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Energetically-coupled processes (electron flow, proton uptake and correlated pH gradient) were investigated on 
envelope-free chloroplasts of lettuce suspended in 1H:O or 2H20 media. Study of the light-intensity and temper- 
ature dependencies of these phenomena led to the following observations: 1. At neutral pH, 2H:O diminishes the 
transmembrane H ÷ gradient in strong light (chain Photosystem II + Photosystem I) but not in low light; the total 
H ÷ uptake is increased at all light intensities: the buffering capacity of the inner compartment is increased in 
heavy water, possibly through enhancement of interactions between membranous titrable groups and the aque- 
ous phase. 2.2H20 does not affect the photochemical events of the redox chain, whatever the electron pathway 
(PSII, PSI or PSII + PSI): only thermal steps are inhibited. The diminution of the apparent quantum yield, some- 
times observed, may be ascribed to the dual site of action of the artificial redox carrier (ferricyanide) then used. 
3.2H20 does not modify the activation energy of the limiting step of the electron flow (PSII + PSI) in uncoupled 
(44 vs. 47 kJ • mo1-1) or - but less clearly - in coupled, i.e., 'basal', state (55 vs. 59 kJ • mol-1). 2H20 does not 
either change the temperature of the phase transition of the membrane (17°C) for the uncoupled flow. However, 
a low-temperature transition, observed only for the coupled chain, is slightly increased by 2H20; this thermal 
transition is attributed to the freezing of some bound water near the plastoquinone pool. 4. Ap2H is smaller than 
AplH at all temperatures (PSII + PSI chain). ApH is quasi-constant from 0°C to 10°C, then decreases when tem- 
perature rises. 2H:O does not change the activation energy of the dark passive H ÷ efflux, which is almost twice 
that of the coupled electron flow. The phase transition at low temperature suggests that the proton efflux occurs 
via -two parallel pathways, one temperature-dependent and the other temperature-independent. Except for the 
increase of the internal buffering capacity, the effects of 2H20 on the membrane conformation seem limited, as 
shown by the unchanged activation energies of  the electron flow and of the H ÷ leakage. The null activation energy 
observed at low temperature emphasizes the role of the bound water in these processes; however, the different 
effects of 2H20 on the transition temperatures indicate that this bound water has different properties when asso- 
ciated with the transloeation sites or with the H ~ leakage ones. This 'microcompartmentation' of the membranes is 
consistent with the concept of lateral pH heterogeneity we have previously suggested (de Kouchkovsky, Y., and 

* For first paper, see Ref. 4. 
Abbreviations: Chl, chlorophyll; CF, coupling factor; PQ, 
plastoquinone; PSI, PSII, (photosynthetic) System I, Sys- 
tem II. DBMIB, 2,5-dibromo-6-isopropyl-3-metbyl-p-ben- 
zoquinonone (dibromothylmoquinone). DCIP, 2,6-dichloro- 
phenolindophenol; DCMU, 3-(3,4-dichlorophenyl)-l,l-di- 
methylurea (diuron); DMQ, 2,5-dimethyl-p-benzoquinone; 
K3 Fe(CN)6, potassium ferricyanide; MV, N,N'-dimethyl-4,4'- 

dipyridilium (methylviologen or paraquat); Tricine, N-tris- 
0aydroxymethyl)methylglycine; NaN3, sodium azide. 
If they are not preceded by the superscripts 1 (for protium) 
or 2 (for deuterium), the symbols H, H +, pH and ApH (trans- 
versal (subscript T) or lateral (subscript L) membrane pH 
difference) represent indifferently either one of the isotopes; 
similarly the word 'proton' is used for the proton s.s. (= l H +) 
as well as for the deuteron (= 2 H+). 
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Haraux, F. (1981) Biochem. Biophys. Res. Commun. 99, 205-212) .  The theoretical computations and the 
experimental results suggest that in the steady state, the internal pH would be several tenths of a 'unit' lower near 
the plastoquinones than near the H ÷ efflux sites (coupling factors); this difference would be increased when 
2H+ replaces IH÷, owing to the lower mobility of the deuteron. It is concluded that local, and not average, pH 
(and ApH) should be considered for the understanding of the energy transduction processes. 

Introduction 

Although the role of protons in the energy trans- 
duction by the biomembranes is widely accepted, the 
mechanisms involved are still controversial [1-3] .  
Many uncertainties remain concerning the physico- 
chemical environment of  the H ÷ sensitive electron car- 
riers (and enzymes responsible for the ATP synthesis): 
polar or apolar?; aqueous or 'organic'? The topog- 
raphy of the membrane is of great importance in this 
context, and, for example, the exact arrangement of 
the H ÷ translocating redox carriers with respect to the 
coupling factors CF in the thylakoid membrane is 
still unknown. In a previous report [4], we have 
shown that replacement of 1H20 by 2H20 (i.e., of 
IH+ by 2H+) diminishes more the coupled * than the 
uncoupled electron flow, whereas the transmembrane 
H + gradient, which has a negative feed-back effect on 
the redox chain ('control'), is slightly inhibited. This 
is especially valid when the plastoquinone pool is 
involved in the electron pathway [4]. We have then 
suggested that, in addition to the classical transmem- 
brane H ÷ gradient, a lateral H ÷ gradient would exist 
between the sites of H ÷ 'translocation' and H ÷ leak- 
age, such a gradient being enhanced, in 2H20, by the 
smaller mobility of the deuterons in the diffusion bar- 
riers separating these two points. The purpose of the 
present work was to test that hypothesis and to study 
further the effects of 2H20 on the thylakoid mem- 
brane. Thus, the study of the buffering properties and 
of the light-intensity and temperature dependencies 
of the Hill reaction in 1~20 and 2H20 allowed us to 
distinguish between conformational and diffusion 
effects. Finally, some calculations, based on a simple 

* The terms 'coupled' and 'basal' - used by some authors - 
are here equivalent; "coupled", in the present context, 
means a coupling between electrons and protons, not 
between the redox reactions and the ATP synthesis (no 
phosphorylating conditions were used here). 

model and on quantitative data from the literature, 
gave us the order of magnitude of the lateral pH het- 
erogeneity which we hypothesize. The effects of 
2H20 on the temperature-dependency of the electron 
and proton flow, especially on the slopes and the 
breaks in the Arrhenius plots, gave also information 
on the localized proton currents at the membrane 
level. 

