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(I) The apparent K m for nitrate of the electron-transport system in intact cells of Paracoccus denitrificans 
was less than 5 #M. In contrast the apparent K m for nitrate of inverted membrane vesicles oxidising NADH 
was greater than 50/~M. When azide, a competitive inhibitor, was present, the apparent K m observed with 
the vesicles was raised to 0.64 mM, consistent with values previously reported for purified preparations of the 
reductase. In membrane vesicles the nitrate reductase is probably not rate-limiting for NADH-nitrate 
oxido-reductase activity, and thus a lower limit for K m ( N O  3-) is obtained. It is suggested that the very low 
Km (NO3-) in intact cells must arise from either a transport process or a nitrate-specific pore that allows 
access of nitrate directly to the active site of its reductase from the periplasm. (2) The swelling of 
spheroplasts has been studied under both aerobic and anaerobic conditions to probe possible mechanisms of 
nitrate and nitrite transport across the plasma membrane of P. denitrificans. Nitrate reductase was inhibited 
by azide to prevent reduction of internal nitrate. No evidence for operation of either nitrate-nitrite antiport or 
proton-nitrate symport was obtained. (3) Measurements from the fluorescence intensity of 8-anilino-naph- 
thalene-l-sulphonate of the rates of decay of diffusion potentials generated by addition of potassium salts to 
valinomycin-treated plasma membrane vesicles from P. denitrificans showed that the permeability of the 
membrane to anions is S C N - >  NO3-, NO2-, pyrnvate, acetate > CI->  SO42-. In the presence of a 
protonophore the rate of decay of the diffusion potential was considerably enhanced with potassium acetate 
or potassium nitrite, but not with potassium salts of nitrate, chloride or pyruvate. This result indicates that 
HNO z and CH3COOH can rapidly and passively diffuse across the cell membrane. This finding suggests 
that transport systems for nitrite are in general probably not required in bacteria. The failure of a 
protonophore to enhance the dissipation of the diffusion potential generated by potassium nitrate is evidence 
against the operation of a proton-nitrate symporter. (4) Low concentrations of added nitrite very strongly 
inhibit electron flow to oxygen in anaerobically grown cells, provided that they have been treated with Triton 
X-100 or an uncoupler. This inhibition is not observed with aerobically grown cells. It is concluded that the 
inhibitory species is a reaction product or an intermediate of the nitrite reductase reaction. The requirement 

* To whom correspondence should be addressed. 
Abbreviations: Hepes, 4-(2-hydroxyethyl)-l-piperazineethane- 
sulphonic acid; ANS, 8-anilinonaphthalene sulphonate; FCCP, 

carbonyl cyanide p-trifluoromethoxyphenylhydrazone; TMPD, 
N,N,N',N'-tetramethyl-p-phenylenediamine. 

0005-2728/85/$03.30 © 1985 Elsevier Science Publishers B.V. (Biomedical Division) 



82 

for collapse of protonmotive force by uncoupler or permeabUising the plasma membrane suggests that any 
such species could be negatively charged. Nitroxyl anion ( N O - )  can be considered, as its conjugate acid is a 
postulated intermediate between nitrite and nitrous oxide; nitroxyl anion can bind to heme centres to give 
nitrosyl derivatives. (5) The basis for the ability of permeabilised, but not intact, cells of P. denitriflcans to 
reduce oxygen and nitrate simultaneously is discussed. 

Introduction 

The use of nitrate and nitrite as electron accep- 
tors for anaerobic respiration by Paracoccus de- 
nitrificans, and presumably also by other denitrify- 
ing bacteria, raises intriguing questions about pos- 
sible mechanisms of nitrate and nitrite transport 
across the bacterial plasma membrane. It is thought 
that reduction of nitrate to nitrite occurs on the 
cytoplasmic surface of the plasma membrane. The 
principal basis for this view is that in the intact 
cell the active site of nitrate reductase is inaccessi- 
ble to chlorate, which is readily reduced by this 
enzyme in inverted membrane vesicles from P. 
denitrificans and by purified preparations of the 
enzyme [1-3]. Evidence that the a subunit of the 
analogous respiratory nitrate reductase of 
Escherichia coli has a catalytic role and is largely, 
if not exclusively, found on the cytoplasmic face of 
the membrane [4] strengthens this view. The prob- 
able location of the nitrate reductase active site 
thus implies that there is a mechanism for nitrate 
entry into the cell that overcomes the tendency of 
the membrane potential (approx. 150 mV, negative 
inside [5]) to restrict the intracellular concentration 
to approx. 1/1000 of the extracellular concentra- 
tion. With this point in mind, objectives of the 
work reported in the present paper included prob- 
ing for a putative transport system for nitrate by 
comparisons of the minimum concentrations of 
nitrate that could support the full rate of nitrate 
reduction by both cells of P. denitrificans and 
inverted membrane vesicles from the same 
bacterium. 

The nitrite produced by the action of nitrate 
reductase in cells is reduced in the periplasm [6,7]. 
This means that nitrite must move outwards 
through the cell membrane. Possible mechanisms 
of nitrate entry and nitrite exit have been consid- 
ered for some time. A nitrate-nitrite antiporter is 
an obvious candidate and although direct tests for 
its operation in E. eoli gave negative results [8], 

the ability of added nitrite to reduce the duration 
of a lag period before the onset of electron flow 
from hydrogen to nitrate in P. denitrificans has 
been taken as an indication for the operation of an 
antiporter [9]. A proton-nitrate symporter has also 
been suggested by Boogerd et al. [9], who propose 
that such a system is responsible for the initiation 
of nitrate respiration when there is no nitrite pre- 
sent to activate the putative antiporter. 

Earlier experiments designed to detect the oper- 
ation of either the antiporter or a proton-nitrate 
symporter have tested the effects of a variety of 
ionophores on the ability of solutions of nitrate 
salts that are isotonic with the cell cytoplasm to 
provide osmotic support to suspensions of 
spheroplasts prepared from P. denitrificans and E. 
coli [8,10]. The present paper reports experiments 
of a similar design, except that the range of condi- 
tions tested was extended in order to evaluate 
possible explanations for previous failures to ob- 
serve a pattern of swelling consistent with either a 
nitrate-nitrite antiporter or a nitrate-proton sym- 
porter. 

The movement of nitrate and nitrite across the 
bacterial plasma membrane does not only occur in 
association with electron flow to nitrate and nitrite, 
but is also believed to occur in Nitrobacter, which 
oxidises nitrite to nitrate to provide energy for 
growth, and also during the assimilation of nitrate 
and nitrite when they act as the nitrogen sources 
for growth. In all cases the transport processes are 
poorly characterised. The present paper describes 
a method that can be used to test for relative 
permeabilities of nitrite, nitrate and nitrous acid as 
well as for the possible operation of a proton- 
nitrate symport. 

