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Cyanide had no e f f e c t  on any of  the  processes  in  the  c a t a l y t i c  mech- 
anism of the  L-amino acid  oxidase r e a c t i o n .  However, the l i f e t i m e  of  the  
complex of reduced enzyme with product  ( E P )  was g r e a t l y  reduced by cyan- 
ide ~n s topped-f low t u r n o v e r  expemments a t  n o n - ~ n h l b l t o r y  l e v e l s  of sub-  
s t r a t e ,  bu t  u n a f f e c t e d  by cyanide at i n h i b i t o r y  l e v e l s  of s u b s t r a t e .  These 
r e s u l t s  were i n t e r p r e t e d  to  mean t h a t  by t r a p p i n g  the  f ree  imino ac id  which 
accumulates  t r a n s i e n t l y  in  the r e a c t i o n  cyanide lowers the c o n c e n t r a t i o n  
of the  f i r s t  p roduc t ,  P, which i s  r e l e a s e d  by the  enzyme. By analogy with 
the known h y d r o l y t i c  behav io r  of imines ,  i t  i s  concluded t h a t  P must be the  
imino ac id  which i s  known to  be a product  of the  enzyme r e a c t i o n .  Since 
the i n t e r a c t i o n  of P with E i s  f r e e l y  r e v e r s i b l e ,  the  l e ve l  of E P in  

r t u r n o v e r  can be reduced e i t h e r  by t r a p p i n g  P with cyanide or by t r a p p i n g  
E with s u b s t r a t e  as E S. r r 

The minimal k i n e t i c  scheme (1 ,2 ,3 )  f o r  the  o x i d a t i o n  of  L-phenyl-  

a l a n i n e  (S) by 02 ca t a lyzed  by L-amino ac id  oxidase i s  the  fo l lowing  

(Equat ions 1-4) k l  ~ k2 , k3 

E + S~.  E S .  E P ~  
o k o r 

- I  k-2 k-3 
E + P (13 r 

k S 

~ E P  
ErP + 02 ~'~H202 o 

k 6 
" E + P (2) 

o 
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k 4 

E r + 02 ~ EO + }1202 (3) 

K 1 k 7 

E r + S :~ " E r S  + 02 ~EoS + H202 (4) 

I t  has been g e n e r a l l y  thought  t h a t ,  i n  analogy with the  l ac tone  

r e l e a s e d  by glucose oxidase (4) ,  the  f i r s t  f ree  p roduc t ,  P, r e l e a s e d  by 

the  amino ac id  oxidases i s  t he  imino ac id ,  from which the  a -ke to  ac id  i s  

der ived  non=enzymat i ca l ly  v i a  a ca rb tno lamine .  The bes t  evidence  fo r  the  

e x i s t e n c e  of  f ree  imino ac id  has been the  recovery of racemic amino acid 

a f t e r  borohydr ide  r educ t i on  (5) ,  whi le  t r a n s i e n t  pH changes dur ing  t u r n -  

over have been i n t e r p r e t e d  as be ing  due to  imino ac id  accumula t ion  (6) .  

In the  course of  a d e t a i l e d  k i n e t i c  s tudy of  the  L=amino ac id  

oxidase r e a c t i o n ,  we found at pH va lues  l e s s  than seven t h a t  the  be-  

hav io r  of E P in  s topped- f low t u r n o v e r  exper iments  moni tored at  550 nm, 
r 

when compared by i n s p e c t i o n  and computer s i m u l a t i o n  with the  r a t e  of  02 

d e p l e t i o n ,  was e n t i r e l y  c o n s i s t e n t  with i t s  p o s i t i o n  in  the  k i n e t i c  scheme 

of Equat ions  1-4. However, at  pt{ va lues  g r e a t e r  than 7, the  c o n c e n t r a t i o n  

of E P was unexpec ted ly  high dur ing  t u r n o v e r  and even remained at  a high 
r 

l e v e l  f o r  s e v e r a l  seconds a f t e r  the 02 had been dep le t ed .  We s u b s e q u e n t l y  

r e a l i z e d  t h a t  t h i s  apparent  anomoly i s  p robab ly  due to  the t r a n s i e n t  ac- 

cumula t ion  of  f ree  imino ac id  (only  the  p ro tona t ed  form of which can be 

hydra ted  (7)) ,  at  a c o n c e n t r a t i o n  approximat ing ks/k_3.  The importance of  

the  r e v e r s i b l e  i n t e r a c t i o n  of  P with Er,  which has no t  been recognized  

p r e v i o u s l y ,  i s  demonstra ted in  t h i s  communication by t r a p p i n g  the imino 

acid with cyanide .  (7) .  

MATERIALS AND METHODS: L-Pheny la l an ine  (Grade A) and l y o p h i l i z e d  Cro ta lus  

adamanteus venom were ob t a ined  from Calbiochem. and the  Ross Al len  Rep t i l e  
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Institute, respectively. The enzyme was purified by a modification of a 

published procedure (8) and showed a ratio A276/A462 of 10.5 to ii.0. 