Metholodogy 

Envelope-free chloroplasts were extracted from 
lettuce as in Ref. 5 and suspended either in 0.2 M 
sorbitol/0.01 M KCl (non-buffered medium, pH 
adjusted to approx. 7.0) or in the same medium plus 
0.01 M Tricine (buffered at pH 7.8) in 1H20 or 
2H20. The p2H values were corrected as in Ref. 6: 
true p2H = pH meter reading + 0.4. The chlorophyll 
concentration was from 10 to 50/aM. The ApH, com- 
puted from the quenching of fluorescence of 9-amino- 
acridine (4/aM) was determined in a stirred and ther- 
mostatically controlled 1 X 1 cm cuvette, in the appa- 
ratus previously described [5]. The spectral prop- 
erties of the probe were not affected by 2H20 and its 
crossing of the membrane was not rate-limiting for 
the kinetic measurements. The total proton (deute- 
ron) uptake was obtained as in Ref. 5, by measuring 
the light-induced pH shift with a glass electrode and 
titrating the suspension. The O2-exchange rate was 
followed with Clark-type membrane electrode [5] 
and the slopes were corrected for thermal artifacts. 
A strong red light (over 0.4 kW • m -2) was used for 
actinic illumination. The electron flow was also mea- 

• sured with a recording spectrophotometer, under 
similar conditions of stirring, temperature and actinic 
light. Limiting light was obtained with calibrated 
neutral filters. The time of illumination was always 
sufficient to reach the steady state (1 -6  min, depend- 
ing on the light-intensity and the temperature). The 
uncoupled activities were obtained by addition of 



1/aM nigericin. When needed, the following reagents 
were added 50 DiM methylviologen with 500 /aM 
NAN3; 0.8 mM KaFe(CN)e; 2/aM DBMIB; 50 /aM 
DCIP; 400/aM DMQ; 5/aM DCMU. All experiments 
were performed in aerobic conditions. 

Results 

Effect of  2H20 on the transmembrane I-I* gradient 
(ApH) and on the total h e uptake ( A[He]) at various 
light intensities 

In Fig. 1 we have plotted the transmembrane H ÷ 
gradient and the total proton (deuteron) uptake vs. 
the light intensity for the whole PSII + PSI chain 
H20 ~ MV. In strong light, Ap2H < AplH (Fig. la); 
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Fig. 1. Steady-state transmembrane H ÷ gradient (,xpH, in a) 
and total H ÷ uptake (A[He], in b) as a function of light inten- 
sity. The two phenomena were simultaneously measured as 
indicated in Methodology. Chloroplasts 40 #M Chl in unbuf- 
feted medium (equivalent external pH with both isotopes: 
approx. 7.0) + 4 ~M 9-aminoactidine. Chain H20 ~ MV. 
e, i ,  1H20; o, % 2H20. 20°C. Inserts (open arrow, light 'on'; 
dark arrow, light 'off'; LO, low light; HI, high light); repre- 
sentative traces of 9-aminoacridine fluorescence (F 9-AA), in 
a, or of external pH-shift, in b, time course curves; 
1H20; _ _ - ,  2H20. 
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in low light they are quite similar, because the pH 
was set here at 7: at a more alkaline pH (8.2), Ap2H 
would have been above AplH in low light [7]. Such 
a pH dependency is expected because the steady-state 
ApH is a balance between the H ÷ input and output, 
and :H:O affect neither the H ÷ influx - judging from 
the stoichiometrically related electron-flow behaviour 
in limiting light: see next paragraph - nor the passive 
permeability of the membrane to p ro tons -hence  
the H ÷ e f f l u x - a t  pH7 (whereas at pH 8.2 it is 
greatly diminished [7]). 

Unlike the transmembrane W gradient (see above), 
the total deuteron uptake is larger than the proton 
uptake at all light intensities (Fig. lb). That is, the 
buffering capacity of the inner compartment seems 
to be increased by the isotopic substitution. At least 
two mechanisms could be involved here: a shift of the 
pK values of the buffering groups (cf. Ref. 8) and/or 
an unmasking by 2H20 of internal functions, nor- 
mally hidden. Indeed, such groups may interact with 
the solvent (H20) by hydrogen bonds which are 
stronger in deuterated than in normal water (see p. 
353 of Ref. 9). Consequently, the accessibility of 
these groups to the thylakoids' internal aqueous 
phase could be facilited by 2H20, thereby increasing 
the proton-binding capacity. 

