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1,2. X. SUI~I{ : \M:XNIAN AND (~. j. S ( ) N G E R  
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SUMMARY 

The enzyme complex exhibiting NADPH-nitrate  reductase activity in Ncuro- 
spora crassa has associated with it nitrate-inducible NADPH-cytochrome c reductase 
activity and reduced benzyl viologen nitrate reductase activity. Induction of Neuro- 
spora m3'cdia by nitrate under molvbdenum-deficient or tungstate-toxic conditions 
results in low NADPH-nitrate reductase and reduced benzyl viologen-nitrate 
reductase activities, but the level of NADPH cytochrome c reductase activity is the 
same as under normal conditions. By means of sucrose density gradient centrifugation, 
it is shown that the NADPH-cvtochrome c reduetase induced under molybdenum 
deficiency or tungstate toxicity has the same s20,,~, value as the nitrate reduetase 
complex induced under normal conditions, but has some other properties that are 
different. It is proposed that during molybdenum deficiency or tungstate toxicity, 
the component proteins of the nitrate reductase complex are all synthesized, but 
owing to the non-availability of molybdenum, the molybdenum-binding site on the 
enzyme is folded in vivo in such a way that it can no longer bind this metal in vitro. 
The enzyme consequently has no nitrate reductase activity, but retains its cytochrome 
c reductase activity which does not require moh, hdenum. 

INTROI)UCTION 

The enzyme NADPH-nitrate  reductase (NADPH-nitrate oxidoreductase, 
EC ~.0.6.3) in ~Veuro@ora crassa is a nitrate-inducible molybdoflavoprotein which is 
also known to catalyze the following partial reactions involved in nitrate reduction: 
the reduction of cytochrome c bv NADPH and the reduction of nitrate by reduced 
benzvt (or methyl) viologen *-4. Strong genetic and biochemical evidence has 
accunmlated to show that Neurospora nitrate reductase is an aggregate of more than 
one protein, each protein component catalyzing a part of the reaction catalyzed by 
the whole complex. Several nitrate-nonutilizing mutants of Neurospora have been 
isolated. All these mutants lack NADPH nitrate reductase activity. However, 
SOR( ;ER '3 a n d  SOROER AND GILES 5 have found that the mutant nit-r  possesses nitrate- 
inducible NADPH-cytochrome c reductase activity and that the mutant nit- 3 has 
reduced benzylviologon-nitrate reductase activity. The NADPH-cytoehrome c 
reductase of ~til-r (ref. 3) and the reduced benzyl viologen-nitrate reductase of nit- 3 
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(ref. 6) have a lower s20, w value than the nitrate reductase complex of wild type 
mycelia. The presence of cytochrome b~57 in the nitrate reductase complex has been 
demonstrated recently and the following scheme drawn by GARRET AID XASOX ~ 
shows the components of this complex and the reactions catalyzed bv them. 

NADPH-ni t ra te reductase 

N AD P H ~ F A D - ~ - c y t o c h r o r n e  b557-~---Mo ~ ni t r a t e  

/ 
cytochrome c reduced benzyl 

viologen 

NADPH-cytochrome c reductase Reduced benzyl viologen- 
n i t r a t e  reductase 

Molybdenum is believed to be an electron carrier in tile electron-transport 
sequence of nitrate reduction and is essential for NADPH-  and reduced benzyl 
viologen-nitrate reductase activities, but not for NADPH cytochrome c reductase 
activityl,L NICHOLAS AND NASON 7 found that extracts of mycelia grown under 
molybdenum-deficient conditions have low NADPH nitrate reductase activity 
which is not restored to normal levels by the addition of molybdate in vitro. This 
observation was interpreted to indicate that the nitrate reductase apoprotein is 
absent from extracts of molybdate-deficient mycelia and that consequently molyb- 
denum is necessary for the synthesis of the nitrate reductase apoprotein. However, it 
was demonstrated by SUBRAMANIAN AND SARMA 8 that the nitrate-inducible NADPH-  
cytochrome c reductase activity is still induced by nitrate under molybdenum-defi- 
cient conditions. This observation 8 contradicts the proposaF that molybdenum is 
necessary for the synthesis of the nitrate reductase apoproteins. 

In this study two possible explanations of the effect of molybdenum deficiency 
are examined by making use of the sucrose density gradient centrifugation technique : 
(i) only that part of the nitrate reductase complex displaying cytochrome c reductase 
activity is induced; or (ii) the whole nitrate reductase complex is induced but onh  the 
component having cytochrome c reductase activity is functional. 