Cells of P. denitrificans do not reduce nitrate 
when oxygen is available [1], except in the pres- 
ence of certain electron transport inhibitors [11,12], 
or unless the plasma membrane is permeabilised 
by Triton X-100 [7,11] or other treatments [12]. 
KuEera et al. [12] have argued that one of the 



reasons for the diversion of electron flow from 
oxygen to nitrate in such conditions is that nitrite, 
formed by reduction of nitrate, has a potent 
inhibitory effect on electron-transport pathways to 
oxygen. An inhibitory effect of low concentrations 
of nitrite is only observed after permeabilisation or 
collapse of the membrane potential [12,13], sug- 
gesting that nitrite might be a less potent inhibitor 
with intact cells owing to the membrane potential 
driving its exclusion from the cytoplasm [12,13]. 
Earlier work [5] as well as results described in the 
present paper indicates that the nitrite anion is not 
readily moved across the plasma membrane of P. 
denitrificans. This paper presents evidence that the 
inhibitory effect of added nitrite upon oxygen 
reduction by cells treated with an uncoupler or 
detergent is not a direct effect of nitrite, but rather 
of a product of nitrite reduction which is possibly 
an intermediate on the denitrifying pathway from 
nitrite to nitrous oxide. 

Materials and Methods 

P. denitrificans (NCIB 8944) was grown in a 2-1 
batch culture with succinate as substrate and 
nitrate as terminal electron acceptor as described 
by Burnell et al. [14]. The cells were harvested at 
the late logarithmic stage of growth (A550 = 1.7-1.8 
in a 1 cm path length cuvette in a Unicam SP 500 
spectrophotometer) by centrifugation for 20 min 
at 4°C and 5000 x g. The cells were washed once 
with 400 ml of cold (4°C) 0.1 M Hepes-NaOH 
(pH 7.3) and then resuspended to a volume of 
5-10 ml in the same medium. The cells were 
stored on ice for up to 4 h before use. 

Reduction of nitrate by cells was measured 
using the electrode described by Alefounder et al. 
[15]. Nitrite was determined colorimetrically [7]. 
Rates of oxygen reduction by cells were measured 
using a Clark-type oxygen electrode. 

Type-1 spheroplasts were prepared by the pro- 
cedure of Alefounder and Ferguson [7]. Osmotic 
swelling of spheroplasts was followed spectropho- 
tometrically in a cuvette of 1 cm light-path by 
recording the absorbance at 550 nm in a Unicam 
SP 1800 spectrophotometer. 

Membrane vesicles were prepared as described 
elsewhere [14] except that all acetate salts were 
replaced by chlorides for those experiments in 
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which the effects of anions on diffusion potentials 
were examined. 

Nitrate reduction by vesicles was measured by 
following spectrophotometrically at 340 nm the 
oxidation of N A D H  in a cuvette which was fitted 
with a closure through which nitrogen gas was 
passed to maintain anaerobic conditions. 

The fluorescence of 8-anilino-naphthalene 
sulphonate (ANS) was measured as described by 
Parsonage and Ferguson [16]. 

Results 

Comparison of affinities for nitrate of intact cells 
and inverted membrane vesicles 

Studies on purified and partially purified re- 
spiratory nitrate reductases from a number of dif- 
ferent bacteria have shown that these enzymes 
have a K m value for nitrate in the range from 0.3 
to 1.5 mM [2,3,17]. These data were obtained 
using non-physiological substrates as the re- 
ductant, including benzyl viologen and flavin 
mononucleotide. Inspection of previously pub- 
lished records of the rate of nitrate reduction by 
cells of P. denitrificans [1,11,15] showed no sign of 
the rate of reduction decreasing as the nitrate 
concentration fell into the range of reported K m 
values for nitrate reductases. This observation led 
us to investigate whether a range of nitrate con- 
centrations could be found over which the initial 
rates of nitrate reduction progessively decreased 
owing to an apparent K m for nitrate being 
reached. The nitrate electrode was capable of de- 
tecting nitrate concentrations as low as 5/xM, but 
drift of the baseline made the usual procedure of 
calibration of the electrode with sequential ad- 
ditions of nitrate, followed by addition of cells and 
measurement of the rate of nitrate reduction, very 
difficult to perform. Consequently, the procedure 
shown in Fig. 1 was used, in which different low 
concentrations of nitrate were sequentially added 
to an anaerobic suspension of cells. The amount of 
cells used was chosen so that the rate of nitrate 
reduction was slow enough to allow the electrode 
response to the additions of nitrate to be almost 
complete. Fig. 1 shows that using this procedure 
linear rates of nitrate reduction were recorded at 
concentrations of nitrate at least as low as 5 /~M. 
These findings therefore show that the apparent 
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Fig. 1. Linear rates of reduction of low concentrations of 
nitrate by cells of P. denitrificans. The reaction chamber was 
fitted with nitrate and reference electrodes and contained at 
30°C 5 ml 100 mM Na+-Hepes (pH 7.5)/10 mM sodium 
succinate and cells, 9.3 mg dry weight. Nitrate was added as 
shown. Nitrogen was continuously blown over the surface of 
the reaction mixture. The lag before commencement of reduc- 
tion of the initial 50/~M addition of nitrate corresonds to the 
time required for reduction of residual dissolved oxygen. 

K m for n i t ra te  reduc t ion  by  in tac t  cells is less than 

5/~M. 
The  very low value  found for the K m (NO 3 )  in 

in tac t  cells might  be  indicat ive  of a high-aff ini ty  
t r anspor t  system for ni trate .  Al ternat ively ,  the 
higher  values for K m ob ta ined  in studies with 
p repa ra t ions  of  n i t ra te  reductases  might  have 
ar isen f rom the use of  non-phys io logica l  re- 
duc tan ts  a n d / o r  pur i f ied  p repa ra t ions  of n i t ra te  
reductase,  in which the cata lyt ic  site might  have 
been  per turbed .  Consequent ly ,  we a t t empted  to 
de te rmine  K m ( N O 3 )  for n i t ra te  reductase  in 
inver ted  m e m b r a n e  vesicles using N A D H  as a 
physiologica l  reductant .  Unfo r tuna t e ly  this ap-  
proach,  a l though physiologica l ly  relevant,  will give 
the true value for K m only if n i t ra te  reductase  is 
c lear ly the ra te- l imi t ing  step in the sequence [18] 
N A D H  ~ ub iqu inone  ---, n i t ra te  reductase.  This 
condi t ion  m a y  not  be satisfied. The rate  of  n i t ra te  
reduc t ion  by  m e m b r a n e  vesicles with n i t ra te  as 
subs t ra te  fol lowed app rox ima te  Michae l i s -Menten  
kinet ics  (Fig. 2) with a value for K m of 50 ~ M ,  

al though the value of  g m varied between p repa ra -  
tions. It fell in the range 40 ~ M  to 75 #M.  As  it 
was not  poss ible  to de te rmine  whether  n i t ra te  re- 
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Fig. 2. Determination of apparent K m for nitrate reduction by 
inverted membrane vesicles from P. denitrificans. The initial 
rate of nitrate reduction was determined from the rate of 
oxidation of NADH as described in Materials and Methods. 
The reaction medium was 3 ml 20 mM Tris-acetate (pH 
7.3)/0.25 mM NADH/45 #g vesicle protein supplemented 
with 3 t~g gramicidin D+30 mM ammonium acetate to dis- 
sipate any protonmotive force and thus ensure that maximal 
and uncontrolled rates of electron transfer were observed. 

ductase  was the ra te- l imi t ing step these values 

should  be regarded  as lower limits.  

