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Summary 

Two fractions of  nitrate reductase inhibitor activities were found in extracts 
of  primary and regenerated roots  of  nitrate-grown rice seedlings. The inhibitor 
was proteinaceous in nature and specific to nitrate reductase. The main site of  
action of the inhibitor was the NADH:cy tochrome  c reductase componen t  of  
nitrate reductase. NADH was able to pro tec t  the NADH:nitrate  reductase 
against the inhibitor. 

Introduction 

The presence of  a nitrate reductase inactivating factor(s) has been repor ted 
in roots  of  corn seedlings [1--3],  roots  of  rice seedlings [4] and suspension 
cultures of  rice [5] and Paul's Scarlet Rose [6].  The inactivating factor  in corn 
roots was a protein with a molecular weight of  44 000 [2].  Kadam et al. [4] 
suggested that  in the rice plant the inactivating factor  might play an impor tant  
role in regulating nitrate assimilation in the plant. In this work the nitrate 
reductase inactivating enzyme in rice roots was isolated and its properties and 
mode of  action were studied. 

Materials and Methods 

Plant materials. Rice plants (Oryza sativa L. vat IR8) were grown in culture 
solution [7] in the greenhouse. Six days after  the start of  germination the 
primary roots  were harvested and the seedlings left  to grow in the same culture. 
After  another  six days the leaves and regenerated roots  were harvested. 

L e a f  and root  extracts.  Leaves and roots  were washed in cold distilled water 
and then macerated separately with chilled mor tar  and pestle in chilled grinding 
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media containing 0.1 M potassium phosphate (pH 7.5), 5 pM FAD and 1 mM 
cysteine hydrochloride. Each homogenate was filtered through 3 layers of 
cheese-cloth and centrifuged at 20 000 X g for 20 min. The 20 000 ×g  super- 
natant of the leaf extract was passed over a Sephadex G-25 column at 4 ° C. The 
eluate containing nitrate reductase activity was designated as fraction I. The 
nitrate reductase inhibiting enzyme of  roots was obtained in the 40--60% 
saturation ammonium sulphate fraction of the root extract and was used for 
inhibitor studies. 

Nitra te  reductase  and inhibi tor  assays. NADH:nitrate reductase and 
NADH:cytochrome c reductase activities were assayed by the methods of Wray 
and Filner [8]. Reduced benzyl viologen:nitrate reductase and FMNH2:nitrate 
reductase activities were assayed by the methods of Garrett and Nason [9] and 
Paneque [10], respectively. Intact tissue nitrate reductase was assayed by the 
method of  Jaworski [11]. 

Inhibitor activity was assayed by incubating a sample of  the fraction I 
(adjusted to contain 100 + 10 nmol NO~ produced/h per ml NADH:nitrate 
reductase activity) with the inhibitor preparation at 24°C for 10 min. The 
inhibitor samples were adjusted to contain nitrate reductase inhibitor causing 
0--80% inhibition of nitrate reductase in the linear reaction range. Inhibitor 
activity was measured by comparing nitrate reductase activity before and after 
10 min incubation and expressed as inhibitor units. One inhibitor unit is 
equivalent to 1% inhibition of nitrate reductase activity under the assay condi- 
tions. 

Protein  measuremen t .  Protein was measured by the method of Lowry et al. 
[121. 

Results and Discussion 

Cell-free nitrate reductase activity of  roots of rice seedlings was very low. 
After 12 h of induction cell-free NADH: nitrate reductase activity of secondary 
roots was 10 times lower than intact tissue root nitrate reductase activity 
(Fig. 1) and 40 times lower than cell-free nitrate reductase activity of leaves of  
the same rice seedlings. Fig. 1 also shows that  the induction of cell-free 
NADH:nitrate reductase activity of roots reached a plateau after 4 h. In the 
case of  aseptically cultured whole seedlings the induction curve of  
NADH:nitrate reductase was linear for about 18 h (Shen, T.-C., unpublished 
data). 

