
54 

BBA 656IZ 

D-ASPARTATE OXIDASE OF K I D N E Y  

BIOCHIMICA ET BIOPHYSICA ACTA 

M A L C O L M  D 1 X O N  AND P H I L 1 P  K E N \ V O R T H Y *  

Departrnent of Bioclw~ffstry, University of Can~zbridge, Ca*nbridge (Great Britain)" 

{Received F e b r u a r y  i s t h  , ~967) 

SUMMARY 

z. The D-aspartate oxidase (D-aspartate:oxygen oxidoreductase (deaminating), 
EC L4.3.z ) of rabbit  kidney has been purified almost Ioo-fold. Although it is not yet 
homogeneous, it is apparently free from other oxidizing enzymes. 

z. The enzyme is a flavoprotein. As prepared, it is in the inactive ",~po-form. 
The activity is restored by adding FAD, but not by FMN or riboflavin. The combina- 
tion and dissociation of FAD are not instantaneous, but require about 15 min at 3 o° 
for approximate completion. 

3. The enzyme oxidizes I)-aspartate and D-glutamate, but has no action on 
any of the substrates of D-amino-acid oxidase or on any L-amino acids. D-Aspartate 
and D-glutamate are oxidized by the same enzyme. At low concentrations, using 
ferricyanide as acceptor, D-aspartate is oxidized more rapidly than r~-glutamate, 
but at high concentrations the reverse is the case. With oxygen as acceptor, however, 
D-aspartate is alwavs more rapidly oxidized than 1)-gIutamate. 

4. Unlike D-amino-acid oxidase, D-aspartate ~xidase is strongly and com- 
petitively inhibited by dicarboxylie but not by monocarboxvlic acids. 

5. Only three acceptors have been found to work with the enzyme, namely 
ferricyanide, oxygen and dichlorophenolindophenol. Ferricyanide, which is inactive 
with D-amino-acid oxidase, is the best acceptor. With ferricyanide or oxygen, the 
rate decreases with increase of acceptor concentration ; with indophenol it increases. 

6. With ferricyanide as acceptor, the progress curve of the enzyme reaction is 
autocatalytic in form. The increase of the velocity with time is due to the fall in the 
ferricyanide concentration as the reaction proceeds, and the consequent reversal of 
the inhibition by ferricyanide. 

7. The pH opt imum is exceptionally sharp; the fall on the alkaline side is due 
to destruction of the enzyme. The position of the opt imum depends on the order of 
addition of the reactants; if the ferricyanide is added last it is at about pH 9.6, if 
the substrate is added last it is at 8. 7. The effect of pH on the Km for D-aspartate 
is complex, but the curve is quite different from that  of D-amino-acid oxidase. 

Abbrev ia t ions :  PCMB, p -ch lo romercur ibenzoa te ;  DCIP,  2 ,6-dichlorophenol indophenol .  
* P re sen t  address :  D e p a r t m e n t  of  Biochemis t ry ,  Un ive r s i ty  of  E a s t  Anglia,  Norwich,  

Grea t  Britain.  
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8. p-Chloromercuribenzoate (PCMB) does not inhibit the enzyme when in- 
cubated with it in the presence of FAD, but in the absence of FAD it inhibits it 
strongly, suggesting that  the FAD is combined with a thiol group, which is thereby 
protected from attack. Incubation of the enzyme with PCMB in the presence of FAD 
produces a progressive increase in the enzyme activity, so long as the enzyme reaction 
has not started. When once the reaction has started and proceeded to about 30% 
of completion, a rapid inhibition begins and the reaction stops completely when it 
has reached about half-way. The activation is not observed when oxygen is the 
acceptor. 

9. The relation of the enzyme to others of the same class is discussed. 

INTRODUCTION 

The well known D-amino-acid oxidase (D-amino-acid:oxygen oxidoreductase 
(deaminating), EC 1.4.3.3, a flavoprotein which occurs especially in kidneys) oxidizes 
many  D-amino acids, but it has no action oil the dicarboxylic amino acids D-aspartate 
and D-glutamate 1,2. These two amino acids, however, are oxidized by kidney ex- 
tracts3,% indicating the presence of another enzyme (or enzymes), distinct from the 
D-amino-acid oxidase. The enzyme responsible for the first of these oxidations has 
been named D-aspartate oxidase (D-aspartate :oxygen oxidoreductase (deaminating), 
EC 1.4.3.I), but it is not clear from the literature whether this enzyme is also res- 
ponsible for the oxidation of ])-glutamate or whether there is a separate D-glutamate 
oxidase. In fact the literature on the enzyme is very meagre; it has been relatively 
little studied and, as far as we are aware, has not been purified, previous workers 
using either crude kidney extracts or extracts of acetone powdei of kidneys. 

D-Aspartate oxidase was first studied in kidney extracts by STILL et al. 3 in 
1949; they stated that  it oxidized D-glutamate at about one-third of the rate obtained 
with aspartate but had not much action on other amino acids tested. They showed 
that  (as is the case with flavoprotein oxidases generally) H202 was produced in the 
reaction, but that  the enzyme differed from D-amino-acid oxidase in not being in- 
hibited by benzoate. In I95O STILL AND SPERLING 4 confirmed these results (using 
DL-aspartate throughout as substrate), but they considered that  D-aspartate and D- 
glutamate were oxidized by different enzymes, because they found some variations 
in the ratio of the rates with the two substrates. They demonstrated that  the D- 
aspartate oxidase could easily be inactivated by treatment  with (NHa)2SO 4, pie- 
sumably by iemoval of a flavin prosthetic group, and could then be reactivated by 
the addition of FAD (FMN was not tested), giving clear evidence of the flavoprotein 
nature of the enzyme. 

More recently ROCCA AND GHIRETTI 5 have reported, under the name 'D- 
glutamate oxidase', an XlOO-fold purification of an enzyme from the hepatopancreas 
of Octopus which oxidizes both D-glutamate and D-aspartate with a constant ratio 
of velocities. This enzyme, however, is different from the D-aspartate oxidase in at 
least two respects. I ts  oxidation of aspartate is slower than that  of glutamate. 
Moreover it was much more difficult to obtain evidence of flavoprotein nature; the 
spectroscopic analysis is stated to be 'unsatisfactory',  and the usual methods for 
resolving flavoproteins into flavin and apo-enzyme failed to inactivate the enzyme, 
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a l though  more dras t ic  methods  p roduced  a pa r t i a l  inac t iva t ion  which was reversed 
by  FAD.  

More recen t ly  still Roc(:a  6, using qui te  a different method,  has effected a 
tSo-fold pur i f icat ion of a D-aspar ta te  oxidase from the hepa topanc reas  of Octopus.  
This enzyme shows a s t n m g  f lavoprote in  spec t rum,  and the flavin bands  d i sappear  
on reduct ion  wi th  1~-aspartate. 

We have  unde r t aken  a pur i f icat ion of the  l~-aspartate oxidase of k idney,  
p a r t l y  in order  to inves t iga te  whether  the  ox ida t ion  of I~-glutamate is due to a sepa- 
ra te  enzyme,  and  p a r t l y  in order  t~ ca r ry  out  a s tudy  of i ts p roper t ies  for compar ison  
wi th  the  s tudy  of D-amino-acid oxidase a l r eady  repor ted  from this  l a bo ra to ry  ~,2,L 

MATERIALS AND METIIOI)S 

Purification of the enzyme 
Stage r 
Abou t  5 lb of r abb i t  kidneys,  frozen shor t ly  af ter  the  dea th  of the  animals ,  

were t hawed  and af ter  r emova l  of the  outer  membranes  and fat,  washed once with  
water .  Por t ions  of abou t  250 g were then  homogenized for 15o sec in a War ing  
blendor ,  each wi th  700 ml of acetone at  - IO °. The un i ted  homogena tes  were poured  
into  a fur ther  12 1 of cold acetone,  and  allowed to s t and  for IO rain, af ter  which the 
s u p e r n a t a n t  was decan ted  and the powder  f i l tered off wi th  suction. After  d ry ing  in 
a cur rent  of air, the  acetone powder  was des iccated  in vacuo over paraffin wax  and 
N a O H  pellets.  Yield abou t  420 g. 

Stage 2 
40o g of acetone powder  was ex t r ac t ed  wi th  2 1 of wa te r  a t  o ° with cons tan t  

s t i r r ing for 30 rain and centr i fuged at  o ° for 3 ° rain at  23 ooo ?4 g. The supe rna t an t  
was poured  th rough  two layers  of clean muslin and  the volume made  up to 2 I. 