3. Effect of  2H20 on the apparent quantum yieM and 
on the light-saturated electron flow with various elec- 
tron pathways 

Fig. 2. illustrates how 2H20 affects the coupled 
(basal) and the uncoupled electron flow, at different 
light intensities. Similar curves (not shown) were 
traced with other chains, involving either one or both 
of photosystems: H 2 0 ~  MV, H 2 0 ~  K3(CN)6, 
H20 ~ DBMIB + KyFe(CN)6, H20 ~ DCIP, and 
DCIPH2 ~ 02. In strong light, the uncoupled electron 
flow is inhibited by 30-40%, whereas it is unaffected 
in low light, whatever the chain tested. Only one 
experiment with ferricyanide did show a 20% lower- 
ing of the  apparent quantum yield, but it is known 
that, depending on the conditions, ferricyanide may 
be reduced on the PSII site (a monophotonic pro- 
cess) in addition to the normally predominant PSI 
[10] (a biphotonic process): a shift from the PSII to 
the PSII + PSI reduction pathways, due either to an 
inhibition of the PSII ~ KaFe(CN)6 electron transfer 
or to a lower accessibility of K3Fe(CN)6 to the PSII 
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Fig. 2. Coupled, i.e. basal (e, o), and uncoupled (=, n) elec- 
tron flow as a function of light intensity. Chloroplasts 20 uM 
Chl inbuffered medium at pH 7.8. Chain H20 ~ K3Fe(CN)6. 
The uncoupled rate was measured in a second illumination 
after addition of nigericin 1 pM.. ,  =, 1H20; o, tJ. 2H20. 
20°C. 

site in deuterated water, may thus have caused an 
apparent decrease of  the light efficiency. Therefore, 
the true quantum yields are always unaltered by 
~H20, indicating that there should not be an impor- 
tant influence of  2H20 on the photochemical pro- 
cesses. In consequence, the step(s) affected is (are) 
'thermal', and this led us to investigate the temper- 
ature-dependency of  the slowing-down of  the elec- 
tron flow in strong light. 

Effect of  21120 on the temperature-dependency of  
the coupled (basal) and uncoupled electron flow 

The Arrhenius plots of  the uncoupled and coupled 
redox rates for the chain H20 -+ K3Fe(CN)6 are given 
in Fig. 3a and 3b, respectively. Since the freezing 
point of  2H20 is 3.89°C under atmospheric pressure, 
no value below that temperature is available for heavy 
water. 

The uncoupled chain shows a break, which was 
attributed to a phase transition of  the membrane 
lipids [11,12]. Neither the temperature of  the break 
(approx. 17°C) nor the slopes is changed when the 
chloroplasts are suspended in heavy instead of  nor- 
mal water, suggesting that the membrane fluidity is 
insensitive to the solvent isotopic effect. The equality 
of  the activation energies in ~H20 and 2H20 would 
also mean that the rupture of  a covalent-type bond 
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Fig. 3. Arrhenius plots of the uncoupled (a) and coupled, i.e., 
basal (b), electron flow. Conditions as in Fig. 2, except that 
the light was saturating and the temperature varied from 
approx. 0 to approx. 25°C. e , . ,  IH20 ; o, % 2H20. 

with ~H o r  2H is not involved in the rate-limiting step 
of  the redox chain. 

The absence of  a break at approx. 17°C for the 
coupled electron flow indicates that this rate-limiting 
step is now different from that prevailing in the un- 
coupled state - at least above this temperature [12] 
- since it is unaffected by the previously mentioned 
transition phase; on the other hand, the quasi-iden- 
tity of  the slopes in 1H20 and 2H20 leads to the 
same conclusion as given above for the uncoupled 
flow. The main feature of  Fig. 3b is, however, the 
sharp change in the graphs when the temperature 
drops below approx. 6°C for 1H:O or approx. 9°C 
for 2H20: the activation energy becomes then null. 
This new break has not been reported until now in 
the literature for the electron flow, but is similar to 
that which was observed for the dark-relaxation of  
the light-induced external pH shift [13]. It does not 
correspond to a known lipid phase transition in the 
membrane or to structural changes of  some enzymes, 
and could be rather related to the freezing of  'bound 
water' [12]. Indeed, the differences between the 
'critical temperatures', ire, in 1H20 and 2H20 (approx. 
2 to 4°C, depending on the experiments) is well in 
accordance with that between the melting points of  
'light' and 'heavy' ice (3.9°C). 

Table I gives the individual values for the activa- 
tion energies, Ea, which are more scattered in the 
coupled state because the rates at low temperature 



TABLE I 

INDIVIDUAL VALUES OF THE ACTIVATION ENERGY, 
Ea, OF UNCOUPLED AND COUPLED (BASAL) ELEC- 
TRON FLOW IN tH20 (1H) OR 2H20 (2H) MEDIA FOR 
EXPERIMENTS PERFORMED DIFFERENT DAYS 

Chain H20--* K3Fe(CN)6, chloroplasts 20 /aM Chl in buf- 
fered medium (pH 7.8); saturating red light. Concentrations 
of reagents: see Methodology. Each horizontal line refers to 
the same chloroplast preparation. E a values were calculated 
by least-squares regression analysis over the temperature 
range del'med in the text (see also Fig. 3). 

Ea(kJ • mol-1)(H20 ~ K3Fe(CN) 6 

Experiment Uncoupled Coupled 
(nigericin) (= basal) 

I tH = 39.0 -+ 3.0 1H = 63.4 ± 15.5 
2H = 40.7 + 6.3 2H = 52.6 ± 8.0 

II 2H = 38.7 ± 4.2 2H = 70.1 ± 3.8 

III 1H=50.3_+ 1.8 1H=61.1 ± 7.8 
2H = 46.6 ± 6.8 2H = 53.5 ± 8.9 

IV 1H = 52.0 ± 4.6 1H= 72.9 ± 6.0 
2H = 44.4 ± 5.5 2H = 52.6 ± 8.0 

V 1H=40.2± 4.8 
=H = 45.2 -z- 3.6 

VI 1H = 45.7 ± 3.1 
2H = 49.2 +- 1.8 

Mean 1H = 46.8 ± 5.8 
2H = 43.9 ± 4.3 

1H = 59.4 ± 13.8 
2H = 54.8 ± 9.2 

are quite small, but possibly also for the reasons dis- 

cussed below. It confirms that E a is little different in 
1H20 and 2H20. In effect, the mean value o f E  a (in 
kJ • mo1-1) in 1H20 and :H20 are respectively 46.8 -+ 

