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SUMMARY 

A particulate nitrate reductase has been prepared from actively denitrifying 
cells of Pseudomonas denitrificans. The enzyme system which utilizes formate as an 
electron donor and contains flavin, sulphydryl groups and a metallic component(s) 
reduces NO 3- stoichiometrically to NO2-. Actively growing cells and resting cell sus- 
pensions reduced NO 2- mainly to N2, but small amounts of NO and N20 were also 
produced. CIO 3- and BrO 8- which were competitive inhibitors of NO 3- reduction 
also served as electron acceptors for formate dehydrogenase. 

The particulate nitrate reductase which was associated with the respiratory 
chain was solubilized by deoxycholate treatment and purified about 6o-fold. The 
purified enzyme which has a cytochrome b-type absorption spectrum utilized reduced 
dyes such as benzylviologen as an electron donor, but was no longer active with the 
natural donors, formate and NADH. Horse heart cytochrome c reduced with as- 
corbate-tetramethylphenylenediamine did not serve as an electron donor. Metal 
chelating agents, especially those that bind molybdenum (dithiol and KCNS), and 
the sulfhydryl groups reagent p-chloromercuribenzoate were highly inhibitory. 

INTRODUCTION 

The reduction of NOs- to NO 2- by bacteria can occur as the first step in one 
of two processes, NO3- assimilation or NO 3- respiration (dissimilation). The former 
involves the reduction of NO~- to NH 3 which is incorporated into cellular materials, 
while in the latter case NO3-, which acts as a terminal electron acceptor in place 
of 03, is reduced to N 2 or oxides of nitrogen 1. 

The dissimilatory nitrate reductase in Pseudomonas aeruginosa has been shown 
to require iron in the form of cytochrome c, flavin, and molybdenum for activity. 
NADH was effective as the hydrogen donor s. 

In Escherichia coli formate or NADH can be utilized as an electron donor and 
cytochrome b 1 has been shown to be a hydrogen carrier 3. 

COLE AND WIMPENNY 4' have established that in E. coli (K12) formate is produced 

Abbreviations: HQNO, 2-n-heptyl-4-hydroxyquinoline-N-oxide; PCMB, p-chloromercuri- 
benzoate. 
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from pyruvate  in cells grown anaerobically with NOn- thus establishing a physiological 
role for formate as a hydrogen donor. 

HACKENTHAL AND ARBABZADEH 5 studied nitrate reductase systems from 
P. aeruginosa and Bacillus cereus. C103-, CIO4- and BrO3- were all competitive in- 
hibitors of NO z- reduction and were found to be reduced by nitrate reductase. 

In this paper a dissimilatory, particulate nitrate reductase from P. denitriflcans 
is described which utilizes formate and is competitively inhibited by C1Oa- and BrO3-. 
The NO 3- reducing system appears to be similar to that  in E. coll. 

MATERIALS AND METHODS 

P. denitrificans (A.T.C.C. 13867) was grown, harvested and cell extracts pre- 
pared as described previously 6. 

Assay of nitrate reductase 
(I) Nitrate reductase activity was assayed anaerobically by following the ap- 

pearance of NO2- in the following reaction mixture: I / ,mo le  sodium formate or 
NADH, 0.5/~mole KNO 3, an appropriate amount of cell-free extract, and o.I M 
phosphate buffer (pH 6.5) to a final volume of i ml. The reaction was started by 
tipping the cell-free extract into the rest of the reaction mixture from the side arm 
of a Thunberg tube after rigorously evacuating the contents and equilibrating at  30 ° 
for 5 min. The reaction was stopped by exposing the tubes to air and precipitating 
protein with o.i ml I M zinc acetate and 1. 9 ml redistilled 95 % (v/v) ethanol. NO~- 
was determined in portions of the supernatant solution left after centrifuging at 
30o0 × g for 5 min by the sulfanilamide and N-(I-naphthyl)ethylenediamine dihydro- 
chloride reaction described previously ~. 

(2) For the manometric assay of formate-ni t rate  reductase, the reaction was 
followed in Warburg manometer  vessels with the following reactants: 1-6/~moles 
sodium formate, 1-5/~moles KNO3, an appropriate amount of cell-free extract, 2.0 ml 
o.I M phosphate buffer (pH 6.5), and distilled water to a final volume of 3.0 ml. 
The evolution of CO 2 and the total amount of NO2- formed were determined. 

(3) The activity of the solubilized nitrate reductase was determined using 
benzylviologen reduced by azotobacter particles and NADH as the electron donor. 
The azotobacter particles were prepared as described previously 6. The reaction mixture 
contained: 0.5/~mole KNO3, I #mole oxidized benzylviologen, i/~mole NADH, 
0.05 ml azotobacter particles, O.Ol-O.O5 ml solubilized nitrate reductase, and o.I M 
phosphate buffer (pH 7.5) to a total  volume of I ml. The NADH was added to the 
reaction mixture last, immediately before evacuating the Thunberg tubes, to minimize 
loss due to the active NADH oxidase in the azotobacter particles. The reaction was 
initiated by tipping the NO 3- from the side arm of the Thunberg tube into the rest 
of the reactants and terminated by exposing to air and precipitating with zinc acetate 
and ethanol as described above. 