Stage 3 
380 g of Analar  (NH4)2SO 4 were added  to the  l iquid at  o °. Af ter  30 rain the  

p rec ip i t a te  was centr i fuged down for 3o rain at  o ° and  23 ooo × g, and  dissolved in 
cold o . I  M phospha te  buffer (pH 7.6) to  a final volume of I 1. 

Stage 4 
The s l ight ly  t u rb id  solut ion was p laced  in a s tainless-steel  beaker  immersed  in 

a b a t h  at  - Io  °, and  f rac t iona ted  b y  adding  cold acetone.  The acetone was run in a 
th in  s t r eam down the  cold me ta l  side of the  vessel while the  solut ion was well s t i r red  
mechanical ly .  The p rec ip i t a te  formed on br inging  the acetone concent ra t ion  to 
38% (v/v) was allowed to s t and  for IO- I  5 rain, and then  spun off for 5 rain at  
23 ooo X g and - - I o  °, and  discarded.  The solut ion was b rough t  to 5I °,,o wi th  acetone,  
and  af ter  IO 15 rain the  enzyme-con ta in ing  prec ip i ta te  was centr i fuged down for 
15 rain under  the  same condit ions,  and  quickly  t aken  up  in a small  volume of o.I  M 
phospha te  (pH 7.6). 

Stage 5 
The solut ion was made  o. 4 s a t u r a t e d  wi th  solid (NH4)2SO ~ at  o °, and  af ter  

15 rain i t  was centr i fuged for 3 ° min at  38 ooo x g and o °. The supe rna t an t  was 
d iscarded  and  the p rec ip i t a te  dispersed in about  IO t imes i ts  volume of o . I  M phos- 
pha te  0. 4 s a tu r a t ed  wi th  (NH~)~SO 4. I t  was necessary  to ca r ry  out  the whole of this  
s tage rap id ly ,  using a Po t t e r  hand  homogenizer  to disperse the  p rec ip i t a te  corn- 
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pletely, in order to avoid denaturation by  residual acetone, but  the suspension can 
then be left overnight at 4 ° . 

Stage 6 
The suspension was spun at 38 ooo × g for 30 rain, and the precipitate dis- 

solved in a small volume of o.oi M phosphate buffer (pH 7.6). Any undissolved pro- 
tein was centrifuged off, and the clear solution was desalted by passing through a 
25o-mi column of Sephadex G-25, previously equilibrated with the o.oi M phosphate 
buffer. To tile solution 0.87 mg of alumina C~ gel was added for every I mg of protein, 
and the suspension centrifuged. The enzyme was eluted from the gel with three 
successive 25-mi portions of o.I M phosphate buffer (pH 7.6) and the eluates com- 
bined. The third eluate was discarded if of low activity. 

Most of the work was carried out with the enzyme at this stage, suitably 
diluted. I t  is convenient to keep it as a suspension after adding solid (NH4)2SO 4 up 
to 0.45 saturation (Stage 6a) ; it can then be left for months without appreciable loss 
of activity, and can be centrifuged down and redissolved as required. 

Some additional increase in specific activity can be achieved by a further frac- 
tionation of Stage 6 on a column of Sephadex G-2oo followed by  (NH4)2SO 4 frac- 
tionation, but at the expense of such a large drop in yield that  it is hardly worth 
while for ordinary purposes (Stage 7). At Stage 6 the preparation is completely free 
from D-amino-acid oxidase and other enzymes which might interfere; in fact the only 
enzyme which we have been able to detect, apart  from D-aspartate oxidase, is a small 
amount of catalase. 

The oxidase is still not pure and there are some indications that  a further 
purification of several fold may  be necessary before it is homogeneous, but we have 
not found it easy to proceed beyond this point. Fractionation on various columns 
leads to considerable loss of activity, as does precipitation with alcohol, and calcium 
phosphate gel adsorbs enzyme and total protein to about the same extent. 

The enzyme is somewhat unstable in the early stages, but the instability dis- 
appears as purification proceeds. I t  should be noted that  the above method of pre- 
paration yields the apoenzyme, which is inactive until FAD is added. 

T A B L E  I 

PURIFICATION OF D-ASPARTATE OXIDASE 

F r o m  400 g acetone powder.  

Stage Vol. Units] Protein 
(ml) ml (mg/ml) 

Spec. Total Degree Yield 
act. units of (%) 
(units/ purifi- 
rag) cation 

2. H 2 0  ex t r ac t  2000 
3. (NH4)oSO 4 prec ip i ta te  

redissolved I ooo 
5. Suspens ion  in (NH4)~SO ~ 

of  3 8 - 5 1 %  ace tone  
f rac t ion  125 

5a, After  desa l t ing  220 
6. A l u m i n a  e lua te  175 
6a. (NH4)gSO a suspens ion  15. 5 
7. Sephadex  a n d  (NH,)aSO 4 

f rac t iona t ion  o f  6 16.7 

0.83 33.5 0.0248 1658 (I) (IOO) 

1.43 16.2 o.o886 143o 3.6 86 

7.43 15.o 0.497 929 20 56 
3-74 8.6 0.437 823 18 50 
2.91 1.97 1.48 509 60 31 

29.7 17.8 1.67 460 67 28 

2.97 1.23 2.43 50 98 3 
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Assay of activity 

D-Aspar ta te  oxidase uti l izes ()~, and  the react ion m a y  be fl~llowed ei ther  
manometr ica l lya ,  ~, or p re fe rab ly  by  the oxygen electrode in the same way as l~- 
amino-ac id  oxidase ~. The earl ier  workers  added  e thanol  in order  to double the  (),, 
absorp t ion  in their  tes ts ;  the H20 e formed in the  oxidase react ion is then used up 
in the ox ida t ion  of e thanol  b y  cata lase  s, so tha t  the  oxida t ion  ~f I nmlecule ~f 
a spa r t a t e  uses up z a toms  of  oxygen.  In  our ext)er iments  wi th  O 2, however,  we have 
not  added  ethanol ,  preferr ing to avoid  compl ica t ions  as far as p~ssible, s~ tha t  the  
HzO 2 is decomposed bv the cata lase  present  and  the oxida t ion  of I molecnle (~f as- 
p a r t a t e  requires only z a tom of oxygen.  

The most  convenient  technique,  however,  is wi th  ferr icyanide ins tead of ()e 
(ref. 6). D-Aspar ta te  oxidase read i ly  reduces ferr icyanide,  in complete  cont ras t  to I~- 
amino-ac id  oxidase,  which has  no act ion on it z. The reduct ion can be followed 
spec t ropho tomet r i ca l ly  at  42o m# ; a Beckman  DB recording spec t ropho tomete r  with 
a cell holder  kep t  at  3 o° was used. 

The rout ine  tes t  was as follows: o.2 ml of o.I  M D-aspar ta te  (neutral ized) 
( zo#moles ) ;  o.1 ml of F A D  (o.47 mg/ml  d isodium salt,  Sigma 'q6°/(, ') (about  
o.o 5 pmole)  ; o.o 5 ml of enzyme solut ion ; o.o 4 ml of o.o57 M potass ium fi :rr icvanide 
(2.28/xmoles) ; o.I  M phospha te  bufl\ ' r  (pH 7.6) to 3.o ml to ta l  vo]ume. The react ion 
was carr ied out  in a it~-mm Beckman cell which was fllsed to the upper  pa r t  of a 
Thunberg  tube,  so tha t  it  could be evacua ted  (Fig. 2, bu t  wi thout  the cup). The 
fer r icyanide  was p laced  in the hollow stopper  and the remaining  solutions in the  
cuvet te ,  and  the tube  was then evacua ted  to remove O,~. After  a p re l iminary  incu- 
ba t ion  of z5 rain at  3 o°, the react ion was s ta r ted  by  t ipp ing  in the ferr icyanide  and  
the change of l ight absorp t ion  at  42o m/~ was recorded as a funct ion of t ime.  The 
reference cell conta ined  buffer and F A D  only,  and  a special cover was cons t ruc ted  
to exclude ex te rna l  l ight from the tubes  dur ing the reaction.  The amount  of ferri- 
cyanide  was chosen to give an ini t ial  absorbance  of o.8, which is a convenient  s t a r t ing  
poin t  for the  Beckman DB. 

The p re l iminary  incubat ion  of the  enzyme with  FAD is necessary hecause, as 
is shown below, the  combinat ion  ~f F A D  wi th  the apoenzyme is rc la t ive lv  slow and 
t ime nms t  be allowed f<~r the ~x('ess of FAD to sa tu ra t e  the  apoenzyme  before the 
reac t ion  is s ta r ted .  

