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To clarify the debate on the localized character of proton gradients in energy-transducing membrane systems,
the way in which the osmolarity and ionicity of the medium, which should affect the thylakoid lumen
properties, may modulate the relative efficiency of Aji, - generated by PS 1 or PS II (restricted here to
ApH: valinomycin present) was examined. Although the results depended on the preparations and the
conditions, a trend towards proton delocalization, especially in 50 mM KCl vs. the usual 5-10 mM, was
observed when thylakoids were suspended in a sorbitol-free buffer for only a short time before the
experiment. It was also verified that the better efficiency of PS 1 vs. PS II protons was not due to the
9-aminoacridine method used to quantify ApH. One main argument is that similar results were found when
the proton gradient was estimated by total H™* translocation, measured with a glass electrode, and by probe
partitioning, followed in parallel. Lastly, it was observed that, even when protons are emitted by water-split-
ting enzymes, i.e., far from coupling factors, the rate of ATP synthesis is less sensitive to nigericin than
expected from the ApH decrease. This suggests that protons are flowing, from redox to phosphorylating
pumps, in an anisotropic medium. The role of vesicular configuration and topological organization of
energy-transducing membranes in the microchemiosmotic behaviour of organelles is stressed. It is suggested
that besides water, polypeptide chains, rather than lipid heads (owing to the limited effectiveness of lipophilic
nigericin), may ensure the lateral H™ transport between their points of influx and efflux.

Introduction

The chemiosmotic theory [1] is widely consid-
ered as the most adequate description of the en-
ergy-transducing processes in biomembranes.
However, the precise nature of the high- and low-
potential compartments for protons remains con-

Abbreviations: 41+ and ApH, difference of proton electro-
chemical potential and of pH between two phases (absolute
values here), respectively; PS I and PS II, Photosystems I and
II; Tricine, N-(2-hydroxy-1,1-bis(hydroxymethyl)ethyl)glycine;
Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.

troversial. Although a purely intramembraneous
coupling [2,3] seems now improbable, many data
reported these last years suggest that hydrogen
ions are not fully delocalized in the aqueous phases,
as proposed by Mitchell. Whereas classical chem-
iosmosis requires univocal relationships between
thermodynamic fluxes (electron flow, rate of ATP
synthesis) and forces (transmembrane Aji ., Gibbs
free enthalpy change of phosphorylation AG,),
variable correlations were obtained with bacterial
chromatophores [4,5], mitochondria [6-13], and —
see below — chloroplasts. These anomalous results
were generally interpreted according to a scheme
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intermediate between chemiosmosis and direct
coupling: a microscopic Aji-, different from that
averaged across the whole membrane, drives and
regulates the energy-dependent processes [14-16].
This is called localized chemiosmosis or micro-
chemiosmosis.

Local events were also invoked to explain
flash-induced ATP synthesis by chloroplasts, be-
fore any formation of significant delocalized Afi ;-
[17], and its relative insensitivity to permeant
buffers [18], although opposite results were also
claimed [19]. Some other facts, such as the varia-
tion of AG,/Afi,;- ratio independently of the way
Aji,, - is modulated, were better interpreted by a
slightly different model, mosaic chemiosmosis [20],
according to which each redox pump exchanges its
protons with one given ATP-synthetase, in sep-
arate ‘coupling units’. In mitochondria and chro-
matophores, ‘titration’ of redox and phosphorylat-
ing pumps with appropriate inhibitors [21], used
together [22,23] or with uncouplers [24], were rather
consistent with this latter model, but some of these
experiments were criticized [25], and their theoreti-
cal basis is disputable [26]. With chloroplasts, our
group has shown that replacement of protons by
deuterons increases the redox control, despite a
diminished H* gradient, whereas phosphorylation
falls more than expected from this Aji,,+ decrease
[27-29]. We gave to these data a microchem-
iosmotic interpretation [16], but partly different
from the already published models. According to
our results, a significant resistance for protons
would separate the sites of H input (redox car-
riers) and output (coupling factors). This means
that a lateral pH drop may occur not only between
coupling units and other points of the membrane,
as with natural or artificial leaks, but also between
redox proton pumps and ATP-synthetases. We
strengthened this view by showing that protons
emitted in granal regions of the thylakoid lumen
are less able to drive ATP synthesis than protons
coming from stromal areas, where coupling factors
are located [30]. This latter result contradicts re-
ports from McCarty’s group [31,32], which con-
cluded that there was an equal efficiency of Afiy+
generated by PS I and PS II in thylakoids. We
present here new facts, confirming our previous
data, and showing that the osmolarity and ionicity
of the medium may influence the localized char-

acter of electrochemical proton gradients. How-
ever, some discrepancies between our results and
others remain to be solved.