Characteristics of inhibition by azide of nitrate 
reduction by inverted membrane vesicles 

Azide  has been repor ted  to be a compet i t ive  
inh ib i tor  of  n i t ra te  reductases  [2,3,17]. When  the 
kinet ics  of n i t ra te  reduct ion  by  m e m b r a n e  vesicles 
were s tudied in the presence of azide, compet i t ive  
inhib i t ion  was observed (Fig. 3) with K i ( N f )  of 
0.8/~M, close to values that  have been repor ted  for 
the pur i f ied enzyme [2,3,17]. Analys is  of  the kinet-  
ics of  the reductase  measured  in the presence of 
azide showed that  the K m for n i t ra te  was ra ther  
higher  than in its absence.  A value of  0.64 m M  
was ob ta ined  for the exper iment  shown in Fig. 3. 
These results  suggest that  in the presence of  the 
azide concent ra t ions  tested, n i t ra te  reductase  be- 
came rate  l imiting,  and  hence K m app roached  its 
true value. N i t r a t e  concent ra t ions  of  2 and 10 m M  
were chosen for the exper iments  shown in Fig. 3, 
so that  the an t ic ipa ted  ' t r ue '  K m for n i t ra te  was 
always exceeded.  In  this way compl ica t ions  arising 
f rom a shift in appren t  K m (NO~-) as the presence 
of  azide made  the n i t ra te  reductase  more  rate 
l imit ing were an t ic ipa ted  to be minimised.  
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Swelling of spheroplasts as an indicator of ion move- 
ment across the plasma membrane of P. denitrifi- 
cans 

Severa l  i n v e s t i g a t o r s  h a v e  u s e d  t h e  r a t e  of  swell-  

i ng  o f  s p h e r o p l a s t s  as a p r o b e  for  i n v e s t i g a t i n g  

p o s s i b l e  m e c h a n i s m s  of  n i t r a t e  a n d  n i t r i t e  t r a n s -  

p o r t  in  b o t h  E. coli [8] a n d  P. denitrificans [10]. I n  

n o n e  of  t he se  w o r k s  we re  m e a s u r e s  t a k e n  to  tes t  

e i t h e r  w h e t h e r  t he  s p h e r o p l a s t  s u s p e n s i o n s  w e r e  

Fig. 3. Competitive inhibition of nitrate reduction by azide in 
P. denitrificans vesicles. Conditions were as described in the 
legend to Fig. 2, except that 0.122~mg vesicle protein was used. 
The two concentrations of nitrate used were 2 mM (O) and 10 
mM (O). 
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Fig. 4. Osmotic swelling of P. denitrificans spheroplasts in isotonic nitrate salts. For aerobic experiments, 10 V1 of spheroplast 
suspension was added to 2.5 ml of air-saturated, isotonic solution of the indicated salt, incubated at 30°C. For anaerobic experiments, 
10 /~1 of spheroplast suspension was added to 2.5 ml of N2-saturated isotonic solution containing 10 mM sodium succinate and 
incubated for 30 min at 30°C to ensure anaerobiosis. The initial absorbance was approx. 0.4. The anaerobic medium was gassed with 
N 2. In addition to the isotonic solution of the relevant salt, the reaction medium contained 10 mM Hepes/NaOH (pH 7.3). 0.1 mM 
azide was included in all experiments to prevent any nitrate reduction - verified in a parallel experiment. If nitrite was included in the 
experiments (c, d, e, f), antimycin A (5 ~g) was added to prevent any reduction of nitrite. FCCP (2 ~M) and nigericin (2.5/tg) were 
added as ethanolic solution• 
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anaerobic or whether nitrate or nitrite reduction 
was occurring. Control of these aspects might be 
important because some experimental evidence 
[7,11] suggests that the movement of nitrate across 
the P. denitrificans plasma membrane could be 
inhibited when pathways of electron flow to oxygen 
are available. Rapid reduction of internal nitrate 
followed by exit of nitrite could also prevent swell- 
ing in isotonic nitrate solutions. Consequently, we 
have reinvestigated the swelling of P. denitrificans 
spheroplasts under conditions of either aerobiosis, 
or anaerobiosis in the presence of azide to inhibit 
nitrate reductase. 

If nitrate were to move across the membrane in 
symport with a proton, as has been proposed by 
other workers [19,20], swelling of a suspension of 
spheroplasts in ammonium nitrate is expected. Fig. 
4 shows that under either aerobic or anaerobic 
conditions in the presence of 100 ~tM azide, which 
was shown to inhibit very effectively nitrate re- 
ductase activity under these conditions, no swell- 
ing of spheroplasts suspended in ammonium nitrate 
was observed until proton permeability was 
enhanced by addition of carbonyl cyanide p-triflu- 
oromethoxyphenylhydrazone (FCCP). Under these 
conditions nitrate was entering the cell either by 
passive diffusion or uniport, but the rate of such 
nitrate movement was similar in aerobic and 
anaerobic conditions, as judged by the kinetics of 
swelling. 

A nitrate-nitrite antiporter is a possible candi- 
date for the route for supplying nitrate to the 
cytoplasm and transferring the nitrite to its site of 
reduction in the periplasmic space [7,9]. The oper- 
ation of such a system would cause swelling of 
spheroplasts in the presence of KNO 3, KNO 2 and 
nigericin as a result of nitrous acid influx, nitrite 
exit via the putative antiporter in exchange for 
nitrate entry, and import of external K ÷ together 
with export of internal H + by the action of nigeri- 
cin, giving in combination net influx of potassium 
nitrate [8]. However, Fig. 4 shows that under 
neither aerobic nor anaerobic conditions in the 
presence of azide was such swelling observed. Only 
when a protonophore (FCCP) was added did 
swelling occur owing to the effective influx of 
potassium nitrate through the combined effects of 
potassium entry in exchange for proton exit via 
nigericin, proton entry via FCCP and nitrate entry 

via a uniport mechanism. The slower rate of swell- 
ing following addition of FCCP under aerobic 
conditions is not considered significant as the ef- 
fect was not reproducible, and also the rate of 
nitrate influx via uniport or passive diffusion was 
not accelerated by anaerobiosis under other condi- 
tions (records a, b, e and f in Fig. 4). 