As will be seen later,  the  reac t ion  wi th  ferr icyanide  involves cer tain compli-  
cations,  bu t  when the test  is carr ied out  in this  way  the veloci ty  ini t ia l ly  is exac t ly  
p ropor t iona l  to the  enzyme concent ra t ion  over a wide range.  

An a l te rna t ive  me thod  is to use 2 ,6-diehlorophenol indophenol  (DC1P) as 
r ecep to r  ins tead  of ferr icyanide,  following the reacti~m in the  Becknmn I)B at  6oo m]~., 
using the same type  of evacua ted  cell. 

U~zit of e~z;,~ze 
In accordance with  the  I9b 4 r ecommenda t ions  of the  In t e rna t iona l  Union of  

Biochemistry* we define I uni t  of enzyme as the  amoun t  which ca ta lyses  the  oxida-  
t ion of I #mole  of D-aspar ta te  per  min at  3 o° under  the aboxe condit ions.  We have 

* Enzyme Nomeuclal~re, Recornn~e~datio~s z964 of the [nternatio~la[ L'nio~l oj Bioche~nislr3 
Elsevier, Amsterdam, 1965. 
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taken ferricyanide as the standard acceptor, but the rate depends on the nature of 
the acceptor, and if any other acceptor is used it is necessary to specify the unit 
adopted. In converting scale readings into units of enzyme it must be remembered 
that I molecule of aspaltate is oxidized by 2 molecules of ferricyanide, or by i mole- 
cule of indophenol, or by 0.5 molecule of 02 (in the presence of catalase). Taking our 
determination of the molar extinction coefficient of ferricyanide at 420 m# as 
1.o5" lO 3 M - l ' c m  -1 (WILLIAMS AND KAMIN 9 give 1.o2. IO a M -I.cm-1), we calculate 
that I unit of enzyme in the above test mixture gives an initial absorbance change 

of 0.7 per rain. 

RESULTS 

Activation by flavin 
The enzyme as prepared by the above method contains only a small trace of 

flavin and is almost inactive in the absence of added flavin. As Fig. I shows, it is not 
activated by either riboflavin or FMN, but is activated by FAD. Half the maximum 
activity is given by a total FAD concentration of 1.3" lO -6 M. STILL AND SPERLING 4, 

~8 

0 E 

# 
. . - o -  FA D E___~_,-'" 

Riboflavin or" FMN 
o 2 4 6 8 ~o ~2 14 ~ 6 ~ ' t ~  

Flavin added 
d~6M 

Cuvette -- 

/ 

/Cup 

I Pt wir__ e 

I . i  
I I 

Fig. i .  Effect  of  f lavin add i t ion  on velocity.  Condi t ions  as for rou t ine  test ,  b u t  wi th  var iable  
a m o u n t  of  fiavin. For  m o s t  points ,  15 rain p re incuba t ion  wi th  flmvin, b u t  prolonged as necessary  
wi th  t he  smal le r  a m o u n t s ,  to allow t he  combina t ion  to reach  equi l ibr ium.  

Fig. 2. T h u n b e r g - B e c k m a n  cell wi th  removab le  cup.  Made by  fus ing a i - c m  qua r t z  B e c k m a n  
cuve t t e  to the  uppe r  pa r t  o f  a T h u n b e r g  tube.  In  the  cross sect ion the  b roken  lines show the  
p a t h  of  t he  l ight  beam.  

using a crude extract, found a value of about 3"1o-6 M. However, there is a time 
factor involved which would tend to make their value too high. It  will be shown 
that with FAD concentrations of the order of 2. lO -6 M it takes about 15 min at 3 °0 
for the FAD to come into equilibrium with the apoenzyme. The rate of combination 
depends on the FAD concentration, and as this is further reduced it is necessary to 
prolong the preincubation more and more to obtain the full effect of the FAD when 
determining a curve such as Fig. i. I f  this is not done the early part of the curve 
will be depressed, resulting in an apparent increase of the concentration for half- 
maximal activation. 
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The true Michaelis constant for FAD (Kin) must be considerably smaller than 
the apparent value of i. 3 • io -6 M obtained from the curve (which we will call 'K~r[), 
for 'Kin' is the total added FAD concentration for half activation, whereas Kn, is the 
concentration of free FAD at this point. With such a high affinity, the free FAD is 
much less than the total since much of the FAD added is here bound to the enzyme. 
A rough estimate from the curve by the graphical method of DIXON m suggests that 
Km is of the order of 8. IO -7 M, but as the enzyme is not yet pure, we do not give 
this as a precise value. 

DIXON ant) KLEPPE 1 showed that in the case of D-amino-aeid oxidase the 
combination of the apoenzyme with FAD is far from being instantaneous, but 
takes some minutes, as also does the dissociation of the enzyme into apoenzyme and 
FAD. This effect is marked with D-aspartate oxidase. In order to measure the rate of 
combination, the apoenzyme was incubated for various times with FAD before the 
reaction was started by adding the ferricyanide. For this purpose we used the device 
shown in Fig, 2, by which the FAD and ferricyanide could be added independently 
in the absence of oxygen. The FAD was placed in a small glass cup supported above 
the main solution by a bent platinum wire fused to it. The wire was of such ~t shape 
that it would slide into the diagonally-opposite corners of the euvette sufficiently 
rigidly while remaining well out of the path of the light beam. For convenience in 
mixing, the cup was placed off the axis so that its lip rested on one side of the tube ; 
by tilting, the main solution could then readily be caused to wash out the contents 
of the cup. The ferricyanide was placed in the stopper and could be. added subse- 
quently by tilting the tube in the opposite direction. The apocnzyme, bufl\:r and 
substrate were placed in the cuvette. After evacuation, the tube was placed in the 
temperature-controlled cell-holder of the spectrophotometer and allowed to reach 
the correct temperature. The FAD was then mixed in and allowed to combine fl)r the 
desired time, after which the ferricyanide was mixed in and tile enzyme reaction 
recorded. 

For convenience, in the experiment shown in Fig. 3 a concentration of FA1) 
about one-tenth of that used in the routine assay was chosen, as with the excess 

#4 

£o 
o 

-"" ;- g - 

Incubation t ime (rain) 

Fig. 3. Combinat ion and dissociation of FAD and apoenzyme. Quanti t ies as for routine test, 
except t ha t  only 5.15 m/,moles FAD were added (about  one- tenth  of normal).  FAD in cup during 
15 rain preincubation,  then  mixed in at  zero t ime and incubated for various t imes before s tar t ing 
reaction. C)---O, enzyme in cup during preincubat ion;  q~---Q, enzyme in cuvette,  p H  7.6. 3 o°. 
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normally used the combination is considerably more rapid. The amount used here 

gave about one-third of complete activation at infinite time. 

In order to measure the rate of dissociation of the FAD from the enzyme it 
was first necessary to get it combined with the apoenzyme. For this purpose the 
apoenzyme and FAD were incubated together in a small volume and therefore at 
much higher concentration, and after they had combined the mixture was diluted 
suddenly and the dissociation followed by  the fall in activity with time. This was 
achieved merely by  repeating the previous experiment with the same quantities, but 
with the enzyme placed with the FAD in the cup instead of in the cuvette, so that  
the combination took place during the initial I5-min preincubation. As the total 
volume placed in the cup was o.o6 ml, there was a 5o-fold dilution on mixing the 
contents of the cup and cuvette at zero time. The dissociation then began and was 
followed by  tipping in the ferricyanide at various times to measure the fall in activity. 
Each point on the curves of Fig. 3 represents a separate repetition of the experiment, 
since of course the ferricyanide can only be added at one time for each filling of the 
tube. 

The resulting curve may  be compared with the similar curve given by D- 
amino-acid oxidase (ref. i, Fig. 3). DIXON AND KLEPPE 1 estimated the rate constants 
of combination and dissociation for D-amino-acid oxidase, but this cannot be done 
here as the concentration of the apoenzyme is unknown. In Fig. 3 the same final 
equilibrium point is naturally reached from opposite directions, since the compo- 
sition of the system is the same in both cases. 

These curves clearly show the necessity for the preincubation with FAD in 
assaying the activity of the enzyme. 

Reaction product 
The nature of the product formed in the B-aspartate oxidase reaction has not 

previously been determined, although by analogy with D-amino-acid oxidase one 
would expect it to be oxaloacetate. This was confirmed as follows. 

