n

B1 b u ffe r

•  18.61 g N a 2 E D T A -2 H 2 0

o 6 .0 6  g T r is  base  

© 80 0  m l d is tille d  w a te r.

© 50  m l 10%  T w e e n -2 0  so lu tio n  (v/v)

© 50 m l 10%  T rito n  X -1 0 0  so lu tio n , (v/v)

© A d ju s t th e  pH  to  8 .0  w ith  HCI.

© U p to  1 L s d H 20

B 2 b u ffe r

© 2 8 6 .5 9  g g u a n id in e  HCI 

•  7 0 0  m l s d H 20  

® 2 0 0  m l 100%  T w e e n -2 0  (v /v) 

© U p to  1 L s d H 20

Q B T  b u ffe r

© 4 3 .8 3  g N aC I,

® 10 .46  g M O P S

© 80 0  m l d is tille d  w a te r.

•  A d ju s t th e  pH to  7 .0  w ith  N aO H .

•  A d d  150 m l pu re  iso p ro p a n o l

© 15 m l 10%  T rito n  X -1 0 0  so lu tio n  (v/v)

® U p to  1 L s d H 20

Q C  b u ffe r

o 5 8 .4 4  g NaCI,

© 10 .46  g M O P S  (free  ac id )

© 800  m l d is tille d  w a te r.

® A d ju s t th e  pH  to  7 .0  w ith  N aO H . 

© A d d  150 m l iso p ro p a n o l, 

o U p to  1 L s d H 20
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QF  b u ffe r

•  7 3 .0 5  g N aC I

© 6 .0 6  g T ris  ba se

•  80 0  m l d is tille d  w a te r.

© A d ju s t th e  pH  to  8 .5  w ith  HCI. 

o A d d  150 m l p u re  iso p ro p a n o l.

© U p to  1 L s d H 20

1.2 ) B u ffe rs  fo r  H a n a h a n  P la s m id  tra n s fo rm a tio n  m e t h o d

D n D  S o lu t io n

© 1 .53 g D U

•  100 pi o f 1 M P o ta ss iu m  a ce ta te  so lu tio n  (pH  7 .5 )

•  9 m l D im e th y ls u lfo x id e  (D M S O )

•  90 0  pi s d H 20

T F B  tra n s fo rm a t io n  b u ffe r

© 0 .7 4  g KCI

•  0 .8 9  g M n C I.4 H 20

© 0 .1 5g C aC I2.2 H 20

® 0 .0 8  g H e xa m in e  c o b a lt ch lo rid e

•  2 m l o f 0 .5  M 2 -(N -M o rp h o lin o )e th a n e s u lfo n ic  ac id  p o ta ss iu m  s a lt so lu tio n  

(p H 6 .3 )

© U p to  100 m l sd H 20
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A p p e n d ix  3 S D S  P A G E  re a g e n ts  a n d  p ro to c o l

R U N N IN G  B U F F E R

© 7 .2  g G ly c in e

© 1 .5 g T r is  

© 0 .5  g S D S  

© d H 20  up to  50 0  m l

R E S O L V IN G  B U F F E R  (3  M T r is -H C I pH  8 .8 )

S T A C K IN G  B U F F E R  (0 .5  M T r is H C I pH  6 .8 )

R E S O L V IN G  G E L  (1 2 .5  % )

® 4 .8 4  m l 4 0  % a c ry la m id e /b is  so lu tio n

•  2 .5  m l re so lv in g  b u ffe r

•  2 .6 5  m l H 20

© 0.1 m l 10 % g lyce ro l (v /v )

© 0.1 m l 1 0 %  S D S  

© 0 .5  m l 10 % A P S  (fresh  m a de)

© 5 pi T E M E D  (add  last)

S T A C K IN G  G E L

© 0 .8 3  m l 40  % a c ry la m id e /b is  so lu tio n  

® 1.36 m l s ta ck in g  b u ffe r

© 2 .8  m l H 20

© 50  pi 10 %  S D S (v /v )

© 50  pi 10 % g lyce ro l (v /v )

® 0 .5  m l 10 % A P S  (w t/v )

© 5 pi T E M E D  (add  last)

S A M P L E  B U F F E R  (2x) (ge l lo a d ing )

® 2 5 0  pi s ta ck in g  b u ffe r

« 2 0 0  pi 100 % g lyce ro l 

q 80  pi 0 .5  % b ro m o p h e n o l b lue  

© 100 pi (3 -m ercap toe th ano l (1 00  % )

o 1.2 m l 1 0 %  S D S  (w t/v )
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STA IN  SO LU T IO N

® 4 5 0  m l m e th a n o l 

o 4 5 0  m l s d H 20

© 100 m l g la c ia l a ce tic  ac id

© 2 .5  g c o o m a s s ie  b r illia n t b lue  R

DESTA IN  SO LU T IO N

o 30 0  m l m e th a n o l

« 100 m l g la c ia l a ce tic  ac id

o 6 0 0  m l s d H 20

SDS  PAGE  P ro to c o l

© c lip  to g e th e r g la ss  p la te s  in c lu d in g  ru b b e r lin ing  

© p o u r re so lv ing  ge l un til fe w  m m  b e lo w  leve l o f  w e lls  

® o ve rla y  ge l w ith  70 0  pi e th a n o l o r is o p ro p a n o l

•  a fte r ge l has s e t ( - 3 0  m in ) w a sh  o ff  e th a n o l w ith  w a te r an d  b lo t o ff  e x c e s s  

© a s s e m b le  s ta ck in g  ge l and p o u r o v e r re so lv in g  ge l

© a llo w  to  se t

•  re m o ve  c lip s  and ru b b e r sea l, a s s e m b le  ge l ta n k  and  add  ru n n in g  b u ffe r 

® bo il 10 pi s a m p le  fo r  10 m in

© ad d  10 pi s a m p le  b u ffe r to  e a ch  sa m p le

•  run a t 130 v 150 m a fo r  30 m in  tu rn  to  150 v fo r  1 h r o r un til d ye  re a ch e s  

b o ttom  o f ge l.
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A p p e n d ix  4  E th a n o l f re e  N A D H  p re p a ra tio n

P re p a ra t io n  o f  1 0 0 m M  N A D H

o 0 .7 6 3 5  g N A D H  

© 1 0 m l s d H 2 O  

o D iv ide  in to  1 m l a liq u o ts

E th e r  e x tra c t io n  o f  N A D H

q A d d  2 5 0  |jl d ie th y l e th e r to  1 m l N A D H

® R e m o ve  to p  la ye r

© A d d  2 5 0  pi d ie th y l e th e r

© R e m o ve  to p  la ye r

® d ry  o v e rn ig h t in E p p e n d o rf 5301 c o n c e n tra to r

® A d d  1m l s d H 20  and v o rte x  till d is so lve d .

S to re  a t in fo il a t -1 5  °C, use  w ith in  1 w e e k .
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Solub le m ethane m onooxygenase (sM M O ) from  m eth an e-ox id iz in g  bacter ia  is a m u lticom p on en t nonhem e 
oxygenase th a t na tu ra lly  ox id izes m eth an e to m eth ano l and  can a lso  coox id ize a w ide range o f  ad ven tit iou s 
su b stra tes, in c lu d in g  m ono- and  d ia rom atic  hyd rocarbons. L eucine 110, a t the m ou th  o f  the active s ite  in the 

a  su bun it o f  the hydroxy lase com ponen t o f  sM M O , h as been suggested  to act as a ga te to con tro l th e access 
o f su b stra tes to the active s ite . P rev ious crysta llography  o f  the w ild -type sM M O  h as in d ica ted  a t lea st two  
con fo rm ations o f  the enzym e tha t have the “ leuc ine ga te” open to d ifferent ex ten ts, and  m u tagen esis o f 

h om ologous enzym es has in d ica ted  a ro le for  th is resid u e in  the con tro l o f  su b stra te  range and  reg ioselectiv ity  
w ith  a rom atic  su b stra tes. By fu r ther  re finem en t o f  the system  for hom o logous exp ress ion  o f  sM M O  th a t we 

developed  prev iously , we have been ab le to p repare a range o f  site-d irec ted  m u ta tion s a t p osit ion  110 in  th e a  
subun it o f  sM M O . A ll the m u tan ts (w ith G ly, Cys, A rg, and  Tyr, respective ly , a t th is  p osit ion ) show ed 
re laxa tion s o f  reg iose lectiv ity  com pared  to the w ild  type w ith  m on oarom atic  su b stra tes and  b ipheny l, in c lu d in g  

the appearance o f  new  p roducts a r is in g  from  hydroxyla tion  a t the 2 - and  3 - p osit ion s on  the b enzene r ing. 
M u tan ts w ith  the la rger  A rg and  T rp resid u es a t p osit ion  110 a lso  show ed sh ifts  in  reg iose lectiv ity  dur ing  
n ap h th a len e hydroxy la tion  from  the 2- to the 1- posit ion . N o ev idence th a t m u tagen esis o f  Leu 110 cou ld  a llow  
very la rge su b stra tes to en ter  the active site  w as found , how ever, s in ce  th e m u tan ts (like th e w ild  type) w ere 
inactive tow ard the tr ia rom atic  hyd rocarbons an th racen e and  phen an th ren e. T h u s, ou r  resu lts in d ica te  tha t 
th e “ leucine g a te” in sM M O  is m ore im portan t in  contro llin g  the p rec is ion  o f  reg iose lectiv ity  than  th e s izes o f 
su b stra tes th a t can en ter  the active site.