The strategy shown in records c and d of Fig. 4 
for seeking to detect a nitrate-nitrite antiport might 
fail if the concentration of K + within the spherop- 
lasts were high. Thus a second approach is useful 
for testing whether a nitrate-nitrite antiporter is 
operational. When spheroplasts are suspended in 
isotonic ammonium nitrate the addition of a low 
concentration of potassium nitrite will induce 
swelling if entry of nitrate in exchange for nitrite 
via the putative antiporter is followed by influx of 
ammonia to give net influx of ammonium nitrate. 
Fig. 4 (records e and f) shows that only limited 
swelling was observed following addition of potas- 
sium nitrite under anaerobic or aerobic conditions 
and that FCCP, just as in the experiments shown 
in records a and b, was required for complete 
swelling. A similar, although less extensive, effect 
of potassium nitrite was also observed in analo- 
gous experiments with E. coli spheroplasts by 
Garland et al. [8]. This effect of potassium nitrite 
is attributed to the movement of ammonia plus 
nitrous acid across the spheroplast membrane be- 
cause an identical drop in apparent absorbance 
was observed if potassium acetate, but not chlo- 
ride or sulphate salts, was added in place of nitrite. 
Ammonia plus acetic acid movement across mem- 
branes by passive diffusion is well established (e.g. 
Ref. 8) (and see the next subsection). It is con- 
cluded that the experiments shown in records e 
and f in Fig. 4 provide no evidence for a nitrate- 
nitrite antiporter, and thus reinforce the same con- 
clusion drawn from the experiments shown in 
records c and d of the same figure. 

Rates of decay of potassium diffusion potentials as 
indicators of possible mechanisms of nitrite and 
nitrate movement across the plasma membrane of P. 
denitrificans 

When a K+-diffusion potential is generated be- 
tween the lumen of membrane vesicles and the 
external aqueous phase, the fluorescence of the 
probe ANS is enhanced with the extent of the 
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Fig. 5. The decay of K+-diffusion potentials induced in P. 
denitrificans membrane vesicles. Measurements were carried 
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enhancement increasing linearly with log [K +] ad- 
ded [21,22]. The maximum observed enhancement 
decreases and its decay rate increases as the per- 
meability of the added anion increases. Fig. 5 
shows the enhancements of ANS fluorescence that 
were observed when a number of different K ÷ 
salts were added to a suspension of P. denitrificans 
vesicles that had been treated with valinomycin. 
From these data SCN- is clearly the most permea- 
ble anion while pyruvate and chloride appear least 
permeable. Diffusion potentials with K2SO4 (not 
shown) were larger and decayed more slowly than 
those with KC1. Sulphate, therefore, is taken to be 
the least permeable of the anions tested. Nitrate, 
nitrite and acetate evidently have an intermediate 
permeability. 

A K ÷ diffusion potential can be dissipated by 
both the movement of anions and the counter 
movement of other cations. In the presence of a 
protonophore K + diffusion potentials can in prin- 
ciple be rapidly dissipated by efflux of protons 
from vesicles. In practice such efflux is normally 
limited by the consequent rise in the internal pH 
and therefore of the transmembrane pH gradient. 
When, however, a permeable weak acid is present, 
the supply of internal protons can be replenished 
by inward diffusion of the uncharged protonated 
acid. Thus K ÷ diffusion potentials are dissipated 
in both submitochondrial particles [23] and in P. 
denitrificans vesicles (Fig. 5) when potassium 
acetate is the added salt in the presence of FCCP 
as protonophore. An analogous effect of potas- 
sium acetate, valinomycin and FCCP upon the 
swelling of mitochondria and synthetic phos- 
pholipid vesicles has been reported [24]. 

The collapse of K ÷ diffusion potential in the 
presence of a protonophore can therefore be used 
as a test for the permeability of weak acids. 
According to this criterion, HNO 2 must rapidly 
cross the vesicle membrane, but the rate of move- 
ment of pyruvic acid must be significantly slower, 
because the diffusion potential following addition 

out at 30°C, in 3 ml of reaction medium comprising 20 mM 
Tris-HC1 (pH 7.3), P. denitrificans vesicles (0.49 mg protein) 
and 0.5/tg valinomycin. ANS (5/~M) was added to the cuvette 
and after a steady level of fluorescence was established, the 
potassium salt (5 mM K + ) was added. Where indicated, 1/~M 
FCCP was present. A F is the relative change in fluorescence 
upon adding a K + salt. 
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of KNO 2 is rapidly dissipated by FCCP but with 
potassium pyruvate the effect of FCCP is less. 
This result is of interest because pK a HNO 2 is 3.4 
and that of pyruvic acid 2.5. Thus two factors can 
contribute to the relatively slower decay of the 
diffusion potential in the presence of K + pyruvate: 
the 10-fold lower steady-state concentration of 
pyruvic acid compared with HNO 2 and a possible 
higher intrinsic permeability of the latter com- 
pound compared with the former. 

FCCP only partially dissipated the K+-diffu - 
sion potential generated by KC1 or KNO 3 addition 
(Fig. 5). This is understandable, since the steady- 
state concentrations of HNO 3 or HC1 would have 
been too small to contribute to the supply of 
internal protons. This result also suggests that an 
active proton-nitrate symport system is not operat- 
ing in the vesicles. Such a system would cause 
dissipation of the K + diffusion potential in the 
presence of a protonophore. The vesicles used in 
the experiments of Fig. 5 are known [25] to be a 

mixture of right-side-out and inside-out vesicles, 
and thus a proton-nitrate symporter involved in 
the import of nitrate into cells might only be 
detected in the right-side out fraction unless the 
putative transport system is symmetrical. Never- 
theless, even taking this factor into account does 
not alter the conclusion that the data shown in 
Fig. 5 provide no evidence for a proton-nitrate 
symporter in the vesicle membranes. 