Into the tube shown in Fig. 2 (without the cup) was placed the standard test 
mixture as given above, except that  the amount of ferricyanide was 1.43/~mole, 
tipped in from the stopper after evacuation; this gives an initial absorbance of 0.5 
at 420 m#, measured against a control cuvette containing the same concentration 
of FAD. The ferricyanide was allowed to reduce completely, and then the tube 
was opened and o.I ml of 30 % HC10, added immediately for deproteinization. The 
mixture was cooled to o °, neutralized with I M K2CO ~ and centrifuged. 

0.5 ml of the supernatant was mixed with o.I ml of 3 ° mM NADH (excess) in 
a cuvette, together with o.I ml phosphate buffer (pH 7.1) and water to 2 ml; and 
the absorbance change at 340 m/z on adding purified malate dehydrogenase was 
read against a control cuvette containing the same dilution of supernatant in buffer. 
After the oxidation of NADH by oxaloacetate had ceased, some purified lactate de- 
hydrogenase was added, in case some of the oxaloacetate had been converted into 
pyruvate.  

The absorbance change found was 0.27 which, taking the molar absorbance 
of NADH as 6200, corresponds to 0.097/~mole of oxaloacetate in 0. 5 ml of super- 
natant  or 0.582/~mole in the original reaction, The theoretical amount,  taking 
2 molecules of ferricyanide as equivalent to I molecule of oxaloacetate, was 
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o.715 #mole, so that the yield of oxaloacetate from D-aspartate was 81% of theoretical. 
A control determination on a standard solution of oxaloacetate gave 8"°'z/o. It is there- 
fore established that the product of the oxidase reaction is oxaloacetate. RoccA AN D 
GHIRETTI 5 showed that the product of oxidation of D-aspartate by the D-glutamate 
oxidase of Octopus is oxaloacetate. 

Specificity for substrate 
The specificity of D-aspartate oxidase is very clean-cut. It can be regarded as 

being complementary to that of D-amino-acid oxidase: neither enzyme acts on L- 
amino acids, but whereas D-amino-acid oxidase acts on the majority of D-amino 
acids but not on D-aspartate or D-glutamate (ref. 2, Fig. I), D-aspartate oxidase 
acts only on D-aspartate and D-glutamate (see Table II). Thus D-aspartate oxidase 

TABLE II 

S U B S T R A T E  S P E C I F I C I T Y  O F  D - A S P A R T A T E  O X I D A S E  

Relative rate of oxidation (D-Asp = ioo). pH 7.6. 3 o°. Ferricyanide as acceptor. Amino acid 
concn. 6.67 raM. Conditions as for standard test. 

.q mino acid Relative rate with 

D-fOY~l L-fOr" 

Ala o.o o.o 
/3-Ala o.o 
Arg o.o o.o 
Asn o.o o.o 
Asp ioo o.o 
Glu I5.9 o.o 
Gly o.o 
His  o.o o.o 
Ile o.o o.o 
I,eu o.o o.o 
Lys o.o o.o 
Met o.o o.o 
Norvaline o.o o.o 
Orn o.o o.o 
Phe o.o o.o 
Pro o.o o.o 
Ser o.o o.o 
Thr o.o o.o 
Trp o.o o.o 
Val o.o o.o 

ac t s  on ly  on d i c a r b o x y l i c  a m i n o  acids ,  b u t  D-amino -ac id  ox idase  on ly  on m o n o -  

c a r b o x y l i c  a m i n o  acids .  
In  c o m p a r i n g  a s p a r t a t e  a n d  g l u t a m a t e  as s u b s t r a t e s  for  D - a s p a r t a t e  ox idase  

t h e  c o n c e n t r a t i o n  m u s t  be t a k e n  i n t o  accoun t .  F r o m  Tab le  I I  i t  w o u l d  a p p e a r  t h a t  

D - a s p a r t a t e  is m u c h  t h e  b e t t e r  s u b s t r a t e ,  b u t  w i t h  f e r r i c y a n i d e  as a c c e p t o r  t h i s  is 

on ly  t r u e  a t  low c o n c e n t r a t i o n s  w h e r e  t h e  e n z y m e  is n o t  s a t u r a t e d .  W i t h  s u b s t r a t e  

c o n c e n t r a t i o n s  h i g h  e n o u g h  to  s a t u r a t e  t h e  e n z y m e ,  t h e  m a x i m u m  v e l o c i t y  V is 

m o r e  t h a n  twice  as g r e a t  w i t h  D - g l u t a m a t e  as w i t h  D - a s p a r t a t e  (Table  I I l ) .  The  

c o m p a r a t i v e l y  low r a t e  w i t h  D - g l u t a m a t e  a t  t h e  smal l e r  c o n c e n t r a t i o n  is due  to  t he  

f ac t  t h a t  t h e  K m  is m u c h  h i g h e r  for  D - g l u t a m a t e  t h a n  for  D - a s p a r t a t e ,  so t h a t  t h e  
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enzyme is much less saturated with glutamate than with aspartate under such con- 
ditions. 

The rate at saturation with D-glutamate raises the question whether the 
oxidase ought not to be called 'D-glutamate oxidase'. We believe, however, that  it 
should not, for the following reasons. I f  it were so called, it would be confused with 
the different enzyme from Octopus which has been given that  name by  ROCCA AND 
GHIRETTI 5. The name 'D-aspartate oxidase' has been used for the present enzyme 
for many  years, and has been approved by the International Union of Biochemistry. 
The superiority of D-glutamate as substrate is very evident with ferricyanide as 
acceptor, but is not seen with oxygen (Table I I I ) ;  and since the name 'oxidase' 
implies a reaction with oxygen, it would seem that  the name of the enzyme should 
be based on the results with oxygen. 

TABLE I I I  

COMPARISON OF D-GLUTAMATE WITH D-ASPARTATE 

Km and Vmax determined from Lineweaver -Burk  plots, which were s t ra ight  lines. Values are 
means of several concordant  determinations.  Velocities are given as /*moles  subs t ra te  oxidized 
per min per  ml of enzyme solution, pH 7.6. 3 o°. 

Substrate Ferricyanide as acceptor 02 as acceptor 

Km V v at Kra V v at 
(mM)  6.67 m M  (raM) 6.67 mM 

n-Aspar ta te  5.2 2.49 1.37 0.86 1.6 1.43 
D-Glutamate 166 7.45 o.34 5.68 o.22 o.I2 

I t  will be noted that  with both substrates the value of Km depends very much 
on the nature of the acceptor used, from which it may be concluded that  the Km is 
part ly kinetic in nature and is not merely determined by  the enzyme-substrate  
affinity. I f  the Michaelis constant is represented by an expression of the Briggs- 
Haldane form, it would be expected that  for each substrate the higher value of Km 
would be associated with the higher V, as is actually the case. 

Specificity for competitive inhibitors 
As in the case of D-amino-acid oxidase, the study of substances competing with 

the substrate has thrown light on the nature of the enzyme-substrate  combination. 
Of the D-amino acids, none produces any inhibition of the oxidation of D- 

aspartate in a concentration of about io mM, except for D-glutamate, which has a 
small competitive effect. 

The results with L-amino acids are shown in Table IV. None of them, not even 
the dicarboxylic amino acids, has any effect, except for L-valine and L-leucine, 
which inhibit slightly. I t  is interesting to compare this with D-amino-acid oxidase 
(ref. 2, Table I I I ) ,  which is inhibited much more strongly by L-norvaline (but not 
by L-valine), by L-leucine and by L-methionine, but by no other L-amino acids. 

The two enzymes are sharply contrasted with respect to inhibition by mono- 
and dicarboxylic acids: D-amino-acid oxidase is quite strongly inhibited by fa t ty  
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T A B I . E  I V  

I N H I B I T I O N  O F  O X I D A T I O N  O F  D - A S P A R T A T 1 4  B Y  L - A M I N O  A ( I I ) S  

Ferr icyanide  as acceptor. D-Aspartate cohen .  6.6 7 raM. p l t  7.(>. 3 o°. Condit ions as for standard 
test.  

Amino acid % inhibition 
by 6.6 7 mM 

c - A l a  o 
L -Arg  o 
DL-Asn o 

L-Asp  o 
L-Glu  o 
L -Hi s  o 
L-11e o 
L -Leu  6. 3 
L - L y s  o 
L-Met  o 
L-Norval ine  o 
L-Orn o 
L -Phe  o 
L-Pro  o 
L-Ser  o 
L - T h r  o 
L - T r p  o 

L-Val  6,3 

acids and benzoic acid, but not by dicarboxylic acids, while D-aspartate oxidase is 
very slightly, if at all, inhibited by fatty acids or benzoic acid, but quite strongly by 
dicarboxylic acids. Table V shows the effect of monocarboxylic acids at 6.6 7 mM on 
the oxidation of D-aspartate. Table VI shows the inhibition by dicarboxylic acids 
at various concentrations, using both substrates. The high and specific affinity of the 
enzyme for dicarboxylic acids is obvious, and it is evidently connected with its 
action as an oxidase for dicarboxylic amino acids. 

