
BIOCHIMICA ET BIOPHYSICA ACTA 39 

BBA 45694 

METABOLIC PATHWAYS FOR NITRATE REDUCTION 

COLI 

J. A. COLE* AND J. W. T. W I M P E N N ¥  

Group for Microbial Structure and Function, Department of Microbiology, 
University College, Cardiff (Great Britain) 

(Received February 28th, I968) 

IN E S C H E R I C H I A  

SUMMARY 

I. An assay for the production of formate from pyruvate  has been described. The 
presence of the enzyme involved in this reaction has been established for Escherichia 
coli K12 grown anaerobically in the presence of nitrate. 

2. Formate,  lactate, pyruvate  and NADH were effective donors for nitrate 
reduction. 

3. Cell membrane preparations catalysed the reduction of nitrate to nitrite 
when NADH or formate was the electron donor. Reduction by  lactate required both 
"soluble" and "membrane-bound" enzymes and cofactors. The NADH-ni t r i te  re- 
ductase also present in these extracts was soluble. 

4. Increasing concentrations of nitrate supplied during anaerobic growth in a 
chemostat  were paralleled by  increased activities of NADH-ni t ra te  reductase (EC 
1.6.6.2) and NADH oxidase activity. In  contrast, cytochrome c552 and a~ synthesis 
and NADH-ni t r i te  reductase activity (EC 1.6.6.4) were highest at low concentrations 
of nitrate. 

5. The oxidation and reduction of cytochromes in whole cells with various 
substrates and inhibitors has been followed spectrophotometrically. Cytochrome c552 
was oxidised by both nitrite (azide insensitive) and nitrate. Other cytochromes were 
oxidised only by  nitrate (azide sensitive). 

6. The possible involvement of cytochrome c~52 ill nitrite or nitrate reduction 
has been discussed. 

INTRODUCTION 

In a previous paper j it was reported that  Escherichia coli and Escherichia 
aurescens synthesised more cytochrome c55 z anaerobically than aerobically, and more 
anaerobically in the presence of nitrate than in its absence. Further work on the effect 
of nitrate on glucose metabolism in E. coli 2 showed that  higher levels of cytochrome 
c55 z were found in cells grown in media containing IO mM nitrate than at higher 
concentrations. This paper investigates the possibility that  E. coli can synthesise more 
than one enzyme system for nitrate reduction s , and that  nitrate reduction by  different 
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electron donors is favoured by different growth conditionsL The possible involvement 
of cytochrome c55 ~ in one of these systems has also been investigated 1. 

Aconitase (EC 4.2.1.3) and fumarase (EC 4.2.1.1) activities are extremely 
low in extracts of cells grown anaerobically in the presence of nitrate s. It  was con- 
cluded, therefore, that nitrate cannot simply substitute for 03 as a terminal electron 
acceptor for the reoxidation of NADH produced during glucose oxidation by Embden-  
Meyerhof and Krebs cycle reactions. The question arises whether compounds such as 
formate, ethanol, succinate and lactate, which accumulate only when glucose is 
fermented in the absence of an added inorganic terminal electron acceptorS, 6, can 
themselves reduce nitrate when this acceptor is available.The physiological importance 
of these reactions can only be estimated when the effect of nitrate on the synthesis 
and activity of enzymes producing these fermentation products has been determined. 
Although the reduction of nitrate by formate has already been fully investigated 7-1°, 
this paper provides evidence for the first time that extracts of E. coli grown in the 
presence of nitrate can produce formate from pyruvate, and hence can use pyruvate 
as an electron donor for nitrate reduction. 

MATERIALS AND METHODS 

Organisms and media 
E. coli strain KI~ was maintained on nutrient agar slants. Inocula for large 

fermentors were grown in 2o-ml quantities of tryptone soya broth shaken for IO h 
at 37 ° . 

The synthetic medium, before adding the carbon source, contained per 1: ioo ml 
0.5 M NH4C1, 4 ml I M KHzPO4, 36 ml I M K~HPO 4 and 5 ml mineral salts. The stock 
solution of mineral salts contained per i: IO g MgSO4"7 HzO, I g MnC12. 4 H20, 0. 4 g 
FeS04"7 H20 and o.I g CaC1 v It was stabilised by adjusting the pH to 2.o. 