S o lu b le  m e th a n e  m on o o x y g en ase  (sM M O ) is o n e  o f  tw o 

enzy m e system s v ia w h ich  m e th an e -o x id iz in g  b a c te r ia cata lyze 

th e  oxy gen ation  o f  m e th a n e  to  m e th a n o l, w h ich  is the  p a r t ic 

u la r ly  ch a llen g in g  first s tep  in  th e  m e tab o lism  o f  th e  k ine tica lly  

u n reac tiv e  m e th a n e  m o lecu le  (28). sM M O  is a m u ltic om p o 

n e n t enzy m e e n co d ed  by th e  six -gene o p e ro n  mmoXYBZDC, 
in w h ich  th e  active b in u c le a r  iro n  c e n te r  (8, 45) th a t is th e  site  

o f  m e th a n e  o x id a tio n  res id es w ith in  th e  a  su b u n it of  th e  hy

d roxy lase c o m p o n e n t, en c o d e d  by mmoX (5 ). I t  m ay  b e  b e 

cau se  m e th a n e  is a sm all an d  u n fu n c tio n a l iz e d  su b s tra te  th a t 

th e  h y d ro p h o b ic  p o ck e t o n  th e  hyd roxy lase c o m p o n e n t o f  

sM M O  th a t h as evo lved  to  b in d  m e th a n e  is a lso  ab le  to  ac 

c o m m o d a te  a very  w ide ran g e  o f  h y d ro ca rb o n s  an d  o the r  m o l

ecu les. In d e e d , sM M O , w ho se  know n  su b s tra te s  n u m b e r o ver 

100, ra n g e  in  size fro m  m e th a n e  to  n a p h th a le n e  (2 ) an d  b ip h e 

nyl (23 ), an d  a lso  in c lu d e  c a rb o n  m o n o x id e  a n d  am m on ia  (37), 

m u st su re ly  b e  am o n g  th e  m o st ca ta ly tica lly  v e rsa tile  o f  all 

know n  enzym es.

T h e  u n u su a l ca ta ly tic  v e rsa til ity  o f  sM M O  h as led  to  in te re s t 

in  its p o te n t ia l  as a  b io ca ta ly s t fo r  b io re m e d ia t ion  an d  sy n th e tic  

ch em is try  as w ell as an  in te re s t in  how  th e  s tru c ture  o f  th e  

enzy m e fac il i ta tes so  w ide a  su b s tra te  ran g e . T h e  hy d ro p h o b ic  

s u b s tra te  b in d ing  site  o f  sM M O , w h ich  is be liev ed  to  b e  re 

* Corresponding author. Mailing address: Biomedical R esearch  
Centre, Sheffield Hallam University, Howard Street,  Sheffield SI 1WB,  
United Kingdom. Phone: 44 114 225 3042. Fax: 44 114  225 3066.  
E-mail: t.j.smith@shu.ac.uk.  

t E. Borodina and T. Nichol made equal contribution s to this work.  
v Published ahead of print on 17 August 2007.

sp o n s ib le  fo r b in d in g  its w ide ra n g e  o f  su b s tra te s , is a d ja c e n t to  

th e  active b in u c le a r  iro n  c e n te r  an d  is d eep ly  b u r ie d  in  th e  

25 0 -k D a ( a f ty ) ,  hydroxy lase c o m p o n e n t (9 , 12, 31 ), p re s u m 

ab ly  to  p re v e n t th e  so lv en t fro m  q u e n ch in g  th e  h ighly  ox id iz ing  

d ife rry l in te rm e d ia te  O  (2 2 ,3 3 ,3 5 )  th a t  is n e e d e d  to  o x y g en a te  

m e th a n e  an d  o th e r  re c a lc i t ra n t su b s tra te s . A ccess to  th e  active 

s ite  is like ly  to  b e  v ia a n o th e r  h y d ro p h o b ic  p o c k e t, cav ity  tw o, 

w h ich  is p a r t  o f  a c h a in  o f  b u r ie d  cav it ies th a t  c om m u n ic a te  

b e tw een  th e  ac tive  s ite  a n d  th e  so lv en t. B e tw een  cav ity  tw o  an d  

th e  active s ite  lies th e  “ leu c in e  g a te ,” re s id u e  L eu  110. D if fe r

e n t c rysta l fo rm s o f  th e  hyd roxy lase d if fe r in  th e  c o n fo rm a tio n  

o f  L eu  110, su ch  th a t in  th e  c ry s ta l s ta te  it can  ei th e r  b lo ck  th e  

p a th w ay  b e tw een  cav ity  tw o  an d  th e  ac tive  s ite  o r  (in  th e  

a lte rn a t iv e  co n fo rm a tio n )  o p e n  a 2 .6 -A -d ia m e te r  c h an n e l b e 

tw een  th e  tw o  cav ities. A  la rg e r  c o n fo rm a tio n a l c h an g e , such  

as m ay  b e  cau sed  by in te ra c t io n  w ith  th e  o th e r  c o m po n e n ts  o f  

th e  sM M O  co m p lex , co u ld  o p e n  th is  “ leu c in e  g a te ” fur th e r  to  

a llow  p assag e  o f  su b s tra te s  an d  p ro d u c ts  (30 ), re a so n a b ly  a c t

ing to  co n tro l th e  access o f  su b s tra te s  to  th e  ac tive  s ite .

O th e r  m o n o o x y g en ases h o m o lo g o u s to  sM M O , w h ich  n a tu

ra lly  ox id ize  m o lecu les  co n s id e rab ly  la rg e r  th a n  m eth a n e , h av e  

n a rro w e r  su b s tra te  ra n g e s  th a n  sM M O  (21). T h e re  is an  X -ray  

c rysta l s tru c tu re  fo r  o n e  o f  th e se  enzym es, to lu e n e o -xy lene 

m o n o o x y g en ase , in  w h ich  th e  o p e n in g  to  th e  ac tive  site  is w id e r 

th a n  th a t o b se rv ed  in  sM M O  (33 ). W h ile  a m o re  o p e n  ac tive  

s ite  is c o n s is te n t w ith  th e  la rg e r  n a tu ra l su b s tra te  o f  th is  e n 

zym e, it is c lea r th a t th e  ac tive  s ite  o f  sM M O  can  o p e n  suffi

c ien tly  to  a llow  e n try  o f  a ro m a tic  su b s tra te s .

M u tag en es is  s tu d ies  o f  h o m o lo g o u s  m o n o o x y g en ases w ho se  

n a tu ra l su b s tra te s  a re  m o n o a ro m a tic  h y d ro c a rb o n s  h av e  in d i
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TABLE 1. Plasmids and M. trichosporium strains

Plasmid or strain Description Source or reference

Plasmids
p34S-Gm Broad-host-range TnA/orZ-dcrived plasposon, 3.6 kb;  Apr G m r 7
pBBR!MCS5 Broad-host-range cloning vector, 4.8 kb; G m r Mob+ lacZ' 20
pBBRlMCS5b Broad-host-rangc cloning vector, 4.3 kb; G m r Mob+ lacZ' This study
pKlSmobsacB Mobilizable plasmid with narrow-host-ran ge (pUC18-derived) replicon, 3.8 kb;

oriT Kmr lacZ' sacB 
Cloning vector, 2.7 kb; Apr lacZ'

34

pUC19 43
pMD2 10-kb Kpnl insert of pTJS176, containing mmoRGXYBZDC, cloned into This study

pMD-Mdell
pBBRlMCS5b; G m r 

pUC19 containing a 2.2-kb fragment spanning mmoG of M. trichosporium and a This study

pMD-Mdcl2
1.2-kb fragment containing 'mmoC\ Apr  

pMD-Mdcllwith the 0.87-kb G m r cassette of p34S-Gm c loned into the BamHI site This study

pMD-Mdel3
between mmoG and ' mmoC; G m r Apr  

pKlSmobsacB containing the 4.3-kb mmoG-Gmr-'mmoC fragment from This study

pNPBlOl
pMD-Mdel2; G m r Knr  

PUC18 carrying the 1.0-kb Xbal-Ndel fragment of pSJ Hla, including mmoX' This study
pTJS140 Broad host-rangc cloning vector, 7.5 kb; Mob+ Apr Sp r Smr lacZ' 38
pTJS175 10-kb Kpnl insert of pTJS173 cloned into pTJS140 in  the same direction as lacZ'; 38

pTJS176
Apr Spr Smr

10-kb Kpnl insert of pTJS173 cloned into pMTL24; Apr 38

M. trichosporium strains
OB3b Wild-type, sMMO-positive strain Laboratory stock
Mutant F Knr; sMMO-minus double crossover mutant of OB3b part ially deleted in mmoX 26
SMDM G m r; sMMO-minus double crossover mutant of OB3b del eted in mmoXYBZD and This study

SMDM-sMMO
the first 3 codons of mmoC 

SMDM into which pTJS.1.75 had been introduced by me ans of conjugation This study

In  o rd e r  to  p ro b e  th e  ro le  o f  L eu  110 in  sM M O , w e he re  

re p o r t  fu r th e r  re f in em en ts  in  th e  h o m o lo g o u s  ex p ressio n  sys

tem  fo r sM M O  th a t w e p rev iou sly  d e v e lo p e d  (25 , 38) in  o rd e r  

to  o v e rco m e p ro b lem s asso c ia te d  w ith  ex p ress io n  o f  th e  e n 

zym e in Escherichia coli. S e v e ra l m u ta t io n s  a t  p o s i t io n  110 in 

th e  a  su b u n i t  o f  th e  h y d ro x y lase  h av e  b e e n  a n a ly z e d u s in g  

b u lk y  a ro m a t ic  s u b s tra te s  in  o r d e r  to  e v a lu a te  th e  ro le  o f  

th is  re s id u e  in  th e  sM M O  sy s tem  an d  to  c o m p a re  its  fu n c 

t io n  to  th a t  o f  th e  e q u iv a le n t re s id u e s  in  th e  a ro ma t ic  m o 

n o o x y g e n a se s .

