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Abstract

The induction of millisecond delayed fluorescence mediated by PS I-dependent
proton pumping has been used as an indicator of the time course with which
those protons equilibrate with sites on the oxygen-evolving enzyme complex
(Bowes, J. M., and Crofts, A. R. (1978). Z. Naturforsch. 33C, 271-275). We
found that the induction curves were retarded by a reversible exposure of
non-energized thylakoids to low concentrations of the uncoupler, desaspidin,
at alkaline, but not at neutral, pH. The induction curves were not retarded
by increasing the buffering capacity of the thylakoid lumen with Tricine, and
were inhibited by the energy transfer inhibitors, dicyclohexylcarbodiimide
(DCCD) and triphenyltin chloride (TPT). These data suggest that (i) the
catalytic site of the water-splitting complex is located in proton-sequestering
membrane domains, rather than at the lumen-exposed inner membrane
surface, (ii) protons released during PS I-mediated electron transport might
equilibrate with protonatable sites on the oxygen-evolving complex without
passing through the lumen, and (jii) those protons may travel over specific
conducting pathways which can be blocked by DCCD and TPT.
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Introduction

During the past ten years evidence has accumulated indicating that thylakoid
membranes can hold a population of protons out of equilibrium with those
in the outer and inner aqueous bulk phases for times on the order of two
hours unless uncouplers are added (Laszlo et al., 1984a). The proton sequester-
ing domains have been suggested to provide localized diffusion pathways for
protons to follow between their sites of release from electron transport
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components and the chloroplast coupling factors (Dilley ez al., 1981). Initially
it was thought that only those protons released during PS II® electron trans-
port could gain ready access to the domains (Baker et al.,, 1981). Later
experiments, however, demonstrated that protons liberated by PS I-
mediated electron transport, as well as those pumped by the CF,—CF,
complex during ATPase activity, could also reprotonate domain-localized
buffering groups (Baker, 1983; Dilley, 1986). Recently, it was shown that the
domains must be filled with protons before ATP synthesis can be initiated by
flashing light (Dilley and Schreiber, 1984; Theg and Dilley, unpublished
results). Thus, the existence of the domains is intimately related to the
controversy concerning localized vs. delocalized chemiosmotic mechanisms
of ATP synthesis in chloroplasts (Ferguson, 1985; Haraux, 1985).

The oxygen-evolving complex (OEC) is widely believed to be located
at the inner surface of the thylakoid membrane (Diner and Joliot, 1977,
Akerlund and Jansson, 1981; Barber, 1984). Accordingly, it is expected to be
in chemical equilibrium with solutes in the lumen (Bowes and Crofts, 1978).
Yet, it was demonstrated that protons released by this enzyme complex
during the oxidation of water enter the domains first, before, if ever, passing
into the lumen (Theg and Junge, 1983; Polle and Junge, 1986). These results
suggest that the components of the OEC that participate directly in the
protolytic oxidation of water should face the domains, not the lumen. This
view was supported by the purported release of Mn into the domains upon
denaturation of the OEC (Miller and Cox, 1983), and by the observation that
the lower pH of the domains, compared to the external medium, imparted an
extra stability of the OEC against Mn extraction that could be eliminated by
adding uncouplers to chloroplasts held in the dark (Theg ez al., 1982).

In this paper we have examined the question of the location of the OEC
using a different, independent technique developed by Crofts and colleagues
(Wraight and Crofts, 1971; Bowes and Crofts, 1978). In it, chloroplasts are
exposed to a number of flashes to set the OEC in an S-state associated with
proton release, then the system is poisoned with DCMU to prevent further
S-state advancement. The chloroplasts are then exposed to light in the
presence of artificial protolytic electron donors to PS 1. The resulting proton
pumping activity leads to equilibration of proton binding sites on the S-states