The complex medium contained per 1 :14  g casamino acids (Difco), i ml I M 
KH~POa, 4 ml I M K2HPO, and 5 ml mineral salts. Potassium nitrate, (2 g/l) was 
added to either medium when required before sterilisation, and sterile glucose (final 
concentration 0.4 %, w/v) introduced immediately before inoculation. 

Growth of organisms and preparation of extracts 
These were as described in previous papers of this series 11,12, except that cells 

wele harvested in an M.S.E. "Mistral" refrigerated centrifuge. 
The chemostat used for part of this work was the model described by ELSW0RTH, 

CAPELL AND TELLING 13. 

Enzymic and chemical estimations 
Hydrogenase (EC 1.12.1.1) was determined manometrically 1, and the oxidation 

of reduced benzyl viologen by nitrate or fumarate was followed spectrophotometrically 
at 580 m~, as previously described 2. 

Cytochromes were assayed spectrophotometrically in a Cary Model I4 recording 
spectrophotometer. Peak heights at 630, 59 o, 559 and 552 m~ for cytochromes as, al, 
b 1 and c552 were compared on a protein basis, and expressed as absorbance units/g 
protein, multiplied by IO. 

A partially purified sample of cytochrome cssz was prepared from a high-speed 
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supernatant extract by ammonium sulphate fractionation. Proteins precipitated at o ° 
by 3 ° % and 4 ° % satd. ammonium sulphate solutions were discarded, but  the 
40-60 % satd. fraction contained the bulk of the cytochrome c55 z. This precipitate 
was redissolved in 5o mM phosphate buffer (pH 7.4), dialysed overnight against a 
large volume of I mM phosphate buffer, and then concentrated to a small volume 
by leaving the solution in sealed dialysis tubing surrounded by Ficoll (Pharmacia) 
powder. 

NADH-linked nitrate reductase (EC 1.6.6.2)14,15 was estimated by following 
pyridine nucleotide oxidation at 34 ° m/* in anaerobic cuvettes containing nitrate. 
Volumes of 2.0 ml in the test cuvette contained 1.5/*moles NADH, 200/*moles 
potassium phosphate buffer (pH 7-4) and IO/*moles sodium nitrate placed in the side 
arm. The cuvette was repeatedly evacuated and flushed with high-purity N2 (Air 
Products) until no further NADH oxidation could be detected. The rate of NADH 
oxidation after tipping in the nitrate, expressed as /,moles NADH oxidised per mg 
per h, was taken as the activity of nitrate reductase. For NADH-nitr i te  reductase 
(EC 1.6.6.4) 16 nitrite (io/*moles) replaced nitrate as oxidant. 

The NADPH-dependent nitrate and nitrite reductases were estimated under 
identical conditions as above, except that  NADPH (1.5/*moles) replaced NADH. 

The reduction of nitrate to nitrite by electron donors other than pyridine 
nucleotides or benzyl viologen was determined by incubating nitrate (IO/*moles), 
donor (IO/*moles), phosphate buffer (200/*moles, pH 7.4) and enzymes in deep tubes 
at 3 o°. After a suitable period of time samples were taken for nitrite estimation. 

Nitrite was assayed by the method of SNELL AND SNELL 17 and protein concen- 
trations by the method of LOWRY et al. TM. 

RESULTS AND DISCUSSION 

The enzymes and cofactors required for the reduction of nitrate by formate 
have been partially purified and studied in considerable detail. Formate production 
from pyruvate is catalysed by the phosphoroclastic enzyme during anaerobic growth, 
but this activity appears to be absent aerobically TM. The physiological importance of 
formate as a donor for nitrate reduction therefore depends upon the presence of the 
phosphoroclastic enzyme in cells growing with nitrate. An assay for determining 
formate production from pyruvate has been developed which involves measuring the 
gas evolved when formate is oxidised to CO2. Cell-wall membranes prepared from 
E. coli grown aerobically in a complex medium contain an active formate-methylene 
blue oxidoreductase. These membranes catalyse CO 2 evolution from formate but not 
from pyruvate. The phosphoroclastic activity of crude cell extracts can therefore be 
determined by first incubating the test sample at 3 °o under N~ with pyruvate,  
precipitating protein with 30 %, w/v, perchloric acid after a suitable time interval, 
neutralising the sample with KOH solution and determining the formate concen- 
tration of the supernatant. Unfractionated extracts of cells grown anaerobically in the 
presence and absence of nitrate in the complex medium were tested in this way. Both 
showed conversion of pyruvate to formate. I t  was concluded, therefore, that  the 
reduction of nitrate by formate was probably of physiological importance in cells 
growing with glucose as an added carbon source. 