M A T E R I A L S  A N D  M E T H O D S

B a c t e r i a l  s t r a i n s ,  p l a s m i d s ,  a n d  c u l t u r e  c o n d i t i o n s .  D e t a i l s  o f  p la sm id s  a n d  

m e t h a n o t r o p h  st r a in s u se d  d u r i n g  t h is st u d y  a r e  g i v e n  i n  T a b l e  1. P l a sm i d  

c o n s t r u c t i o n  a n d  s i t e - d i r e c t e d  m u t a g e n e si s w e r e  a c c o m p l ish e d  u s i n g  E. coli 
st r a in s I N V a F ' ,  T O P I O  ( I n v i t r o g e n ) ,  a n d  X L - 1 0  G O L D  ( St r a t a g e n e ) .  T h e  d o n o r  

s t r a i n  f o r  c o n j u g a t i o n  o f  p l a sm id s i n t o  Methylosinus trichosporium w a s E. coli 
S1 7 -1  ( 3 6 ) .  E. coli st r a in s w e r e  c u l t i v a t e d  a t  3 7 °C  in  L B  m e d i u m  o r  o n  L B  a g a r  

p la t e s.  St r a i n s  o f  M. trichosporium w e r e  c u l t i v a t e d  a t  3 0 °C  o n  n i t r a t e  m i n e r a l  sa l t s 

( N M S)  a g a r  p la t e s a n d  in  N M S m e d i u m  in  f l a sk  a n d  f e r m c n t o r  c u l t u r e ,  u si n g  

m e t h a n e  a s t h e  c a r b o n  a n d  e n e r g y  so u r c e ,  a s d e sc r i b e d  p r e v i o u s l y  ( 3 8 ) .  A s  

p r e v i o u s l y  d e sc r i b e d ,  c e l l s  w e r e  c u l t i v a t e d  in  a f e r m c n t o r  i n  N M S m e d i u m  

c o n t a i n in g  0 .1  m g  l i t e r - 1  (0 .4  | xM ) o f  C u S 0 4 • 5 H 20  a n d  i n d u c t io n  o f  s M M O  

o c c u r r e d  w h e n  t h e  c u l t u r e  o p t i ca l  d e n si t y  a t  6 0 0  n m  ( O D 6IK))  e x c e e d e d  a b o u t  5 .0 , 

w h e n  t h e  c o p p e r - t o - b io m a ss r a t i o  b e c a m e  lo w  e n o u g h  t o  i n d u c e  s M M O  g e n e s.  

W h e r e  n e c e ssa r y ,  a n t i b i o t i c s w e r e  a d d e d  t o  c u l t u r e  m e d i a  a t  t h e  f o l l o w in g  w o r k 

in g  c o n c e n t r a t i o n s:  a m p i c i l l i n ,  5 0  t o  1 0 0  p g  m l - 1 ; g c n t a m i c i n ,  5  p g  m l - 1 ; k a n a -  

m y c in ,  5 0  p g  m l - 1 .

G e n e r a l  D N A  m e t h o d s.  G e n e r a l  m e t h o d s f o r  D N A  p u r i f i c a t i o n  a n d  a n a l y si s 

a n d  c l o n i n g  w i t h  E. coli w e r e  p e r f o r m e d  a c c o r d i n g  t o  Sa m b r o o k  c l  a l .  ( 3 2 ) .  

W h e r e  n e c e ssa r y ,  t o  f a c i l i t a t e  d i f f i c u l t  p l a sm id  m a n i p u la t i o n s ,  c o m m e r c ia l l y  p r e 

p a r e d  co m p e t e n t  E. coli c e l l s  ( T O P I O  [ I n v i t r o g e n ]  o r  So l o  P a c k  G O L D  [ St r a t -  

a g c n c ] )  w e r e  u se d . D N A  p r o b e s w e r e  l a b e le d  b y  r a n d o m  p r i m i n g  (1 0 , 1 1 ) u si n g  

h c x a n u c l e o t i d c  p r i m e r s a n d  d c o x y n u c l e o s i d c  t r i p h o sp h a t e s f r o m  R o c h e  a c c o r d 

i n g  t o  t h e  m a n u f a c t u r e r ’s i n st r u c t i o n s.  A n  a g a r o se  g e l - p u r i f i e d  D N A  f r a g m e n t  

(2 5  t o  5 0  n g )  w a s la b e le d  w i t h  [ a - 32P ] d G T P  (5 0  p C i )  f o r  1 h  a t  3 7 °C  w i t h  K le n o w

c a te d  th a t th e  p o s it io n  eq u iv a le n t to  L eu  110 is ind eed  im 

p o r ta n t in th e  in te ra c t io n  b e tw een  th ese  enzym es and  th e ir  

su b s tra tes . In  a  d ire c te d  ev o lu tio n  stu d y  o f  to lu e ne  2 -m o n o 

o xygenase o f  Burkholderia cepacia G 4  (4), a V a l- to -A la  m u ta 

tio n  a t p o s itio n  106, eq u iv a len t to  L eu  110 in sM M O, gave 

in c reased  n a p h th a le n e  an d  p h e n a n th re n e  o x id a tio n  b ut no  

ch an g e  in reg io se lec tiv ity  w ith  n a p h th a le n e . B o th  th e  m u ta n t 

an d  th e  w ild  type gave 1 -n ap h th o l as th e  p re d o m in a nt p ro d u c t. 

T h is  w as co n s is ten t w ith  th e  p ro p o se d  g a tin g  ro le  of  th is res i

d u e , i.e., th e  m u ta tio n  a ffec ted  th e  ra te s  o f  o x id atio n  o f  la rg e  

su b s tra te s  b u t d id  n o t g rea tly  a ffect reg iose lec tivity . S im ila r 

resu lts  w e re  fo u n d  in  a sa tu ra t io n  m u tag en es is  stu dy  o f  to lu e n e  

4 -m o n o ox yg enase , w h e re  th e  V 1 00 L  m u ta n t sh ow ed  a two fo ld  

in c rease  in  th e  ra te  o f  o x id a tio n  o f  2 -m e th o x y p h en ol; h e re , a 

m o d e s t loss o f  reg iospec if ic ity  w as o b se rv ed , b u t th e  m u ta n t 

(l ike  th e  w ild  typ e) gave 3 -m e th o x y reso rc in o l as the  m a jo r 

p ro d u c t (41). A  red u c t io n  in  th e  ra te  o f  ox in d o le  fo rm a tio n  

fro m  in d o le  by th e  A la , Cys, an d  V al m u ta tio n s  o f  th e  eq u iv 

a le n t l ie  100 re s id u e  in to lu e n e  4 -m o n o o x y g en ase  (40) w as a lso  

c o n s is ten t w ith  such  a fu n c tio n , a lth o u g h  a ch an g e  in  th e  p re 

d o m in a n t p ro d u c t o f  p h e n o l hyd roxy la tion  fro m  ca tech o l to  

h y d ro q u in o n e  (i.e ., a sh ift in  reg iose lec tiv ity  from  th e  2- to  th e  

4- p o s it io n ) in  th e  I100Q  m u ta n t o f  to lu e n e  o -xy lene m o n o o x 

yg enase  (42) in d ica tes  th a t th e  s ite  eq u iv a len t to  L eu  110 m ay  

have a ro le  in  d e te rm in in g  reg io se lec tiv ity  as w ell as su b s tra te  

access. R esu lts  fro m  m u tag en es is  o f  th e  n ea rb y  s ite G ly  113 in  

so lu b le  b u ta n e  m o n oo xy gen ase  h av e  a lso  su g gested  tha t a co n 

fo rm a tio n a l ch an g e  invo lv ing  th e  “ leu c in e  g a te ” (L eu  109 in  

th is  en zy m e) m ay  b e n ecessary  fo r  p ro d u c t re lease  fro m  th e  

ac tive  s ite , s ince th e  G1.1.3N m u ta n t show ed  a re d uc e d  inh ib i

tio n  by n ascen t m e th a n o l p ro d u c e d  by o x id a tio n  o f  me th a n e  

(13).
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p o ly m e r a se  ( I n v i t r o g c n ) .  T l i c  u n in c o r p o r a t e d  la b e l  w a s r e m o v e d  u si n g  M i c r o -  

Sp i n  c o lu m n s ( A m e r s h a m  P h a r m a c ia  B i o t e c h ) .  T h e  p r o b e s w e r e  d e n a t u r e d  b y  

t h e  a d d i t i o n  o f  N a O H  t o  a f in a l  c o n c e n t r a t i o n  o f  0 .4  M  a n d  in c u b a t e d  f o r  2  m in  

at  r o o m  t e m p e r a t u r e  b e f o r e  b e i n g  a d d e d  t o  t h e  h y b r id i za t i o n  so lu t i o n .

Co n s t r u c t i o n  o f  p l a s m i d s .  I n  o r d e r  t o  a l l o w  su b se q u e n t  m a n i p u la t i o n s  o f  t h e  

s M M O  o p e r o n  b y  u sin g  B a m H I ,  t h e  B a m H I  s i t e  w a s d e le t e d  f r o m  t h e  v e c t o r  

p B B R l M C S - 5  (2 0 )  b y  r e m o v in g  t h e  f r a g m e n t  o f  t h e  m u l t i p l e  c l o n i n g  si t e  t h a t  

c o n t a i n e d  i t  w i t h  C l a l  a n d  B s t B I  a n d  r e l i g a t i n g  t h e  p la sm id  b a c k b o n e  v ia  t h e  

c o m p a t i b l e  c o h e siv e  e n d s t h u s p r o d u c e d ,  g i v i n g  t h e  v e c t o r  p B B R l M C S - 5 b .  T h e  

1 0 -k b  f r a g m e n t  c o n t a i n in g  t h e  mmoXYBZDC o p e r o n  f r o m  M. trichosporium 

O B 3 b  a n d  f la n k i n g  se q u e n c e s w a s e x c ise d  f r o m  p T JS1 7 6  (3 8 )  w i t h  K p n l  a n d  

c l o n e d  in t o  t h e  u n iq u e  K p n l  s i t e  o f  p B B R l M C S - 5 b ,  g i v i n g  p la sm id  p M D 2 .  T o  

d i r e c t  d e le t i o n  o f  t h e  c h r o m o so m a l  c o p y  o f  t h e  s M M O - e n c o d in g  o p e r o n ,  t h e  

p la sm id  p M D - M d e l 3  w a s t h e n  c o n st r u c t e d  a s d e t a i l e d  in  F i g .  1.