3 Abbreviations: ADRY, acceleration of the deactivation reactions of the water-splitting enzyme
system Y; CCCP, carbonylcyanide-m-chlorophenylhydrazone; CF,, hydrophobic protein com-
plex of the chloroplast coupling factor; Chl, chlorophyll; DAD, diaminodurene; DBMIB,
2,5-dibromothymoquinone; DCCD, N,N’-dicyclohexylcarbodiimide; DCMU, 3-(3,4-dichloro-
phenyl)-1,1-dimethylurea; DMQ, 2,6-dimethylbenzoquinone; DQH,, durohydroquinone;
FeCN, K,Fe(CN)¢; MES, 2-(N-morpholino)ethanesulfonic acid; OEC, oxygen-evolving com-
plex; P680, photosystem II reaction center; PQ, plastoquinone; PS, photosystem; Qa, first stable
photosystem II electron acceptor; TAPS, tristhydroxymethyl)methylaminopropanesulfonic
acid; TPT, triphenyltin chloride; Tricine, N-tris(hydroxymethyl)methylglycine.
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with the low pH environment, favoring deactivation of the S-states via
luminescence-producing back reactions, the result of which is an increase in
delayed light emission. We used this technique to probe the equilibration of
protons released from the PS 1 donors, DAD or duroquinone, with the
protonatable sites on the OEC. Our data suggest that the catalytic site on the
OEC does indeed face the proton-sequestering domains rather than the
lumen, and that protons released during PS I-mediated electron transport
equilibrate with the OEC via localized pathways which do not include the
lumen.

Materials and Methods

Chloroplasts were isolated from market spinach using the method of Ort
and Izawa (1973), except the leaf homogenate was pelleted by bringing the
centrifuge to 7700 x g and then immediately turning it off. The grinding
medium contained 300mM NaCl, 30mM Na-Tricine at pH7.8, 3mM
MgCl,, and 0.5mM Na-EDTA; the wash/resuspension medium contained
200mM sucrose, 5mM Na-HEPES at pH7.5, 2mM MgCl,, and 0.5mg
BSA/ml. In the experiment of Fig. 4, the “Tricine-soaked” sample was pre-
pared as above, except the wash/resuspension medium was supplemented
with 50 mM Na-Tricine at pH 7.5. The chloroplasts were kept on ice in the
dark and were used within 3 hr.

All experiments were performed at room temperature. Prompt fluor-
escence and oxygen evolution were measured as described by Theg et al.
(1986). Millisecond delayed fluoresence was measured using the rotating-
sector phosphoroscope described by Wraight and Crofts (1971). The basic
assay medium contained 25mM Na-Tricine (pH8.0-8.5) or Na-MES
(pH 6.5), 10mM KCl, 5mM MgCl,, 0.2mM DAD, I mM Na-ascorbate,
0.1mM methylviologen, and 20ug Chl/ml. In two experiments (Figs. 4
and 5), 0.5mM durohydroquinone replaced the DADjascorbate donor
system. Further additions are noted in the figure legends.

The general protocol for all delayed fluoresence experiments was as
follows: Time (¢) = 0; chloroplasts were added to a curvette containing
assay medium and then placed in the dark. r = 3min; two 10 usec flashes
were fired. + = 3min + 5s; 5uM DCMU was added to prevent further
S-state turnover. t = 3min + 15s; the shutter in front of the actinic light
(2.4mW/cm? through a Corning CS4-96 filter) was opened, initiating PS I-
dependent proton pumping and forming the luminescence substrate in PS II.
This two-flash/DCMU protocol sets the OEC into a state from which the
highest proton-dependent delayed fluorescence induction curve can be
measured (Bowes and Crofts, 1978).
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Except for desaspidin, all chemicals and reagents were obtained from
commercial vendors. Desaspidin, which is no longer commercially available,
was a kind gift from Dr. G. H. Krause. The more readily available uncoupler
that can be removed by BSA addition is CCCP. We avoided this compound,
however, because it is an ADRY reagent (Renger, 1972) and is known to
inhibit delayed fluorescence emission (Renger et al., 1973; Malkin, 1977).

Results

Characterization of the Delayed Fluorescence Induction

Figure 1 shows representative traces of delayed fluorescence induction
curves obtained at pH 8.5 and 6.5. Of several important points to note, the
first is that, as shown by Bowes and Crofts (1981), the amplitude of the
induction curves is higher at acid than at alkaline pH. For ease of presen-
tation, the alkaline curves in Fig. 1 and all subsequent delayed fluorescence
figures have been expanded approximately three times compared to the
pH 6.5 curves. Second, the curves are kinetically complex. Earlier work by
Crofts and his colleagues (Wraight and Crofts, 1971; Bowes and Crofts, 1978)
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Fig. 1. The effects of nigericin, valinomycin, and DAD on luminescence induction curves at
low and high pH. The curves were recorded as described in Materials and Methods. Note that
the curves in the right-hand panel were vertically expanded threefold compared with those in the
left-hand panel. Nig = nigericin, val = valinomycin.
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showed that, following an initial spike at alkaline pH, the rising phases of the
delayed fluorescence curves correspond to a shift in the S-state equilibrium
toward deactivation in response to a buildup of a protonmotive force (Ap).
This point is demonstrated in Fig. 1 by a loss of the rising phase in the
absence of DAD. The decay of the curves at longer times is due to the
energy-dependent decrease in fluorescence yield (cf. Wraight and Crofts,
1971).

