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SUMMARY 

Cytochrome c from Nitrobacter agilis was isolated and purified approx. 6o-fold. 
Absorption spectra of both the oxidized and the reduced Nitrobacter cytochrome c 
and the oxidized minus reduced difference spectrum of this cytochrome were essen- 
tially identical to the corresponding spectra of horse-heart cytochrome c. The redox 
potential of this cytochrome was determined by spectrophotometric titration with 
ferrocyanide/ferricyanide and found to be +0.282 V over the pH range 6.0 to 8.7, 
while a potential of +0.265 V was determined in the same manner for horse-heart 
cytochrome c. The titration also indicated that the Nitrobacter ferrocytochrome is 
oxidized by a single electron transfer. 

INTROD UCTION 

ALEEM AND NASON 1 originally demonstrated that nitrite oxidase particles from 
the chemoautotroph Nitrobacter agilis contain cytochrome c- and a-like components 
which apparently participate in the oxidation by 0 2 of nitrite to nitrate. LEES 2, 

KIESOW a and VAN GOOL AND LOUDELOUT 4 pointed out on the basis of standard redox 
potentials (E'o) reported for the nitrite/nitrate 5 and mammalian ferrocytoehrome/ 
ferricytochrome c (ref. 6) couples that Nitrobacter must work against a theoretical 
energy gradient in order to oxidize nitrite to nitrate (E' o = +0.43 V, pH 7.0) via 
cytochrome c assuming the latter has the same potential as mammalian cytochrome c 
(E' o : +o.26 V, pH 7.0). More recently ALEEM 7 and SEWELL AND ALEEM s have 
claimed on the basis of spectrophotometry and the use of inhibitors and uncouplers 
that nitrite enters the electron transport chain ill Nitrobacter at the level of eyto- 
chrome a I and not at cytochrome c; and that reduction of cytochrome c involves an 
energy-dependent reversal of electron transfer from cytochrome a r 

In the present paper we report on the isolation and characterization of Nitro- 
baeter cytochrome c which appears to be spectrally identical to horse-heart cyto- 
chrome c. The Nitrobacter cytochrome c is shown to have an oxidation-reduction 
potential of +0.282 V and to be involved in single electron transfers. 

* Cont r ibu t ion  No. 573 of t he  McCol lum-Pra t t  In s t i t u t e .  
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MATERIALS AND METHODS 

Cytochrome c was isolated from frozen N. agilis cells (io g wet wt.) by the 
butanol method of TISSIERES 9 and purified some 6o-fold to an A55o m/t/A28o m/~ ratio 
between 0.63 and 0.73 by  the amberlite and the (NH4)2SO 4 fractionation procedures 
of HORIO AND KAMEN 1°. Spectral studies were performed with the Cary Model-I 4 
recording spectrophotometer. The potential of the purified cytochrome was deter- 
mined by the method of DAVENPORT AND HILL 11, with the exception that  the ti trations 
were performed aerobically. The ratio of reduced to oxidized cytochrome was calcu- 
lated from the absorbance at 550 m# during the ti tration with ferrocyanide/ferri- 
cyanide and from the absorbance of the fully reduced sample at 550 in/, using the 
oxidized and reduced extinction coefficients for cytochrome c reported by MASSEY TM. 

The potential of the ferrocyanide/ferricyanide system was determined in the buffers 
used for the t i tration of cytochrome c as recommended by CLARK 13, utilizing a Coleman 
37 A pH meter equipped with a standard calomel and a platinum electrode. The re- 
sulting values were employed in the calculation of the potential (E'o) of the cyto- 
chrome preparations. The pH of the solutions was determined at the end of each 
ti tration. 

RESULTS AND DISCUSSION 

The spectra of both the oxidized and the reduced form of the purified Nitro- 
bacter cytochrome c are shown in Fig. I. The spectrum of the oxidized form was 
characterized by an absorption peak at 411 m/~ while that  of the reduced form showed 
absorption maxima at 550, 521 and 417 m# characteristic of the ~,/5 and ~-peaks, 
respectively, of reduced cytochrome c. Interestingly enough, the spectra of both the 
oxidized and reduced forms of Nitrobacter cytochrome c were superimposable on the 
corresponding spectra obtained with similar concentrations of oxidized and reduced 
horse-heart cytochrome c (Sigma, Type I I I )  (not shown). The reduced minus oxidized 
difference spectrum of purified cytochrome c from Nitrobacter was also identical to 
that  of horse-heart cytochrome c (Fig. I, insert). There was no spectral indication of 
the presence of either cytochrome b or a in the purified preparations. The absorption 
maxima exhibited by  Nitrobacter cytochrome c in both the reduced and oxidized 
forms are very close, if not identical to those reported for cytochrome c preparations 
from several other bacteriag, 14 (Table I). However, they vary slightly from those re- 
ported for cytochrome c preparations from the photosynthetic bacteria 15 (Table I). 

