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An almost stoichiometric conversion of nitrite to nitrous oxide was observed during the nitrite reduction by 
Paracoccus denitrificans cells in a medium of pH 6.4. The N20 accumulated in the reaction medium and was 
decomposed only after nitrite had been consumed; when the pH of the medium was higher than 7.3-7.4, 
nitrous oxide did not accumulate. The activity of NzO reductase was, in the whole range of pH 6.4-9.2, 
higher than the activity of NO 2- reductase, both activities showing the maximum at the pH higher than 8.0. 
Using an artificial donor, TMPD plus ascorbate, the maximum activity of N O r  reductase, but not NzO 
reductase was shifted by about two pH units to acidic region. The activity of nitrite reductase declined in the 
presence of N20 only at higher pH values. Cytochrome c, as a common electron donor for both N20 and 
NO~- reductase, was more oxidized at pH < 7.3 in the presence of NO~- than in the presence of NzO, the 
opposite being true at pH > 7.3. The increased flux of electrons to cytochrome c has for a constant pH value 
(6.4) no effect on their distribution over NO 2- and N20. The results indicate that the distribution of 
electrons in the terminal part is determined by the different pH optima for NO2- reductase and NzO 
reductase, and by a mutual dependence of activities of the two reductases due to the competition for redox 
equivalents from a substrate. 

Introduction 

Denitrification processes in bacteria [1,2] form 
an important part of the nitrogen cycle in the 
biosphere. In their course, a sequential reduction 
of nitrate via nitrite to gaseous nitrogen oxides 
(mainly nitrous oxide) is brought about, leading in 
the final step to nitrogen . Intermediates of de- 
nitrification are believed to have a marked ecologi- 
cal importance: nitrite may play a role as a pre- 
cursor of carcinogenic nitrosamines [3], gaseous 
nitrogen oxides may have a deleterious effect on 
the protective ozone sphere of the earth [2,4,5]. 
From the foregoing arguments the justification for 

Abbreviation: TMPD, N,N,N',N'-tetramethyl-p-phenylene- 
diamine. 

kinetic studies of denitrification processes should 
be obvious, they should offer the explanation for 
the cause of accumulation of intermediates. Inves- 
tigations of this kind are necessarily restricted, 
because of the poor knowledge of reaction proper- 
ties of respiratory components in most denitrifying 
bacteria. A suitable object for these kinds of ex- 
periments may be sought in Paracoccus denitrifi- 
cans, a biochemically well-defined bacterium, 
which possesses a respiratory chain similar to that 
of mitochondria [6,8] comprising further nitrate 
reductase which withdraws redox equivalents from 
the ubiquinone region [8-11], and nitrite and ni- 
trous oxide reductases, into which the electrons are 
fed by cytochrome c [12,13]. The latter enzymes 
bring about the dissimilatory reduction of nitrate 
to nitrogen, creating as obligatory intermediates 
nitrite and nitrous oxide. 
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The objective of the present work is a study of 
kinetics of the reaction pathway nitrite ~ nitrous 
oxide ~ nitrogen and its partial steps, catalyzed by 
anaerobically grown cells of P. denitrificans using 
reaction media differing in pH. It is shown that in 
the control of the above pathway an inhibitory 
mechanism 'via respiratory chain' is involved, 
analogous to that which has been described ex- 
plicitly in our previous study [14] (see also Ref. 9 
for comparison). The results obtained make it 
possible to discuss factors acting on the kinetics of 
denitrification processes, and offer an explanation 
for some previous observations concerning the 
physiology of bacterial denitrification (see Refs. 1 
and 2 for a review). A part of the results was in a 
preliminary form already published [15]. 

Materials and Methods 

Microorganism and growth conditions 
Paracoccus denitrificans NCIB 8944 from the 

Czechoslovak Collection of Microorganisms (CCM 
982) was grown anaerobically in a medium de- 
scribed earlier [14] except that glucose was re- 
placed with 50 mM sodium succinate as a carbon 
source. The cells were harvested at the early sta- 
tionary stage of growth, washed with 50 mM 
sodium phosphate of pH 7.3 and suspended in a 
small volume of the same buffer. 

