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Ighen the  o x i d a t i o n  of  D-pheny la l an ine  by D-amine acid oxidase i s  
measured in  s topped-f low t u r n o v e r  exper iments  t he re  i s  a lag in  the fo r -  
mation of  ke to -pheny lpy ruva t e  which becomes p r o g r e s s i v e l y  g r e a t e r  as the 
pH i s  r a i s e d  from 6 .5 .  gorohydride t r a p p i n g  exper iments  show t h a t  the  
t r a n s i e n t  accumula t ion  of  f ree  imino acid l a r g e l y  accounts  fo r  the lag 
at  pH 8.7.  These r e s u l t s  are c o n s i s t e n t  with the  known h y d r o l y t i c  be-  
hav io r  of  imines .  

We r e c e n t l y  used cyanide  to  t r a p  the  imino acid r e l e a s e d  in  the  L-amino 

ac id  oxidase r e a c t i o n  and concluded t h a t  the  f r ee  imino acid (see Equation 1) 

accumulates  t r a n s i e n t l y  in the r e a c t i o n  a t  pH va lues  g r e a t e r  than 6.5 (1) .  

E r  H20 

Er- Imine  ~ Imine : Carbinolamine : ~  a-Keto Acid (1) 

Enamine Enol Acid 

Hafner and Wellner (2), on the other hand, while obtaining the most 

direct evidence yet for the existence of free imino acids as products of the 

amino acid oxidase reactions (by recovering racemic amino acid after borohydride 
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treatment) suggested that the hydration of the imino acid produced in the 

oxidation of D-alanine by D-amino acid oxidase is rapid enough at pH 8.3 to 

cause the carbinolamine to be the transient product which accumulates sig- 

nificantly in the formation of pyruvate. Because the behavior of the imino 

acid after release by the enzyme should be identical in the L-and D-amino 

acid oxidase reactions we have compared the extent of imino acid accumulation 

with the magnitude of the lag in keto-phenylpyruvate production by D-amino 

acid oxidase. We find that most of the lag can be attributed to imino acid 

accumulation. 

EXPERIMENTAL: Highly purified preDarations of D-and L-amino acid oxidase 

were obtained, respectively, from hog kidney (3) and from Crotalus adamanteus 

(4). The sources of other materials were as follows: D-phenylalanine (shown 

to contain less than 0.03% L-isomer), Calbiochem; Sodium borohydride, Fisher; 

FAD, Sigma; Catalase, Boehringer Mannheim Corp. 

All kinetic measurements were carried out at 25 ° with solutions con- 

taining O.05M potassium pyrophosphate, pH 8.7, catalase (0.I mg per ml), 20~M 

FAD and saturated with 02 (l.2n~O. O2-monitored enzyme turnover was measured 

on the Yellow Springs instrument while stopped-flow phenylpyruvate-monitored 

turnover was carried out on the Gibson-Durrum apparatus at 330 nm with 2.0 cm 

pathlength. 

The method for trapping and analyzing the imino acid as the racemic amino 

acid, was similar to that described by Hafner and Wellner (2) except that 

enzymatic analysis was employed. In the experiment of Figure 3, enzyme turnover 

was initiated by the addition of enzyme to 3.0 ml of solution, the composition 

of which is given in the legend of Figure i. After 15 seconds O.07M sodium 

horohydride was added. The enzyme reaction in 3 mls was quenched at the times 

indicated in Figure 3 by mixing with 0.2 ml of 12 N HCL. The pH was then ad- 

justed to 8.7 with KOH and the concentration of L-phenylalanine (corresponding 

to one-half of the trapped imino acid) was estimated by the consumption of 02 

in the L-amino acid oxidase reaction using excess 02. 
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The enamine (2-aminocinnamate)  was prepared  n o n - e n z y m a t i c a l l y  by the  

i n t e r a c t i o n  of  0.01M pheny lpyruva te  with 504 ammonium s u l f a t e  (w/v) at  pH 8.1.  

