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SUMMARY 

I. The rate of formation of the purple intermediate of D-amino acid oxidase 
[D-amino acid:O2 oxidoreductase (deaminating), EC 1.4.3.3] in the anaerobic reaction 
of this enzyme with its substrate was reduced by substitution of the a-hydrogen of 
the substrate for deuterium. This indicates that removal of the a-hydrogen of the 
substrate occurs prior to or in concert with the formation of the purple intermediate. 
The extent of the deuterium kinetic isotope effect differed for different substrates. 

2. The a-deuteration of the substrate affected neither the rate of conversion 
of the purple intermediate to the fully reduced enzyme nor the rate of oxidation of 
the purple intermediate with 0 2 . 

3. The kinetic isotope effect on tile catalytic oxidation of the substrate was 
less than that on the formation of the purple intermediate. This indicates that the 
purple intermediate formation partially determines the overall rate of the enzymic 
reaction, but the effect on the overall rate is thought to result merely from the effect 
on the process of the purple intermediate formation. The kinetic isotope effect on the 
catalytic oxidation was increased by decreasing the enzyme concentration. This may 
be interpreted to mean that the process of the purple intermediate formation is more 
rate controlling in the monomeric enzyme than in the dimeric enzyme. 

INTRODUCTION 

The crystalline purple complex obtained by mixing D-amino acid oxidase 
[D-amino acid:O 2 oxidoreduetase (deaminating), EC 1.4.3.3] with its substrate D- 
alanine under anaerobic conditions I was identified with the purple intermediate 
appearing in a rapid reaction of this enzyme~, a. Upon mixing the oxidized enzyme 
(Eox) with neutral D-amino acid (S) under anaerobic conditions, the purple inter- 
mediate (E'. S') is formed rapidly and converted slowly to the fully reduced enzyme-- 
product complex (Erea'P). 
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k+, s k=~ s, k~ k+, Eo,, + S k~_l Eo,," k-2 E' .  k-3 Erea'P 1~--4~ Erea + P (i) 

Under aerobic conditions, the purple intermediate reacts with 02 to form the oxidized 
enzyme-product  complex (Eox'P) and H202 (refs 4 and 5). 

E ' - S '  + 0 2 ~ E o x ' P  + H~O2 (2) 

Eo×" P k_~ 8 Eox + P (3) 

Although the purple intermediate is known to be composed of equimolar 
amounts of the enzyme and substrate 1 and assigned to a strong charge-transfer 
complex, an "inner complex" (ref. 6), between the donor substrate and the acceptor 
flavin of the enzyme 7, further information is required to elucidate this unique inter- 
mediate of the flavoenzyme. This necessarily involves a study of the chemical 
reactions, involving the substrate moiety, which occur up to the formation of the 
purple intermediate. Since the cleavage of the a-CH bond of the substrate during 
the enzymic reaction has been proposedS, 9 and is supported by our previous results 
from H-ZH exchange study of this enzymic reaction 1°, the a-CH bond cleavage has 
been examined in relation to the purple intermediate formation. 

In our previous paper n, the kinetic isotope effect on the formation of the purple 
intermediate using a-deuterated substrates was reported. Later, Walsh et a l }  2 re- 
ported the kinetic isotope effect on the overall reaction, but did not consider our data 
in their interpretation of the mechanism of this enzyme. The present paper deals 
with the kinetic isotope effect on each process of the reaction in relation to that  on 
the overall reaction. 

The a-CH bond cleavage is assumed to be a proper enzymic process. This is on 
the basis of our result ~a that  the imino acid, formed as the pr imary oxidation product 
of the substrate D-amino acid, is hydrolyzed nonenzymically. Thus the present study 
is expected to delineate a main part  of the mechanism of action of this enzyme. 

MATERIALS AND METHODS 

D-Amino acid oxidase holoenzyme was prepared by the method of Yagi et al. 14. 