I t  is worth noting that  the trough between 455 and 465 m/~ observed in differ- 
ence spectra of nitrite oxidase preparations after reduction is also present in the 
purified cytochrome c preparations of both Nitrobacter and horse-heart cytochrome c 
(Fig. I, insert); although in the purified preparations, this minimum is blue shifted 
to 448 nv~. I t  therefore seems apparent  that  extreme caution must be exercised in 
at tr ibuting the absorption minimum in the 45o-465 m# region of difference spectra 
of cytochrome c-containing preparations to the bleaching of a flavin component. For 
example the absorption minimum at 465 m/~ observed by VAN GOOL AND LOUDELOUT 4 
in difference spectra of whole cells and extracts of Nitrobacter winogradskyi obtained 
after dithionite reduction may  well be due to cytochrome c and not to a flavin com- 
ponent suggested by these authors. Similarly the decrease in absorbance at 450 m/, 
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of crude cell-free preparations of N.  agilis reported by SEWELL AND ALEEM s may be 
related to the concommitant reduction of cytochrome c and not to the flavin com- 
ponent which these authors have implicated. 

0 2 0  

0~8 

0 1 6  

0 1 4  o sL 

O06 I 
0,2 ' 

'~ I' t 
n~ o l O  ~ 

0 i g O3 

'<ooe I/ i ~oo2, 

, 0 . 0 6  / 

~ r . J  I 5 

0 0 2 I \~\ " 

250 3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  550  

WAVELENGTH (m~) 

,J i ! 

4O0 450 500 %50 600 650 

6 0 0  6 5 0  

Fig.  I. Abso rp t ion  spec t ra  of N i t r o b a c t e r  cy toch rome  c. Absorp t ion  spec t ra  were recorded on  
a Cary  Model- i  4 s p e c t r o p h o t o m e t e r  us ing  a 0-o.2 A slide wire. Cy tochrome  was d issolved in  ] ml  
of 0.05 M p h o s p h a t e  buffer (pH 7.0) and  scanned  in i - c m  l igh t  p a t h  cuvet tes .  - - - - ,  ox id ized  
N i t r o b a c t e r  cy toch rome  c; - - - - ,  N i t r o b a c t e r  cy toch rome  c reduced by  several  c rys ta l s  of solid 
sod ium di th ion i te .  I n s e r t :  - - , difference spec t r a  (sodium d i th ion i t e - r educed  minus oxidized) 
of N i t robac t e r  cy toch rome  c ; . . . . . . . . .  , ho r se -hea r t  cy toch rome  c. The concen t r a t ion  of horse -hear t  
cy toch rome  c is 1. 4 #M. The concen t r a t ion  of the  N i t r obac t e r  cy toch rome  c was  e s t i m a t e d  to  be 
1.4 H M in the  ox id ized  and  reduced spec t ra  and  1. 7 #M in the  difference spec t ra  b y  us ing the  
e x t i n c t i o n  coefficient for m a m m a l i a n  cy toch rome  c (ref. I2). 

Representative results for the t i tration of Nitrobacter cytochrome c and horse- 
heart  cytochrome c (in o.oi M ferrocyanide) with o.oi M ferricyanide are presented 
in Fig. 2. Since oxidation of ferrocyanide involves a single electron transfer, the 45 ° 
slope of the points from each experiment plotted in this figure with the same units 
on the ordinate and abscissa indicates a single electron transfer also for the oxidation 
of the ferrocytochrome. The ratio of ferrocyanide/ferricyanide, corresponding to 50 % 
reduction of the cytochrome, can be determined by  extrapolation of the lines in this 
figure. Eh at this ratio corresponds to E'  o for the cytochrome at the pH indicated. 