Af t e r  the  absorbance i n c r e a s e  at  300 nm had ceased,  the  s o l u t i o n  was made 0.0S 

H in  }1202 in  order  to  o x i d a t i v e l y  deca rboxy la te  un reac t ed  phenylDyruvate .  Af te r  

e igh t  minutes 0.01 mg/ml c a t a l a s e  was added t o  des t roy  excess }1202 and the 

spectrum was recorded.  The pH was f i r s t  ad ju s t ed  to  4 to  form pheny lpyruva te  

and then  the  s o l u t i o n  was made 1.0 N in  KOH. This forms the e n o l a t e ,  of  known 

e x t i n c t i o n  c o e f f i c i e n t  (4) ,  from the  c o n c e n t r a t i o n  of which the  spectrum of  

the  enamine (Zmax = 300 nm, e300  = 2 . 2 5  X 104 M -1 cm -1) can be c a l c u l a t e d .  The 

i d e n t i t y  of t h i s  spectrum with t ha t  of  the  same enamine produced dur ing  the  

h y d r o l y s i s  of  g l y c y l d e h y d r o - p h e n y l a l a n i n e  (5,6) confirmed t h a t  the s y n t h e s i s  of  

2-amino-c innamate  had been achieved.  

RESULTS AND DISCUSSION: Keto-phenylpyruvate can be conveniently monitored 

in stopped-flow turnover experiments through the weak n~* carbonyl transi- 

tions at 330 nm (~330 = 65 M -1 cm-l). Although the enzyme itself absorbs, 330 

nm is an isobestic point for the kinetically significant enzyme complexes. 

Figure I shows that the rate of phenylpyruvate formation at pH 8.7 achieves 
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F i g u r e  1. C o m p a r i s o n  o f  k e t o - p h e n y l p y r u v a t e  f o r m a t i o n  m o n i t o r e d  
at 330 nm in stopped-flow turnover experiment (-O-) with total 
oroduct formation (-X-) calculated from 02-monitored turnover and 
expressed in keto-Dhenylpyruvate absorban~e units. The solutions 
contained (after mixing in the case of the stopped-rio w experi- 
ment) 2.2 uM D-amino acid oxidase, i0 mH D-phenylalanine and 1.2 
mM 0 2 . Other conditions given in Experimental. 
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a s teady s t a t e  va lue  only a f t e r  a pronounced lag.  The lag (which i s  observed 

in  the L-amino acid oxidase r e a c t i o n  (4)) i s  u n d e t e c t a b l e  below pH 6 .5 ,  but 

becomes p r o g r e s s i v e l y  longer  at  h ighe r  pH va l ue s .  I t  i s  e v i d e n t  t h a t  a non-  

absorb ing  s p e c i e s ,  which could be the  imine ,  enamine,  ca rb ino lamine  or e no l -  

phenylpyruva te  (or a mixture  of these )  i s  accumula t ing  t r a n s i e n t l y  in  the 

r e a c t i o n .  The c o n c e n t r a t i o n  of the  spec ies  can be ob ta ined  by comparing the 

exper imenta l  t ime course fo r  the phenylpyruva te  format ion with t ha t  c a l c u l a t e d  

for  t o t a l  product  from the  r a t e  of  02 d e p l e t i o n  in  a s epa ra t e  experiment  and 

expressed in  ke to -pheny lpy ruva t e  absorbance u n i t s .  This  comparison i s  made 

in  Figure 1 and, for  the  f i r s t  1S seconds of t u r n o v e r ,  in  Figure  2. Figure 2 

shows t h a t ,  a t  1S seconds,  when the r a t e  of phenylpyruva te  reaches a s teady 

s t a t e  value equal  to  the r a t e  of t o t a l  product  fo rmat ion ,  the amount of accum- 

u l a t e d  non -abso rb ing  m a t e r i a l  (from the v e r t i c a l  d i s t a n c e ,  i n  k e t o - p h e n y l -  

pyruva te  e q u i v a l e n t s )  i s  0.32 mM. This corresponds to  145 tu rnove r s  of the  

enzyme. 