Materials and Methods

Chloroplasts were prepared by chopping in a
blender, for a few seconds, 50-200 g of washed
lettuce leaves with twice as high a number of ml of
the following buffer: 0.4 M sorbitol, 10 mM Tri-
cine, 10 mM NaCl, 20 uM bovine serum albumin
(M, 68000), 40 mM sodium isoascorbate (pH 7.8).
The extract was filtered through ten layers of
cheesecloth and one layer of nylon (mesh size: 25
pm), then centrifuged at 1000 X g for 5 min. The
pellet was washed with 10 mM Tricine, 10 mM
NaCl (pH 7.8) and centrifuged at 2000 X g for
8-10 mn. In some cases (see Results), chloroplast
hypotonic disruption was avoided by adding 0.4
M sorbitol to this washing medium. The new pellet
was resuspended in a medium containing 0.2 M
sorbitol, 10 mM Tricine, 10 mM Hepes, 10 mM
KCl (pH 7.8), and diluted to a chlorophyll con-
centration of 900 pM (as determined by Mackin-
ney’s method [33]); the suspension was kept on ice
and maintained in darkness. All steps were carried
out under dim light and below 5°C.

For measurements, chloroplasts (15 uM chloro-
phyll) were suspended in one of the following
media: (1) 0.2 M sorbitol, 10 mM Tricine, 10 mM
Hepes, 10 mM KCI, 6 mM MgCl,, 2 mM K, HPO,
(pH 7.8) = isotonic medium; or (2) 5 mM Tricine,
2 mM Hepes, 5 mM KCl, 4 mM MgCl,, 1 mM
K,HPO, (pH 7.8) = hypotonic medium; in some
experiments, KCl was 50 mM instead of 5. 500
gM ADP, 50 nM valinomycin and 4 uM 9-
aminoacridine were always present. The desired
electron acceptor, 50 uM methyl viologen, 800 pM
potassium ferricyanide, 500 uM dimethylquinone
or 50 uM pyocyanin, was added according to the
electron chain tested. It was checked that the
probe fluorescence yield was the same with these
different substances, and especially unaffected by
their redox state. To obtain (apparent) ApH from
9-aminoacridine fluorescence quenching [34], the
internal volume of thylakoids was computed as in
[35], using an osmolarity of 275 mM for isotonic
and 35 mM for hypotonic media (on rare occa-
sions, hypertonic buffer at 355 mosM /I was used,



with essentially the same effect as the isotonic
one); ionic strength was between 30 and 105 mM
(65 mM in isotonic buffer). ATP was measured by
luminescence of the luciferase-luciferine complex
[36], and the phosphorylation rate was corrected
for a slight kinase activity, which never exceeded 1
or 2 mmol ATP/mol Chl per s and could be
cancelled out by 5 pM diadenosine pentaphos-
phate [37}; the photophosphorylation rate was un-
affected by this inhibitor. Each chloroplast sample
was incubated 2 min before the experiment, which
was run under air in a magnetically stirred spec-
trophotometric cuvette, thermostatted at 20°C,
with a specially designed set-up [29]. Actinic
620-750 nm red light (max: =700 W -m~?) was
varied in intensity with neutral filters; no mutual
screening effect of chloroplasts was detected at
twice the chlorophyll concentration used. Time of
illumination (1-5 min) was always sufficient to
reach steady-state ApH and to obtain a constant
rate of ATP synthesis. In some experiments, Hepes
and Tricine were omitted, and the light-induced
pH shift of the suspension was measured with a
glass electrode, in order to estimate the total pro-
ton translocation and the rate of ATP synthesis
according to Nishimura’s method [38].