5.8 and 43.9 + 4.3 for the uncoupled chain, 59.4 + 
13.8 and 54.8 + 9.2 for the coupled one. Considering 

the different conditions, organelles and species tested, 

these Eavalues , especially for the uncoupled rates, are 

well in accordance with those reported, in normal 
water, for chloroplasts [11,12] or mitochondria [14]. 
It is not certain whether E a is truly greater in the 
coupled than .in the uncoupled s t a t e s - i n  normal 
water, different situations exist, depending on the 
chain and the species [11 ] - for some drift in activity 
may occur during the experiment. Indeed, the higher 
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temperatures may uncouple the chloroplasts some- 

what, to a degree varying with the plants used, and 
this would enhance the measured rates and therefore 
lead to an overestimation of E a. Such physical 'dam- 
age' to the thy!akoids would be minimized in 2H20, 

known to have a protective effect on the membranes 

[15]. One should also bear in mind that the true acti- 
vation energy of the coupled rate is hardly attainable, 

because the important negative feed-back effect of 

the high internal proton concentration [16] precludes 

that the Arrhenius plots faithfully represent the simple 

temperature-dependency of an elementary step. 

Effect o f  2H20 on the steady-state ApH and on the 
dark t l  + efflux at various temperatures 

Fig. 4 shows how AplH and Ap2H vary with the 

temperature for the chain H20-*  MV, at pH 7.8. In 
all cases, Ap2H is less than AplH and both decrease 

above 10°C. Below this temperature, whereas ApZH 

seems to slightly decrease again, AplH is stable, due 

to the constancies of the H ÷ influx, as testified by 
that of the electron flow in this temperature range: 
Fig. 3b, and of the H ÷ efflux: see below. 

Although the H + passive fluxes across membranes 
even as simple as liposomes are phenomena for which 
models can hardly be constructed [17], we can 

approximate the dark decay of ApH by first-order 
kinetics [18,19]. This gives a 'rate constant ' ,  k ' ,  

4.5 ~¢.. , 

. . . . . . . . . .  . . . . . .  

' ,  °' I 
0 10 20 

temperature,°C 
Fig. 4. Steady-state transmembrane gradient ApH as a func- 
tion of temperature. Chloroplasts 20/aM Chl in buffered me- 
dium at pH 7.8 + 4/aM 9-aminoacridine; saturating red light. 
Chain H20 --* MV. e, ApIH; o, Ap2H. Insert: representative 
9-aminoacridine fluorescence (F 9-AA) time-course curves in 
1H20 ( ) and 2H20 ( -  - -) ;  open arrow, light 'on', 
dark arrow, light 'off'. 
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Fig. 5. Arrhenius plots of the apparent first-order rate con- 
stants (k') of the ApH dark-decay. Conditions as in Fig. 4. 
o, IH20; o, 2H20. The break in 2H20 is here suggested on 
the basis of other experiments but might well be below the 
freezing temperature of heavy water. 

which accounts for the H ÷ permeabili ty of  the mem- 
brane. Fig. 5 illustrates the dependency of  k" on tem- 
perature in 1H20 and 2H20 media. The Arrhenius 
plot shows that,  as for the electron flow, the activa- 
t ion energy of  the proton-transfer process is not 

affected by the isotopic substitution. Table II, which 
summarizes the results o f  different experiments,  gen- 
eralizes this conclusion, even though the values o f E  a 
individually may fluctuate. As for the coupled rate 
o f  electron transfer, there is a break in the Arrhenius 
plots at low temperatures (only suggested here for 
2H20): below approx. 8°C for 2H20 , but 6 - 7 ° C  for 
2H20, the activation energy is zero. If, according to 

the suggestion in Ref. 13, this zero activation energy 
is due to 's tructured water ' ,  we have to note that, at 
variance with the coupled electron flow, the transi- 
tion temperature is slightly lower in 2H20 (if  any 
present) than in IH20.  This point  is debated in the 
Discussion. Above approx. 8°C, lk'/2k" is close to 2: 
the membrane permeabili ty to protons is twice that 
to deuterons. Athough quite high (over 100 k J '  
mol-1), the E a values found here for the transmem- 

brane pH-gradient relaxation are in good agreement 
with those which have just been published for the 
dark-decay of  the external pH shift [20]. 

Discussion 

Isotopic effect and slowing down of  the electron 
flow; validity o f  the ApH estimates with 9-amino- 
acridine 

It has been proposed that the cohesiveness o f  the 
biomembranes is tighter in 2H20 than in ~H20 (see 
Ref. 21 for mitochondria) ,  but it is not clear whether 

TABLE II 

INDIVIDUAL VALUES OF THE ACTIVATION ENERGY E a OF PASSIVE PROTON EFFLUX MEASURED BY THE APPAR- 
ENT FIRST-ORDER RATE CONSTANT k" OF THE DARK DECAY OF TRANSMEMBRANE Apl H AND Ap2H 

Chain H20 --* MV, chloroplasts 20 tzM Chl in buffered medium (pH 7.8); saturating red light. Concentrations of reagents: see 
Methodology. Each horizontal line refers to the same chloroplast preparation. E a values were computed from least-squares regres- 
sion analysis for temperatures above 8°C (see text and Fig. 5). The isotopic ratio lk'/2k" above approx. 8°C is independent on 
the temperature, as shown also by the ratio IEa/2E a close to 1 (the superscripts 1 and 2 preceding k" and E a indicate the isotope 
used). 