The previous paper in this series established that the presence of nitrate during 
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anaerobic growth depressed fumarate reductase activity 2. This has now been confirmed 
by adding either nitrate or fumaI ate to batch cultures of E. coli growing anaerobically: 
samples of log phase cells harvested before and after the appropriate addition were 
broken in the French pressure cell and fumarate and nitrate reductase activities 
assayed with reduced benzyl viologen as electron donor. Table I shows that addition 
of fumarate little affected nitrate reductase activity, but stimulated fumarate 
reductase. Nitrate apparently induced nitrate reductase, but fumarate reductase 
decreased. Since succinate synthesis by both Krebs cycle and reductive pathway 2~ 
activities is small during anaerobic growth in the presence of nitrate, it is reasonable 
to propose that  succinate is not an active donor for nitrate reduction. 

TABLE I 

T H E  ~ F F ~ C T  O F  N I T R A T ] ~  A N D  F U M A R A T E  O N  N I T R A T E  R E D U C T A S E  A N D  F I J M A R A T E  R E D U C T A S E  

E. coli was grown anaerobically in the defined medium with glucose as carbon source, A sample of 
cells was harves ted  at  the middle of logari thmic growth,  and either ni t rate  of fumara te  (final 
concentrat ion 20 raM) added to the remainder  of the culture. Ni t ra te  and fumara te  reductase 
activities were measured for crude extracts  of cells harvested at the end of logari thmic growth  
(about  2 h later), and for extracts  from a control exper iment  in which no addit ion was made 
during growth.  The volumes of ext rac t  added were o.01-0.2 ml (0.2- 4 mg protein). 

Growth Growth Nitrate Fumarate 
conditions reduetase * reductase * 

Control Glucose only 16 34 
2 h later 13 39 

Expt .  I Glucose only 31 28 
Glucose and fumara te  47 9o 

Expt .  2 Glucose only 17 36 
Glucose and nitrate 476 4 

* Units are A A580 mu/mg protein per min, measured by following the reoxidation of reduced 
benzyl viologen. 

70 

E 
50 

E 
._c 

Z 

0' 

/ 

2 4 6 
Time after inoculation (h) 

Fig. i. Nitri te accumulat ion f rom nitrate  dur ing growth.  E. coli was grown anaerobically in the 
complex medium supplemented wi th  either io  mM or ioo mM potass ium nitrate.  The concentrat ion 
of nitri te which accumulated in the medium was measured th roughou t  the growth  cycle. • • • • 0 ,  
initial NO~- concentrat ion IO raM; O - - O ,  initial NO 3- concentrat ion zoo mM. 
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Nitrate reduction with different donors 
Fig. I shows that nitrite accumulated in the medium during anaerobic growth 

in the presence of nitrate. Since cytochrome c552 synthesis was influenced by the con- 
centration of nitrate in the medium S, two different concentrations, IO mM and ioo 
mM were used. At the low nitrate concentration, nitrite was released into the medium 
during the early logarithmic phase of growth, but subsequently disappeared. At the 
high concentration, nitrite continued to accumulate throughout the growth cycle. 
These results clearly reflect the differences in rates of production of nitrite from nitrate 
by nitrate reductase and its subsequent removal by nitrite reductase. 

