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Summary 

An L-amino acid oxidase (L-amino-acid oxygen oxidoreductase (deamin- 
ating), EC 1.4.3.2) from the blue-green alga Anacystis nidulans has been 
purified to homogeneity with an overall yield of about  10%. Purification 
included ammonium sulfate fractionation and CM-Sephadex, DEAE-Sephadex, 
and hydroxyapat i te  chromatography. The purified enzyme has an absorption 
spectrum which is characteristic of a flavoprotein, and contains 1 mol FAD per 
mol enzyme. The native enzyme has a molecular weight of 98 000 as deter- 
mined by gel exclusion chromatography. Electrophoresis in SDS-polyacryl- 
amide gels gives a single protein band corresponding to a molecular weight of  
49 000, which suggests that  the native enzyme is composed of 2 subunits of 
equal molecular weight. As previously demonstrated, the enzyme catalyzes the 
oxidative deamination of the basic amino acids: L-arginine, L-lysine, L-ornithine 
and L-histidine. In the presence of catalase and of  any of these amino acids, 0.5 
mol 02 is consumed, and 1 mol ammonia is formed for each mol amino acid 
oxidized. HCN is formed from L-histidine when the L-amino acid oxidase is 
supplemented with peroxidase. In addition to the unusual substrate specificity 
of  this L-amino acid oxidase, it also has an unusual set of  inhibitors including 
o-phenanthroline as well as divalent cations of which Cu 2+, Zn 2+, and Cd 2+ are 
the most effective ones, but Mg 2+ and Ca 2+ also inhibit. This inhibition can be 
reversed by chelating agents such as EDTA. ATP and ADP, but not AMP, can 
also overcome the inhibition caused by Mg 2+, for example. The inhibitory 
effect of cations can be demonstrated in vivo. 

Abbreviations: HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; SDS, sodium dodecyl 
sulfate; MES, 2-(N-morpholino)ethanesulfonic acid; Tricine, N-tris(hydroxymethyl)methylglycine. 
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Introduction 

We have shown previously that  the basic amino acids, L-arginine, L-lysine, 
L-ornithine and to a lesser extent L-histidine, strongly stimulate the 02 uptake 
of  cell suspensions of the blue-green alga or cyanobacterium Anacystis nidulans 
[1]. In the case of L-histidine, the extra 02 consumption is associated with the 
formation in vivo of  small amounts of HCN. The enzyme which is responsible 
for these activities has been identified as an L-amino acid oxidase specific for 
the basic amino acids. The present paper reports an improved purification 
procedure and a partial characterization of the enzyme. 

Materials and Methods 

Horseradish peroxidase (purity grade I), catalase (bovine liver crystal 
suspension, 20 mg/ml), DNAase I (purity grade II, 1000 units/mg), and 
RNAase (bovine pancreas, 40 units/mg) were purchased from Boehringer, 
Mannheim, as was FMN. FAD and riboflavin were purchased from Sigma, St. 
Louis, U.S.A. 

Anacystis nidulans. L-1402-1, was obtained from the Sammlung yon Algen- 
kulturen, Universit~t GSttingen, G5ttingen, F.R.G. The growth of cells and the 
preparation of extracts was the same as reported previously [ 1 ]. 

Enzyme assays 
Oxidation o f  L-arginine. The assay was performed as described previously 

[1], except that  the amount  of added L-arginine was increased to 60 pmol. One 
unit of enzyme was defined as the amount  which catalyzes the consumption of  
one pmol 02 per min (in the presence of catalase, in air and at 20°C). Unless 
indicated otherwise, specific activities were determined with this assay. 

HCN formation from L-histidine. The assay was performed as described 
previously [1], except that  L-histidine was increased to 60 pmol per 3 ml reac- 
tion mixture (instead of 30 pmol) and the center trough of the Warburg vessel 
contained 0.2 ml 0.1 N NaOH. One unit of enzyme was defined as that  amount  
which generates 1 pznol HCN per min (in O2 and at 20°C). 

Analytical methods 
HCN determination. The HCN content  of  the base (from the center trough 

of  the Warburg vessel) was determined by the method of Epstein [2] or 
Lambert [3]. 

Measurements o f  02 uptake. 02 consumption was measured manometricaUy 
at 20°C. Some measurements were also made with a Gilson Oxygraph Model 
IC-OXY fitted with a Clark type electrode. Solutions were saturated with air 
and the reaction temperature was 20°C. 

Protein determination. Protein was determined by a modification [4] of the 
method of Lowry et al. [23]. Bovine serum albumin (Serva, crystalline, purity 
grade reinst, >99.4%) was used as standard. 

H202 determination. Hydrogen peroxide was determined without  delay, with 
o-dianisidine and peroxidase as described by Bernt and Bergmeyer [5]. 

NI-I~4 determination. Ammonia was determined enzymicaUy by measuring the 
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decrease of the absorbance of NADPH in the presence of  excess a-ketoglutarate 
and glutamate dehydrogenase, as described by Da Fonseca-Wollheim [6]. 