M A T E R I A L S  AND M E T H O D S  

N. crassa strains 74A (wild type) and nit-z 6a (nitrate-nonutilizing mutant) 
were used in this study. The media used, growth conditions, enzyme induction and 
extraction prodecure were the same as described earlier 9. N. crassa was grown in 
ammonium medium in 25o ml. Erlenmeyer flasks in stationary cultures at 27" for 
4o h. The mycelia were washed with water, transferred to nitrate medium and shaken 
in a rotary shaker at 27 ° for 2.5 h. They were then harvested, extracted with cold 
o.I M potassium phosphate buffer (pH 7.o) and centrifuged in the cold at 5ooo ~ 
for io rain. The supernatant was used as the enzyme preparation. 

Production of molybdenum deficiency and tungstate toxicity 
Media were made molybdate-deficient by means of the CuS co-precipitation 

method 1°. Tungstate toxicity was produced by including sodium tungstate in the 
medium at a final concentration of 6 raM. 
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Enz~,me assays 
N A D P H - n i t r a t e  reductase and N A D P H  eytoehrome c reduetase activities 

were assayed as described earlier 9. 
Reduced benzyl viologen nitrate reductase activi ty was assayed as follows: 

the reaction mixture consisted of 0.25 ml of o.I M potassium phosphate buffer (pH 7.0) ; 
O.lO ml of I mM benzyl viologen; o.Io ml of o.I M NaNO~; 0.05 ml of a freshly 
prepared solution of Na2S204 (8 mg/ml of 0.8 % NaHCOs), and enzyme. The 
reaction was s tar ted by  the addition of dithionite and after IO rain it was s topped by 
agitat ing the tubes vigorously in a Vortex mixer until the violet colour of the dye 
had completely, disappeared. Then 3 ml of water, 0. 5 ml of I o/..o sulphanilamide in I M 
HC1 and 0. 5 ml of aqueous 0.02 % ~-(N-i)-naphthyl  ethylenediamine dihydrochloride 
were added, and after 5 rain, the colour of the azo dye produced was measured at 
54 ° n m  in a Beckman DB speetrophotometer.  Protein was est imated by the biuret 
method n. 

Units of enzyme activity 
I unit  of N A D P H  nitrate reductase and reduced benzyl viologen-nitrate 

reductase is defined as the amount  of enzyme tha t  catalyzes the formation of I nmole 
of nitrite per min. 

I unit of N A D P H - c y t o c h r o m e  c reductase is defined as the amount  of enzyme 
tha t  catalyzes the formation of I nmole of reduced cytochrome c per rain. 

Specific act ivi ty is expressed as units /mg protein. 

Sucrose density gradient centrifugation 
The procedure was essentially the same as tha t  described by MARTIN AND 

AMES 12. Samples of 0.2 ml of the extracts  to be examined were layered on top of 
linear, precooled 5-20 % sucrose density gradients in o.I M phosphate buffer (pH 7.0). 
The tubes were centrifuged at 117000 × g for 14 h at 5 ° in a swinging bucket  rotor 
(Spinco SW 5oL) in a refrigerated Spinco Model L centrifuge. Fractions of 7 drops each 
were collected by downward gravi ty  flow through a hypodermic needle. Commercially 
prepared catalase was used as tile marker  to determine the s20, w values of N A D P H -  
nitrate reductase and N A D P H  cytochrome c reductase in the gradients. 

RESULTS 

The results presented in Table I show the levels of N A D P H - n i t r a t e  reductase, 
N A D P H  cytochrome c reductase and reduced benzyl viologen-nitrate reduetase 
activities under various conditions. The N A D P H  cytochrome c reductase activi ty 
present in uninduced myeelia is due to a constitutive enzyme which is present under 
all conditions of growth and is unrelated to N A D P H - n i t r a t e  reductasea, la. Induct ion 
by nitrate under normal (molybdenum-sufficient) conditions results in high levels 
of N A D P H - n i t r a t e  reductase, N A D P H - c y t o c h r o m e  c reductase and reduced benzyl 
viologen-nitrate reductase activities. Induct ion under molybdenum deficient or 
tungstate-toxic conditions results in much lowered levels of N A D P H - n i t r a t e  reductase 
and reduced benzyl viologen-nitrate reductase activities, while the N A D P H -  
cytochrome c reductase activi ty is induced to the same extent as under normal con- 
ditions. Tungstate  is known to be an antagonist  of molybdate  and produces conditions 
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T A B L E  I 