I f  the non -abso rb ing  spec ies  accumula t ing  in  the experiment  of Figure 

2 i s  the  imino acid then t r a n p i n g  with borohydr ide  should be i n i t i a t e d  at 15 

seconds i n t o  t u r n o v e r .  The amount of t rapped imino ac id ,  compared to  t h a t  
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F i g u r e  2. E x p a n s i o n  o f  f i r s t  1S s e c o n d s  o f  t h e  r e a c t i o n  o f  F i g u r e  
1. The v e r t i c a l  d i s t a n c e  b e t w e e n  t h e  t r a c e  f o r  t o t a l  p r o d u c t  
( - X - )  and t h e  d a s h e d  l i n e  r e p r e s e n t s  t h e  a c c u m u l a t i o n  o f  0 . 3 2  mM 
n o n a b s o r b i n g  n r o d u c t .  The r e c i p r o c a l  o f  t h e  t i m e  a t  w h i c h  t h e  
d a s h e d  l i n e  i n t e r s e c t s  t h e  t i m e  a x i s ,  0 . 2 2  s e c .  -1 r e n r e s e n t s  t h e  
f i r s t  o r d e r  r a t e  c o n s t a n t  f o r  c o n v e r s i o n  o f  t h e  n o n a b s o r b i n g  p r o -  
d u c t  t o  k e t o - p h e n y l n y r u v a t e .  
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expected i f  a l l  the  accumulated n o n - a b s o r b i n g  m a t e r i a l  i s  imino a c i d ,  and i f  

enzyme t u r n o v e r  i s  e n t i r e l y  u n a f f e c t e d  by borohydr ide ,  i s  shown in  Figure  3. 

The amount of  imino ac id  accumulated dur ing  the  f i r s t  15 seconds of t u r n o v e r ,  

ob ta ined  by e x t r a p o l a t i o n  of  the  curve to  i t s  va lue  a t  15 seconds ,  i s  0.22 mM. 

Thus the  impor tan t  conc lus ion  from t h i s  exner iment  i s  t h a t  most of the  non-  

absorb ing  product  which accumulates  dur ing  the  f i r s t  15 seconds of t u r n o v e r ,  

before  borohydr ide  a d d i t i o n ,  i s  the f r ee  imino ac id .  As expected,  the  amount 

of accumulated imino ac id  v a r i e d  with the  enzyme c o n c e n t r a t i o n .  I t  i s  no t  

s u r p r i s i n g  t h a t  the  a d d i t i o n a l  imino ac id  produced and t rapped  a f t e r  boro-  

hydr ide  a d d i t i o n  a t  15 seconds i s  c o n s i d e r a b l y  l e s s  than  p r e d i c t e d ,  s i nc e  

borohydr ide  i s  l i k e l y  to  s e r i o u s l y  a f f e c t  enzyme t u r n o v e r  in  two ways. F i r s t l y ,  

borohydr ide  does not  i n a c t i v a t e  the  enzyme, but forms a novel  form of reduced 

enzyme which can be oxid ized  by 02 (7).  The re fo re ,  by a c t i n g  as an a l t e r -  

n a t i v e  reduc ing  s u b s t r a t e ,  borohydr ide  w i l l  i n h i b i t  the  format ion  o f  imino 

ac id  from D-pheny la l an ine .  Secondly,  the  02 could have been dep le t ed  very 

r a p i d l y ,  compared to  the  experiment  of  F igure  1, because of  enzyme-mediated 

02 r e d u c t i o n  by borohydr ide .  This e f f e c t  would a d d i t i o n a l l y  i n h i b i t  imino 

acid fo rmat ion .  The f i n d i n g  tha t  the amount of  t rapped  imino ac id  did not  
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F i g u r e  S. C o m p a r i s o n  o f  t h e  a m o u n t  o f  i m i n o  a c i d  t r a p p e d  by 
b o r o h y d r i d e  a d d i t i o n  a f t e r  15 s e c o n d s  o f  t u r n o v e r  ( - O - )  w i t h  t h e  
a m o u n t  p r e d i c t e d  ( . . . . .  ) f r om t h e  e x p e r i m e n t s  o f  F i g u r e s  1 and 2. 
E x c e p t  f o r  t h e  a d d i t i o n  o f  0 . 0 7  M b o r o h y d r i d e  a t  1S s e c o n d s ,  t h e  
e x p e r i m e n t a l  c o n d i t i o n s  a r e  i d e n t i c a l  t o  t h o s e  d e s c r i b e d  f o r  
F i g u r e  1. The a m o u n t  o f  i m i n o  a c i d  a c c u m u l a t e d  b e f o r e  b o r o h y -  
d r i d e  a d d i t i o n  i s  t h e  v a l u e  ( 0 . 2 2  mM ) o b t a i n e d  by e x t r a p o l a t i o n  
t o  15 s e c o n d s .  The d a s h e d  l i n e  i s  c o n s t r u c t e d  on t h e  a s s u m p t i o n  
t h a t  b o r o h y d r i d e  d o e s  n o t  a f f e c t  enzyme  t u r n o v e r  ( s e e  t e x t ) .  
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vary with the  borohydr ide  c o n c e n t r a t i o n  in  the range from 0.03 to  0.25 M 

