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(1) A fast-responding 0 2 electrode has been used to confirm and extend observations of a significant kinetic 
discrepancy between 0 2 reduction and consequent proton translocation in 'O2-pulse' experiments in intact 
cells of P. denitriflcans. The  permeant, chaotropic S C N -  ion abolishes this discrepancy, and greatly 
increases the observable --, H + / O  ratio, to a value approaching its accepted, true, limiting stoichiometry. 
The observable H + decay rates are very slow, particularly in the absence of S C N - .  (2) The submaximal 

H + / O  ratios observed in the absence of SCN - are essentially independent of the size of the 0 2 pulse, in 
a manner not easily explained by a delocalised chemiosmotic energy-coupling scheme. (3) Osmotically active 
protoplasts of P. denitriflcans do not show a significant kinetic discrepancy between 0 2 reduction and H + 
translocation, even in the the absence of SCN - .  However, the submaximal -~ H + / O  ratios observed in the 
absence of S C N -  are again essentially independent of the size of the 0 2 pulse. As in intact cells, the 
observable H + decay rates are very slow. (4) The energy-transfer inhibitor venturicidin causes a significant 
increase in the ~ H + / O  ratio observed in protoplasts of P. denitrificans in the absence of SCN - ;  the decay 
kinetics of the H + translocation process are also somewhat modified. Nevertheless, the ---, H + / O  ratio 
observed in the presence of venturicidin is also independent of the size of the 0 2 pulse. This observation 
militates further against arguments in which (a) a non-ohmic leak of protons from the bulk aqueous phase 
might alone be the cause of the low ~ H + / O  ratios observed in the absence of S C N - ,  and (b) in which 
there might be a Ap-dependent change ( ' redox slip') in the actual ---, H + / O  ratio. (5) It is concluded that 
the observable protonmotive activity of the respiratory chain of P. denitrificans in the absence of S C N -  is 
directly influenced by the state of the H +-ATP synthase in the cytoplasmic membrane of this organism. We 
are unable to explain the data in terms of a model in which the putative protonmotive force may be acting to 
affect the --, H + / O  ratio. The possibility is considered that the delocalised bulk-to-bulk phase membrane 
potential set up in response to protonmotive activity is energetically insignificant. 

1. Introduction 

It is now well established that the activity of 
respiratory and photosynthetic electron transport 
chains is more or less tightly coupled to transmem- 
brane, (initially) electrogenic proton translocation 
[1]. Amongst the respiratory bacteria, the relation- 
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ship between electron transport and concomitant 
proton translocation was first reported in suspen- 
sions of Micrococcus (now Paracoccus) denitrifi- 
cans by Scholes and Mitchell (Ref. 2; for taxon- 
omy see Ref. 3). These workers exploited the ' 0  2- 
pulse' technique previously used for work in 
mitochondria [4], and observed that both the ex- 
tent (stoichiometry) and the rate of transfer of 
protons to and from the aqueous phase external to 
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the organisms, a phase whose pH was in equi- 
librium with the measuring pH electrode, were 
markedly changed upon the addition of 
valinomycin or the relatively permeant SCN- ion 
to the normal potassium chloride/glycylglycine 
reaction mixture. They also observed that in the 
absence of these compounds there was a marked 
kinetic discrepancy between the reduction of 02 
(measured as changes in the redox state of cyto- 
chrome aa3) and the half time of observable H ÷ 
translocation [2]. 

Gould and Cramer [5,6] carried out similar 
experiments to those of Scholes and Mitchell [2], 
using Escherichia coli. In addition to the observed 
effects of SCN-, which we have confirmed [7], 
these workers found that the --* H ÷/O ratio in the 
absence of SCN- was essentially independent of 
the size of the 02 pulse, a result not easily recon- 
ciled with a ('delocalised') chemiosmotic model in 
which a large, delocalised membrane potential 
might be acting to inhibit proton translocation to 
the phase in equilibrium with the measuring elec- 
trode [5,6,8-13]. We have recently repeated some 
of these experiments in P. denitrificans, with 
qualitatively similar results [10], although it was 
necessary to infer the respiration rates during the 
02 pulse from steady-state measurements on paral- 
lel suspensions. 