Finally, the respective contribution of the Ay and ApH components of
the Ap to the rising phase of the induction curve can be determined by
examining the effects of valinomycin and nigericin additions (Bowes and
Crofts, 1981). It can be seen that, in the presence of valinomycin and K™ to
inhibit the Ay component, the ApH contributes a slowly rising component
that peaks at approximately 8s. Since we are interested in. following the
equilibration of protonatable sites on the OEC with protons released during
PS I-dependent electron transport, we will concentrate on this slowly rising,
ApH-dependent component of the induction curves.

Effects of Reversible Uncoupling on the Kinetics of the Delayed
Fluorescence Induction Curves

Dilley and Schreiber (1984) showed that the uncouplers, desaspidin and
CCCP, could be completely withdrawn from chloroplasts by the addition of
BSA. Apparently the BSA binds these compounds and functionally removes
them from the solution. Those authors used this technique to remove protons
from the membrane-associated domains, and thus recouple the thylakoids
for subsequent photophosphorylation measurements.

We wanted to test whether the protonatable sites on the OEC faced the
lumen, where the proton concentration in the dark is not affected by
uncouplers (Laszlo et al., 1984a), or the domains, from which protons can be
removed by uncouplers added in the dark. Thus we monitored the induction
of delayed fluorescence before and after exposure of the thylakoids to a
reversible uncoupling treatment with desaspidin and BSA. We predicted that
there should be no effect of reversible uncoupling on the delayed light
induction kinetics if the OEC faced the lumen, i.e., the lumen pH would have
been the same in both treatments. On the other hand, if the OEC faced the
domains, then the higher initial domain pH caused by proton release with
uncoupler addition should delay the rise of the induction curves while the
domains are repopulated with protons. Specifically, the induction curves for
the “BSA only” and the “BSA, then desaspidin” samples should be identical,
but the curve for the “desaspidin, then BSA” sample should be delayed.
Furthermore, the domains have been postulated to maintain a pH of
approximately 7.0 in the dark for long periods of time regardless of the pH
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Fig. 2. The effect of reversible uncoupling by 20 nM desaspidin and BSA on the kinetics of the
luminescence induction curves at high and low pH. When present, BSA was 1 mg/ml. The
protocol described in Materials and Methods was followed, except for the “BSA, then des” and
“des, then BSA” samples; the first compound was present at ¢ = 0, the second compound was
added at ¢ = 30s. Curves in the left- and right-hand panels are plotted on different scales.
Des = desaspidin.

at which the chloroplasts are suspended (Theg et al., 1982). Therefore, since
added uncouplers will only affect a release of protons from the domains when
they are out of equilibrium with those in the external medium, effects of
reversible uncoupler treatment on the delayed fluoresence induction kinetics
should be apparent only at alkaline pH.

These predictions were tested for two desaspidin concentrations in the
experiments shown in Figs. 2 and 3. It can be seen that at alkaline pH,
the predictions based on the location of the OEC in the domains were
borne out. The “desaspidin, then BSA™ delayed light curve obtained from a
sample that started with empty domains was delayed compared to the two
controls that started with protonated domains. There was very little rise
in the “desaspidin only” luminescence curves, again indicating that PS I-
dependent proton pumping was responsible for the induction of delayed
fluorescence.
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Fig. 3. The effect of reversible uncoupling by 5nM desaspidin and BSA on the kinetics of the
luminescence induction curves at high and low pH. Experimental conditions as in Fig. 2.
Des = desaspidin.