Assay of formate dehydrogenase 
Formate dehydrogenase was assayed manometrically using the following re- 

action mixture:  5 #moles sodium formate, 5/ ,moles methylene blue, 2.0 ml o.I M 
phosphate buffer (pH 6.5), an appropriate amount  of cell-free extract  and distilled 
water to 3.0 ml. 
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Mass  spectrometry 
Gases formed b y  ac t ive ly  growing cul tures  were ident if ied b y  growing cul tures  

for 24 h in s t a n d a r d  m e d i u m  with  K15N03 as the  sole electron acceptor .  The  incuba t ion  
was carr ied  out  in R i t t enbe rg  tubes  which were r igorously  evacua ted  to lO -5 m m  H g  
and  p laced  in an anaerobic  j a r  which was also evacua ted  to minimize  r isk of air  con- 
t amina t i on  dur ing  the  long incuba t ion  period.  Res t ing  cells or pa r t i cu la te  f ract ions  
were i ncuba ted  for 2 h before tes t ing  gas p roduc t ion  in the  mass  spect rometer .  A b o u t  
2 ml  of 20 % (w/v) K O H  were included in a side a rm to absorb  any  CO 2 formed. 
The  gases formed dur ing  the  incuba t ion  per iod were t ransfer red  from the R i t t e nbe rg  
tubes  under  high vacuum into  an A.E . I .  MS-2 mass  spec t romete r  for analysis .  

Michaelis  constants 
In i t i a l  reac t ion  ra tes  were measured  as a funct ion of one subs t r a t e  concen t ra t ion  

while the  o ther  subs t r a t e  was he ld  a t  a cons tan t ,  s a tu ra t i ng  level. Michaelis cons tan t s  
were ca lcu la ted  from double- rec iprocal  plots  of reac t ion  ve loc i ty  versus subs t r a t e  
concen t ra t ion  s . 

Co factors and other reagents 
N A D H ,  N A D P H ,  F M N  and  bovine  serum a lbumin  were ob ta ined  f rom Sigma 

Chemical  Corp., St. Louis,  U.S.A. ; 15NO a- (33 a t o m % )  was purchased  from the Office 
Na t iona l  Indus t r i e l  de l 'Azote ,  F rance ;  me thy lene  blue, benzylviologen and  t e t r a -  
me thy lpheny lened iamine  were ob ta ined  from Br i t i sh  Drug Houses,  Poole, Grea t  
Br i ta in .  Al l  o ther  reagents  were of ana ly t i ca l  grade.  

Pro te in  was de te rmined  b y  the  Fol in  me thod  7 using bovine  serum a lbumin  as 
the  s t anda rd .  

RESULTS 

Membrane fract ion 
Ni t r a t e  reduc tase  a c t i v i t y  was found to be associa ted  with  the  ce l l -membrane  

f rac t ion which was sed imen ted  b y  centr i fuging the  crude cell-free ex t rac t  a t  144000 
× g for 2 h (I44P) as shown in Table  I. No a c t i v i t y  was de tec ted  in the  144000 × g 

s u p e r n a t a n t  solut ion in con t ras t  to the  n i t r i te  reduc tase  ac t i v i t y  in this  o rgan i sm 

TABLE I 

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

Nitrate reductase activity was assayed anaerobically as described in MATERIALS AND METHODS. 

Fraction Total enzyme units Total 
(Izmoles NO a- protein 
reduced per IO rain) (rag) 

(I) Crude extract left after 
centrifuging at IOOOO × g for 20 min 16o 

(II) Pellet left after centrifuging 
Fraction I for 2 h at 144ooo × g (I44P) 16o 

(III) 1440oo × g supernatant fraction from Fraction II  o 

504 

296 

234 
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which is isolated entirely in the soluble fraction. Formate  dehydrogenase ac t iv i ty  
was also localized in the membrane  fraction (I44P) and  was present  at  higher levels 
in NOB--grown cells t han  in cells grown aerobically (Table II). 

TABLE II 

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

Formate dehydrogenase activity ill the various fractions from cell-free extracts of cells grown 
with NO 3- or Oz as terminal electron acceptor was assayed by the manometric method with 
methylene blue as acceptor as described in MATERIALS AND METHODS. 

Fraction Cells grown CO 2 evolved Protein COz evolved 
on (ffl/h) (mg) (filling protein per h) 

Crude extract NO 3- I I I 2.2 5o.4 
Pellet (I44P) NO 3- 81 I.I 73.8 
Supernatant (I44S) NO3- 3 1.4 2.4 

Crude extract 02 27 2.8 9.6 
Pellet (I44P) 02 15 1.6 I 1.4 
Supernatant (I44S) 02 o 1.8 o 

1500¸ 

1000 lO0 

B 

28 29 30 31 44 -45 4 6  
Mass No. 

