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ABSTRACT

The r e a g e n t s ,  m e th y l  m e th a n e th io s u l f o n a t e  (MMTS), 

N -e th y lm a le im id e  (NEM), io d o a c e ta m id e  (IAM) and 2-brom o- 

2 ' ,  4 '-d im e th o x y a c e to p h e n o n e  (Br-DMOAP) , a r e  t h i o l  s p e c i -  

.] f i c  and p o t e n t  r e a g e n t s  f o r  l u c i f e r a s e  a l k y l a t i o n .  Pseudo

f i r s t - o r d e r  a n a l y s i s  showed t h a t  r e a c t i o n  o f  l u c i f e r a s e  

w i th  MMTS, NEM and IAM fo l lo w e d  s t r i c t l y  s e c o n d - o r d e r  k in e ­

t i c s ;  t h a t  i s ,  th e  o b se rv ed  r a t e  c o n s t a n t  f o r  i n a c t i v a t i o n  

was d i r e c t l y  p r o p o r t i o n a l  t o  th e  c o n c e n t r a t i o n  o f  th e  a lk y ­

l a t i o n  r e a g e n t .  However, Br-DMOAP m o d i f i c a t i o n  d id  n o t  

j f o l l o w  s im p le  s e c o n d - o r d e r  k i n e t i c s .  S tu d i e s  o f  Br-DMOAP

i n  aqueous s o l u t i o n  showed t h a t  Br-DMOAP h y d ro ly z e d  i n  

j w a te r .  Thus th e  a l k y l a t i o n  r e a c t i o n  o f  l u c i f e r a s e  w i th

Br-DMOAP was a complex r e a c t i o n  c o n s i s t i n g  o f  Br-DMOAP 

h y d r o l y s i s  and a l k y l a t i o n .  F l a v i n  m o n o n y c le o t id e  (FMN)

• p r o t e c t e d  l u c i f e r a s e  a g a i n s t  i n a c t i v a t i o n  by t h e s e  r e a g e n t s .

|  The d e g re e  o f  p r o t e c t i o n  o b se rv ed  was g r e a t e r ,  t h e  g r e a t e r

|  th e  FMN c o n c e n t r a t i o n .  F u r th e rm o re ,  th e  p r o t e c t i v e  e f f e c t

|  o f  f l a v i n  was enhanced i n  a  low v e r s u s  a h ig h  c o n c e n t r a t i o n

; o f  p h o s p h a te  b u f f e r ,  ph 7 -0 .  Compare w i th  th e  r a t e  o f  IAM

i n a c t i v a t i o n  i n  th e  a b sen ce  o f  f l a v i n  (7 .6  M- 1 min_ 1 ) , i n  

; t h e  p re s e n c e  of 50 mM FMN th e  o b se rv ed  r a t e  o f  IAM i n a c t i ­

v a t i o n  was 16 t im e s  s lo w er  i n  0 .2 5  M p h o sp h a te  and 62 t im e s  

; s lo w e r  i n  0 .0 2  M p h o s p h a te .  By co m p ariso n ,  t h e  r a t e  o f

::

; i v
iij

■I
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NEM i n a c t i v a t i o n  o f  l u c i f e r a s e  i n  0 .2 5  M p h o sp h a te  was r e ­

duced by a b o u t  3*4 f o l d  i n  t h e  p r e s e n c e  o f  50 mM FMN v e r s u s  

i t s  a b s e n c e .  U n e x p ec te d ly ,  an  u n i d e n t i f i e d  p r o d u c t  w hich  

r e s u l t e d  from  FMN (50 mM) r e a c t i o n  w i th  DTT (50 mM) l e d  to  

s u b s t a n t i a l  l u c i f e r a s e  i n a c t i v a t i o n  (a b o u t  20%) . Chromato­

g rap h y  o f  t h i s  sam ple l e d  t o  f u r t h e r  i n a c t i v a t i o n  (a  t o t a l  

o f  75^ i n a c t i v a t i o n ) . The r e a s o n  f o r  t h i s  i n a c t i v a t i o n  i s  

n o t  known. I n  an  a t t e m p t  t o  b lo c k  a l l  o f  th e  n o n - e s s e n t i a l  

t h i o l s  w h i le  m a i n t a in in g  f u l l  c a t a l y t i c  f u n c t i o n ,  l u c i f e r a s e  

was r e a c t e d  w i th  10 mM IAM i n  th e  p r e s e n c e  o f  50 mM FMN i n