At pH 6.5 and in the presence of 20 nM desaspidin, either before or after
BSA was added, we found there was some loss of delayed fluorescence
intensity (Fig. 2). The reason for this was not clear, but it was obviously not
due to reversible uncoupling since the order of addition of desaspidin and
BSA was essentially without effect. In a different experiment in which only
5nM desaspidin was used (Fig. 3), the two control curves were coincident
with the “desaspidin, then BSA” curve. From these experiments we conclude
that, as predicted if the OEC faces the domains, reversible uncoupling
retarded the rise of the delayed light induction curves at alkaline, but not at
neutral, pH.

Do Protons Released during PS I-Mediated Electron Transport Travel
to the Environment of the OEC through the Bulk Phase in the Lumen?

From experiments reported earlier (Wraight and Crofts, 1971; Bowes
and Crofts, 1978) and in this paper, it is clear that the rise in delayed
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Fig. 4. The effect of increasing the buffering capacity of the thylakoid lumen with Tricine on
the kinetics of the luminescence induction curves. “Tricine-soaked” samples were prepared
by supplementing the normal chloroplast resuspension medium with 50 mM Na-Tricine (see
Materials and Methods). All curves were recorded as in Fig. 1 in the same pH 8.0 assay medium.
The electron donors to PS I were DAD/ascorbate in the left-hand panel and DQH, in the
right-hand panel. Times indicated are those elapsed after Tricine addition.

fluorescence which peaks around 8 s is due to acidification of the environment
of the OEC by protons released during PS I-mediated electron transport. We
can test whether these protons reach the OEC by traveling through the lumen
by looking for a delay in the rise of delayed light caused by increasing the
lumen buffering capacity with added buffers. Flores et al. (1983) showed that
Tricine will equilibrate across the thylakoid membrane with a half-time of
approximately 1hr at 0—4°C. Therefore, we incubated thylakoids in the
presence of an additional 50 mM Tricine for 2-2.5hr and compared their
delayed fluoresecence rise kinetics with samples of the same chloroplast
preparation stored in normal resuspension medium (5 mM Hepes, Fig. 4). No
discernible difference was observed between the curves recorded with control
and “Tricine-soaked” samples. By artificially offsetting one of the curves
in time compared to the other, we determined that we could have detected
a delay as short as 400 ms (not shown). This experiment suggests that the
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PS I-derived protons did not pass through the lumen before equilibrating
with sites on the OEC.

The two panels in Fig. 4 show delayed fluorescence induction curves
obtained with two PS I donor systems, DAD/ascorbate on the left and DQH,
on the right. The latter should, in principle, be the preferred donor system
since it includes electron transport through the PQ pool (Izawa and Pan,
1978). In these experiments, however, we found the luminescence induction
curves to be so sensitive to aging of the DQH, as to preclude its routine use.
Nevertheless, as Fig. 4 illustrates (right-hand panel), we were able to repro-
duce the general shape of the induction curves using DQH, as the PS I donor,
and those curves were not retarded by increasing the buffering capacity of the
lumen with Tricine.

Effects of CF, Inhibitors on Delayed Fluoresence Induction Curves

The experiments of Fig. 4 suggested that the protons released by PS I
donors equilibrate with the protonatable sites on the OEC without passing
through the lumen. If this is true, then one might postulate that specific
pathways exist in the thylakoid membrane over which those protons travel.
Such pathways may consist of proton-conducting pores within the membrane
(Dilley er al., 1982; Gounaris et al., 1983) or of proton-hopping protein
networks (Nagle and Morowitz, 1978). In any case, we postulated that it
might be possible to block the diffusion of protons along these putative
pathways with compounds that inhibit proton conduction in other, better
defined systems.

Proton movement through the CF; protein complex of the chloroplast
coupling factor is inhibited by DCCD and TPT (McCarty, 1980). Their effects
on the induction of delayed fluoresence under our experimental conditions
are shown in Fig. 5. It can be seen in the left-hand panel that both inhibitors
caused a marked reduction in the rise of the delayed fluorescence intensities
at concentrations similar to those required to block CF; proton conduction.