One enzyme or two? 
In spite of the suggestion by STILL AND SPERLING 4 mentioned earlier, we havt 

been assuming that both substrates are oxidized by the same enzyme, or in other 
words that there is no specific l>glutamate oxidase. This is already strongly suggested 

T A B L E  V 

I N H I B I T I O N  O F  O X I D A T I O N  O F  D - A S P A R T A T E  B Y  S O D I U M  S A L T S  O F  F A T T Y  A C I D S  

Condit ions as for Table IV.  

Fatty acid % inhibition 
by 6.6 7 rnM 

Formic  o 
Acetic 2 
Propionic  o 
Butyr ic  3 
Valeric o 
Caproie 7 
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T A B L E  V I  

INHIBITION OF OXIDATION OF D-ASPARTATE AND D-GLUTAMATE BY" SODIUM SALTS OF DICARBOKY"LIC 
ACIDS 

C o n d i t i o n s  a s  f o r  T a b l e  IV ,  b u t  d i c a r b o x y l i c  a c i d s  t e s t e d  a t  t h r e e  c o n c e n t r a t i o n s  a n d  w i t h  b o t h  
s u b s t r a t e s .  

Dicarboxylic acid % inhibition of oxidation of 

D-aspartate by (raM) D-glutamate by (mM) 

6.66 o.66 0.33 6.66 o.66 o.33 

O x a l i c  4 ° 33 
M a l o n i c  i oo  78 i o o  
S u c c i n i c  66  8o 
G l u t a r i c  62 74 
A d i p i c  15 23 

F u m a r i c  78 I oo  
M a l e i c  I o o  87  I oo  

D-Mal i c  IOO IOO 9 0  IOO 
L-Mal ic  79 I oo  
M e s o - t a r t a r i c  I o o  76 i oo  
D - T a r t a r i c  77 19 i oo  
L - T a r t a r i c  24  29 
C i t r i c  29  43 
O x a l o a c e t i c  9 0  IOO 
2 - O x o g l u t a r i c  64  79 
P y r o p h o s p h o r i c  o o 

8o  

i o o  

i o o  i o o  

i o o  9 0  
5o  

36  

by the striking similarity shown in Table VI, allowing for a lower affinity for D- 
glutamate than for D-aspartate. We have, however, sought more conclusive evidence 
of identity. 

The inhibitor constant K, of a reversible competitive inhibitor is equal to the 
reciprocal of the affinity of the inhibitor for the enzyme ; it is therefore a characteristic 
property of the particular enzyme and inhibitor, and not of the substrate. The degree 
of inhibition produced by a certain concentration of inhibitor may depend on the 
nature of the substrate, because of the competition between them, but the value of 
Ki should be independent of the substrate. If  therefore an inhibitor is found to give 
exactly the same value of K, using two different substrates, it is good evidence that 
the same enzyme is acting on both, for there is no reason why two different enzymes 
should give the same value of K,. I f  the same thing is found with more than one in- 

T A B L E  V I I  

K, FOR D-MALATE AND MALONATE WITH BOTH SUBSTRATES 

K ,  d e t e r m i n e d  f r o m  p l o t s  o f  i / r a t e  a g a i n s t  i n h i b i t o r  c o n c e n t r a t i o n  w i t h  d i f f e r e n t  s u b s t r a t e  c o n -  
c e n t r a t i o n s .  

Substrate K~ (I~M) for 

D-malate malonate 

D - A s p a x t a t e  lO. 5 6o  
D - G l u t a m a t e  i o . o  65 
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hibi tor ,  the evidence of i den t i t y  is g rea t ly  reinforced. Accordingly  tile Ki ' s  ff)r 1)- 
mala te  and  for ma lona te  were de te rmined  for bo th  subst ra tes ,  using the method  of 
Dlxo?q n, and  the values are shown in Table VII .  

A different method ,  which also provides  s t rong evidence,  is t ,  p roduce  a 
pa r t i a l  des t ruc t ion  of the  enzyme by  control led heat ing,  and to de te rmine  the 
percentage  loss of ac t iv i ty  wi th  the  two subst ra tes .  Since the  process of dena tu ra t ion  
has a very  high t empe ra tu r e  coefficient, it  would be ex t r eme ly  unl ikely tha t  two 
different enzymes would suffer the  same degree of inac t iva t ion .  Hea t ing  at 55': tbr 
a short  per iod produced  a loss of activity, of 22°/i, wi th  I ) -aspar ta te  and 25 . . . .  (, with 
D-glutamate ,  while ra ther  longer hea t ing  gave a loss of 54% wi th  a spa r t a t e  and  58'Ii, 
wi th  g lu tamate .  

I t  m a y  therefore be t aken  as es tabl ished tha t  one enzyme is responsible for 
bo th  oxidat ions .  

Specificity for acceptors 
D-Aspar ta te  oxidase shows some in teres t ing  and unusual  features  in re la t ion to 

acceptors .  The only acceptors  found to act  were oxygen,  ferr icyanide  and 2,6-dichlo- 
rophenol indophenol ;  surpr is ingly,  no act ion was found wi th  methy lene  blue or 
phenazine  methosu lpha te .  As wi th  D-amino-acid oxidase,  DCIP  is the  least  act ive 
of the  aceeptors  tha t  work. At  the  same molar i ty ,  fer r icyanide  is even be t t e r  than  
oxygen,  in m a r k e d  con t ras t  to D-amino-acid oxidase,  which does not  use ferr icyanide  
at  all. The ra tes  given by  the three  acceptors  in equal  concentra t ions  are shown in 
Table  V I I I ,  wi th  D-aspar ta te  as subs t ra te .  Here the  molar i t ies  of all the  acceptors  

TABLE VIII  

R A T E S  \ V I T H  D I F F E R E N T  A C C E P T O R S  

Relative rates of oxidation of D-aspartate (ferricyanide ioo). Concentrations of all acceptors 
2. 3 • lO -4 M. pH 7.6. 3 o°. D-Aspartate concn. 6. 7 mM. 

A cceptor Relative rate 

Ferricyanide IOO 
Oxygen 33 
DCIP (5.7 

were made  equal  to  t ha t  of oxygen in a i r - sa tu ra t ed  water .  The appa ren t  d i screpancy  
between this tab le  and "Fable I I I  is due to  the  fact  t ha t  in the  rout ine  tes ts  used for 
t ha t  tab le  the  concent ra t ions  of fer r icyanide  and oxygen were different.  

On a t t e m p t i n g  to de te rmine  the Km's for these aceeptors ,  we found to our 
surprise tha t ,  whereas  the  ra te  increases wi th  DCIP  concent ra t ion  as expected ,  it  
decreases wi th  increase of fer r icyanide  or oxygen concentra t ion .  W i t h  I o o %  oxygen 
the ra te  was only about  5o% of the ra te  ob ta ined  with  air (see Fig. 4). This was not  
due to des t ruc t ion  of enzyme b y  the higher  concent ra t ion  of oxygen,  for on adding  
more enzyme after  the  react ion had  proceeded  l inear ly  for some t ime,  the ra te  was 
increased in p ropor t ion  to the  amoun t  of enzyme and then  remained  constant .  

The dependence  of the  ra te  on ferr icyanide  concent ra t ion  is shown in Table  IX,  
which indicates  tha t  fer r icyanide  inhibi ts  i ts  own reduct ion  b y  the enzyme.  The 
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T A B L E  I X  

EFFECT OF FERRICYANIDE CONCENTRATION 

Conditions as for routine test, but with different ferricyanide concentrations. Rates expressed 
as/*moles D-aspartate per rain per ml enzyme. 

Initial Initial 
ferri6yanide rate 
C0nC~/. 