Results

Effect of osmolarity on PS II and PS I protons
efficiency

Fig. 1 illustrates a typical experiment realized
according to our standard procedure [30]; that is,
chloroplasts were disrupted during their prepara-
tion in a sorbitol-free buffer, then stored and used
in the presence of 0.2 M sorbitol. To collapse the
electrical component of Ajfiy+, valinomycin and
K™ were always present in the reacting medium,
which was not the case in the corresponding figure
of Ref. 30. Our previous data were confirmed,
which incidently shows the limited weight of the
electric component of proton gradient at steady-
state in thylakoids: a given ApH, estimated with
9-aminoacridine, allows more ATP synthesis when
protons are transported by the pyocyanine PS 1
loop, i.e., in the vicinity of coupling factors, than
when PS II is involved. This was in fact observed
independently of the osmolarity during washing
and preincubation stages (not shown). If now the
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Fig. 1. Rate of ATP synthesis as a function of ApH measured
by 9-aminoacridine fluorescence quenching. Medium with
sorbitol 0.2 M; @, pyocyanin loop (PS I); O, H,0—
dimethylquinone chain (PS II). An experiment similar to that
in Ref. 30, but here with valinomycin. Curves traced by varying
light intensity; other conditions: see Materials and Methods.

buffer used for storage and measurement was ren-
dered hypotonic by the absence of sorbitol, the PS
I-generated ApH was still the most efficient for
phosphorylation. We supposed that, during the
long storage of chloroplasts in a low-osmolarity
medium, slow membrane rearrangements might
have followed the initial swelling of thylakoids. To
avoid such possible effects, all media needed for
the different stages preceding the experiment itself
contained thereafter sorbitol, and the hypotonic
shock occurred only a few minutes before running
it. This was done by diluting the sample to its final
concentration in the sorbitol-free buffer. Fig. 2
shows two extreme situations, obtained with dif-
ferent chloroplast preparations, but following a
rigorously identical experimental protocol. No such
fluctuations in the results were observed in iso-
tonic conditions, which always gave a clear dis-
crimination between the two systems. The im-
portant point, nevertheless, is that in a hypotonic
medium, proton gradients induced by either pho-
tosystem could have similar, and even equal, phos-
phorylating efficiencies. Thus, medium osmolarity
seems indeed to play a role in the proton localiza-
tion, as detected in the PS I1 /PS I comparison.

To obtain a more complete picture, we further
compared the phosphorylating capacities of PS I
(pyocyanin loop) and of PS H+PS I (H,0—



406

% quenching 9A
10 20 30 40 50 20 30 40
T T

® G

o
o

mATP Chl-1s-

Vp,
N
o

25 30 25 30

apparent ApH

Fig. 2. Experiments as in Fig. 1, but with a low osmolarity
medium. (a) and (b) correspond to observed extreme situations.
®, pyocyanin loop (PS I); O, H,0 - dimethylquinone chain
(PS II). See text for experimental details and statistical consid-
erations (case b is less frequent than case a).

methyl viologen chain). Fig. 3 displays extreme
cases obtained in the presence of 0.2 M sorbitol.
Depending again on chloroplast preparations,
ApH generated by PS I + PS 11 was found to be
less (a) or similarly (b) powerful — but never more
- compared to that produced by PS I alone. This
variability must be related to the fact that PS I and
PS I+ PS II situations are close, because both
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Fig. 3. Experiments as in Fig. 1 (sorbitol 0.2 M present), but
with methyl! viologen (O) and pyocyanin (®) as redox carriers.
(a) and (b) correspond to extreme cases obtained (see text for
comments).

involve efficient PS 1 H*-translocation and the
weight of PS II protons is reduced in the full
chain. Indeed, for ATP synthesis, a PS II-depen-
dent Afi,. is, according to our views, less active
than a PS I one, owing to a pH lateral drop
between the points of proton emission (water
oxidation) and utilization (ATP synthesis). When
pyocyanin and methyl viologen chains were com-
pared after an osmotic shock, similar to the last
treatment described above, the phosphorylation
vs. ApH curves were always identical (Fig. 4). This
result agrees with our hypothesis of a trend to-
wards a proton delocalization in a hypotonic
medium (Figs. 2a and 4), and of a generally limited
discrimination between PS 1 and PS I+ II reac-
tions (Fig. 3b).