By using the rapidly responding O 2 electrode 
described by Lehninger and co-workers [14], we 
have now been able to make these measurements 
directly, confirming the kinetic discrepancies ob- 
served by those mentioned above, and showing 
that these kinetic discrepancies are not exhibited 
by P. denitrificans protoplasts. Finally, we have 
studied the suggestion of Ferguson (see Ref. 15) 
that significant ATP synthesis (or, by implication, 
any very rapid back-leakage of pumped protons 
from the external bulk phase) may take place 
during 02 pulse experiments, by using the energy 
transfer inhibitor venturicidin, which, by analogy 
with its effects in photosynthetic bacteria [24,25], 
should inhibit both phosphorylative and non- 
phosphorylative, non-ohmic proton back-leakage. 
These experiments form the subject of the present 
report. It is concluded that phenomena of 'redox 
slip' and non-ohmic leaks cannot of themselves 
explain the data observed within the framework of 
a delocalised, chemiosmotic energy-coupling 
scheme. 

223 

2. Experimental 

Organism. Paracoccus denitrificans 8944 was 
maintained and grown as described [10,16,17]. For 
work with intact organisms, cells were harvested in 
mid-log phase, and washed three times in 150 mM 
KC1 containing 0.25 mM glycylglycine (pH 7.0), 
essentially as described [10]. Protoplasts were pre- 
pared using lysozyme, and their osmotic sensitivity 
assessed, as described [16]; they were resuspended 
in 0.5 M sucrose containing 150 mM KC1/0.25 
mM glycylglycine (pH 7.0). Protoplast concentra- 
tions are given as the equivalent dry weight of cells 
determined turbidimetrically in 0.5 M sucrose con- 
taining 10 mM Tris C1 (pH 7.3). 

Respiration-driven proton translocation was 
measured in the reaction vessel described [10,18] 
which, in addition to the combination pH micro- 
electrode, also contained an O 2 electrode of the 
type described by Reynfarje et al. [14] and a 
combination Pt (counter-) and saturated calomel 
(reference-) electrode. The voltage on the 02 elec- 
trode ( - 0.65 V vs. the reference electrode) was set 
using a PAR 174A 3-electrode potentiostat [19], 
and the output from the device directed to a 
Linseis LS23 chart recorder. The voltage devel- 
oped by the combination pH electrode was ampli- 
fied by a high impedance differential FET ampli- 
fier (bandwidth 15 Hz) (Dulas Engineering, 
Llwyngwern Quarry, Machynlleth, Powys, U.K.), 
and was directed to the Linseis chart recorder. 02 
pulses were added as air-saturated 150 mM KC1, 
which was taken to contain 235 /~M 02 at the 
reaction temperature of 30 °C [10]. Reaction mix- 
tures are given in the legends to the figures. 

Chemicals and biochemicals. Venturicidin, pre- 
dominantly venturicidin A, was obtained from 
BDH chemicals, Poole, Dorset. Other chemicals 
and biochemicals were of analytical grade, and 
were obtained from previously disclosed sources 
[10,181. 

3. Results 

Fig. 1 shows traces of both respiration and H + 
translocation during the early stages of a typical 
02 pulse experiment with intact cells of P. de- 
nitrificans in the absence (A) and in the presence 
(B) of 60 mM KSCN. The kinetic discrepancy 
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Fig. 1. Respiration and H ÷ translocation in intact cells of P. denitrificans during an 02 pulse. Respiration-driven H + translocation 
experiments were carried out as described in the Experimental section. The reaction mixture contained, in a final volume of 6 ml, 150 
mM KC1/0.25 mM glycylglycine (pH 7.0)/480 #g carbonic anhydrase/10.1 mg dry wt. cells. The temperature was 30 o C. In (B) 60 
mM KSCN was also present. In traces (a) and (b), the arrow marks the addition of 80/~1 air-saturated KC1, corresponding to a total of 
37.6 ng atom O. H ÷ translocation (a) and respiration (b) are as indicated. At the arrow in (c), anaerobic HC1 (50 ng ion) was added to 
the reaction mixture. It may be observed that the response of the pH electrode per se (c) was not limiting the pH changes observed in 
(a). 

between the ha l f - t ime for 0 2 reduct ion  and for H ÷ 
t rans loca t ion  in the absence of  S C N -  (Fig.  1A) is 
c lear ly  evident.  In  the presence of  S C N -  (Fig. 1B), 
however,  no such kinet ic  d i sc repancy  is observa-  
ble, and  the --, H + / O  s to ichiometry  is significan- 
t l ly increased.  The  p H  changes observed are fully 
sensit ive to the uncoup le r  ca rbonyl  cyanide  p- t r i -  
f luoromethoxy  pheny lhydrazone  at a concent ra-  
t ion of 2 # M  (da ta  not  shown, bu t  see Ref. 2, 10). 
The  absolu te  values of the --, H ÷ / O  ra t io  are 
s l ightly lower than those observed previously  [10], 
p re sumab ly  due to the more  a lkal ine  p H  used in 
the present  work  [2]. 