Some organometallic compounds of tin and mercury have been shown
to uncouple photosynthetic electron transport through a Cl7/OH™ anti-
porter mechanism (Whatling-Payne and Selwyn, 1974). The uncoupling
activity of these compounds was specific for Cl~ as the exchangable anion
(Whatling and Selwyn, 1970; Whatling-Payne and Selwyn, 1974). Although
TPT has no known antiporter activity, the possibility remained that its effects
on the delayed fluorescence curves was due to a slight uncoupling activity.
Therefore, we repeated the last experiment in a medium in which SO?~ salts
replaced the Cl~ salts (right-hand panel). It is clear that TPT still inhibited
the rise of the induction curves in the absence of Cl™, albeit at somewhat
higher concentrations.
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Fig. 5. The effects of DCCD and TPT on the luminescence induction curves. Curves were
recorded as in Fig. [ in pH 8.3 assay media; DQH, was the electron donor. In the right-hand
panel, 5SmM K,S80, and 5mM MgSO, replaced the usual 10mM KCI and 5mM MgCl,,
respectively. DCCD was added from a methanolic stock prepared that day.

Effects of Desaspidin/BSA, DCCD, and TPT on Electron Transport
and the PS II Back Reaction

Delayed fluorescence is, in principle, sensitive to factors affecting the
stability of the S-states on the one hand, and the luminescence substrates
P680* and Qa~ on the other. For instance, if the S-state set by the two
flash/DCMU protocol deactivated to S; more quickly in the presence of, say,
DCCD, then subsequent proton pumping by PS I-mediated electron flow
would stimulate delayed fluorescence less efficiently because the S, to S,
transition occurs without the release of a proton (cf. Forster and Junge, 1985,
and references therein). In the next two experiments described, we tested for
such unexpected effects of our different treatments.

If DCCD and TPT inhibited the rise of delayed fluorescence because of
heretofore unknown effects on the OEC, we might expect them to inhibit
electron transport from this enzyme complex. DCCD has been reported to
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Table I. The Effect of DCCD and TPT on Electron Transport®

Electron acceptor Additions Rate Percent of control

DMQ/FeCN (+ DBMIB) None 185 100

50 uM DCCD 159 86
DMQ/FeCN (+ DBMIB) None 184 + 16 100 £ 9

100 uM DCCD 156 + 8 85 + 5
Methylviologen None 439 + 36 100 + 8

I uM TPT 430 + 37 98 + 8

SuM TPT 406 + 27 92 + 6

“Chloroplasts (25 ug Chl/ml) were assayed in a pH 8.0 medium containing 100 mM sucrose,
50mM Na-TAPS, 10mM KCl, 5mM MgCl,, 1M nigericin, and, when present, 0.5mM
DMQ, 1uM DBMIB, and 0.5mM FeCN or 0.1 mM methylviologen. The stock DCCD
solution was prepared fresh each day. Rates (+ SD) are expressed in peq/mg chl hr and are an
average of two (experiment 1) or three (experiments 2 and 3) determinations.

inhibit electron transport from water to methylviologen, but not from water
to the PS IT acceptor, DMQ (Sane et al., 1979). TPT, on the other hand, was
reported to have little effect on whole-chain electron transport (Gould, 1976).
We confirmed these observations under conditions that closely resembled
those in our delayed light experiments (Table I). It can be seen that both
compounds, when added in the highest concentrations used in Fig. 5,
inhibited electron transport out of the OEC by less than 15%. We can
conclude, therefore, that these compounds do not block the rise of delayed
fluorescence through direct inhibition of the OEC.

By virtue of their ability to donate electrons to the oxidizing side of PS
II, ADRY reagents block the back reaction between P680* and Qa~ and
thereby inhibit delayed light emission (Renger et al., 1973; Malkin, 1977).
In order to rule out the possibility that this type of effect was responsible for
the loss of, or delay in, the rise of the luminescence induction curves, we
checked for ADRY-type behavior of DCCD, TPT, and the desaspidin/BSA
treatment. With DCMU-poisoned thylakoids, inhibition of the back reac-
tion by ADRY reagents can be readily observed as a deceleration of the
return of prompt fluorescence, measured after a light period, to the dark-
adapted F; level (Cheniac and Martin, 1978; Theg ef al., 1986). This is
demonstrated for the ADRY compound, CCCP, in Fig. 6 (triangles). Com-
pared to the control (circles), fluorescence remained higher (i.e., [Qa],, =
(Foax — T())/(Fpax — F,) remained lower) during a given dark time interval
when CCCP was present. The time courses for the return of the lower
fluorescence state in the dark in the presence of DCCD, TPT, or ““desaspidin,
then BSA” were identical to that of the control (Fig. 6). Thus, none of the
treatments that caused profound changes in the rise kinetics of the delayed
fluorescence curves could be attributed to an ADRY-type behavior of the
elicitors.
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Fig. 6. A test for ADRY-like behavior of DCCD, TPT, and desaspidin/BSA. O, no additions;
A, 0.5uM CCCP; O, 50 uM DCCD; v, 5uM TPT; &, 50 uM desaspidin, followed by 2mg
BSA/mlat¢ = 15s. Chloroplasts (10 mg Chl/ml) were added to pH 8.5 assay medium containing
5uM DCMU at ¢ = 0. ¢ = 1min; blue actinic light on. r = Imin, 5s; actinic light off.
t = lmin, 5s + dark time; actinic light on again. F, and F,, are the initial and maximal levels
of fluorescence recorded during the first illumination period, respectively; F(¢) is the initial level
of fluorescence obtained with the second illumination period. F, and F,,, were determined for
each point.