E N Z Y M E  A C T I V I T I E S  L : N D E R  V A R I O U S  C O N D I T I O N S  O F  I N I ) U C T I O N  

\Vih l - type  or ~dt-z Ncurospora  myce l ia  were grown in a m m o n i m n  m e d i u m  a t  27" for 2 days.  
The myce l ia  were washed and t ransfer red  to n i t r a t e  media  which were normal ,  mo lybdenmn-  
deficient or t ungs ta t e - tox ic .  After 2.5 h of induc t ion  w i t h  shaking ,  the  myce l i a  were washed  and 
e x t r a c t e d  wi th  o.z M phospha te  buffer (pH 7.0) using the  same vo lume  of ex t r ac t i on  buffer in 
each case. ] 'he  enzymes  were assayed as descr ibed in MATERIALS AND METHODS. 

State of inductio~z 

Uninduced  
h lduced ,  normal  
h iduced ,  mo lybdenum-  

deficient 
h iduced ,  t u n g s t a t e  toxic  

Enzyme specific activity (units.ling protein) 

I I  "ild type 

A L qDP H N d D P H -  I@duced 
nitrate cytochrome benzyl 
red~tctase c redmtase viologei1 

IHlrah 
reduclase 

Total yield of 
protein (rag) 

. i t - z  
Wild ~it-r  

NA  D P H -  tvD c 
cvtochyo~lH' 
c reductase 

O 2 ~ . O  O 2 2 . 0  1 0 . 0  I 3 . O  

I 3 . 2 0  1 1 0 . S  0 . 2 3  ,S I .O  20.2 t 4 . 0  

4.23 1o6.o 1.25 $4.5 t0.o 14.2 
i.S6 toS. 5 o.83 92. 3 iS. 4 ~5.o 

similar to molybdenum deficiency in N. crassa ~4 and barley t~. The ni t -z  mutant 
possesses nitrate-inducible NADPH cytochrome c reductase activity but lacks 
NADPH nitrate reductase and reduced benzyl viologen-nitrate reductase activities 3. 
The induction of NADPH--cytochrome c reductase activity in ni t - f  is found to be 
unaffected bv molybdenum deficiency or tungstate toxicity (Table I). 

Since NADPH-cytochrome c reductase activity was induced by nitrate in 
wild-type mycelia under molybdate-deficient or tungstate-toxic conditions, the 
question arose whether this cytochrome c reductase represents only one component 
of the nitrate reductase complex in wlfich case it should have the same size as the 
cytochrome c reductase induced by nitrate in ni t - z  (refs. 3 and 6); or whether it 
represents the entire protein complex of nitrate reductase in which case it should 
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l:ig. I. N A D P H - c y t o c h r o m e  c reduc tase  a c t i v i t y  profiles of 5 - 2 o ~  sucrose dens i ty  g rad ien t s  
t h rough  which e x t r a c t s  of un induced  wi ld - type  myce l i a  grown under  normal  ( 0 - - 0 )  and 
molybdenum-def i c i en t  ( O O ) condi t ions  have  been centr i fuged.  A to t a l  of 31 fract ions of 7 drops 
each were col lected from the  gradients .  Uni t s  of a c t i v i t y  layered on the  g rad ien t s :  cy tochrome  c 
reduc tase ;  nornlal ,  - -54 ;  mo lybdenum deficient,  51. Recover ies  of a c t i v i t y  are 35.2 and 33.9O.o, 
respect ively.  
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have the same size as the NADPH-cytochrome c reductase or NADPH-ni t ra te  
reductase induced in wild-type mycelia under normal conditions. To differentiate 
between these two possibilities, the extracts of mycelia induced under various 

Induced (normol) 