0 .0 2  M p h o s p h a te ,  ph 7 -0 .  The enzyme, w hich r e t a i n e d  g r e a t e r  

th a n  90%, a c t i v i t y  by  t h i s  t r e a t m e n t ,  was ch ro m ato g rap h ed  to  

remove f l a v i n  and t h i o l  r e a g e n t  and s e c o n d a r i l y  m o d if ie d  by 

t r e a t m e n t  w i th  Br-DMOAP. E l lm a n ’ s r e a g e n t  (5»5 - d i t h i o b i s -  

( 2 - n i t r o b e n z o i c  a c i d ) )  was u sed  t o  c a l c u l a t e  t h e  number o f  

u n r e a c te d  t h i o l s  re m a in in g  on l u c i f e r a s e  a f t e r  e ach  o f  t h e s e  

s t a g e s . N a t iv e  enzyme c o n ta i n e d  a b o u t  13 s u l f h y d r y l  r e s i d u e s , 

b l o c k e d - a c t i v e  enzyme c o n ta i n e d  3*1 to  3 .4  r e s i d u e s ,  and 

m o d if ie d  enzyme c o n ta in e d  1 .2  t o  1 .4  r e s i d u e s .
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] NEM i n a c t i v a t i o n  o f  l u c i f e r a s e  i n  0 .2 5  M p h o sp h a te  was r e -
j
j duced by a b o u t  3 -4  f o l d  i n  t h e  p re s e n c e  o f  50 mM FMN v e r s u s
j

| i t s  a b se n c e .  U n e x p e c te d ly ,  an  u n i d e n t i f i e d  p r o d u c t  which
j
j r e s u l t e d  from FMN (50 mM) r e a c t i o n  w i th  DTT (50 mM) l e d  to

i  s u b s t a n t i a l  l u c i f e r a s e  i n a c t i v a t i o n  (a b o u t  2 0 $ ) .  Chromato-

j g ra p h y  o f  t h i s  sam ple l e d  t o  f u r t h e r  i n a c t i v a t i o n  (a  t o t a l.1
i o f  75$  i n a c t i v a t i o n ) . The r e a s o n  f o r  t h i s  i n a c t i v a t i o n  i s
|
j n o t  known. I n  an  a t t e m p t  t o  b lo c k  a l l  o f  th e  n o n - e s s e n t i a l
j

t h i o l s  w h i le  m a i n t a i n i n g  f u l l  c a t a l y t i c  f u n c t i o n ,  l u c i f e r a s e  

was r e a c t e d  w i th  10 mM IAM i n  th e  p re s e n c e  o f  50 mM FMN i n
j

0 .0 2  M p h o s p h a te ,  ph 7*0. The enzyme, w hich  r e t a i n e d  g r e a t e r  

t h a n  90$ a c t i v i t y  by t h i s  t r e a t m e n t ,  was ch ro m ato g rap h ed  to  

remove f l a v i n  and t h i o l  r e a g e n t  and s e c o n d a r i l y  m o d if ie d  by

] t r e a t m e n t  w i th  Br-DMOAP. E l lm a n 's  r e a g e n t  ( 5 , 5 - d i t h i o b i s -
3

( 2 - n i t r o b e n z o i c  a c i d ) ) was u sed  t o  c a l c u l a t e  t h e  number o f  

u n r e a c t e d  t h i o l s  r e m a in in g  on l u c i f e r a s e  a f t e r  each  o f  t h e s e  

|  s t a g e s .  N a t iv e  enzyme c o n ta i n e d  a b o u t  13 s u l f h y d r y l  r e s i d u e s ,

j b l o c k e d - a c t i v e  enzyme c o n ta i n e d  3 -1  to  3 -4  r e s i d u e s ,  and

m o d if ie d  enzyme c o n ta i n e d  1 .2  to  1 .4  r e s i d u e s .
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INTRODUCTION

L u c i f e r a s e :  P h y s i c a l  P r o p e r t i e s ,  and F u n c t io n

B a c t e r i a l  l u c i f e r a s e  i s  th e  enzyme r e s p o n s i b l e  f o r  

b io lu m in e sc e n c e  i n  some b a c t e r i a .  T h is  enzyme o f  m o le c u la r  

w e ig h t  7 9 , 000- 8 0 ,0 0 0  i s  a  m e t a l - f r e e  d im er o f  u n e q u a l  sub­

u n i t s ,  O. and . The m o le c u la r  w e ig h ts  o f  (X and Q a re  app­

r o x im a te ly  ^0 ,000-4-2 ,000  and 3 7 , 000- 3 9 ,0 0 0  r e s p e c t i v e l y  

( H a s t in g s  ejt a l . , 1969; Y o sh id a  and Nakamura, 1973)*

T h is  enzyme b in d s  re d u c e d  f l a v i n  m o n o n u c leo tid e  

(FMNHg) a t  th e  (X s u b u n i t  and , on a d d i t i o n  o f  02 and a  lo n g  

c h a in  a ld e h y d e ,  c a t a l y z e s  l i g h t  fo r m a t io n  wi ^ X max from 

4-80 nm t o  505 nm ( H a s t i n g s ,  E b e rh a rd  e t  a l . , 1973)*

l u c i f e r a s e
RCH0 * FMNH2 + 0 2  »  RC00H + FMN + HgO + h v \

L u c i f e r a s e  i s  an  u n u s u a l  f lavoenzym e, becau se  i t  

b in d s  o x id iz e d  FMN p o o r l y  ( 1 0 ^ - f o l d  l e s s  w e l l  t h a n  FMNHg) 

and can  n o t  be i s o l a t e d  a s  a  holoenzym e.

