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FURTHER STUDIES ON THE ROLE OF CHLORIDE IN PHOTOSYNTHETIC O, EVOLUTION IN
HIGHER PLANTS
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(1) Thylakoid preparations from two salt-tolerant higher plant species, Avicennia eucalyptifolia and Salicornia
quinqueflora, were shown to require very high salt concentrations for Photosystem II electron transport at
alkaline pH. (2) High concentrations (250-500 mM) of tetramethylammonium chloride were found to be as
effective as NaCl in stimulating maximal O,-evolution activity, supporting the evidence that the effect is
mediated by chloride and not by cations. (3) Light-response curves of O, evolution at high and low
concentrations of NaCl were indistinguishable in the light-limited region, providing further evidence for the
O,-evolving complex as the site of chloride action. (4) A considerable shift in pH optimum towards the
alkaline region for O, evolution in the presence of increasing concentrations of NaCl, and pH-jump
experiments in the presence and absence of NaCl indicate possible competitiveness or at least some form of
interdependence of Cl~ and OH ~ binding to the O,-evolving complex. (5) The results are discussed in the
light of recent evidence concerning the alkaline inhibition of O, evolution in non-halophytic thylakoids, and a

comparison is made between the two systems.

Introduction

Chloride is an essential cofactor in photosyn-
thetic O, evolution in thylakoids from both non-
salt-tolerant and salt-tolerant higher plants [1,2].
In the former 10-20 mM CI~ is required to restore
fully the O,-evolution activity [3], whereas 250-500
mM is optimal for the latter [2,4]. In both systems
the O,-evolving complex was shown to be the site
of C1™ action [4-6]. The overall similarities of the
two systems, except for the actual C1~ concentra-
tion required, are such that it seems reasonable to

Abbreviations: TMAC], tetramethylammonium chloride; PS,
photosystem; Chl, chlorophyll; AMPD, 2-amino-2-methyl-1,3-
propanediol; Tricine, N-[2-hydroxy-1,1-bis(thydroxy-
methyl)ethyljglycine; Hepes, 4-(2-hydroxyethyl)-1-piperazine-
ethanesulphonic acid; Mes, 4-morpholineethanesulphonic acid.
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suggest the operation of a very similar mechanism.
Therefore, reversible ionic binding, which was pro-
posed to be the mode of Cl~ interaction with the
O,-evolving complex in halophytic thylakoids [4],
may well be common to all O,-evolving systems.

This reversible ionic binding of Cl1™ to the O,-
evolving complex in halophytes was also shown to
be strongly pH dependent [2,4] in a manner very
stmilar to the pH- and uncoupler-dependent in-
activation of O,-evolution activity in non-
halophytes [1,7-10], suggesting that C1~ and OH~
binding is competitive or at least in some way
interdependent in both systems.

In the present study this interaction of OH™
and Cl~ is investigated in more detail. Addition-
ally, thylakoid preparations from two further salt-
tolerant species are shown to have very similar
properties with regard to Cl~ and pH dependence
to those described previously [2,4].



Materials and Methods

Young seedlings of Avicennia marina and Sali-
cornia quinqueflora were collected from a mangrove
swamp at Cullendulla Creek, Bateman’s Bay,
N.S.W., Australia, planted into 500-ml containers
in sand and grown in a glasshouse under natural
light conditions. The plants were kept flooded with
Hoagland’s solution supplemented with 250 mM
NaCl (corresponding to approx. 50% seawater
salinity). The experiments with A. eucalyptifolia
were carried out at the Australian Institute of
Marine Science in Townsville, North Queensland,
on leaf material derived from large adult plants
growing in the institute’s shadehouse under natu-
ral environmental conditions.

Thylakoids were prepared from all three species
essentially as described previously [2,4], except
that 20% sucrose was used instead of 20%
poly(ethylene glycol) in the grinding medium.