(mM) 

0.73 I L 4  
0.35 15.6 
0.22 24.8 

inhibition is not due to the ferrocyanide formed in the reaction, for the addition of 
ferrocyanide initially has no effect. Moreover the inhibition by ferricyanide is rever- 
sible ; the reaction speeds up as the ferricyanide concentration falls during its progress, 
resulting in a progress curve of autocatalytic form, as shown in Fig. 5, Curve A. This 
is the case even when plenty of time is allowed for the combination of FAD with 
apoenzyme before the reaction is started. Although the effect complicates the kine- 
tics somewhat, it does not interfere with the measurement of the initial velocity 
which, as mentioned above, is an accurate measure of the enzyme activity. I t  will 
be noted that  the rate increases up to very nearly the end of the reaction ; this indi- 
cates that  the affinity for ferricyanide must be high, otherwise there would be some 
falling off as its concentration approaches zero. 

Clear evidence that  the speeding up of the reaction is due simply to the fall in 
ferricyanide concentration is given by the fact that  progress curves obtained with 
different initial concentrations of ferricyanide are found to run parallel (Fig. 5). This 

Q2 

0 

13 

(~0." 

5 10 
Time (min) i , 

O.~- 

c 

1 rain Time 

Fig. 4. Effect  of  concen t ra t ion  of  oxygen.  O x y g e n  u p t a k e  m e a s u r e d  by  electrode. Quan t i t i e s  of  
c o m p o n e n t s  as in rou t ine  test ,  b u t  w i t hou t  ferr icyanide and  in to ta l  vo lume  of  4 ml. E n z y m e  
(0.05 ml) and  F A D  p re incuba t ed  15 min  in electrode vessel. A t  A, reac t ion  s t a r t ed  by  add ing  D- 
aspar ta te .  At  E, a fu r the r  0.05 ml  of  e n z y m e  added  (doubl ing the  concentra t ion) .  To ta l  oxygen  
ini t ial ly p resen t :  for air, 0 .92/*mole;  for oxygen,  4.4/*moles.  

Fig. 5. Effect  of  ferr icyanide concen t ra t ion  on rate.  Curves  A, B and  C a t  p H  7.6; Curve  D a t  
p H  9.25. Condi t ions  as for rou t ine  test ,  except  for fer r icyanide  concen t r a t ion  added :  A and  D, 
2.28 #mo le s  (normal) ; B, i .o /*mole ;  C, o.57/*mole. Fer r icyanide  added  a t  ar rows to s t a r t  react ion.  
The  b roken  lines are t a n g e n t s  d r awn  to indicate  t he  initial and  final velocities. 
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means that at any given ferricyanide concentration the rate will be the same no 
matter whether tile concentration is produced by direct addition or whether it is 
reached from a higher concentration by reduction during the course of the reaction. 
Since the only difference between the initial parts of the different curves is the ferri- 
cyanide concentration, it must be concluded that it is this which determines the 
rate throughout Curve A. 

While the mechanism of the inhibition has not been definitely determined, the 
fact that  it is shown by two such different substances as ferricyanide and {~xygen 
suggests that it may be due to a reversible oxidation of the enzyme to a less active 
form. The inability of I)CIP to produce such an inhibition might be connected with 
its lower position on the redox scale, which might make it incapable of bringing about 
certain oxidations that are easily accomplished by oxygen or ferricyanide bv virtue 
of their position near the oxidizing end of the scale. Other cases are known of the 
inactivation of flavoproteins by oxidation or reduction to forms which do not take 
part in the catalytic cvcle~2, ~a. 

While this paper was being written, an article by GAwI{ox ct a/. ~4 appeared, 
describing an analogous inhibition by ferricyanide of suecinate dehydrogenase (also 
a flaw)protein) and suggesting an alternative explanation. Translated int() terms 
appropriate to the aspartate oxidase, this would be as follows. The enzyme- substrate 
complex E. Asp is first converted into a complex of reduced enzyme and product, 
E'.P. It is assumed that the product can dissociate rapidly from the reduced enzyme, 

E'+ P ~  

E 

E+Asp 

E.Asp 

E,!p Fe(CN)g- ~ E'P 
(stow) (very 

~sow) 

E+P 

but only very slowly from the oxidized enzyme, and that the reduced enzyme can 
be oxidized by ferricyanide rapidly when it is in the free state or slowly while it is 
still combined with product. At the lower concentrations of ferricyanide little of the 
E'.P complex is oxidized as such, and the reaction proceeds mainly down the left- 
hand path ; but as the ferricyanide concentration is increased, more and more of the 
enzyme is diverted into the abortive complex E.P and is therefore removed from 
active catalysis, since E.P only decomposes very slowly. The kinetic equations derived 
by GAWRON show that under suitable conditions this mechanism is adequate to ex- 
plain the observed inhibition. 

The ferricyanide effect depends upon the pH and on the order of addition of 
the reactants, as illustrated in Table X. The results can be explained by a combina- 
tion of the following factors. (i) As the solution is made more alkaline the rate of the 
enzyme reaction increases (compare Expts. Ia  and b), and at the same time the 
autocatalysis becomes less marked, until at a pH of about 9.2 it has disappeared 

Biochim. Bioph),s. Acta, 146 (1967) 54-70 



D-ASPARTATE OXIDASE 6 9 

TABLE X 

E F F E C T  OF O R D E R  OF A D D I T I O N  OF R E A C T A N T S  

Ferricyanide as acceptor. Quantit ies as in routine test. Preincubation 15 min at  3 o°. Rates given 
as/zmoles D-aspartate per min per ml enzyme. 

Expt. Preincubated together Added from stopper Initial Final Final Initial 
No. z 5 rain in cuvette after preincubation rate rate rate as rate as 

%0] %of  
initial Expts. 

pH 7.55 
ia  E + FAD + Asp Fe(CN)~ 8- 6.2 7-4 12o ioo 
2a E + FAD Fe(CN)~ 3- + Asp 5.5 5.5 IOO 89 
3a E + FAD + Fe(CN)68- Asp 4.8 4.8 IOO 77 

pH 9.25 
ib E + FAD + Asp Fe(CN)63- 44 44 ioo ioo 
2b E + FAD Fe(CN)sS- + Asp 3o.2 3 ° 99 69 
3b E + FAD + Fe(CN)63- Asp 23.8 23.8 ioo 54 

altogether and the progress curve has become accurately a straight line (i.e. zero 
order, see Expt. Ib and Curve D of Fig. 5). (ii) The enzyme is slightly unstable at 
3 °0 in the absence of aspartate, especially at the higher pH's. In the routine test the 
presence of aspartate in the cuvette along with enzyme and FAD during the pre- 
incubation protects the enzyme, but if the aspartate is placed in the stopper with 
the ferricyanide, and tipped in after the preincubation, there is an irreversible loss 
of activity of about lO% at pH 7.6 and 30% at pH 9.2 (see Expts. 2a and b). (iii) The 
irreversible loss during preincubation in the absence of substrate is somewhat in- 
creased if ferricyanide also is present, amounting to some 20% at pH 7.6 and 45% 
at pH 9.2 (Expts. 3a and b). When once the reaction is started, the presence of the 
substrate arrests further destruction, except in more alkaline solutions. 

When oxygen and ferricyanide are present together, each acceptor inhibits the 
reduction of the other. Fig. 6 shows an experiment with the oxygen electrode ~n 
which the oxidation of D-aspartate by oxygen was allowed to proceed under the 
usual conditions until at the Point F 0.286/,mole of ferricyanide were added in the 

/ 
/ 

Q6 / / / 
/ / 

Q5 / / / 
tn 

0.4 / /  / /  / /  / /  / i/I 
o., ,/ /:,"/ 

/ I 

Time (rriinl 

Fig. 6. Competition between ferricyanide and oxygen. Oxygen uptake measured by electrode. 
Conditions as for Fig. 4, with air. At F, 0.286/,mole ferricyanide was added in the first case (one- 
eighth of normal), and o.143 ~mole in the second. 
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first case and o.143 #mole in the second. I t  will be seen that  the uptake of oxygen is 
almost completely arrested for a time which is proportional to the amount of ferri- 
cyanide added. During this time the ferricyanide is being reduced, and when its 
reduction is nearly complete the oxygen uptake is resumed at its previous rate. The 
competition, however, is mutual, for in Curve C of Fig. 5 we see that  in the absencc 
of oxygen o.57 #mole of ferricyanide are reduced in 1. 3 min, so that o.286/,mole 
(the amount used in the first curve of Fig. 6) would be reduced in o.(~ 5 rain instead 
of 6 min. Therefore the presence of oxygen has cut down the ferricvanide reduction to 
about one-tenth of its anaerobic rate. >-amino-acid oxidase shows no such effect. 