We tried to determine the parameters which
may have some connection with the more or less
great variability of observations made with di-
methyl quinone in hypotonic buffers or methyl
viologen in isotonic ones, compared to pyocyanin
taken as a reference. Species (lettuce or, rarely,
spinach), season of the year, external leaf state, or
slight changes in preparation of thylakoids did not
play a crucial role. Pigment content (chlorophylls
a and b, carotenoids), maximum turn-over of the
redox chain or rate of phosphorylation, magnitude
and relaxation-time of the proton gradient — all
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Fig. 4. Experiments as in Figs. 1-3, with low osmolarity
medium and methyl viologen (O) or pyocyanin (@).



these activities measured in strong light — seem not
to be correlated with the reported changing be-
haviour. On the whole, for about 30 experiments,
we found: (1) for dimethyl quinone vs. pyocyanin,
100% discrimination in sorbitol-containing media,
approx. 10% similarly distinct and approx. 30%
merging behaviours in sorbitol-free ones, most of
the results in these conditions giving only a partial
approach of the two curves; (2) for methyl violo-
gen vs. pyocyanin, slightly more distinct than simi-
lar behaviour in the presence of sorbitol, but al-
ways identical in its absence.

Comparison of PS I and PS 11 efficiency by analysis
of the rate and extent of light-induced external pH
shift

The use of 9-aminoacridine has been discussed
by numerous authors, especially by McCarty’s
group (32] for PS I vs. PS Il comparisons. These
investigators, who utilized labeled hexylamine,
found that, independently of the electron pathway,
ApH was univocally correlated to ATP synthesis.
We have already recalled that in fact all amines
should obey the same basic mechanisms [35,39],
even though their specific properties, such as the
partition coefficient [39), may be responsible for
quantitatively different overestimations of ApH.
On the other hand, the intermediate centrifugation
required to separate organelles from the medium
in which the radioactive probe is counted [32] may
lead to some underestimation. But the main point
is that the comparative studies made by either
group do not require knowledge of the absolute
values of the proton gradient (restricted, in our
case, to ApH). Because no probe use is devoid of
problems, we tried to confirm our results by
another method.

To do that, the light-induced pH shift of the
suspension, buffered only slightly, was measured
with a glass electrode, the rate of phosphorylation
being computed from the disappearance of ‘scalar’
protons [38]: (ADP + P)* " +(a— b) H*— ATP*,
with (a —b)=0.94 at pH 7.9. (No scalar H* im-
balance is expected—and this was checked in un-
coupled conditions—with the redox acceptors
used, because of the 1/1 ratio of scalar protons to
transferred electrons in the redox reaction.) Con-
cerning ApH, not only did we obtain it by the
conventional 9-aminoacridine method, but also by
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the transient decay of external pH when light was
turned off, a measure of total proton translocation
(Fig. 5Sa). According to delocalized chemiosmosis,
in effect only one ApH may be obtained for a
given proton translocation, in fixed conditions as
realized here, and this ApH strictly represents the
actual one utilized for phosphorylation. In con-
trast, microchemiosmosis predicts that no unique
relationships may exist. A complication could arise
from some uptake of scalar protons from the
medium accompanying a temporary post-illumina-
tion ATP synthesis, perhaps not negligible, and
which would be superimposed on the dark-relaxa-
tion of the proton gradient (Fig. 5b). We tried to
overcome this problem by dissipating ApH with a
rapid protonophore injection in place of, or in
addition to, light extinction, but the effect seemed
to be not always instantaneous and complete.
Since, for the present aim, only relative values
were required, it was in fact sufficient to consider
the resulting balance, at light-dark transition, be-
tween proton uptake and release. Indeed, if ApH
is fully delocalized, proton transport and the
phosphorylation rate are rigorously correlated at
any time. Therefore the number of scalar protons
which should be added to the apparent proton
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Fig. 5. (a) Typical recording, with a glass electrode, of light-in-
duced shift of external pH (slightly buffered medium), con-
verted into equivalent protons by HCl titration; 40 uM chloro-
phyll. The arrows show dark-light and light-dark transitions.
Conditions: see materials and Methods. (b) Schematic repre-
sentation of the trace ( ) after switching off the light; to
obtain the real extent of proton vectorial translocation (- - - - - - )
one should add to the apparent value ( ) an unknown
amount of scalar protons (- -- - - - ) consumed by ATP synthesis
during H™ efflux in darkness.
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backflow, upon returning to darkness, to obtain
the real value of translocated H™ is solely de-
termined by the amount of ATP then formed. This
means that, in a delocalized situation, the deficit
of vectorial protons due to the post-illumination
scalar H™ is simply a fraction of these vectorial
protons. Consequently, the abscissa scale is uncer-
tain by only a proportional factor and the relation
between apparent H* uptake and rate of ATP
synthesis should not depend on wlhether PS I or
PS II are operating. A possible cause of error
would be a change in basal proton conductivity,
which should modify the ratio between scalar and
vectorial protons upon relaxation. Actually, we
verified that the rate of H* leakage in darkness,
measured both with the glass electrode and by
9-aminoacridine fluorescence, was independent of
the redox carrier used, in basal and in phosphory-
lating conditions. It turned out that practically all
these possible sources of distortion were of minor
importance. For example, Fig. 6 shows that a
unique relationship links the estimated proton
translocation to the corresponding apparent mean
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Fig. 6. Unchanged correlation with the type of redox chain and
the functional state of thylakoids, between total H* transloca-
tion, estimated with glass electrode, and the corresponding
mean ApH, expressed by fluorescence quenching of 9-
aminoacridine. Curve traced by varying light intensity; @, O,
pyocyanin, A, a, dimethylquinone; ®, A, basal; O.a, phos-
phorylating.
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Fig. 7. Rate of ATP synthesis vs. (a) apparent proton transloca-
tion, measured as indicated Fig. 5, or (b) apparent ApH,
measured with 9-aminoacridine. Simultaneous measurements
by both methods, with pyocyanin (®) or dimethylquinone (Q);
variable light. Isotonic conditions: sorbitol 0.2 M present.

