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SUMMARY: The bac te r i um E n t e r o b a e V 2 r  a e r o g e n e s  could grow 
on a medium c o n t a i n i n g  a l k y l p h o s p h o n i c  ac id  as a phosphorus 
source.  The e x t r a c t s  prepared from the c e l l s  grown on phos- 
phonoace t i c  ac id  as a so le  source o f  phosphorus showed an 
a c t i v i t y  o f  carbon-phosphorus  l yase  and h y d r o l y z e d  m e t h y l -  
phosphonic a c i d ,  phosphonoacet ic  ac id  and phenylphos.ohonic 
ac id  w i t h  a l i b e r a t i o n  of  i n o r g a n i c  phosohates.  ®i988Acade~ic 
Press, Inc. 

A l k y l p h o s p h o n i c  a c i d s ,  compounds w i t h  a d i r e c t  carbon- 

phosphorus (C-P) bond, are w i d e l y  d i s t r i b u t e d  in b i o l o g i c a l  

systems e i t h e r  f r e e  or combined form w i t h  l i p i d s ,  p o l y s a c -  

cha r i des  and o t h e r  c e l l u l a r  c o n s t i t u e n t s .  I n s e c t i c i d e s ,  

h e r b i c i d e s ,  f u n g i c i d e s ,  nerve gases, f lame r e t a r d a n t s  and 

seve ra l  o t h e r  i m p o r t a n t  s y n t h e t i c  chemica ls  a lso  con ta in  C- 

P bond in t h e i r  s t r u c t u r e s  and have been used in l a rge  quan- 

t i t i e s .  Since the C-P bond is  h i g h l y  r e s i s t a n t  to chemical  

h y d r o l y s i s  and thermal  decombos i t i on ,  the breakdown of a l -  

ky l phosphon i c  ac ids  by b i o l o g i c a l  sys tems,  e s p e c i a l l y  by 

m i c r o b i a l  c e l l s ,  i s  i m p o r t a n t  to p r o t e c t  an ove raccumu la t i on  

of  these ac ids  in na tu re .  

From t h i s  s t a n d p o i n t ,  many e f f o r t s  have been made to 

s e l e c t  m i c r o b i a l  c e l l s  having a c a p a b i l i t y  o f  h y d r o l y z i n g  
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the C-P bond in. a l k y l p h o s p h o n i c  ac ids  ( I ) .  Some o f  gram ne- 

g a t i v e  b a c t e r i a  were found to u t i l i z e  a l k y l p h o s p h o n i c  ac ids  

as a so le  source  o f  phosphorus ( P i ) .  However ,  to d a t e ,  no 

i n t r i n s i c  a c t i v i t y  o f  the enzyme r e s p o n s i b l e  f o r  the C-P bond 

c leavage  ( e q u a t i o n  l )  has not  been o b t a i n e d  in c e l l  f r e e  sys-  

tems d e s p i t e  i n t e n s i v e  e f f o r t s  (2,  3, 4, 5 ) .  

(1) R-PO~- + H20 - -R -H  + Pi 

In o r d e r  to c l a r i f y  p h y s i o l o g i c a l  s i g n i f i c a n c e  o f  a l k y l -  

phosphon ic  ac ids  in l i v i n g  systems and to a p p l y  thi .s un ique 

enzyme to p rocesses  o f  o r g a n i c  c h e m i s t r y  as a b i o m i m e t i c  model., 

we sc reened  C-P bond c leavage  enzyme (C-P l y a s e )  in  m i c r o o r g a -  

nims, and, f o r  the  f i r s t  t ime ,  we d e t e c t e d  the  enzyme a c t i v i -  

ty  in c e l l  e x t r a c t s  o f  Enterobaater aerogenes. 