Electrophoresis 
Analytical disc gel electrophoresis of the native enzyme was performed at 

4°C in 7% polyacrylamide gels in a Tris-barbital system [7]. No stacking or 
sample gels were used. Samples in 25% glycerol were applied directly to the 
resolving gels and overlayed with electrode buffer. Bromophenol blue was used 
as tracking dye. Gels were run at 1 mA/tube  for about 15 min and then set at 
4 mA/tube until the tracking dye front  was close to the bot tom of  the gel. 

Sodium dodecyl sulfate gel electrophoresis was performed as described by 
Weber and Osborn [8]. The subunit molecular weights of  the standards were 
those given by Weber and Osborn [8]. The proteins which we used as molecular 
weight standards were: ribonuclease, 13 700; trypsin, 23 300; pepsin, 35 000; 
fumarase, 49000 ;  catalase, 60000 ;  bovine serum albumin, 68000.  The 
L-amino acid oxidase had a specific activity of 133 units/mg, and 16 pg protein 
were applied. 

Molecular weight determination 
The molecular weight of  the native enzyme was determined with a Sephadex 

G-200 column (86.5 × 2.6 cm) equilibrated with 0.1 M potassium phosphate 
buffer, pH 7.0. The void volume was determined from the elution volume of 
Dextran blue 2000, run under identical conditions. The protein was applied in 
0.5-ml sample and fractions of 4.6 ml were collected. The enzymes which we 
used as molecular weight standards, were: malate dehydrogenase, 70 000; 
lipoxygenase, 102 000; lactate dehydrogenase, 140 000; aldolase, 158 000. The 
L-amino acid oxidase had a specific activity of 133 units/mg and 33 pg were 
applied to the column. 

Assay of proteins used for standards. The activities of  malate dehydrogenase, 
lactate dehydrogenase and aldolase were estimated as described in the 
Boehringer Biochemica catalogue. Lipoxygenase activity was measured with an 
02 electrode as described by Christopher et al. [9]. 

Flavinanalysis 
Identification of extracted flavin. Flavin was liberated by heating the 

enzyme in 0.01 M potassium phosphate buffer, pH 7.0, at 100°C for 12 min. 
Subsequently, the enzyme solution was cooled in ice and protein removed by 
centrifugation. The flavin was identified and estimated by ti tration of the apo- 
protein of the FAD-specific D-amino acid oxidase from mammalian kidney. 
The apoprotein was prepared according to Warburg and Christian [10]. A 
standard curve was produced by measuring the reactivation obtained with 
known amounts  of FAD. 

The total flavin content  of  the enzyme was measured fluorometricaUy after 
hydrolysis [11]. Aliquots of purified enzyme containing 0.2--0.6 nmol flavin 
were heated for 45 min at 100°C in 3.0 ml 0.1 N H2SO4. The pH was then 
adjusted to 4.6 by addition of  0.25 ml of  2.5 M sodium acetate. The volume was 
brought to 4.0 ml and the solution was clarified by centrifugation. Excitation of 
fluorescence was at 434 nm and emission was measured at 530 nm. A riboflavin 
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standard was run in parallel with enzyme solutions. The concentration of ribo- 
flavin in the standard was determined from absorbance measurements at 268, 
374 and 448 nm. 

To determine FAD fluorimetrically, flavin was first extracted for 15 min 
with 10% trichloroacetic acid at 0°C [11]. One aliquot of the extract was 
neutralized immediately with 0.25 vol. 4 M K2HPO4 while a second aliquot was 
neutralized after 48 h incubation in the dark at room temperature. Fluores- 
cence was then measured on both samples. The fluorescence of the unhydro- 
lyzed sample was 13% of the fluorescence of  the hydrolyzed sample. 

Metal analysis 
The metal content  (Fe, Cu and Mn) of the enzyme was determined with an 

atomic absorption spectrophotometer from Zeiss, Model FMD 4. 
(NH4)2Fe(SO4)2 • 6 H20, CuSO4 and MnSO4 • H20 were used as standards. 

Results 

Purification o] ~ L-amino acid oxidase from A. nidulans 
The enzyme was purified from extracts of A. nidulans broken by a Ribi Press. 

Treatment of the Ribi extract including DNAase and RNAase treatments and 
ammonium sulfate precipitation was the same as reported previously [1], but 
the protamine sulfate step was omitted. The pellet fraction which was obtained 
after the centrifugation following DNAase and RNAase treatment,  and the 
material which precipitated between 0--20% saturation with (NH4)2SO4, 
contained some green particles and retained approx. 20% of the original 
L-amino acid oxidase activity. These two fractions were refractionated with 
(NH4)2SO4 which increased the recovery by another 10%. 