500  it~t 5c 

"~ ~J - -  a g 
~:~1 I l l  °: 0 .~ -  _ ~ ~ ~ r~-- ~ ~ 

28  29 30 31 4 4  45 4 6  28 2 9  30  31 44 45 46  
Mass Nc. Mass No, 

Fig. I. Reaction products of the reduction of 15NO 3- by actively proliferating cells (A), resting 
cells (B) and cell membrane fraction (I44P) (C). Conditions of incubation and assay are described 
in MATERIALS AND METHODS. Open bars, Culture I; stippled bars, Culture 2; solid bars, controls. 

Products  o f  N O 3 -  reduction. The gaseous products  produced from 15NO 3- by  
either act ively growing cells, resting cells or cell-free extracts was invest igated by  
the mass spectrometric assay method.  Fig. IA shows tha t  proliferating cells after 24 h 
growth produced large quant i t ies  of Nz (mass 28 and  29) and  smaller amounts  of 
N~O (mass 44, 45, 46) • Culture 2 which showed less profuse growth at the t ime of 
sampling conta ined a higher proport ion of N20. Rest ing cells (Fig. IB) after 2 h incu- 
ba t ion  had produced NO and  N20 , while no gaseous products  were detected with 
the par t iculate  fraction (PI44) as shown in Fig. IC. The data  indicate tha t  the part icu-  
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late fraction reduces NOs- only as far as NO2-, and that the final product of NO~- 
reduction in P. denitrificans is N 2. NO and N20 appear to be minor products of the 
reduction process. 

Electron donors. The relative efficiency of various electron donors with particu- 
late nitrate reductase (I44P) is shown in Table I II .  Activity with NADH was taken 
as IOO. Very little or no activity was observed with either NADPH, sodium succinate, 
or sodium lactate as donors. Sodium formate was as effective with this preparation 
as was NADH. 

T A B L E  I I I  

THE RELATIVE EFFICIENCY OF VARIOUS ELECTRON DONORS FOR NITRATE REDUCTASE 

E n z y m e  a c t i v i t y  w a s  a s s a y e d  a n a e r o b i c a l l y  in T h u n b e r g  t u b e s  as d e s c r i b e d  in MATERIALS AND 
METHODS u s i n g  I 4 4 P  f r a c t i o n  (1.9 m g  p r o t e i n ) .  

Electron donor Final  conch. Relative e~ciency Redox potential 
(raM) (NADH ~ ioo) at p H  7.o (V) 

N A D H  i i oo*  - - 0 . 3 2  
N A D H  + o . i  m M  F M N  i 89 
N A D P H  i 13 - -  o.32 
S o d i u m  s u c c i n a t e  I 16 - - 0 . 0 3  
S o d i u m  f o r m a t e  I 96 --  0.42 
S o d i u m  l a c t a t e  i o --  o. 19 
N o n e  - -  8 - -  

* 54 ° n m o l e s  N O  n- r e d u c e d  p e r  m g  p r o t e i n  p e r  i o  miD. 

pH effects and time of incubation. Optimal activity of formate-nitrate reductase 
occurred at pH 6. 5. A sharp decline in activity was observed below pH 6.0 and a 
more gradual diminution occurred above pH 7.0. When NADH was the electron 
donor, maximal activity occurred at pH 7-5- 

NO 2- production by nitrate reductase was linear with time up to 20 rain incu- 
bation when 60 % of the substrate had been consumed with either formate or NADH 
as electron donor. Thus enzyme activity was routinely determined over the first 
Io-min period of the reaction. 

Stoichiometry of the reaction. For each mole of NO~- reduced, i mole of NO2- 
was formed; I mole formate or NADH was oxidized for every mole of NO3- reduced. 
These relationships are shown in Table IV. 

The Michaelis constants for NO 3- and formate in the system were determined. 
Fig. 2 represents double-reciprocal plots of initial reaction velocity when the concen- 
tration of one of the substrates was varied and the other substrate kept at a constant 
saturating level (I mM formate or 0.5 mM NOD- ). A slight substrate inhibition oc- 
curred at high concentrations of both formate and NOs-, i.e. above I mM, and a 
much more pronounced substrate inhibition occurred at NADH concentrations above 
0.5 raM. The Michaelis constants determined by extrapolating the linear portion of 
each plot were: Km (formate) ---- 0.38 mlV[; Km (NOD-) ---- 0.69 mM; Km (NADH) 
= o.19 mM. 

Inhibitor studies. In Table V the results of studies with a number of inhibitors 
are presented. When using the particulate fraction (144 P) with sodium formate as 
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the electron donor, NO 8- reduction was strongly inhibited by KCN (92 % at 5 mM 
and 80 To at 0. 5 mM). Nitrate reductase was also inhibited to a lesser extent by  the 
metal  chelating agents 0-phenanthroline, KSCN, thiourea, and dithiol (43, 25, 20 and 

~ 61 
8 
D 

b '~'~ 4 
z ©  

2 0  
c_ 
E 
0 16 

o 

K m = 0.19 m M 

I I 
--10 - 5  5 1t  1~ 21 

1/[S] NADH (mM) .1 

Fig. 2. Double-reciprocal plot  of the rate  of NO 3- reduction in the I44P fraction wi th  varying 
amoun t s  of NO 3- or formate.  In  each case the non-variable subs t ra te  was present  at  a sa tura t in  8 
level: i mM formate  or 0.5 mM NO3-. O - - O ,  ni t rate;  A - - A ,  formate;  O - - O ,  NADH.  