Comparison of the effects of chlorate and nitrate on 
electron flow to oxygen in Triton-treated cells 

The nitrate reductase of cells of P. denitrificans 
will reduce chlorate only after the plasma mem- 
brane has been sufficiently disrupted by low con- 
centrations of detergents, including Triton X-100, 
to permit chlorate access to the active site of the 
enzyme at the cytoplasmic surface of the mem- 
brane [1]. When chlorate is added to Triton-treated 
cells under aerobic conditions electron transport is 
inhibited by approx. 50% owing to competition for 

T 

z 

0 • 
Fig. 6. The effect of added nitrate on electron flow to oxygen in cells of P. denitrificans treated with Triton X-100. A reaction chamber 
fitted with a Clark-type oxygen electrode was completely filled (2 ml) with 0.1 M Hepes-NaOH (pH 7.3), 10 mM sodium succinate 
containing cells, 5.9 mg dry wt, plus 0.03% (v/v)  Triton X-100. 1 mM KNO 3 and 0.1 mM NaN 3 were added as shown. Samples were 
withdrawn and assayed for nitrite at the indicated times. The temperature was 30°C. 
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electrons from the nitrate reductase pathway [11]. 
Addition of 0.1 mM azide either before or after 
introduction of chlorate prevents inhibition of 
electron flow to oxygen as a consequence of its 
strong inhibitory effect upon chlorate reduction by 
nitrate reductase [11]. When the physiological sub- 
strate, nitrate, was added to Triton-treated cells, a 
more complex pattern of behavior was observed. 
The extent of inhibition of electron flow to oxygen 
progressively increased beyond 50% and the 
addition of azide did not immediately restore the 
full rate of electron flow to oxygen (Fig. 6) in 
contrast to when chlorate was present (see Fig. 8 
in Ref. 11). However, the rate of oxygen reduction 
was restored to close to its original value several 
minutes after the addition of azide (Fig. 6). 
Addition of azide before nitrate prevented the 
inhibition of the rate of oxygen reduction. 

Inhibition of electron flow to oxygen by added nitrite 
in cells treated with Triton X-IO0 or FCCP 

The increasing inhibition of electron flow to 
oxygen following addition of nitrate to Triton- 
treated cells suggested that the product of nitrate 
reduction, nitrite, might be influencing the rate of 
electron transport to oxygen, as foreseen previ- 
ously [11]. That the presence of nitrite was indeed 
causing inhibition of electron transport to oxygen 
was shown in two ways. First, samples were taken 
from the chamber of the oxygen electrode for 
analysis of nitrite. The restoration of the rate of 
oxygen reduction clearly corresponded to the dis- 
appearance of nitrite from the reaction medium 
(Fig. 6). Second, the effect on Triton-treated cells 
of adding similar concentrations of nitrite to those 
encountered during the inhibited phase of oxygen 
reduction in Fig. 6 was tested. It was found that 
addition of, for example, 0.2 mM nitrite caused an 
immediate and almost complete inhibition in the 
rate of oxygen reduction by Triton-treated cells in 
the presence of succinate. The inhibition was re- 
versed upon disappearance of detectable nitrite 
from the medium. 

These findings with Triton-treated cells contrast 
with the effects of comparable concentrations of 
nitrite upon untreated cells, since previous work 
has shown that concentrations of nitrite as high as 
10 mM only inhibit electron transport to oxygen 
by approx. 20% [5]. Intact cells do not usually 

reduce nitrite under aerobic conditions with physi- 
ological substrates [11] in contrast to Triton-treated 
cells (Fig. 6) (but see Ref. 13). A possible interpre- 
tation of the effect of Triton X-100 was that it 
permitted nitrite access to the cytoplasmic surface 
of the plasma membrane and thereby exerted its 
inhibitory effect on the reduction of oxygen, c.f. 
Ref. 13. Elsewhere in this paper it is argued that 
HNO 2 is sufficiently permeable that the nitrite 
concentration in the cytoplasm could in principle 
reach the same level as the external concentration. 
Thus consideration was given to the possibility 
that the cytoplasmic concentration of nitrite was 
held at a low value owing to a membrane poten- 
tial-dependent extrusion of the nitrite anion from 
the cells. To test this proposal the consequences of 
dissipating the membrane potential through the 
addition of the uncoupler FCCP were tested. Fig. 
7 shows that in the presence of FCCP nitrite was a 
potent inhibitor of electron transport to oxygen by 
cells supplied with succinate as added substrate. 
Just as when Triton X-100 was added, the inhibi- 
tory effect of nitrite persisted until its concentra- 
tion had fallen below the limit of detectability. 

Further experiments were performed to identify 
the site(s) at which added nitrite exerted its inhibi- 
tory effect. Triton-treated cells do not respire in 
the absence of added reductants for the respira- 
tory chain [11]. Hence, when ascorbate plus 
N , N , N  ',N '- te tr am e thyl -p-p  h eny len  ed iam in e 
(TMPD) is added to Triton-treated cells the sole 
operational pathway of electron flow should be 
from cytochrome c to terminal oxidases because 
cytochrome c-deficient mutants cannot oxidise 
ascorbate plus TMPD [26]. Figs. 8 and 9 show that 
a low concentration of nitrite strongly inhibited 
the reduction of oxygen by either Triton-treated 
cells or cells in the presence of FCCP when 
ascorbate plus TMPD was the substrate. In each 
case the inhibition was reversed upon the disap- 
pearance of nitrite from the medium. 

As experiments with Triton-treated and uncou- 
pled cells indicated that the inhibitory site of 
action of nitrite could be on the cytoplasmic surface 
of the plasma membrane, the effect of nitrite on 
electron transport reactions of inside-out mem- 
brane vesicles was tested. It was found that with 
N A D H  as substrate, concentrations of nitrite in 
the millimolar range were required for significant 
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Fig. 7. Inhibition of electron flow to oxygen in cells of P. denitrificans following addition of nitrite in the presence of FCCP. A 
reaction chamber fitted with an oxygen electrode contained 2 ml 100 m M  H e p e s / N a O H  (pH 7.3)/10 m M  sodium succinate at 30°C. 
Cells, 2.7 mg dry wt, 4 # M  FCCP and 0.15 m M  nitrite were added as shown. Record B shows the non-linear rate of oxygen 
consumption in the absence of added nitrite as a basis for comparison with the experiment in which nitrite was added (record A). 
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Fig. 8. Inhibition by added nitrite of aerobic oxidation of ascorbate plus TMPD by cells of P. denitrificians in the presence of Triton 
X-100. A reaction chamber fitted with an oxygen electrode was completely filled with 2 ml of 100 m M  H e p e s / N a O H  (pH 7.3) 0.03% 
(v /v)  Triton X-100 and 4.7 mg dry wt of cells at 30°C. 10 m M  sodium isoascorbate plus 0.1 m M  T M P D  and 0.2 mM KNO2 were 
added as shown. Samples were withdrawn and assayed for nitrite at the times indicated. 
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Fig. 9. Inhibition by added nitrite of aerobic oxidation of ascorbate plus TMPD by cells of P. denitrificans in the presence of FCCP. 
A reaction chamber fitted with an oxygen electron was completely filled with 2 ml of 100 m M  H e p e s / N a O H  (pH 7.3) and 10 mM 
sodium isoascorbate plus 0.1 m M  T M P D  at 30°C. Cells, 1.3 mg dry weight, 4 / zM FCCP and 0.2 mM KNO 2 were added as shown. 
Samples were withdrawn and assayed for nitrite at the times indicated. 

inhibition of electron transport to oxygen, irre- 
spective of whether or not gramicidin plus am- 
monium acetate was added as uncoupler [27]. Sim- 
ilar results were obtained with succinate or ascot- 
bate plus TMPD as substrate. These findings were 
inconsistent with the interpretation that nitrite was 
a potent inhibitor of electron flow to oxygen only 
in FCCP- or Triton-treated cells owing to its higher 
concentration at the cytoplasmic surface of the 
membrane under these conditions. This surface is 
in direct contact with added nitrite in the vesicles 
that have the inside-out configuration. These form 
approx. 40% of the total vesicle population and are 
solely responsible for oxidising NADH and prob- 
ably also succinate [25]. Thus if nitrite itself was 
responsible for the inhibitory effects observed with 
intact cells (Figs. 6-9), electron flow to oxygen 
catalysed by inverted vesicles should have been 
severely inhibited at concentrations of nitrite indi- 
cated in Figs. 6-9. 

