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3CI-NMR was used to investigate the nature of F —-induced inhibition of oxygen-evolution in thylakoids
from the mangrove, Avicennia marina. These studies showed a correlation between F ~ inhibition of oxygen
evolving activity and increased bulk Cl ~ relaxation, possibly associated with the formation of a new class of
high-affinity Cl ~-binding sites, or a change in the nature of the existing binding sites, induced by F ~. The
presence of added Cl~ did not alter the F ~-induced inhibition of oxygen evolution. Increased Cl ~ relaxation
and F "-induced inhibition of oxygen evolution occurred at lower concentrations of F ~ at pH 7.8 than at pH
6.3. In mangrove thylakoids. F "-induced inhibition of oxygen evolution does not appear to be due to
competition with Cl~ for Cl~ binding sites, but instead involves some other interaction close to the

oxygen-evolving complex.

Introduction

Chloride has been shown to be an essential
cofactor for photosynthetic oxygen evolution, al-
though its mode of action is still uncertain [1].
Replacement of C1™ by other halide ions has been
attempted [2-4] in an effort to investigate the C1~
effect. Of these ions, only Br™ has been found to
significantly replace Cl ™ in function with F~ being
inhibitory. This inhibition by F~ occurs in both
the presence [4] and absence [2] of Cl17, and has
been localised to the oxygen-evolving centre by
donor studies [3]. It has been suggested [4) that F~
inhibits oxygen evolution through displacement of
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Cl™ from the oxygen-evolving centre, and that,
because of its small size, it is unable to replace
Cl™ function.

*CI-NMR has been used recently to study
interactions between Cl~ and thylakoid mem-
branes [4-6]. Baianu et al. [6] indicated that their
measurements were restricted by sensitivity limita-
tions to high NaCl and chlorophyll concentra-
tions, both of which created problems in measure-
ment. These studies have indicated that less C1™ is
bound to the thylakoid membranes in the presence
of F~.

We have used **CI-NMR spectroscopy with
lower Cl1™ and chlorophyll concentrations than
previously used to investigate F -induced inhibi-
tion of oxygen evolution by thylakoids isolated
from the mangrove, Avicennia marina. The high
Cl™ requirement (100-500 mM) of these mem-
brane preparations make them ideal for use in
B CI-NMR experiments in our NMR set up, where
the C1™ lineshape is difficult to observe if the Cl1~
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concentration is too low. The effects of pH and
light intensity on this inhibition have also been
studied.

Materials and Methods

Avicennia marina propagules and young seed-
lings were collected from a mangrove swamp at
Cullendulla Creek, Batemans Bay, New South
Wales, Australia, and grown as described previ-
ously [7].

Thylakoids were isolated from freshly picked
leaves as described in [8)], except the wash and
final resuspension buffer consisted of 50 mM
Hepes-KOH (pH 7.3)/5 mM EDTA.

3CI-NMR spectra were recorded at 25°C at
19.6 MHz on a Bruker CXP- 200 wide bore instru-
ment using 10 mm tubes. 3-ml samples were used
with 150-170 pg Chl- ml~', 20% *H,0 and 4 mM
EDTA. Buffers, pH and NaCl concentrations are
indicated in figure legends. Samples were allowed
to equilibrate in the magnet for 10 min at 25°C
before experiments commenced. The number of
scans varied from 1000 to 10000, depending on
the NaCl concentration, and 3 Hz exponential
filtering was applied. Samples were spun in the
magnet at 30 rev- s~ .

Oxygen evolution was measured in a Clark-type
oxygen electrode at 25°C illuminated with red
light (1000 pE-m~?-s~! quantum-flux density).
Buffers, pH, NaF and NaCl concentrations are
indicated in the figure legends. 0.5 mM fer-
ricyanide plus 0.13 mM phenyl-p-benzoquinone
were used as electron acceptors. 50 pg Chl was
incubated in 3 ml of assay medium for 10 min
prior to assay, unless otherwise indicated. Light
intensity was varied by Schott neutral density
filters. Chlorophyll concentrations were de-
termined as in Ref. 9.