T A B L E  IV 

STOICHIOMETRY OF NO 3- REDUCTION BY THE PARTICULATE PREPARATION (144P) 

Formate- and NADH-nitrate reductase assays were performed as described in MATERIALS AND 
METHODS with one substrate present in limiting amounts and the other in excess as shown below. 
The reactions were allowed to go to completion and NO~- formed determined in the usual way. 

Limiting A mount of NO 2- formed NOz- formed 
substrate substrate per substrate 

(#*moles) (ffmoles) 

N A D H  

Formate  

0.225 0.295 1.31 
0,450 0.467 i .o 4 
o,675 o.63o o.93 

2 . 0  2 . 2  I . I O  

1.25 1.25 i.oo 
o.5o o.48 o.96 

NO3- 5-5 5.7 i.o 4 
2.5 :2.45 0.98 
2.0 2.0 1.00 
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T A B L E  V 

I N F L U E N C E  OF INtt lBITORS ON FORMATE--NITRATE REDUCTASE IN THE MEMBRANE FRACTION ( I 4 4 P )  

T h e  e f fec t  of  i n h i b i t o r s  o n  p a r t i c u l a t e  n i t r a t e  r e d u c t a s e  a c t i v i t y  a s s a y e d  as  d e s c r i b e d  in  MATERIALS 
AND METHODS. I m g  p r o t e i n  p e r  a s s a y .  

Inhibitor Final concn. Inhibition (%) 
(raM) 

Donor: N A D H  Formate 

K C N  5 9o 92 
0. 5 8o 8o 

K S C N  5 3 ° 25 
M e p a c r i n e  I 5 ° 5 ° 
2, 2 ' - D i p y r i d y l  I o o o 
o - P h e n a n t h r o l i n e  5 45 43 

I 4 ° 39 
T h i o u r e a  5 15 20 
P C M B  2 71 7 ° 

I 65 3 ° 
D i th i o l  o. 25 35 35 

0 .50  5 ° 52 
A m y t a l  I 3 ° o 

2 75 20 
H Q N O  0. 3 o o 
A n t i m y c i n  A 5 ° / , g / m l  o o 
P i e r i c i d i n  A* 0.2 7 ° 35 

o . I  60 25 

0.4 45 - -  
R o t e n o n e  I 5 ° o 

o.2 30 o 
K C 1 0  a i 8o 85 
N a B r O  a i 4 ° 4 ° 
KC104 i 18 15 
K I O  3 i i o  i o  
N a z S O  4 I o o 

* A 5 ° % r e v e r s a l  of i n h i b i t i o n  o c c u r r e d  u p o n  a d d i t i o n  of  a IO-fold excess  of  u b i q u i n o n e  Qi0'  

52 %, respectively, the first three at 5 mM and dithiol at 0.5 mM final concentration). 
Mepacrine inhibited NO 8- reduction by 50 % at I mM suggesting the participation 
of a flavin component in the system. NO 3- reduction was inhibited 7 ° % by  p-chloro- 
mercuribenzoate (PCMB) at 2 mM thus implicating a requirement for sulfhydryl 
groups in the system. Piericidin A (0.2 mM) and amytal  (5.5 raM) inhibited 35 and 
20 % respectively. Rotenone had no effect. 

With NADH as the electron donor, KCN and the other metal  chelating agents 
and mepacrine inhibited to a similar extent as when the formate system was used. 
At low concentrations (I raM) PCMB inhibited the NADH-ni t ra te  reductase system 
more strongly than the formate system. Amytal  inhibited 75 % at 5.5 mM. Piericidin A 
inhibited 75 % at 0.2 mM and this effect was reversed by  about 50 % upon adding 
a io-fold excess of ubiquinone Q10. Rotenone inhibited 30 % at I raM. 

Both systems were strongly inhibited by KC1Oa, and to a lesser extent by  
BrOs-, C104- and 108-. Antimycin A, 2-n-heptyl-4-hydroxyquinoline-N-oxide 
(HQNO) and CO had no effect on either system. 

Effect of ClO 8- and Br08-. The effect of C108- and BrO 8- was found to be due 
to a competit ive-type inhibition. Fig. 3 shows the effect of CI08- and BrO 8- on the 
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rate of NOg- reduction at different concentrations of NOg-. The K, values calculated 
from these plots were: K, (ClOg-) ---- 1.8 raM; K, (BrOg-) ---- 12.5 raM. 