Discussion

The experiments in this paper were designed principally to determine
whether the catalytic site of the OEC rapidly equilibrates with protons in the
thylakoid lumen or in the membrane-associated domains. The delayed light
technique we used is particularly suitable for such a study because with
DCMU present we can be sure that the protons driving the luminescence
increase did not originate from the OEC.

A number of unexpected phenomena were noticed during our investi-
gation which set practical restrictions on the types of experiments we could
perform. First, the amplitudes, and to a lesser extent, the shapes, of the
delayed fluorescence induction curves were remarkably sensitive to the age
of the chloroplast preparation, both decreasing with time. Therefore, all
experiments were performed within 3 hr after the leaves were homogenized.
Additionally, curves that were to be compared to one another were obtained
at as close to the same time as was possible, and no quantitative comparisons
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were attempted for curves obtained from different preparations. Second, the
induction curves were affected by quite low concentrations of valinomycin and
uncouplers (Figs. 2-4). This might have been due, in part, to the low intensity
of the blue-green actinic light used, but it is not clear that this accounts for
the phenomenon entirely. For instance, a higher concentration of nigericin
was required to inhibit steady-state photophosphorylation than to inhibit the
rise of delayed fluorescence, even though both were measured under nearly
identical conditions (data not shown). Within a single preparation, the
luminescence signal became more sensitive toward desaspidin with age.

In spite of the limitations imposed by the phenomena described above,
we were able to demonstrate that the delayed light induction curves behaved
toward a reversible uncoupler addition as predicted by a model that places
the OEC’s protonatable groups in equilibrium with protons in the sequestered
domains, and not directly exposed to the lumen phase. One possible expla-
nation of these data could be that the desaspidin dissipates a bulk phase to
bulk-phase ApH imposed by transferring the chloroplasts from the pH7.5
storage buffer to the pH 8.5 assay medium. Yet the decay of the light-induced
proton pump proceeds with a half-time of no more than 10s at room
temperature (cf. Abbott and Dilley, 1983). Therefore, 3 min after the addition
of chloroplasts to the assay medium, the time at which the experiments of
Figs. 2 and 3 were performed, less than 0.2% of the bulk-phase gradient
would remain. On the other hand, protonophoric effects of uncouplers have
been observed for as long as 2 hr after transfer of chloroplasts to an alkaline
assay medium and kept in darkness (Laszlo et al., 1984a) and have been
attributed to their action on a metastable proton pool. Additionally, the
effects of desaspidin applied in the dark disappeared at neutral or slightly
acid pH, also a behavior observed with all sequestered domain-related
phenomena. Where it has been determined, the pK of buffering groups within
the domains are between 7.2 and 7.8 (Theg et al., 1982; Theg and Junge,
1983; Laszlo et al., 1984a); the loss of the desaspidin effect at pH 6.5 is
compatible with a similar pK controlling proton release in these experiments.

