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SUMMARY 

I The fully reduced form of D-amino acid oxldase (D-amino a c i d Q  oxldo- 
reductase (deammating), EC I 4-3 3), which was produced by  anaerobic reduction of 
the enzyme with excess D-alanlne, has been isolated by crystallization. The color of 
the crystals was pale yellow and their shape was a hexagonal prism or hexagonal prism 
with blpyramtds. 

2. The absorption spectra of the crystals and their mother liquor were essentially 
identical with the spectrum of the enzyme fully reduced with sodium dlthlonlte. The 
crystals were practically diamagnetic The mother liquor showed a shght anomaly in 
optical rotatory dispersion, but it was far less than that  found in the purple intermediate 
complex of the enzyme with the substrate 

3- The crystals were found to be composed of equlmolar amounts of the fully 
reduced enzyme and the intact substrate, D-alanlne, mdlcatlng the exchange of the 
product for the intact substrate ; a direct evidence for the turnover of substrate on the 
surface of the enzyme molecule 

4- By mlxmg the fully reduced enzyme with excess pyruvate and ammoma, 
the purple intermediate complex was formed On eliminating the pyruvate  in the 
purple intermediate solution by treatment  with hydrogen peroxide, the purple color 
faded to pale yellow This indicates the reversible conversion between the purple 
complex and the fully reduced form 

IN7 RODUCTION 

In the previous paper 1, the purple mtermedlate complex of D-amino acid oxldase 
(D-amino acld:O 2 oxldoreductase (deaminating), EC i 4 3 3) was crystallized, and it 
was characterlzed as a diamagnetic "inner complex" (ref. 2) between the enzyme and 
the substratea, 4_ 

In the final step of the anaerobic reaction, however, the enzyme should be fully 
reduced by  receiving two electrons from the substrate. The main purpose of the present 

Abbrevia t ions  ORD, optmal ro ta to ry  dlspersmn, ESR, electron spin resonance 
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~tudy is, therefore,  to character ize  the  fully reduced enzyme through  its isolat ion by  
crys ta l l iza t ion  Another  purpose  is to elucxdate the  in ter re la t ionship  between the 
in te rmedia te  and the fully reduced states.  A pa r t  of this  s t u d y  has been pre l iminar i ly  
repor ted  ~ 

MA3ERIALS AND METHODS 

The holoenzyme of D-amino acid oxldase was p repared  according to the  me thod  
of YAGI et al. ~ 

D-Alanme, sodium benzoate  and other  chemicals  were of reagent  grade Prote in  
content  in the  enzyme prepara t ion  was es t ima ted  b y  the usual  b m r e t  me thod  7_ 

For  the  analyses of the  const i tuents  of the  crystals ,  a washing technique,  whmh 
had  been found to be avai lable  for the  es t imat ion  of the  const i tuents  of some crys ta lhne  
preparatlonsl,4, 8, was adop ted  
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Fig 1 Apparatus for washing the crystals Tubes (a), (b) and (c) were made from Pyrex glas~ 
and they are connected by ground joints with each other The chambers (a), (b) and (c) can be 
interconnected through apertures (a') and (b') 

To wash the  crysta ls  under  anaerobic  condit ions,  a special  glass appa ra tu s  
(Fig I) was devised The crysta l l ine  suspension in tube  (a) s topped  wi th  tube  (b) was 
centr i fuged with  an angle centrifuge at  300o × g for io  rain to separa te  crysta ls  from 
the supe rna tan t  After  the  chamber  (b) was evacua ted  b y  using s topcock (c), the 
supe rna tan t  in chamber  (a) was sucked out  Into chamber  (b) b y  opening a small  
aper tu re  (a'). Then aper ture  (a') was closed, the  supe rna tan t  t ransferred into chamber  
(b) was removed,  and  chamber  (b) was washed wi th  chilled py rophospha te  buffer 
(I 67 - lO -2 M, p H  8 3) three  t imes A definite amount  of the  chilled buffer was pu t  
into chamber  (b) and made  oxygen-free b y  evacuat ing  and flushing argon gas a l terna-  
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tively with the aid of stopcock (c) The oxygen-free chilled buffer was then transferred 
into chamber (a) by opening aperture (a'), and the crystalline sediment was washed 
with the chilled buffer using a small magnetic stirrer The supernatant was removed 
as mentioned above The same procedure was repeated 