A nitrate reductase inhibitor was precipitated by (NH4)2SO4 fractionation of 
nitrate-grown rice root extract. The main fraction of nitrate reductase inhibitor 
activity precipitated at 40--60% (NH4)2SO4 saturation (Table I). Higher inhibi- 
tor activity was recorded in nitrate-grown regenerated roots (317 inhibitor 
units/mg protein) than in nitrate-grown primary roots (119 inhibitor units/mg 
protein). 

Sephadex G-200 chromatography of the 40--60% ammonium sulphate frac- 
tion of  the root extract indicated the presence of two inhibitors in the 
regenerated roots of nitrate-grown seedlings (Fig. 2). Primary and regenerated 
roots of minus-nitrate-grown seedlings and primary roots of nitrate-grown 
seedlings did not show the complete development of the second inhibitor. This 
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Fig. 1. T h e  i n d u c t i o n  o f  N A D H : ,  r e d u c e d  b e n z y l  v io logen:+ and  i n t a c t - t i s s u e : n i t r a t e  r e d u c t a s e  act iv i t ies  in  
r ice  roo t s .  Pr imary  rice r o o t s  o f  the  5 - d a y - o l d  seed l ings  g r o w n  in a m i n u s - n i t r a t e  cu l ture  m e d i u m  were  
u s e d  for  i n d u c t i o n .  A t  t i m e  zero  t h e y  w e r e  trans ferred  to  the  n i trate  cu l ture  m e d i u m  and  t h e  r o o t s  were  
aerated .  R o o t s  w e r e  h a r v e s t e d  at  var ious  t i m e s  for N A D H  ($) ,  r e d u c e d  b e n z y l  v i o l o g e n  (o ) ,  and  in tac t -  
t i ssue  (X) ni tra te  r e d u c t a s e  assays .  

main inhibitor activity appears to be nitrate induced. 
The inhibitor was completely destroyed after 5 min incubation at 100°C but 

could be stored at --5°C for 3 weeks with little loss of  activity. Fig. 3 shows 
that the inhibitor retained 50% of its original activity after 10 min incubation 
at 64°C. Addition of  bovineserum albumin did not protect NADH:nitrate 
reductase against the inhibitor. The inhibitor had no effect on the activities of  
a-amylase (rice grain) and lactate dehydrogenase (rabbit muscle). Wallace [3] 
demonstrated the degradation of  casein by the maize nitrate reductase 
inactivating enzyme and suggested that the inactivation of  nitrate reductase 
might be due to its proteolytic degradation. In the case of  rice roots, though 
the inhibitor does not seem to be a general proteolytic enzyme, the possibility 
cannot be ruled out that it may act as a proteinase on nitrate reductase 
specifically. 

It was found that the NADH:cytochrome c reductase and FMNH2:nitrate 

T A B L E  I 

A M M O N I U M  S U L P H A T E  F R A C T I O N A T I O N  O F  A N  E X T R A C T  OF N I T R A T E - G R O W N  R E G E N E R -  
A T E D  R O O T S  

T h e  c r u d e  r o o t  e x t r a c t  w a s  f r a c t i o n a t e d  b y  ( N H 4 ) 2 S O 4  P r e c i p i t a t i o n  at  var ious  p e r c e n t a g e s  o f  sa tura t ion .  
E a c h  f r a c t i o n  w a s  t h e n  a s s a y e d  for  n i t ra te  r e d u c t a s e  a n d  i n h i b i t o r  act iv i t ies .  

Sa tura t ion  (%) Ni trate  r e d u c t a s e  ac t iv i ty  I n h i b i t o r  ac t iv i ty  
( N H 4 ) 2 8 0 4  ( n m o l  N O~ p r o d u c e d / h )  (un i t s )  