T A B L E  I I  

OXIDATION OF REDUCED PYRIDINE NUCLEOTIDES B Y  N O  2 -  AND 1%~O s-  

The anaerobic oxidation of reduced pyridine nucleotides by  nitrite or ni t rate  was followed spectro- 
photometr ical ly  at 34 ° m~. Cells were grown anaerobically in a medium containing either IO mM 
or IOO mM NaNO 3, and crude extracts  prepared in the French pressure cell. Units are /~moles 
nucleotide oxidised per mg protein per h. Concentrat ions of cytochrome c552 in high-speed super-  
na t an t  extracts  are shown for comparison.  

Donor Oxidant Cells grown with Cells grown with 
• o m M  NO 3- xoo m M  NO 3- 

N A D H  NO2- 17.7" 7.9 
N A D H  NO 3- 3.2 12.8 
N A D P H  NO~- o.12 o.17 
N A D P H  NO 8- o.oi  0.07 

Cytochrome c552 synthesised 
(units defined in METHODS) 35.4 3.2 

* o.I -ml  samples of crude extracts  containing 2.o-4.o ml of protein were assayed in a final 
volume of 2.o ml. 

T A B L E  I I I  

DONORS FOR NITRATE REDUCTION 

Unfraet ionated cell extracts  from cells grown in media containing IO or ioo mM ni t ra te  were 
incubated at  3 °0 in deep tubes  containing 4 mM buffered ni t ra te  and different subs t ra tes  (final 
concentrat ion 4 raM). Nitri te accumulat ion was assayed at intervals,  and units  of ni t rate  reductase 
activity calculated as #moles  NO 2- accumulat ing per  h per mg  protein. A slow endogenous rate  
in the absence of an added electron donor  has  been deducted in each ease. 

Donor Nitrate reductase activity 
(#moles NO 2- per h per mg protein) 

zo m M  NO z- cells IOO m M  NO 3- cells 

Formate  2.1o* 2.34* * 
Lactate  o.42 1.27 
Pyruva te  o.23 o.7I 
Succinate 0.4o o.05 
Malate < o . o i  < o . o i  
Ethanol  < o.oi < o.oi 

* Final  protein concentrat ion,  2. 5 mg/ml.  
** Final  protein concentrat ion,  2. I mg/ml.  
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Tab le  I I  shows t h a t  d u r i n g  la te  l o g a r i t h m i c  g rowth ,  cells g rown  w i t h  low 

c o n c e n t r a t i o n s  of n i t r a t e  c o n t a i n e d  h igher  ac t iv i t i e s  of n i t r i t e  r educ t a se  t h a n  n i t r a t e  

reduc tase .  C o m p a r a b l e  cells g rown  in IOO m M  n i t r a t e  showed  h igher  N A D H - n i t r a t e  

r e d u c t a s e  a c t i v i t y  b u t  a r educed  N A D H - n i t r i t e  reduc tase .  N A D P H  was no t  an  

e f fec t ive  s u b s t r a t e  for n i t r a t e  or  n i t r i t e  r e d u c t i o n  u n d e r  e i the r  cond i t i on  ~1. 

M a n y  donors  are  k n o w n  to  be  able  to  r educe  n i t r a t e  in t he  presence  of E.  coli 

e x t r a c t s  3. T h e  r e l a t ive  ac t iv i t i e s  of these  d i f ferent  p a t h w a y s  were  t e s t ed  in c rude  

e x t r a c t s  of cells g r o w n  anaerob ica l ly .  Tab l e  I I I  shows t h a t  for cells g rown  in b o t h  h igh  

a n d  low n i t r a t e  concen t r a t i ons ,  n i t r i t e  a c c u m u l a t e s  m o s t  r a p i d l y  f rom n i t r a t e  w h e n  

f o r m a t e  is t h e  e lec t ron  donor .  L a c t a t e  and  p y r u v a t e  are  more  ef fec t ive  donors  for 

cells g rown  in t he  h ighe r  n i t r a t e  concen t r a t i on .  Once  aga in  the  inc reased  r a t e  of n i t r i t e  

a c c u m u l a t i o n  f rom e x t r a c t s  of cells g r o w n  a t  t he  h igher  n i t r a t e  c o n c e n t r a t i o n  could  

be  due  to  a dec reased  n i t r i t e  r e d u c t a s e  a n d  or  an  inc reased  n i t r a t e  r e d u c t a s e  ac t i v i t y .  