Column chromatography. The combined protein fractions which 
precipitated between 30--55% (NH4)2SO4 saturation were dialyzed against 20 
mM sodium acetate buffer, pH 5.5. After being clarified by centrifugation, the 
dialyzed protein solution was divided into 3 portions and chromatographed on 
3 separate CM-Sephadex columns (4 × 28 cm) which had been equilibrated 
with 20 mM sodium acetate buffer, pH 5.5. Elution was with a linear gradient 
from 0 to 0.3 M NaC1 in 20 mM sodium acetate buffer, pH 5.5. The total 
volume of  the gradient was 600 ml. The most active fractions from all 3 
columns were combined and dialyzed against 20 mM potassium phosphate 
buffer, pH 7.0. The protein sample was then chromatographed on a DEAE- 
Sephadex column (3 × 28 cm) equilibrated with 20 mM potassium phosphate 
buffer, pH 7.0. Elution was with a linear phosphate gradient which ranged from 
20 to 200 mM potassium phosphate buffer, pH 7.0. The total volume of the 
gradient was 600 ml. The most active fractions were combined, dialyzed against 
5 mM potassium phosphate buffer, pH 7.0, and then subjected to chromatog- 
raphy on a hydroxyapat i te  column (2 × 10 cm) which had been equilibrated 
with 5 mM phosphate buffer, pH 7.0. Elution was again with a 200 ml linear 
phosphate gradient which ranged from 5 to 100 mM potassium phosphate 
buffer, pH 7.0. The most active fractions were combined, dialyzed against 20 
mM potassium phosphate buffer, pH 7.0, and then subjected to chromatog- 
raphy on a second DEAE-Sephadex column (2 × 15 cm) which was equilibrated 
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with 20 mM potassium phosphate buffer,  pH 7.0. Elution was carried out  with 
a linear gradient of  equal volumes of 20 and 100 mM potassium phosphate 
buffer, pH 7.0. The total volume of  the gradient was 300 ml. 

Comments  on purification 
The enzyme activity was measured in two different ways during the entire 

purification procedure:  (1) 02 uptake was measured with L-arginine as 
substrate in the presence of  catalase; (2) HCN formation from L-histidine was 
determined with enzyme and added peroxidase. Typical results of  the purifica- 
tion of  the L-amino acid oxidase from A. nidulans are summarized in Table I. 
After the last DEAE-Sephadex column a specific activity of  120 units/mg was 
obtained in the oxidative deamination reaction with L-arginine as substrate and 
a specific activity of  1.4 units/mg in the HCN-generating test with L-histidine. 
The ratio of  these two activities remained constant  after the (NH4)2SO4 step 
and was approx. 90. The overall yield was about  10%. Measurements of  the 
enzyme activity in crude extracts were not  very accurate, since crude extracts 
consumed small amounts of  HCN and catalyzed a nonspecific 02 uptake with 
various amino acids. However,  after the (NH4)2SO4 step, the two assays showed 
good reproducabil i ty and linearity with enzyme concentration over a 20-fold 
range. The two fractions with highest specific activity from the last DEAE- 
Sephadex column were dialyzed against 1 1 of 20 mM potassium phosphate 
buffer (pH 7.0) containing 1 mM EDTA, and three times against 1 1 10 mM 
potassium phosphate buffer, pH 7.0. The sample was then concentrated in an 
Amicon Model 12 ultrafiltration cell equippped with a PM 10 membrane. 

Purity o f  enzyme 
One major protein-staining band was detected after polyacrylamide gel 

electrophoresis of  the purified enzyme at 4°C in a Tris-barbital buffer  system 
(pH 7.0). Below the major band, there was a very light and diffuse minor band 

T A B L E  I 

P U R I F I C A T I O N  OF L -AM INO A C I D  O X I D A S E  F R O M  A N A C Y S T I S  N I D U L A N S  

Pro te in  0 2  u p t a k e  (L-Arg)  HCN f o r m a t i o n  (L-His) Rat io :  0 2  uptake  
(mg,  to t a l )  (L-Arg)  to  

Tota l  Spec.  act.  Total  Spec.  act.  HCN format ion  
uni ts  (units/rag) units  (uni t s / rag)  (L-His)  

French-press 
extract  208 760  2757  0 . 013  16 .5 8  7.9 • 10  -5 166  

A m m o n i u m  sul- 
pha t e  prec.  
30--55% 
sa tu r a t i on  34  207 1597  0 .047  21 .13  6.2 • 10  -4 76 

CM-Sephadex  
c o l u m n  1 109  1169  1 .05  12 .41  1.1 • 10  -2 94  

D E A E - S e p h a d e x  
c o l u m n  No. 1 60 563 9 .38  5.69 0 .0 9 5  99 

H y d r o x y a p a t i t e  
c o l u n m  11.9 456  38 . 32  4 .70  0 .395  97 

D E A E - S e p h a d e x  
c o l u m n  No. 2 1 .48  178  120 .27  2.13 1 .439  84 
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Fig. 1. E lec t rophores i s  of  pttrif ied L -a mino  acid oxidase.  Lef t :  E lec t rophores i s  o f  16 #g e n z y m e  (specific 
ac t iv i ty  133 uni t s / rag)  on  7% p o l y a c r y l a m i d e  gel in Tr is-barbi ta l  bu f f e r  sys t em,  p H  7.0 at  4°C [7] ,  Right:  
S D S  gel e lec t rophores is  o f  16 pg e n z y m e  (specific ac t iv i ty  133 uni t s / rag)  on  8% P o l y a c r y l a m i d e  gel 
a c c o r d i n g  to  the  m e t h o d  of  Weber  and  O s b o r n  [8 ] .  Detai ls  of  the  e lec t ropbores i s  p r o c e d u r e  axe given in 
Materials  and  M e t h o d s .  