Si t e - d i r e c t e d  m u t a g e n e si s a n d  p r e p a r a t i o n  o f  c e l l s  e x p r e s s i n g  t h e  m u t a n t  

e n zy m e s. Si t e - d i r e c t e d  m u t a g e n e si s o f  t h e  mmoX g e n e , e n c o d in g  t h e  a su b u n i t  o f  

t h e  s M M O  h y d r o x y la se , w a s p e r f o r m e d  v ia  t h e  f o u r - p r i m e r  o v e r l a p  e x t e n sio n  

m e t h o d  (1 5 )  a s d e sc r ib e d  p r e v i o u s l y  (3 8 ) .  P r im e r s  u se d  f o r  m u t a g e n e si s a r e  g iv e n  

in  T a b le  2 . D y e  t e r m in a t i o n  se q u e n c in g  w a s u se d  t o  c o n f i r m  t h e  a b se n ce  o f  

u n w a n t e d  m u t a t io n s f r o m  P C R - d e r i v e d  p o r t i o n s  o f  t h e  c l o n e d  m u t a n t  s M M O  

g e n e s. T h e  m u t a n t  mmoX g e n e s, a sse m b le d  i n t o  a n  in t a c t  mmoXYBZDC o p e r o n  

i n  t h e  s M M O  e x p r e ssio n  p la sm id  p T JS1 7 5  ( 3 8 ) ,  w e r e  i n t r o d u c e d  i n t o  M. tricho
sporium SM D M  b y  c o n j u g a t i o n  (2 5 , 3 8 ) .  T h e  r e c o m b in a n t  s M M O  st r a in s w e r e  

i n i t i a l l y  g r o w n  o n  N M S p la t e s c o n t a i n in g  a n t i b i o t i c s  ( g e n t a m i c i n  a n d  k a n a m y c in )  

a n d  sc r e e n e d  f o r  s M M O  a c t i v i t y  b y  u s i n g  t h e  n a p h t h a le n e  o x id a t i o n  t e st  (1 ,  2 ) .  

C e l l s  f o r  m o r e - d e t a i l e d  a n a l y si s  w e r e  p r e p a r e d  b y  g r o w i n g  t h e  r e c o m b i n a n t  M . 

trichosporium c e l l s in  a  f e r m e n t o r  t o  a n  O D f)00 g r e a t e r  t h a n  5  i n  o r d e r  t o  i n d u c e  

m u t a n t  e n zy m e  e x p r e ssio n  f r o m  t h e  n a t i v e  s M M O  p r o m o t e r  i n  p T JS1 7 5 ,  w h ic h  

is i n d u c e d  b y  lo w  c o p p e r - t o - b io m a ss r a t i o  in  t h e  c u l t u r e .

s M M O  a ssa y s .  s M M O  is t h e  o n l y  e n zy m e  sy st e m  e x p r e sse d  in  M. trichospo
rium t h a t  i s  a b le  t o  o x y g e n a t e  a r o m a t i c  h y d r o c a r b o n  su b st r a t e s.  A s  a  r e su l t ,  

a ssa y s w i t h  t h e se  su b st r a t e s c a n  b e  p e r f o r m e d  u s i n g  w h o l c - sM M O - e x p r e ss in g  

c e l l s .  T b e  se m i q u a n t i t a t i v c  n a p h t h a le n e  o x id a t i o n  t e st , w h i c h  is b a se d  o n  t h e  

d e r i v a t i za t i o n  o f  t h e  n a p h t h o l  p r o d u c t s o f  n a p h t h a le n e  o x id a t i o n  t o  p in k / p u r p le  

d ia zo  d y e s, w a s p e r f o r m e d  o n  c u l t u r e s i n  l i q u i d  m e d i u m  a n d  o n  a g a r  p la t e s as 

d e sc r ib e d  p r e v i o u sl y  (1 ,  2 ) .  A f t e r  o x id a t i o n  o f  a r o m a t i c  h y d r o c a r b o n s b y  c e l l s 

e x p r e ss in g  m u t a n t  o r  w i ld - t y p e  s M M O ,  p r o d u c t  a n a l y si s w a s p e r f o r m e d  a s f o l 

lo w s. M e t h a n o t r o p h  c e l l s w e r e  r e su sp e n d c d  in  2 5  m M  M O P S (m o r p h o l i n c p r o -  

p a n e su l f o n i c  a c i d )  b u f f e r  ( p H  7 .0 )  t o  a n  O D w)() o f  g r e a t e r  t h a n  5 . E a c h  a ssa y  w as 

c o n d u c t e d  w i t h  5 m l  o f  c e l l  su sp e n sio n  o r  10  m l  w h e r e  b ip h e n y l  w a s t h e  su b st r a t e .  

O x i d a t i o n  su b st r a t e  w a s a d d e d , t o g e t h e r  w i t h  so d iu m  f o r m a t e  (1 0  m M ) , t o  

e n su r e  a p le n t i f u l  su p p l y  o f  t h e  r e d u c in g  e q u i v a l e n t s  r e q u i r e d  b y  s M M O . T h e  

a m o u n t s o f  o x id a t i o n  su b st r a t e  u se d  w e r e  5 0  p i  f o r  l i q u i d  su b st r a t e s ( t o lu e n e  o r  

e t h y lb e n zc n c )  a n d  1 m g  f o r  so l i d  su b st r a t e s ( n a p h t h a le n e ,  b ip h e n y l ,  p l i e n a n -  

t h r e n c ,  o r  a n t h r a c e n e ) .  T h e  r e a c t i o n  m ix t u r e  w a s in c u b a t e d  a e r o b i c a l ly  a t  3 0 °C 

f o r  4 8  h  w i t h  sh a k in g  (2 5 0  r p m )  in  a c lo se d  3 0 -m l  g la ss v ia l  h e l d  in  a h o r i zo n t a l  

p o s i t i o n .  T h e  h y d r o x y la t e d  p r o d u c t s  w e r e  e x t r a c t e d  in t o  1 .0  m l  o f  d ie t h y l  e t h e r , 

w h ic h  w a s t h e n  e v a p o r a t e d  t o  a  v o lu m e  o f  5 0  p i  b e f o r e  a n a ly si s.  T h e  p r o d u c t s  o f  

t o l u e n e  a n d  b i p h e n y l  o x id a t i o n  w e r e  c h a r a c t e r i ze d  b y  m e a n s o f  g a s c h r o m a t o g 

r a p h y  ( G C ) ,  u si n g  a  6 8 9 0  G C  a p p a r a t u s ( H e w l e t t - P a c k a r d )  f i t t e d  w i t h  a  St a b i l -  

vvax c a p i l l a r y  c o lu m n  w i t h  a Ca r b o w a x  p o ly e t h y le n e  g l y c o l  c o a t i n g  (5 0  m  b y  0 .3 2  

m m ;  c o a t i n g  t h ic k n e ss, 1 p m )  a n d  c o u p l e d  t o  a  f la m e  io n i za t i o n  d e t e c t o r .  T h e  

c o lu m n  t e m p e r a t u r e  a t  t h e  b e g in n i n g  o f  t h e  se p a r a t i o n  w a s h e ld  a t  1 0 0 °C f o r  5 

m in , a f t e r  w h ic h  i t  w a s r a m p e d  t o  1 8 0 °C a t  2 °C  m i n - 1  a n d  h e ld  f o r  15 m in  a t  

1 S0 °C.  T h e  f lo w  r a t e  o f  c a r r i e r  g a s ( n i t r o g e n )  w a s 1 .5  m l  m i n - 1 , a n d  t h e  sp l i t  

r a t i o  w a s 1 0 :1 . W h e n  t h e  su b st r a t e  w a s n a p h t h a l e n e  o r  c t h y l b e n ze n e ,  p r o d u c t s 

w e r e  a n a l y ze d  v ia  G C - m a s s  sp e c t r o m e t r y  ( M S)  u s i n g  a 5 8 9 0  G C  ( H e w le t t -  

P a c k a r d )  c o u p l e d  t o  a T r i o - 1  M S.  H e r e ,  t h e  G C  w a s f i t t e d  w i t h  a H e w le t t -  

Pa c k a r d  H P - 5  c o lu m n  w i t h  a ( 5 %  p h e n y l )  m e t h y l  p o l y s i l o x a n e  c o a t i n g  (5 0  m  b y

0 .3 2  m m ;  c o a t i n g  t h ic k n e ss, 0 .2 5  p m )  a n d  o p e r a t e d  w i t h  a c a r r i e r  g a s ( n i t r o g e n )  

f lo w  r a t e  o f  1 .5  m l  m i n -  ’ . W i t h  e t h y l  b e n ze n e  a s t h e  su b st r a t e ,  t h e  sp l i t  r a t i o  w a s 