I t  is r easonab le  to propose ,  however ,  t h a t  t he  resul t s  p r e sen t ed  ref lect  t he  r e l a t i ve  

phys io log ica l  i m p o r t a n c e  of t he  d i f ferent  subs t r a t e s  as donors  for n i t r a t e  reduc t ion .  

Since  n i t r a t e  r e d u c t i o n  b y  p y r u v a t e  is p r o b a b l y  m e d i a t e d  by  the  c l eavage  of 

p y r u v a t e  to  fo rma te ,  t he  s low ra t e  of r e d u c t i o n  b y  p y r u v a t e  in these  e x t r a c t s  could  

TABLE IV 

C E L L U L A R  L O C A L I S A T I O N  OF NITRATE-REDUCING ENZYMES 

Supernatant and cell-wall membrane fractions were prepared from cells grown anaerobically in 
the chemostat on a complex medium containing 7 ° mM sodium nitrate. Nitrate accumulation 
was followed when 0.2 nil of each sample was incubated at 3 °o with 200 btmoles of phosphate 
buffer (pH 7.4), 2o tzmoles of sodium nitrate and an electron donor. 

Donor itmoles 
added 

ktmoles NO 2- formed per mg protein per h 

Cell-wall Supernatant Cell-wall 
membranes membranes a.nd 

supernatant 

NADH 9 4.7 o.o o.o 
Formate 20 3. i 0.2 4.0 
Lactate 20 o.o o.o 0.6 
Suecinate 20 o.o o.o o.o 
N o n e  - -  o . o  o . o  o . o  

TABLE V 

C E L L U L A R  L O C A L I S A T I O N  OF NADH-DEPENDENT NITRATE AND NITRITE REDUCTASE 

The cell-wall membrane and supernatant extracts described for Table IV were tested for the 
ability to oxidise NADH in the presence of nitrate or nitrite. NADH oxidation in Thunberg 
cuvettes was followed spectrophotometrically at 34 ° m / ,  in a Cary 14 recording spectrophotometer. 

Oxidant N A D H  ozidised 
(l~moles/h per mg protein) 

Cell-wall Supernatant 
membranes 

Nitrate 5.° o.o 
Nitrite o.o i 1.9 
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be due either to a low activity in vivo of the phosphoroclastic enzyme, or to inactiva- 
tion during cell breakages. The second explanation is the more likely, since no activity 
at all is observed if the unfractionated extracts are stored at --20 ° and then tested 
for NO~- production from NO 3- in the presence of pyrnvate.  Cells disintegrated at 
high pressures also fail to show this activity. 

Table IV shows that  formate and NADH both reduce nitrate in the presence 
of a cell-wall membrane preparation. Nitrate reduction by lactate requires both 
soluble and particulate enzymes, but  the soluble fraction prevented nitrite accumu- 
lation when NADH was the donor. 

Nitrate and nitrite reductase2~, ~ activities for the same extracts were measured 
spectrophotometrically with NADH as the electron donor. Table V shows that  the 
lack of nitrite accumulation when NADH and nitrate were incubated with both cell 
membranes and a supernatant extract was probably due to further reduction by  
NADH-ni t r i te  reductase, rather than to an inhibition of the cell-wall membrane 
nitrate reductase by soluble factors. 

Occasionally some cell-wall membrane samples showed very low N A D H -  
nitrate reductase activity: this could be stimulated slightly by  adding ravin-adenine  
diuucleotide (o.I mg/ml in the assay cuvette), and was restored to the value quoted 
in Table V by  0.05 mg/ml of vi tamin KI. 

Effect of NO s- concentration during growth 
Cells were grown in the complex medium in the continuous culture vessel. Each 

day the concentration of nitrate in the feed medium was changed. After each I6-h 
period of equilibration, cells were collected at o °, washed and Hughes'  press extracts 

,~ 8o. 

~ 6c 
o. 

8 

o 2o 
x: 

b' :" so ,7 3go 
N i t r Q t e  conch, in f e e d  ( m M )  

c 
"~ 4r'~ 20007 .30=__ 

/ E k _ / \  / ....... ,, , - - - 2 o 5  
,~ ° ; , " e 

~. ~<~ / " /  I ....I ,. . . . .  
• 2 ~ 1OOO " " .  E 

x ~ ~ • .......... ~.6 
/ 7 ........... 