The amounts of low molecular weight substances in each washing and in the 
soluhon of the crystals were analyzed after deproteinization with trlchloroacetic acid 
The amount of D-alanine was estimated by the usual ninhydrin technique s The 
estimation of pyruvate was made colorimetrlcally by use of 2,4-dinitrophenyl- 
hydrazine 1° 

Absorption spectra were recorded using a Beckman DK-2A spectrophotonieter 
To measure the absorption spectrum of the crystal, an Olympus microspectrophoto- 
meter was used Measurements of optical rotatory dispersion (ORD) were made by 
use of a JASCO ORD/UV recorder Electron spin resonance (ESR) spectra were 
recorded using a JES 3 B X-band ESR spectrometer of Japan Electron Optics Labora- 
tory Co 

All operations were carried out at room temperature_ For the anaerobic experi- 
ments, a Thunberg-type cuvette was used throughout 

RESULTS 

r Isolat, on by crystalhzat, on qf the fu l ly  reduced form of D-am,no acid oxzdase 
As it was known (e_g, ref II)  that this enzyme could be fully reduced with an 

excess amount of its substrate, D-alanine, an attempt was made to crystalhze the 
fully reduced form of the enzyme after the reduction with this substrate 

Six ml of the enzyme solution (6 7" lO-4 M with respect to FAD) were mixed 
with trlturated D-alanlne (3 lO-3 M in final concentration) under anaerobic conditions 
The amino acid was quickly brought into the solution with gentle shaking. The yellow 
color of the solution changed rather rapidly mto purple and then gradually turned to 
pale yellow, indicating the enzyme was fully reduced To this pale yellow solution, 
powdered ammonium sulfate was added to a final concentration of 2- lO -1 M and the 
resulting solution was stored at 5 ° under anaerobic conditions After standing over a 
week, a crop of pale yellow crystals appeared. Microscopic observation revealed that 
the shape of the crystals was a hexagonal prism (see Fig 2a), hke the crystals of the 
purple intermedlatO z Sometimes, crystals having a hexagonal prism shape with 

Fig z Shape of the crystals of the flllly reduced form of D-ammo acid oxidase (a) Hexagonal 
prism ( × zoo), (b) hexagonal prism wLth bipyramtds ( × 750) 

Bzoch'tm Btophys. Acta, 159 (1968) 1-8 



4 K YAGI et al 

blpyramlds appeared as shown in Fig 2b_ This shape was also observed when the 
crystallization of the purple intermediate had been achieved ~. 

To analvze the constituents of the crystals, they were washed 5 times with 
o 5 ml of chilled pyrophosphate buffer under anaerobic conditions, and the remaining 
crystals were dissolved in the same buffer After the deprotelmzatlon by adding 
trichloroacehc acid (5~o final concentration), the low molecular weight substances 
liberated in the supernatant of each washing and of the solution of the crystals were 
determined The analytical results on D-alanme and pyruvate indicated that  the 
molar ratio of alanlne to FAD (~Ala]/IFADI) in the washing drew nearer to unity 
with increasing numbers of washings, whereas that  of pyruvate  to FAD ([pyruvate]/  
[FAD~) fell much less than o I. In the solution of the washed crystals, eqmmolar 
amounts of D-alamne and FAD were found These results would indicate that  the 
present crystalline preparation is a I .I complex between the fully reduced enzyme 
and the Intact substrate, D-alanlne 

2_ Physzcochem, cal properties 
Absorption spectra of the crystals and their mother liquor are shown by Curves I 

and II ,  respectively, m Fig. 3- No absorption peak was found In tile visible range 
(4o0-600 m#). These spectra are rather similar to the spectrum of the enzyme fully 
reduced with dlthiomte (Curve I I I  in Fig 3), but different apparently from that  of 
the oxidized, purple intermediate or half-reduced (semlqulnoid) state of the enzyme 
(qf ref 3) 

ESR measurements indicated that  the crystalline sample gives no significant 
ESR signal 

The ORD pattern of the mother liquor is shown by Curve I m Fig. 4 This pattern 
is essentially identical with that  of the fully reduced enzyme reported by AKI et a l )  s 
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Fig 3- The absorp t ion  spec t ra  of the  fu l ly  reduced fo rm of D-amino acid oxldase  I, c rys t a l  
of ful ly  reduced form,  l I ,  mo the r  hquor  of I ,  III,  the  enzyme (7 o IO -5 M wi th  respect  to  FAD) 
ful ly  reduced w i t h  excess d l t h lomte ,  IV, af ter  the  ae ra t ion  of I I  A p a r t  of I I  was d i lu ted  to  
an app rop r i a t e  concent ra t ion ,  and  was bubbled  wi th  oxygen  