Fig. 2. A b s o r p t i o n  s p e c t r u m  of  pur i f ied  L -a mino  acid oxidase.  The  e n z y m e  was in 0 .01 M p o t a s s i u m  p h o s -  
p h a t e  buffe r ,  pH 7.0, t h e  p r o t e i n  c o n c e n t r a t i o n  w a s  0.31 m g / m l  (specific ac t iv i ty  133 uni ts / rag) .  The  
a b s o r b a n c e  at  2 7 5  n m  was  0 . 4 5 9 ,  at  4 6 2  n m  0 . 0 4 2 ,  and  at 3 7 6 - - 3 6 8  n m  0 . 0 4 5 .  The s p e c t r u m  was  r e c o r d e d  
in a 1-cm cuve t t e  (4 m m  wide)  wi th  a Zeiss record ing  s p e c t r o p h o t o m e t e r  T y p e  DM 4. 

which amounted to less than 5% of  the major band (Fig. 1). One protein- 
staining band was also detected after SDS-polyacrylamide gel electrophoresis 
(Fig. 1) at a position corresponding to a subunit molecular weight of  49 000.  

Spectral properties 
The purified L-amino acid oxidase from Anacystis had a typical flavin 

absorption spectrum (Fig. 2), with maxima at 4 6 2 - - 4 6 8 , 3 6 8 - - 3 7 6  and 275 nm. 
The ratio of  absorbances at 275 and  462 nm was 10.9. For the crystalline 
L-amino acid oxidase from rat kidney mitochondria a ratio of  6.5 has been 
reported [12] and for the crystalline D-amino acid oxidase from pig kidney a 
ratio of  9 .5--10 [13] .  Anaerobic reduction of  the enzyme by the substrate 
L-arginine led to rapid bleaching of  the flavin absorbance bands (not shown).  
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Characterization of  the prothetic group 
The results of the prosthetic group analysis of  the L-amino acid oxidase from 

2 different preparations are presented in Table II. The flavin of the L-amino 
acid oxidase has been identified as FAD by titration with the FAD-specific 
apoprotein from kidney D-amino acid oxidase and by fluorescence measure- 
ments before and after hydrolysis. The latter measurements showed that  the 
flavin was all FAD; no FMN was present. The results in Table II provide 
evidence that  1 mol enzyme contains 1 mol FAD. 

Attempts to resolve the FAD and apoprotein reversibly have not  been 
successful, either with acid (NH4)2SO4 [10] or with CaC12 [14]. 

We could not detect iron in the purified enzyme. Nor did we find copper or 
manganese. To answer the question whether any other metal might be present, 
will require further experiments. So far all amino acid oxidases which have 
been characterized, contain only flavin and no metal [13]. 

Molecular weight determinations 
The molecular weight of the native enzyme was determined by gel filtration 

on a Sephadex G-200 column and was calculated from the relationship between 
the logarithms of  the molecular weights and elution volumes. Four proteins of  
known molecular weight are used as standards. This method resulted in a 
molecular weight of 98 000 for the L-amino acid oxidase from A. nidulans 
(average of  3 determinations). Electrophoresis of the purified enzyme on 
sodium dodecyl sulfate polyacrylamide gels gave one band which corresponded 
to a molecular weight of 49 000 (average of 3 determinations). 

This indicates that  the enzyme consists of 2 subunits of  equal molecular 
weight. 

Enzyme activities of  Anacystis L-amino acid oxidase 
Substrate specificity. The substrate specificity of the highly purified enzyme 

was identical to that  previously reported [1]. The enzyme oxidized L-arginine, 
L-lysine, L-ornithine and to a lesser extent  L-histidine. Other naturally 
occurring amino acids, were not  oxidized or only to a much lower extent  

T A B L E  II  

F L A V I N  A N A L Y S I S  

The  f lavin c o n t e n t  o f  t h e  pur i f ied  L -a mlno  acid ox id ase  was  d e t e r m i n e d  b y  three  d i f f erent  m e t h o d s .  Expt .  
1 : F A D  re leased  b y  hea t  t r e a t m e n t  and d e t e r m i n e d  b y  r e c o n s t i t u t i o n  o f  ac t iv i ty  w i t h  a p o p r o t e i n  f r o m  D- 
a m i n o  acid ox idase  f r o m  k idney .  Exp t .  2: F luo r ime t r i c  d e t e r m i n a t i o n  after  t r e a t m e n t  o f  the  e n z y m e  w i t h  
0.1 N H 2 S O  4;  Exp t .  3: F luo r ime t r i c  d e t e r m i n a t i o n  after  t r e a t m e n t  o f  the  e n z y m e  w i t h  t r i cb loroace t i c  
ac id .  Details of  each  m e t h o d  are given in the  t ex t .  E n z y m e  f r o m  t w o  separate  puri f icat ions  w i t h  spec i f i c  
ac t iv i ty  o f  (a) 121 u n i t s / m g  or  (b)  133 un i t s / rag  was  used.  