ApH, regardless of the redox mediator or of the
functional state (basal or phosphorylating). There-
fore, if a divergent relationship between the rate of
ATP synthesis and the apparent (= vectorial minus
scalar) proton movement is observed, it strongly
suggests a ApH heterogeneity. Fig. 7a indeed shows
that, in the presence of 0.2 M sorbitol, the
pyocyanin curve is above that with dimethyl-
quinone, and Fig. 7b exhibits an identical situation
in a 9-aminoacridine plot, both measurements
being made in parallel on the same sample. Thus,
the latter method does not qualitatively bias our
results; besides, in the conditions where identical
PS I and PS II curves were obtained according to
9-aminoacridine data, the same was observed using
instead total proton translocation, using a glass
electrode.

Relative resistance of phosphorylation to nigericin
Localized proton circuits in bacterial chromato-
phores [4,5] and in mitochondria [8] were also
suggested on the basis of limited protonophore
action on ATP synthesis, or on AG,, despite a
severely diminished Afi,+. We have repeated this
type of experiment with thylakoids. Fig. 8 disclo-
ses how the rate of phosphorylation varies with the
overall proton gradient, when the latter is de-
pressed by increasing the membrane leaks (nigeri-
cin addition) or by decreasing the H™ influx (light
lowering). It confirms that ATP synthesis is less
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Fig. 8. Rate of ATP synthesis as a function of apparent ApH,
varied by light intensity (@), 100 to 0.26%, or by nigericin (O),
10 to 100 nM. (a): H,O — ferricyanide chain; (b): H,0 —
dimethylquinone chain; (c): pyocyanin loop. Isotonic condi-
tions: sorbitol 0.2 M present; different experiments.

sensitive to a ApH reduction by nigericin than
classical chemiosmosis would predict. This could
not result from a heterogeneous population [40],
that is, in the present case, only a fraction of the
vesicle population would have fixed the uncoupler.
If this were true, the dark-decay of the proton
gradient would have been found at least biphasic:
actually, though accelerated, it stayed monophasic,
with a linear increase of its rate constant with
protonophore concentration. Therefore a micro-
chemiosmotic interpretation seems to us the most
reasonable interpretation and, in agreement with
the above authors, we conclude that the local
Afiyy+ driving ATP synthesis resists more a mem-
brane leak increase than the mean (= measured)
one. This was true for a PS II + PS I chain (H,O
— ferricyanide: Fig. 8a), or for separate PS II
(H,0 — dimethylquinone: Fig. 8b) and PS I seg-
ments (pyocyanin: Fig. 8c). In the latter case, one
may notice that the divergence between nigericin
and light curves is the highest, as if the spatial
proximity of PS I and coupling factors favoured
some kind of privileged proton pathway between
them. But an unexpected finding was for the op-
posite situation, of a PS II remote from coupling
factors: even there, nigericin molecules seem partly
unable to intercept hydrogen ions between their
sites of production and utilization.