The effect of these inhibitors on the rate of formate oxidation was studied. 
ClOg- and Br03-  were both suitable hydrogen acceptors for formate dehydrogenase 
with about 7 ° % of the efficiency of NOg- whereas C I O (  and IOg- were only 32 and 
16 % as effective, respectively. Fig. 4 A shows that COe evolution from excess formate 

.~T, 15 

~ E  

~- 10 

b ~ z 

o 5 

12 

E 
© 

b ~ z 
4 

, ,/Y 
-2 0 

o ~ ~ ~ 
I/[S] NO 3 (raM-') 

B • 

0 

0 

. =  , 

1/[S] NO~ (mM) 

Fig. 3. Double-reciprocal plots of the rate  of NO 3- reduct ion in the I44P fraction wi th  and wi thout  
C103- or BrO, - .  A. 0 - - 0 ,  no inhibi tor ;  © - - O ,  I mM C103-. B. O - - O ,  no inhibitor;  O - - O ,  
5 mM BrO3-. 

10C 

5C 

>o 
o 
c~ 8o~ 

50 
Time (rain) 

t 
3 3~  

O D 

0 5'0 0 o 
Time (r'nin) 

Fig. 4. CO2 evolution f rom formate  wi th  C103- as the terminal  acceptor in the I44P fraction. 
A. CO 2 evolution from excess formate  (5/,moles) and l imiting amounts  of C103-. A - - A ,  3 /*moles 
C103-; O - - O ,  2 #,moles C103-. B. Effect on CO s evolution of adding C103- to NO 3- as the  
terminal  acceptor. A - - A ,  5/*moles KNO3; [ ] - - [ ] ,  5/*moles KNO 3 + 5/*moles KC103. Each 
assay mix tu re  contained 2/*moles formate.  Manometric  assay is described in MATERIALS AND 
METHODS. 
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is equivalent to the amount of C10 s- initially present in the reaction mixture. Fig. 4 B 
shows the effect of added C10 3- on rate of CO 2 evolution with limiting amounts of 
formate. 

The rate of CO2 evolution is unchanged by the addition of C103- to the reaction 
mixture either alone or with NO3-, although the amount of NO 2- formed is decreased 
by its presence. With NO 3- alone as acceptor 2.1/zmoles of NO 2- was formed; with 
C1Oa- plus NO 8- only 1. 4/2moles NO~- were formed although 2 #moles of CO S were 
still evolved. I t  would appear that the inhibitory effect of these substances is due to 
their competition with NO3- for the hydrogen donor. 

Table VI shows the effect of inhibitors on formate dehydrogenase activity when 
C103- was the acceptor. Dithiol (o.17 raM) inhibited the enzyme completely. KCN 
(5 mM) and o-phenanthroline (5 mM) inhibited 92 and 84 %, respectively. Mepacrine 
(I raM), PCMB (2 raM), and KSCN (5 mM) inhibited 4 o, 7 o, and 30 %, respectively. 
Antimycin A, HQNO, and rotenone had no effect. 

Purified nitrate reductase 
Solubilization of nitrate reductase. In order to purify the nitrate reductase enzyme 

itself it was necessary to separate it from the rest of the cell-membrane bound respir- 
atory chain. Incubation of the I44P membrane fraction with sodium deoxycholate 
(i mg/mg protein) at pH 8.0 for 30 min at 3 o°, resulted in the solubilization of around 
7 ° % of the protein originally present in the particles and a good recovery of the 
nitrate reductase activity with reduced benzylviologen as the donor. Formate de- 
hydrogenase was completely inactivated, however, by this treatment. In Table VII  
details of the solubilization and purification scheme are set out. This procedure re- 
sulted in a 56-fold purification of nitrate reductase. 

Spectrum ofsolubilized material. The solubilized material was a clear red solution. 
A difference spectrum (dithionite reduced minus oxidized) indicated that both c- and 
b-type cytochromes were present. The c-type cytochrome appeared to be lost upon 
further purification by (NH4)2SO 4 fractionation, but the b-type cytochrome persisted. 
Difference spectra are shown in Fig. 5. Absorption maxima and minima were as 
follows: I44P (maxima) 560 (shoulder), 534, 523 and 427 nm; (minima) 539 and 

TABLE VI 

I N H I B I T O R S  O F  F O R M A T E  D E H Y D R O G E N A S E  W I T H  C I O  3 -  A S  A C C E P T O R  

Effect of inhibitors on formate dehydrogenase activity in the particulate fraction (I44P) (i mg 
protein) with KC103 as electron acceptor was determined using the manometric assay described 
l l l  M A T E R I A L S  A N D  M E T H O D S .  

Inhibitor Final concn. Inhibition 
(mM) (%) 

KCN 5 92 
o-Phenanthroline 5 84 
KSCN 5 3 ° 
Dithiol o. 17 i oo 
PCMB 2 7 ° 
Mepacrine x 4 ° 
HQNO o. 3 o 
Antimycin A 50 #g/ml o 
Rotenone I o 
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NITRATE REDUCTASE 283 

456 nm; solubilized nitrate reductase (maxima) 56o, 521 and 431 nm; (minima) 54 ° 
and 461 nm. 