The concentration of the enzyme was expressed in terms of the enzyme-bound FAD. 
DL-Alanine, DL-valine and DL-leucine were purchased from Tanabe Amino Acid 
Research Foundation, Osaka, and DL-a-aminobutyric acid and DL-norvaline from 
Nakarai  Chemicals, Kyoto. DL-Ea-*HlAlanine, DL-Ea-2Hlaminobutyric acid, DL- 
ia-2H]norvaline, DL-[a-~H]valine and DL-[a-2H]leucine * were prepared by the reac- 
tions of the respective racemic amino acids with salicyla]dehyde and CuSO 4 in 2H20 

* Evans  et al. 1"~ reported tha t  D-amino acid oxidase catalyzed the H ~H exchange in the 
a-posit ion of L-amino acids. We examined this phenomenon  by incubat ing L-leucine with the 
enzyme in 2H20 for several hours,  bu t  could not  detect by  NMR any exchange of the a-hydrogen of 
the amino acid for deuterium. Therefore, the above-ment ioned H-~H exchange is considered to be 
due to the contaminat ion  wi th  other  enzyme(s) in their  D-amino acid oxidase prepara t ions  as dis- 
cussed by  them. Accordingly, L-isomers in racemic amino acids used in the present  s tudy  were 
though t  to act merely as competi t ive inhibitors 16, 17, bu t  not  as substances  in which deuter ium 
exchange occurs. 
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by adopting the method of Tamiya and Oshima TM. For the preparation of these a- 
deuterated amino acids, base-catalyzed hydrolytic ring-opening of the oxazolones 
corresponding to the respective N-acetylamino acids in 2H20 (ref. 19) was also 
utilized. Their purities were checked by  paper chromatography, infrared spectroscopy 
and NMR; it was confirmed that  the isotopic substitution of the a-hydrogen of the 
amino acids was almost complete, and substitution at the/5-position did not occur. 

The absorbance change at 550 nm caused by anaerobic or aerobic mixing of 
the enzyme with the substrate was measured at 20 °C using a Yanaco SPS-I stopped- 
flow spectrophotometer connected to a storage oscilloscope and a pen recorder. 
Solutions of the enzyme and of the substrate, containing O.Ol 7 M PPi-HC1 buffer, 
pH 8.3, were made anaerobic by bubbling with Ar which had been washed with an 
alkaline pyrogallol solution, and by consuming the trace of 02 with the glucose 
oxidase (I" 10 -7 M)-glucose (5" I ° -a  M) system, as described previously ~. 

The 02 consumption due to the enzymic oxidation of the substrate under 
aerobic conditions was measured polarographically with a Kyusui Kagaku Bioxygraph 
as reported previously 14. 

RESULTS 

Kinetic isotope effect on the formation of the purple intermediate 
The rapid formation of the purple intermediate followed by its slow conversion 

to the fully reduced enzyme in the anaerobic reaction of D-amino acid oxidase with 
neutral D-amino acids can be traced by the absorbance change at 550 nm (ref. 5). 
Accordingly, the kinetic isotope effect on the formation of the purple intermediate 
was studied by comparing the rapid increase in absorbance at 550 nm due to the 
reaction for a-H-substrate with that  for a-2H-labelled substrate. The stopped-flow 
traces followed essentially first-order kinetics. The pseudo-first-order rate constant 
(kobs) of the reaction was plotted against the concentration of the substrate. Fig. I 
shows the result obtained with valine*. With this substrate, the rate of formation of 
the purple intermediate levelled off in the range of the substrate concentration 
investigated, so the rate is considered to be controlled by the process Eox" S --~ E ' .  S', 
viz. by k m in Eqn I. The result is similar to that  obtained with leucine n. Although in 
these cases the reaction is inhibited by L-amino acid present, it is clear from Fig. I 
that  substitution of the a-hydrogen of the substrate for deuterium caused the rate 
of formation of the purple intermediate to decrease to approximately one-third of 
the original at the substrate concentration range where the rate levelled off. 

On the other hand, substitution of the a-hydrogen of norvaline for deuterium 
resulted in a slight decrease in the observed rate of formation of the purple inter- 
mediate, as shown in Fig. 2. In the case of a-aminobutyric acid, reduction of the rate 
of the purple intermediate formation by the a-deuteration was also slight. This 
feature is similar to that  obtained with alanine n. Even though the kinetic isotope 
effect on the formation of the purple intermediate in these cases is minute, the fact 
that  the rate of the reaction with norvaline showed saturation with respect to the 
concentration of the substrate indicates that  the kinetic isotope effect is also due to 