Investigation of metabolism of terminal acceptors 
Nitrous oxide concentration was continually 

measured with the aid of the modified Clark-type 
electrode described in [16] closing an electromag- 
netically stirred glass vessel of 2.6 ml volume 
tempered to 25°C. Nitrite concentration was de- 
termined colorimetrically in withdrawn samples of 
20/xl [17] after deproteinization with the saturated 
uranyl acetate solution. Anaerobic conditions per- 
mitting the denitrification were reached by the 
exhaustion of oxygen from the reaction mixture, 
either due to the oxidase activity of P. denitrificans 
cells [16] or by the addition of a several-times- 
washed suspension of bakers yeast [18]. In some 
cases the activity of nitrite reductase was measured 
in sealed tubes containing 5 ml of medium devoid 
of oxygen by bubbling through with nitrogen. In 
all cases a 0.1 M sodium phosphate buffer of a 
given pH value containing 5 mM sodium succinate 

was used as a medium for activity measurement. 
Nitrous oxide and acetylene were introduced as 
water solutions, saturated at 0°C (concentrations, 
58 mM and 76 raM, respectively [16]). 

Cytochrome c study 
The redox stage of cytochrome c during utiliza- 

tion of a given terminal acceptor was determined 
by means of difference spectroscopy in closed 
cuvettes of 3 ml volume with a spectrophotometer 
Cary 118 C. In the reference cuvette the substrate 
was omitted; the mixture was oxidized by solid 
potassium ferricyanide. The 100% reduction of 
cytochrome in the sample cuvette was achieved 
with the aid of sodium dithionite. 

Chemicals 
N,N,N ',N '-tetramethyl-p-phen ylenediamine 

(TMPD) was from Fluka (Buchs, Switzerland), the 
other chemicals of analytical purity were obtained 
from Lachema (Brno, Czechoslovakia). 

Results 

The pH effect on the course of the pathway nitrite 
nitrous oxide ~ nitrogen 

We have followed the time-dependent changes 
of nitrite and nitrous oxide concentrations after 
the addition of nitrite to an anaerobic suspension 
of P. denitrificans cells (see Figs. 1-3, parts a). 
Parallel experiments were undertaken where 
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Fig. 1. The concentration dependence of nitrogenous com- 
pounds during the reduction of nitrite by the cells of Paracoc -  

cus  den i t r i f i cans  at pH 6.4. For the measurement conditions,  see 
Materials and Methods.  4.7 mg dry weight of bacteria in 2.6 ml 
of reaction medium was used. The initial nitrite concentration 
introduced after oxygen exhaustion was 1.7 mM. Concentra- 
tions are indicated: N-NO z (O), N-N20 ( -  - -),  N-NO z plus 
N-N20 (0). (a) and (b), without and with 2 mM acet~clene, 
respectively. 



acetylene in 2 mM concentration was present (see 
Figs. 1-3, parts b). Under these conditions the 
nitrous oxide reductase of the cells is effectively 
blocked, since its published value of K i with 
acetylene (benzyl viologen as an electron donor) is 
28 #M [19] (that is two orders of magnitude lower 
than the concentration of inhibitor in our experi- 
ments). From Fig. 1 it is evident that at pH 6.4 an 
almost stoichiometric accumulation of nitrous 
oxide proceeded simultaneously with the nitrite 
reduction (Fig. la ) jus t  similarly as appeared in an 
experiment where the nitrous oxide reductase was 
blocked by acetylene (Fig. lb). After the nitrite 
was consumed, the transiently accumulated ni- 
trous oxide was decomposed in a fast reaction. 