The oxidation-reduction potential of Nitrobacter cytochrome c was relatively 
constant  at an average value of +0.282 V and a standard deviation of ~ 0.0097 V 
over the pH range investigated (pH 6.0-8.7). Horse-heart cytochrome c (Sigma 
type III) had an average potential, determined in an identical manner,  of +0.265 V 
with a standard deviation of ~ 0.0035 V over the pH range 5.95-8.40 (Table II) .  
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T A B L E  I 

C O M P A R I S O N  B E T W E E N  T H E  S P E C T R A L  P R O P E R T I E S  

C Y T O C H R O M E  C A N D  B A C T E R I A L  C Y T O C H R O M E S  

OF N. agilis C Y T O C H R O M E  C, 

303 

H O R S E - H E A R T  

Source Ref  . Oxidized Relative Relative Relative 
No. peak peak peak peak 

2max O~ma x height flmax height 7max height 

N. agilis 
cytochrome c - 411 55 ° (I .O) 521 (0.575) 417 (5.5o) 

Horse-hear t  
cytochrome c - -  41o 55 ° (i.o) 521 (o.515) 417 (5.1o) 

Azotobacter vinelandii 
cytochrome c 4 9 4 I I  551 (i.o) 522 (o.74o) 416 (6.6o) 

Bacillus megaterium 
cytochrome c 14 415 55 ° (I.o) 520 (0.829) 415 (5.86) 

Rhodospirillum rubrum 
cytochrome e 2 15 41o 55 ° (i.o) 521 (0.605) 415 (5.Ol) 

Rhodopseudomonas palustris 
cytochrome e 2 15 412 552 (i,o) 522 (0.629) 417.5 (5.Io) 

Chromatium 
cytochrome 553 15 41o 553 (i,o) 523 (0.684) 416 (8.35) 
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Fig. 2. Oxidat ion-reduct ion potentials of Nitrobacter cytochrome c and horse-heart cytochrome c. 
A, horse-hear t  cytochrome c, pH 7.o. The remaining points  refer to Nitrobacter  cytochrome c: 
B, p H  6.5; C, p H  7.4; D, p H  8. 5 . 

At pH 8.9o the potential of horse-heart cytochrome c decreased. This decrease and 
the potential of horse-heart cytochrome c are consistent with the results of I~OOKEY 
AND BALL 8. On the basis of the oxidation-reduction potentials of these two cyto- 
chromes, it seems possible that they could be interchangeable as electron acceptors 
in the nitrite oxidase particles. 

The difference between the potential of the Nitrobacter ferrocytochrome c/ferri- 
cytochrome c and the nitrite/nitrate couples at pH 7.0 (A o.158 V) represents an 
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TABLE I~ 

COMPARISOle OF THE OXIDATION--REDUCTION POTEleTIALS OF NITROBACTER CYTOCHROME C AND 
HORSE-HEART CYTOCHROME C 

O.O 5 M phospha te  buffer was used over the p H  range 6.0-8.0. o.o 5 M N-t r i s - (hydroxymethyt ) -  
methylglycine (Tricine, Calbiochem) was used over the p H  range 8.4-8.6. The buffer used at 
p H  values above 8.6, was 0.0 5 M K2HPO 4 adjusted to the desired p H  with 0.0 5 M NaOH (ref. 6). 

Nitrobacter cytoehrome c Horse-heart cytochrome c 

pH E'o pH E'o 

6.Ol o.291 5.95 0.265 
6.05 0.293 6.oi 0.265 
6.17 0.298 
6.40 0.283 6.50 0.265 
6.93 0.275 6.93 0.262 
7 . I °  0.275 6.94 o.264 
7.4 ° o.271 7.4 ° 0.262 
7.9o o.281 8.00 0.273 
8.50 0.280 8.40 0.265 
8.59 0.290 
8.70 0.268 8.9o 0.245 

energy span of 7.24 kcal calculated from the equation F '  = - n F A E  when n = 2. 
The recent work of O'KELLEY et al. 16 demonstrating the occurrence in nitrite oxidase 
particles of ni tr i te-cytochrome c reductase activity which proceeds readily in the 
absence of an added or generated energy source is in conflict with the above thermo- 
dynamic consideration. The data presented here demonstrating that  the Nitrobacter 
cytochrome c is involved in single electron transfer (n ---- i) (as are all the other c 
cytochromes which have been studied in this respect) suggest the possibility that  
there is an intermediate in the biological oxidation of nitrite to nitrate. This inter- 
mediate product would have a nitrogen a tom with an oxidation number of + 4  by 
contrast to that  of + 5  and + 3  for nitrate and nitrite, respectively, and may  even- 
tually provide an explanation to reconcile the above apparent contradiction. 
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