Accord ing  to the in te rp re ta t ion  of these types 
of da t a  given by  Scholes and Mitchel l  [2], it  is 
p roposed  that,  due to the low electr ical  capaci -  
tance of the bac ter ia l  cy top lasmic  membrane ,  the 
t r ansmembrane  electrogenic  t rans loca t ion  of  a very 
small  number  of p ro tons  in to  the aqueous  phase  

external  to the organisms  causes the bu i ld -up  of  a 
de local ised  m e m b r a n e  poten t ia l  suff iciently large 
ei ther  to inhibi t  fur ther  p ro tonmot ive  act ivi ty  or  to 
dr ive  back  p ro tons  subsequent ly  p u m p e d  across 
the coupl ing  m e m b r a n e  before  the p H  e lec t rode  
can  respond.  T r a n s m e m b r a n e  e lec t rophore t i c  
co t r anspor t  of the relat ively m e m b r a n e - p e r m e a n t  
S C N -  ion with p u m p e d  H + would  act to d iss ipate  
this m e m b r a n e  poten t ia l  and  al low the full extent  
of  resp i ra t ion- l inked  H + t rans loca t ion  to be de- 
termined.  

If  the foregoing exp lana t ion  of  these da t a  is 
correct ,  one must  assume that  the inferred mem-  
b rane  poten t ia l  (which should d o m i n a t e  the p ro to -  
nmot ive  force) that  is bui l t  up fol lowing the reduc-  
t ion of an amoun t  of  0 2 s ignif icant ly less than  that  
a d d e d  in the exper iment  of Fig. 1, is the m a x i m u m  
sus ta inable  by  the bac ter ia l  cy top lasmic  mem-  
b rane  under  the condi t ions  prevail ing.  Otherwise  
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Fig. 2. The effect of the size of the 0 2 pulse on the observable 
stoichiometry and kinetics of respiration-driven H ÷ transloca- 
tion in intact cells of P. denitrificans. (A) The quantity of H + 
translocated was measured from the furthest excursion of the 

the full number  of translocated protons should 

have been observed, as in Fig. lB. In other words, 
the -~ H + / O  ratio observed in the absence of 

S C N -  should be a monotonica l ly  decreasing func- 
t ion of the size of the 0 2 pulse, since the mem- 
brane  potent ial  caused by the 02 pulse in Fig. 1A 
should, if present, act to inhibi t  any further pro ton  
translocation.  However, Fig. 2A shows that this 
predict ion is not  fulfilled: within experimental  er- 

ror, the ~ H ÷ / O  ratio is essentially independent  

of the size of the 0 2 pulse over the range of 0 2 
pulses examined, both when S C N -  is present and, 
in particular,  when it is absent.  The half-times for 

0 2 reduct ion and for the consequent  H + ejection 

in the absence of S C N -  are plotted as a funct ion 

of the size of the 0 2 pulse in fig. 2B. In  all cases, 

H + ejection to a phase in equi l ibr ium with the 
measur ing electrode cont inued  for a significant 

t ime after the reduct ion of O 2 (Figs. 1A and 2A). 
The half-t ime for the decay of the observable pH 

changes caused by the respirat ion-l inked H + 

transfer was of the order of minutes  ([2,10]; pre- 
sent data not  shown), and thus of no significance 
to the present considerations.  It was also essen- 
tially independent  of the size of the 0 2 pulse over 
the range examined (not shown). 

The kinetic discrepancies observed above using 

intact  cells of P. denitrificans, which were also 
ment ioned  by Scholes and Mitchell [2], are qualita- 

tively similar to, though not  so extensive as, those 
observed by Gould  and Cramer [5,6] in E. coli and 

by ourselves in intact  cells of Rhodopseudomonas 
capsulata [20]. However, they do not  seem gener- 

ally to be exhibited by the sphaeroplast  prepara-  
t ion of E. coli studied by Gar land  and colleagues 
(see Ref. 21 and references therein), nor  by 

mi tochondr ia  [22], nor  by bacterial chromato-  
phores [11,23]. This prompted  us to determine the 
properties of respirat ion-driven proton  transloca- 

t ion in protoplasts of P. denitrificans. 