* A similar result was reported preliminarily at the Symposium on Structure and Function 
of Oxidation- Reduction Enzymes held in Stockholm, 197 ° (ref. 2o). 
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Fig. I. Kinetic isotope effect on the formation of the purple intermediate of D-amino acid oxidase 
with D-valine. At various concentrations of valine, the formation of the purple intermediate was 
measured. Equal volumes of the anaerobic solutions of the enzyme (2.88. io -~ M) and of DL-valine 
of various concentrations were mixed and the absorbance changes at 55 ° n m  due to the reaction 
at pH 8. 3 and 20 °C were followed by a stopped-flow spectrophotometer (light path, io ram). The 
pseudo-first-order rate constants (kobs) obtained from the reaction traces were plotted against the 
concentrations of D-valine. Curve I, with DL-[a-H]valine; Curve II, with DL-[a-2Hjvaline. 

Fig. 2. Kinetic isotope effect on the formation of the purple intermediate of n-amino acid oxidase 
with D-norvaline. The conditions were the same as those of Fig. i. The pseudo-first-order rate con- 
stants (kobs) obtained from the reaction traces were plotted against the concentrations of D-nor- 
valine. Curve I, with DL-[a-H]norvaline; Curve II, with DL-Ea-~Hlnorvaline. 

a decrease in k+ 2. Accordingly,  it is obvious from the above findings tha t  the cleavage 

of  the a-CH bond occurs prior to or in concert  wi th  the format ion of the purple 

in termedia te .  

Kinetic isotope effect on the conversion of the purple intermediate to the fully reduced 
enzyme 

The convers ion of the purple in te rmedia te  to the fully reduced enzyme under  

anaerobic condi t ions  followed first-order kinetics and was almost  independent  of the 

concent ra t ion  of the subs t ra te  in accord with  the previous reportsS, 2]. The  react ion 

traces of  this process were obta ined  by the measurement  of the absorbance change 

at 550 nm with  Ia-H 1- and [a-~Hlleucine. The calculated rate  constants  were the same 

wi th in  tile exper imenta l  error;  7.3" lO-3 s-1 and 7.6" lO -3 s 1 wi th  [a-H 1- and Ea-2HI - 

leucine, respect ively.  Similar  results were obta ined with  other  substrates,  alanine, 

val ine,  a -aminobutyr ic  acid and norvaline.  Thus, subs t i tu t ion  of the a-hydrogen for 

deu te r ium did not  affect the ra te  of conversion of the purple in te rmedia te  to the fully 

reduced enzyme.  

Kinetic isotope effect on the reaction of the purple intermediate with 02 
When D-amino acid oxidase is mixed  with  neut ra l  D-amino acids such as D- 

alanine in the presence of  03, the stopped-flow trace of  the absorbance at 550 nm 
becomes like a " sp ike"  as repor ted  by Massey and Gibson 5. The height  and shape of  

this " sp ike"  are de te rmined  by  the velocit ies of the purple in te rmedia te  format ion 
and of  the react ion of  this in te rmedia te  wi th  03. Thus the effect of subst i tu t ion of 

the  a-hydrogen of  the substra te  for deu te r ium on the react ion of the purple inter-  
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m e d i a t e  w i t h  O 2 can  be  e x a m i n e d  by  o b s e r v i n g  the  " s p i k e "  u n d e r  t he  cond i t i ons  
where  t h e  r a t e s  o f  f o r m a t i o n  of  t he  pu rp l e  i n t e r m e d i a t e  w i t h  a - H -  a n d  a -2H- labe l led  

a m i n o  ac id  are  t h e  same.  

T h e  t r aces  o f  t h e  " s p i k e "  a t  55o n m  o b s e r v e d  w i t h  [a-H]-  and  [a -2Hlnorva l ine  

are  shown  in Fig .  3. T h e  e x t e n t  of  f o r m a t i o n  of  t he  pu rp l e  i n t e r m e d i a t e  was  the  same  

in these  two  t races ,  and  the  v a l u e s  of  t h e  h a l f - t i m e  of  d i s a p p e a r a n c e  of  t h e  pu rp l e  

i n t e r m e d i a t e  c a l c u l a t e d  f r o m  t h e  t races  w i t h  d e u t e r a t e d  and  n o n - d e u t e r a t e d  n o r v a -  

l ine  were  t h e  s a m e  (approx.  3o ms). W i t h  DL-alanine a n d  v L - a - a m i n o b u t y r i c  acid,  

t h e  resu l t s  were  t h e  s a m e  as above ,  i n d i c a t i n g  t h a t  t h e  ra te  of  o x i d a t i o n  of  t he  pu rp l e  

i n t e r m e d i a t e  w i t h  O 2 is n o t  a f fec ted  s ign i f i can t ly  b y  t h e  a - d e u t e r a t i o n .  