3 0 :1  a n d  t h e  c o lu m n  t e m p e r a t u r e  w a s r a m p e d  f r o m  8 0 ° C  t o  2 5 0 °C a t  4 °C  m i n - 1  

a n d  h e ld  f o r  1 m in  a l  2 5 0 °C.  W h e n  n a p h t h a le n e  w a s t h e  su b st r a t e ,  t h e  se p a r a 

t i o n s w e r e  c a r r i e d  o u t  w i t h o u t  a sp l i t  a n d  t h e  c o lu m n  t e m p e r a t u r e  w a s r a m p e d  

f r o m  8 0 °C  t o  1 2 6 °C a l  1 0 °C m i n - 1 , f r o m  1 2 6 °Ct o  1 2 9 °C a t 0 . 1 °C m i n - 1 ,a n d  t h e n  

f r o m  1 2 9 °C t o  2 5 0 °C a t  1 0 °C m i n - 1 . W h e n  b ip h e n y l  w a s t h e  su b st r a t e ,  t h e  

p r o d u c t s w e r e  se p a r a t e d  v ia  a  P e r k i n E l m e r  a u t o sy st e m  G C  u si n g  t h e  H e w le t t -  

Pa c k a r d  H P - 5  c o lu m n  (d e t a i l s d e sc r ib e d  a b o v e )  c o u p l e d  t o  a f la m e  io n i za t i o n  

d e t e c t o r .  T h e  se p a r a t i o n s w e r e  c a r r i e d  o u t  w i t h o u t  a  sp l i t .  T h e  c a r r i e r  g a s 

(n i t r o g e n )  f lo w  r a t e  w a s 1 m l  m i n - 1 , a n d  t h e  c o lu m n  t e m p e r a t u r e  w a s r a m p e d  

f r o m  9 0 °C  t o  1 9 0 °C a t  5 °C  m i n - 1 , h e ld  a t  1 9 0 °C f o r  1 m in , a n d  t h e n  r a m p e d  t o  

2 8 0 °C a t  1 0 °C m in - 1 . Pr o d u c t s w e r e  i d e n t i f i e d  b y  c o m p a r i so n  o f  r e t e n t io n  t im e s 

a n d  m a ss sp e c t r a  t o  a u t h e n t i c  st a n d a r d s.

R E S U L T S

C o n s tru c t io n  o f  a  new  sM M O -d e le ted  m e th a n o tro p h  ex

p re ss io n  h o s t fo r  re c o m b in a n t sM M O  enzym es. P rev io us m u 

ta n ts  o f  th e  hyd roxy lase c o m p o n e n t o f  sM M O  w e re  ex pressed  

in  th e  sM M O -n eg a tiv e  m u ta n t o f  M. trichosporium k no w n  as 

m u ta n t F  (38 ). T h e  ch ro m o so m a l copy  o f  th e  sM M O  o p ero n  in 

m u ta n t F  (26 ) h as a d e le t io n  o f  a  1.2-kb f ra g m e n t th a t  e n c o m 

p asses th e  p o r t io n  o f  mmoX co d in g  fo r  am in o  ac id s V a l 112- 

T h r  508. T h is  lim its th e  re g io n  o f  th e  sM M O  o p e ro n  th a t  can  

b e  m u ta te d  to  th e  p o r t io n  o f  mmoX (en co d in g  th e  a  su b u n it o f  

th e  hyd roxy lase) th a t  is d e le te d  fro m  m u ta n t F , b e ca u se  m u 

ta t io n s  o u ts id e  th is  reg io n  co u ld  b e  re p a ire d  by  h om o lo g o u s  

re c o m b in a t io n  b e tw een  th e  p lasm id  ca rry in g  th e  m u tan t 

sM M O  o p e ro n  an d  th e  re m a in d e r  o f  th e  ch ro m o so m a l copy. 

T h e  m u tag en es is  ta rg e t d u r in g  th is  s tudy , th e  p o r t io n  e n co d in g  

L eu  110, lies ju s t o u ts id e  th is  reg io n , so  it w as in p r in c ip le  

po ss ib le  th a t m u ta t io n s  co u ld  b e  re p a ire d  by h o m o log o u s  re 

co m b in a tio n  w ith  th e  c h ro m o so m e . F u r th e rm o re , fo r  fu tu re  

s tu d ies  w e w ished  to  p ro d u c e  a n  ex p ress io n  h o s t fo r re c o m b i

n a n t sM M O  th a t  w o u ld  a llow  m u tag en es is  an y w h ere  w ith in  th e  

hyd roxy lase c o m p o n e n t (e n c o d e d  by  mmoX, -Y, an d  -Z ). T h e  

n ew  ex p ress io n  h o st, M. trichosporium S M D M  ( fo r  so lu b le - 

w e th a n e -m o n o o x y g e n a se -r /e le te d  m u ta n t) ,  in  w h ich  the  first 

five g en es o f  th e  sM M O  o p e ro n  (mmoXYBZD, in c lu d in g  all 

th e  s tru c tu ra l g en es  fo r  th e  hyd roxy lase an d  p ro te in  B ) h ad  

b e e n  fu lly  d e le te d  by m a rk e r  ex ch an g e  m u tag en es is , w as th e r e 

fo re  co n s tru c te d  (F ig . 1). T h e  d e le t io n  o f  th e  in ten d e d  p o r t io n  

o f  th e  sM M O -e n c o d in g  o p e ro n  an d  d o u b le  re c o m b in a t ion  in to  

th e  c h ro m o so m e  w ere  co n f irm ed  by  res tr ic t io n  d ig es tio n  o f  

ch ro m o so m a l D N A  an d  d ig es tio n  w ith  C la l an d  S p h I, fo l low ed  

by S o u th e rn  b lo tt in g  an d  p ro b in g  w ith  p ro b e s  spec ific  to  

mmoR, mmoX, an d  mmoY (d a ta  n o t sh o w n ). S tra in  S M D M  

ex h ib ited  th e  ex p ec ted  sM M O -n eg a tiv e  p h e n o ty p e , as ju d g e d  

by a neg a tiv e  n a p h th a le n e  o x id a tio n  te s t re su lt  u n de r  low - 

c o p p e r  c o n d it io n s , w h ich  in d u c e d  sM M O  ex p ress io n  and  u n 

d e r  w h ich  a p a ra l le l  co n tro l w ith  w ild - ty pe  M. trichosporium 

O B 3 b  sh o w ed  s tro n g  n a p h th a le n e  o x id a tio n  activ ity .

T h e  su itab il i ty  o f  s tra in  S M D M  as a h o s t fo r  ex p ress io n  o f  

re c o m b in a n t sM M O s w as e s ta b lish e d  by  in tro d u c in g  p TJS 1 7 5, 

co n ta in in g  th e  w ild - ty pe  sM M O  o p e ro n , in to  S M D M  to  g ive 

s tra in  S M D M -sM M O  (T a b le  1). G ro w th  o n  N M S  a g a r m e 

d iu m  co n ta in in g  a  low  level o f  c o p p e r ( I I )  (0 .4  p.M ) to  in d u ce  

sM M O  y ie ld ed  co lo n ies  th a t gave s tro n g  p o sitiv e  re su lts  in  th e  

n a p h th a le n e  o x id a tio n  tes t, co n firm in g  th e  ex p ress io n  o f  th e  

re c o m b in a n t sM M O .

M u ta g e n e s is  o f  th e  leu c in e  g a te  re s id u e  p ro d u c e d  m uta n ts  

th a t  gave u n u s u a l n a p h th a le n e  o x id a tio n  te s t  re s u l ts .  F o u r  

m u ta n ts  o f  th e  p ro p o se d  g a tin g  re s id u e  L eu  110 th a t gave a 

ran g e  o f  am in o  ac id  b u lk  an d  fu n c tio n a l ity  re su lts  a t th is  p o 

sitio n  w ere  co n s tru c te d . M u ta t io n s  to  G ly  ( less bu lky ; m o re  

f lex ib le), Cys (less bu lky ), A rg  (s ligh tly  m o re  bu lky ; p ositive ly  

ch a rg e d ) , an d  T y r (m o re  bu lky ; h y d ro x y la ted ) w e re  co n 

s tru c te d , co n f irm e d  by D N A  seq u en c in g , an d  ex p re ssed  in th e  

M. trichosporium S M D M  h o m o lo g o u s  ex p ress io n  sy stem , as 

d esc r ib ed  in  M a te r ia ls  an d  M e th o d s . W h en  th e  fo u r  mu ta n t 

s tra in s  w e re  g row n  in liq u id  c u ltu re  a t a  low  c o p p er- to -b io m a ss  

ra t io , w h ich  in d u ces ex p ress io n  o f  sM M O , all fo u r  gave p o s i

tive n a p h th a le n e  te s t resu lts , co n firm in g  th a t  all th e  m u ta n t 

c lo n es p ro d u c e d  m u ta n t enzy m es th a t w e re  ac tive  w ith  n a p h -
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Xbal and BamHI
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Inward cloning of 0.87-kb GmR cassette  
from p34S-Gm, using BamHI

pMD-Mde!2 (vector pUC!9)

Transfer of resulting insert into  
I pKl8mobsacB using Xbal and KpttI

Double cross-over between pMD-Mdel3  
and chromosome of M. trichosporium', 
desired GmR Kns exconjugant identified
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Chrom osom e o f  Ms. trichosporium SM D M  w ith mmoXYBZD deleted

FIG. 1. Construction of the plasmid pMD-Mdel3 and i ts use for marker exchange deletion of the first fi ve genes of the sMMO operon. In  
addition to the sMMO-encoding mmoXYBZDC operon, the upstream mmoR and mmoG genes are also indicated. These encode, respective ly, a  
putative cr̂ -dependent transcriptional regulator an d molecular chaperon that (while not part of the ma ture sMMO complex) arc needed for  
expression of active sMMO in vivo (39).  PCR primers for amplification of 'mmoC were mmodel-1 (5'-ATA ATA GGA TCC ATC GTC ATC GAG  
ACC GAG GAC G-3';  BamHI site underlined) and the M13 universal seque ncing primer (3'-GTA AAA CGA CGG CCA GT-5')-  Deletion of  
mmoXYBZD and the upstream region of the mtnoC gene was effected by introducing pMD-Mdcl3 into M. trichosporium by conjugation (25)  and  
selecting exconjugants by using gentamicin. M. trichosporium SMDM, the exconjugant in which the sMMO-encoding o peron had been deleted via  
double homologous recombination, was selected on th e basis of its sMMO-ncgativc phenotype as determine d by the naphthalene oxidation test  
(1, 2), together with its G m r Kns phenotype. The im age is not drawn to scale.
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TABLE 2. Primers used for site-directed mutagenesis
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0.7 -|

A i t l . E n v i r o n . M i c r o b i o l .