Expt .  P ro te in  F A D  f o u n d  tool F A D  per  
( n m o l )  ( n m o l )  tool  e n z y m e  

1 b 0 .30  0 .27  0 .9  
2 a 0 .34  0 .29  0.9 
2 b 0 .61  0 .56  0.9 
3 a 0 .34  0 .27  0 .8  
3 b 0 .30  0 .24  0.8 
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(below 0.1% of the activity observed with L-arginine). 
Stoichiometry of  02 uptake and NI4~4 formation. The results in Table III 

show the stoichiometry of 02 consumption and ammonia production in the 
presence and absence of catalase. These reactions were run to completion with 
small amounts of substrate. In each case 1 mol NH3 was formed and 1 mol 02 
consumed for 1 mol amino acid oxidized in the absence of catalase. When 
catalase was added, the 02 consumption was reduced to approx. 50% as 
expected. In the absence of added catalase some H202 accumulated. Normally, 
the H202 is utilized for the nonenzymic decarboxylation of the ketoacid. In the 
present case the formation of cyclic products may remove the ketoacid, as 
shown by Boulanger and Osteux [ 15] for the turkey liver L-amino acid oxidase 
which is also specific for basic L-amino acids. 

Effect o f  peroxidase on 02 uptake and NI-I~4 formation. With L-histidine as a 
substrate, in the absence of peroxidase, the reaction was also that  of a simple 
oxidative deamination, with 02 consumption equivalent to half the NH~ 
production in the presence of  catalase. Addition of  peroxidase caused a marked 
increase in 02 consumption, a decline in the ammonia production and 
substantial HCN formation (Table IV). HCN was formed only from L-histidine, 
but not from any of the other three amino acid substrates. This observation is 
in agreement with results obtained with other amino acid oxidases supple- 
mented with peroxidase [ 16]. 

Reaction characteristics 
Oxidative deamination. In HEPES buffer, 02 consumption was highest at 

pH 7.0. In other buffers, the pH optimum was shifted slightly. The velocity of 
the reaction showed the expected dependence on 02 concentration. Almost 
maximum activity was reached at about 50% 02, with saturating concentration 
of L-arginine. At lower arginine concentrations, 20% 02 was almost saturating 
(not shown). When the activity was measured as a function of L-arginine con- 
centration, the usual hyperbolic saturation curve was obtained, with a Km value 

T A B L E  n I  

S T O I C H I O M E T R Y  OF 0 2  U P T A K E  A N D  NH~ F O R M A T I O N  

The react ions  were  carried out  in Warburg  vessels, w i th  2 side a rms  and  a cen te r  t r o u g h  in an atmosphere  
o f  O 2,  as described in the  text .  The center  trough conta ined  0.2  ml  0.2 N NaOH.  The react ion mixture  
con t a i ned  in a to ta l  v o l u m e  of  3 m h  2 0 0 / ~ m o l  Hepes buffer ,  pH 7.0,  3/~g (for  arginine and  lysine experi-  
ments )  or 6 /~g ( for  o~ai th ine  e x p e r i m e n t s )  L -amino  acid oxidase  (specific act ivity 133 uni t s / rag) ,  0.1 m g  
catalase and  a m i n o  acids as indicated.  The 0 2  uptake  was  measured manometr ica l ly  and the r+eaetion was  
run  to  c o m p l e t i o n ,  after w h i c h  0.1 ml  4 N H2SO 4 was  t i pped  f r o m  a second  side a r m  an d  NH4 and  H 2 0 2  
were  determined.  

A m i n o  A m o u n t  Catalase 0 2  taken up NH~ formed H 2 0 2  
acid (/~mol) added 0~mol)  Ozmol) found 

0zmol)  

L-Arg 10 - -  9 .8 9.5 1.9 
L-Arg 10 + 5.0 9.8 0 
L-Lys  10 - -  9 .3 9.6 1.9 
L-Lys  10 + 5.1 9.9 0 
L-Orn  5 - -  4 .7 4.9 2.6 
L-Orn 5 + 2.5  5.2 0 
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T A B L E  IV 

E F F E C T  O F  P E R O X I D A S E  ON 0 2  U P T A K E  A N D  N H ;  F O R M A T I O N  

The r eac t ions  were  car r ied  ou t  in Wasburg vessels, w i t h  2 side a r m s  and  a cen t e r  t rough ,  in an  a t m o s p h e r e  
of  100% 0 2  , as desc r ibed  in Materials  and  Methods .  The  r eac t i on  m i x t u r e s  co n t a in ed  in a to ta l  v o l u m e  of  
3 ml:  200  #tool  Po tass ium p h o s p h a t e  bu f fe r ,  pH 6.5,  50 /~mol KC1, 30 # too l  L-his t idine,  10 #g  L -amin o  
acid oxidase  (specific ac t i v i t y )  82 un i t s / rag) ,  100  ~g pe rox idase  an d  100 #g catalase as ind ica ted .  The  reac-  
t i on  t i m e  was  4 h.  