Fig  4 The opt ica l  r o t a t o r y  dispers ion p a t t e r n s  of the  ful ly  reduced enzyme and  i ts  r e l a t ed  
s t a t e  I, t be  enzyme  (i  7- 1°-4 M wi th  respect  to FAD) ful ly  reduced w i t h  D-alamne (5 o- io  -2 M), 
II, I was mixed  w i t h  h t h l u m  p y r u v a t e  (i o lO -1M) and a m m o m u m  sulfa te  (5 o io-~ M), III ,  the  
enzyme  (I 7" 1°-4 M wi th  respect  to FAD) ful ly  reduced wi th  s o d m m  d l t h l o m t e  (3 o - i o  -a M) 
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A shght anomaly found is probably due to the interaction between the apoenzyme and 
the fully reduced coenzyme, because the enzyme fully reduced with sodium dmthionite, 
in which no enzyme-substrate interaction exists, showed the same ORD pattern 
(Curve I I I  In Fig. 4) 

3 Reactzwty of the fully reduced enzyme 
The fully reduced enzyme prepared here reacted with molecular oxygen. On 

introducing oxygen into the mother liquor, its pale yellow color turned, for a moment, 
to purple and soon returned to pale yellow Repeating this procedure, the color of the 
solution finally became deep yellow_ The absorption spectrum of this yellow solution 
is shown by Curve IV in Fag. 3, which is Identical with that of the enzyme-pyruvate 
complex I2 Similar changes were observed in the case of the crystals, indicating that 
the enzymatic oxidation takes place even in the crystals_ 

Although MASSEY AND GIBSON x4 reported that the purple intermediate of 
D-amino acld oxidase could be prepared by mixing the fully reduced enzyme (reduced 
with substrate) with excess amounts of pyruvate and ammoma, the conversion from 
the fully reduced form to the purple form was investigated in more detail to confirm 
the reversible reaction between the two 

As shown in Figs 4 and 5, changes In the absorption spectrum and in ORD were 
noticeable when the enzyme fully reduced with D-alanlne was mixed with excess 
triturated lithium pyruvate and ammonium sulfate A broad absorption band emerged 
In the vicinity of 55 ° m# (Curve II, in Fig 5), which is obviously identical with that 
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F l g  5 R e v e r s l b l h t v  o f  t h e  c o n v e r m o n  f r o m  t h e  f u l l y  r e d u c e d  s t a t e  t o  t h e  m t e r m e d l a t e  s t a t e  I ,  
t h e  e n z y m e  (7 o lO -5 M w~_th r e s p e c t  t o  F A D )  f u l l y  r e d u c e d  w i t h  n - M a n l n e  (5 o Io  ~M),  I I ,  I ~ a s  
m i x e d  w i t h  l l t h m m  p y r u v a t e  (I o - I o  1 M) a n d  a m m o m u m  s u l f a t e  (5 o ' I o - 2  M) ,  I I I ,  I I  w a s  
t h e n  m i x e d  w i t h  h y d r o g e n  p e r o x i d e  (I o i o  -1 M) ,  IV ,  I w a s  m i x e d  w t t h  s o d m r n  b e n z o a t e  (T o -  
io-1 M) 

of the purple lntermediatO_ Moreover, an extrinsic negative Cotton effect appeared 
in the ORD spectrum having a trough at 43o m/z, an mflexion point close to 4oo m/~ 
and a peak at 380 m# (Curve II, in Fig. 4) This Cotton effect is also identical with 
that of the purple intermediate reported previously 3 In addition, very slow ionization 
of the complex, which could be traced by measuring the increase in paramagnetlc 
susceptibility 3, was observed even without exciting light These facts may indicate 
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the formation of an Inner complex of the enzyme with substrate moiety through the 
reverse reaction 