pH trace as described in the legend to Fig. 1, except that the 
size of the 02 pulse was varied as indicated. Thiocyanate was 
either absent ([:3) or present (e) at a concentration of 60 mM. 
Values are given as means± S.E. (n = 3). Cell concentratioans 
were in the range 1.4-1.7 mg dry wt. per ml. (B) The half-times 
of H + ejection (O) and 02 uptake (E3) were calculated from 
traces such as those illustrated in Fig. (E3) 1A, in the absence of 
SCN . Values are given as means± S.E. (n = 3). 
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Fig. 3. Respiration and H + translocation inP. denitrificans protoplasts. Measurements were carried out as described in the 
Experimental section. The reaction mixture contained, in a final volume of 6 ml, 0.5 M sucrose, 150 mM KCI, 0.25 mM glycylglycine 
(pH 7.0), 480 ~g carbonic anhydrase and protoplasts corresponding to a dry wt. of 3 mg. In (B), 60 fig venturicidin was also present. 
At the arrows indicated, 02 (47 ng atom) was added as air-saturated 150 mM KC1, and the pH (a) and 02 content (b) of the medium 
followed as described in the legend to Fig. 1. In (c), anaerobic HC1 (50 ng ion) was added at the arrow indicated. 

Fig. 3A shows typical traces of respiration- 
driven proton t ranslocat ion in P. denitrificans pro- 
toplasts in the absence of KSCN. There is no 

significant kir~etic discrepancy between the res- 
piratory and visible protonmot ive  activities of the 

protoplasts,  whether S C N -  is absent  (Fig. 3A) or 
present (data not  shown). Fig. 4A shows that, as in 
intact  cells, the apparent  --* H + / O  ratio is inde- 
penden t  of the size of the 0 2 pulse. As discussed 
above, these observations do not  seem to be con- 
sistent with a model in which the observable pro- 
tons are acting to decrease the --* H + / O  ratio. 

Since it is evident that the effect of membrane  
energisation, as caused by the reduct ion of an 
a m o u n t  of 0 2 less than even the lowest amoun t  
added in the present work, is not  to inhibi t  further 

protonmot ive  activity per se (Figs. 2A and 4A), 
one is inclined to infer that some protons that 
were pumped  across the membrane  returned back 
across the membrane  without ever entering a phase 
in equi l ibr ium with the measuring pH electrode. 
Work by Jackson and co-workers in photosyn-  

thetic bacteria has demonstra ted that a potential ly 
major  ' leak '  pathway is const i tuted by the F0F ¢ 
H + - A T P  synthase, under  both phosphoryla t ing 
and non-phosphoryla t ing  condi t ions  [24,25]; we 
therefore chose to study the effect of the 
energy-transfer inhibi tor  venturicidin, ,  which is ac- 

tive against the FoFt -H+-ATP synthase of this 
organism [26], on respirat ion-driven proton trans- 
location. The idea behind this experiment  was as 
follows. If the reason for the low ~ H + / O  ratios 
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Fig. 4. The effect of venturicidin on the observable stoichiome- 

try and kinetics of respiration-driven H + translocation in P. 

denitrificans protoplasts. Measurements were carried out as 
described in the legend to Fig. 3. The protoplast concentration 
varied between 0.5 and 1.6 mg/ml .  (A). The quantity of H + 

seen in the absence of SCN-  was the build-up of a 
large, delocalised membrane potential, which might 
then cause a rapid (non-ohmic) back-leakage of 
some o f  the protons pumped during the 02 pulse, 
then decreasing this leak should increase the mem- 
brane potential still further, and thus, if Ap-de- 
pendent redox slip is possible, presumably act to 
inhibit observable protonmotive activity yet more 
potently. This should therefore either decrease the 

H + / O  ratio observed for a given size of 02 
pulse or exacerbate the expected decrease in the 
--* H ÷ / O  ratio as a function of the size of the 02 
pulse. Nevertheless, it is known that venturicidin 
stimulates the extent of light- and respiration- 
driven H ÷ translocation in Rps. capsulata [24]. 