7" S 

O u ¢o O 

O 2  

0, bO 
2 7 12 17 22 27 

F'r'o.ction NO. Tq ~p 

Fig. 2. N A D P F I - c y t o c h r o m e  c r educ tase  ( O - - Q )  and N A D P H - n i t r a t e  reduc tase  (~k--~k) 
a c t i v i t y  profiles of 5 - 2 o %  sucrose dens i t  g rad ien t s  t h r o u g h  which  fresh e x t r a c t s  of w i ld - type  
myce l i a  induced  by  n i t r a t e  under  no rma l  condi t ions  have  been centr i fuged.  0.2 ml  of the  e x t r a c t  
con ta in ing  23o un i t s  of cy tochrome  c r educ tase  a c t i v i t y  and  26. 5 un i t s  of n i t r a t e  reduc tase  a c t i v i t y  
was  layered  on the  gradients .  A t o t a l  of 32 f rac t ions  of 7 drops each were col lected from t he  
gradients .  Recover ies  of a c t i v i t y  are 32.5 and 2 2 %  for ey tochrome  c reduc tase  and n i t r a t e  
reductase ,  r espec t ive ly .  
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Fig. 3. N A D P H - c y t o c h r o m e  c reductase  (O O) and N A D P H - n i t r a t e  reduc tase  (L~- -A)  
a c t i v i t y  profiles of - 2o °/ . ~ -  /o sucrose dens i ty  g rad ien t s  t h rough  which fresh ex t r ac t s  of w i ld - type  
nlycel ia  induced by  n i t r a t e  under  molybdenum-def i c i en t  condi t ions  have  been cent r i fuged.  
o.2 ml of the  e x t r a c t  con ta in ing  21o un i t s  of cy toch rome  c reductase  a c t i v i t y  and  8. 5 un i t s  of 
n i t r a t e  r edue tase  a c t i v i t y  was layered on the  gradients .  A to ta l  of 32 f ract ions  of 7 drops each were 
collected from the  gradien ts .  Recover ies  of a c t i v i t y  are 2q.7 and 26.7% for cy tochrome  c r educ tase  
and n i t r a t e  reductase ,  respect ively .  
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condit ions were subjec ted  to sucrose dens i ty  gradient  centr i fugat ion (Figs. 1-5). 
The peak  of N A D P H - c y t o c h r o m e  c reductase  acr iv i ty  with an s20, w value of I2.O seen 
in all these  figures is the  ubiqui tous  const i tu t ive  cvtochrome c reductase  which is 
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Fig. 4. N A D P H  cytochronle c reductase ( I t - - I t )  and N A D P H - n i t r a t e  reductase (F J - - r  q) 
act ivi ty profiles of 5-2o°,~ sucrose density gradients thr6ugh which fresh ektLr&cfg--oi~ W, ilct~f~p~ 
mycelia induced under tungsta te- toxic  conditions have been centrifuged, o.2 ml of the extract  
containing 2I 7 uni ts  of cytochrome c reductase activity and 3.9 units  of ni t rate  reductase activity 
was layered on the gradients. Recoveries of act ivi ty are 25.8 and 22.6% for cytochrome c rednctase 
and ni trate  reductase, respectively. 
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Fig. 5. N A D P H - c y t o c h r o m e  c reductase profiles of 5 -20% sucrose densi ty gradients through 
which fresh extracts  of nit-z mycelia induced by ni t ra te  under normal ( O - - O ) ,  molybdenum- 
deficient ( © - - © ) ,  and tungsta te- toxic  ( H I -  Ill) conditions, have been centrifuged. A total  of 32 
fractions of 7 drops each were collected from the gradients. Units of act ivi ty layered on the 
gradients:  normal,  i2 i ;  molybdenum-deficient,  126; tungstate- toxic,  I38. Recoveries of activity 
are 23.9, 20.6 and 21.o°,/o, respectively. 
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unrelated to tile nitrate reductase complex 3. As expected, this consti tutive cytochrome 
c reductase activi ty is unaffected by molybdenum deficiency (Fig. i). 

The nitrate reductase complex from wild-type mycelia induced uuder normal 
conditions, which exhibits both N A D P H - n i t r a t e  reductase and N A D P H - c y t o c h r o m e  
c reductase activities, has an s2o,w value of 7.8 (Fig. 2). The N A D P H  cytochrome c 
reductase induced in wild-type mycelia under  molybdenum deficiency (Fig. 3) or 
tungsta te  toxicity (Fig. 4) also has an s2o, **, value of 7.8. Thus it can be seen that  the 
N A D P H - c y t o c h r o m e  c reductase induced in wild-type mycelia under nmlvbdenum 
deficiency or tungsta te  toxicity is of the same size as the nitrate reductase complex 
induced under normal conditions, and is larger than the N A D P H - c y t o c h r o m e  c 
reductase induced by nitrate in ~i t -z  which has an s20,~, value of 4.o (Fig. 5). The 
extent  of formation of both the constitutive (s20, w = 12) and the induced (s20, w -= 7.8) 
N A D P H - c y t o c h r o m e  c reductases is unaffected by molybdenum deficiency or tung- 
state toxicity (Figs. 2 4)- On the other band, the nitrate reductase activi ty induced 
in wild-type mycelia under  molybdenum deficiency (Fig. 3) or tungsta te  toxicity 
(Fig. 4) is much lower than tha t  induced under  normal conditions (Fig. 2). The 
N A D P H - c y t o c h r o m e  c reductase induced in ni t - z  is unaffected by molybdenum 
deficiency or tungsta te  toxici ty (Fig. 5 and Table I). 