Experiment Ea(kJ • mol-I ) (H20 ~ MV) 1 k___.~" 1Ea 
2 k • 2E a 

ApIH Ap2H 

I 94.7 ± 13.1 90.5 ± 6.1 2.2 1.04 
II 113.3 ± 11.9 108.3 ± 7.7 2.4 1.04 
III 90.8 ± 4.3 84.5 ± 18.8 1.6 1.07 
IV 135.4 ± 13.4 140.0 ± 26.9 2.0 0.97 

Mean 108.6 ± 20.4 105.9 ± 24.9 2.05 ± 0.34 1.03 ± 0.04 



this is due to the stabilization of the membrane itself 
or to a protective isotopic effect by a 'shell' of  bound 
water. Such effects may explain the above-mentioned 
increase of the internal buffer capacity of the thyla- 
koids by an enhancement of the interactions between 
the titrable groups and the interfacial water. On the 
other hand, we have shown here that heavy water 
does not affect the photochemical events, probably 
because they proceed in a largely apolar environment, 
which prevents the isotopic exchange; moreover, the 
photoreactions as such do not involve uptake or 
release of protons from or to the medium. In addi- 
tion, 2H20 changes neither the activation energy, nor 
the transition temperature (17°C) of the electron 
flow. On the whole, the structural effects of 2H20 
seem negligible for the present study (one should also 
recall that the incubation time - a few minutes - was 
short); accordingly, they cannot account for our pre- 
vious observation that the ratio of the uncoupled/ 
coupled electron flow is increased by deuterium with- 
out a concomitant increase of ApH [4]. The explana- 
tion we had then proposed (see Fig. 5 in Ref. 4) 
remains therefore valid: due to the remoteness of the 
points of active H ÷ 'translocation' and passive H ÷ leak- 
age, the local pH values near the inner site of the 
plastoquinone pool and near the point of H ÷ efflux 
(viz., the coupling factor) are respectively lower and 
higher than the mean internal pH. This heterogeneity 
of the surface pH (which is in the opposite direction 
on the external side of the membrane), is enhanced 
by 2H20, due to the lower mobility of 2H+, compared 
to that of ~H*. 

It seems not critical, for the present work, whether 
9-aminoacridine is [22-26] or is not [27-31] a 
faithful probe for a quantitative determination of 
the bulk ApH, since we are interested in which direc- 
tion ApH shifts following the isotope substitution 
and not in its absolute value. We have already dis- 
cussed [32] some of the arguments presented in the 
above references and have noted that if 9-aminoacri- 
dine 'binds' to the membranes, this property must be 
shared by all other amines. Moreover, the results ob- 
tained with different probes are comparable, pro- 
vided they are used under identical conditions [23], 
and, further, the side-effects reported on one type of 
material are not necessarily applicable to the same 
extent to envelope-free chloroplasts. Thus, the light- 
induced dye release observed with bacteriorhodopsin 
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sheets unable to build up a ApH [31] may not exist 
with thylakoids, as evidenced by the absence of any 
fluorescence change when they are uncoupled. Also, 
if membrane 'energization' causes an increased 
binding of the probe (see reviews [3,28]), this ulti- 
mately is related to ApH (cf. Ref. 33). In this case, 
however, 9-aminoacridine probably gives a relative 
estimate of the average interfacial - and not bulk - 
ApH, but this does not exclude that, as we have pro- 
posed (Ref. 4 and below), the latter is different at the 
sources and sinks of H ÷ transfer. Such hypothesis 
would be strengthened if the deuterium Ap2H is not 
underestimated with respect to the AplH. On the one 
hand, as mentioned in Methodology, the spectro- 
scopic properties of 9-aminoacridine are alike in 
1H20 and 2H20 (which have quasi-identical dielectric 
constants). On the other hand, for similar influx and 
efflux of 1H+ and 2H÷, one should expect equal 
ApIH and ApZH if the probe behaviour is unaffected 
by the isotope substitution. This is indeed observed, 
for instance in low light and at pH 7: the electron 
f l o w -  hence, the proton i n p u t -  is then identical 
with isotopes (Fig. 2), and the proton output, as mea- 
sured with the glass electrode in parallel with the dye 
fluorescence, is also the same (the external pH change 
relaxes with half-times of approx. 7 -+ 1 s in 1H20 and 
approx. 8 + 1 s in 2H20: see insert of Fig. lb) ; in this 
condition AplH = Ap2H (Fig. la). 

Theoretical estimation of the amplitude of the lateral 
pH heterogeneity 

It is possible to determine whether the concept of 
a 'surface' pH heterogeneity, introduced in the pre- 
ceding paragraph, is compatible with the fast lateral 
proton currents which should occur at the menbrane 
interface if the medium there is structured like bound 
water [3]. Let consider (Fig. 6a) a loop of H ÷ current 
around one site A of translocation and one site B of 
leakage (say, respectively, the plastoquinone, PQ, and 
the coupling factor, CF = CFo + CFI, 'proton chan- 
nels'). Lateral pH gradients may exist if the lateral 
surface conductance gL to protons (between the two 
sites) is not too great compared to the transversal 
conductance gT to protons (from one side of the 
membrane to the other). The computation ofg  L and 
gT is detailed in the Appendix, and their ratio is ob- 
tained by dividing Eqn. A-8 by Eqn. A-9,f(x/y) being 
the integral in Eqn. A-8: 
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Fig. 6. Model of the transversal and lateral conductances to 
protons. In a, a three-dimensional view. The points of trans- 
location and leakage are represented by the two terminals (A) 
and (B) of zero resistivity, included in the interfacial W-con- 
ducting medium of resistivity p and thickness t. (The lateral 
dimensions are supposed infinite.) The membrane itself is 
represented by an insulating sheet (tinted zone), crossed by 
two conductors connecting (A) and (B) to their homologues 
- in dotted lines - on the other side of the membrane. These 
two conductors represent the 'proton channels' of the PQ 
pool for that connected to (A), and of the CFo-CF 1 complex 
for that connected to (B). The lateral H ÷ currents are rep- 
resented only in the upper conductive sheet, by solid hori- 
zontal arrows; the transmembrane currents are symbolized by 
the vertical dotted arrows (that in A being the 'protonmotive 
pump'). In b, top view of the membrane showing how to cal- 
culate the lateral conductance, gL, between (A) and (B). See 
Appendix for details. 

