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Summary

1. Chloroplasts washed with Cl -free, low-salt media (pH 8) containing
EDTA, show virtually no DCMU-insensitive silicomolybdate reduction. The
activity is readily restored when 10 mM Cl~ is added to the reaction mixture.
Very similar results were obtained with the other Photosystem II electron
acceptor 2,5-dimethylquinone (with dibromothymoquinone), with the Photo-
system I electron acceptor FMN, and also with ferricyanide which accepts elec-
trons from both photosystems.

2. Strong Cl -dependence of Hill activity was observed invariably at all pH
values tested (5.5—8.3) and in chloroplasts from three different plants: spinach,
tobacco and corn (mesophyil).

3. In the absence of added Cl™ the functionally Cl -depleted chloroplasts are
able to oxidize, through Photosystem II, artificial reductants such as catechol,
diphenylcarbazide, ascorbate and H,O, at rates which are 4—12 times faster
than the rate of the residual Hill reaction.

4. The Cl -concentration dependence of Hill activity with dimethylquinone
as an electron acceptor is kinetically consistent with the typical enzyme activa-
tion mechanism: E(inactive) + C1” = E - Cl” (active), and the apparent activa-
tion constant (0.9 mM at pH 7.2) is unchanged by chloroplast fragmentation.

5. The initial phase of the development of inhibition of water oxidation in
Cl -depleted chloroplasts during the dark incubation with NH,OH (3 H,S0,) is
5 times slower when the incubation medium contains Cl~ than when the
medium contains NH,OH alone or NH,OH plus acetate ion. (Acetate is shown
to be ineffective in stimulating O, evolution.)

Abbreviations used: DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (dibromo-
thymoquinone); DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea.
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6. We conclude that the Cl -requiring step is one which is specifically associ-
ated with the water-splitting reaction, and suggests that C1~ probably acts as a
cofactor (ligand) of the NH,OH-sensitive, Mn-containing O,-evolving enzyme.

Introduction

In 1944, Warburg and Liittgens [1] discovered that the Hill reaction in iso-
lated chloroplasts required Cl- (Warburg’s Cl1~ effect). Soon after the introduc-
tion of the concept of two photosystems [2,3], follow-up studies produced the
first fruitful results when Bové et al. [4] demonstrated that the Cl~ effect is
characteristic of reactions which involve Photosystem II. Izawa et al. [5] later
located the site of Cl™ involvement on the oxidizing side of Photosystem II, and
presented evidence that a step directly associated with the splitting of water
molecules requires Cl°. In view of the fact that the Cl~ effect is also found in
the lamellae from a green alga [6] and a blue green alga [7], it seems reason-
ably to assume that the Cl™ requirement is a general phenomenon common to
all O,-producing photosynthetic organisms, even though there are some skep-
tics [8,9]. As yet, however, nothing is known about the mechanism of CI~
action.

During the last several years a variety of redox agents have been introduced
which can interact directly with Photosystem II. A number of lipophilic oxi-
dants have been introduced which can intercept electrons from Photosystem II
[10—12]. A group of heteropoly compounds, represented by silicomolybdic
acid, were shown to be capable of accepting electrons from Photosystem II in a
DCMU-insensitive reaction [13—16]. In addition, the list of reducing com-
pounds, used for electron donation to Photosystem II, has expanded consider-
ably [17—19]. These and other recent developments in Photosystem II studies
have strongly urged us to resume investigations of the Cl~ effect.

In resuming the study of the Cl~ effect, we have used EDTA-washed chloro-
plasts adopting the method described previously [5]. The reason for washing
with EDTA is two-fold: (a) Functionally Cl -depleted conditions can be
elicited more easily in EDTA-washed chloroplasts than in regular, buffer-
washed chloroplasts [5]: (b) EDTA uncoupling releases the rate limitation
imposed by the energy-coupling mechanism. This EDTA uncoupling is not only
important for observing the full effect of C1”- on electron flow, but is also
important in that it eliminates complications which are likely to arise from the
salt effects on the rate-controlling coupling mechanism (see for example ref. 20).

Materials and Methods

Chloroplasts. Three different plants served as chloroplast sources: market
spinach (Spinacia oleracea), greenhouse-grown tobacco (Nicotiana tabacum
var. Samson) and greenhouse-grown corn (Zea mays). EDTA-washed “Cl -
depleted” chloroplasts were prepared essentually as described before [5], and
finally suspended in a medium containing 0.2 M sucrose, 20 mM HEPES/NaOH
buffer (pH 7.2) and bovine serum albumin (2 mg/ml).