Analogous experiments to those shown in Fig. 1 
were also performed at pH 6.95 (Fig. 2) and 7.35 
(Fig. 3). It is evident that the relatively small 
change of the pH value of the medium had a 
profound influence on the kinetics of the investi- 
gated process. By increasing the pH the obtainable 
maximum concentration of N20 decreased. At the 
pH values higher than 7.3-7.4 nitrous oxide did 
not accumulate at all, indicating that the rate of its 
utilization reached the rate of its production from 
nitrite. Simultaneously, the higher rate of reduc- 
tion of terminal acceptors NO~- and N 2 0  w a s  

detectable in the more alkaline medium. Figs. 1-3 
also give the time dependences of the total analyti- 

cally followed concentration of nitrogen; it is the 
sum of [NO2] and 2[N20 ]. From the fact that in 
the presence of acetylene (when the nitrite reduc- 
tion is blocked at the nitrous oxide level) no 
transient decrease of this sum could be observed, it 
can be assumed that during the reduction of nitrite 

no other nitrogenous intermediate besides nitrous 
oxide is accumulated in media of the given pH. 

The effect of pH on the course of reactions catalyzed 
by nitrite reductase and nitrous-oxide reductase 

In order to clarify the observed effect of pH on 
the kinetics of the reaction sequence nitrite 
nitrous oxide ~ nitrogen we studied the pH de- 
pendences of the activities of nitrite reductase and 
nitrous oxide reductase of the cells (Fig. 4). From 
Fig. 4 an almost parallel course of both activity 
curves can be seen, both enzymes having optima in 
the interval pH 8-9. Nitrous oxide reductase activ- 
ity was higher than the activity of nitrite reductase 
over the whole pH range tested, and the ratio of 
both activities increased with increasing pH. A 
similar dependence of activity on pH was also 
found when following the oxidase activity of cells 
(not shown). 

Since the reduction of terminal acceptors by 
intact bacterial cells represents a complex event 
(the manifestation of which is determined by the 
function of a number of membrane-bound entities 
responsible for substrate transport across the 
membrane and of membrane-bound electron car- 
riers), the observed optimal activities need not 
necessarily reflect the true pH optima of the termi- 
nal reductases. As can be seen from Fig. 5 this 
could be documented in the case of nitrite re- 
ductase. Fig. 5 shows that using an artificial elec- 
tron donor TMPD plus ascorbate, which passes 
electrons direct to cytochrome c [20], the pH opti- 
mum for the nitrite conversion to nitrous oxide 
was shifted by about two pH units to the acidic 
region. No similar significant change of pH opti- 
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Fig. 2. The concentration dependence of nitrogenous com- 
pounds during the reduction of nitrite by the cells of Paracoc- 
cus denitrificans at pH 6.95. For reaction conditions and sym- 
bols, see legend to Fig. 1. 
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Fig. 3. The concentration dependence of nitrogenous com- 
pounds during the reduction of nitrite by the cells of Paracoc- 
cus denitrificans at pH 7.35. See legend to Fig. 1 for the 
description. 



mum could be found when using an artificial 
electron donor with nitrous oxide reductase. This 
observation is consistent with previously published 
results [18]. 

Competition of terminal acceptors nitrite and nitrous 
oxide 

As a consequence of the fact that both nitrite 
reductase and nitrous oxide reductase withdraw 
electrons from the cytochrome c region [12,13], 
competition between the terminal acceptors nitrite 
and nitrous oxide at the limited electron influx 
into the terminal region of the respiratory chain 
can be expected. Consequently, Alefounder et al. 
[9] observed that the addition of nitrous oxide 
strongly inhibits the reduction of nitrite by the 
cells of P. denitrificans at pH 7.3. In our experi- 
ments we found that the inhibitory effect of exoge- 
nous nitrous oxide upon the nitrite reduction was 
markedly dependent on the pH. Whereas at pH 
8.1 similar result as in Ref. 9 could be obtained, 
there was no influence of exogenous nitrous oxide 
on nitrite reduction at pH 6.4 (not shown). 