Electron donors. The solubilized nitrate reductase was no longer active with the 
natural  electron donors, formate and NADH. Reduced benzylviologen and methyl- 
viologen were, however, effective hydrogen donors. Ascorbate coupled to tetramethyl-  
phenylenediamine reduced cytochrome c, but not cytochrome b in the solubilized 
preparation. The ascorbate system was ineffective as an electron donor. NO s- re- 
duction with reduced benzylviologen as donor was linear with time for the first IO rain 
when about 75 To of substrate had been utilized. 

Optimal activity occurred at pH 8.0 with a sharp decline in activity at the 
more acid and alkaline pH values. 

T A B L E  V I I I  

E F F E C T  O F  I N H I B I T O R S  O N  S O L U B I L I Z E D  A N D  P U R I F I E D  N I T R A T E  R E D U C T A S E  

The  effect of a v a r i e t y  of inh ib i to r s  on so lubi l ized  n i t r a t e  r educ t a se  was  de t e rmined  us ing  reduced  
benzy lv io logen  as e lec t ron donor  as descr ibed in  MATERIALS AND METHODS: 5 ° ~Ag pro te in  
(Frac t ion  4) were used for each assay.  

Inhibitor Concn .  Inhibition 
(raM) (%) 

KCN I 81 
KSCN 15 9 I 

1.5 75 
Di th io l  o. I 95 
o - P h e n a n t h r o l i n e  3 25 
PCMB 2 60 
:Sodium d i e t h y l d i t h i o c a r b a m a t e  5 20 
KC103 I 5 ° 
K B r O  3 I 50 
KC104 I 33 
K I O  3 x 4 ° 

.c 
E 
o 

-~ 4 

b ~ 
z 2 

--~ 0 

o • 
o • 

o • 

• = . 

I I I , , , J  

I~/[S] NO,~ (ram -1) 
5 

Fig.  6. Double- rec iproca l  p lo t  of t he  r a t e  of NO a- r educ t ion  b y  the  purif ied enzyme  (Frac t ion  4, 
~rable VII ) ,  a t  d i f ferent  concen t r a t i ons  of NO3-.  KC10 a (5 raM) was  added  to  one series of assays.  
Reduced  benzy lv io logen  was  t he  e lec t ron  donor, a n d  purif ied n i t r a t e  r educ ta se  (Frac t ion  4, 
o .14  m g  protein)  was  used. O - - O ,  no inh ib i to r ;  O - - O ,  x r am  KC10 v 
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Michaelis constant. NO3- was reduced quantitat ively to NO2- by the purified 
preparation. The Michaelis constant for NOa- was 0.67 mM. 

Inhibitors. The effect of a variety of inhibitors on the purified benzylviologen 
(reduced) enzyme is shown in Table VII I .  Dithiol (o.I mlVf) and KSCN (1.5 raM), 
agents that  bind molybdenum, inhibited NOs- reduction by 95 and 75 %, respectively. 
The sulfhydryl inhibitor PCMB inhibited 60 % at 2 mM. The metal-chelating agents 
KCN (I mM) and sodium diethyldithiocarbamate (5 raM) inhibited 81 and 20 %, 
respectively. Amytal,  piericidin A, rotenone, CO, mepacrine, 8-hydroxyquinoline, and 
2,2'-dipyridyl were all without effect. C1Oa-, C104-, BrO 3- and IO 3- all inhibited as 
they did in the case of the particulate NOa--reducing system. 

Effect of ClOa-. Fig. 6 shows the effect on the rate of NO 3- reduction by the 
purified enzyme of adding I mM KC10 3 to the reaction mixture. This graph indicates 
that  C10 8- is a competitive inhibitor of the purified nitrate reductase. The Ki for 
C103- was 1. 7 mM. 

DISCUSSION 

The NOa--reducing system that  utilizes NADH or formate as electron donor 
is localized in the cell-membrane fraction from P. denitrificans that  also contains the 
respiratory electron transfer chain. The association of the NOa--reducing system with 
the electron transfer apparatus of the cell is a characteristic feature of nitrate re- 
ductase of the respiratory type as observed in E. coli 9, P. aeruginosa 1° and Micrococcus 
denitri ficans u. 

Suspensions of whole cells reduced NOa- to NO, N~O and N~. When the particu- 
late fraction alone was used with NADH as the donor no gaseous products were 
detected. I mole of NO 2- was iecovered per mole of NOa reduced or per mole of 
NADH or formate oxidized. The particulate NOa--reducing system in P. denitri~cans 
differs from that  of M. denitri/icans which produces traces of gaseous products from 
NOa-. In the Micrococcus system stoichiometric recovery of NO 2- was  only observed 
in the purified, soluble preparations using reduced viologen dyes as the electron 
donors n. 

NADH and sodium formate were the most effective electron donors for N 0  a- 
reduction by the particulate preparation whereas succinate, lactate or NADPH were 
relatively ineffective. Succinoxidase activity was greatly depressed in cells grown 
anaerobically with NOa-, and this effect probably accounts for the lack of activity 
of succinate as an electron donor for NOa- reduction. 