Turnover numbers were measured on the Yellow Springs 02 electrode system, 

while stopped-flow spectrophotometric measurements were carried out on the 

Gibson-Durrum apparatus. Solutions were made anaerobic for reductive half- 

reaction (Equation i) measurements with 1.0 mM D-glucose and 0.i ~M glucose 

oxidase. The enzyme concentration is expressed as ~M FAD and all reactions 

were carried out at 25 ° and pH 8.1 in solutions containing 0.2 M KCI and 

0.i H Tris-HCl. 

RESULTS AND DISCUSSION: It was first necessary to determine whether cyan- 

ide, in addition to trapping the imino acid, perturbed any of the steps in 

the catalytic mechanism. 

Figure 1 shows that the cyanide has no effect on the reductive half- 

reaction (Equation i) when this is monitored at 550 nm. The stopped-flow 

trace, which reflects the formation of E P from E and its subsequent decay 
r o 

to Er, is a function of all the steps in Equation i. Therefore, with the 

possible exception of k_5 (which exerts little control in this experiment 

because the level of P never exceeds the enzyme concentration) none of the 

rate constants in Equation 1 is affected by 0.25 H cyanide. 

0 .03  

0.02 

A55o 

O. OI 

O. I0 0.20 0.30 0~.0 
TLME,SEC 

Figure i .  Stopped-flow anaerobic ha l f  react ions (see Equation i) monitored 
at 550 nm showing the lack of effect of cyanide on the formation and dis- 
appearance of E P. After mixing, the solutions contained 6.1 uM L-amino 
acid oxidase, l.r0 mM L-phenylalanine and either no cyanid~ (-o-) or 0.25 M 
cyanide (-x-). The DH was 8.1 and the temperature was 25-. 
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The o x i d a t i v e  s t eps  of  Equat ions 3 and 4 were e va l ua t e d  from pseudo- 

f i r s t  o rder  r a t e  cons t an t s  fo r  02 d e p l e t i o n  in  02-moni tored exper iments  with 

0.05 ~I enzyme. The r a t i o n a l e  of such measurements i s  t h a t  at 02 concen- 

t r a t i o n s  ~ 15 ~M, the enzyme e x i s t s  in  t u r n o v e r  almost e n t i r e l y  as E r and 

ErS ( the r a t i o  of these  be ing  determined by K 1 and the c o n c e n t r a t i o n  of 

S) s ince  k3>>k 5 [02] and a l l  o the r  s teps  are  rap id  compared with k 4 [02] 

and k 7 [02] (3) .  As S i s  i nc r ea sed  from 1.0 m~ to  75 raM, the  r a t e  of  

02 d e p l e t i o n  decreases  to  a p l a t e a u  value  in  a h y p e r b o l i c  f a s h i o n ,  with 

K 1 cor responding  to  the  value of  S at ha l f -maximal  change. A f t e r  d i v i d -  

ing  by the  enzyme c o n c e n t r a t i o n ,  the  l i m i t i n g  va lues  of the p s e u d o - f i r s t  

order  cons t an t  fo r  0 2 d e p l e t i o n  at low and high S correspond to  k 4 and 

kT, r e s p e c t i v e l y .  The va lue  of k 4 ob ta ined  in  t h i s  way agrees wel l  with 

the va lue  determined d i r e c t l y  by mixing E r with 02 in  the  s topped-f low 

appara tus  and moni to r ing  the appearance of E 0 at 462 nm (Equation 3). 

The values of k4, k 7 and K 1 (2.2 X 105 M -I -i -I sec , 5.4 X 104 M -I sec 

and 14 raM, respectively) were affected no more than 5% by 0.25 M cyanide. 

Finally, the effect of cyanide on k 5 and k 6 was tested by measur- 

ing the turnover number under conditions (0.24 mM 02 , 1.0 and 75 mr.~ S) 

where E 0 is regenerated largely through Equation 2. These processes 

were affected less than 5% by 0.25 M cyanide. 

Turning now to the behavior of ErP as monitored in stopped-flow 

turnover experiments at 550 nm, we note in Figure 2 that cyanide has a 

pronounced effect resulting in a greatly shortened lifetime of E P. As 
' r 

we shall subsequently show, it is most probable that P represents the imino 

acid. In view of the evidence that none of the enzyme catalyzed processes 

is affected by cyanide, the results of Figure 2 must be due to the trapping 

of the imino acid, which, in the absence of cyanide, builds up transiently 

during turnover to levels approximating k3/k_3. The condition k_3 [P] [Er]÷O 

is approached at the highest cyanide concentration. The inset of Figure 2 

shows the cyanide dependence of the first order decay of ErP during the last 

five seconds of turnover, assuming that during this period the decay of 
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Figure 2. Stopped-flow turnover experiments at low substrate concentration 
showing the effect of cyanide on E P monitored at 550 nm. The cyanide 

r 
concentration is indicated by each trace. After mixing, the solutions con- 
tained 6.1 vM L-amino acid oxidase, 0.24 mM O^ and 1.0 r~ L-phenylalanine. The 
pH was 8.1 and the temperature 2S °. The inse~ shows the dependence of the 
first order decay of E P during the last five seconds of turnover on the io- 

• r 
wet cyanide concentratlons. 