Add i t ions  0 2  t a k e n  up  N H ;  f o r m e d  HCN f o r m e d  
~ m o l  ( # m o l )  ( # m o l )  

L-His 1.4 1.5 0 .001  
L-His + catalase 0.9 1.7 0 .0 0 3  
L-His + pe rox idase  2.2 1.3 0 .4 3 8  
L-His + pe rox idase  + catalase 1.7 1 .4  0 .411  

of about 5" 10 -3 M. The requirement of high amino acid concentration and 
high 02 concentration for maximal activity are properties typical of amino acid 
oxidases. 

HCN forming reaction. The pH optimum for the HCN forming reaction with 
L-histidine as the amino acid substrate was between pH 6.0 and 6.5 in 
potassium phosphate. The initial reaction rate (30 min period) was faster in 
phosphate buffer than in HEPES, MES, Tricine or borate buffer. The Km value 
for L-histidine was about 1 • 10 -2 M and the HCN yield was greater in 100% 02 
than in air. 

Effect o f  inhibitors 
Table V shows the effect of  a variety of  possible inhibitors on the 02 

T A B L E  V 

E F F E C T  OF I N H I B I T O R S  

The  0 2  u p t a k e  was  m e a s u r e d  wi th  an  0 2  e l ec t rode  u n d e r  s t anda rd  condi t ions ,  as desc r ibed  u n d e r  Materi-  
als and  Methods .  

I nh ib i t o r  C o n c e n t r a t i o n  Inh ib i t i on  
(M)  (%) 

NaF  1 
NaN3 1 
o -Phenan th ro l i ne  5 
m - P h e n a n t h r o l i n e  5 
B a t h o p h e n a n t h r o l i n e  disulfonic  acid 5 
~ ,~-Bipyridyl  1 
8-HydJ~oxyquinol ine I 
4 , 5 - D i h y d r o x y - m - b e n z e n e  disul fonic  acid 1 
0t-Naphthol  1 
N o r d i h y d r o g u a r e t i c  acid 5 
Sa l i cy l hyd roxam i c  acid 1 
S o d i u m  d ie thy ld i th io  c a r b a m a t  e 1 
NaCN 1 
E D T A  1 
p - C h l o r o m e r c u r i b e n z o a t e  1 
H y d r o x y l a m i n e  1 
C6HsCOONa 1 
p - A m i n o b e n z o i c  acid 1 

10 -1 0 
10 -1 77 
10 -3 72  
10 -3 9 
10 -2 20  
10  -2 0 
10 -3 0 
10 -2 2 
10 -2 53 
10 -4 63 
10 -2 2 
10 -3 0 
10 -2 0 
10 -2 0 
10 -3 7 
10 -3 3 
10 -2 0 
10 -2 0 
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consumption with arginine as a substrate. The enzyme is not  inhibited by 
sodium benzoate or aminobenzoic acid which are effective inhibitors of  the 
bet ter  known amino acid oxidases. Nordihydroguaretic acid and a-naphthol are 
inhibitory, however, and so is o-phenanthroline as previously reported [ 1]. This 
compound caused 72% inhibition at 5 • 10 -3 M, compared to 9% inhibition by 
m-phenanthroline at the same concentrat ion.  Bathophenanthrol ine disulfonic 
acid gave 20% inhibition at 5 • 10 -2 M; a,a-bipyridyl and 8-hydroxyquinol ine 
had no effect. 

All divalent cations tested inhibited enzyme activity. Table VI lists these in 
the order of  decreasing effectiveness in the oxidative deamination assay (with 
L-arginine as substrate) and shows the concentrat ion at which 50% inhibition 
was observed. Monovalent cations such as Na ÷, K ÷ or NH~ or the trivalent 
cation A13+ had either no effect  of inhibited only slightly (<10%) at concentra- 
tions up to  10 -2 M. Except  for  Cu 2+, all the cations tested also inhibited HCN 
product ion from L-histidine in the presence of  amino acid oxidase and 
peroxidase. The quantitative differences in inhibition of  the two assay systems 
are probably due to differences in the complex formation between the cation 
and the two different  substrates: histidine and arginine. The effect  of  Cu 2+ was 
complex. At 6 • 10 -s M it caused no or only slight inhibition of  HCN produc- 
tion, but higher concentrat ions became stimulatory (up to 25%) and then 
above 10 -3 M CuSO4, an inhibition was again observed. The reasons for this 
behavior are not  clear. 