M A T E R I A L S  AND METHODS 

Chemicals Phosphonoace t i c  ac i d  was pu rchased  from Nakara i  
Chemicals Co. ,  L t d . ,  Kyoto.  M e t h y l p h o s p h o n i c  a c i d ,  p h e n y l -  
phosphon ic  ac i d  and 2 - a m i n o e t h y l p h o s p h o n i c  a c i d  were from 
A l d r i c h  Chem. Co. ,  M i lw .  
Screening of microoraanisms Mic roo rgan i sms  were a e r o b i -  
c a l l y  grown in E.5 ml o f  Hedium A or Medium B at  30 °C f o r  
2a h. Medium A c o n t a i n s  0.5 ~ g l u c o s e ,  0 .2  % y e a s t  e x t r a c t  
( P i - f r e e )  and 0 .4  % phosphonoace t i c  ac id  (pH 7 . 2 ) .  Medium B 
c o n t a i n s  0.5 % g l u c o s e ,  0 . I  % (NH4)2S04, 0.01 % MgSO4.7H2O, 
0.02 % y e a s t  e x t r a c t  ( P i - f r e e )  and 0.4 % a l k y l p h o s p h o n i c  ac id  
(pH 7 , 2 ) .  Yeast  e x t r a c t  ( P i - f r e e )  was p r e p a r e d  by magnesia 
t r e a t m e n t  ( 6 ) ,  and c o n t a i n e d  no d e t e c t a b l e  P i ,  when the con- 
c e n t r a t i o n  was de te rm ined  by the method of  F i s k e  and Subbarow 
(7 ) .  A l k y l p h o s p h o n i c  ac ids  were used a f t e r  m i l l i p o r e - f i l t r a -  
t i o n  and g l a s s w e a r  was r i n s e d  w i t h  n i t r i c  a c i d  b e f o r e  use. 
Assay for C-P 1wase C e l l s  o f  Ent~robacter aerogenes IFO 
12010 were a e r o b i c a l l y  grown in I00 ml o f  Medium B c o n t a i n -  
ing 0.4  % phosDhonoace t i c  ac id  a t  30 °C f o r  24 h. The c e l l s  
were c o l l e c t e d ,  washed once in I0 mM T r i s / H C l  b u f f e r  (pH 7 . 5 ) ,  
resuspended in the same b u f f e r ,  and then d i s r u p t e d  u l t r a s o n i -  
c a l l y  at  90 kHz, 0 °C f o r  15 min. The homogenate was c e n t r i -  
fuged at  25,000 x g f o r  30 min at  0 °C and r e s u l t i n g  supe r -  
n a t a n t  was used as an enzyme source a f t e r  d i a l y s i s  a g a i n s t  I0 
mM T r i s / H C l  b u f f e r  (pH 7 .5 )  at  4 °C o v e r n i g h t .  C-P l yase  was 
assayed in a m i x t u r e  (0 .5  ml) c o n s i s t i n g  of  50 mM a l k y l p h o s -  
phon ic  a c i d ,  20 mM MoCI 2 and 50 mM T r i s / H C I  b u f f e r  (pH 7 . 5 ) .  
The r e a c t i o n  was i n i t i a t e d  by the  a d d i t i o n  o f  enzyme (abou t  
3 mg/ml as p r o t e i n )  and t e r m i n a t e d  by add ing 0 .5  ml o f  25 % 
t r i c h l o r o a c e t i c  a c i d .  Pi l i b e r a t e d  in the r e a c t i o n  m i x t u r e  
was d e t e r m i n e d  as above and p r o t e i n  was d e t e r m i n e d  a c c o r d i n g  
to the  method of  Lowry e t  a l .  ( 8 ) .  
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RESULTS AND D I S C U S S I O N  

Screening of C-P lyase activity among bacteria 

T h i r t y - s i x  b a c t e r i a l  s t r a i n s  [Escherichia (2)~ Bacillus 

(10)~ Brevibacterium (2)~ Micrococcus (3)~ Alcaligenes (l)~ 

Arthrobacter (2), Sarcina (2), Corynebacterium (l), Pseudo- 

monas (1), Flavobacterium (4)j Staphylococcus (2)~ Agrobac- 

terium (3 ) ,  Rhizobium ( ] ) ,  and Enterobaater ( 2 ) ]  were grown 

on Medium A w i t h  or w i t h o u t  phosphonoacet ic  a c i d .  A l l  the 

s t r a i n s  showed a s u f f i c i e n t  growth on Medium A in the ab- 

sence o f  phosphonoace t i c  a c i d ,  s ince  c e l l s  o f  these s t r a i n s  