Subchloroplast particles. The above chloroplasts were sonicated at 0—4°C
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for a total of 50 s with an Artek Sonic 300 Dismembrator, operated at 80% of
full power. The sonication medium was the same as the medium used for stock
suspension of chloroplasts. Two centrifugal fractions were collected from the
sonicate: a fraction sedimented between 3000 X g (6 min) and 25 000 X g
(15 min), Fz o5k, and an ultracentrifugal fraction sedimented between
25 000 X g (15 min) and 140 000 X g (60 min), Fy5_440k-

Chemicals. Most of the biochemicals and buffers used were from Sigma. The
silicomolybdic acid and dibromothymoquinone (DBMIB) were generous gifts
from Dr. A. Tsigdinos (Climax Molybdenum Co., Ann Arbor, Mich.) and Dr.
N.E. Good, respectively. Chemicals used at relatively high concentrations
(sucrose, buffers, etc.) were carefully tested for Cl~ in HNO;-acidic media using
AgNOj; as the precipitant (sensitivity, 1075 M) to avoid inclusion of Cl™ in our
solutions. Tricine was found to contain sufficient amounts of C1~ as impurity
to require it to be purified by recrystallization (cold acetone precipitation from
concentrated aqueous solution). For pH adjustment of Cl -free solutions with a
glass electrode, direct exposure of the solutions to the KCl/AgCl reference was
avoided by using a sampling method or by use of a sodium citrate bridge.
(Small volumes of solutions can easily built up a Cl~ concentration of 10™* M
during a short exposure to a KCl/AgCl or KCl/calomel reference.)

Measurements. Reactions were measured at 22°C, in most cases using a
Clark-type O, electrode. The actinic light used was a rate-saturating broad-
band red light (620—700 nm, intensity, approx. 500 kergs - s™! - cm™?). The
light source was a 500 W slide projector. When 2,6-dichlorophenolindophenol
was used as the electron acceptor, the dye reduction was measured by monitor-
ing the absorbance change of the reaction mixture at 600 nm. Reactions were
run in a water-jacketed (22°C) 1-cm cell which was placed in a modified Beck-
man DU spectrophotometer furnished with Gilson-type electronics. A deep red
light (650—700 nm; intensity 300 kergs - s™! - cm™2) was used as the actinic
light to avoid overlapping of wavelengths with the measuring beam. The photo-
multiplier was protected from the actinic light by a layer of concentrated
CuSO, solution and appropriate color filters. Occasionally ferricyanide reduc-
tion was measured optically (420 nm) using the same apparatus.

Results

Before presenting experimental data, it should be made clear that experi-
ments described in this paper were all carried out using EDTA-uncoupled, func-
tionally Cl -depleted chloroplasts. In all experiments, with the exception of the
last experiment (section 6), effects of Cl~ were determined by adding Cl~ (as
NaCl) to the reaction mixture 2—3 min prior to illumination. The minimum
dark preincubation time necessary to fully reactivate the chloroplasts by Cl1-
addition was about 2 min at 22°C (reaction temperature).

1. Effects of Cl~ on DCMU-insensitive silicomolybdate reduction

If the site of Cl™ requirement is indeed at the O, evolution step of Photosys-
tem II, then the Cl™ effect should be observed invariably regardless of the site
of electron acceptance. The DCMU-insensitive Hill reaction with silicomolyb-
date as the oxidant should therefore show a Cl~ dependence in much the same
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Fig. 1. Typical O3 evolution traces for the Hill reaction using silicomolybdate and ferricyanide as electron
acceptors in tobacco chloroplasts. The reaction mixture (1.5 ml) contained: 50 mM HEPES/NaOH buffer
(pH 6:7), 10 mM NaCl (if added) and chloroplasts equivalent to 30 ug chlorophyll/ml for ferricyanide
reduction and 51 ug/ml for silicomolybdate reduction. The concentration of silicomolybdate was 0.2 mM
(with 5 uM DCMU) and the ferricyanide concentration was 0.25 mM.