ErP i s  c o n t r o l l e d  by f ree  P and t h a t  t h i s  i n  t u r n  i s  s u b j e c t  to  s imul -  

taneous  d e s t r u c t i o n  by water  and cyanide .  At 0.2S M cyanide the  r a t e  of 

-1 
d e s t r u c t i o n  of  P i s  e x t r a p o l a t e d  to  be 17 sec  The p o s s i b i l i t y  t h a t  

cyanide opera tes  d i r e c t l y  on k 3 (which i s  the  only r a t e  cons t an t  for  

which s t rong  ev idence  for  cyanide i n s e n s i t i v i t y  has not  been obta ined)  

is very unlikely in view of the fact that all other enzyme functions are 

unaffected by cyanide. 

If, as we have argued, the effect of cyanide on the behavior of 

E P during turnover results from a decrease in the interaction of E 
r r 

with P through the trapping of P, then the trapping of E r should have 

the same effect. High concentrations of S inhibit the enzyme reaction 

by trapping E r as ErS (Equation 4). Figure 3 shows that 0.25 M cyanide 

has very little effect on the behavior of E P in stonped-flow turnover 
r 

exper iments  when the  c o n c e n t r a t i o n  of S exceeds K 1. I t  should a l so  be 

no ted  t h a t ,  f o l l owing  the  spike of ErP p roduc t i on  and decay cor responding  

to  the  f i r s t  t u r n o v e r ,  the  c o n c e n t r a t i o n  of ErP i n  subsequent  t u r n o v e r s  

i s  c o n s i d e r a b l y  less  than t h a t  observed in  Figure  2 with n o n - i n h i b i t o r y  

l e v e l s  of  S in  the  absence of cyanide .  These r e s u l t s  are i n t e r p r e t e d  to  
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Figure  3. Stopped-flow t u r n o v e r  exper iments  a t  high s u b s t r a t e  concen- 
t r a t i o n  (75 ng~ L-pheny la l an ine )  showing the  lack of  e f f e c t  of  cyanide on 
E P moni tored a t  550 nm. The c o n c e n t r a t i o n  of cyanide i s  i n d i c a t e d  by each r 
t r a c e .  All  o ther  c o n d i t i o n s  were i d e n t i c a l  to  those  given in  Figure  2. 

mean t h a t  the  r e a c t i o n  and e q u i l i b r a t i o n  of  S with E i s  now so e f f e c t i v e  r 
t h a t  the  process  k_3 [Er] [P] i s  no longer  impor tan t  in  de t e rmin ing  the  

l eve l  of ErP. These exper iments  complement those of  Figure  2, and sub-  

s t a n t i a t e  the  conc lus ion  t h a t  the  r e v e r s i b l e  i n t e r a c t i o n  of  P with E has 
r 

to  be taken  i n t o  account  i f  the  t u r n o v e r  behav io r  of  the  enzyme under  

s topped-f low c o n d i t i o n s  i s  to  be c o r r e c t l y  i n t e r p r e t e d .  

We have assured  t h a t  the  f i r s t  p roduc t ,  P, r e l e a s e d  by the  enzyme 

i s  the  imino ac id ,  which then accumulates  t r a n s i e n t l y  dur ing  t u r n o v e r  

because ,  at  pH 8 .1 ,  the  r a t e  of  convers ion  to  ca rb ino lamine  is  smal l  

r e l a t i v e  to  the  r a t e  of format ion of  phenylDyruvate  from the ca rb ino l amine .  

This assumption i s  s t r o n g l y  j u s t i f i e d  by the  fac t  t h a t  the a t t ack  and ex- 

p u l s i o n  of water  in  the two s tep  i n t e r c o n v e r s i o n  of  o the r  s i m i l a r  imine 

and carbonyl  groups i s  g e n e r a i l y  r a t e - l i m i t i n g  above pH S (7) .  By the  same 

token ,  the  only o ther  mechanism which would be c o n s i s t e n t  with the  r e s u l t s  

of  the cyanide t r a p p i n g  exper iments ,  namely the r e l e a s e  of the  c a r b i n o l -  

amine by the  enzyme fol lowed by a ral~idly e q u i l i b r a t e d  s ide  r e a c t i o n  w i t h  

the  imino ac id ,  i s  ru l ed  ou t .  I t  i s  abundant ly  c l e a r  t h a t  P is  not  pheny l -  

pyruva te  because the  complex of  t h i s  ~roduct  with E does not  absorb a t  
r 

550 nm (9) and because the enzymatic  o r i g i n  of the  f ree  irnino ac id  has been 

f i rmly  e s t a b l i s h e d  (S).  
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