The contrast between the inhibitory effects of 
low concentrations of added nitrite on intact cells 

in the presence of either Triton or FCCP, and the 
absence of comparable effects on inside out 
vesicles, prompted consideration of whether the 
inhibitory effect might be exerted not by nitrite, 
but rather by a product formed as a result of 
nitrite reduction. This view was supported by the 
observation that with cells grown aerobically the 
inhibitory effect on oxygen respiration of low con- 
centrations of nitrite was absent, even in the pres- 
ence of FCCP or Triton X-100. This result was 
valid for cells grown either to early or late loga- 
rithmic phase. In each case the cells lacked nitrite 
reductase activity. The cells harvested from late 
logarithmic cultures did possess nitrate reductase 
activity, and it was of interest to note that the 
effect of adding nitrate to such cells after treat- 
ment with Triton X-100 was indistinguishable from 
the effect of adding chlorate. This contrasts with 
the effects of nitrate and chlorate on anaerobically 
grown cells after treatment with Triton X-100 
(compare Fig. 6 in this paper with Fig. 8 in Ref. 
11). All these results indicated that it was the 
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catalytic activity of nitrite reductase that was re- 
sponsible for generating a species that caused the 
potent inhibition of electron flow to oxygen. This 
species was freely diffusable because in mixtures 
of aerobically and anaerobically grown cells the 
effect of added nitrite in the presence of Triton 
was to inhibit at least substantially the respiration 
of the aerobically grown cells as well as that of the 
anaerobically grown cells. 

Discussion 

Interpretation of Kin(NOr) values for intact cells 
and inverted membrane vesicles 

For purified or semi-purified preparations of 
dissimilatory nitrate reductases Km(NOf)  values 
of 0.3-0.55 mM (P. denitrificans) [2], 0.5-1.5 mM 
(E. coli) [3] and 0.3 mM (Pseudomonas aeru- 
ginosa) [17] have been reported. These values are 
strikingly higher than the apparent K m for NO 3 
reduction by intact cells of P. denitrificans (Fig. 1). 
This difference might have several underlying 
causes. First the K m value found in purified pre- 
parations of nitrate reductase might be mislead- 
ingly high owing to either the use of non-physio- 
logical substrates including benzyl viologen, as the 
reductant in the assay, or the perturbation of the 
active site of the enzyme structure upon purifica- 
tion. To test this possibility we measured apparent 
KIn(NO 3) in inverted membrane vesicles using the 
NADH dehydrogenase of the respiratory chain as 
a physiological source of reductant for nitrate 
reductase. A difficulty is that unless the reductase 
is the rate-limiting enzyme in the sequence, this 
approach is liable to provide an underestimate for 
Km. That the value of 50 /~M obtained by this 
procedure was probably an underestimate was in- 
dicated by our finding that in the presence of 
azide, a well-characterised competitive inhibitor of 
purified nitrate reductases from a variety of 
organisms, including P. denitrificans ( K  i = 1 /~M 
[2]), inhibition by azide fitted to competitive kinet- 
ics with K i = 0.8/zM and K m ( N O 3 )  = 0.64 mM. 
Under these conditions nitrate reductase is consid- 
ered to have become close to rate-limiting, and 
thus the K m value obtained is suggested to reflect 
more closely its real value. 

Although a comparison of the apparent K m 
values obtained for nitrate reduction by cells and 

inverted membrane vesicles has seemingly not been 
explicitly made hitherto, Garland et al. [8] did note 
that the maximum initial rate of H + translocation 
by the respiratory chain of E. coli was supported 
by only 20 ~M nitrate whereas K m (NO3) for the 
partially purified reductase was much higher. It 
was also observed that 40 /~M nitrate was suffi- 
cient to give the maximum rate of nitrate reduc- 
tion, albeit as judged by an indirect method de- 
pending on a 'cycle time' of cytochrome b oxida- 
tion [8]. Such earlier observations on E. coli thus 
complement the more direct measurements re- 
ported here for P. denitrificans. 

Accepting that the real K m ( N O 3 )  of mem- 
brane-bound nitrate reductase is of the order of at 
least 500 #M when the respiratory chain supplies 
the reductant, the question arises as to the ex- 
planation for the very low K m (NO3-) observed in 
cells (Fig. 1). Two extreme explanations can be 
contemplated. The first is that in intact cells the 
nitrate reductase is so far from being rate limiting 
that the apparent K m is two orders of magnitude 
lower than the real Km.  As nitrate reductase fol- 
lows Michaelis-Menten kinetics, a simple calcula- 
tion shows that this would require Vma x to be 
approx. 100-times the observed catalytic rate. Ex- 
perimental evidence against this explanation is 
that nitrate reduction by cells is accompanied by 
simultaneous reduction of nitrite and nitrous oxide, 
but that inhibition of the latter reactions with 
antimycin diverts only 25% of the inhibited elec- 
tron flow to nitrate reductase even when the nitrate 
concentration is as high as 0.5 mM [11,15]. This 
observation shows that for intact cells there is not 
a large excess overall catalytic capacity for nitrate 
reduction [11,15]. Thus low K m ( N O 3 )  in cells 
probably has its basis in a catalytic process dis- 
tinct from events at the catalytic site of the nitrate 
reductase enzyme. A candidate for this process is 
either a transport system for nitrate or a binding 
step, whereby nitrate can reach the active site of its 
reductase via a different route in cells than in 
purified enzyme or inverted membrane vesicles. 
For the latter a nitrate-specific pore as an integral 
part of the nitrate reductase complex might be 
suggested (c.f. Garland et al. [8]). The operation of 
such a pore rather than a distinct transport system 
might account for the failure of spheroplast swell- 
ing experiments to indicate mediated movement of 



nitrate across the plasma membrane. 
The low g m (NO3) observed with intact cells 

presumably reflects the requirement for cells to 
grow in the presence of low concentrations of 
nitrate in natural habitats. It also means that 
nitrate can be used in experiments analogous to 
the 'oxygen-pulse' method for measuring proton 
translocation linked to nitrate reduction in cells 
[8,19,201. 