way as does the standard, DCMU-sensitive Hill reaction. This is shown to be the
case. As Fig. 1 (left, —Cl™ trace) shows, in the absence of added Cl~ the chloro-
plasts were virtually unable to transfer electrons from water to silicomolybdate.
The DCMU-insensitive Hill reaction was readily restored when NaCl (10 mM)
was added to the reaction mixture 2 min prior to illumination (+Cl~ trace). A
similarly dramatic Cl- effect was observed for the DCMU-sensitive ferricyanide
Hill reaction (Fig. 1, right traces). Fig. 2 indicates that the rate of DCMU-
insensitive silicomolybdate reduction saturates at about 10 mM Cl~ where the
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Fig. 2. O, evolution in tobacco chloroplasts as a function of Cl™ concentration. The reaction mixtures
used were the same as in Fig. 1 except for the varied C1~ concentrations.
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Fig. 3. pH dependence of O, production (with or without Cl17) in tobacco and corn (mesophyll) chloro-
plasts with silicomolybdate as the electron acceptor. The reaction mixtures were the same as in Fig, 1
except for the varied pH values. Buffers used were: MES for pH 5.5—6.5. HEPES for pH 6.7—7.7 and
tricine for pH 8.0 and 8.3 (all at 50 mM with NaOH). If added, C1~ (NaCl) was at 10 mM.

ferricyanide Hill reaction also saturates. Although the half-saturation concen-
trations of Cl1- were somewhat different (0.9 mM for ferricyanide reduction
and 2 mM for silicomolybdate reduction), it seems clear that the two reactions
have the same Cl -sensitive step in common.

The experiments we have described so far were conducted using tobacco
chloroplasts. Similar results were obtained also with corn (mesophyll) chloro-
plasts, except that the DCMU-resistant silicomolybdate reduction was consider-
ably slower than in tobacco chloroplasts (data not shown).

2. The effect of pH

As shown by the pH profiles of Fig. 3, strong dependence of silicomolybdate
reduction on Cl~ was observed over the entire range of pH values tested
(5.5—8.3). Fig. 4 shows that the DCMU-sensitive Hill reaction also sharply
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Fig. 4. pH dependence of the Hill reaction (with and without Cl17) with three different electron accep-
tors: ferricyanide, flavin mononucleotide (FMN) and 2,5-dimethyl-p-benzoquinone (DMQ) with DBMIB.
The ferricyanide and DMQ reactions were measured as O, evolution and the FMN reaction as O; uptake.
Tobacco chloroplasts were used for the ferricyanide and FMN reactions and spinach chloroplasts for the
DMQ reaction (chlorophyll, 35 ug/ml). The concentrations of electron acceptors used were: ferricyanide,
0.25 mM; FMN, 0.1 mM; DMQ, 0.5 mM (with 2 M DBMIB). Other conditions were as in Fig. 3.
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responds to Cl™ at all pH values and does so regardless of the site of electron
acceptance. The low-potential oxidant FMN accepts electrons strickly through
Photosystem I. The reduction of 2,5-dimethyl-p-benzoquinone in the presence
of DBMIB [21] is almost certainly a pure Photosystem II reaction [11]. In the
EDTA-washed, swollen chloroplast used here, ferricyanide seemed to accept
electrons in large part directly from Photosystem II (only 50% inhibition by
1 M DBMIB).

3. Effect of other anions

Table I compares the effects of various anions (all added as sodium salts at
10 mM) on three reaction systems, H,0O - silicomolybdate (with DCMU),
H,0 - dimethylquinone (with DBMIB) and H,0O - ferricyanide. As the table
shows, the anion series determined for the activation of these three reactions
were quite similar: C1- > Br™ > NOj; > [” > HCOO™ > HCO; > F~ (no effect).
In this series the effectiveness of the first three anions (Cl-, Br™, NO;) is well
known [1,4,22,23]. I~ was found effective by some workers [8,22,23] but not
by others [4]. This discrepancy is probably related to the potential capability
of I” to donate electrons to Photosystem II [24]. The weakly effective HCO;
has been reported as inactive [23]. Acetate was found to be totally ineffective
(not shown). F~ along with the di- and trivalent anions tended to give rates
which were less than in the absence of added anions (“None” in the table).

4. Effect of Cl” on Photosystem II donor reactions
The question of whether the oxidation of exogenous reductants by Photo-

TABLE I

THE EFFECTS OF VARIOUS ANIONS ON THE RATE OF 0O, EVOLUTION IN Cl--DEPLETED
CHLOROPLASTS WITH THREE DIFFERENT ELECTRON ACCEPTORS

Tobacco chloroplasts were used for silicomolybdate and 2,5-dimethyl-p-benzoquinone reduction (DMQ),
and spinach chloroplasts for ferricyanide reduction. The reaction mixturds contained 50 mM HEPES/
NaOH buffer (pH 7.2), 10 mM anion (indicated), and chloroplasts equivalent to 30 ug chlorophyll/ml for
DMQ and ferricyanide experiments, and 50 ug/ml for silicomolybdate experiments. The concentrations of
acceptors used were: silicomolybdate, 0.2 mM (with 5 uM DCMU); DMQ, 0.1 mM (with 2 xM DBMIB);
ferricyanide, 0.25 mM. For other conditions, see Methods.