We tried again to shift the partly localized
coupling to a more delocalized situation, through
changes in osmolarity and ionicity of the medium.
The latter case, studied in the absence of sorbitol,
is illustrated in Fig. 9. In low KCl (Fig. 9a), PS I
and PS II curves, traced by illumination decrease,
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Fig. 9. Effect of ionicity on the phosphorylation-rate depend-
ency upon ApH in a low-osmolarity buffer. (a): low salt
concentration (KCl 5 mM); (b): identical medium, but with
10-times higher KCl concentration (50 mM). ApH decreased
by light attenuation (O, a) or by nigericin addition (®, a);
A, A, dimethylquinone; ®, O, pyocyanin. Two different chloro-
plast preparations.

were still divergent, though less than in the pres-
ence of sorbitol, as already noticed (see above). If
now, at constant strong light, nigericin is added to
decrease the proton gradient and hence the phos-
phorylation rate, new curves are obtained for PS 1
and even PS II. With a 10-fold higher KCl con-
centration, pyocyanin and dimethyl quinone curves
obtained by light-modulation of H* input became
closer to each other and could even be superim-
posed, as in Fig. 9b, but modulation of H* output
by nigericin reintroduces a differential behaviour,
less pronounced, however, than in the standard
medium. Thus, to increase the internal volume of
bulk water—at least in principle, since it cannot
be easily measured—by an osmolarity decrease
and to raise its conductivity by an ionic strength
increase help Afi}- to equalize in the lumen. Con-
versely, that some coupling flexibility may thus be
obtained shows that no strictly isolated pathways
exist for protons, at variance with what is pro-
posed by mosaic chemiosmosis [20].

Discussion

Phosphorylating efficiency of Aji,, - generated by PS
TLorPSII
We have previously interpreted [16,30,39] in
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microchemiosmotic terms the limited ability of PS
II protons to drive ATP synthesis: the water-split-
ting enzymes, which liberate protons in granal
parts of the lumen, are remote from coupling
factors, essentially located in non-appressed areas,
where PS I also predominates. Due to some diffu-
sion barriers, a lateral pH drop should occur in the
steady state between redox pumps and ATP-syn-
thetases. This would cause the local Af,,- at the
coupling factor to be lower than the overall Afi -,
which is an average for the entire vesicle. The
situation is quite different when protons are trans-
ported across different regions of the membrane
(chains H,0O — ferricyanide or methy! viologen) or
mainly in its stromal fractions (pyocyanin loop):
in these cases, the lateral diffusion barriers may be
inefficient enough to make the local phosphorylat-
ing proton gradient closer, or even superior, to the
mean Af,.. Contrary to what was claimed by
Davenport and McCarty [32], these results cannot
be due to the way Afi- 18 estimated. (1) In this
type of work, one needs only to compare the rates
of ATP synthesis at equal ApH, whatever their
true values, and diffusible amines, such as those
used by our two groups, are adequate for such a
purpose [34,35,39]. (2) Even though some inter-
ference between redox carriers and probes may
exist, as visualized by a slight fluorescence quench-
ing of 9-aminoacridine, it was found here the same
with pyocyanin and dimethylquinone. Moreover,
in the latter case, this quenching was found not
only to be quite small, but also to be unchanged,
in coupled or uncoupled states, before and after
thylakoid illumination, i.e, with fully oxidized or
partly reduced quinone. Besides, if some fluores-
cence change had occurred, it would have been
cancelled out in the dark /light fluorescence ratio
used for ApH computation and measured at the
same point of the time-course curve. (3) These
side-effects have indeed no influence on our re-
sults, as seen when, in the same medium, similar
curves were obtained with dimethyl quinone and
pyocyanin (Figs. 2a and 9b), but distinct curves
with methyl viologen and pyocyanin (Fig. 3a). (4)
A completely different method, the glass-electrode
measurement of the external-pH shift, confirms
the 9-aminoacridine data (Figs. 6 and 7). In ad-
dition, one must mention the recent report of
Flores and Ort [4]], who extended to flashing-light

conditions our previous experiments made in
steady state, and again noticed the poor efficiency
of protons generated by water-splitting enzymes.