The above results show tha t  the N A D P H - c y t o c h r o m e  c reductase induced 
by nitrate in wild-type mycelia under molybdenum deficiency or tungstate  toxicity 
has the following characteristics: (i) greatly reduced N A D P H - n i t r a t e  reductase 
activity, (ii) the same s20, w value as tha t  of the nitrate reductase complex induced 
under normal conditions, and (iii) a higher s20,w value than that  of the N A D P H -  
cytochrome c reductase induced by  nitrate in uil-x. 

The heat inactivation kinetics of N A D P H - c y t o c h r o m e  c reductase activi ty 
in crude extracts  of nitrate-induced N .  crassa mycelia is known to give rise to a 
biphasic curve, due to the presence of two species of cytochrome c reductases, one 
being consti tutive and the other inducible. The constitutive cytochronle c reductase 
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Fig. 6. Effect of exposure to 42 :[_ i ~ on NADPH-cytochronle c reductase activity present in 
extracts of wild-type mycelia induced by nitrate under normal (Q--O),  molybdenum-deficient 
( ,i~ -- ,~: ), and tungstate toxic ( • - -  • ) conditions. 
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T A B L E  I I  

E F F E C T  O F  O V E R N I G H T  S T O R A G E  I N  T H E  C O L D  O N  ~ ' A D P I - I - - c Y T O C H R O M E  d R E D U C T A S E  A C T I V I T Y  

E n z y m e  e x t r a c t s  w e r e  p r e p a r e d  as  d e s c r i b e d  in  T a b l e  I. E n z y m e  a s s a y s  w e r e  m a d e  w i t h  f r e sh  
e x t r a c t s  a s  wel l  as  w i t h  e x t r a c t s  k e p t  a t  5 ° o v e r n i g h t .  

Extracts Specifi~ activity of N3  D P H -  Specific activity ofNA D P H -  Totalyield 
cytochrome c reductase uitrate reductase of protein 
(units/rag protein) (units/rag protein) (rag) 

Fresh Extract subjected Fresh Extract subjected 
extract to overnight cold extract to overnight cold 

storage storage 

U n i n d u c e d  3o .3  28 .0  o o iS .  4 
I n d u c e d ,  n o r m a l  I 2 o . o  ~ I4 .5  ~3.6 12 . i  23 .o  
I n d u c e d ,  m o l y b d e n u m -  

d e f i c i e n t  ~o4.3 t - ,0.7 4. i 3.5 22.2  
I n d u c e d ,  t u n g s t a t e - t o x i c  io6.,~ ] 35.3  ~.S r. 5 ~LO 

is known to be much less heat-sensitive than the inducible one I6. In the present study, 
it is found that the NADPH-cytochrome c reductases induced in wild-type mycelia 
under normal, molybdate-deficient or tungstate-toxic conditions all follow the same 
heat inactivation kinetics at 42 _~ I ° (Fig. 6). Each curve is biphasic showing the 
presence of two species of cytochronle c reductase in each extract. 