Fig. 3B shows the observable respiratory and 
protonmotive activities of P. denitri f icans proto- 
plasts preincubated with an appropriate con- 
centration of venturicidin, in the absence of S C N  - ; 

the ---, H + / O  ratio calculated from the furthest 
excursion of the pH trace is significantly greater 
than that observed in the absence of the energy 
transfer inhibitor (Fig. 3A) although still greatly 
submaximal. The observable rate of H + decay 
following the 02 pulse is, following a small, rela- 
tively rapid phase (see Fig. 3B), still very long on 
the time-scale under consideration. (The ---, H + / O  
ratio calculated after the relatively rapid decay 
phase is essentially unchanged). Fig. 4A shows 
that this increase in the ~ H + / O  ratio is, within 
the limits of the experimental noise, independent 
of the size of the 02 pulse. A synthesis of these 
data gives values for the ---, H + / O  ratio in proto- 
plasts (in the absence of S CN - )  of 0.57 + 0.04 
(mean _+ S.D., n = 49) in the absence, and 1.06 _+ 
0.03 (mean_+ S.D., n = 44) in the presence of 

translocated, as calculated from the furthest excusion of the pH 

trace, is plotted against the size of the 02 pulse. Venturicidin 
was either absent (11) or present (O) at a concentration in the 

range 4-20 # g / r a g  dry wt. protoplasts. Where indicated (A), 

KSCN was also present at a concentration of 60 raM; only two 

points are shown so as to allow the scale on the diagram more 
clealry to indicate the effect of venturicidin. Values (11, O) are 
given as means+  S.D. (n = 9). (B). The observed half-times of 
H ÷ ejection (O,  O) and 02 uptake (zx, A), obtained from traces 
similar to those shown in Fig. 3, are plotted against the size of 

the 02 pulse. Open symbols: venturicidin absent. Closed sym- 

bols: venturicidin present in the range 4-20 # g / r a g  dry wt. 
protoplasts. Values are given as means+  S.D. (n = 9). 
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venturicidin. Fig. 4A also shows representative 
values of H ÷ translocation in the presence of 60 
mM KSCN. No systematic changes in the ---, 
H + / O  ratio were observed upon changing the 
venturicidin concentration in the range 4-20 txg 
per mg dry wt. protoplasts. That there were no 
large kinetic discrepancies between respiration and 
proton pumping in protoplasts, especially in the 
absence of venturicidin, is demonstrated by the 
data of Fig. 4B. 

4. Discussion 

4.1. General 
We wish first to make some general remarks 

concerning the experimental design. Since the 02 
was added as a 'pulse ' ,  one might question the 
stationarity assumption [27] inherent in the use of 
macroscopic concepts such as A~p and ApH. Two 
lines of reasoning give us confidence that, at least 
as far as the macroscopically observable bulk-phase 
phenomena are concerned [28], we may treat the 
system as though it attained a (quasi-)stationary 
and homogeneous state for a time corresponding 
to the overwhelming majority of that in which the 
cells or protoplasts were respiring, and which was 
sufficiently uniform to justify the use of macro- 
scopic thermodynamic quantities: (1) the observa- 
ble decay rates of pumpted H ÷ were generally 
extremely small, and (2) in all cases, for a given set 
of parameters (pH, batch of cells, concentration of 
SCN and venturicidin) the observable ~ H ÷ / O  
ratio was independent of the size of the 02 pulse. 
Further, according to chemiosmotic consider- 
ations, it may be calculated that the transmem- 
brane electrical potential that should be built up 
by electrogenic H ÷ transfer should exceed say 150 
mV during the reduction of an amount of 02 
corresponding to less than even one tenth of the 
lowest amount used in the present experiments 
[10]. Finally, the very reasonable linearity of the 
half-times for both 02 reduction and H + translo- 
cation with the size of the 02 pulse (Figs. 2B and 
4B) adds further justification to our view that, as 
far as the macroscopically observable phenomena 
are concerned, the stationarity assumption is, for 
the variables measured, an adequately close ap- 
proximation to reality. 

Although work with intact cells and protoplasts 

is perhaps inherently more prone to certain, but 
not all, types of interpretative difficulty than work 
with isolated cytoplasmic membrane vesicles, we 
wish to mention experimental evidence (a) that in 
the absence of terminal electron acceptors this 
organism is incapable of creating or maintaining 
an energised membrane [17], and (b) that deen- 
ergised intact cells of this organism do not main- 
tain a Donnan potential of either positive [10] or 
negative [17] polarity inside, and there is thus no 
preexisting pH gradient prior to the 02 pulse (see 
also [2,47]). From a heuristic standpoint, therefore, 
we believe that we may treat the macroscopic 
membrane bioenergetics of this organism as ade- 
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Fig. 5. (A) An attempt to relate the measured ---, H + / O  
stoichiometries to the putative values of the protonmotive force 
developed during the 02 pulse, assuming that a significant and 
rapid (non-ohmic) return of H ÷ across the coupling membrane, 
from the bulk aqueous extracellular phase (Jdi~), may occur at 
high values of the protonmotive force. The measured points 
indicate the --, H + / O  ratios measured (with protoplasts) in the 
absence (©, A) and presence (O) of S C N - ,  and in the presence 
of venturicidin (A). It is taken that venturicidin modifies the 
'native' Jdi~/,xp relationship (solid line) in the fashion indi- 
cated (dotted line). For fuller discussion, see the text. (B) A 
diagrammatic, delocalised chemiosmotic energy-coupling 
scheme corresponding to the plots in (A). 