On the other hand, when pyruvate presented in the purple solutmn was ehml- 
nated by the addition of an appropriate amount of hydrogen peroxide, the charge 
transfer band a having a peak at 55o m# gradually diminished and the trough amplitude 
at 43 ° m F in ORD became smaller As shown by Curve I I I  In Fig 5, the shape of the 
resulting spectrum was in good accord with that of the fully reduced enzyme, indicating 
that the two electrons shared by the enzyme and substrate moieties were completely 
transferred to the enzyme. These results suggest that the interconversion between the 
intermediate and the fully reduced states is governed by the concentration of the 
substrate and the final products m the medium_ 

This reversIblhty was further confirmed by demonstrating the relation between 
the concentration index (negative logarithm of concentration) of pyruvate added to 
the mother liquor under anaerobic conditions and the absorbance of the resulting 
mixture at 55 ° m#, which is an indication of the amount of the purple intermedmte 
As shown by Fig 6, the plot thus obtained appeared to fit a sigmoId curve, and an 
inflexlon point was found at p[pyruvatel --  i 7- From this pK', the dissociation 
constant of the purple intermediate into the fully reduced enzyme and pyruvate was 
determined to be 2.o-IO 2 M 

When the concentration of the substrate in the medium was decreased to one- 
tenth, the spectrum changed from Curve I I I  to Curve IV in Fig 7 upon increasing the 
concentration of pyruvate, indicating that in this case the excess pyruvate expelled 
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F i g  6 D e p e n d e n c e  o f  e n z y m a t i c  e q m h b r i a  o n  t h e  c o n c e n t r a t i o n  o f  a p r o d u c t ,  p y r u v a t e  O p e n  
c i rc les  d e m o n s t r a t e  t h e  o b s e r v e d  a m o u n t  (%)  o f  t h e  p u r p l e  i n t e r m e d i a t e  f o r m e d  f r o m  t h e  f u l l y  
r e d u c e d  e n z y m e  b y  t h e  a d d i t i o n  o f  p y r u v a t e  i n d i c a t e d ,  in  t h e  p r e s e n c e  o f  a m m o n i u m  s u l f a t e  
(5 o IO -2 M) a n d  D - a l a n m e  (5 o -  IO -~" M) T h e  e n z y m e  c o n c e n t r a t i o n  w a s  8 2 i o - ;  M w i t h  r e s p e c t  
t o  F A D  T h e  a m o u n t  o f  t h e  I n t e r m e d i a t e  w a s  c a l c u l a t e d  f r o m  t h e  a b s o r b a n c e  a t  550  mH,  b a s e d  
u p o n  t h e  a s s u m p t i o n  t h a t  all  o f  t h e  e n z y m e  in  t h e  m e d i a  f o r m s  t h e  p u r p l e  c o m p l e x  w h e n  t h e  
a b s o r b a n c e  a t  55 ° m p  s h o w s  I ts  m a x i m a l  v a l u e ,  in  t h i s  case ,  i t  r e a c h e d  t h e  m a x i m u m  w h e n  
t h e  c o n c e n t r a t i o n  o f  p y r u v a t e  w a s  e l e v a t e d  t o  4 o IO -1 M T h e  s o h d  l ine  r e p r e s e n t s  t h e  t h e o -  
r e t i c a l  c u r v e  o f  t h e  f o l l o w i n g  p r o p o s e d  e q u a t i o n  

[ fu l ly  r e d u c e d  e n z y m e ]  
p [ p y r u v a t e !  - -  p K '  + log  Fpurp le  l n t e r m e d l a t e l  

w h e r e  p K '  IS a s s u m e d  t o  be  i 7 

F i g  7 T h e  c h a n g e  in  t h e  a b s o r p t i o n  s p e c t r u m  o f  t h e  e n z y m e  w l t h  d i f f e r e n t  c o n c e n t r a t i o n s  o f  
t h e  s u b s t r a t e  a n d  t h e  p r o d u c t s  I, t h e  e n z y m e  (i  i i o  -* M w i t h  r e s p e c t  to  F A D )  f u l l y  r e d u c e d  
w l t h  D - a l a n I n e  (5 o -  i o  -a  M) ,  I I ,  I w a s  m i x e d  w i t h  h t h I u m  p y r u v a t e  (I o IO J -  M) a n d  a m n i o n m m  
s u l f a t e  (5 o IO -~ M) T h e  c o n c e n t r a t i o n  o f  l i t h i u m  p y r u v a t e  w a s  i n c r e a s e d  t o  i o i o  1 M ( C u r v e  
J I I )  a n d  t o  4 °  IO - 1 M  ( C u r v e  IV)  
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FULLY REDUCED FORM OF D-AMINO ACID OXlDASE 7 

the substrate moiety of the purple intermediate complex to form the enzyme-pyruvate 
complex Similar phenomena should be observed by adding benzoate to the purple 
mtermedlate_ In fact, the substrate moiety of the purple lntermedmte was expelled 
by the benzoate to form the oxidized enzyme-benzoate complex as occurred previ- 
ously a_ However, the fully reduced species was not changed to the oxidized enzyme- 
benzoate complex upon addition of benzoate (see Curve IV, Fig 5) 