I n  th e  i n t a c t  lu m in o u s  b a c te r iu m ,  a  f e e d e r  enzyme 

s u p p l i e s  th e  FMNH2 a t  th e  expense  o f  NADH o x i d a t i o n .  T h is  

NADH-FMN o x id o r e d u c ta s e  i s  a l s o  u n u s u a l  i n  u s in g  f l a v i n  as  

f r e e l y  d i s s o c i a t i n g  s u b s t r a t e s  r a t h e r  th a n  a s  n o n d i s s o c i a b l e  

b ound c oe n zyme.
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I n  v iew  o f  the  r a p i d  a u t o o x i d a t i o n  r a t e  o f  f r e e  FMNH2 

to  FMN ( t j y 2=l ° °  s e c ) ,  i t  i s  l i k e l y  t h a t  o x id o re d u c ta s e  and 

l u c i f e r a s e  from a  f u n c t i o n a l  complex i n  v iv o .

The com plete  r e a c t i o n  s to i c h io m e t r y  o f  l u c i f e r a s e  

c a t a l y s i s  a p p e a r s  to  he e s t a b l i s h e d  a s  a  f l a v i n - l i n k e d  mono­

oxygenase , and th u s  l u c i f e r a s e  i s  a  one tu r n o v e r  enzyme.

The a ldehyde  u n d e rg o es  2 - e -  o x i d a t i o n  to  th e  c a r b o x y l i c  

a c id .  No H20 2 i s  d e t e c t e d ,  r a t h e r  02 a p p e a rs  to  y i e l d  HgO. 

T h is  would c o r re sp o n d  to  a  k - e ~  r e d u c t i o n  w i th  th e  second 

e l e c t r o n  p a i r  coming from  FMNH2 .

The l u c i f e r a s e  d im er  from  V ib r io  h a r v e y i  ( fo r m e r ly  

Beneekea h a r v e y i ) h a s  a  s i n g l e  b in d in g  s i t e  f o r  FMNH2 w ith

Watanabe e t  a l . ,  197*h B ecvar and H a s t in g s ,  1975; M eighen 

and B a r t l e t , 1980). Enzyme-bound FMNH2 i s  w eakly  f l u o r e ­

s c e n t  (B ecv a r  e t  a l . , 1976) .

From th e  e f f e c t  o f  pH on b in d in g  o f  FMNH2 to  V_.

in v o lv e d  and have pK& v a lu e s  a b o u t  6 .2  and 6 .8  ( N i c o l i  e t

a l . , 197*0 . There a re  two such  g ro u p s  on FMNH2 i t s e l f :

the  N-10 r i b i t y l  p h o sp h a te  and th e  N -l o f  th e  re d u c ed

i s o a l l o x a z i n e , b o th  o f  which have pK v a lu e s  o f  a b o u t  6 .2a
(E h ren b erg  and Hemmerich, 1968; T h e o r e l l  and N ygaard , 195*0.
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3

1

A l t e r n a t i v e l y ,  e i t h e r  o b se rv ed  pK ( 6 .2  o r  6 .8 )  co u ld  be
2.

n  it
c o n t r ib u te d  by an amino a c id  on th e  p r o t e i n ,  th e  e s s e n t i a l  

h i s t i d y l  w i th  an a p p a r e n t  pK o f  ab o u t  6 . 8 , b e in g  a  r e a s o n -
Si

ab le  c a n d ia te  (C o u s in eau  and M eighen, 1976) .  There i s  a l s o  

a s in g le  b in d in g  s i t e  on l u c i f e r a s e  f o r  th e  p r o d u c t  FMN 

(B aldw in , 197^. Baldwin e t  a l . ,  1 9 7 5 b )» which i s  bound much 

more weakly  th a n  FMNHg, th e  kd v a lu e  b e in g  0.4- mM f o r  V. 

h a rv e y i  l u c i f e r a s e  a t  25°C ( B aldw in  e t  a l . ,  1975b).

