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SUMMARY: Incubation of penicillin acylase from Escherichia coli 
with phenylglyoxal or 2,3-butanedione results in enzyme inactiva- 
tion. Both benzylpenicillin and phenylacetate protect the enzyme 
against the inactivation, indicating the presence of arginine at 
or near the catalytic site. The reactions follow pseudofirst 
order kinetics and the inactivation kinetics indicate the pre- 
sence of a single essential arginine moiety. ©1990AcademicPress, Inc. 

P e n i c i l l i n  a c y l a s e  (EC 3 . 5 . 1 . 1 1 )  f r o m  E. c o l i  c a t a l y s e s  t h e  

h y d r o l y s i s  o f  b e n z y l p e n i c i l l i n  t o  p h e n y l a c e t i c  a c i d  a n d  6 - a m i n o -  

p e n i c i l l a n i c  a c i d  ( 6 - A P A ) ,  t h e  l a t t e r  b e i n g  t h e  k e y  i n t e r m e d i a t e  

i n  t h e  m a n u f a c t u r e  o f  s e m i s y n t h e t i c  p e n i c i l l i n s .  E x t e n s i v e  

s t u d i e s  h a v e  b e e n  c a r r i e d  o u t  c o n s e q u e n t l y  on i n d u s t r i a l  a s p e c t s  

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

p e n i c i l l i n  a c y l a s e  g e n e  ( f o r  r e v i e w  s e e  R e f .  i ) .  I n  c o n t r a s t ,  

o n l y  a f ew  s t u d i e s  h a v e  b e e n  r e p o r t e d  on t h e  r e a c t i o n  m e c h a n i s m  

and  t h e  a c t i v e  c e n t e r s  o f  t h i s  g r o u p  o f  e n z y m e s .  B e n z y l p e n i c i l -  

l i n  a c y l a s e  f r o m  E. c o l i ,  w h i c h  i s  t h e  m o s t  e x t e n s i v e l y  s t u d i e d  

among t h i s  c l a s s  o f  e n z y m e s ,  h a s  b e e n  shown t o  be  a h e t e r o d i m e r  

~) containing an M r 20,500 (~) and an M r 69,000 (~) subunit (2). 

In subunit structure the enzyme from E. coli resembles those from 

Proteus rettgeri (3), Kluyvera citrophila (4) and Arthrobacter 

v i s c o s u s  ( 5 ) .  

The  f o r m a t i o n  o f  an  a c y l - e n z y m e  i n t e r m e d i a t e  h a s  b e e n  p o s t u -  

l a t e d  f r o m  t h e  k i n e t i c s  o f  t h e  e n z y m e  c a t a l y z e d  r e a c t i o n  ( 6 ) .  

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

s t r u c t u r a l l y  r e s e m b l e s  t h e  s i d e  c h a i n  o f  b e n z y l p e n i c i l l i n ,  i n -  

a c t i v a t e s  t h e  e n z y m e ;  a m o l e  o f  t h e  r e a g e n t  c o m p l e t e l y  i n a c t i v a -  
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t i n g  a m o l e  o f  t h e  e n z y m e  f r o m  E. c o l i  ( 7 )  o r  f r o m  P. r e t t g e r i  

( 3 ) .  H o w e v e r ,  t h e  s e r i n e  r e a g e n t  d i i s o p r o p y l f l u o r o p h o s p h a t e  

i n a c t i v a t e s  o n l y  w e a k l y  t h e  E. c o l i  e n z y m e  c a s t i n g  a m b i g u i t y  

a b o u t  t h e  p r e s e n c e  o f  an  e s s e n t i a l  s e r i n e  r e s i d u e  ( 7 ) .  The  

i n v o l v e m e n t  o f  t r y p t o p h a n  a t  t h e  a c t i v e  s i t e  o f  e n z y m e s  f r o m  P. 

r e t t s e r i  ( 8 )  a n d  f r o m  E.  c o l i  ( 9 )  h a s  b e e n  s u g g e s t e d  f r o m  

i n a c t i v a t i o n  s t u d i e s .  

