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M E T A L L O - E N Z Y M E S  IN T H E  RED U CTIO N  OF 

N I T R I T E  TO AMMONIA IN N E U R O S P O R A  

ANTONIA MEDINA* AND D. J. D. NICHOLAS 

Agricultural Research Council Unit o/Plant Nutrition (Micronutrients), 
Long Ashton Research .Station, University o[ Bristol (England) 

It  is well established that nitrate reductase, which catalyses the reduction of nitrate to 
nitrite in some bacteria, fungi and green plants is a molybdo-flavoproteinl-L Although 
the subsequent reduction pathway from nitrite to ammonia is less clearly defined, the 
characterisation of nitrite and hydroxylamine reductases in micro-organisms and 
higher plantsg, 9,10 suggests that these compounds are likely to be intermediates in the 
aliphatic sequence. The recent identification of hyponitrite reductase in Neurospora n 
supports the view that the immediate reduction product of nitrite is hyponitrite which 
is then reduced to hydroxylamine. Nitrite and hydroxylamine reductases are known 
to be metallo-flavoproteins but hitherto the metals in the enzymes have not been 
identified. In this paper it is shown that both Cu and Fe are essential for nitrite and 
hyponitrite reductases and that hydroxylamine reductase is Mn-dependent. 

METHODS 

Neurospora crassa Wild type 5297a (macroconidial) was grown in a modified Fries culture solution 
with sodium nitrate  as the sole N source. After 4 days growth in the dark at  3o°C the felts collected 
in a Biichner funnel were well washed in glass-distilled water  and were frozen at  - - I  7°C for 12 h. 
The felts were then ground in a mor ta r  with four times their weight of o.I M phosphate  buffer 
(pH 7.5) and then in a Ten Broeck glass macerater  at o°C. The homogenate  was centrifuged at  
3000 g for 15 rain at  4°C and the superna tan t  solution used as the enzyme source. Protein was 
determined in the extracts  by Folin's method.  Individual deficiencies of Fe, Cu, Mn, Mo and Zn 
were produced in Neurospora by methods described previously TM, 

RESULTS 

The results for nitrite, hyponitrite and hydroxylamine reductases determined in the 
Conway units are given in Table I. 

All reagents used were either boiled to eliminate the last traces of ammonia or 
dispensed in ammonia-free water. Sodium hyponitfite and hydroxylamine hydro- 
chloride were freshly prepared each day. The preparation and determination of sodium 
hyponitrite has been given elsewhere n. The results in Table I show that ammonia 
is produced enzymically from NaNOz, Na2N20 , or NH,OH, in the presence of DPNH. 
The hydroxylamine reductase is particularly active. 

The data in Table II indicate that the enzymes are ravin-dependent, since boiled 
pig heart, FMN, or FAD, stimulated the three enzymes. Their inhibition by atabrine 
was completely reversed by FAD. 

* On leave from the Ins t i tu to  de Edafologia y Fisiologia Vegetal, Madrid, Spain. 
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" f A B L E  I 

N I T R I T E ,  t t Y P O N I T R I T E  A N D  H Y D R O X Y L A M I N E  R E D U C T A S E S  

re#moles :\: H ,  produced tn 20 ram. ml enzyme 

Reductasc enz)'me~ Erperiment - - t r) t -9 ( l )  

Complete system Omu DI 'NI I  Omit enzyme 

N i t r i t e  ~ 3 i 3  43 o 
z 50(; b9 o 
3 504 67 o 

H y p o n i t r i t e  I l 87 25 o 
"z 3 lO 4 3  o 
3 25" 34 o 

H y d r o x y l a m i n e  1 1378 IQO 1)* 

2 2030 280 o 
3 1963 27 ° o 

S pecillc achtity 
o /enzyme  ml*motes 

N H 3 2o rain.rag 
protein 

39 
52 
57 
2 3  

32 
28 

17,t 
208 
2o8 

C o m p l e t e  s y s t e m :  O u t e r  cel l  of C o n w a y  u n i t ;  oA 5 ml  o . 2 M  p y r o p h o s p h a t e  buf fe r  ( p t l  7.5); 0-05 
ml  bo i led  p ig  h e a r t ;  0.2 m l  e n z y m e  (8 m g  p r o t e i n / m l ) ;  o . I  m l  I o - 2 M  D P N H  a n d  o . i  m l  4 . 1 o - 3 3 /  
N a 2 N z O  2 or  0.2 ml  ~. I o - 3 M  N a N O  2 or o.2 ml  2- i o  - 1 M  N t t 2 O H . H C 1 .  

I n n e r  ce l l :  1.5 ml  o .o l  N HCI.  
I n c u b a t e d  for 2o ra in  a t  l a b o r a t o r y  t e m p e r a t u r e ,  t h e n  I ml  of s a t u r a t e d  K2CO s a d d e d  to  t he  

o n t e r  cel l  a n d  i n c u b a t e d  for a f u r t h e r  i }':, h. 0. 4 ml  a l i q n o t s  t a k e n  f rom i n n e r  cel l  for N H  3 d e t e r m i -  
n a t i o n  b y  t h e  p h e n o l - h y p o c h l o r i t e  m e t h o d .  