e s t a b l i s h e s  t h a t  the t r a p p i n g  procedure  i s  very r ap id  compared to  both imino 

ac id  h y d r o l y s i s  and the  sampling f requency i n  Figure  3. Since Harrier and 

Wellner  (2) found t h a t  bOrohydride r e d u c t i o n  was 36 t imes f a s t e r  than hy- 

d r o l y s i s ,  and s i n c e  the  lag of F igure  2 i s  r e c i p r o c a l l y  r e l a t e d  to  the f i r s t  

order  r a t e  c o n s t a n t  for  h y d r o l y s i s  of  the  imino ac id  (see legend of Figure 2 ) ,  

i t  can be c a l c u l a t e d  t h a t  the h a l f - t i m e  for  r e d u c t i o n  of the  imino ac id  i s  i n  

f ac t  no more than  0.1 seconds .  

The enamine,  e n o l - p h e n y l p y r u v a t e  and hydra ted  ke to -pheny lpy ruva t e  can 

a l l  be e l i m i n a t e d  as cand ida t e s  fo r  the  n o n - a b s o r b i n g  m a t e r i a l  which accum- 

u l a t e s  du r ing  the  f i r s t  15 seconds of t u r n o v e r .  F i r s t l y ,  the  enamine (E350 = 

5 X 103 ~4 -1 cm -1 ,  see Exper imenta l )  absorbs much more than  ke to -pheny lpy ruva t e  

at  330 nm and would t h e r e f o r e  not  cause a lag in  absorbance.  Secondly,  the  

convers ion  of e n o l - t o  k e t o - p h e n y l p y r u v a t e  i s  genera l  b a s e - c a t a l y z e d  (with a 

Br~nsted 8 va lue  of 0.37) whereas the  d u r a t i o n  of  the  lag i n  Figure  2 i s  i n -  

s e n s i t i v e  at  c o n s t a n t  pH to  the  type  and c o n c e n t r a t i o n  of  b u f f e r  (4) .  F i n a l l y ,  

the  dehydra t ion  of  hydra ted  ke to -ph e ny l py r uva t e  i s  in  genera l  much too slow 

to  c o n t r i b u t e  to  the  observed lag (4) .  

In c o n c l u s i o n ,  t h e r e f o r e ,  we can s t a t e  t h a t  imino ac id  accumula t ion  

l a r g e l y  accounts  fo r  the  lag in  ke t o - phe ny l py r uva t e  format ion observed a t  pH 

8 .7 ,  with perhaps a smal l  c o n t r i b u t i o n  from the  ca rb ino l amine .  This con- 

c l u s i o n ,  t o g e t h e r  with the f ac t  t h a t  the  lag becomes p r o g r e s s i v e l y  g r e a t e r  

as the  pH i s  r a i s e d  from 6 .5 ,  i s  e n t i r e l y  c o n s i s t e n t  wi th  the  behav io r  of 

analagous im ine -ca rbony l  i n t e r e o n v e r s i o n s  in  which the  hyd r a t i on  (and i t s  

r e v e r s a l )  of  the  imine becomes r a t e - l i m i t i n g  a t  pH va lues  g r e a t e r  than 5, 

because only the p r o t o n a t e d  form of the imine i s  hydra ted  (8) .  Our r e s u l t s  

a l s o  agree with the  i n t e r p r e t a t i o n  t h a t  t r a n s i e n t  pt! changes du r ing  t u r n o v e r  

r e s u l t  from imino acid  accumula t ion  (9) .  
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