Experiments performed with inside-out thylakoids appear to support
the idea that the OEC resides at the membrane/lumen interface. While it is
true that this seems to be the location of the three Tris~- and salt-releasable
polypeptides with molecular weights 32, 23, and 17kD (Akerlund and
Jansson, 1981), it can be argued that these three do not constitute the entire
OEC, nor are they completely exposed to the lumen phase. Preparations of
thylakoids depleted of all three proteins can still retain the full compliment
of the thylakoid Mn (Ono and Inoue, 1983). Even within the set of the three
polypeptides there is strong evidence that certain amino groups (Laszlo ez al.,
1984a) and a binding site for reductants (Ghanotakis ef al., 1984a, b) are
sterically shielded from the aqueous medium. Furthermore, Bowlby and
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Frasch (1986) recently isolated a Mn-containing complex from thylakoids
that contains a number of intrinsic proteins in addition to the three extrinsic
polypeptides. Finally, it should be stressed that our experiments identify the
location of the catalytic site of the OEC, It is this site which we suggest is
facing the proton-sequestering domains; portions of the complex not involved
in the active site could be exposed to the inner lumen.

Our experiments with Tricine, DCCD, and TPT are more difficult to
interpret than are the reversible uncoupling experiments. The lack of effect of
Tricine on the rise kinetics of the luminescence induction curves suggests that
the protons liberated by PS I-mediated electron transport do not pass through
the lumen en route to the OEC’s environment. This interpretation is based
on the assumptions that Tricine reaches the lumen under our conditions, and
that an effect of increased buffering capacity of the lumen would be detected
in the time frame of our experiments. The first assumption is supported by
the work of Flores et al. (1983) using chloroplasts isolated according to the
same procedure we used here. The second assumption is difficult to assess
quantitatively since we have no model with which to simulate the delayed
fluorescence rise curves based on internal pH parameters. Nevertheless, a
significant delay was observed when extra electron transport was required to
overcome a proton deficit resulting from reversible uncoupler addition,
which according to earlier estimates was approximately 30 nmol H* /mg Chl
(Baker et al., 1981; Pfister and Homann, 1986). Assuming a thylakoid
volume of 10 ul/mg Chl (Flores et al., 1983) and a 2-hr incubation in 50 mM
Tricine (Fig. 5), it would take an additional 70 nmol H*/mg Chl just to reach
the pK of the buffer (8.15). Additionally, we used a low actinic light intensity
that was able to drive proton accumulation with the water to methylviologen
Hill reaction at only 43% of the light-saturated rate (data not shown). Thus
it seems reasonable to expect that an easily detectable delay in the lumi-
nescence rise curves would have appeared had the Tricine contributed to the
buffering capacity of the space in which the PS I-derived protons moved.

The effects of proton-channel inhibitors on the delayed light induction
curves also suggest a localized type of proton movement between their sites
of release at PS I and rebinding at the OEC. Artifactual effects of DCCD and
TPT due to direct inhibition of the OEC, uncoupling, or ADRY effects were
ruled out. Furthermore, as far as we know, these two chemically unrelated
compounds appear to share only the property of blocking proton conduct-
ance through proteinaccous membrane pores. The most straightforward
explanation of their effects on our delayed fluorescence signals is that they
block conduction pathways used for membrane-associated lateral proton
diffusion. Indeed, Sane et al. (1979) interpreted their DCCD inhibition of
electron transport data as being related to effects on proton conduction
pathways.
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An effect of DCCD and TPT in our experiments need not mean that CF,
is involved in determining the shapes of the delayed fluorescence curves.
Although these compounds do interact with the CF; complex and inhibit
proton flux through it, proteins other than the 8-kDa proteolipid have been
shown to be labeled by [*CIDCCD (Azzi et al., 1984), some of which are
postulated to be cation translocators. Unpublished work in this laboratory
has shown that, under somewhat different conditions than used in the present
study, DCCD covalently binds to an unidentified 22-kDa thylakoid poly-
peptide (Millner and Dilley, unpublished results;, Atta-Asafo-Adjei and
Dilley, unpublished results).

If our interpretations of the experiments with Tricine, DCCD, and TPT
are correct, then protons must be confined to specialized pathways that cover
relatively large distances. This problem is encountered in all models and
descriptions of “localized” ATP synthesis in chloroplasts (Ferguson, 1985;
Haraux, 1985; Dilley and Schreiber, 1984; Horner and Moudrianakis, 1983;
Hangarter and Ort, 1985), and its solution is difficult to imagine. On the other
hand, the data presented here contribute to the growing body of evidence
indicating that protons are sequestered in membrane-associated domains in
chloroplasts and can move laterally without passing through the lumen. The
physical nature of these domains and pathways remains a fascinating
problem of chloroplast bioenergetics.
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