The kinetics of  the inhibition of  arginine oxidation by divalent cations was 
complex. Fig. 3A shows Lineweaver-Burk plots of  the reaction with and 

T A B L E  VI  

E F F E C T  OF D I V A L E N T  C A T I O N S  

0 2  u p t a k e  was  m e a s u r e d  wi th  an  0 2  e lec t rode  u n d e r  s t anda rd  assay cond i t ions  as descr ibed  in Materials  
and  Methods .  4 .5 ~g L-amino  acid oxidase (specific ac t iv i ty  22 u n i t s /mg )  were  used.  0 2  u p t a k e  wi th  L-ar- 
ginine as subs t ra te  was  0 .10  ~rnol O 2 / m i n .  The react ions  leading to  HCN f o r m a t i o n  were  car r ied  o u t  in 
Warbttrg vessels wi th  2 side a rms  a nd  a cen te r  t rough ,  in an  a t m o s p h e r e  at  02  , as descr ibed in Materials  
and  Methods .  The  reac t ion  m i x t u r e  c o n t a i n e d  in a to t a l  v o l u m e  of  3 ml :  200  ~ m o l  Hepes  buf fer ,  pH 7.0,  
60  ~ m o l  L-hlst idine,  1 .4 ~g L-amino  acid oxidase  (speci f ic  ac t i c i ty  84 uni ts / rag) ,  100 #g perox idase  an d  
the  salts  as ind ica ted .  

C o n c e n t r a t i o n  Inhib i t ion  (%) 
(M) 

0 2  u p t a k e  (L-Arg)  HCN f o r m a t i o n  (L-His)  

CuSO4 5.9 
ZnSO4 6.5 
CdCI 2 1.5 
MnCI 2 1.6 
CoSO 4 3.8 
MgC12 1.0 
CaC12 1.6 
BaC12 1.8 
NiSO 4 3,4 
SrC12 4 .6  
(NH4)2Fe(SO4) 2 * 1 

10 -S 50 0 
10 -5 50 41 
10 -4 50 66 
10-4 50 93 
10-4 50 19 
10 -3 50 80 
10 -3 50 94 
10 -3 50 87 
10 -3 50 59 
10 -3 50 93 
10 -3 - -  94 

* (NH4)2Fe(SO4) 2 was not tested in the oxidative dearnination assay, because Fe 2+ is autooxidizable and 

gives an 0 2 uptake by itself. 
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without  different concentrations of  MgC12. The results of  a similar set of  
measurements with and wi thout  ZnSO4 are shown in Fig. 3B. The inhibition 
clearly decreases with increasing substrate concentration, but  is apparently 
partly noncompeti t ive.  

As expected,  a chelator which binds Mg 2÷ can relieve the inhibition of  
arginine oxidation by Mg 2÷. EDTA can thus cause an apparent stimulation of  
arginine oxidation when divalent cations are present in the reaction mixture, as 
may be the case in crude extracts. It is of  greater interest from a physiological 
point  of  view, that ATP and ADP can also relieve the Mg2÷-induced inhibition 
of  arginine oxidation. Table VII shows these effects of  EDTA, ATP and ADP, 
tested with partially purified enzyme plus Mg 2÷. The table also shows that AMP 
did not  have such an effect.  

As reported previously [1], the 02 uptake of  intact A. nidulans cell suspen- 
sions can be strongly stimulated by added basic amino acids. These experiments 
were made with cell suspensions in dilute phosphate buffer. Use of the com- 
plete inorganic growth medium for preparation of the cell suspensions resulted 
in very diminished effects of  added basic amino acids on 02 consumption 
(Pistorius, E.K., Voss, H., Jetschmann, K. and Vennesland, B., unpublished). 

x A 

1 

26o 4'.00 
A_ 

, f J :  

f ~o 46o 66o I__ 
[s] 

Fig.  3. K i n e t i c s  o f  i n h i b i t i o n  b y  MgC12 o r  Z n S O  4. 0 2  u p t a k e  was  m e a s u r e d  w i t h  an  0 2  e l e c t r o d e  u n d e r  
s t a n d a r d  a s s a y  c o n d i t i o n s  as  d e s c r i b e d  in  Mater ia l s  a n d  M e t h o d s .  2 . 6  o r  4.5 /~g  L - a m i n o  a c i d  o x i d a s e  w e r e  
u s e d  ( s p e c i f i c  a c t i v i t y  2 5  o r  22 u n i t s / m g ) .  T h e  L - a r g i n l n e  a n d  m e t a l  c o n t e n t  was  var ied .  (A)  -" c ,  No  
MgCI2;  ~ ~, 5 . 4 .  10  -4 M MgCI2;  o o, 1 . 1 -  10 -3 M MgCl2;  X X, 2 . 7 . 1 0  -3 M MgCI2;  
(B) • o, No Z n S O 4 ;  ~ ~, 2 . 7 . 1 0  -5 M Z n S O 4 ;  o o, 5 . 4 .  i 0  - s  M Z n S O 4 ;  × ×,  
1.1 • 10  .-4 M Z n S O  4. 
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T A B L E  VII  

E F F E C T  O F  E D T A  A N D  A D E N I N E  N U C L E O T I D E S  O N  T H E  Mg2+- INHIBITED O X I D A T I O N  O F  
A R G I N I N E  