quately fulfilling the (quasi-)stationary state as- 
sumption both before and during the O z pulses. 
These considerations also rule out the possibility 
of an Oz-pulse size-dependent change in the path- 
way of electron transfer and its efficiency of cou- 
pling to protonmotive activity. 

4.2. The ~ H + / 0  ratio and membrane ionic con- 
ductance as a function of the putative protonmotive 
foce 

To facilitate the discussion, we wish to consider 
the reasonably sophisticated chemiosmotic scheme 
shown in Fig. 5. This assumes (see also Ref. 29) 
that under steady-state conditions there exists a 
monotonic relationship between the ~ H + / O  
ratio, the protonmotive force and the return of 
bulk-phase protons across the coupling membrane 
(Jdi~), which latter may or may not be coupled to 
phosphorylation. Fig. 5A indicates a non-ohmic 
relationship between the membrane ionic current 
density, Ja~, and the putative protonmotive force, 
similar in form to that implicated by Jackson and 
co-workers [25,30,31] in Rps. capsulata and widely 
observed in 'acid-bath '  phosphorylation experi- 
ments [32,33]. If we assume that S C N -  acts to 
decrease the membrane potential component  of 
the protonmotive force, we may plot two points on 
the graph representing the relationship between 
the ---, H + / O  ratio and the protonmotive force. 
The independence between the ~ H + / O  ratio 
and the size of the O z pulse indicates that the ' low 
protonmotive force' value ((O), Fig. 5A) might be 
placed essentially anywhere (but see Ref. 29) on 
the horizontal section of this curve. The stationar- 
ity condition means (i) that the assumed proto- 
nmotive force generated by the 02 pulses in the 
present work iin the absence of SCN ((O), Fig. 
5A) must be the maximum sustainable by the 
membranes under these conditions, and (ii) that 
the ~ H + / O  versus Ap curve must be a mirror 
image (in shape) of that of Jdi~ versus Ap. The data 
in the absence of venturicidin might therefore be 
construed broadly as being consistent with the 
chemiosmotic scheme of Fig. 5B, although we find 
it difficult to understand how the number of pro- 
tons translocated into the bulk, measuring phase 
(the pH change they cause corresponding roughly 
to half the A pH generated [2]), might continue to 
increase with the size of the O a pulse with no 
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change in the protonmotive force, if the protonmo- 
tive force constitutes a 'p r imary  macroerg'  [34] in 
this system. 

Parenthetically, it is worth remarking here that 
for very high O2/cell ratios (or, for photosynthetic 
systems, extended periods of illumination), the 
---, H + / e  - ratio does of course decrease; under 
static head conditions it attains a net value of zero. 
These conditions are not relevant to the present 
considerations (which were chosen to fulfil the 
stationarity condition), and it is to be assumed 
that under static head conditions the observable 
proton transport may be limited, particularly in 
ion-leaky membranes, by the unfavourable in- 
travesicular pH per se. 

4. 3. The effect of venturicidin 
Venturicidin possesses the classical properties 

of an F0-type energy-transfer inhibitor: it acts to 
induce respiratory control in ' leaky'  membrane 
vesicles [26] and to inhibit ADP-stimulated respi- 
ration [35] in well-coupled everted membrane 
vesicles derived from this organism. In the present 
experiments, venturicidin increased the (submaxi- 
mal) ~ H + / O  ratio in a fashion independent of 
the size of the O z pulse. 