M u t a t i o n O l i g o n u c le o t i d e  se q u e n c e  ( 5 ' - 3 ' ) "
A l t e r e d  

a m in o  a c id

L110G GTG ATC TCG AAC TTC GGC 
GAG GTC GGC GAA TAT A

Gly 110

LU0C GTG ATC TCG AAC TTC TGC 
GAG GTC GGC GAA TAT A

Cys 110

LI 10R GTG ATC TCG AAC TTC CGC  
GAG GTC GGC GAA TAT A

Arg 110

L110Y GTG ATC TCG AAC TTC TAT  
GAG GTC GGC GAA TAT A

Tyr 110

"  M u t a t i o n s a r e  sh o w n  in  b o ld  t y p e . C o d o n s e n c o d in g  a l t e r e d  a m in o  a c i d s a r e  

u n d e r l in e d .  T h e  p a i r s  o f  m u t a g e n ic  p r i m e r s  u se d  t o  c r e a t e  e a c h  m u t a t i o n  w e r e  

c o m p l e m e n t a r y ,  so  o n l y  t h e  f o r w a r d  p r i m e r  is sh o w n .

th a le n e  as th e  su b s tra te . T h e  L 1 10 G  a n d  L I  IO C m u tan ts  gave 

positive  n a p h th a le n e  te s t resu lts  w h e re  th e  p u rp le  d iazo  dye 

p ro d u c t w as, like th a t fro m  th e  w ild  type, s tab le  fo r  m o re  th a n  

10 m in . T h e  co lo rs p ro d u c e d  by th e  L 1 10 R  an d  L 110Y  m u 

tan ts , how ever, w ere  s tab le  fo r  less th a n  1 m in  an d a p p e a re d  

p in k  co m p a re d  to  th e  p u rp le  seen  w ith  th e  w ild type (d a ta  n o t 

show n). A lth o u g h  w e h ad  p rev io usly  o b se rv ed  m u ta n ts o f  

sM M O  w h e re  th e  n a p h th a le n e  te s t gave a very  w eak  colo r 

ch an g e , in d ica tin g  a low -activ ity  o r  u n s ta b le  en zyme (38), th is  

w as th e  first t im e  th a t w e h ad  o b se rv ed  a  m u ta n t w he re  th e  

s tab il ity  (a n d  co lo r) o f  th e  n a p h th a le n e  te s t re su lt  w as m a rk 

ed ly  ch an ged .

T h e  L 1 10 R  a n d  L110Y  m u ta n ts  o f  sM M O  show  in v e r ted  

reg io se lec tiv ity  w ith  n a p h th a le n e  c o m p a re d  to  th e  wild  type. I t

w as re a so n e d  th a t  th e  q u a li ta t iv e  d if fe ren ce  in th e s tab il it ies  o f  

th e  n a p h th a le n e  te s t co lo rs  o f  th e  m u ta n t an d  w ild -type e n 

zym es w as m o st likely  d u e  to  an  a lte ra t io n  in th e  po s itio n (s) o f  

o x yg enatio n  in  th e  p ro d u c ts  o f  n a p h th a le n e  o x id a tion  by th e  

L 110R  an d  L 110Y  m u tan ts . G C -M S  analys is (T ab le  3) co n 

f irm ed  th a t th e re  w e re  s ign if ican t a lte ra t io n s  in  th e  d is tr ib u tio n  

o f  m o n o h y d ro x y la ted  p ro d u c ts  fro m  th e  m u ta n t enzym es. 

W h e re a s  th e  w ild -type en zym e a n d  th e  L I  10C  m u ta n t gave a 

s l ig h t excess o f  2 -n ap h th o l o v e r 1 -n ap h th o l, th is  reg iose lec tiv ity  

w as rev e rsed  in th e  o th e r  th re e  m u ta n ts , an d  th e  two m u ta n ts  

th a t  gave th e  u n s tab le  n a p h th a le n e  te s t c o lo r  (L 1 1 0R  and  

L 110Y ) y ie ld ed  th e  sm a llest re la tiv e  a m o u n ts  o f  2 -nap h th o l. 

O th e r  poss ib le  p ro d u c ts , such  as d ih y d ro x y la ted  m o ie ties , w ere  

n o t d e te c te d . A  se p a ra te  e x p e r im e n t u s in g  10 p.M solu tio n s o f

TABLE 3. Products of naphthalene oxidation by the m utants  

A m t  ( m o l % )  o f  in d i c a t e d  p r o d u c t "

En zy m e

1 - N a p h t h o l

OH
2 - N a p h t h o l

OH

Wild type 43.0 ± 0.4 57.0 ± 0.4
L110G 64.0 ± 0.5 36.0 ± 0.5
LI 10C 46.2 ± 6.3 53.8 ± 6.3
L110Y 74.8 ± 0.7 25.2 ± 0.7
L110R 70.6 ± 6.6 29.4 ± 6.6

T im e  (m in )

FIG. 2. Stabilities of the colored diazo compounds formed by re
action of tetrazotised o-dianisidine with 1-naphthol  (solid line) or  
2-naphthol (dotted line).

th e  tw o  iso m ers  o f  n a p h th o l an d  th e  sam e  c o n c e n tra tio n  o f  

te tra z o t ise d  o -d ian is id in e  as u sed  in th e  n a p h th a len e  te s t fo r  

sM M O  activ ity  rev ea led  th a t  th e  d iazo  dye p ro d u c e d  by 

1 -n ap h th o l fo rm s m o re  qu ick ly  an d  decays m o re  q u ickly  th a n  

th a t p ro d u c e d  by 2 -n a p h th o l (F ig . 2 ). T h u s, th e  d iffe ren ce  in  

th e  reg io se lec tiv ity  o f  th e  m u ta n ts  acco u n ts  fo r  the  v isual d if

fe ren ces  in  th e  re su lts  o f  th e i r  n a p h th a le n e  tes ts.

T h e  L I  10 m u ta n ts  show ed a  re lax ed  reg io se le c tiv i ty a n d  

g e n e ra te d  novel p ro d u c ts  w ith  su b s t i tu te d  m o n o a ro m atic  s u b 

s t ra te s  a n d  b ip h en y l. W ith  th e  su b s ti tu te d  m o n o a ro ma tic  su b 

s tra te s  to lu e n e  a n d  e th y lb en zen e , th e  w ild -type sM MO  exh ib its  

a m ix tu re  o f  s ide  ch a in  hyd ro xy la tio n  an d  rin g  h y d rox y la tio n  a t 

th e  p  p o s itio n , w ith  r in g  hyd rox y la tion  p re d o m in a t in g  w ith  

to lu e n e  an d  s ide  ch a in  hy d ro xy la tion  w ith  ethy l b e nz e n e . W ith  

to lu e n e  as th e  su b s tra te , all th e  m u ta tio n s  a t p o s it io n  110 

show ed  re lax ed  reg iose lec tiv ity  (T a b le  4 ), w ith  th e a p p e a ra n c e  

o f  s ign if ican t a m o u n ts  o f  w -c re so l, w h ich  is n o t seen  w ith  th e  

w ild  type. In te res t in g ly , w h en  L eu  110 w as re p la c e d by th e  

sm a lle r  glycyl an d  cysteiny l res id u es , w ith  to lu e n e as th e  su b 

s tra te , m o re  b enzy l a lco h o l w as p ro d u c e d  th a n  p -c reso l. W h e n  

e th y lb en zen e  w as th e  su b s tra te , all th e  m u ta n ts  sh ow ed  very  

la rg e  sh if ts  fro m  s id e  ch a in  to  r in g  h yd rox y la tio n  a n d  a t leas t

TABLE 4. Products of toluene oxidation by the mutan ts

A m t  ( m o l % )  o f  i n d i c a t e d  p r o d u c t "

B e n zy l

a l c o h o l
w - C r e s o l  p - C r e s o l

En zy m e C H 2O H  I 1

6 6*  $
^  U  O H

M o l a r  r a t i o  R e l a t i v e  

f o r  a r o m a t i c /  t o t a l

b e n z y l i c  a c t i v i t y

h y d r o x y la t i o n  (%)''

Wild type 36.5 ± 8.1h 0.0 63.5 ± 8.7 1.7 100
L110G 53.7 ± 12.5 14.6 ± 6.7 31.7 ± 9.7 0.86 12
LI 10C 59.4 ± 12.1 11.2 ± 7.7 29.4 ± 5.4 0.68 7.4
L110Y 34.9 ± 8.2 17.8 ± 7.4 47.3 ± 0.8 1.9 2.8
L110R 28.0 ± 6.5 14.0 ± 3.1 58.0 ± 9.7 2.6 2.5

" D a t a  a r e  d e r iv e d  f r o m  t h r e e  in d e p e n d e n t  e x p e r i m e n t s a n d  a r e  sh o w n  in  t h e  

i r m  o f  m e a n s ±  s t a n d a r d  d e v ia t io n s.