In  t h i s  c o m m u n i c a t i o n  we p r e s e n t  e v i d e n c e  f o r  t h e  p r e s e n c e  

o f  an  e s s e n t i a l  a r g i n i n e  r e s i d u e  i n  t h e  E. c o l i  e n z y m e .  

MATERIALS AND METHODS 

P h e n y l g l y o x a l  and  2 , 3 - b u t a n e d i o n e  w e r e  o b t a i n e d  f r o m  
F l u k a ,  b e n z y l p e n i c i l l i n  and  6 - a m i n o p e n i c i l l a n i c  a c i d  ( 6 - A P A )  
w e r e  g i f t s  f r o m  H i n d u s t a n  A n t i b i o t i c s  L t d . ,  p h e n y l a c e t i c  a c i d  
was o b t a i n e d  f r o m  A l d r i c h ,  a n d  D E A E - S e p h a r o s e  CL-6B was  f r o m  
P h a r m a c i a .  

E s c h e r i c h i a  c o l i  NCIM 2350  was  o b t a i n e d  f r o m  t h e  N a t i o n a l  
C o l l e c t i o n  o f  I n d u s t r i a l  M i c r o o r g a n i s m s ,  P u n e ,  a n d  was  m a i n -  
t a i n e d  r o u t i n e l y  on n u t r i e n t  a g a r  s l a n t s .  

Penicillin acylase. The enzyme was isolated from the 
extract of cells of E. coli grown at 26°C for 24 h under shake 
flask conditions in a medium of the following composition: 
yeast extract, 2 g; bactopeptone, 2 g; tryptone, 1 g; beef 
extract, 2 g; corn steep liquor (0.5 g/ml), 25 ml; K2HPO 4, 3 g; 
KH2PO. ,  0 . 3  g ;  NaC1,  3 . 5  g ;  (NHa)TSO a ,  1 g ;  M g S O a . 7 H ~ O , - 0 . 2  g ;  
p h e n y ~ a c e t i c  a c i d ,  1 g ;  and  w a t 6 r - t o - m a k e  t o  1 L - a f t e r  a d j u s t -  
m e n t  o f  pH t o  7 . 2 .  C e l l s  w e r e  h a r v e s t e d  by c e n t r i f u g a t i o n ,  
w a s h e d  w i t h  0 . 0 1  M p o t a s s i u m  p h o s p h a t e  b u f f e r ,  pH 7 . 5  and  
s t o r e d  a t  - 2 0 ° C .  

Cells (60 g wet weight) were thawed, suspended in 0.05 M 
potassium phosphate buffer, pH 7.5, (3 ml/g packed cells), 
cooled in an ice bath and disrupted by sonication (20 Kc,300 W) 
for a total period of i0 min. Cell debris was removed by 
centrifugation and all subsequent operations were carried out 
a t  0 - 4 ° C .  