0 - -  25  60  0 
2 5 - -  30  0 0 
3 0 - -  35  0 17 
3 5 - -  40  0 208  
40--- 60  0 911 
6 0 - -  70  0 333 
7 0 - -  80  0 50  
8 0 - - 1 0 0  0 0 
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Fig.  2. S e p h a d e x  G - 2 0 0  c h r o m a t o g r a p h y  o f  the  n i t r a t e  r e d u c t a s e  i n h i b i t o r  o f  r ice roo ts .  The  40---60% 

s a t u r a t i o n  (NH4)2SO 4 p r ec ip i t a t e s  o f  r o o t s  were  p roces sed  fo r  S e p h a d e x  G-200  c h r o m a t o g r a p h y .  (A)  
P r i m a r y  r o o t s  o f  m i n u s - n i t r a t e - g r o w n  seedl ings.  (B) P r i m a r y  r o o t s  o f  n i t r a t e - g r o w n  seedl ings.  (C) 

R e g e n e r a t e d  r o o t s  o f  m i n u s - n i t r a t e - g r o w n  seedl ings.  (D)  R e g e n e r a t e d  r o o t s  o f  n i t r a t e - g r o w n  seedl ings.  
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Fig. 3. E f f e c t  o f  t e m p e r a t u r e  on  n i t r a t e  r e d u c t a s e  i n h i b i t o r  ac t iv i ty .  (A)  The  i n h i b i t o r  was i n c u b a t e d  fo r  
10 m i n  a t  each  o f  the  va r ious  t e m p e r a t u r e s  b e f o r e  i ts  a c t i v i t y  was  d e t e r m i n e d .  (B) Change  in ac t iv i ty  o f  

. . . .  o 
the  i n h i b i t o r  m c u b a t e d  at  40  C. 
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reductase activities were inhibited to the same extent  as NADH:nitrate 
reductase by the inhibitor. However, reduced benzyl viologen:nitrate reductase 
activity was only very slightly affected. Wallace [13] reported that  the nitrate 
reductase inhibitor from maize root inactivated the NADH:cytochrome c 
reductase activity at a greater rate than the FADH2:nitrate reductase com- 
ponent.  However, the same inhibitor preparation inactivated only the NADH: 
cytochrome c reductase of Neurospora. The above evidences suggest that  the 
cytochrome c reductase component  of nitrate reductase is generally inactivated 
by the inhibitor. However, the actual effect of  the inhibitor on the FADH2, 
FMNH2 and reduced benzyl viologen:nitrate reductase activities may depend 
on the site of  action of these hydrogen donors on the molecule which could 
differ in nitrate reductase of  different origins. 

During the course of  our work we have found that  when NADH:nitrate 
reductase activity of crude root  extract was assayed under normal conditions 
there was a linear rate of  nitrate reduction in the first 20 min of  assay followed 
by a rapid inactivation of  the enzyme. When a mixture of  leaf NADH:nitrate 
reductase and the inhibitor was incubated with NADH and nitrate under the 
assay conditions, the same phenomenon was observed. Fig. 4B shows that  when 
the NADH:nitrate reductase of leaf extract was pretreated with the inhibitor 
the former was inactivated by a zero order reaction of  progressive increase in 
inhibition. NADH only partially protected the nitrate reductase from inactiva- 
tion. Fig. 4A further confirmed the previous observation that  during the first 20 
min of the assay period there were linear rates of  nitrate reduction followed by 
a rapid loss of  the nitrate reductase activity. It did not  show a progressive 
inhibition of the enzyme during assay. The kinetics of  these changes do not  
appear to suggest that  nitrate protected nitrate reductase during the assay 
period. However, an unknown mode of  action of  the inhibitor may be involved. 