"  D a t a  a r c  d e r i v e d  f r o m  t h r e e  i n d e p e n d e n t  e x p e r i m e n t s a n d  a r c  sh o w n  in  t h e  

f o r m  o f  m e a n s i  s t a n d a r d  d e v ia t io n s.

h R e l a t i v e  t o t a l  a c t i v i t i e s  w i t h  t o l u e n e  a s t h e  su b st r a t e ,  w h ic h  w e r e  c o r 

r e c t e d  f o r  d i f f e r e n c e s  in  c u l t u r e  O D 6„ „ , a r e  g i v e n  a s p e r c e n t a g e s o f  t h e  

i n c r e a se  in  t o t a l  p r o d u c t  c o n c e n t r a t i o n  w i t h  w i l d - t y p e  A/ , trichosporium 

O B 3 b ,  w h i c h  w a s 1 2  p l \ l  h - 1 .
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TABLE 5. Products of ethyl benzene oxidation by the  mutants

En zy m e

1 - P l ie n y le t h a n o l  

HO-

A m t  ( m o l % )  o f  i n d i c a t e d  p r o d u c t "

- E t h y l p h e n o l 3 - Et h y l p h e n o l ft 4 - Et h y l p h e n o l ' ’

6r
M o l a r  r a t i o  

f o r  a r o m a t i c /  

s id e  c h a i n  

h y d r o x y la t i o n

R e l a t i v e  t o t a l  

a c t i v i t y  (%)c

Wild type 95.4 ± 1.4 0.0 4.6 ± 1.4 4.6 ± 1.4 0.048 100
LU0G 9.2 ± 3.1 8.8 ± 0.4 82.1 ± 2.7 82.1 ± 2.7 9.9 32
LI 10C 23.6 ± 6.2 3.1 ± 2.1 73.3 ± 4.4 73.3 ± 4.4 3.2 48
L110Y 40.2 ± 10.5 3.1 ± 0.6 56.8 ± 10.0 56.8 ± 10.0 1.5 8.7
LI 10R 22.1 ± 1.6 1.3 ± 0.1 76.6 ± 1.5 76.6 ± 1.5 3.5 63

"  D a t a  a r c  d e r i v e d  f r o m  t h r e e  in d e p e n d e n t  e x p e r im e n t s a n d  a r e  sh o w n  in  t h e  f o r m  o f  m e a n s ±  s t a n d a r d  d e v ia t io n s.  

h 3 -  a n d  4 -e t h y lp h e n o l  w e r e  n o t  r e so lv e d  i n  t h e se  e x p e r im e n t s,  so  t h e  m o la r  f r a c t i o n s st a t e d  a r e  t h e  su m s o f  b o t h .

r  R e la t i v e  t o t a l  a c t i v i t i e s  w i t h  e t h y l  b e n ze n e  a s t h e  su b st r a t e ,  w h ic h  w e r e  c o r r e c t e d  f o r  d i f f e r e n c e s in  c u l t u r e  O D 600, a r e  g iv e n  a s p e r c e n t a g e s o f  t h e  r a t e  o f  in c r e a se  

in  t o t a l  p r o d u c t  c o n c e n t r a t i o n s o b t a in e d  w i t h  w i ld - t y p e  M. trichosporium O B 3 b ,  w h ic h  w a s 0 .5 2  p .M  h - 1 .

o n e  new  p ro d u c t (2 -e th y lp h e n o l)  w as o b se rv ed  w ith  each  m u 

ta n t (T ab le  5). 3- an d  4 -e th y lp h en o l w e re  n o t reso lv ed  in  th ese  

ex p e r im en ts , so  it is n o t c le a r  w h e th e r  th e  p ro d u c t 3 -e th y lp h e 

no l w as p ro d u c e d . W ith  b ip hen y l as th e  su b s tra te , th e  w ild  type 

p ro d u c e d  p re d o m in a n t ly  4 -hyd roxyb ipheny l. M u ta n ts  with  th e  

la rg e r ty ro s in e  o r  a rg in in e  re s id u e  a t p o s it io n  110 p ro d u c e d  

su b s tan tia lly  m o re  2 -hyd roxyb ipheny l th a n  th e  w ild  type. T h e  

m u ta n ts  w ith  th e  sm a lle r  res id u es  (g lycine an d  cyste ine) a t th is 

p o s it io n  y ie ld ed  th e  new  p ro d u c t 3 -hy d roxyb ipheny l (T ab le  6).

N e ith e r  th e  m u ta n ts  n o r  th e  w ild  type ox id ized  t r iaro m a tic  

h y d ro c a rb o n s . C ells ex p ress in g  w ild -type sM M O  an d  all fo u r 

m u ta t io n s  a t p o s it io n  110 w e re  in itia lly  sc re e n e d  fo r  ox id a tio n  

o f  th e  tr ia ro m a tic  c o m p o u n d s  p h e n a n th re n e  an d  a n th ra c e n e  in 

th e  sam e m a n n e r  u sed  fo r  th e  se m iq u an tita tiv e  n a p h th a le n e  

assay, by a d d it io n  o f  te tra z o t ise d  o -d ian is id in e , wh ich  gave 

co lo red  d iazo  dyes a f te r  re a c t io n  w ith  th e  hy d ro xy la ted  p ro d 

ucts. N o  v is ib le  c o lo r  ch an g es w ere  seen  fro m  th e  mu ta n ts  o r  

th e  w ild type, a lth o u g h  a 9 -p h e n a n th ro l c o n tro l gave a co lo red  

p ro d u c t w ith  a d e te c t io n  th re sh o ld  o f  5 |xM . G C -M S  w as u sed  

to  ana lyze th e  assay reac tio n  m ix tu res th a t h ad  b e en  in cu b a ted  

fo r  30°C  fo r  48 h, as d esc r ib ed  in  M a te r ia ls  an d  M eth o d s , b u t 

no  hyd rox y la ted  p ro d u c ts  cou ld  b e  fo u n d  fro m  e i th e r o f  th e  

tr ia ro m a tic  su b s tra te s  w ith  w ild -type M. trichosporium O B 3b  o r  

any  o f  th e  m u ta n t s tra in s . P resu m in g  th a t p h e n a n th re n e  an d  

a n th ra c e n e  a re  ab le  to  d iffuse in to  th e  cells, th e se  resu lts  

s tro ng ly  sug gest th a t  n e i th e r  w ild -type sM M O  n o r  the  m u ta n ts  

a re  ab le  to  ox id ize th ese  bu lky  a ro m a tic  su b s tra tes.

TABLE 6. Products of biphenyl oxidation by the muta nts  

A m t  ( m o l % )  o f  i n d i c a t e d  p r o d u c t  

2 - H y d r o x y b i p h c n y l  3 - H y d r o x y b i p h c n y l  4 - H y d r o x y b i p h e n y I

En zy m e  |  j

O H

Wild type 12.2 ± 3.6 0.0 87.8 ± 3.6
L110G 8.4 ± 3.8 13.0 ± 1.8 78.6 ± 2.0
L110C 11.3 ± 4.2 20.3 ± 3.5 68.3 ± 0.7
L110Y 47.2 ± 0.01 0.0 52.7 ± 0.01
L110R 59.2 ± 3.2 0.0 40.8 ± 3.2

D IS C U S S IO N

F u r th e r  d ev e lo p m en t o f  th e  ex p re ss io n  a n d  m u ta g e n e sis  

sy s tem . M u tag en es is  o f  th e  hyd roxy lase c o m p o n e n t o f sM M O  

re q u ire s  th e  u se  o f  an  espec ia lly  d e v e lo p e d  ex p ressio n  system  

b e c a u se  a tte m p ts  to  d a te  to  o b ta in  ex p ress io n  o f  activ e  h yd rox 

y lase in  E. coli hav e b e e n  u n su ccessfu l (44 ). E x p ress io n  o f  

ac tiv e  sM M O  h as b e e n  re p o r te d  to  o ccu r in  v a r io u s  he te ro lo 

go u s system s (16, 17, 24) as w ell as th e  h o m o lo g o u s system  

u sed  h e re . T h e  p rev iou s w o rk  th a t  w e p e r fo rm e d  u s ing  th e  

h o m o lo g o u s  ex p ressio n  system  fo r  sM M O , w h ich  e n a b led  th e  

first m u tag en es is  o f  th e  ac tive  s ite  o f  th e  en zy m e (38 ), u ti l ized  

a h o m o lo g o u s ex p ress io n  h o s t (M. trichosporium m u ta n t F  

[26]) fro m  w h ich  o n ly  p a r t o f  th e  mmoX g en e  w as d e le te d , th u s  

lim iting  th e  reg io n  o f  th e  hyd roxy lase th a t  co u ld  be  m u - 

tag en ized . T h e  new  s tra in  d e v e lo p e d  h e re , M. trichosporium 

S M D M , like m u ta n t F , is a  h o m o lo g o u s  ex p ress io n  h o st th a t 

g ives ex p ress io n  o f  re c o m b in a n t w ild - ty pe  sM M O  c o m pa ra b le  

to  th a t f ro m  th e  p a re n ta l  s tra in  M. trichosporium O B 3 b . M o re 

ov er, s tra in  S M D M  n o t on ly  a llow s m u ta g e n e s is  an y w here  

w ith in  th e  ac tive  s ite -co n ta in in g  a su b u n it, in c lu d in g  L eu  110, 

b u t a lso  allow s m u tag en es is  o f  a ll c o m p o n e n ts  o f  the  sM M O - 

e n co d in g  o p e ro n  ex cep t th e  mmoC re d u c ta se , i.e ., th e  h yd rox 

y lase (mmoXYZ), p ro te in  B  (mmoB), a n d  rrtmoD g en es, w h ose  

p ro d u c t m ay  h av e  a ro le  in  sM M O  co m p lex  assem b ly  (27).