If we are to fit this value of --* H + / O  to the 
graph in Fig. 5A, we cannot do so simply by 
modifying the (bulk) Jai., versus Ap graph so as to 
increase the maximum Ap attainable (Fig. 5A) 
[25]. We cannot change self-consistently the (bulk) 
Jdis VS. Ap relationship, since the removal (or sig- 
nifcant decrease of) the non-ohmicity should mean, 
in a chemiosmotic model, that, whatever the maxi- 
mum A p attainable by the membranes under a 
given set of conditions, the magnitude of Jdis at 
this value of Ap should be in inverse proportion to 
the --, H + / O  ratio measured, given the stationar- 
ity condition. In the absence of venturicidin (and 
of SCN-) ,  the value of the observable Jais is de- 
monstrably of negligible magnitude (Fig. 1A; 
[2,20]). Any 'non-ohmici ty '  model must therefore 
invoke a very rapid back-leakage (whether through 
the H+-ATP  synthase or otherwise) that occurs 
before the pH electrode can respond. However, a 
non-linear back-decay of H + was observable in 
the venturicidin experiments (Fig. 3), and may be 
taken as a quantitative measurement of the value 
of Jdis; thus the relative magnitudes of the --* 
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H + / O  ratio observed in protoplasts with and 
without added venturicidin (Fig. 4) indicate that 
the non-ohmicity required (Fig. 5A) to account for 
the ~ H + / O  values observed in the absence of 
venturicidin (more than 50% of those in its pres- 
ence; Fig. 4), would have been easily measurable 
in our experimental arrangement (Fig. 3). Further, 
(a) venturicidin does not act to increase the maxi- 
mum state 4 Ap attainable by coupled membrane 
vesicles of this organism whether added ADP is 
present or not [16], and (b) the difference in the 
apparent Ap generated by such vesicles in state 3 
and state 4 conditions is independent of the rate of 
electron transport (Ref. 36, and see Ref. 13). Nev- 
ertheless, venturicidin consistently, and in a fash- 
ion that is independent of the size of the O 2 pulses 
examined, acts to increase the observable ---, H + / O  
ratio in the absence of SCN . If we wished to fit 
this finding to the graph of Fig. 5A (solid line) we 
might assume that venturicidin acts to decrease the 
protonmotive force generated in its absence; as 
discussed elsewhere [11,37], this is a degree of 
freedom that is not permitted for orthodox energy 
transfer inhibitors in delocalised coupling models. 
A A p-dependent change in the actual --, H + / O  
ratio, caused, perhaps, by variable 'redox-slip'  re- 
actions [38,40] is also ruled out by the observation 
that venturicidin raises the ~ H + / O  ratio. We 
may also mention that the submaximal ---, H + / O  
ratios observed in the absence of S C N -  are found 
even when the calculated membrane potential (at 
very low O2/cell ratios) is energetically insignifi- 
cant [5,10], conditions in which the putative Jais 
value is of negligible magnitude. Thus we are 
forced to conclude that the low --* H + / O  ratios 
observed in the absence of SCN , relative to those 
seen in its presence, are not caused by the build-up 
of a delocalised protonmotive force. 

4.4. Might some protons 'hide' in the periplasmic 
space of intact cells? 

One possible means to explain the kinetic dis- 
crepancy between H ÷ ejection and 02 reduction 
seen in intact cells in the absence of S C N -  is to 
suggest that the cell wall might act as a significant 
permeability barrier to protons [5]. Although this 
idea could provide a simple explanation for the 
lack of kinetic discrepancy seen in protoplasts, it 
would conflict markedly with the well-estblished 

finding that the cell wall does not provide a per- 
meability barrier of any significance either to H + 
in this organism [41]; Fig. 1, calibrating acid pulses) 
or to low molecular weight substances generally 
[42]. We are therefore inclined to implicate some 
as yet poorly characterised interactions which must 
exist between the cell wall and the cytoplasmic 
membrane,  interactions that can affect the ability 
of the cytoplasmic membrane itself to retain en- 
ergised protons in a state inaccessible even to the 
periplasmic space. Nevertheless, the finding of a 
consonance between the P / O  ratios implicated in 
vivo and those observed in vitro using cytoplasmic 
membrane vesicles of this organism [15,43,44], in- 
dicates that the kinetic discrepancies observed, 
although of interest, are of relatively little signifi- 
cance to the process of oxidative phosphorylation. 

4.5. How much phosphorylation takes place during 
02 pulses in the absence of SCN? 

Although, for technical reasons, we were unable 
to measure the extent to which ATP synthesis took 
place during the 02 pulses, the data of Hansel- 
mann [45], obtained with this organism, indicate 
that, upon initiation of aerobic respiration in the 
absence of S C N - ,  ATP synthesis commences after 
a lag of between 0 and 2 s. Thus it is overwhelm- 
ingly likely that, in the absence of venturicidin and 
of SCN , some H + return through the H+-ATP  
synthase was indeed occurring. However, the 
quantitative considerations raised in subsection 4.3 
indicate quite clearly that those protons which 
returned across the membrane during the 02 pulses 
in the absence of S C N - ,  and which remained 
invisible to the pH electrode, remained invisible 
because they never ever entered a phase with which 
the measuring electrode was in equilibrium (and 
see Ref.46). However, the question of whether any 
of the H + backflow through the H +-ATP synthase 
was coupled to phosphorylation or not does not of 
itself materially affect the thrust of the argument 
presented herein. 