The  c l e a r  c e l l - f r e e  e x t r a c t  was  s u b j e c t e d  t o  ammonium 
s u l f a t e  f r a c t i o n a t i o n j  a n d  t h e  f r a c t i o n  o b t a i n e d  b e t w e e n  0 . 3  - 
0 . 8  s a t u r a t i o n  was  c o l l e c t e d ,  d i s s o l v e d  i n  t h e  m i n i m u m  v o l u m e  
o f  0 . 0 5  M p o t a s s i u m  p h o s p h a t e  b u f f e r ,  pH 7 . 5 ,  and  d i a l y z e d  
o v e r n i g h t  a g a i n s t  I 0 0  v o l u m e s  o f  b u f f e r  o f  t h e  same  c o m p o s i t i o n .  
The  d i a l y s a t e  was c l a r i f i e d  by c e n t r i f u g a t i o n  and  a p p l i e d  on t o  
a D E A E - S e p h a r o s e  CL-6B c o l u m n  (3 x 75 cm) p r e v i o u s l y  e q u i l i -  
b r a t e d  w i t h  0 . 0 i  M p o t a s s i u m  p h o s p h a t e  b u f f e r ,  pH 7 . 5 .  The  
e n z y m e  was  e l u t e d  u s i n g  a l i n e a r  g r a d i e n t  o f  p o t a s s i u m  p h o s -  
p h a t e  b u f f e r ,  pH 7 . 5  ( 0 . 0 1  - 0 . I  M) .  The  e l u a n t  w i t h  e n z y m e  
a c t i v i t y  was  c o n c e n t r a t e d  by u l t r a f i l t r a t i o n  and  l o a d e d  on a 
S e p h a d e x  G - 2 0 0  c o l u m n  e q u i l i b r a t e d  w i t h  0 . 0 5  M p o t a s s i u m  p h o s -  
p h a t e  b u f f e r ,  pH 7 . 5 ;  t h e  f r a c t i o n s  w i t h  p e n i c i l l i n  a c y l a s e  
a c t i v i t y  w e r e  p o o l e d  a n d  c o n c e n t r a t e d  by u l t r a f i l t r a t i o n .  
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Enzym e a s s a y .  P e n i c i l l i n  a c y l a s e  a c t i v i t y  was  a s s a y e d  
e s s e n t i a l l y  a s  d e s c r i b e d  b y  B a l a s i n g h a m  e t  a l .  ( 1 0 )  b y  m e a s u r -  
i n g  t h e  a m o u n t  o f  6 -APA p r o d u c e d  a t  40°C u s i n g  4% b e n z y l p e n i -  
c i l l i n  a s  s u b s t r a t e  i n  0 . I  M p o t a s s i u m  p h o s p h a t e  b u f f e r ,  pH 7 . 8  
a n d  6 -APA p r o d u c e d  was  m e a s u r e d  w i t h  p - d i m e t h y l a m i n o b e n z a l d e -  
h y d e  a c c o r d i n g  t o  t h e  p r o c e d u r e  o f  B o m s t e i n  a n d  E v a n s  ( I I ) .  
One u n i t  (U) o f  e n z y m e  a c t i v i t y  i s  d e f i n e d  a s  t h e  a m o u n t  o f  
e n z y m e  c a t a l y z i n g  t h e  h y d r o l y s i s  o f  i Dmol o f  s u b s t r a t e  i n  I 
m i n  u n d e r  t h e  a s s a y  c o n d i t i o n s .  

Protein assay. Protein was determined by the method of 
Lowry et al. (12) using bovine serum albumin as standard. 

Gel ~lectrophoresis. Sodium dodecylsulfate (SDS)-poly- 
acrylamide gel electrophoresis was carried out in 7.5% gels 
using Tris-glycine buffer, pH 8.8 as described by Laemmlli 
( t 3 ) .  

Treatment with arginine modifyi~ reagents. Penicillin 
acylase was incubated at 25°C with either phenylglyoxal (2.5-20 
mM)in 0.05 M potassium phosphate buffer, pH 8.0! or 2,3-butane- 
aione (I0 - 40 mM) in 0.05 M sodium borate buffer, pH 8.0. The 
reaction system was shielded from light when 2,3-butanedione 
was used as the arginine modifying reagent (14). Enzyme incu- 
bated with buffers in absence of the modifying reagents served 
as controls. Aliquots were withdrawn at different time inter- 
vals for assay of enzymatic activity. 

Protection of the enzyme against inactivation by the 
arginine reagents was tested with benzylpenicillin-K salt and 
phenylacetate. The compounds were tested at 50 mM final con- 
centration and pH 8.0 and were added immediately before the 
addition of phenylglyoxal (20 mM final concentration) or 2,3- 
butanedione (40 mM~ final concentration. 

RESULTS 

Enzyme  p u r i f i c a t i o n :  The  p u r i f i e d  e n z y m e  h a d  a s p e c i f i c  a c t i -  

v i t y  o f  27 U/mg p r o t e i n .  The  p r e p a r a t i o n  was  h o m o g e n o u s  on t h e  

b a s i s  o f  S D S - p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s ,  o n l y  two 

p o l y p e p t i d e  b a n d s  o f  Mr~- - ,20 ,000  a n d  Mr , - , 70 ,000  b e i n g  o b s e r v e d  on 

s t a i n i n g .  