gL _ OT . 4h t  

gT PL TrY 2 
- - .  f ( x / y )  (1) 

where y ,  x ,  h and t stand for diameter of  the leakage 
proton channel (identical to that of  B and A), dis- 
tance between sites A and B, length of  the leakage 
proton channel and thickness of  the interfacial bound 
water, respectively. 

The proton-resistivity, P, of  structured media 
found at the membrane interfaces or within the pro- 
ton channels is rather difficult to estimate. The nu- 
merous works made on the proton mobil i ty in ice - 
the closest model for the interfacial structured 
water, as suggested in [13] and by the present tem- 
perature experiments - were performed under condi- 
tions rendering hazardous their quantitative extrapola- 
t ion to the case o f  biomembranes.  However, the pro- 
ton transport  across a membrane channel may occur 
also as if it were in ice, since it is thought to involve 

jumps between nearby H-bonding groups (bound 
water or hydrophil ic regions of  polypept ide chains 
[34]). Therefore, at this stage o f  discussion, it may be 

put that i0 T = PL, and it becomes sufficient, for com- 
parison of  g L and gT, to simply compare their geom- 
etrical characteristics. 

The interfacial structured water should be com- 
posed of  very few molecular layers, spaced 2 .76 .  
10 -1° m apart [35]: approx. 3 seems quite probable 
(see p. 112 of  Ref. 36) and therefore t = 8.3 • 10 -1° 
m. Assuming, as discussed above, that a similar struc- 
ture exists within the CF proton channel, its diam- 
eter equals t, that is, y ~ 8.3 • 10 -1° m. The total 

length of  the CF proton channel should equal that of  
CF0 (membrane thickness: approx. 6 n m ) +  stalk and 
CF1 'd i amete r ' ( approx .9  nm [37]): h = 1 . 5 . 1 0  - s m .  
Finally, with a mean ratio CF1/chlorophyll ,  a ~ 860 
[38] or 890 [39], an areal density o f  chlorophyll ,  
t3 ~ 4.5 • 1017 molecules • m -2 (computed from Ref. 
40), an equal number of  H ÷ inputs (PQ) and outputs 

(CF) uniformly distributed, one obtains the distance 
between them, i.e., between A and B: x = ~/a/213 = 

3.1 • 10 -8 m. Therefore x / y  = 38, for which the inte- 
gral (see Appendix and Fig. 7) is f ( x / y )  = 0.37. All 
these values, introduced in Eqn. 1, give g L / g T  ~ 9: 
the lateral proton resistance is effectively not  negli- 
gible compared to the transversal one. 

Let us apply the linear relationship between cur- 
rents and potentials (generalized Ohm's law) to the 
proton current and ApH. The analogue to the poten- 
tial drops in two resistances in series is here the 
ApH L in 1/g L and ApH T in 1/g T (conductance = 
1/resistance): 

ApHT/~PHL = glJgT (2) 

(The ApH T and gT given here refer more specifically 
to the leakage pathway, i.e., CF, whereas, by  defini- 
t ion,  ApHL and gL are between PQ and CF.) 

Such a lateral pH difference, which exists on each 
side of  the membrane,  gives a pH gradient along the 
surface; that is, half  of  ApHL lowers (inside) or raises 
(outside) the local pH at the PQ level, the other half 
raising (inside) or lowering (outside) the local pH at 
the CF level. In other words (pH = mean external, e, 
or internal, i, pH): 

lateral: ApHL = IpH PQ - pHCFI (ApHLe =ApHLi) (3) 



local: < 

-P HPQ = P-Hi - ApriL/2 

P HCF = pHi + ApriL/2 

pHPQ = pHe + ApriL/2 

pile CF = pHe - ApriL/2 

(4) 

(5) 

(6) 

(7) 

and, therefore, the true local transmembrane pH dif- 
ferences at PQ and CF are, respectively (with ApH x = 

pH e - p H i )  *: 

local ( aPH~'Q = pHePQ - PHPQ = ApHT + ApriL (8) 

transversal: ] l a p  HCF = P HCF _ PHiCF = ~PHT _ ApriL (9) 

Replacing, in Eqn. 2, ApH T (i.e., ApH~ v) by its value 
given by Eqn. 9, one gets: 

ApH L = ~pH T/(1 +gL/gT) (10) 

Thus, for a mean transmembrane pH difference 
ApH v = 3.65 (a common value), and therefore a 
lateral pH difference ApHL = 3.65/(1 + 9) ~ 0.37, the 
local transversal pH difference at the plastoquinone, 
ApH PQ, may be up to approx. 4.0 and at the coupling 
factor, ApH cv,  down to approx. 3.3. This estimate 
shows that a significant pH heterogeneity along the 
membrane may indeed exist, but must be taken only 
as a rough approximation. Actually the gL/gV ratio 
may be affected by a heterogenous distribution of 
PQ and CF, or by the presence of  additional sites of  
H ÷ production (water-splitting complexes) and with- 
drawal (membrane 'defects ');  more generally, this 
ratio depends on the values chosen for the parameters 
in Eqn. 1. Thus, the 2H20 experiments show that 
PL may be more diminished by isotopic substitution 
than PT. In effect, as shown by the halving of  the rate 
constant, k ' ,  o f  the bulk ApH relaxation in darkness 