The activity of  the maize root inhibitor was dependent on both the concen- 
tration of  the inhibitor and the amount  of  nitrate reductase [2,3]. Our results 
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Fig. 4. E f f e c t  o f  N A D H  o n  i n h i b i t o r  ac t iv i ty .  (A) Leaf  f rac t ion  I w a s  i n c u b a t e d  w i t h  r o o t  n i trate  
r e d u c t a s e  i n h i b i t o r  at  2 4 ° C  for  1 0  rain in  the  p r e s e n c e  ( × )  or  a b s e n c e  ( e )  o f  0.1 m M  N A D H .  A f t e r  t h a t  
t h e  N A D H : n i t r a t e  r e d u c t a s e  ac t iv i ty  in t h e  m i x t u r e s  was assayed  a t  30°C.  Ni t r i te  p r o d u c t i o n  dur ing  t h e  
30 rain o f  n i t ra te  r e d u c t a s e  assay  is s h o w n  in t h e  figure. (B) L e a f  f r a c t i o n  I was  i n c u b a t e d  w i t h  t h e  r o o t  
i n h i b i t o r  at 24°C in t h e  p r e s e n c e  ( × )  or  a b s e n c e  ( e )  o f  0 .1  rnM N A D H .  At  var ious  t i m e  in tervals ,  a l iquots  
w e r e  r e m o v e d  f r o m  t h e  m i x t u r e  for  N A D H : n i t r a t e  r e d u c t a s e  assay.  E n z y m e  assay w a s  for  15 rain.  In  b o t h  
(A)  a n d  (B) t h e  c o n c e n t r a t i o n s  o f  N A D H  in t h e  n i trate  r e d u c t a s e  assay m i x t u r e  w e r e  adjus ted  to  b e  equa l  
for  b o t h  -+NADH t r e a t m e n t s .  
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showed however that  the activity of rice root inhibitor was dependent on the 
concentration of the inhibitor but independent of the amount  of nitrate 
reductase (Fig. 5). It appears that  the mode of action of the rice inhibitor was 
such that  a fixed amount  or concentration of inhibitor brought about the same 
percentage of inactivation of nitrate reductase regardless of the activity of the 
latter. This suggested a competitive inhibition. However, it was found that  the 
inhibitor did not act by competing with nitrate reductase for NADH or nitrate 
(Fig. 6). 

Nitrate reductase of leaf fraction I precipitated mostly at 35--40% 
(NH4)2SO4 saturation (Table II). After mixing a sample of  leaf fraction I with a 
sample of root inhibitor preparation the total nitrate reductase activity from 
fraction I was reduced to 49% of the original activity in 10 min. When nitrate 
reductase in the mixture was precipitated with (NH4)2SO4 the enzyme appeared 
mostly in the 30--35% saturation fraction, probably due to the presence of 
inhibitor in the 35--60% saturation fractions (Table II). At this stage the total 
nitrate reductase activity recovered was only 16% of the original activity. This 
low percentage of  recovery could be due to the high activity of the inhibitor in 
its concentrated form after (NH4)2SO4 precipitation. Attempts to separate 
mixed leaf nitrate reductase and root inhibitor by Sephadex G-200 chromatog- 
raphy were unsuccessful. Nitrate reductase eluted at the same fraction as the 
first peak of inhibitor activity. This suggests that  the molecular weight of the 
inhibitor could be  much higher than the molecular weight of the nitrate 
reductase inactivating enzyme of  maize which was reported to be 44 000 [3]. 

Due to the lack of success in separating nitrate reductase from the inhibitor, 
it is difficult to evaluate the nitrate reductase activity in rice roots, or whether 
the inactivation of nitrate reductase by the inhibitor is a reversible process. 
Addition of ferricyanide to inhibitor-treated preparations of nitrate reductase 
did not reactivate the nitrate reductase. 
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Fig. 5. Inac t iva t ion  of  leaf  ni trate  r e d u c t a s e  by  r o o t  ex t r ac t .  (A)  T w o  levels of  leaf f rac t ion  I, 120 n m o l  
NO~ p r o d u e e d / h  pe r  ml  (×) ,  and  60 n m o l  NO~ p r o d u c e d / h  per  m l  (o)  w e r e  i n c u b a t e d  with  var ious  
a m o u n t s  o f  r o o t  i n h i b i t o r  e x t r a c t  at  24°C fo r  10 rain fo l lowed  b y  N A D H : n i t r a t e  r educ tase  assay. T h e  
original i n h i b i t o r  e x t r a c t  c o n t a i n e d  1.8 m g  p ro t e in /ml .  As c o n t r o l ,  f rac t ion  I w a s  pre trea ted  w i t h  p h o s -  
p h a t e  b u f f e r  alone.  (B) Var ious  nitrate  r e d u c t a s e  prepara t ions  ranging  in ac t iv i ty  f r o m  1200  n m o l  NO~ 
p r o d u c e d / h  per  ml  (0  t i m e s  d i lu t ion)  to  100 n m o l  NO~ p r o d u c e d / h  per  m l  (12  t imes  di lut ion)  w e r e  
i n cub a t ed  wi th  0.1 ml  (X) a nd  0 . 0 2 5  ml  (o) r o o t  inh ib i tor  p r epa ra t i on ,  fo l lowed  by  N A D H : n i t r a t e  
r educ tase  assay. As cont ro l ,  var ious  di lut ions o f  f rac t ion  I w e r e  p r e t r e a t e d  w i t h  p h o s p h a t e  b u f f e r  alone.  
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Fig. 6. Doub le  rec iproca l  p lo ts  of  n i t r a te  r educ t a se  ac t iv i ty  versus  N A D H  an d  KNO 3 concen t r a t i ons .  Lea f  
f r ac t ion  I was  assayed  for  N A D H : n i t r a t e  r educ t a se  wi th  va r ious  a m o u n t s  of  N A D H  (A) an d  K N O  3 (B), 
in the  p resence  (=) or  absence  (e)  of  inhib i tor .  In  each case n i t r a te  p r o d u c e d  was  d e t e r m i n e d  a f t e r  5 rain 
incuba t ion .  