Extracts of wild-type mycelia induced under molybdenum-deficient or tungstate- 
toxic conditions, but not of those induced under normal conditions, show an increase 
in cytoehrome c reductase activity after being kept at 5°C overnight (Table II). 
The NADPH-nitrate  reductase activity of these extracts decreases slightly as a result 
of this treatment. The cytoehrome c reductase induced in tungstate-toxic conditions 
is found to have a slightly higher pH optimunl than that induced under normal 
conditions in wild-type mycelia (Fig. 7). These observations suggest that there are 
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Fig .  7. E f f e c t  of  p H  oi1 N A D P H - c y t o c h r o m e  c r e d u c t a s e  a c t i v i t y  of  f r e s h  c x t r a c t s  of w i l d - t y p e  
m y c e l i a  i n d u c e d  b y  n i t r a t e  u n d e r  n o r m a l  ( 0 - - 0 )  o r  t u n g s t a t e - t o x i c  ( m - - m )  c o n d i t i o n s ,  o . I  M 
c i t r a t e - p h o s p h a t e  b u f f e r  a n d  o . i  M T r i s - H C 1  b u f f e r  w e r e  u s e d  f o r  t h e  p H  r a n g e s  4 - 7  a n d  8 - 9 ,  
r e s p e c t i v e l y .  
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differences be tween  the  cy tochrome c reductase  induced under  normal  condit ions on 
the one hand  and the  cytochrome c reductase  induced under  mo lybde num deficiency 
or t ungs t a t e  tox ic i ty  on the  o ther  hand.  

The N A D P H - c y t o c h r o m e  c reduetases  in ex t rac t s  of wi ld- type  mycel ia  induced 
under  normal,  molybdenum-def ic ien t  or tungs ta te - tox ic  condit ions have the same 
Krn values  for cy tochrome c and N A D P H .  These  are 35 #M and  15 #M for cy tochrome 
c and  N A D P H ,  respect ively .  

The reduct ion of cy tochrome c by  Neurospora  N A D P H - n i t r a t e  reductase  
is known to be inh ib i ted  by  n i t ra te ,  the  other  subs t ra te  of this  enzyme. This is most  
p robab ly  due to a compet i t ion  for reducing equiva lents  be tween n i t ra te  and  cyto-  
chrome c. The N A D P H - c y t o c h r o m e  c reductase  ac t iv i ty  induced under  mo lybdenum-  
deficient or tungs ta te - tox ie  condit ions is found to be much less sensi t ive to inhibi t ion  
b y  n i t ra te  than  tha t  induced under  normal  condit ions (Table I I I ) .  

TABLE l I I  

INHIBITION OF N A D P H - c Y T O C H R O M E  e REDUCTASE ACTIVITY BY NITRATE iH vitFo 

Nitrate was added at a final concentration of 5 mM to the reaction mixture for the assay of 
cytochrome c reductase activity. 

l'2~zyme extracts N A D P H  cytochrome c reductase 
(units~rag protein) 

No nitrate 5 m1]~I nitrate 

Induced, normal I~O 65 
Induced, molybdate-deficient IO2 90 
Induced, tungstate-toxic lO 5 IOO 

DISCUSSION 

The n i t ra te - induced  N A D P H - c y t o c h r o m e  c reductase  of the  Neurospora  
m u t a n t  nit-x  is known to band  in sucrose dens i ty  gradients  with an ss0, w value  much 
lower than  t ha t  of the  n i t ra te  redue tase  complex of wi ld- type  and equal  to t ha t  of 
the  component  of wi ld - type  n i t ra te  reductase  complex d isp lay ing  cytochrome c 
reduetase  ac t iv i ty  which is ob ta ined  by  s teaps in  t r ea tmen t  of this  complex 3. The 
resul ts  from dens i ty  gradient  centr i fugat ion exper iments  in the  present  s tudy  show 
tha t  the  N A D P H - c y t o c h r o m e  c reductase  induced by  n i t ra te  in wi ld - type  mycel ia  
under  molybdenum-def ic ien t  or tungs ta te - tox ic  condit ions possesses only one of the  
ca ta ly t i c  ac t iv i t ies  (viz. the  cy tochrome c reduetase  act ivi ty)  of the  n i t ra te  reduc tase  
complex  induced under  normal  conditions,  but  has the  same size as the  whole n i t ra te  
reduc tase  complex and is larger than  the N A D P H - c y t o c h r o m e  c reductase  induced by  
n i t ra te  in the  m u t a n t  nit-r .  Tile s imples t  in t e rp re ta t ion  of these results  is t ha t  molyb-  
d e n u m  is not  necessary  for the  synthes is  of the  pro te in  components  of n i t r a te  reduc tase  
and tha t  under  molybdenum-def ic ien t  or tungs ta te - tox ic  condit ions the  whole n i t ra te  
reductase  aggregate  is synthesized,  with the  component  exhib i t ing  cytochrome c 
reductase  ac t iv i ty  being enzymat ica l ly  act ive and the  other  component(s)  being 
enzymat i ca l ly  inact ive.  