could u t i l i z e  organophosphate e s t e r s  in y e a s t  e x t r a c t .  How- 

eve r ,  in the presence of  phosphonoace t i c  a c i d ,  on l y  I I  s t r a -  

ins [Agrobact~rium tumefaciens IFO 3085, BacCl~us ros~us IFO 

3525, Brevibacterium ammoniagnes AKU 0642, Brevibacteri~m in- 

certum, IFO 12145, Corvnebacterium eaui IAM 1038, Ent2robacter 

aerogenes IFO 120lO, Enterobacter aerogenes IFO 3319, Esche- 

richia coii K-12, Pseudomonas iodinum IFO 3568] were resis- 

tant to phosphonoace t i c  ac id  and showed the orowth comparable 

w i th  t h a t  in the absence of  the a c i d .  The growth of  o the r  

s t r a i n s  was s i g n i f i c a n t l y  repressed  by phosphonoace t i c  a c i d ;  

Pi c o n c e n t r a t i o n s  in the c u l t u r e  f l u i d s  of  phosphonoace t i c  

ac id  r e s i s t a n t  s t r a i n s  were measured and the c u l t u r e s  of  Ba- 

c i l l u s  roseus AKU 0208 and Ent~robact~r aerogenes IF0 12010 

were found to c o n t a i n  s u b s t a n t i a l  amount o f  Pi (0 .2  mM and 

I . I  mM, r e s p e c t i v e l y ) .  Other phosphonoacet ic  a c i d - r e s i s t a n t  

s t r a i n s  showed no d e t e c t a b l e  accumu la t i on  of  P i .  The accumu- 

l a t i o n  o f  Pi by above two s t r a i n s  seemed to be due to the d i -  

r e c t  c leavage  o f  C-P bond in phosphonoacet ic  a c i d ,  and En te ro -  

batter aeroqenes IF0 12010 was used in f u r t h e r  s t u d i e s  on a l -  

ky l phosphon i c  ac ids  u t i l i z a t i o n  and d e t e c t i o n  o f  C-P l yase  

a c t i v i t y  in  c e l l  f r e e  e x t r a c t s .  
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Table I .  U t i l i z a t i o n  of  a l k y l p h o s p h o n i c  ac ids  by 

Enterobaater aerogenes IFO 12010 

Phosphorus source 
2- R= ) (R PO 3 , 

Growth 

None 0.0 

Or thophosphate  0.2 % 2.2 
( N O - )  0.4 % 2.5 

Me thy lphosphon i c  ac id  0.2 % 0.6 
(OH 3- ) 0.4 % 2.4 

Phosphonoacet ic  ac id  0.2 % 1.9 
(HOOC-CH 2- ) 0.4 % 2.1 

2 - A m i n o e t h y l p h o s p h o n i c  ac id  0.2 % 
(H2N-CH2-CH 2- ) 0.4 % 

1.7 
2.2 

Pheny lphosphon ic  ac id  0.2 % 0.6 
(C6H 5- ) 0.4 % 1.3 

Ce l l s  o f  E. aerogenes were grown on Medium B con- 

t a i n i n g  v a r i o u s  a l k y l p h o s p h o n i c  ac ids at  0.2 % or 

0.4 ~ C u l t i v a t i o n  was c a r r i e d  out  as desc r i bed  o .  

in  t e x t .  Growth was de te rmined by measur ing the 

t u r b i d i t y  of  the c u l t u r e  (O.D. at 610 nm). 

Utilization of alkyl~hos~honic acids by E. aerogenes 

The c e l l s  o f  E. aerogenes IFO 12010 were  c u l t u r e d  i n  Me- 

dium B w i t h  o r  w i t h o u t  a l k y l p h o s p h o n i c  a c i d s  ( T a b l e  I ) .  In  

the  absence  o f  p h o s p h o r u s  s o u r c e ,  t he  c e l l s  c o u l d  no t  grow 

on Medium B, t h u s  s u g g e s t i n g  t h a t  y e a s t  e x t r a c t  ( P i - f r e e )  

s u p p o r t s  no g r o w t h  o f  the  b a c t e r i u m  a t  0 . 0 2  %. M e t h y l p h o s p h o -  