The discrepancies between our results and those
of McCarty’s group remain to be explained. The
differences in the media used led us to investigate
the role of osmolarity and ionicity in energy cou-
pling. We found indeed that ApH tends to be
delocalized in experiments driven in sorbitol-free
buffers, and even more so if the ionic strength is
high, provided that thylakoids undergo the hypo-
tonic shock only a short time prior to measure-
ment. Otherwise, it may be that when vesicles are
maintained a longer time in these swelling condi-
tions, slow solutes and water flows, together with
partial rearrangement of membrane components,
reestablish the situation initially prevailing in iso-
tonic media. Since the protocols used by the two
groups are partly different, somewhat different
results could be expected. Nevertheless, because
we could obtain a delocalized situation only in
some cases, whereas McCarty’s group observed it
regularly, we feel that other hidden reasons exist,
but they are presently out of reach of the experi-
ment.

Relation between proton path, proton metastable
pools, and membrane topography

That low osmolarity would favour some equali-
zation of Afiy+ generated by PS I and by PS 11,
1.e., delocalize protons, could be related to the
proposed dissipation, during thylakoid swelling, of
special intramembraneous proton gradients [43,43].
However, these ‘metastable proton pools’, which
would be carried by buried groups and would
connect redox and phosphorylating pumps
[37,44,45], exhibit properties hardly compatible
with some of our data. Thus, whereas nigericin
seems to open these microspaces, it does not very
efficiently intercept protons between redox carriers
and coupling factors. It is therefore difficult to
identify such microdomains as the structure where
we believe part of the fast lateral H* flow does
occur.

Even without particular microcompartmenta-
tion, the osmolarity effect on coupling efficiency
of organelles may be easily understood by attribut-
ing a significant H* resistivity to the proton con-
ducting media, as illustrated in Fig. 10 for the



high-potential phases of mitochondria (intra-cris-
tac and inter-membrane spaces) and of chloro-
plasts (lumen). Van Dam et al. [46] have proposed
that shrinkage of mitochondrial cristae could
facilitate some kind of direct coupling, by shorten-
ing the statistical distance between redox carriers
and coupling factors, located on opposite mem-
branes (Fig. 10a). This indeed may be realized in
mitochondria, where the coupling factors seem
randomly distributed (see Fig. 2.14 in Ref. 47).
The chloroplast situation (Fig. 10b), however, is
quite different, because there coupling factors and

mitochondrion

— shrunk—

CF ETC

chloroplast (PS !l case)

Fig. 10. Sketch of possible osmotic effects on localized coupling
in mitochondria cristae and in thylakoids. Due to their dif-
ferences in the topographical distribution of electron transfer
chains (ETC) and coupling factors (CF), shrinkage statistically
decreases protonic resistances in mitochondrial cristae (which
raises phosphorylation yield), but increases them in thylakoids
(which lowers phosphorylation yield). In both cases swelling
favours H* delocalization. Dotted area: membraneous and/or
interfacial structure, including ETC and CF, where the lateral
proton-transport (dashed arrows) is supposed to occur; hatched
area: rest of the membrane; unmarked area: bulk medium,
where there are suggested to be delocalized H* internal
pathways (plain arrows); only water-splitting enzymes are rep-
resented for chloroplast redox H* pumps. For the sake of
simplicity, only the situation inside is depicted, but the equiv-
alent should or may exist outside.
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PS I are mainly located in stromal regions [48,49],
cytochromes b-f are distributed over the whole
membrane [50], and PS II, i.e., oxygen-evolving
complexes, are essentially in granal domains [49].
Thus, by creating new H* pathways in a larger
bulk phase, swelling lowers the overall H™ resis-
tance and favours their randomization. As a conse-
quence, the proton gradient at coupling factors
comes closer to the mean A+, which raises the
phosphorylation rate and reduces the discrimina-
tion between PS II and PS I. It is interesting to
note that osmotic shrinkage has been reported to
increase lumenal viscosity [51], perhaps by chang-
ing the bound /free water ratio.