Effect o /pH 
The stability of the apoenzyme in the absence of aspartate was tested by in- 

cubating for Io rain at 25 ° at different pH's,  and then neutralizing and testing in 
the usual way. As Fig. 7 shows, it is largely destroyed at pH 4.5 on the one side arid 
p H I I  on the other, but it is fairly stable between 6 and 8. 5. 

f so! 
6o 

E 

~ 40 
g 

2C 

z~ . . . . . . . .  
5 G 7 ~ g 10 11 

pH 

8~  . . . . . . . .  

6 7 8 9 10 11 12 
pH 

Fig. 7. Effect of pH on stabil i ty of apoenzyme. Apoenzyme incubated at  pH ' s  shown for io rain 
at  -° • 2u , then brought  to pH 7.6 for test ing by routine assay. 

Fig. 8. p H  curves with the two substrates.  Ferricyanide as acceptor. B and C with O.~i 7 mM sub- 
s t ra te  (routine amount) ,  and A with 53-4 mM to sa tura te  the enzyme. A and B with D-aspartate;  
C with D-glutamate. Normal  procedure, with ferrieyanide added last to start  the reaction. 

Fig. 8 shows the pH-ac t iv i ty  curves obtained with the routine substrate con- 
centration for D-aspartate (Curve B) and D-glutamate (Curve C), and also with a 
sufficient D-aspartate concentration to saturate the enzyme (Curve A). The pH 
opt imum is exceptionally sharp; this, however, is par t ly  due to the fact that  the 
enzyme is being destroyed on the right-hand side, even in the presence of substrate. 
These results were obtained by the routine test, with ferricyanide in the stopper and 
aspartate in the cuvette with the enzyme during the preincubation. 

On repeating the determinations with aspartate only in the stopper and ferri- 
cyanide in the cuvette with the enzyme during the preincubation, different curves 
were obtained (Fig. 9). The main effect is a shift of the pH opt imum by a whole pH 
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unit towards the acid side. This is largely, but not entirely, due to a great increase in 
the destruction on the alkaline side of the optimum, resulting in the loss of nearly all 
of that  part  of the curves of Fig. 8 which shows the greatest activity. 

The effect of pH on the Km for D-aspartate was studied in some detail for com- 
parison with the corresponding curves obtained with D-amino-acid oxidase by DIXON 
AND KLEPPE T. Each point shown in Fig. io represents a separate Lineweaver-Burk 
plot, involving the recording of five progress curves. Since it was not possible to 
carry out all this work on the same day, and there might be slight variations in the 
activity of the enzyme solution from day to day, a determination of the activity 
at pH 7.6 was made each day and a small correction applied to all the activity 
values obtained on that  day, so as to make all the points comparable. The range of 
pH is restricted to that  shown by the instability of the enzyme in more acid or alkaline 
solutions. 
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Fig. 9. pH curves by reversed procedure. Aspartate as substrate. A and B corresponding to A 
and B of Fig. 8, with high and normal substrate concentration, respectively, but with ferricyanide 
with the enzyme in the cuvette during preincubation and aspartate in the stopper, added last to 
start  the reaction, 

Fig. io. Effect of pH on --log/~m and log V. Aspartate as substrate and ferricyanide as acceptor. 
Each point obtained from a separate reciprocal plot. 

The --log Km curve is more complex than any obtained with D-amino-acid 
oxidase, probably involving six ionization constants, three for the enzyme-substrate  
complex and three for the free enzyme (or two if the p K  at about 9.5 represents the 
amino group of the free aspartate). The pK 's  of the carboxyl groups of the free 
aspartate  lie well outside the range of the curves. The pK 's  within the range lie too 
close together to peimit  actual values to be deduced, and with the available data 
it is not possible to give an interpretation of the results in chemical terms. I t  is 
interesting, however, that  the curve is completely different from all those obtained 
with D-amino-acid oxidase. With most substrates the latter enzyme shows a marked 
hill in the pH 8- 9 region, whereas with D-aspartate oxidase this region is occupied by  
a well-marked valley between two hills. The log V curves for the two enzymes, 
however, are not dissimilar. 
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Inhibitors 
Apart from the dicarboxylic acids, mentioned above, no strong inhibitor of the 

t)-aspartate oxidase reaction was found, except under special conditions. Cyanide 
(3.333 mM) had no effect, suggesting that the reaction was not dependent on a 
metal. Iodoacetate (3.333 M) likewise was without action, even when incubated with 
the enzyme at 3 o°. 

p-Chloromercuribenzoate (PCMB), however, produced either acceleration or 
inhibition according to the method of treatment. Table XI is representative of the 
results obtained when ferricyanide is the acceptor; they have been confirmed re- 
peatedly. The experiments were carried out in the vacuum cuvette with the cup 
shown in Fig. 2. Various combinations of the reactants were first preincubated 
together in the lower part before the PCMB was added from the cup, The PCMB 
(o.o67 mM) was then allowed to act during a further period of incubati(m before the 
enzyme reaction was started by tipping in the remaining component from the stopper. 

T A B L E  X I  

EFFECTS OF PCMB 

Quanti t ies  as for rout ine  test .  o. i ml of 2 mM PCMB (o.2/miMe) in cup where shown,  pH 7.0. 3 o°. 
Mixture of  c o m p o n e n t s  shown in Co lumn 2 first incubated for 15 min;  then  contents  of  cup 
mixed  in and a further  incubat ion  for t ime  s h o w n  in Column 4; then  react ion started l ly t ipping 
i n  contents  of  stopper.  Rate  given a s / , m o l e s  D-aspartate per min  per ml  of  enzyme.  

Expt. Preincubated together [or In cup Dzcubation lu  stopper 
No. z 5 rain in cuvette time with 

P C M B  
( mi,O 

I E + FAD i Asp - - None  added Fe(CN)6 a- 
2 E q FAD PCMB 5 Fe(CN)~ a- 
3 1'2 4- Asp t 'CMB 5 Fe{CN)~; a- 
4 E -~- FAD q- Fe(CN)6 3- PCMB 5 Asp 
5a E ~ F A D  + Asp PCMB o Fe(CN)~ 3- 
5b E + FAD -? Asp PCMB 5 Fe(CN). a- 
5c E + FAD -,> Asp PCMB 1o Fc(CN)63- 
5d E + FAD ? Asp PCMB 15 P'e(CN)~ ~- 
5e E + FAD -~ Asp PCMB 20 Fe(CN)6 a- 
5f K + FAD + Asp PCMB 30 Fe(CN)~ 3- 
5g E + F A D  + Asp PCMB 45 Fe(CN)6 ~- 

q- Asp 
q.. FAD 

l ~zi!ial rate 

3.32 
3.03 
0.74 

. o9 
3.15 
3.20 
3.78 
4.I8 
4.O4 
4.4 ° 
4.92 

The most obvious effect is that, while PCMB has little inhibitory action on the 
complete enzyme in the presence of FAD (compare Expts. i and 5a), it strongly 
attacks the apoenzyme when FAD is not present (Expt. 3), producing an irreversible 
inhibition. This suggests that the group attacked by PCMB (possibly a thiol group) 
is one that binds the FAD to the enzyme protein; in the complete flavoprotein 
therefore the FAD bound to the group protects it from attack. The presence of 
ferricyanide during the incubation, however, appears to interfere with this protective 
action (Expt. 4) in some way not yet explained. 

On longer incubation with PCMB the complete enzyme is not inhibited but 
progressively activated (Expts. 5 a-g). This effect is unexplained, but activations by 
PCMB have occasionally been observed with other enzymes. In the present case, 
however, it does not follow that there is a true activation of the enzyme itself, for 
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Fig. I I .  Effect  of  PCMB. Progress  curves  of  E xp t s .  i ,  5a and  5e of  Table  XI .  

any action of the PCMB which tended to abolish the inhibition by ferricyanide would 
produce a similar effect. 

There is yet one further effect of PCMB that  is very difficult to explain; this is 
illustrated in Fig. i i ,  in which the progress curves of Expts.  I, 5a and 5e are shown. 
Without PCMB, as already mentioned, the reaction proceeds right through to com- 
plete reduction of the ferricyanide without detectable slowing. After incubation of 
the complete enzyme with PCMB, even for I h or more, the reaction shows no 
initial inhibition and proceeds linearly until about 20 % of the ferricyanide has been 
reduced. But after this point, which may be reached in 2 or 3 rain from the start  of 
the reaction, inhibition appears and develops very rapidly, so that  the reaction stops 
when half the ferricyanide has been reduced. This occurs in all the seven curves of 
Expt.  5, independently of the period of incubation with PCMB, and in all cases the 
reaction stops fairly accurately when half completed, although this may  be a coin- 
cidence. I t  cannot be due to exhaustion of substrate, which is in io-fold excess over 
the ferricyanide, which itself is in Io-fold excess over the PCMB. The ferrocyanide 
which is formed in the enzyme reaction does not react with PCMB to form either a 
precipitate or a substance absorbing at 420 m/~, which might simulate ferricyanide 
remaining unreduced. I t  appears most likely that  the inhibition is due to a com- 
bined action by ferricyanide and PCMB. Further work on the effect is required. 