The enzyme-bound o x id iz e d  f l a v i n  i s  n o n - f l u o r e s c e n t  

and shows rem ark ab le  s t r u c t u r e  i n  i t s  o p t i c a l  ab so rb an c e  

and c i r c u l a r  d ic h ro is m  s p e c t r a  (B a ld w in , 197^; B aldw in  e t  

a l . , 1975b).

Chem ical M o d i f i c a t i o n

A lthough  th e r e  a re  no d i s u l f i d e  g ro u p s ,  t h e r e  a re  

13 s u l f h y d r y l  r e s i d u e s  w i t h i n  th e  c o v a l e n t  s t r u c t u r e  o f  

l u c i f e r a s e  from V ib r io  h a r v e y i  (H a s t in g s  e t  a l . , 1969?

Tu e t  a l . ,  1 9 7 7 a) .  One s u l f h y d r y l  i s  most l i k e l y  i n  o r  

n e a r  the  a c t i v e  c e n t e r  o f  l u c i f e r a s e  and a p p e a r s  t o  be 

s i g n i f i c a n t l y  more r e a c t i v e  th a n  th e  o t h e r s  w i th  r e s p e c t  

to  a  v a r i e t y  o f  a l k y l a t i o n  r e a g e n t s .  A l k y l a t i o n  o f  t h i s  

s in g le  " e s s e n t i a l "  s u l f h y d r y l  r e s i d u e  r e s u l t s  i n  com ple te  

i n a c t i v a t i o n  ( Z i e g l e r  and B aldw in , 1 981 ).

The r e a c t i v e  t h i o l ,  w hich  h a s  a  pK o f  a b o u t  9 . k ,8l

has  been l a b e l e d  w i th  N-Cl-C )  e th y lm a le im id e  and shown

■
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to  be l o c a t e d  on th e  (X s u b u n i t  ( N i c o l i  e t  a l . , 197*0 i n  a  

t r y p t i c  p e p t i d e ,  whose sequence  i s  P h e -G ly - I le -C y s -A r g  

( N i c o l i ,  1 9 7 2 ).  The a l k y l a t e d  enzyme h a s  a  g r e a t l y  re d u c e d  

b in d in g  a f f i n i t y  f o r  FMNHg ( > lOx) and i s  i n a c t i v e  i n  th e  

lu m in e s c e n t  r e a c t i o n .  L o n g -c h a in  a ld e h y d e s  p r o t e c t  th e  

n a t i v e  enzyme from i n a c t i v a t i o n ,  a s  d o es  a  c y c le  o f  enzym ic 

o x i d a t i o n  o f  FMNHg ( N i c o l i  e t  a l . , 197*0 •

Bound FMN p r o t e c t s  th e  r e a c t i v e  t h i o l  c o m p le te ly  

a g a i n s t  a l k y l a t i o n  ( Z i e g l e r  and B aldw in , 1 9 8 1 ) ,  b u t  th e

I a l k y l a t e d  enzyme a p p e a r s  t o  b in d  FMN w i th  n e a r l y  th e  same
I

a f f i n i t y  a s  th e  n a t i v e  enzyme ( N i c o l i  e t  a l . ,  1976).

No d i r e c t  p a r t i c i p a t i o n  o f  th e  s u l f h y d r y l  g roup  i n  

s u b s t r a t e  b in d in g  o r  c a t a l y s i s  h a s  y e t  been  d e m o n s t r a t e d .  

However, m o d i f i c a t i o n  by m e th y l  m e t h a n e th io s u l f o n a t e  (MMTS) 

which i n t r o d u c e s  o n ly  a  s m a l l  u n c h a rg ed  n o n p o la r  group  

(-SCH^) i n  a  mixed d i s u l f i d e  l i n k a g e  t o  th e  e s s e n t i a l  t h i o l ,  

r e s u l t s  i n  com ple te  i n a c t i v a t i o n  o f  th e  enzyme ( Z i e g l e r  

and B aldw in , 1981) .

M o d i f i c a t i o n  o f  th e  r e a c t i v e ,  e s s e n t i a l  s u l f h y d r y l  

g roup o f  V. h a r v e y i  l u c i f e r a s e  w i th  l o n g - c h a i n  N - a lk y l -  

m a le im id es  i n d i c a t e d  t h a t  th e  v i c i n i t y  o f  th e  r e a c t i v e  

c y s t e i n e ,  and th u s  p re su m a b ly  o f  th e  a c t i v e  c e n t e r ,  must 

in c lu d e  a  r e g i o n  o f  g r e a t  h y d r o p h o b ic i ty  ( N i c o l i  and 

H a s t in g s ,  197*0. a s  m ig h t be e x p e c te d  f o r  an  enzyme w ith  

a  l o n g - c h a in  a l i p h a t i c  s u b s t r a t e .
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