Fig. 3. Photographs of oscilloscope traces of the reaction of the purple intermediate of D-amino 
acid oxidase with 02. The absorbance changes at 55 ° n m  due to the reaction of D-amino acid 
oxidase with [a-H]- and [a-2H~norvaline in the air-saturated buffer (pH 8.3) at 2o °C were followed 
by a stopped-flow spectrophotometer (light path, 2 mm). The final concentrations of the enzyme 
and 02 were 3.8o. io 5 and 2.84. to 4 M, respectively. (A) with DL-[a-Hlnorvaline , 2.o-io -~ M 
(in final, in terms of D-isomer). (B) with DL-[a-2H]norvaline, 2. 5 . io -3 M (in final, in terms of D- 
isomer). 
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11 
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Fig .  4" K i n e t i c  i s o t o p e  effect  on  t h e  c a t a l y t i c  o x i d a t i o n  of  D-va l ine  b y  D - a m i n o  a c i d  o x i d a s e .  O 2 
c o n s u m p t i o n  w a s  m e a s u r e d  a t  p H  8. 3 a n d  2o °C w i t h  r e a c t i o n  m i x t u r e s  c o n t a i n i n g  t h e  e n z y m e  
[5.3 8.  i o  ~ M (A) a n d  5.3 8. i o  -8 M (B)], F A D  (2. i o  ~ M) a n d  v a l i n e  ( c o n c e n t r a t i o n s  i n d i c a t e d  in  
t h e  f igure).  C u r v e  I, w i t h  D L - [ a - H ] v a l i n e ;  C u r v e  I I ,  w i t h  DL-[a-~Hlva l ine .  

Kinetic isotope effect on the overall reaction catalyzed by D-amino acid oxidase 
T h e  k ine t i c  i so tope  effect  o f  t he  a - d e u t e r a t i o n  of  t he  s u b s t r a t e  on the  t u r n o v e r  

o f  th is  e n z y m e  was  e x a m i n e d  by  m e a s u r i n g  02 c o n s u m p t i o n .  I n  Fig.  4A, t he  d a t a  
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obtained with [a-Hl- and [a-2HJvaline are plotted in a double-reciprocal form. By 
comparing these two plots, it is apparent that  a considerable deuterium kinetic 
isotope effect is observed for the overall reaction; the ratio of the value of V for 
Ea-Hlvaline to that for [a-lH]valine is 1.5. However, in the cases of alanine, a-amino- 
butyric acid and norvaline, the effect was found to be marginal. 

When the isotope effect on the overall reaction was compared with that on 
the purple intermediate formation, significant difference was noticed between the 
two ; the former was smaller than the latter. This means that the process of the purple 
intermediate formation only partially determines the overall rate. 

I t  was also found that the kinetic isotope effect on the overall rate is dependent 
on the concentration of the enzyme, as shown in Figs 4 A and 4 B. Upon increasing 
the enzyme concentration from 5.38" lO -7 to 5.38" IO -~ M, the ratio of the value of 
V for Ea-H]valine to that for [a-~Hlvaline was decreased from 1.5 to i . i .  

D I S C U S S I O N  

The present study clearly demonstrates that, in the reaction of D-amino acid 
oxidase with the substrate, the effect of a-deuteration of the substrate is only ob- 
served in the process of the purple intermediate formation, but neither in the process of 
conversion of the purple intermediate to the fully reduced enzyme nor in the process 
of oxidation of the purple intermediate with 0 2 . This indicates that the cleavage of 
the a-CH bond of the substrate occurs prior to or in concert with the formation of the 
purple intermediate. It  is especially noted that the reduction of the rate of formation 
of the purple intermediate by the a-deuteration is significant with leucine and valine, 
but only slight with alanine, a-aminobutyric acid and norvaline. The difference in 
the extent of kinetic isotope effect among these substrates can be ascribed to the 
difference in the effect on k+e, since the kinetic isotope effect on the formation of the 
purple intermediate is due to the change in k+ 2 as mentioned in Results. Accordingly, 
it is likely that the transition state of the cleavage of the a-CH bond is different 
depending on the kind of alkyl group of the substrate. 