* At this stage of the discussion, is does not matter whether 
this mean transversal pH gradient ApH T is between the 
bulk external and internal phases or is the average ZXpH at 
all the points of the membrane interfaces, (see, .in the pre- 
ceding paragraph, the comme.ntary Qn t he, 9"amin°acridine 
measurements); besides , in the absence of surface potential, 
these two ~pH'vklueS becom~ equaliq~he§ame temark 
applies tO the separate exteriial pil e and internaI PHi, 
which 'are either,bulk or mean surface pH values. • 
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(Table II), the transversal conductance to proton gT 
is halved in heavy water, at least at pH 7.8 and at 
room temperature. Let us assume an average transver- 
sal ApH T in 2H20 equal to that in IH20 , a situation 
which always may be obtained. Therefore Eqn. 10 
gives: 

Ap2HL/Ap2HT _ 1 + (lgL/lg T) 
AplHL/APlHT 1 + (2gL/2g T) 

(11) 

I f  gL is decreased as gT by isotopic substitution, no 
change of  lateral ApHL will occur. Yet, as previously 
reported [4], the enhanced control o f  the redox 
chain implies that the local ApH T at the plasto- 
quinone level is increased, thanks to a lateral ApH L 
increase. This may be obtained if the lateral conduc- 
tance gL is decreased more in 2H20 than indicated by 
the change of  transversal conductance gT. The above 
hypothesis of  an interfacial water having ice-like 
properties makes that the mobility of  the deuteron is 
one-quarter that of  the proton [41], and therefore 
2g L = lgL/4, whereas as shown by k ' ,  2g T = lgT/2. 
Since, by hypothesis, in this example, Ap2HT -- 
ApIHT, one finally has: 

AP2HL _ 1 + (lgL/lgT) 
(12) 

AplH L 1 +~(lgL/lgT) 

With lgL/lg T = 9 (see above), AP2HL = 1.82 AplHL, 
and if, as above computed,  AplHL = 0.37, the differ- 
ence Ap2HL -- APlHL = 0.67 - 0.37 = 0.3 would be 
equally shared between the points of  H ÷ influx and 
efflux. Thus, the local transversal ApH between the 
two extremities of  the plastoquinone bridge would be 
raised by 0.3 by isotope substitution. 

With minute nigericin addit ions,  we have modu- 
lated the ApH and, thence, the redox-chain control of  
the two representative chains H20 ~ PSII ÷ PSI 
MV and H20 -+ PSII -'~ DMQ; the first chain, which 
includes the t w o  'plastoquinone proton channels' 
[,42], is strongly ApH-regulated, whereas the second 
one is less sensitive, probably because it involves only 
the external channel; DMQ being reduced within the 
PQ poo l  [7]. For  a same experimental AplH ~ 3.65, 
the control, as expressed here by the ratio: fully un- 
coupled  rate (high nigeficin)/ 'coupled' rate (low 
nigericin), was approx. 3,3 with methylviologen and 
approx. 1.4 with DMQ. To obtain identical controls 
o f  both chains, the Ap2H was found approx. 3.15. 
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This decrease of the mean transversal ApH T in heavy 
water should be compensated, at the plastoquinone 
level where the redox control is exerted [4], by a lat- 
eral Ap2H increase, making the local Ap2H PQ 
Ap~H PQ and thereby ensuring a similar regulation of 
the electron flow. Such contribution on the lateral 
ApHL must be equal to the deficit in the mean trans- 
versal ApHT, i.e. approx. 0.5 (= 3.65 -- 3.15), close to 
our above rough estimate of approx. 0.3. 

It should be noted that the kinetic treatment pres- 
ented here accounts only for the surface lateral pro- 
ton currents (restricted here to not more than the 
first three layers of water), because, according to Kell 
[3], the bulk lateral H ÷ flux may be considered negli- 
gible. This 'kinetic out-circuiting' should not prevent 
the equalization, by passive diffusion, of the mean 
electrochemical potential /~H ÷ between the bulk and 
the interfacial phases in the steady-state; in case of 
a null surface potential, this makes that the average 
surface pH equals the bulk pH, independently of the 
lateral pH profile. 

Proton currents at the site o f  regulation o f  the redox 
chain 

The temperature-independent rate of the coupled 
(basal) electron flow at low temperatures may reflect 
the constancy of the rate of  H ÷ ejection from the site 
of regulation of the redox chain. It is tempting to 
attribute this temperature-independency to the freez- 
ing of the diffusion barrier, since the mobilities of 
1H+ and 2H+ in the ice are thought to be independent 
of  the temperature [43]. Such a hydrated environ- 
ment, which 'crystallized' at approx. 6°C for IH20 
and approx. 9°C for 2H20 (Fig. 3b), may be the 
interfacial water involved in the lateral proton cur- 
rents, or some hydrated cavity in the membrane 
itself, for instance the recently reported 'DCCD-sen- 
sitive proton channels' of the PQ pool [42]. The iso- 
topic ratio of the coupled electron flow below the 
transition temperature is about 1.5, that is, less than 
4, the more recent value for the mobility ratio 1H+/ 
2H+ in ice [41]. However, we must remember that the 
coupled rates do not provide the value of the direct 
rate constant, but only the balance between forward 
and backward reactions, which may be differently 
affected by the isotopic substitution. 