O,-evolution activity was measured in a Clark-
type O, electrode (Rank Brothers, Bottisham,
U.K.) in red light (Schott RG 610 red cut-off
filter) at a quantum flux density of 1000 wE - m~2
-s~ 1. Assay temperature was 25°C and 30-35 pg
Chl were used in a total volume of 3 ml. Assay
buffers were adjusted for pH with NaOH or
AMPD (Sigma) as specified in the figure legends.
Final concentrations of ferricyanide and dimeth-
ylbenzoquinone were 1.5 and 0.5 mM, respec-
tively. Chlorophyll was determined according to
the method of Arnon [11].

Results and Discussion

Thylakoid preparations from leaves of three
salt-tolerant plant species, i.e., A. marina, A.
germinans and Aster tripolium, were recently shown
to require comparatively high NaCl concentrations
for maximal O,-evolution activity at high pH [2.,4].
The results described in this paper were obtained
using mainly 4. marina, but also 4. eucalyptifolia,
a mangrove species from tropical Northern
Queensland, Australia, and S. quinqueflora, a
halophyte common to salt marshes of both hemi-
spheres. As shown in Fig. 1, thylakoids from leaves
of the latter two species show much the same
characteristics for PS II electron transport as did
the former [2,4), when assayed under similar con-
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Fig. 1. Effect of NaCl on O, evolution with dimethylbenzo-
quinone (DMQ) and ferricyanide (FeCN) as electron acceptors
in thylakoids from A. eucalyptifolia (O) and S. quinqueflora (»).
Assay buffer was 50 mM Tricine-NaOH, pH 7.8. Inset: O,
evolution in A. marina thylakoids as a function of tetramethyl-
ammonium concentration. Assay buffer was 50 mM Tricine-
AMPD, pH 7.8.

ditions. TMACI was found to be equally as effec-
tive as NaCl, supporting the view that Cl~ is the
active ion and not the cation (Fig. 1, inset). These
thylakoids were also fully uncoupled. The depen-
dence on NaCl concentration was markedly differ-
ent at pH 7.0 as compared to 7.8. In Fig. 2 this is
demonstrated for A. eucalyptifolia (A) and A.
marina (B) thylakoids, where in both cases less
Cl™ was required to obtain maximal O, evolution
at neutral as compared to alkaline pH. These
results support the earlier suggestion [2,4] that
photosynthetic membranes of halophytes have
some unusual features which are nevertheless com-
mon to a whole group of quite diverse salt-tolerant
plants.

The O,-evolving complex has been previously
shown to be the site of Cl~ action in the PS II
electron-transport chain [4-6]. This result was
confirmed by measurements of apparent quantum
yield of O, evolution, since there was no difference
in the light-limited rates of electron transport at
low (25 mM) or high (250 mM) NaCl concentra-
tion (Fig. 3), and indicates that the PS II light-
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Fig. 2. Effect of pH on O, evolution activity as a function of NaCl concentration in (A) A. eucalyptifolia thylakoids and (B) 4. marina
thylakoids assayed at pH 7.0 (®, a) or pH 7.8 (O, a). Buffer as in Fig. 1.

harvesting and antennae functions were not limited
by Cl~ concentration.

The pH effect on Cl -dependent O, evolution
reported previously [1,2,4] and in this paper (Fig.
2) was studied in more detail using halophytic
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Fig. 3. Light-response curves of O, evolution in thylakoids
from A. eucalyptifolia in the presence of 25 (O) or 250 (o) mM
NaCl. Assay buffer as in Fig. 1 inset, pH 7.0. The x- and y-axes
of the inset are the same as for the main figure.
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Fig. 4. pH dependence of O, evolution as .influenced by NaCl
concentration in 4. marina thylakoids. Assay buffers were 25
mM Mes-AMPD, pH 5.8-6.8 and 25 mM Hepes-AMPD, pH
6.8-8.2, with no salt (v) 50 (), 150 (O), 250 (a) or 500 (O)
mM NaCl.