~ z  1 ~ soo i' : ~ .  
F / L,..,.X,, ,. o 

I:7E I.~ b / "  .~... / ~ 9~> 
z ~ o L ~  O~V~ ' , ~ ' -  i I " 1 1 ~ - , - - ~ -  I ,, • ~3 ;~ a 

0 2 0  4 0  6 0  v e o  " 3 5 0  

NO~ in f e e d  ( m M )  

~2~ 

m c  

4 ~ 6 ~  

Fig. 2. The effect of ni t rate  concentrat ion on cytochromes.  Cells were grown anaerobically in a 
chemos ta t  containing the  complex medium and o. 4 % glucose. The concentrat ion of ni t ra te  in this 
medium was varied as indicated. Cells were harves ted  after equil ibrating for I6 h at  each ni t ra te  
concentrat ion,  washed and cell-free extracts  prepared wi th  the Hughes '  press. Soluble and mem- 
brane-bound cytochromes were assayed spectrophotometrical ly,  as described in METHODS. The 
protein concentrat ions of unfract ionated extracts  were in the range 25-4o mg/ml.  High-speed 
supe rna t an t  ("soluble") and cell-wall membrane  fract ions contained 20-40 and 5-15 mg protein 
per ml, respectively. O - - - Q ,  cytochrome b 1 (membrane bound) ;  + - . .  + ,  cytochrome a 2 
(membrane  bound) ; © - - O ,  cytochrome c552 (soluble). 

Fig. 3. The effect of ni t ra te  concentrat ion on some enzyme activities. The extracts  used here were 
the same as for the cytochrome determinat ions in Fig. 2. Hydrogenase,  nitri te reductase and 
ni t ra te  reductase activities were assayed wi th  0.o 5 to o.5-ml samples of unfract ionated cell-free 
extracts .  N A D H  oxidase act ivi ty in o.o2-o.o5 ml samples of washed membranes  is also shown. 
O ~ I ,  hydrogenase act ivi ty;  × - - . × ,  ni t rate  reductase;  O - - O ,  nitri te reductase;  + - - - + ,  
N ADH oxidase. 
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prepared. The changes in cytochrome content of supernatant and cell-wall membrane 
fractions are shown in Fig. 2. There was an opt imum concentration of nitrate in the 
feed medium required for the formation of cytochrome c552. This nitrate concentration 
corresponds to peaks in level of two membrane-bound cytochromes, cytochrome bl 
and cytochrome a 2. However, cytochrome b~ is highest at higher nitrate concentra- 
tions. As this was increased still further, cytochrome c552 disappeared whilst cyto- 
chrome bl fell to a steady level which was similar in this experiment to the anaerobic 
level. 

The activities of some enzymes involved in aerobic and anaerobic metabolism 
were assayed, and the results are shown in Fig. 3. Hydrogenase and nitrite reductase 
(NADH dependent) activities were absent in cells grown at the highest nitrate con- 
centrations, but NADH oxidase and NADH-ni t ra te  reductase are high. Once again 
the synthesis of cytochrome c552 closely paralleled nitrite reductase, but not nitrate 
reductase activity. On the other hand synthesis of cytochrome bl, a known component 
of nitrate reductase systems 24, varied in the same way as nitrate reductase activity. 

Oxidation and reduction of cytochromes in cells and extracts 
The oxidation and reduction of cytochromes on addition of various substrates 

was followed in open cuvettes with the Cary 14 recording spectrophotometer. Cells 
were grown anaerobically in a batch culture in the complex medium containing io mM 
nitrite. Under these conditions, E. coli synthesises large quantities of cytochrome a~, 
b 1, and c552. Cells were harvested several hours after reaching the stat ionary phase of 
growth, washed and resuspended in 50 mM phosphate buffer (pH 7.4). Difference 
spectra for test against control cuvettes in the range 650-535 m~ were recorded 
before and after additions to the test cell suspensions (20 mg dry cell wt. per ml). 