Parenthetically, we may mention that any scalar 
pH changes associated with phosphorylation [18] 
would have taken place intracellularly, and thus 
would not have served to obfuscate the extracellu- 
lar pH measurements on the timescale under con- 
sideration. In this regard, one might remark that 
experiments of the present type in bacterial proto- 



plasts possess a useful advantage over those with 
either mitochondria (which contain an adenine 
nucleotide translocase) or with phosphorylating 
membrane vesicles in which the F~ portion of the 
ATP synthase faces the external phase. 

4.6. The membrane potential and the role of 'per- 
meant' ions 

It is surely established that respiration can 
change the pH both internal and external to intact 
cells of this organism [2,10,15,47,48]. What is far 
less clear is to what extent the protonmotive activi- 
ties of the respiratory chain are coupled to the 
formation of a bulk-to-bulk phase transmembrane 
electrical potential difference. We find several lines 
of evidence which are more than consistent with 
the view that this extent is of a lower magnitude 
than that of an artificially applied membrane 
potential demonstrably required for, and capable 
of [32], driving ATP synthesis. Such an idea, albeit 
drastic, would serve usefully to reconcile the de- 
monstrable  respiration-linked proton  trans- 
locatioan into the bulk phase with the anomalies 
discussed above. 

Thus, in brief: (1) observable protonmotive ac- 
tivity causing proton movements to the bulk, mea- 
suring phase, seems absolutely dependent upon, 
and correlated with, the ion permeability of the 
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Fig. 6. An energy-coupling scheme in which the observable 
proton movements are responsible neither for inhibiting further 
protonmotive activity nor for driving ATP synthesis. X repre- 
sents a 'high-energy intermediate' whose detailed nature re- 
mains unspecified, but which is taken to include both osmoti- 
cally-inactive protons and 'high-energy' conformational states 
of membrane proteins, inter alia [11-13]. 'Leak' represents any 
return of protonic charge across the coupling membrane which 
is not coupled to phosphorylation. It is taken that the true 
value of Ap attained in response to electron transport does not 
exceed that threshold value demonstrably required for, and 
capable of, driving phosphorylation. 
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vesicles of interest [10,11,22,49]; the small number 
(Ref. 50) of electrogenically pumped protons 
required maximally to charge the membrane 
capacitance, though sufficient to be measurable, 
seem not to be observed [5,10]; (2) in the cases 
where non-proton ion movements have also been 
followed, the data are consistent with the view that 
each observably pumped proton is accompanied 
by the co- or counter-transport of another ion [51], 
so that there is no significant net charge imbalance 
between the bulk phases that the coupling mem- 
brane separates; (3) the effect of membrane 
energisation on the kinetics of unidirectional fluxes 
of cations often used in estimating A~ k (in 
mitochondria) is not consistent with the view that 
the driving force stimulating their uptake and in- 
hibiting their efflux is a delocalised, bulk-to-bulk 
phase membrane potential [51,52]; (4) in all but 
one case [53], direct measurements with microelec- 
trodes indicate that the delocalised membrane 
potential across membranes capable of carrying 
out electron transport phosphorylation is energeti- 
cally insignificant (less than 50 mV), even under 
transient conditions in the absence of any signifi- 
cant pH gradient [52,54]; (5) electroneutral iono- 
phores are capable of fully stimulating the decay 
of the observable electron transport linked pH 
changes [23]; in Paracoccus protoplasts neither 
nigericin, acetate nor propionate, which would be 
expected to collapse the pH gradient, acted rapidly 
enough to do so persuasively (before the pH elec- 
trode could respond) under the conditions tested 
herein (Hitchens, G.D. and Kell, D.B., unpub- 
lished data). 

A gross energy-coupling scheme compatible with 
the above findings, with those in the present article, 
and with many others in the literature (e.g., Refs. 
8-13), is given in Fig. 6. Studies of the present 
type in photosynthetic systems, exploiting the 
inherent time resolution possible with trains of 
single turnover flashes coupled with sensitive spec- 
troscopic methods, might prove of value in further 
testing such a scheme. 
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