Possible transport mechanisms for nitrate and nitrite 
The osmotic swelling technique has been used 

successfully to follow the transport of galactosides 
in the original application [29] of the method, and 
more recently, for example, electrogenic sodium 
ion-proton antiport in Desulfooibrio vulgaris [30]. 
The failure therefore to detect from the experi- 
ments shown in Fig. 5 the nitrate-nitrite antiporter 
or nitrate proton-symporter is puzzling because it 
stands contrary to the indirect evidence presented 
by Boogerd et al. [9] for the operation of such 
transport systems (but see discussion in previous 
section). 

The results of the present work have eliminated 
two plausible reasons, inhibition of transport by 
electron flow to oxygen or anaerobic reduction of 
nitrate, for previous failures to observe swelling of 
spheroplasts consistent with the operation of either 
of these transport systems. The failure of the swell- 
ing experiments cannot be attributed to a loss of 
periplasmic binding proteins for nitrate because 
intact spheroplasts denuded of periplasmic pro- 
teins retain high rates of nitrate reduction [7]. 
Measurements of ANS fluorescence in response to 
potassium diffusion potentials also failed to detect 
the operation of a proton-nitrate symporter. These 
negative results caused consideration of whether 
the failure of intact cells to reduce chlorate might 
be a reflection of a lower intrinsic permeability of 
chlorate rather than evidence for a nitrate trans- 
port system that discriminates against chlorate. 
Evidence against this interpretation was that diffu- 
sion potentials generated by addition of potassium 
nitrate or chlorate to valinomycin-treated vesicles 
decayed with very similar kinetics, implying that 
the permeabilities of the two anions are similar. 
Work is required in the direction of identification 
of polypeptides that participate in one or more 
transport systems associated with respiratory 
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nitrate reduction in P. denitrificans. A point to 
keep in mind is that the putative nitrate-nitrite 
antiporter could be bypassed by movement of 
nitrous acid. 

The experiments with ANS also showed that 
even at pH 7 the movement of HNO 2 across the 
bacterial plasma membrane is rapid enough to 
equalise within the measurement time nitrite con- 
centrations on its two sides, whereas the move- 
ment of pyruvic acid equalised the pyruvate con- 
centrations more slowly. The comparison of the 
permeabilities of pyruvic acid and HNO 2 is of 
interest because it relates to the question of whether 
bacteria require transport systems for nitrite, which 
in turn is reminiscent of the old question of whether 
pyruvate entered mitochondria by passive diffu- 
sion of the protonated acid form. It is now known 
that the low concentration of pyruvic acid present 
at pH 7 cannot sustain a sufficiently rapid flux of 
pyruvate into the mitochondrion, and that facili- 
tated transport of the pyruvate anion occurs [31]. 
Nitrite transport by bacteria, at least for purposes 
of assimilation, may not pose such a problem 
because the required flux of this species into 
bacteria is likely to be very much less than that of 
pyruvate into mitochondria, and the rate of move- 
ment of HNO 2 across the P. denitrificans mem- 
brane is fast relative to pyruvate (Fig. 5). Thus, 
except perhaps under conditions of very high ex- 
ternal pH, very low nitrite concentration, or very 
high flux as in the case of Nitrobacter which 
oxidises nitrite [32], a transport system for nitrite 
uptake into bacteria is probably not required. 

Effects of the presence of nitrite on rates of electron 
flow to oxygen in cells treated with Triton or a 
protonophore 

The observations reported here concerning the 
considerable enhancement of the inhibitory effect 
of nitrite on oxygen respiration by treatment of 
cells with Triton X-100 or FCCP parallel similar 
observations recently reported by Kucera et al. 
[12,13]. Their interpretation has been that in un- 
treated cells nitrite distributes across the plasma 
membrane according to the Nernst equation, and 
thus an inhibitory concentration of nitrite is only 
found at the cytoplasmic surface after collapse of 
the membrane potential following treatment with 
FCCP or Triton X-100 [12,13]. Several features of 
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the present work are inconsistent with that inter- 
pretation. (1). Very low concentrations of added 
nitrite caused inhibition of oxygen respiration 
catalysed by Triton- or FCCP-treated cells. (2). 
The inhibitory effect of nitrite was absent from 
aerobically grown cells even in the presence of 
FCCP or Triton X-100. (3). Millimolar concentra- 
tions of nitrite were required to cause even 50% 
inhibition of oxygen respiration by inverted 
vesicles. (4). Experiments measuring the fluores- 
cence of ANS indicated that flux of nitrous acid 
across the plasma membrane was rapid and there- 
fore that a distribution of nitrite across the plasma 
membrane in accordance with the Nernst equation 
would not be expected. If nitrite anions were freely 
permeable then potassium nitrite would act as an 
uncoupler, contrary to observation [5]. The corol- 
lorary from these considerations is that observed 
potent inhibition by added nitrite must be caused 
by a species generated by the action of nitrite 
reductase on its substrate. The nature of any such 
species is conjectural at present although consider- 
ation can be given to NO and N O -  (nitroxyl 
anion), both of which have been considered as 
products or intermediates of nitrite reduction 
[33,34] and can inhibit electron transport by bind- 
ing to heme centres. Two considerations argue 
against NO being the inhibitory species. First, it is 
not expected that the plasma membrane would 
present a significant permeability barrier to NO 
and thus the requirement for Triton X-100 or 
FCCP is not accounted for. Second, nitric oxide 
reacts relatively rapidly with oxygen, although not 
instantaneously [35], yet during the inhibited phase 
there was essentially no consumption of oxygen 
(Figs. 8, 9). If nitrite disappearance correlated with 
synthesis of NO (Figs. 6, 8, 9), a steady consump- 
tion of oxygen owing to the chemical reaction of 
NO with 02 to give NO 2 would have been ex- 
pected, unless NO was converted to nitrous oxide 
by an NO reductase activity that was functional in 
the presence of oxygen. 

Garber et al. [33] have reported data that are 
consistent with HNO or N O -  being an inter- 
mediate in the conversion of nitrite to nitrous 
oxide by P. denitrificans. NO-  is believed to react 
with metal centres including hemes [36] to give 
nitrosyls. The requirement for Triton or FCCP 
could arise because N O -  is excluded from the cell 

by the negative internal membrane potential. For 
this explanation to be valid the reaction of N O -  
with oxygen must be slow to ,account for the 
period of essentially zero oxygen consumption in 
Figs. 8 and 9. Furthermore, dimerisation and de- 
hydration of the conjugate acid, HNO, to give 
N20 [34], must not be too effective in removing 
NO-.  The rates of reactions that consume NO-,  
or another inhibitory species, might vary from one 
cell preparation to another as we have on occasion 
observed less inhibition than shown in Figs. 8 9. 