Anion added * pequiv, Oz - h™! - mg chlorophyll~1

Silicomolybdate DMQ (DBMIB) Fe(CN)2™

(DCMU)
None <3 (2) ** 40 (18) ** 33 (12) **
cr- 122 (100) 220 (100) 274 (100)
Br~ 87 (80) , 200 (91) 196 (72)
NO3 28 (23) 165 (75) 178 (65)
- 30 (25) 147 (67) 86 (31)
HCOO" 30 (25) 112 (51) 73 (27)
HCOj3 12 (10) 85 (39) 83 (30)
Foo <3 (2) 42 (20) 19 (D
HPOZ™ #** <3 (2 28 (12) 22 (8)
S04 *x=* <3 (2) 20 (9) 21 (8)

* All anions were added as sodium salts (10 mM).
** Values in parentheses are relative values.
*** Other di- and trivalent anions, such as citrate, oxalate, succinate and tartrate, all gave lower rates
than in the absence of C1~ (*‘None” in table).
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TABLE II

OXIDATION OF ARTIFICIAL REDUCTANTS VIA PHOTOSYSTEM II IN CI"-DEPLETED CHLORO-
PLASTS

The basic ingredients of the reaction mixtures (1.5 ml for O assay and 2 ml for optical assay) were: 50
mM HEPES/NaOH buffer (pH 7.2), 10 mM NaCl (if added), indicated electron donors and acceptors, and
chloroplasts equivalent to 33 ug/ml. The concentrations of electron donors and acceptors used were:
ferricyanide, 0.25 mM; FMN, 0.1 mM;D-ascorbate, 10 mM; catechol, 0.5 mM; 1.5-diphenylcarbohydrazide
(DPC), 0.5 mM; H,03, 10 mM; 2,56-dimethyl-p-benzoquinone (DMQ), 0.4 mM. For other conditions, see
Methods. Cl1- data for the donor reactions are not included because C1™ addition activated the water oxi-
dation and no meaningful information was obtained from the results.

System C1- usequiv, - h™1- mg Assay
chlorophyll~?

H30 > Fe(CN)2™~ + 348 0, evolution
H,0 > Fe(CN)3~ - 25 0, evolution
H,0 = FMN + 280 0, uptake
H,0 - FMN - 40 O2 uptake
Ascorbate > FMN * — 187 O2 uptake
Catechol > FMN *.*#* — 240 02 uptake
DPC — FMN *.%* - 171 0, uptake
DPC - Fe(CN)3~ —~ 105 Optical ***
H,0, > DMQ - 293 O, evolution
H,0, — Fe(CN)2™ - 151 0, evolution

* The reaction mixture contained superoxide dismutase (Sigma; 200 units/ml) to prevent the radical
oxidation of electron donors.
** The reaction mixture contained 0.5 mM D-ascorbate as electron reservoir.
*** Ferricyanide reduction was followed optically at 420 nm.

system II requires Cl~ has not been answered rigorously. The oxidation of
NH,OH ascorbate [5] and of Mn?* [25] has been shown to occur in the absence
of Cl°, but the significance of these results may be subject to question because the
chloroplasts used in these earlier experiments were abnormal in the sense that
their water-splitting machinery had been destroyed (inevitably by the NH,OH
itself or deliberlately by heat-treament). The new experiments summarized in
Table 11 clearly show that Cl -depleted chloroplasts were able, in the absence of
Cl, to oxidize ascorbate, catechol, diphenylcarbazide and H,O, at rates 4—12
times faster than that of the residual water oxidation. These reactions were
highly (>90%) DCMU-sensitive, indicating an abligatory involvement of Photo-
system II. Tests showed that chloroplasts pre-exposed to these reductants
retained the Cl -dependent, O,-evolving capability largely unimpaired. These
results strongly suggest that the Cl~ effect is indeed specific to the water-
splitting mechanism.