Formate is an efficient electron donor for NOa- reduction in E. coli 12. The 
physiological significance of formate as an electron donor for NO a- reduction in E. coli 
has been established by COLE AND WIMPENNY 4 who have shown that  cell-free extracts 
can, in their system, produce formate from pyruvate by way of the phosphoroclastic 
reaction. 

In P. denitrificans, formate dehydrogenase activity was increased 9-fold by 
growing the cells anaerobically in NOa- medium while the succinate dehydrogenase 
activity was depressed to an undetectable level. Although it was not possible to 
demonstrate a metabolic pathway from pyruvate to formate in P. denitrificans, it is 
known to be widely distributed in anaerobically grown microorganisms 4, la, 14. I t  has 
been observed that  in some microorganisms such as Streptococcus faecalis this system 
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is extremely labile and sensitive to 0 2 (ref. 15). It  is possible that despite all pre- 
cautions taken to exclude 0 2 the formate-pyruvate exchange system was denatured 
during the preparation of the extracts. The observation that 0 2 inhibits formate- 
nitrate reductase while having little effect on NADH-nitrate  reductase suggests that 
0 2 may be detrimental to the functioning of the entire formate system. 

The presence of an active formate dehydrogenase system in the cells grown 
anaerobically on NO3- and the much lower level of activity in cells grown on 0 2 
suggest that this system is an integral part of the nitrate respiration system and 
that formate is of physiological importance as a hydrogen dono~ for NO3- reduction 
in vivo in P. denitrificans as well as in E. coli. 

NO3- acts as an alternative acceptor to 02 for electron transfer in the membrane 
fraction (I44P) via the cytochrome chain. Antimycin A and HQNO, inhibitors that 
block electron transport between cytochrome b and cytochrome c in animal mito- 
chondria le had no effect on NO3- reduction with either formate or NADH as electron 
donor. However, these compounds inhibited NADH oxidation with 0 2 as the terminal 
acceptor. These observations suggest that nitrate reductase derives its electrons from 
the cytochrome chain at a site prior to cytochrome c. 

NO~- reduction with NADH as the donor was not inhibited by 0 2 in the mem- 
brane fraction (I44P) although adding NO n- to particles aerobically oxidizing NADH 
decreased the rate of 0 2 uptake. When NO a- was added it was reduced to NO 2- in 
amounts stoichiometric with the degree of inhibition of 02 uptake. This observation 
also suggests that nitrate reductase derives its electrons at an earlier point in the 
electron transfer chain than does cytochrome oxidase and is therefore able to deplete 
the reducing equivalents available to O z. 

Nitrate reduction in the intact membrane system (I44P) with NADH as the 
electron donor was inhibited by mepacrine, amytal, piericidin A, and rotenone. When 
formate was the electron donor, mepacrine inhibited to the same extent as when 
NADH was used. Piericidin A and amytal restricted NO3- reduction to a lesser extent 
with formate than with NADH as the donor, and rotenone was without effect on 
the formate system. Amytal and iotenone usually inhibit at the NADH dehydrogenase 
level of the electron transfer chain in animal mitochondria, and mepacrine acts as 
a flavin antagonist 1~. 

Metal chelating agents, especially dithiol which binds molybdenum 17 inhibited 
NO3- reduction in the membrane (I44P) fractions with either formate or NADH as 
an electron donor. The participation of iron in the overall NO3- reduction was impli- 
cated by a depression of nitrate reductase activity of the membrane fraction prepared 
from cells grown in iron-deficient medium. 

The participation of a ubiquinone-type carrier in the electron transfer chain is 
suggested by the inhibition of NADH-nitrate  reductase by piericidin A at 0.2 mM. 
This inhibition was reversed by about 50 % on adding ubiquinone Q10 at a concen- 
tration of 2 mM. Piericidin A has been shown to inhibit electron transfer in animal 
mitochondria at or near the ubiquinone site TM. P. denitrificans contained appreciable 
amounts of ubiquinot~e (I.2/~g/mg protein) when grown with either Oz or NOa- as 
the terminal acceptor. DOWNEY TM has shown that irradiation of particulate fractions 
of bacteria with 36o-nm light destroys vitamin K-type electron carriers. This treat- 
ment had no effect on either the nitrate reductase activity or the level of ubiquinone 
in particles from P. denitrificans. 
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Reduced cytochrome b appears to be a physiological electron donor for nitrate 
reduction as indicated by the following observations: (a) HQNO and antimycin A, 
compounds that  block electron transfer between cytochrome b and cytochrome c in 
animal mitochondria and in some bacteria, inhibited NADH oxidation by 0 2 but not 
by NOa-. (b) Ascorbate plus tetramethylphenylenediamine reduced cytochrome c, 
but failed to act as an electron donor for NOa- reduction in either the particulate or 
solubilized preparations. (c) Cytochrome b level was increased 70 % by growth on 
NOa-, but  cytochrome c content was little changed. (d) Cytochrome c was lost upon 
purification of the soluble benzylviologen (reduced)-nitrate reductase which retained 
a cytochrome b-type absorption spectrum. 