The interaction of nitrite and nitrous oxide with 
the respiratory chain of P. denitrificans at different 
pH values was also investigated by means of mea- 
suring he extent of cytochrome c reduction in a 
stationary state, using the same procedure as in 
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Fig. 5. The pH dependence of the conversion rate of nitrite to 

nitrous oxide with the physiological donor alone (succinate) 
and in its combination with the artificial donor (TMPD plus 
ascorbate) .  2.6 ml of reaction medium contained 2.8 mM 

acetylene and 1 mg dry weight (d.w.) of bacteria. After oxygen 
was exhausted nitrite was added in the final concentration of 

1.8 mM and the increase of nitrous oxide concentration was 

registered. Donors: 5 mM succinate  (O) ,  5 mM succinate and 
0.4 m M  T M P D  plus 7.4 mM ascorbate  (O). 

previous studies [13,14,21,22]. The experimental 
results in Fig. 6 provide evidence that with increas- 
ing pH in the range of pH 6 and pH 8, the extent 
of cytochrome c reduction also increases. How- 
ever, the slope of this dependence was different for 
individual terminal acceptors, and increased in the 
range nitrous oxide (nitrous oxide reductase oper- 
ating), nitrite (both nitrite reductase and nitrous 
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Fig. 4. The dependence of nitrite reductase and nitrous oxide 
reductase activities on pH. The reaction mixture (2.6 ml) 
contained 0.1 M sodium phosphate of a given pH value, 5 m M  
sodium succinate as a substrate and 5.5 mg dry weight (d.w.) of 
bacteria.  In the following the activity of nitrite reductase ( O )  
the initial concentration of nitrite was 1.8 mM, at  measuring 
the activity of nitrous oxide reductase (o) nitrous oxide was 
introduced in the 1.2 m M  concentra t ion.  For  measurement 
conditions, see Materials and Methods. 
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Fig. 6. The pH effect on the cytochrome c reduction during 
utilization of nitrogenous terminal acceptors.  For  the procedure 
of measurement see Materials and Methods. in the spectropho- 
tometric cuvette was 3.5 mg dry weight of cells in 3 ml of 

medium. Further additions were: 1.9 mM nitrous oxide (m), 1.7 
m M  N a N O  2 (O) ,  1.7 m M  N a N O  2 plus  2.5 mM acetylene (O). 



oxide reductase operating), and nitrite plus 
acetylene (only nitrite reductase operating). Fur- 
ther, it is obvious from Fig. 6 that in the vicinity of 
pH 7.2 the extent of cytochrome c reduction when 
the cells were utilizing nitrite was very close to that 
when utilizing nitrous oxide. At the lower pH 
cytochrome c (and probably also other respiratory 
components) was kept more oxidized in the pres- 
ence of nitrite, whereas at higher pH this was the 
case in the presence of nitrous oxide. 

Does the redox state of cytochrome c affect the 
distribution of electron flow between NO]- and NO? 

Considering the above results the question arises 
whether the distribution of the electron flow be- 
tween NO 2- and NzO is determined by the redox 
state of cytochrome c in such a way that at higher 
reduction degrees (in an alkaline pH) the flux to 
nitrous oxide reductase is preferred, whereas at 
relatively oxidized state of cytochrome c (in an 
acidic pH) the flux to nitrite reductase prevails. 
On examining the possibility we performed detailed 
measurements of the kinetics of the transient accu- 
mulation of N20 during the reduction of nitrite by 
the cells of P. denitrificans in an acidic medium, 
when, in the initial phase of the experiment, the 
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Fig. 7. The time-course of N20  accumulation during NO~- 
reduction at various amounts  of cells and in the presence of an 
artificial electron donor. The measurements  were performed in 
0.1 M sodium phosphate of pH 6.4. After oxygen had been 
exhausted by addition of about 1 mg dry weight of washed 
bakers yeast, 3.2 mg (records a, c) and 6.4 mg (record b) of P. 
denitrificans cells were introduced. In case c the mixture was 
supplemented with T M P D  (0.05 mM) and ascorbate (10 mM). 
On starting the reaction with 3 p, mol NO~- the N20  concentra- 
tion was continually registered. The response of the electrode 
was calibrated by additions of standard solutions of N20  in an 
independent experiment. 