5. Effect of Cl™ on sonicated chloroplasts

The Hill reaction in sonically fragmented chloroplasts shows a Cl~ concentra-
tion dependence, as shown in Fig. 5, which is kinetically very similar to that of
the unsonicated chloroplasts. The magnitudes of the residual O, production,
observed at [C17] = 0, were close to what one would expect if the medium con-
tained 0.2 mM Cl~ as an impurity ({Cl™], = 0.2 mM in Fig. 5, inset). Although
the actual level of Cl™ in the “Cl -free” media used was estimated to be less
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Fig. 5. The rate of O; evolution as a function of Cl™ concentration in normal (unsonicated) and sonicated
spinach chloroplasts with 2,5-dimethylquinone (DMQ) as the electron acceptor. F3_ggk denotes a cen-
trifugal fraction obtained between 3000 and 25 000 X g, and Fgg_ 740K 2 fraction between 25 000 and
140 000 X g. For details, see Methods. The reaction conditions were basically the same as for the DMQ
experiment of Table I except that DBMIB was omitted in these experiments. For the explanations of the
inset figure and the double-reciprocal plots, see text.

than 107* M (by AgNO; test), the reaction medium certainly contained some
HCOj, a weakly effective cofactor anion of O, production (see Table I). More-
over, it seems likely that the chloroplasts and subchloroplast particles used still
retained significant amounts of Cl~ and HCOj (which may be trapped in the
vesicles by the fixed membrane charges). These factors may add up to an effect
equivalent to that of 0.2 mM Cl-. In the double reciprocal plots of Fig. 5
(right) we used Cl~ concentration values which were corrected for this ‘‘basal”
concentration ([Cl7],). The plots for all three fractions display a linear depen-
dence of V™! on [CI"]™! and a fixed K}, (0.9 mM). The simplest interpretation
of the data is to assume that Cl™ acts as a typical enzyme activator:
E (inactive) + C1” = E-Cl”~ (active), and that the activation constant, or appar-
ent dissociation constant for E-Cl™, is unchanged by chloroplast fragmentation
(K =0.9 mM at 22°C, pH = 7.2). This enzyme activator hypothesis is further
strengthened by the experiments described below.

6. Effect of Cl” on the NH,OH inhibition

In the dark NH,0H selectively attacks and irreversibly destroys the Mn-
containing O,-evolving center (Mn enzyme) of Photosystem II [26,27] without
abolishing the ability of Photosystem II to oxidize artificial reductants [5,19].
As clearly documented in the preceding sections, C1™ removal exerts a similar
“substrate-specific” inhibition of Photosystem II (except that the inhibition
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Fig. 6. The time courses of development of NH, OH inhibition in the dark in the presence and absence of
Cl™ (spinach chloroplasts). Ferricyanide and 2,6-dichlorophenolindophenol (DCIP) were used as electron
acceptors in two separate experiments (A,B) with different batches of chloroplast preparations. Chloro-
plasts were incubated at 0°C in the dark with 0.4 mM NH,OH (% H3S804) in three different media:
(a) medium containing NH, OH and buffer (20 mM HEPES/NaOH, pH 7.2) only, (b) medium containing
NH, OH, buffer and 20 mM Cl1~ (NaCl), and (c) medium containing NH; OH, buffer, and 20 mM OAc~
(sodium acetate). The concentration of chlorophyll in these preincubation mixtures was 330 ug/ml for
DCIP experiments and 700 ug/ml for ferricyanide experiments. The development of NH, OH inhibition in
each preincubation mixture was followed by timed samplings: Under dim room light, a small aliquot
(60 ul) was taken quickly at indicated intervals and was added to a large volume (2 ml) of reaction
medium which contained 40 mM HEPES/NaOH buffer (pH 7.2), 0.25 mM FeCy (or 25 uM DCIP) and
excess C1~ (20 mM NaCl). To equilibrate the chloroplasts with C1~, the mixture was incubated for 2 min
in the dark in the thermostated reaction chamber (22°C) and then illuminated for Hill reaction assay. O3
evolution (with ferricyanide) proceeded linearly at least for 30 s and DCIP reduction 10 s. Reaction rates
were computed from these initial linear phases of the reaction, The values for zero-incubation time were
obtained by sampling immediately before NH, OH was added to the preincubation mixtures. The DCIP
experiments were repeated twice and the data from the second set of experiments were normalized to the
data from the first set at ¢t = 0. The ferricyanide experiments were repeated twice using different batches
of chloroplasts. The results from the second set of experiments (not shown) were very similar to those
shown in Fig. 6A.

is reversible). It is therefore reasonable to suspect that the Cl -requiring step
and the site of NH,OH inhibition (Mn enzyme) may be in some way closely
related. In line with this notion, we now present evidence that the Mn enzyme
is more resistant to NH,OH attack in the presence of Cl™ than in its absence.
This is not an unspecific salt effect, since acetate, which is ineffective as a
cofactor of water splitting, has no protective action. In this experiment, the
progress of NH,OH inhibition in the dark was followed under three different
conditions: (a) Cl -free, (b) Cl -free but acetate ion present, and (c) with Cl,
as detailed in the legend for Fig. 6.