As mentioned earlier reduced benzyl viologen:nitrate reductase activity was 
only inactivated by about 12% by the inhibitor. It appears that  the actual 
nitrate reductase activity in rice roots could be of the same order of magnitude 
as the reduced benzyl viologen:nitrate reductase activity shown in Fig. 1. The 
in vivo nitrate reductase activity (Fig. 1) would then be about 3 times higher 
than the estimated nitrate reductase activity of about 450 nmol NO~ produced/ 
h per g fresh wt. It was reported by Ferrari and Varner [14] that  with the addi- 
t ion of  alcohol the measured in vivo nitrate reductase activity was about 1.5 
times higher than the measured in vitro NADH:nitrate reductase activity of the 
tissue. However, this still shows that  the nitrate reductase activity of rice roots is 
very low. There is also no indication whether the low level of nitrate reductase 

T A B L E  II  

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

A p r e p a r a t i o n  of  leaf  f r ac t ion  I was  d iv ided  in to  two  por t ions .  One was  f r ac t i ona t ed  b y  ( N H 4 ) 2 S O  4 
p rec ip i t a t ion .  The  o t h e r  was  m i x e d  wi th  a S e p h a d e x  G-25 f rac t ion  con ta in ing  n i t r a te  r educ t a se  inh ib i to r  
f r o m  n i t r a t e -g row n  roo ts .  Af t e r  10 rain a t  24~C the  m i x t u r e  was  f r a c t i o n a t e d  b y  (NH 4)2 SO4 p rec ip i t a t i on  
and  the  N A D H : n i t r a t e  r e duc t a s e  a nd  inh ib i to r  act ivi t ies  in each f r ac t ion  were  d e t e r m i n e d .  

(NH4)2  S 0 4  
Sa tu ra t i on  
(%) 

Ni t ra te  r e duc t a s e  ac t iv i ty  
of u n t r e a t e d  f r ac t ion  I 
( n m o l  NO~ p r o d u c e d / h )  

Ni t ra te  r educ tase  an d  n i t r a te  r educ tase  i nh ib i to r  
act ivi t ies  f r o m  m i x t u r e  o f  f r ac t ion  I an d  roo t  ex t r ac t  

Ni t ra te  r educ tase  ac t iv i ty  
( nmo l  N O 2  p r o d u c e d / h )  

Inh ib i to r  ac t iv i ty  
(uni t s )  

O-- 25 133 33 0 

25-- 30 120 47 198 

30-- 35 600 150 230 

35--40 4200 80 390 

40-- 60 1520 0 1200 

60-- 70 18 0 370 

70-- 80 0 0 66 
80--100 0 0 0 



252 

was  due to  a l o w  rate o f  synthes i s  or to  irreversible inact ivat ion  o f  the  e n z y m e  
by  the  inhibitor .  
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