I n a c t i v a t i o n  by  Enzyme  M o d i f y i n g  R e a g e n t s :  E.  c o l i  p e n i -  

c i l l i n  a c y l a s e  was  r a p i d l y  i n a c t i v a t e d  on i n c u b a t i o n  a t  pH 8 . 0  

with phenylglyoxal or 2,3-butanedione, the former being a more 

potent inactivator (Fig. 1). The rates of inactivation follo- 

wed pseudo first-order kinetics in both cases, plots of the 

logarithm residual activity versus time of contact with the 

reagents being linear upto the test period of 60 min when the 

residual activity in presence of 20 mM phenylglyoxal was less 

than 5% initial enzyme activity, the corresponding value in 

presence of 40 raM 2,3-butanedione being 26%. 
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Inactivation of penicillin acylase from E. coli by ~- 

carbonyi reagents. 

The enzyme (60 #8/ml) was incubated at 25°C in 50 mM 

potassium phosphate buffer (pH 8.0] and varying con- 

centrations of phenylglyoxal or in 50 mM sodium borate 

buffer (pH 8.0) and varying concentrations of 2,3- 

butanedione 

(A) Phenylglyoxai 0 mM (-O-), 2.5 mM (-O-), 5 mM 

( - i - ) ,  10 mM ( - ~ - )  a n d  20 mM ( - X - ) .  

(B)  2 , 3 - b u t a n e d i o n e  0 raM ( - O - ) ,  10 raM ( - O - ) ,  20 mM 

(-i-), 30 mM (-D-), a n d  40 mM (-X-). 

At t h e  i n d i c a t e d  p e r i o d s  o f  t i m e  a l i q u o t s  w e r e  w i t h -  

d r a w n  f o r  a s s a y  o f  e n z y m e  a c t i v i t y .  

I n s e t s :  D e t e r m i n a t i o n  o f  t h e  o r d e r  o f  t h e  r e a c t i o n  

w i t h  r e s p e c t  to  p h e n y l s l y o x a l  (A) a n d  2 , 3 - b u t a n e d i o n e  

(B). 

The reaction order (n) with respect to  the arginine reagent 

was determined from the plot of the logarithm of the apparent 

f i r s t  o r d e r  r a t e  c o n s t a n t ,  K v e r s u s  t h e  l o g a r i t h m  o f  t h e  a p p  
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T a b l e  1. P r o t e c t i o n  of  E, c o l i  p e n i c i l l i n  a c y l a s e  a g a i n s t  

i n a c t i v a t i o n  by a r g i n i n e  s p e c i f i c  r e a g e n t s  

T r e a t m e n t  a Enzyme a c t i v i t y  b 
(% i n i t i a l  a c t i v i t y )  

None 100 

P h e n y l g l y o x a l  (20 raM) 4 

B e n z y i p e n i c i l l i n  (50 mM) + p h e n y l g l y o x a l  (20 raM) 95 

P h e n y l a c e t a t e  (50 mM) + p h e n y l g l y o x a l  (20 mM) 60 

2 , 3 - B u t a n e d i o n e  (40 mM) 26 

B e n z y l p e n i c i l l i n  (50 mM) + 2 , 3 - b u t a n e d i o n e  (40 mM) 98 

P h e n y l a c e t a t e  (50 mM) + 2 , 3 - b u t a n e d i o n e  (40 ~M) 92 

a T e s t  compounds when used  were  added i m m e d i a t e l y  b e f o r e  the  
~ - c a r b o n y l  r e a g e n t .  Enzyme (60 ~ g / m l )  was t r e a t e d  at  25°C 
as i n d i c a t e d  in  T a b l e  and s a m p l e s  were  w i t h d r a w n  p e r i o d i -  
c a i l y  f o r  a s s a y  of  enzyme a c t i v i t y .  

b v a l u e s  o b t a i n e d  a f t e r  60 min .  

r e a g e n t  c o n c e n t r a t i o n  and  t h e  v a l u e  o f  n = 0 . 9 5  f o r  p h e n y l g l y o x a l  

a n d  o f  n = 0 . 9 7  f o r  2 , 3 - b u t a n e d i o n e  i n d i c a t e  t h a t  l o s s  o f  e n z y m e  

a c t i v i t y  r e s u l t s  f r o m  t h e  r e a c t i o n  o f  o n e  a r g i n i n e  p e r  m o l e  

p e n i c i l l i n  a c y l a s e .  