As reported previously is, rhodoflavln IS formed when the diamagnetic purple 
intermediate or semiqulnoid enzyme is mixed with trichloroacetlc acid. In the case of 
the fully reduced enzyme, however, rhodoflavln was not found in the degradates, 
no ESR signal was detected_ 

DISCUSSION 

In the classical studies 16 is, It had been considered that the enzyme is capable 
of removing two hydrogen atoms from its substrate and subsequently transferring 
them to molecular oxygen to form hydrogen peroxide The direct product of the 
reaction had been supposed to be a-amino acid 19, which is decomposed to a-keto acid 
and ammonia through spontaneous hydrolysis The reactions that had been supposed 
to be involved are 

RCH(NH2)COOH + E ~ RC( NH)COOt t  + E H ,  (i) 

R C ( = N H ) C O O H  + H20 ~ RCOCOOH + NH~ (2) 

E H  2 I 0 2 ~ E  + HaO a (3) 

where E represents the enzyme_ 
The present data on crystalline, fully reduced enzyme indicate the formation 

of the complex of the fully reduced enzyme with D-alanine This may be direct evidence 
of "turnover" of the substrate The reactions could be expressed as 

SH 2 + E .~ purple intermediate .~ EH2-S (4) 

EH2-S + SH 2 ~ E H 2-SH  ~ + S (5) 

where SH 2 equals the substrate, S, the product Hence, the formula (I) is considered 
to be confirmed by the present results so far as the anaerobic reaction is concerned 

In the anaerobic reaction, the species EH~ S H  2 should be situated at the final 
stage of the reactlon sequence However, EH2-SH 2 could be changed to the purple 
intermediate by the addition of the products and could be again returned to EH2-SH2 
by the ehmlnatlon of pyruvate, indicating the reversibility between the fully reduced 
and the purple intermediate states The relation between the concentration index of 
pyruvate and the concentration of the purple intermediate indicates that the oxidation- 
reduction state of the enzyme is governed by the concentrations of the coexisting 
substrate and products It  IS noted that the decrease of the substrate concentration 
and the increase of the pyruvate concentration yield the enzyme-pyruvate complex TM 

from EH2-SH 2 These results would confirm the reversibility included in the whole 
process in formulae (4) and (5) 

It  is obvious that the fully reduced enzyme prepared here reacts with molecular 
oxygen However, this does not always indicate the direct participation of the fully 
reduced enzyme in the aerobic oxidation of the substrate, because there are several 
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hnes  of e v i d e n c e  ~4,2° i n d i c a t i n g  t h a t  o x y g e n  is c a p a b l e  of r ece iv ing  e lec t rons  a t  an  

i n t e r m e d i a t e  s t a t e  of t h e  e n z y m e .  
A l t h o u g h  m a n y  e l ec t romc  s t r u c t u r e s  of t he  e n z y m e  s u b s t r a t e  c o m p l e x  could  

be p o s t u l a t e d  as m t e r m e d m t e s ,  t h e  s p e c t r o s c o p i c a l l y  d e m o n s t r a b l e  i n t e r m e d i a t e  

be fo re  t h e  ful ly  r e d u c e d  s t a t e  m t h e  a n a e r o b i c  r e a c t i o n  is u n d o u b t e d l y  t h e  p u r p l e  

c o m p l e x  There fo re ,  t he  r e a c t i v i t y  of o x y g e n  w i t h  t h e  p u rp l e  i n t e r m e d i a t e  s t age  of t h e  

e n z y m e - s u b s t r a t e  comp lex ,  w h e r e  two  f ron t i e r  e l ec t rons  of t h e  s u b s t r a t e  m o i e t y  are 

n o t  c o m p l e t e l y  t r a n s f e r r e d  to  t he  e n z y m e ,  shou ld  be  e l u c i d a t e d  in a f o r t h c o m i n g  p a p e r  
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