Proton currents at the site o f  passive proton efflux 
Some data on the temperature-dependency of the 

dark-decay of the 'energized state' have already been 
obtained by measuring the relaxation of the fluores- 
cence quenching of atebrin [44] (a probe now aban- 
doned because of artifactual side-reactions) or of the 
external pH change [13,20]. In agreement with Ref. 
13, we have observed that below approx. 8°C the 
dark proton efflux is independent of the temperature, 
a fact which Yamamoto and Nishimura [13] have 
attributed to the involvement of structured water in 
the H + diffusion process. We have shown that the 
transition temperature T c is slightly lower for 2H20, 
if it exists there, than for ~H20. This excludes that 
T c represents here the freezing point of bound water, 
as it seems to be the case for the coupled electron 
flow. Rather than reflecting a phase transition, the 
present T c would reveal the existence of two parallel 
processes of H ÷ leakage. One would be temperature- 
sensitive, and the other temperature-insensitive, but 
both should be transmembraneous. Thus the protons 
could move in different types of  channel, or travel 
across different molecules of the same channel. For 
instance, whereas the temperature-independent pro- 
cess could implicate the water bound along the pore, 
the temperature-dependent H ÷ transfer might involve 
the free water in the same pore, or intrinsic proteins 
constituting the pore (see Ref. 34). The value of lk ' /  
2k" in the range 8-20°C is approx. 2, a rather high 
value to account for a mechanism involving com- 
pletely liquid water [45]: it is possible that the tem- 
perature-dependent H ÷ efflux occurs via proteins. 
Finally, it is worth noting that the E a values are very 
different for the H ÷ input, coupled to the electron 
transport, and for the passive H ÷ output: this empha- 
sizes that both processes are localized in distinct mi- 
croenvironments, which is consistent with the exis- 
tence of a diffusion barrier between their sites. 

Appendix 

Computation o f  the lateral proton conductance for 
an elementary current between two points o f  I-I + 
input and output, and o f  the transversal proton con- 
ductance through the IF  output point 

The simplest model needed is given in Fig. 6a,b. The 
membrane is equivalent to an electrical insulator 
crossed by two conduc to r s -one  for the H + input 



(PQ channel) and one for the H ÷ output (CF chan- 
n e l ) -  and covered by a layer, of thickness t, of 
'bound' water, where the lateral proton currents 
occur; this water has a proton resistivity p. We shall 
consider here only the inner side of the membrane. 
The surface water presents, just 'on top'  of these two 
channels, the characteristics of electrical terminals, 
respectively A for input and B for output, which 
therefore have zero resistance: indeed, the protons 
being injected in any point of A or ejected from 
any point of  B with a probability equal to that of 
the other points, this is equivalent to saying that their 
resistivity is null. A and B have the same radius ro 
(= radius, y/2, of the proton channel); they are sep- 
arated by a distance x. 

In the following, since t is very small (1 -3  layers 
of H20) the integration will be simply made in a 
plane, corresponding to the boundless layer of inter- 
facial water, and not in space * 

As shown by Fig. 6b, the proton generated in A 
will be withdrawn through B, after having travelled 
on any of the infinite number of possible routes from 
A to B. That is, the lateral proton conductance, gL, is 
the sum of an infinite number of elementary conduc- 
tances, go, arranged in parallel (which are a function 
of the angle 0, Fig. 6b), each of which consists of an 
infinite number of elementary conductances, gs, 
arranged in series. 

The first step in the computation of gL is to 
express  gp ill terms of the elementary gs along the 
distance between ro and r. In series, the resistances 
(=g- l )  are additive, therefore: 

/ ,  

where 

1 dr (A-2) 
- P L '  

gs t" c s 

The product t • c s is the surface of the conductive ele- 
ment, which varies with r and is related to the given 

* The medium-resistance to protons (conductance: 1/resis- 
tance) shall also be considered only in one quarter of the 
plane of the surface layer (the quarters being originated 
from the point at mid-distance between A and B); indeed, 
to add the two quarters above the line A-B doubles the 
resistance, but to add them to the two quarters below this 
lines halves it. 
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angular sector 0 s (which is constant at this stage of 
computation): 

c s = r .  a s (A-3) 

consequently: 

1 PL ~ dr PL r 
. . . . . .  j I n - -  (A-4) 
gp t '  0 s r - t--~0 s r 0 

ro 

The second step is now to integrate gv for all the 
angles 0 between 0 and 7r/2. Since the elementary 
conductors are in parallel (see (Fig. 6b) the arrange- 
ment of the different sectors with 0), the conduc- 
tances are additive. That is: 

rr/2 
t ~  

gL = J gp (A-5) 

0 

the gp and 0 s in Eqn. A-4 become now dg and dO in 
Eqn. A-5. Therefore: 

~/2 ~ / 2 t d  Oln 
gL = dg = rCo/r (A-6) 

PL 
0 0 

Fig. 6b gives r = (x/2)/cos 0, and since ro = y/2, one 
has: 

o 

I 
,, 

/ / i  I , I , l I 
1 2 5 10 10 2 

x (log scare) 
Y 

I 
10 3 

Fig. 7. Semilogarithmic plot of the numerically computed 
integral given by Eqn. A-8 of the Appendix. This function is 
defined only for x/y > 1, and is used to calculate the lateral 
conductance discussed in the Appendix and depicted in 
Fig. 6 (which is schematically recalled in the insert). 
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r x 1 . . . . .  (A-7) 
r o y cos 0 

Consequent ly ,  Eqn.  A-6 becomes:  

~/2 
t . ~ f  dO t . f x  (A-8) 

gL = P L ~  PL Y In -x - In cos 0 
Y 

This equa t ion  has no analytical solut ion but  may be 

numerical ly  integrated:  Fig. 7 shows how the func- 

t ion varies with x/y. 
The transversal p ro ton  conductance  through the 

ou tpu t  channel B is simply computed  by ident i fying 

it with a cylinder of  diameter  y (= 2 ro above)  and 

height  h. The resistance law gives then:  

1 7ry2/4 
gT . . . .  (A-9) 

aT h 
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