The results are clear. As the O, production data for Fig. 6A indicate, the
NH,OH inhibition in the dark progressed much more slowly in the presence of
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Cl™ (t,,, = 30 min) than in its absence (¢,,, = 12 min). Acetate ion, added in lieu
of Cl-, failed to slow the progress of the NH,OH inhibition (t,,, = 8 min).
Fig. 6B shows a detailed analysis of the early phases of the development of the
NH,0H inhibition. In these experiments 2,6-dichlorophenolindophenol
replaced ferricyanide as the electron acceptor, and the dye reduction was fol-
lowed spectrophotometrically. The semilog plots of Fig. 6B (inset) reveal that
the initial phase (2 min) of the development of the NH,OH inhibition was
about 5 times faster when no Cl~ was present in the NH,OH-treatment medium
than when Cl~ was present therein. These results strongly indicate a direct
interaction between Cl~ and the target of NH,OH inhibition, namely, the Mn-
containing, O,-evolving center. The implication of these results will be dis-
cussed below.

Discussion

Through the use of EDTA-washed, functionally Cl -depleted chloroplasts we
have demonstrated that the DCMU-insensitive silicomolybdate reduction
[13—16] does indeed require Cl~. The dependence of silicomolybdate reduc-
tion on Cl™ was in fact even more pronounced than in other reaction systems,
in the sense that virtually no O, production occurred in the absence of added
Cl™ (Fig. 1). This is reminiscent of the fact that di- and trivalent anions added
to the Cl -free reaction mixture further decrease the residual rate of O, produc-
tion (Table I). We suspect that these anions, including the silicomolybdate
anion, are not only ineffective in catalyzing O, evolution, but may also enhance
the depletion of residual Cl~ from the chloroplasts, for example through ion
exchange or modification of the membrane state.

The silicomolybdate experiments, when taken together with the experiments
involving the various artificial electron donors to Photosystem II (Table II),
greatly reinforce the earlier conclusion [5,28] and leads us to the conviction
that (a) the site of Cl™ involvement is on the water side of Photosystem II, and
(b) the step requiring Cl~ is one which is specifically associated with the water-
splitting mechanism. The fact that the oxidation of H,0, by Photosystem 11
[29] does not require Cl- (Table II) is of special interest. Using NH,OH-
treated chloroplasts, Izawa and Pan [30] have recently studied the oxidation of
H,0, and obtained evidence that the protons released by the H,0, oxidation
are discharged internally, just as the protons released by the H,O oxidation are
(e.g. ref. 31). Thus, the non-involvement of Cl”~ in the H,0, oxidation tends to
dismiss the possibility that the role of Cl™ in H,O is to act as a counterion to
enable the internal release of protons.

We now believe that we have obtained evidence which strongly favors the
view that Cl™ is a cofactor of an enzyme involved in O, evolution. Cheniae and
Martin [26] have established that the bulk (70%) of the membrane-bound Mn
is specifically associated with the machinery of water oxidation. Although little
is known about the chemical nature of the “Mn enzyme” (O,-evolving center),
the enzyme is noted for its high susceptibility to denaturation by NH,OH.
Cheniae and Martin [26] showed that the Hill activity of chloroplasts (and of
algae) exposed to 1—2 mM NH,OH in the dark at 24° C rapidly diminished fol-
lowing biphasic kinetics. In our dark preincubation experiments at 0°C with a
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low concentration (0.4 mM) of NH,OH, we found the initial fast phase of the
development of NH,0H inhibition was almost completely prevented when
20 mM Cl~ coexisted with the NH,OH during dark incubation. Acetate, which
is inactive as a cofactor of O, evolution, had no such preventive effect (Fig. 6).
The apparent antagonizing action of Cl™ against NH,OH inhibition may be best
explained by assuming that the cofactor action of Cl™ involves the binding of
the ion to the O,-evolving Mn enzyme and that this ligand binding somehow
alters the susceptibility of the enzyme to NH,OH attack. Similarly, the simplest
explanation of the hyperbolic rate vs. [Cl7] curves (Fig. 5) is to assume that
a reversible Cl -enzyme binding does occur and that the binding follows the
mass action law with n = 1. However, such a free equilibrium, implied by the
kinetics, must be a result of some form of membrane modification (or
“loosening”’) elicited by extensive washings; otherwise one would expect
almost complete removal of Cl™ after 1 or 2 washings, which is not the case.