Cytochrome b has also been established as the penultimate electron carrier in 
respiratory NOa- reduction in M. denitrificans 11. In this organism NADH oxidation 
by  02 was inhibited by  antimycin A and HQNO, while electron transfer to NO3- 
was unaffected. The rate of NO a- reduction by particles from this organism was also 
unaffected by  NOa-, while the rate of 0 2 uptake was decreased by  adding NO 3- to 
the reaction mixture. 

In some other microorganisms, nitrate reductase was linked with cytochrome c. 
FEWSOI~ AND NICHOLAS 1° found that  the NOa--reducing system from P. aeruginosa 
required cytochrome c for full activity and also suggested that  cytochrome c was in- 
volved in NOa- reduction by  M. denitrificans 1~. A purified nitrate reductase from 
A chromobacter fischeri (Photobacterium sepia) exhibited a cytochrome c-type absorption 
spectrum s° . 

I t  was observed that  ClOa-, HCI04-,  BrOa-, and IOa- inhibited NOa- reduction 
by both the particulate and the solubilized nitrate reductase preparations. C10 a- and 
BrOa- proved to be competitive inhibitors of NADH-ni t ra te  reductase in the particles 
with K,  values of 1. 7 mM (ClOa-) and 1.25 mM (BrOa-). C1Oa- and BrOa- served as 
acceptors for the formate dehydrogenase system in the particles..The Michaelis con- 
stant for C1Oa- in this system was calculated to be 2.8 mM which is close to the value 
of the K, of CIO a- as an inhibitor of NO d- reduction. When C1Oa- was the acceptor 
for the formate dehydrogenase system, activity was completely inhibited by o. 17 mM 
dithiol. KCN and o-phenanthroline, each at 5 mM, inhibited 92 and 84 %, respectively, 
while mepacrine (I raM), PCMB (2 mM), and KSCN (5 raM) inhibited 4 o, 7 ° and 
3 ° %, respectively. Antimycin A, HQNO, or rotenone had no effect. These inhibitions 
are similar in pattern to those observed for NOa- reduction by the particulate prepa- 
ration with formate as the electron donor. CIO~- also acted as a competitive inhibitor 
for NOd- reduction by  the solubilized enzyme. A K~ value of 1.8 mM was found. 

The competitive nature of the inhibition by CIO~- of NO a- reduction by either 
the particulate or the purified nitrate reductase suggest that  C103- may act as an 
alternative electron acceptor to NOd-. Other evidence supporting this hypothesis in- 
cludes the similarity of K m  and K,  values for C1Oa- as an acceptor in the formate 
dehydrogenase system and as an inhibitor of the nitrate reductase system respectively, 
and also the similar pattern of inhibition for the formate to NO~- system and the 
formate to C1Oa- system. 

ClOd- inhibition has been observed in a number of other bacterial nitrate re- 
ductases. HACKENTHAL AND HACKENTHAL 21 reported that  nitrate reductase from 
B. cereus was competitively inhibited by C1Oa-. C1Oa- and C10 4- were shown to be 
alternative substrates for nitrate reductase 22. 
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STOUTHAMER 23 f o u n d  t h a t  m u t a n t s  of A. aerogenes l a c k i n g  n i t r a t e  r e d u c t a s e  

we re  a lso u n a b l e  to  r e d u c e  C103-.  T h e  n i t r a t e  r e d u c t a s e  f r o m  P. aeruginosa was  c o m -  

p e t i t i v e l y  i n h i b i t e d  b y  CIO~- a n d  i t  w as  s u g g e s t e d  t h a t  C1Oa- m a y  ac t  as  a n  a l t e r -  

n a t i v e  s u b s t r a t e  for  t h e  e n z y m e  z°. 
T h e  n i t r a t e  r e d u c t a s e  f r o m  E. coli w a s  c o m p e t i t i v e l y  i n h i b i t e d  b y  C103-,  B r 0 a -  

a n d  IO3 . C1Oa- a n d  D r 0 3 -  a c t e d  as  s u b s t r a t e  for  t h e  e n z y m e  1. PICHINOTY 24 r e p o r t e d  

t h a t  t h e  n i t r a t e  r e d u c t a s e  f r o m  M. denitrificans also r e d u c e d  C104-.  FAULL et al. 25 
f o u n d  t h a t  C I O , -  a c t e d  as a c o m p e t i t i v e  i n h i b i t o r  of t h e  n i t r a t e  r e d u c t a s e  f r o m  Nitro- 

bacter agilis. 
N i t r a t e  r e d u c t a s e  f r o m  P. denitrificans s e e m s  to  c o n f o r m  to  a g e n e r a l  p a t t e r n  

of  b e i n g  i n h i b i t e d  b y  C10 3- a n d  D r 0 3 -  w h i c h  c o m p e t e  w i t h  NOD- for  t h e  a c t i v e  s i t e  

of  t h e  e n z y m e .  
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