enzymes NO 2- reductase and N20 reductase are 
saturated with their terminal acceptors. The results 
of the experiments are summarized in Fig. 7. In 
case b the double amount of cells was used in 
comparison to experiment a. In this way the total 
activities to nitrite reductase and nitrous oxide 
reductase were doubled while retaining their pro- 
portion; the redox stage of cytochrome c was the 
same in both a and b. It can be seen that the 
parallel increase in activities of both enzymes par- 
ticipating in the reduction of nitrite to nitrogen 
resulted in a 'shrinkage' of record b in the direc- 
tion of the horizontal time axis in comparison to 
record a; no change in the record was observed in 
the direction of the vertical concentration axis, this 
means that the maximum concentration of accu- 
mulated N20 was the same in the two cases. From 
the comparison of records a and c it follows that a 
similar effect could be obtained also at a given 
concentration of cells by the addition of an artifi- 
cial electron donor TMPD plus ascorbate which 
brings about an increase in the reduction degree of 
cytochrome c (see Ref. 14 for comparison). Hence, 
it can be concluded that on changing the degree of 
reduction of cytochrome c in a medium at a given 
(constant) pH the activity ratio of nitrite reductase 
vs. nitrous oxide reductase does not change; conse- 
quently, there is no change in the distribution of 
the electron flow over N 0  2 and N 2 0  a s  terminal 
acceptors. 

Discussion 

Two enzymes participating in the dissimilatory 
nitrite reduction to nitrogen were purified from 
anaerobically grown cells of P. denitrificans: nitrite 
reductase of the cytochrome cd type [23,25], and 
the so far less characterized nitrous oxide re- 
ductase [26]. Nevertheless, the question remains 
what is the product of the nitrite reductase reac- 
tion in vivo? During the reduction of nitrite cata- 
lyzed by the purified enzyme, nitrogen monoxide 
as a main reaction product is formed [23-25]. On 
the other hand, the experiments performed with 
isotopically labeled terminal acceptors in intact 
cells revealed that unlike nitrous oxide, nitrogen 
monoxide did not appear as a free intermediate of 
denitrification in P. denitrificans [27]. The obliga- 
tory involvement of nitrous oxide in the course of 



denitrification in this bacterium was proved by 
using acetylene as a specific inhibitor of the ni- 
trous oxide reductase reaction [16,28]. In keeping 
with these findings are also the results of the 
presented paper (Fig. 1-3, parts b). Hence the 
stoichiometric production of nitrous oxide from 
nitrite during the blockade of the nitrous oxide 
reductase with acetylene throws doubt on a tran- 
sient accumulation of other free intermediates (be- 
sides nitrous oxide) in an amount exceeding some 
percent of the initial nitrite concentration at the 
used pH values. 

It has already been observed by several authors 
that the composition of the gaseous products of 
denitrifying bacterial cultures is pH dependent; in 
general the lowering of pH leads to an increased 
ratio of nitrous oxide over nitrogen [1,2]. In our 
paper the transient accumulation of nitrous oxide 
in a slightly acidic medium is also shown with P. 
denitrificans (see Figs. 1-3). This finding is in 
qualitative agreement with the pH optima of puri- 
fied nitrite reductase and nitrous oxide reductase, 
which are reported as 5.5-5.8 [25] and 8.0, respec- 
tively [26], and with similar values established in 
the presence of the artificial donor, TMPD plus 
ascorbate, with intact cells (Fig. 5, see also Ref. 
18). However, in a discussion about this topic it 
should be mentioned that during utilization of a 
physiological substrate (succinate) the rate of 
reduction of terminal acceptors is markedly limited, 
owing to the influx of redox equivalents into the 
terminal part of the respiratory chain, the rate of 
this influx being also dependent on pH. This state- 
ment is supported by: (i) the several times higher 
rates of nitrite and nitrous oxide reduction 
observed when using the artificial donor TMPD 
plus ascorbate (Fig. 5, [9,16,18]), (ii) the significant 
shift of the apparent pH optimum of nitrite re- 
ductase of the cells in the presence of the artificial 
donor (compare Figs. 4 and 5), (iii) the course of 
pH dependences of enzyme activities and the stage 
of cytochrome c reduction (Fig. 4 and 6). The 
reason of the observed pH dependence of the 
electron influx to cytochrome c cannot be un- 
equivocally established from the results presented. 
It seems probable that the raise in respiration on 
increasing the pH value of the medium is a conse- 
quence of the drop in the pH gradient across the 
membrane in the coupled system. Since the termi- 