Monovalent anion activation or inactivation of redox enzymes is not an
unusual phenomenon (see ref. 32). In fact, the anion series reported for the
inhibition of xanthine oxidase [33] and for the activation of membrane-bound
succinate dehydrogenase [34] share some intriguingly similar features with the
series found for the activation of O, evolution: CI"> Br" > NO;=>1">
HCOO™ = HCO3; > F~ (Table I). As already pointed out, all the anion series for
Hill activity found in the literature agree in placing Cl~ and Br™ at the top of
the sequence. Discrepencies found for the sequence of the less active anions
(e.g. HCO3) may be explained, at least in part, as being due to the differences
in permeability properties of the chloroplasts used by the individual workers.
The relatively high permeability of the thylakoid membrane to the first 4
anions (Cl°, Br™, NOj3, I") of the above series is well documented [35,36].
However, the anion permeability properties of EDTA-uncoupled chloroplasts
have yet to be investigated. It is of interest to add here that our experiments
with EDTA-washed, Cl™-depleted chloroplasts revealed a weak cofactor action
of HCO; on O, evolution. This HCO; effect is presumably unrelated to
Warburg’s CO, effect (CO, or HCO; requirement of the Hill reaction [37]), an
effect which is now believed to occur near the primary electron acceptor of
Photosystem II [38]. Nevertheless, the existence of two sites of HCOj inter-
action near Photosystem II, one before and one after the photosystem, is
highly intriguing.

During the preparation of this report, Terry [39] has published a paper
which deals in part with the relation of the Cl™ content to the Hill activity of
sugar beet chloroplasts. His data indicate that sucrose washing and EDTA
washing were equally effective in terms of Cl~ removal but the Cl~ effect was
much less pronounced in the sucrose-washed chloroplasts (2—3-fold stimulation
in the sucrose-washed chloroplasts as opposed to 5—10-fold in the EDTA-
washed chloroplasts). Thus, Terry questions the physiological significance of
the Cl™ effect observed in EDTA-washed chloroplasts. However, his data
(Table III of ref. 39) show that the Cl -stimulated rate of ferricyanide reduc-
tion in the sucrose-washed chloroplasts was much lower than in EDT A-washed
chloroplasts. This suggests that his sucrose-washed chloroplasts were still
coupled, and consequently, the ferricyanide reduction rates (assayed without
uncouplérs) were limited by the energy coupling mechanism. Furthermore, Cl-
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analysis for stock suspensions of chloroplasts * may not necessarily reflect the
Cl™ content of the chloroplasts after they have been transfered to the higher
temperature reaction media. Since the membrane diffusion processes would
now be greatly accelerated, the degree of Cl~ depletion actually attained in the
reaction mixture might be quite different depending on the state of the mem-
brane.

Acknowledgements

This work was supported by a grant (PCM76-19887) from the National
Science Foundation, Washington, D.C.

References

Warburg, O. and Liittgens, W. (1944) Naturwissenschaften 32, 301

Hill, R, and Bendall, F. (1960) Nature 186(4719), 136-~-137

Duysens, L.M.N., Amesz, J. and Kemp, B.M. (1961) Nature 190(4775), 510—511

Bové, J.M., Bové, C., Whatley, F.R. and Arnon, D.I. (1963) Z. Naturforsch. 18b, 683—688

Izawa, S., Heath, R.L. and Hind, G. (1969) Biochim, Biophys. Acta 180, 388--398

Berzborn, R.J. and Bishop, N.I. (1972) Ber. Dtsch. Bot. Ges. 85, 415—424

McSwain, B.D., Tsujimoto, H.Y. and Armon, D.I. (1976) Biochim. Biophys. Acta 423, 313—322

Satoh, K., Katoh, S. and Takamiya, A. (1970) Plant Cell Physiol. 11, 453—466

Satoh, K., Takamiya, A. and Katoh, S. (1974) Plant Cell Physiol. 15, 727—731

Saha, 8., Ouitrakul, R., Izawa, S. and Good, N.E. (1971) J. Biol. Chem. 246, 3204—3209