T A B L E  X I I  

A E R O B I C  E F F E C T  O F  PCMB 

Oxygen  as acceptor ;  ra tes  measu red  wi th  oxygen  electrode. Solut ions  s a t u r a t e d  wi th  air. 3 o°. 
p H  7.6. Quan t i t i e s  of  all c o m p o n e n t s  as before, b u t  to ta l  vol. 4 ml. E n z y m e  and  F A D  preincu-  
ba t ed  toge the r  15 min ;  t h e n  PCMB added  and  incuba t ed  as shown;  t h e n  reac t ion  s t a r t ed  b y  
add ing  D-aspaxtate.  Ra t e s  a s /*moles  D-aspar ta te  per  m i n  per  ml  enzyme.  

Incubation Initial 
time with rate 
P C M B  
(rain) 

None added  1.89 
o 1.34 
5 1.14 

lO 0.78 
15 0.38 

Biochim. Biophys. Acta, 146 (1967) 54-76 



74 M. DIXON, P. KENWORTtfY 

When oxygen is used as acceptor instead of ferricyanide, these effects are not 
obtained. There is no activation by PCMB, but simply a progressiw~ inhibition, as 
shown in Table XII .  Here of course the reaction was started by adding ~-aspartate, 
so that  the conditions were somewhat different from those of Table XI. Moreover 
oxygen was present during the incubations with FAD and with PCMB. 

DISCUSSION 

The two amino-acid oxidases of kidney, D-amino-acid oxidase and D-aspartate 
oxidase, clearly belong to the same class. Both are flavoproteins having FAD as 
prosthetic group; both use molecular oxygen to oxidize amino acids to keto acids; 
both are restricted in their action to the D-isomers of their substrates. The two 
enzymes, however, show some striking differences in behaviour. Their substrate 
specificities are mutually complementary, neither enzyme having any action on the 
substrates of the other. D-amino-acid oxidase oxidizes many  monocarboxylic amino 
acids, but fails to act on the dicarboxylic amino acids glutamic and aspartic acid; 
D-aspartate oxidase oxidizes these two dicarboxylic amino acids, but has no action ~n 
the monocarboxylic amino acids. 

Evidently connected with this difference in substrate specificity is the sharp 
difference in specificity for competitive inhibition, shown in Tables V and VI. 
D-Amino-acid oxidase is well inhibited by monocarboxylic fa t ty  acids, but not by 
dicarboxylic acids; D-aspartate oxidase is strongly inhibited by dicarboxylic acids, 
but not by monocarboxylic acids. There is also one striking difference in the acceptor 
specificities: ferricyanide, which does not act at all with I~-amino-acid oxidase, is 
the best of the acceptors for D-aspartate oxidase. Since the oxidations brought 
about by the two enzymes are so similar, there is evidently an important  difference 
in their acceptor sites, which is shown also in their different behaviour towards 
methylene blue. 

The active centre of D-aspartate oxidase evidently contains groups which 
combine with the two carboxyl groups of the substrate or inhibitor, giving two links 
which together are sufficient to hold the molecule to the enzyme, while one such link, 
formed with a monocarboxylic compound, is insufficient. The presence of an amino 
group in the wrong (L-) configuration, however, makes a negative contribution to the 
affinity sufficient to overcome the attraction of the two carboxyl groups, as sh~\~n 
by the fact that,  while oxaloacetate and oxoglutarate compete with the substrate, 
L-aspartate and L-glutamate do not. This suggests that  when the substrate is in 
position on the active centre the amino group is directed away from the enzyme 
surface, in complete analogy with D-amino-acid oxidase '~. 

Three enzymes oxidizing both D-aspartate and D-glutamate have now been 
partially purified: one (a) from kidney (as reported here), and two from Octopus by 
ROCCAa, 6, of which one (b) is considered to be a D-glutamate oxidase and the other 
(c) a l)-aspartate oxidase. "fhese three enzymes probably differ in their properties 
sufficiently to be considered separate enzymes. They differ in physical properties 
(as shown by differences in the methods of isolation), in firnmess of combination 
with their prosthetic groups, and in the ratio of the rates with the two substrates. 
Enzyme (a) holds its flavin group so loosely that  it is lost during purification, so that  
the apoenzyme is obtained. Enzyme (c) is obtained as the complete flavoprotein, but 
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the ravin group is readily removed. In Enzyme (b) the prosthetic group is held so 
tightly that it is not removed by the usual methods, and even drastic methods only 
produce a partial inactivation, reversible by FAD. Enzyme (a) does not give a ravin 
spectrum, being obtained as the apoenzyme; Enzyme (c) gives a well-marked ravin 
spectrum, while for Enzyme (b) the spectrum is said not to be satisfactory. 

At substrate concentrations of IO mM, Enzyme (a) gives a velocity ratio VAsp/ 
VGlu = 10.8 with oxygen as acceptor; Enzyme (b) gives VAsp/V~lu ~ 0.7 under the 
same conditions; and Dr. E. ROCCA has kindly informed us that for Enzyme (c) the 
ratio is about 1.2. 

Enzyme (b) also differs from Enzyme (a) in the following respects: (I) it does 
not show the inhibition with increase of oxygen concentration (Fig. 4), the rate with 
lOO% oxygen being 70% more than with air, (2) L-glutamate competes with the 
substrate D-glutamate, (3) it is inhibited by iodoacetate, and (4) no addition of FAD 
is required to obtain full activity. We may safely conclude that it is a different 
enzyme. Enzyme (a) differs from Enzyme (c) also in not being inhibited by benzoate. 

In none of the three cases is there satisfactory evidence of purity, and it is 
probable that none of the enzymes is yet homogeneous. Unfortunately our Enzyme 
(a), being the apoenzyme, does not give a flavin spectrum, from which the purity 
could be estimated, and there are no data on the spectrum of Enzyme (b). The spec- 
trum of Enzyme (c), however, is given by ROCCA s, from which it appears that a 
solution containing 4.5 mg of the enzyme in I ml gives a flavin band at 450 m/~ with 
a height of o.15 absorbance units. From this it can be calculated that the preparation 
contains about 340 ooo g per mole of ravin. Many flavoproteins have molecular 
weights of the order of 80 ooo per ravin group, and if that were so for this enzyme it 
would suggest that a further 4-fold purification would make it homogeneous. From 
the spectrum and specific activity we calculate that Enzyme (c) has a catalytic centre 
activity ( 'turnover number') of nearly 16 ooo per min, which is about the same as 
glucose oxidase. 

It  is of some interest to compare the specific activities of the three preparations, 
although if they are different enzymes this cannot be relied upon to give their relative 
purities. For Enzyme (b) figures are only available for oxygen as acceptor, and for 
Enzyme (c) only for ferricyanide as acceptor; but for our Enzyme (a) both figures 
are available. With oxygen at pH 8.3 and with io mM D-aspartate at 35 ° in presence 
of catalase, we estimate that our enzyme as purified 98-fold oxidizes about 3/*moles 
of substrate per min per mg; whereas under the same conditions Enzyme (b) as 
purified IlOO-fold oxidizes 6. 7/*moles per rain per rag. With this substrate, therefore, 
the two enzymes as finally obtained have activities not differing greatly, although 
with D-glutamate Enzyme (b) would be about 15 times as active as Enzyme (a). 

Comparing Enzyme (a) with Enzyme (c), using ferricyanide as acceptor but 
otherwise under the same conditions, Enzyme (a) at 98-fold purification oxidizes 
about 9/,moles of aspartate per rain per rag, whereas Enzyme (c) at i84-fold puri- 
fication is stated to oxidize 46/,moles of aspartate per min per mg at 25 °, equivalent 
possibly to twice this amount at 35 °. It is therefore about IO times as active as our 
preparation, although of course this does not tell us the purity of our enzyme*. 

* Dr. E. ROCCA has kindly informed us tha t  a l though there is a mispr int  in the value of the 
extinction coefficient for ferricyanide given in his paper, the correct value was used in his cal- 
culations. 
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The D-aspartate oxidase of kidney has a number of interesting properties which 
deserve further investigation, but we are not now in a position to continue the work 
ourselves. 
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