Biochim. Biophys. Acta, 256 (I97 z) 533-,543 
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gRAY AND FILNER 15 de tec ted  three  peaks  of N A D H - c y t o c h r o m e  c reductase  
ac t iv i ty  in ex t rac ts  of n i t ra te - induced  ba r ley  shoots by  sucrose dens i ty  grad ien t  
centr i fugat ion analysis.  One of these, sediment ing  near  the  b o t t o m  of the  gradients  
was due to a const i tu t ive  NADH-cy toch rome  c reductase  and is equiva lent  to the 
I2-S N A D P H - c y t o c h r o m e  c reductase  of Neurospora  (Figs. I -5) .  The o ther  two, 
having  s~o, u, values of 8.0 and 3.7 were ni t ra te- inducible .  The N A D H - c y t o c h r o m e  c 
reductase  having an s2o, w value of 8.0 had  associated N A D H - n i t r a t e  reductase  
ac t iv i ty  and is equivalent  to  the  n i t ra te  reductase  complex of Neurospora.  The cyto-  
chrome c reductase  ac t iv i ty  having an S2o, u, value of 3.7 has no obvious equivalent  
in our system.  Tungs ta te  tox ic i ty  caused a marked  lowering of n i t ra te  reductase  
ac t iv i ty  bu t  gave rise to a super- induct ion of cytochrome c reductase  act iv i t ies  
sediment ing with  s20, w values of 8.0 and 3.7. However ,  the  exact  mechanism by  which 
tungs ta t e  exer ts  its toxic effects on n i t ra te  reductase  are not  known. I t  could act  
by, (a) get t ing incorpora ted  into n i t ra te  reductase  in place of m o l y b d e n u m  and making  
t i le enzyme inact ive ;  (b) blocking the up take  of m o l y b d e n u m  by tile mycel ia ;  or (c) 
inhibi t ing  the incorpora t ion  of m o l y b d e n u m  into n i t ra te  reductase,  t he reby  creat ing 
a condi t ion of m o l y b d e n u m  deficiency. Therefore we chose to inves t iga te  the  role of 
mo lybdenum in ti le synthes i s  of Neurospora  n i t ra te  reductase  d i rec t ly  by  observing 
ti le effect of mo lybdenum d e f i c i e n c y - b y  the removal  of the  meta l  from the cul ture 
m e d i u m - - o n  ti le size and some other  proper t ies  of n i t ra te  reductase.  

I t  is known tha t  the  addi t ion  of mo lybda t e  in  vitro to ex t rac ts  of wi ld - type  
mycel ia  induced by  n i t ra te  under  molybdenum-def ic ien t  condit ions does not  resul t  
in the  res tora t ion  of n i t ra te  reductase  ac t iv i ty  v. This can be expla ined by' proposing 
tha t  when n i t ra te  reductase  is synthes ized  under  molybdate-def ic ien t  or tungs ta te -  
toxic conditions,  the  enzwne folds in such a way tha t  it  can no longer b ind  molyb-  
d e n u m  when exposed  to this  metal .  Such an a l tered enzvme would p robab ly  lack 
n i t ra te  i educ tase  ac t iv i ty  but  would re ta in  i ts cytochronle  c reductase  act ivi ty ,  as 
the  l a t t e r  ac t iv i ty  does not require  molybdenum.  

The other  findings made  in this  s t u d y  are:  (a) the N A D P H - c y t o c h r o m e  c 
reductase  ac t iv i ty  of ex t rac ts  of wild t ype  mvcel ia  induced under  molybdenum-  
deficient or tungs ta te - tox ie  condit ions,  but  not  of those induced  under  normal  
condit ions,  increases after  overnight  exposure  to cold; (b) the  cytoehrome c reductase  
ac t iv i ty  induced under  molybdenum-def ic ien t  or tungs ta te - tox ic  condit ions is 
much less sensi t ive to inhibi t ion by  n i t ra te  in vitro t han  tha t  induced  under  normal  
condit ions;  and  (c) the  cy tochrome c reductase  ac t iv i ty  induced under  t ungs t a t e -  
toxic condit ions has a higher p H  op t imum than  tha t  induced under  normal  condit ions.  
The observat ions  suggest  possible s t ruc tura l  differences between tile n i t ra te  reduc tase  
complex induced under  normal  condit ions and ti le cy tochrome c reductase  induced 
under  molybdate-def ic ient  or tungs ta te - tox ic  condit ions in wi ld- type  mvcelia.  
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