" W h e n  K~CO s w a s  a d d e d  to  h y d r o x y l a m i n e  h y d r o c h l o r i d e ,  a m m o n i a  w a s  p r o d u c e d  m m -  
e n z y m i c a l l y .  T h i s  c o r r e c t i o n  is a p p l i e d  to  t he  d a t a  for h y d r o x y l a m i n e  r e d u c t a s e  in c o l u m n s  ( l )  a n d  (.,). 

T A B L E  11 

F L A V I N  R E Q U I R E M E N T S  

(1) /:') (¢) (.t) 
Reductase enz~,mes N i l  t3oiled peg heart FA I) t " M N  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

N i t r i t e  T(, 35 4 ° 35 
H y p o n i t r i t e  8 t 0 16 t 0 
H y d r o x y l a m i n e  57 14 ° 13 t 14 ¢) 

E n z y m e  a s s a y s  as  in  "Fable I :  (1) o m i t  bo i l ed  p ig  h e a r t ;  (2) o.o5 ml  of bo i l ed  p ig  h e a r t ;  (3) as  (1) 
p lus  O.l ml  i o - 4 M  F A D :  (4) as  ( i )  p lus  o . i  m l  l o - 4 M  F M N .  

T h e  e f f e c t s  o f  i n h i b i t o r s  o n  t h e  e n z y m e s  a r e  r e c o r d e d  i n  ] ' a b l e  I I I .  

T A B L E  l I l  

E F F E C T S  O F  G E N E R A L  I N H I B I T O R S  

% i n h i b i t i o n  of e n z y m e  a c t i v i t y  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

..'-Ileptyl- p-Chloro- 
ttydrazrne t ,4-Naphtha- 4-hydroxy- e,4-Dimtro- ratrcuri- 

Reductase en:),mes K C N  2,z ' - l ) iquinolyl  sulphate "Tetvabase" quinone quinoline phenol benztu~te 
N-oxide 

N i t r i t e  5 ° 75 a oo 56 8o i oo 5o 4 ° 
H y p o n i t r i t e  67 35 78 4 ° 80 Ioo  75 82 
t t y d r o x y l a m i n e  32 63 75 55 15 9 o ~ i  

Be fo re  a s s a y ,  0.2 ml  e n z y m e s  w e r e  i n c u b a t e d  for  1o ra in  a t  r o o m  t e m p e r a t u r e  w i t h  0.2 m l  of one  of 
t h e  fo l l owing  s o l u t i o n s ;  i o  - 1 M  K C N  ; lO .4 M 2 , 2 ' - d i q u i n o l y l  ; i o  ' 1 M  h y d r a z i n e  s u l p h a t e  ; xo -4 M 
t e t r a m e t h y l d i a m i n o d i p h e n y l m e t h a n e  ( " t e t r a b a s e " )  ; 10 .4 M x , 4 - n a p h t h a q u i n o n e  ; x o -~ M 2 - h e p t y l -  
4 - h y d r o x y q u i n o l i n e  N - o x i d e  in o .o t  N N a O H ;  4" t o  SM 2 , 4 - d i n i t r o p h e n o l ;  a n d  I o - 4 M  p -eh lo ro -  
m e r c u r i b e n z o a t e .  E n z y m e s  a s s a y e d  as  in  T a b l e  I. 
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Metal inhibitors reduced the act ivi ty  of all three enzymes. The depressing effect of 
naph thaqu inone  and  2-heptyl-4-hydroxyquinol ine N-oxide on the nitri te and hypo- 

ni t r i te  reductases suggests the part icipat ion of a haem type compound,  possibly cyto- 
chrome b, in the two enzymes. Ure thane  also inhibi ted these two enzymes. Dinitrophe- 
nol (as well as aureomycin and gramicidin, which are not shown in Table III)  inhibi ted 
the nitr i te  and hyponi t r i te  reductases so that  possibly a phosphorylat ion occurs at  
each of these two steps. The uncoupling reagent had no effect on the hydroxylamine 
reductase, presumably  because in this reduction only a comparat ively small energy 
change is involved. The inhibi t ion of the three enzymes by p-chloromercuribenzoate 
was reversed by  glutathione,  thus indicat ing the presence of - S H  groups in the three 

reductases. 

TABLE IV 
EFFECTS OF METAL DEFICIENCIES 

Specific activities of enzymes and growth data as % of normal felts. Enzyme assays as in Table I. 