Izawa, S., Gould, J.M., Ort, D.R., Felker, P. and Good, N.E, (1973) Biochim. Biophys. Acta 305,

119—-128

12 Trebst, A. and Reimer, S. (1973) Biochim. Biophys. Acta 305, 129—139

13 Girault, G. and Galmiche, J.M. (1974) Biochim. Biophys. Acta 333, 314—319

14 Giaquinta, R.T., Dilley, R.A., Crane, F.L. and Barr, R. (1975) Biochim. Biophys. Res, Commun. 59,
985—991

15 Zilinskas, B.A. and Govindjee (1975) Biochim. Biophys. Acta 387, 306—319

16 Berg, S.P. and Izawa, S. (1977) Biochim. Biophys. Acta 460, 206—219

17 Yamashita, T. and Butler, W.L. (1969) Plant Physiol. 44, 435—438

18 Vernon, L.P. and Shaw, R. (1969) Plant Physiol. 44, 1645—1649

19 Ort, D.R. and Izawa, S. (1973) Plant Physiol. 52, 595—600

20 Cross, E., Dilley, R.A. and San Pietro, A. (1969) Arch. Biochem. Biophys. 134, 450—452

21 Trebst, A., Harth, E, and Draber, W. (1970) Z. Naturforsch. 25b, 1157—1159

22 Gorham, P.R. and Clendenning, K.A. (1952) Arch. Biochem. Biophys. 37, 199—223

23 Hind, G., Nakatani, H.Y. and Izawa, 8. (1969) Biochim. Biophys. Acta 172, 277—289

24 Izawa, S. and Ort, D.R. (1974) Biochim. Biophys. Acta 357, 127143

25 Izawa, S. (1970) Biochim. Biophys. Acta 197, 328—331

26 Cheniae, G.M. and Martin, I.F. (1971) Plant Physiol. 47, 568—575

27 Cheniae, G.M. (1970) Annu. Rev. Plant Physiol. 21, 467498

28 Heath, R.L. and Hind, G. (1969) Biochim. Biophys. Acta 172, 290—299

29 Inoue, H. and Nishimura, M. (1971) Plant Cell Physiol. 12, 739—747

30 Izawa, S. and Pan, R.-L. (1977) Abstracts, 4th International Congress on Photosynthesis, Reading,
England, p. 177

31 Junge, W,, Renger, G. and Auslinder, W. (1977) FEBS Lett. 79, 155-159

32 Wright, E.M. and Diamond, J.M. (1977) Physiol. Rev. 57, 109—156

33 Rajagopalan, K.V., Fridovich, I. and Handler, P. (1961) J. Biol. Chem. 236, 1059—1065

s OO 00 IO U W

-

* The C1™ content data Terry gives for chloroplasts in Table III (ref. 39) seem to be in error. The data
indicate that >90% Cl™-free chloroplasts still contain up to 30 umol CI™ per mg chlorophyll, This
value corresponds to a Cl~ concentration in the chloroplasts as high as 0.3 to 3 M, if one makes a
reasonable assumption that the chlorophyll concentration in the chloroplasts is between 10 mM
and 100 mM (cf. ref. 40). It is interesting to note that the recent neutron activation experiments of
Nakatani and Barber [41] indicate that even in intact chloroplasts (pea, spinach) the Cl~ content is
only 0.1 to 0.2 umol/mg chlorophyll,



210

34
35
36
37
38

39
40
41

Kearney, E,B., Ackrell, B.A.C., Mayr, M. and Singer, T.P. (1974) J. Biol. Chem, 249, 2016—2020
Schuldiner, S. and Avron, M. (1971) Eur. J. Biochem, 19, 227—231

Gordon, W, (1973) J. Membrane Biol. 12, 385--397

Warburg, O. and Krippahl, G. (1960) Z. Naturforsch. 15b, 367—369

Govindjee, Pulles, M.P.J., Govindjee, R., Van Gorkom, H.J. and Duysens, L.N.M. (1976) Biochim.
Biophys. Acta 449, 602—605 '

Terry, N. (1977) Plant Physiol. 60, 69—75

Nobel, P.S. (1969) Biochim. Biophys. Acta 172, 134—143

Nakatani, H.Y. and Barber, J. (1977) Abstracts, 4th International Congress on Photosynthesis,
Reading, England, p. 267