P r o t e c t i o n  f r o m  i n a c t i v a t i o n  by a r g i n i n e  r e a g e n t s :  T a b l e  i 

s u m m a r i z e s  t h e  d a t a  on p r o t e c t i o n  a g a i n s t  i n a c t i v a t i o n  o f  t h e  

p e n i c i l l i n  a c y l a s e  by p h e n y l g l y o x a l  and  2 , 3 - b u t a n e d i o n e  i n  t h e  

p r e s e n c e  o f  b e n z y l p e n i c i l l i n  o r  o f  p h e n y l a c e t a t e .  

B e n z y l p e n i c i l l i n  (50  raM) p r o t e c t e d  t h e  e n z y m e  a l m o s t  f u l l y  

a g a i n s t  i n a c t i v a t i o n  by b o t h  20 mM p h e n y l g l y o x a l  a n d  40 raM 2 , 3 -  

b u t a n e d i o n e ,  95% a n d  98% r e s p e c t i v e l y  o f  i n i t i a l  a c t i v i t y  b e i n g  

r e t a i n e d  a t  t h e  e n d  o f  t h e  t e s t  p e r i o d  o f  60 m i n ,  c o m p a r e d  t o  4% 

a n d  2 6 ~ ,  r e s p e c t i v e l y  i n  t h e  a b s e n c e  o f  s u b s t r a t e .  The  c o r r e s -  

p o n d i n g  v a l u e s  f o r  p r o t e c t i o n  by  p h e n y l a c e t a t e  a r e  60% a g a i n s t  

i n a c t i v a t i o n  o f  t h e  e n z y m e  by p h e n y l g l y o x a l  a n d  92% a g a i n s t  

i n a c t i v a t i o n  by 2 , 3 - b u t a n e d i o n e .  

DISCUSSION 

P e n i c i l l i n  a c y l a s e  f r o m  E. c e l l  h a s  b e e n  shown i n  t h e  p r e -  

s e n t  s t u d y  t o  be  i n a c t i v a t e d  by a r g i n i n e  s p e c i f i c  r e a g e n t s  s u c h  
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a s  p h e n y l g l y o x a l  a n d  2 , 3 - b u t a n e d i o n e .  The  k i n e t i c s  o f  i n a c t i -  

v a t i o n  i n d i c a t e  t h a t  t h e  r e a c t i o n  o f  1 m o l e  r e a g e n t  p e r  m o l e  

e n z y m e  i s  r e q u i r e d  f o r  t h e  i n a c t i v a t i o n .  The  p r e s e n c e  o f  t h e  

s u b s t r a t e ,  b e n z y l p e n i c i l l i n  o r  o f  t h e  p r o d u c t ,  p h e n y l a c e t a t e ,  

w h i c h  f u n c t i o n s  a s  a weak c o m p e t i t i v e  i n h i b i t o r  ( 1 0 )  p r o t e c t s  t h e  

e n z y m e  a g a i n s t  i n a c t i v a t i o n  by  p h e n y l g l y o x a l  a n d  2 , 3 - b u t a n e d i o n e  

i n d i c a t i n g ,  t h a t  t h e  a r g i n i n e  r e s i d u e  i s  a t  o r  n e a r  t h e  a c t i v e  

s i t e  o f  t h e  e n z y m e .  The i n v o l v e m e n t  o f  an  e s s e n t i a l  a r g i n l n e  

r e s i d u e  h a s  n o t  b e e n  r e p o r t e d  h i t h e r t o  i n  t h i s  g r e u p  o f  e n z y m e s  

The p r e s e n c e  o f  an  e s s e n t i a l  a r g i n i n e  r e s i d u e  h a s  b e e n  

r e p o r t e d  e x t e n s i v e l y  i n  e n z y m e s  t h a t  a c t  on a n i o n i c  s u b s t r a t e s  

o r  t h o s e  t h a t  r e q u i r e  a n i o n i c  c o f a c t o r s  ( 1 5 ) .  The p r e s e n t  

s t u d y  w o u l d  add  b e n z y l p e n i c i l l i n  a c y l a s e  f r o m  E. c o l i  t o  t h i s  

l i s t  o f  e n z y m e s  t h a t  d e p e n d  on an  a r g i n y l  r e s i d u e  to  a c t  u p o n  a 

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