Omit Omit Omit Omit Omit 
Reduaase enzymes Fe Cu Mn  Mo Zn 

Nitrite z 2 36 53 I oo 68 
Hyponitrite 51 53 60 i oo i oo 
Hydroxylamine I oo I oo 57 i oo 95 

Weight of felts 32 43 4 x 4 ° 59 

In  considering the effects of metal  deficiencies on the three enzymes presented in 
Table IV, it  is clear tha t  any  metal  deficiency affecting the hydroxylamine or hypo- 
ni t r i te  systems would also inhibi t  ni t r i te  reductase, provided the reductive pa thway 
involved these intermediates.  Thus a Mn deficiency which reduced hydroxylamine 
reductase, also depressed nitr i te  and hyponi t r i te  reductases, presumably  because they 
are on the same pathway.  Deficiencies of either Cu or Fe markedly  depressed both 
ni t r i te  and hyponi t f i te  reductases bu t  hydroxylamine reductase was unchanged. The 
effects of Cu and Fe deficiencies were also confirmed when nitr i te  reductase was 
determined by measuring the disappearance of ni t r i tO a instead of ammonia  produc- 
tion. The Fe deficiency effect is in agreement with the inhibi t ion of ni tr i te  and hypo- 

TABLE V 
AN INHIBITOR OF N O  2 REDUCTASE IN Zn-DEFICIENT FELTS 

Enzyme units as % of those in the normal felts 
(Mean of 4 independent experiments) 

(x) (z) (3) (4) (5) (6) 

(,) ~- 
Not,real omit-Zn (z) & (2) (z) + (z) + boiled and 

boiled (Z3 boiled (I} dialysed (z) 

ZOO 74 82 74 7O I OO 

Enzyme assays as in Table I. In (3) o.r ml of the extract from normal felts was mixed with an 
equal volume of the extract from Zn-deficient felts. In (4) o.2 ml of (t) was mixed with 0.2 ml of 
boiled extract from Zn-deficient felts. In (5), o.2 ml of (2) was mixed with o.z ml of boiled extract 
from normal felts. In (6) as for (4) but the boiled extract from the Zn-deficient felts was dialysed 
against io-aM pyrophosphate buffer (pH 8) for f2 h before mixing it with an equal volume of the 
extract from normal felts. 
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n i t r i t e  r e d u c t a s e s  b y  t h e  h a e m  i n h i b i t o r s .  I t  is l i ke l y  t h a t  n i t r i t e  a n d  h y p o n i t r i t e  

r e d u c t a s e s  a r e  s e p a r a t e  e n z y m e s  because ,  t h e y  r e s p o n d  d i f f e r e n t l y  t o  a d e f i c i e n c y  o f  

Z n ,  o n l y  n i t r i t e  r e d u c t a s e  b e i n g  d e p r e s s e d .  T h e  r e d u c t i o n  p r o d u c t  o f  n i t r i t e  r e d u c t a s e ,  

w h i c h  i n h i b i t s  t h e  e n z y m e ,  is l i ke ly  to  be  h y p o n i t r i t e  b e c a u s e  t h e  l a t t e r  m a r k e d l y  

r e d u c e d  t h e  e n z y m e  a c t i v i t y  w h e r e a s  h y d r o x y l a m i n e  d i d  n o t .  H y d r o x y l a m i n e ,  w h i c h  

w a s  i d e n t i f i e d  as  t h e  p r o d u c t  o f  h y p o n i t r i t e  r e d u c t a s e ,  a c c u m u l a t e d  in e x t r a c t s  o f  

M n - d e f i c i e n t  fe l ts .  

T h e  r e s u l t s  in T a b l e  V s h o w  t h a t  t h e r e  is a d i a l y s a b l e  i n h i b i t o r  o f  n i t r i t e  r e d u c t a s e  

in Z n - d e f i c i e n t  fe l t s .  

T h e  a l i p h a t i c  r e d u c t i o n  s e q u e n c e  in Neurospora  m a y  n o w  be  s u m m a r i s e d  a s  

f o l l ow s  : 

T P N H  or I ) PNl t  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Flavin . . . . . . . . .  > 

Metal Mo Cu, I"e Cu, Fe Mn 
Oxidat ion 
s t a t e o f N  - - . 5  + 3 + 3 • t ~ -  i - -  i . . . . .  t " - 3  

Reduct ive  ni t ra te  ni tr i te  ni tr i te  hypo-  hypo- hydroxyl-  hydroxyl-  ammonia  
sequence ni tr i te  ni tr i te  amine amine 
t )hosphory - 
lation 1 ~ 1' - -- 

I n v e s t i g a t i o n s  o n  t h e  ro le  of  t h e  m e t a l s  in t h e s e  e n z y m e s  a r e  n o w  in p r o g r e s s .  

SI ;MMARY 

Nitri te,  hyponi t r i t e  and hydroxylamine  reductases  in Neurospo).a are shown to be metallo-flaw)- 
prote in  enzymes ;  the  first two require Fe and Cu and the  last one is Mn-dependent ,  based on metal  
deficiency and inhibitor  studies. Uncoupling reagents  depressed ni tr i te  and hyponi t r i t e  reductases  
bu t  were wi thout  eltect on the  hydroxylamine  reductase.  The aliphatic sequence for the reduct ion 
of n i t ra te  is probably  ni t ra te  --* nitr i te --+ hyponi t r i te  - -*  hydroxylamine  ---+ ammonia .  
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