Microchemiosmotic schemes

The above example illustrates how different
topographic configurations may account for vari-
ous microchemiosmotic situations. For this reason,
we do not believe that ‘mosaic chemiosmosis’ [20],
proposed for mitochondria [23] and . chromato-
phores [22,24], necessarily applies as such to chlo-
roplasts. The one-to-one functional relationship
between redox and phosphorylating pumps pro-
posed by this model implies their tight association
within independent ‘coupling units’ or through
separate connectors, almost perfectly isolated. Such
conditions are not warranted in general and seem
even improbable for water-splitting complexes and
ATP-synthetases. A recent report [54] has sug-
gested that some privileged H* exchange may
occur between oxygen-evolving complexes and
CF,, but this was observed only after a mild
extraction of CF,, which would allow some poly-
peptides of the intramembraneous proton channels
of coupling factors to migrate in the appressed
regions of the membrane. Moreover, although it is
still disputed [52], the PS II /PS I stoichiometry —
and therefore their ratio to coupling factors — may
be far from 1 [53].

One must remark that the microchemiosmotic
schemes proposed before us implicitly consider
that no resistance separates redox and phosphory-
lating pumps. This is an intermediate situation
between direct coupling and delocalized chem-
iosmosis. Such models may explain many data,
such as the limited inhibition of ATP synthesis by
protonophores (see Refs. 4, 5, and Fig. 8), but fail
to account for others, such as H-isotope effects
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[27-29] or the differential effectiveness of PS I and
PS II for phosphorylation [30,41]. These are easily
integrated in the model we have proposed
[16,27,39], where diffusion barriers exist between
the primary and secondary pumps and between
these pumps and the rest of the membrane.

Some observations are still difficult to integrate
into the different proposed models without calling
on addition hypotheses. An example is the en-
hancement of phosphorylation in chloroplasts by
low amounts of uncouplers {56]. The microchem-
iosmotic interpretation can explain a relative in-
sensitivity of ATP synthesis, rather than a stimula-
tion, except if: (1) protonophores shuttle protons
not only transversely, but also laterally, thereby
lowering the diffusion barriers which we suggest
may separate redox carriers from coupling factors;
and /or (2) redox proton carriers coupled to ATP-
synthetases are different from those which are
regulated by ApH, an ad hoc and doubtful hy-
pothesis. However, it should be noticed that this
uncoupler-stimulated phosphorylation seems de-
pendent upon the type of chloroplast used, since
we never could observe it, although we did explore
the same concentration range of protonophore.

Nature of the domains where protons may migrate

In principle, microchemiosmosis does not re-
quire special structures or microdomains: if high
enough, the resistivity of the osmotic compartment
can by itself explain an incomplete proton delo-
calization between separate input and output
points. However, the idea of some microcompart-
mentation for protons came from different sides.
One may cite ‘metastable proton pools’, sheltered
by membrane [37,42-45], or a special ‘interface’,
accessible to protons and lipophilic probes but not
to buffers and salts [60,61]. The latter medium
would be sensitive to thylakoid swelling and mem-
brane integrity, since it'is absent in freeze-thawed
chloroplasts [54]. This last fact can be paralleled
with the delay which separates light-triggering of
H* uptake and pH-change of the medium, a delay
which vanishes when chloroplasts are vigorously
ground [62].

The necessity to reconcile a significant lateral
kinetic barrier for protons and a partial inaccessi-
bility of this path to protonophores lead us to the
proposal that hydrogen ions migrate between

primary and secondary pumps in an anisotropic
medium and to imagine several types of lateral
protonic conductors besides ‘bulk’ water, which
does not rule out the possibility that some H* may
always escape into this phase. We firstly suggested
that a few layers of ‘structured’” water, bound on
the membranes, could play this role [28], but this
must now be questioned [59]. Lipid polar heads
would be good candidates [60,61], as illustrated by
the high lateral proton conductivity of phospholi-
pid monolayers [62], but this is not very compati-
ble with the limited effectiveness of lipophilic pro-
tonophores on phosphorylation. The most probable
remains hydrogen bonds of polypeptides chains
[63], shielded enough to reduce equilibration of
protons so channelled with the adjacent aqueous
phase. It is noteworthy that, according to recent
electron micrographs, the internal space of
mitochondria [64] and the lumen of thylakoids [65]
are to a great extent filled with proteins: in iso-
tonic conditions, bulk water could well be scarce
there.
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