R eg io se lec tiv ity  o f  th e  w ild - typ e  sM M O  w ith  a ro m a tic  su b 

s t ra te s .  O u r  re su lts  w ith  M. trichosporium ex p ress in g  re c o m b i

n a n t w ild - typ e  sM M O  co n f irm e d  p rev io u s  re su lts  c o n ce rn in g  

th e  reg iose lec tiv ity  o f  sM M O  w ith  a ro m a tic  su b s tra te s . I f  th e  

su b s tra te s  a re  co n s id e re d  to  b e  ro u g h ly  re c ta n g u la r, th e  w ild - 

ty pe  en zym e show s a  s tro n g  p re fe re n c e  fo r  h y d ro xy lation  n e a r 

est to  th e  tw o  sh o r t s id es o f  th e  re c ta n g le . T h u s , n a p h th a le n e  

g ives p rim a ri ly  2 -n a p h th o l, b ip h en y l g ives p re d o m ina n t ly  4 -hy 

d ro xy b ip hen y l, a n d  to lu e n e  a n d  e thy l b e n z e n e  u n d e rgo  a m ix

tu re  o f  s id e  ch a in  an d  4 -p o s itio n  hy d rox y la tion  o n  th e  b e n z e n e  

r in g  (2, 3, 14).

M u ta t io n s  a t  L eu  110 in  sM M O  re la x  reg io se lec tiv ity b u t do  

n o t ex ten d  ac tiv ity  to  t r ia ro m a t ic  h y d ro c a rb o n s . T he  m u ta n t 

s tra in s  sh o w ed  lo w er ra te s  o f  to ta l p ro d u c t a c c u m u la t io n  th a n  

th e  w ild  type, ran g in g  fro m  2.5 to  63%  o f  th e  w ild -ty p e  ac tiv 

it ies (T ab le s  4 a n d  5 ). E x am in in g  th e  d a ta  fro m  e thy l b e n z e n e  

an d  to lu e n e  as su b s tra te s , w e d id  n o t find  a c le a r  c o r re la t io n
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b e tw een  th e  p ro p e r ty  o f  th e  a m in o  ac id  a n d  th e  re d uc t io n  in 

activ ity , a n d  th ese  resu lts  m ay  a lso  re f lec t d if fe ren ces in ex

p ress io n  an d  stab il ity  b e tw een  th e  m u tan ts . A nalysis o f  th e  

p ro p o r t io n s  o f  p ro d u c ts  fo rm e d  fro m  th e  a ro m a tic  sub s tra tes , 

how ever, y ie ld ed  in fo rm a tio n  th a t is n o t b iased  by th e  level o f  

exp ress ion .

A s d e ta i le d  in th e  in tro d u c t io n , p rev io u s  w o rk  o n  ho m o lo 

g o u s m o n o o x y g en ases th a t n a tu ra lly  ox id ize  a ro m a tic su b 

s tra te s  has vario us ly  in d ica ted  e ffects o f  m u ta tio ns  a t th e  p o 

s ition  e q u iv a len t to  L eu  110 o f  th e  hyd roxy lase a  su b u n it o f  

sM M O  o n  reg iose lec tiv ity  an d  su b s tra te  ran g e . In  the  case  o f  

sM M O , n o n e  o f  th e  m u ta n ts , in c lu d in g  th o se  w ith  su bstan tia lly  

sm a lle r  re s id u e s  a t p o s it io n  110, h a d  m e a su ra b le  activ ity  to 

w ard  th e  tr ia ro m a tic  su b s tra te s  p h e n a n th re n e  a n d  a nth ra c e n e . 

H o w ev er, all h a d  su b s tan tia l ch an g es in  reg iose lec tiv ity , show 

ing  a sh if t aw ay fro m  “ te rm in a l” o x id a tio n  o f  a ro m atic  su b 

s tra te s , w ith  in c reas in g  p ro p o r t io n s  o f  1 -n ap h th o l fro m  n a p h 

th a le n e  a n d  2- a n d  3 -hyd roxy  p ro d u c ts  from  su b s titute d  

m o n o a ro m a tic s  a n d  b ip hen y l. T h is  re su lt w as to  so m e ex ten t 

u n ex p ec ted , s ince a “g a tin g  ro le ” fo r  L eu  110 su g g es ted  th a t 

m u ta tio n s  to  sm a lle r  res id u es  w o u ld  b e  likely to  let la rg e r 

su b s tra te s  in to  th e  active s ite . T h e re  w as som e c o rre la t io n  

b e tw een  th e  ch an g es in  p ro d u c t d is tr ib u tio n  a n d  th e size o f  th e  

res id u e  a t p o s it io n  110. T h e  sh if t in  reg io se lec tivity  o f  n a p h 

th a le n e  o x id a tio n  w as g re a te s t in  th e  m u ta n ts  w ith  th e  la rg est 

res id u es  (T y r an d  A rg ) a t p o s i t io n  110. C onverse ly , th e  novel 

p ro d u c t fro m  b ip h en y l o x id a tio n , 3 -hyd roxyb ipheny l, is seen  

on ly  in  th e  m u ta n ts  w ith  th e  sm a lle r  res id u es  (G ly  an d  Cys) a t 

th is  p o s itio n . T h e  sh if t f ro m  s ide ch a in  to  r in g  hyd roxy la tion  o f  

to lu e n e  w as g re a te s t in  th e  m u ta n ts  w ith  sm a lle r  res id u es (G ly  

an d  Cys) a t p o s it io n  110, a n d  th e  c o r re sp o n d in g  sh ift in reg io 

se lec tiv ity  in  o x y g enatio n  o f  e th y l b en zen e  w as a lmo st 2 o rd e rs  

o f  m ag n itu d e  g re a te r  th an  th a t seen  w ith  any  o f  th e o th e r  

m u tan ts . In  th e  h o m o lo g o u s so lub le  b u ta n e  m on oo xy gen ase , 

th e  m u ta tio n  G 113N , w h ich  is n e a r  th e  “ leu c in e  g a te” (L eu  109 

in  b u ta n e  m o n o o x y g en ase), a lso  led  to  a sh ift in  reg io se lec tiv ity  

aw ay fro m  th e  en d s  o f  th e  su b s tra te  m o lecu les , in  th is  case 

giv ing rise  in th e  reg io sp ec if ic ities o f  oxygen ation  o f  b u ta n e  

an d  p ro p a n e  fro m  p re d o m in a n t ly  te rm in a l to  p re d o m ina n tly  

su b te rm in a l (13).

In  m o n o o x y g en ases o f  th e  n a p h th a le n e  d ioxygenase fam ily , 

a re s id u e  a t th e  n a rro w est p a r t  o f  th e  ac tive -s ite  p o c k e t (P h e  

352 in n a p h th a le n e  d ioxygenase fro m  Pseudomonas sp. N C IB  

9816-4) (18) h as a lso  b e e n  show n , v ia  m u tag en es is  stu d ies  (19, 

29), to  in f lu en ce  su b s tra te  ran g e  an d  reg iose lec tivity . X -ray  

c ry s ta llo g rap h y  o f  an  en zy m e -p ro d u c t co m p lex  in d icated  th a t 

th e  p ro d u c t (a n d  p resu m ab ly  a lso  th e  su b s tra te )  co ntac ts  P h e  

352 w h en  b o u n d  in th e  ac tive  s ite  (6 ). U n fo r tu n a te ly , th e re  a re  

cu rren tly  to  o u r  k no w led ge  n o  s tru c tu ra l d a ta  fo r  sM M O  o r  its 

h o m o lo g u es co m p lex ed  w ith  a ro m a tic  su b s tra tes , b u t th e  s itu 

a t io n  w ith  L eu  110 in th e se  enzy m es seem s likely  to be d if fe r

en t, s ince th is  res id u e  is on  th e  e d g e  o f  th e  active s ite  an d  less 

likely  to  co n tac t th e  su b s tra te  a t th e  m o m e n t o f  o xygenation .

O u r  d a ta  in d ica te  th a t L eu  110 is an  im p o r ta n t re s id u e  in 

d e te rm in in g  th e  p rec is io n  o f  reg iose lec tiv ity  o f  sMM O  w ith  

a ro m a tic  su b s tra tes . T h e  v a r io u s m u ta tio n s  th a t w e hav e m ad e  

a t th is p o s itio n  re lax  th e  reg io se lec tiv ity  fo r  a rom a tic  su b 

s tra te s , w h ich  co u ld  be ad v an ta g eo u s  in ac tiva tin g  p o ly aro - 

m a tic  p o llu ta n ts  fo r  b io log ica l b reak d o w n  by co n so rtia  o f  m i

c ro o rg an ism s. W h ile  o u r  resu lts  d o  n o t a llow  us to  ju d g e

w h e th e r  L eu  110 fu n c tio n s as a su b s tra te  g a te , th ey  s trong ly  

su g g es t th a t L eu  110 is n o t th e  lim iting  fa c to r  fo r  th e  size o f  an  

a ro m a tic  su b s tra te  th a t can  e n te r  th e  ac tive  s ite . I t  m ay  be th a t 

th e  im p o r ta n t ro le  th a t L eu  110 h as in  d e te rm in in g  th e  c a ta 

ly tic specific ity  o f  th e  en zym e m ay  b e  m e d ia te d  v ia c o n fo rm a 

tio n a l ch an g es o f  th e  type a lread y  sho w n  to  affect th is  res id u e  

in  v a r io u s crysta l fo rm s o f  th e  en zy m e (30).  In  th e  fu tu re , w e 

p ro p o s e  to  u n d e r ta k e  d e ta i le d  k in e tic  an d  s tru c tu ral analysis o f  

th e  m u ta n ts  to  d e te rm in e  how  th e i r  e ffec t on  th e  reg io se le c 

tiv ity  o f  th e  en zym e is m e d ia te d .
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