0 2  u p t a k e  was  m e a s u r e d  w i t h  a n  0 2  e l e c t r o d e  u n d e r  s t a n d a r d  assay  c o n d i t i o n s  a s  d e s c r i b e d  in  Mate r ia l s  
a n d  M e t h o d s .  4 .5  ~g L - a m i n o  ac id  ox ida se  (speci f ic  ac t i v i t y  22  u n i t s h n g )  w e r e  used .  0 2  u p t a k e  w i t h  L-aro 
g in ine  a n d  n o  o t h e r  a d d i t i o n s  w a s  0 . 1 0 / ~ r n o l  0 2 / m i n .  A d d i t i o n  o f  3 0 / ~ m o l  E D T A ,  20 /~rno l  A T P  or  A D P  
o r  4 0  f lmol  AMP a l o n e  h a d  n o  e f f e c t  o n  t h e  0 2  u p t a k e .  V o l u m e  o f  r e a c t i o n  m i x t u r e  w a s  1 . 8 5  nil.  

A d d i t i o n s  I n h i b i t i o n  (%) 

5 tzmol MgC12; n o  a d d i t i o n  8 8  
+3 ~ m o l  E D T A  56  
+5  Drool E D T A  0 
+5 ~ m o l  A T P  23  

+ 1 0  ~umol A T P  8 
+ 1 0  p m o l  A D P  4 3  
+ 2 0  p m o l  A D P  17 
+ 4 0  Drool AMP 8 4  

This is at least partly due to the divalent cations present in the complete 
growth medium. These results will be described elsewhere. 

Discussion 

The basic amino acid oxidase here described is in some respects a typical 
amino acid oxidase. Its molecular weight was estimated to be 98 000, and it 
contains two subunits of equal molecular weight (49 000). Since it contains 
only one molecule of  FAD per molecule of enzyme, the results suggest that  the 
FAD may be located between the two subunits, or that  only one of the sub- 
units is active catalytically. We can not  exclude the possibility that  some of the 
flavin was lost during purification, but the residual flavin seemed to be quite 
firmly bound, as indicated by the difficulty we experienced in removing flavin 
without  denaturation of the apoenzyme. The possibility of the presence of a 
metal ion, which was suggested by the observed o-phenanthroline inhibition has 
not  been excluded entirely and requires further study. 

The turnover number of the Anacystis enzyme was calculated to be 26 000 
mol L-arginine oxidized per mol enzyme per min, in air at 20°C. This value 
compares very favorably with the value of 2000 for kidney D-amino acid 
oxidase, 7000 for snake venom L-amino acid oxidase or 6 for L-amino acid 
oxidase from kidney mitochondria [ 12,17 ]. All of  these three other amino acid 
oxidases have been shown to contain 2 molecules of flavin per molecule of 
enzyme [13], but the flavin in the L-amino acid oxidase from kidney 
mitochondria has been shown to be FMN instead of FAD, as in the others 
[12]. In connection with turnover number, it should be noted that  the 
substrate specificity of the basic amino acid oxidase from Anacystis is a relative 
thing. If one uses massive amounts of  enzyme, oxidation of nonbasic amino 
acids can also be detected. A complete study of  the specificity of  the purified 
Anacystic enzyme in the activity range of turnover numbers below 50 has not  
yet  been made, but the enzyme can in fact oxidize L-leucine, for example, with 
a turnover number of  about 11. Leucine is reported to be the best substrate for 
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the mitochondrial  L-amino acid oxidase with a turnover number  of  6 [12].  
Thus, the Anacystis enzyme oxidizes L-leucine about  as effectively as the 
mitochondrial  enzyme. It is possible, but  by no means certain, that  the basic 
amino acid oxidase may be responsible for the low amino acid oxidase activity 
for L-phenylalanine and L-tyrosine, which has been detected in thylakoids of  A. 
nidulans by LSffelhardt [18].  

The most  unusual characteristic of  the Anacystis L-amino acid oxidase here 
described is its inhibition by divalent cations. This inhibition is probably 
related to the high preference of  the enzyme for L-amino acids containing a 
basic R-group. The fact that  the inhibition can be relieved by  ADP and ATP, 
but  not  by AMP, and that both inhibition and relief of  inhibition can be 
observed in a physiological concentration range, make the divalent cation effect  
particularly interesting. This problem has only been approached in the present 
paper and obviously requires far more detailed study. In our previous paper 
[1],  we presented evidence with o-phenanthroline that  the L-amino acid 
oxidase was functional in vivo. Similar evidence could be obtained with the 
divalent cations. 

Scientific literature abounds with examples of  divalent cation effects on 
respiration. Potent  inhibitory effects of Zn 2÷ and other cations (Cd 2÷, Ni 2÷, 
Cu 2÷ and Co 2*) have been observed on mitochondrial respiratory systems [19--  
21],  as well as on the respiration system of  Azotobacter [22]. Though the site 
of inhibition seems to have been located with respect to the known compo- 
nents of  the respiratory chain, no clear identification has been made of  the 
inhibited reaction. One might consider the possibility of a basic amino acid 
oxidase of  the type  described here being involved. 
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