nal region of the respiratory chain, comprising 
NO 2 reductase, N20 reductase and their electron 
donor cytochrome c (c-550), is located in the 
periplasmic space of P. denitrificans cells [9,29-31] 
and as it stands it does not participate in the 
transfer of protons across the membrane, it cannot 
be assumed that the alterations in magnitude of 
the components of protonmotive force, on chang- 
ing the pH of the medium, would directly in- 
fluence the distribution of the electron flow from 
cytochrome c to terminal acceptors NO 2- and 
N20. The resulting distribution is evidently de- 
termined only by the external pH value. This 
conclusion is supported by the results in Fig. 7 
where it can be seen that the increase in the rate of 
electron flow to cytochrome c at a constant pH 
value of the medium brings about only a parallel 
increase in activities of both reductases, while 
keeping constant their proportion in activities. 

Another point which should be discussed is the 
fact that under conditions where the influx of 
electrons into the branching site of the respiratory 
chain is limited the enzymes nitrite reductase and 
nitrous oxide reductase probably compete for the 
redox equivalents and are mutually affected, simi- 
larly as in the case when blocking the nitrate 
reduction by oxygen [32,33] or by nitrite and 
nitrous oxide as denitrification intermediates [9,14]. 
In this way, the inhibition of nitrite reduction 
exerted by nitrous oxide at satisfactorily high pH 
values as was observed in Ref. 9 and as investi- 
gated in this paper can be explained. On the other 
hand it can be assumed that in the accumulation 
of nitrous oxide in acidic media, an inhibition of 
nitrous oxide reductase brought about by the 
parallel reduction of nitrite plays the key role. 
Several arguments support this idea. (1) The com- 
parison of time dependences of nitrite and nitrous 
oxide concentrations in the presence and in the 
absence of acetylene at pH 6.4 shows (Fig. la  and 
b) that during the nitrite reduction the successive 
reduction of nitrous oxide significantly declines. 
(2) The activity ratio of nitrous oxide and nitrite 
reductases rates in cells is, over the pH range 
tested, markedly higher than 0.5 (Fig. 4); this 
means (considering the fact that out of two mole- 
cules NO 2,  one molecule N20 is created) that 
without mutual influencing of both reductases the 
accumulation of nitrous oxide would not be possi- 



ble. (3) At the pH values where the accumulation 
of nitrous oxide takes place, the respiratory chain 
is found to be more oxidized with nitrite (in the 
presence of acetylene) than with nitrous oxide, 
which probably indicates the preferential flow of 
electrons to nitrite under these conditions. 

The results in this and previous papers [9,14] 
show clearly that individual steps of the denitrifi- 
cation pathway are not independent, but can be 
mutually affected via the change of the redox state 
of the respiratory components. In view of the 
enzyme kinetics it means that the denitrification 
pathway in general cannot be described as a se- 
quence of independent successive reactions 
governed by the Michaelis and Menten kinetics 
and designated by Vm, X and g m values, because 
of the fact that the maximal rate of a given reac- 
tion is dependent on the rates of other reactions 
catalyzed by the terminal reductases. This conclu- 
sion restricts the applicability of the mathematical 
model of denitrification as published in Ref. 34 
which is based on the above-mentioned simplifica- 
tion assuming the independence of partial reac- 
tions. 
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