n i c  a c i d ,  p h o s p h o n o a c e t i c  a c i d ,  2 - a m i n o e t h y l p h o s p h o n i c  a c i d  

and p h e n y l p h o s p h o n i c  a c i d  were u t i l i z e d  as a s o u r c e  o f  phos -  

p h o r u s .  The r e s u l t  c l e a r l y  i n d i c a t e d  t h a t  t h e  c e l l s  c o n t a i n e d  

an enzyme (C-P l y a s e )  c a t a l y z i n g  the  h y d r o l y s i s  o f  a d i r e c t  

C-P bond ,  a l t h o u g h  an a l t e r n a t i v e  e n z y m a t i c  r o u t e  ( e q u a t i o n  

2) has been p o s t u l a t e d  as to  t he  d e c o m p o s i t i o n  o f  2 - a m i n o -  
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e t h y l p h o s p h o n i c  a c i d  ( 9 ) .  Th is  r o u t e  ( e q u a t i o n  2) has not  

been c o n f i r m e d  in  the  c e l l s  o f  E. aerogenes IFO 12010. 

(2) 2 - A m i n o e t h y l p h o s -  . Phosphonoace t -  
phon ic  a c i d  T ransaminase  a l d e h y d e  

Phosphonoace t -  = A c e t a l -  + Pi a l d e h y d e  Phosphona tase  dehyde 

C-P lyase activity in cell free exvracts of E. aerogenes 

To d e t e c t  the  enzyme r e s p o n s i b l e  f o r  the  C-P bond c l e a v -  

age,  E. a e r o g e n e s  IFO 12010 c e l l s  were c u l t u r e d  in  Medium B 

c o n t a i n i n g  p h o s p h o n o a c e t i c  a c i d  as a s o l e  sou rce  o f  phospho-  

r u s .  The c e l l  e x t r a c t s  were i n c u b a t e d  w i t h  m e t h y l p h o s p h o n i c  

a c i d ,  p h o s p h o n o a c e t i c  a c i d  and p h e n y l p h o s p h o n i c  a c i d  in  the  

p resence  o f  Mg ion ( F i g .  l ) .  The l i b e r a t i o n  o f  P i f rom these  

a l k y l p h o s p h o n i c  a c i d s  p roceeded  l i n e a r l y  w i t h  the  r e a c t i o n  

t ime  and p r o t e i n  c o n c e n t r a t i o n  ( d a t a  not  shown) .  No l i b e r a -  

t i o n  o f  Pi was o b s e r v e d  in  the  absence o f  c e l l  e x t r a c t s  or 

when b o i l e d  e x t r a c t  was used.  

7 

- I 

o0.5 

' 3 o I 2 

Reaction t ime(h)  

FIG. 1. L i b e r a t i o n  of  i no rgan i c  phosphates from a t k y l p h o s -  

phonic ac ids by c e l l  f ree  e x t r a c t s  of  E. aerogenes IFO 120lO. 

React ion was c a r r i e d  out as descr ibed  in t e x t  and Pi l i b e -  

rated from a l ky lphosphon i c  ac ids was determined p e r i o d i c a l l y .  

- . - ,  Methy lphosphonic ac id ;  - 0 - '  Phosphonoacet ic ac id ;  

- ~ - ,  P h e n y l p h o s p h o n i c  a c i d  
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Thus, we detected the C-P lyase a c t i v i t y  in Enterobacter 

aerogenes IFO 120lO. This is the f i r s t  repor t  tha t  presented 

the C-P lyase a c t i v i t y  in ce l l  f ree system. The de tec t ion  of 

the enzyme a c t i v i t y  in ce l l  f ree ex t rac t s  w i l l  f a c i l i t a t e  the 

s tudies on the phys i o l og i ca l  s i g n i f i c a n c e  of a lky lphosphon ic  

acids in l i v i n g  c e l l s  and the app l i ca t i on  of the enzyme to 

biomimet ic organochemical processes. We are now engaged in 

the i s o l a t i o n  of the enzyme and i t s  gene from Enverobacter 

aerogenes IFO 12010. 
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