Whatever the molecular nature of the species 
responsible for the observed inhibition of oxygen 
respiration (Figs. 6, 8, 9) it must act on cyto- 
chrome aa 3 or another cytochrome that can accept 
electrons from cytochrome c which is required for 
oxidation of asorbate plus TMPD [26]. 

The effects, identified in the present work, of a 
product of nitrite reduction on oxygen reduction 
also help clarify the basis for the simultaneous 
reduction of oxygen and nitrate by cells of P. 
denitrificans that have been treated with Triton 
X-100. When nitrate is added to so-treated aerobi- 
cally grown cells there is a diversion of electron 
flow from oxygen to nitrate reductase which can 
be reversed by adding azide to inhibit nitrate 
reductase. A similar result is obtained when chlo- 
rate is added to anaerobically grown cells in the 
presence of Triton X-100 [11]. When, however, 
nitrate rather than chlorate is added to the latter, a 
more complicated pattern ensues and oxygen res- 
piration is increasingly also inhibited by a product 
formed by further reduction of the nitrite gener- 
ated by nitrate reductase (Fig. 6). The important 
point is that rendering the plasma membrane per- 
meable to small ions by several treatments [7,11,12] 
is sufficient to allow considerable activity of nitrate 
reductase under aerobic conditions in which it is 
generally not functional [1,7,11] 

Acknowledgments 

We thank the U.K.S.E.R.C. for their support 
of this work through grants to S.J.F. and a stu- 
dentship to D.P. During preparation of this 
manuscript Dr. Ku~era and Professor Dadak 
(Brno, Czechoslovakia) informed us that they had 
also obtained evidence that nitrite itself was not 
the inhibitory agent in experiments similar to those 
shown in Figs. 6-9 of the present paper. 



References 

1 John, P. (1977) J. Gen. Microbiol. 98, 231-238 
2 Forget, P. (1971) Eur. J. Biochem. 18, 442-450 
3 Forget, P. (1974) Eur. J. Biochem. 42, 325-332 , 
4 Boxer, D., Malcolm, A. and Graham, A. (1982) Biochem. 

Soc. Trans. 10, 480-481 
5 McCarthy, J.E.G., Ferguson, S.J. and Kell, D.B. (1981) 

Biochem. J. 196, 311-321 
6 Meijer, E.M., Van der Zwaan, J.W. and Stouthamer, A.H. 

(1979) FEMS Microbiol. Lett. 5, 369-372 
7 Alefounder, P.R. and Ferguson, S.J. (1980) Biochem. J. 192, 

231-240 
8 Garland, P.B., Downie, J.A. and Haddock, B.A. (1975) 

Biochem. J. 152, 547-559 
9 Boogerd, F.C., Van Verseveld, H.W. and Stouthamer, A.H. 

(1983) Biochim. Biophys. Acta 723, 415-427 
10 Ku~era, I., Karlovsky, P. and Dadak, V. (1982) Biologia 

(Bratislava) 37, 809-814 
11 Alefounder, P.R., Greenfield, A.J., McCarthy, J.E.G. and 

Ferguson, S.J. (1983) Biochim. Biophys. Acta 724, 20-39 
12 Ku~era, L, Laucik, J. and Dadak, V. (1983) Eur. J. Bio- 

chem. 136, 135-140 
13 Ku~era, I. and Dadak, V. (1983) Biochem. Biophys. Res. 

Commun. 117, 252-258 
14 Burnell, J.N., John, P. and Whatley, F.R. (1975) Biochem. 

J. 150, 527-536 
15 Alefounder, P.R., McCarthy, J.E.G. and Ferguson, S.J. 

(1981) FEMS Microbiol. Lett. 12, 321-326 
16 Parsonage, D. and Ferguson, S.J. (1983) FEBS Lett. 153, 

108-112 
17 Carlson, C.A., Ferguson, L.P. and Ingraham, J.L. (1982) J. 

Bacteriol. 151, 162-171 
18 Ferguson, S.J. (1982) Biochem. Soc. Trans. 10, 198-200 
19 Kristjansson, J.K., Walter, B. and Holiocher, T.C. (1978) 

Biochemistry 17, 5014-5019 
20 Henry, M.F. and Doussiere,, J. (1981) in Vectorial Reactions 

95 

in Electron and Ion Transport in Mitochondria and Bacteria 
(Palmier, F., Quagliariello, E., Siliprandi, N. and Slater, 
E.C., eds.), pp. 119-123, Elsevier/North-Holland, 
Amsterdam 

21 Azzi, A., Gherardini, P. and Santato, M. (1971) J. Biol. 
chem. 246, 2035-2042 

22 Jasaitis, A.A., Kulinere, V.V. and Skulachev, V.P. (1971) 
Biochim. Biophys. Acta 234, 117-181 

23 Njus, D., Ferguson, S.J., Sorgato, M.C. and Radda, G.K. 
(1977) in Structure and Function of Energy-Transducing 
Membranes (Van Dam, K. and Van Gelder, B.F., eds.), pp. 
237-250 Elsevier/North-Holland, Amsterdam 

24 Henderson, P.J.F., McGivan, J.D. and Chappell, J.B. (1969) 
Biochem. J. 111,521-535 

25 McCarthy, J.E.G. and Ferguson, S.J. (1983) Eur. J. Bio- 
chem. 132, 417-424 

26 Willison, J.C. and John, P. (1979) J. Gen. Microbiol. 115, 
443-450 

27 John, P. and Hamilton, W.A. (1971) Eur. J. Biochem. 23, 
528-532 

28 Jones, R.W., Ingledew, W.J., Graham, A. and Garland, P.B. 
(1978) Biochem. Soc. Trans. 6, 1287-1289 

29 Sistrom, W.R. (1958) Biochim. Biophys. Acta 29, 579-587 
30 Varma, A., Schonheit, P. and Thauer, R.K. (1983) Arch. 

Microbiol. 136, 69-73 
31 Halestrap, A.P., Scott, R.D. and Thomas, A.P. (1980) Int. J. 

Biochem. 11, 97-105 
32 Ferguson, S.J. (1982) FEBS Lett. 146, 239-244 
33 Garber, E.A.E. and Hollocher, T.C. (1981) J. Biol. Chem. 

256, 5459-5465 
34 Garber, E.A.E., Wehrli, S. and Hollocher, T.C. (1983) J. 

Biol. Chem. 258, 3587-3591 
35 Ashmore, P.G., Burnett, M.G. and Tyler, B.J. (1962) Fara- 

day Soc. Trans. 58, 685-691 
36 Hubbard, J.M., Hughes, M.N. and Poole, R.K. (1983) FEBS 

Lett 164, 241-243 