When test and control were reduced and oxidised with dithionite and ferri- 
cyanide, respectively, peaks at 63o, 59 ° and 555 m/z were observed. The 630- and 
59o-m/z peaks correspond to cytochrome a 2 and al, and the 555-m/z peak was charac- 
teristic of cells rich in both cytochrome b 1 and c552. All peaks disappeared when excess 
nitrate was added to the test cuvette. When the test cuvette contained 5 mM formate, 
the same difference spectrum was recorded as for dithionite, except that  the 555-m# 
peak was replaced by  a smaller cytochrome b 1 peak at 599 m/z; clearly cytochrome csb z 
remained oxidised in the presence of formate. Addition of nitrate to a concentration 
of 50 mM to the formate-containing cuvette caused an oxidation of cytochromes a~ 
and a 2 after 2 rain, and cytochrome b 1 after 8 min. An apparent oxidation rate of 
formate of at least 1.6/zmoles/h per mg dry cell wt. can be deduced from this experi- 
ment, which was run at 20 °. Reoxidation of formate-reduced cytochromes could not 
be detected even after 30 rain if nitrate was omitted, or if nitrate was added in the 
presence of azide (5 mM in the cuvette). Succinate and lactate reduced only 5 and IO % 
of the cytochrome b~ content of the cells, respectively. The complete reduction of 
cytochrome bl by  formate was established by recording a dithionite-reduced against 
formate-plus-nitrate-reduced difference spectrum: the only peak was at 552 m/z, 
corresponding to cytochrome c552. 

Finally, an a t tempt  was made to demonstrate cytochrome c55~ reduction in the 
presence of glucose. Formate (5 raM) was added to the control cuvette to completely 
reduce cytochromes al, a 2 and bx and 5 mM glucose added to the test cuvette. At first 
no differences in the extent of reduction of any pigment could be detected, but after 
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several minutes the cytochrome c55 z in the formate-containing cuvette became 
75 % reduced. No explanation can be offered for this unexpected observation. 

When the reoxidation of cytochromes reduced with either dithionite or formate 
was studied, further clear distinctions between cytochrome b~, a~ and a2, on the one 
hand, and cytochrome c552, on the other hand, became apparent.  The former were 
oxidised by  nitrate but not by nitrite, whereas cytochrome c552 was oxidised by both 
these acceptors. The oxidation of cytochrome b 1 was inhibited by  azide, but the 
oxidation of cytochrome c~5 ~ by  nitrite was insensitive to this know inhibitor of nitrate 
reductase 7. 

Formate was the most active donor for nitrate reduction in cells containing 
the largest quant i ty  of cytochrome c552. The possible involvement of the cytochrome 
in this reaction was investigated. A partially purified cytochrome preparation was 
degassed in an anaerobic cuvette with various additions, and its spectrum recorded at 
intervals. A slow reduction of the cytochrome in the presence of both formate and a 
crude cell-free extract  occurred, but  controls showed that  this was not dependent 
upon either addition. The crude extract could not catalyse the reduction of NAD+ by  
formate, or the reduction of cytochrome c552 by  lactate or succinate. The addition 
of acetyl-CoA or ATP either alone or together failed to stimulate the rate of reduction 
of either NAG + or cytochrome c552 by  formate. 

These observations suggest that  cytochrome c552 does not function as an electron 
carrier for nitrate reduction with any of the donors tested. In particular the experi- 
ments with formate suggest that  cytochrome Css 2 is not identical with the factor lost 
during the purification of the formate-cytochrome b~-nitrate oxidoreductase com- 
plex, as described by ITAGAKI, FUJITA AND SATO 9. Cytochrome c552 synthesis, its 
cellular localisation and its oxidation and reduction reactions in whole cells and in the 
presence of various inhibitors rather suggest that  the pigment is a component of one 
of the three nitrite reductase systems in E. coli TM. Since NADH and NADPH were 
reported to reduce purified cytochrome c552 in the presence of a soluble enzyme 
fraction of E. coli25m, the possible involvement of cytochrome c552 in the N A D H -  
dependent reduction of nitrite has been investigated. The results of these experiments 
will be reported in a subsequent paper. 
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