The present data also demonstrate the kinetic isotope effect on the overall 
reaction with valine, as was already observed by Walsh et al. 1~ with serine and fl- 
chloroalanine. However, in the cases of alanine, a-aminobutyric acid and norvaline, 
effect is only scarcely observed. This feature can be explained by taking into account 
the fact that  the overall reaction consists of a number of reaction processes (see 
Eqns I-3) and the process of the purple intermediate formation is only partially 
rate controlling. 

The extent of the kinetic isotope effect on the overall reaction was dependent 
on the enzyme concentration ; the effect being increased upon dilution of the enzyme 
solution. This can be explained by considering that the process of the purple inter- 
mediate formation is more rate controlling in the monomer than in the dimer. This 
view is supported by the reported data that the rate of formation of the purple inter- 
mediate is larger in the dimer than in the monomer 3, while the rate of the overall 
reaction is larger in the monomer than in the dimer~2, ~a, suggesting that the rate of 
dissociation of Eox" P is larger in the monomer than in the dimer. 

The present conclusion that the cleavage of the a-CH bond occurs prior to or in 
concert with the formation of the purple intermediate provides an essential clue to 



7 ° K. YAGI e~ al .  

elucidate the interaction between the flavin and the substrate moiety in the inter- 
mediate. The intermediate has been considered as a sort of strong charge-transfer 
complex, an "inner complex", which is formed between the donor substrate and the 
acceptor flavin part  of the enzymeL This is based on the fact that  it shows a broad 
absorption band in the longer wavelengths and it gradually changes into the anion 
and cation radicals. I t  should be emphasized that  such an interaction is attained 
after the a-hydrogen of the substrate is removed. In connection with this view, 
"outer"  charge-transfer complexes formed between the donor inhibitors and the 
acceptor flavin of the enzyme should be recalled 17,24. Examples of such inhibitors are 
o-aminobenzoate and Al-piperidine 2-carboxylate. These compounds possess a 
carboxyl group and a nitrogen atom having a lone pair in the position spacially 
similar to those of the substrate amino acid. In complex formation of these inhibitors 
with the enzyme, the nitrogen lone pair is considered to interact with the flavin. In 
this case, however, reduction of the flavin does not occur. I t  seems, therefore, that  
the cleavage of the a-CH bond adjacent to the nitrogen atom is essential for the 
substrate to form the "inner complex". 

The cleavage of the a-CH bond may occur v ia  proton, hydrogen atom or hydride 
ion transfer. Among these, base-catalyzed proton transfer is the most probable. This 
mechanism was first suggested by Neims et al. 25 who found a linear relationship 
between the Hammet t ' s  a values of m- and p-substituents of phenylglycine and the 
V of the catalytic oxidation of these substrates. Our preliminary results indicated 
that  a similar linear free energy relationship also held (Yagi, K ,  Nishikimi, M., 
Takai,  A. and Ohishi, N., unpublished) for the reduction of the enzyme with phenyl- 
glycine derivatives under anaerobic conditions. Recently, Walsh et al. 1~ presented 
evidence for this mechanism by demonstrating the elimination of CI of fl-chloroalanine 
catalyzed by D-amino acid oxidase. In addition to the above-mentioned base-catalyzed 
proton abstraction, participation of the amino group of the substrate is thought to 
be essential to the enzymic reaction. Like the formation of "outer"  charge-transfer 
complex of D-amino acid oxidase with o-aminobenzoate or z]l-piperidine 2-carboxyl- 
ate, the substrate 's  amino group seems to donate electron(s) to the flavin moiety of 
the enzyme. I t  is reasonable to suppose that  the a-proton abstraction occurs in 
concert with this interaction, since the latter interaction will reduce the electron 
density on the a-carbon atom, facilitating the release of the a-proton. In this case 
the resulting carbanion is thought to be more nucleophilic than the original substrate, 
thus the "inner complex", viz.  the purple complex, will be easily formed. 

The kinetic isotope effect on the reaction of L-amino acid oxidase has also been 
found by several gn'oups of workers ~-2s. L-Amino acid oxidase also forms a transient 
long-wavelength absorbing intermediate29, ao. Accordingly, the presently proposed 
mechanism for D-amino acid oxidase could also be applicable to L-amino acid oxidase. 
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