4

thylakoids. As can be seen from I*:ig. 4, the pH
optimum for O, evolution in 4. marina thylakoids
was about 6.3 in the absence of added NaCl,
shifting significantly towards the neutral or slightly
alkaline region with increasing NaCl concentra-
tion. Beyond pH 7.8 the rates declined sharply in
an NaCl-concentration-dependent fashion, such
that they were highest at the highest concentration
used and zero in the absence of added NaCl. It
would appear that on the one hand the endog-
enous Cl~ is sufficient to stimulate high rates of
O, evolution at low pH and that on the other hand
high Cl™ concentrations prevent inhibition of this
activity by alkaline pH. Unfortunately, we have
been unable to determine the concentrations of
this residual, endogenous Cl ™ as yet.

Inhibition of O, evolution by alkaline pH in the
presence of uncouplers has been observed by
several authors [9,10,12—-14] and has been vari-
ously attributed to a conformational change of the
thylakoid membrane [13], a direct effect on the
dissipation of the H* gradient [9] and the inactiva-
tion of the S, state [14]. The latter authors also
claimed that no conformational changes were in-
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Fig. 5. Time-dependent inactivation of O,-evolution activity by
alkaline pH in 4. marina thylakoids in the absence of added
NaCl. Buffer was 25 mM Hepes-AMPD, pH 8.2, during in-
cubation, and pH 6.8 during assay. pH was jumped by injection
of 6.67 mM citric acid.
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Fig. 6. Protective effect of NaCl on inhibition of O, evolution
by alkaline pH in A. marina thylakoids. Buffer was 25 mM
Hepes-AMPD, pH 6.8, which was jumped to pH 8.2 by injec-
tion of 20 mM AMPD.

volved, since glutaraldehyde fixation did not pre-
vent the inactivation [10,14]. Incubation of A.
marina thylakoids at pH 8.2 in the absence of
added NaCl caused a severe inhibition of the rate
of O, evolution measured subsequently at pH 6.8
(Fig. 5). The time required for 85% inhibition was
3 min, presenting some contrast to results reported
recently for non-halophytic thylakoids, which, after
10 min at pH 9.3, were inhibited only 8% [10]. In
the reverse experiment, where the pH was jumped
from 6.8 to 8.2 it was seen that the inactivation by
this change to alkaline pH was partially prevented
by NaCl and directly dependent on the NaCl
concentration (Fig. 6). From the results shown
here and those reported for non-halophytic
thylakoids it is apparent that halophytic thylakoids
are much more sensitive to alkaline pH, which
may be due to extensive loss of Cl~ during pre-
paration. The affinity for C1~ binding is much
lower in halophytic thylakoids, which could be a
consequence of the possibly considerable Cl1~ con-
centrations prevailing in the vicinity of the O,-
evolving system in vivo. The loss of Cl~ during
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Fig. 7. Log plot of O, evolution vs. pH. Values taken from Fig.
4.

preparation of thylakoids would leave the O,-
evolving system partly inactivated as well as more
sensitive to alkaline inhibition. It should be noted
here again that thylakoids from halophytes are
fully uncoupled after preparation which, in anal-
ogy to the glycophyte situation [3,6,7], would assist
the Cl~ loss. It was proposed earlier that alkaline
inhibition might be due to a replacement of Cl~ by
OH ™ [4]. The results presented in Figs. 4 and 6,
however, indicate that OH™ may not be directly
competing with C1~ for binding sites, but that C1~
binding may instead protect inactivation groups
from titration by OH ™. A log plot of O,-evolution
activity vs. pH (Fig. 7) shows that possibly as
many as five positive charges are titrated.

It is suggested that C1~ binding, in halophytic
and glycophytic systems alike, affords protection
of titratable positive charges, possibly by inducing

a conformational change of the O,-evolving com-
plex in the thylakoid membrane. The reduced
binding capacity for Cl1~ in a halophytic photosyn-
thetic membrane could be due to alterations in the
protein structure or to a change in the lipid en-
vironment of the halophytic membrane, containing
more negatively charged lipids for example.
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