3 CI-NMR data for Figs. 1, 2 and 4 are pre-
sented as the specific linewidth increment on a
chlorophyll basis, v, defined as AHz-mg Chl™'-
ml, where AHz is the linewidth increase over the
thylakoid background value. This latter value
varied from 13.5 to 25.7 Hz-mg Chl~!-ml de-
pending on pH and Cl~ concentration, but, for
any one treatment, the variation was less than 0.2
Hz-mg Chl™'-ml. The data in Fig. 3 are pre-
sented as v-[Cl7], which is proportional to the

total CI~ binding to a particular class of sites
when, as here, the site concentration is much less
than the total Cl~ concentration. Oxygen evolu-
tion data for Figs. 1, 2 and 4 are presented as
percent inhibition. Again there are differences be-
tween preparations in initial activity and also C1~
concentration greatly alters the activity of these
thylakoids, as does pH (see Ref. 7). Presentation
of data in this form allows comparison between
different treatments as well as with *CI-NMR
data.

Results

Chloride binding

Incubation in the dark with NaF induced an
increase in the bulk Cl -relaxation rate due to the
thylakoid membranes as measured by the increase
in *CI-NMR linewidth (Fig. 1). As NaF was
increased in the presence of 70 mM NaCl, the
linewidth increased in a hyperbolic fashion, re-
aching a plateau between 50 and 100 mM NaF.
The F-induced increase in linewidth had an ap-
parent affinity for NaF of about 5 mM. NaF also
inhibited oxygen-evolution activity at similar con-
centrations.

Previous reports [4-6] have indicated a narrow-
ing of ¥ CI-NMR linewidth on F~ incubation of
thylakoids which has been interpreted to be a
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Fig. 1. Inhibition of oxygen evolution and increase in linewidth
caused by NaF. Assay buffers were 25 mM Hepes-
aminomethylpropanediol (pH 7.3)/70 mM NaCl for oxygen-
evolution mesurements and 50 mM Hepes-KOH (pH 7.3)/4
mM EDTA /70 mM NaCl for ¥*CI-NMR measurements. In-
crease in linewidth (@); inhibition of oxygen evolution (O).



result of a decrease in C1™ bound to the mem-
branes. We have been able to obtain a similar
result provided the samples were not treated with
EDTA. As this EDTA concentration does not
alter rates of O, evolution in these preparations in
the presence or absence of F~ (Preston, C., unpub-
lished data), we can only conclude that this dif-
ference is due to a Cl~ population not exchanging
sufficiently rapidly on the NMR time-scale with
the bulk C1™ in non-EDTA-treated samples. This
non-exchangeable Cl~ may be trapped in the
thylakoid lumen space with slow transport across
the membrane (see Ref. 10), and may become
continuous with the bulk Cl1™ following EDTA
treatment. EDTA washing has been used to de-
plete thylakoids of C1™ [3,11], presumably acting
by permeabilising the membrane. Upon treating
the same preparation with EDTA, we were able to
obtain the data indicated in Fig. 1. EDTA itself
increased the Cl™ relaxation of thylakoids to a
small extent as is common with several other
amines (Preston, C. and Pace, R., unpublished
data). The F-induced increase in Cl~ relaxation
was not a result of the reversal of any effects of
EDTA.

The increase in linewidth due to NaF seemed
to be dependent on the Cl™ concentration (Fig.
2A). The largest increase in linewidth occurred in
the presence of 50 mM NaCl and the smallest in
the presence of 250 mM NaCl. With both 50 and
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Fig. 2. Effect of NaCl concentration on the increase in line-

width (A), and the inhibition of oxygen evolution (B) caused

by NaF. Assay buffers were 50 mM Hepes-KOH (pH 7.3)/4

mM EDTA for **CI-NMR measurements and 25 mM Hepes-

aminomethylpropanediol (pH 7.3) for oxygen evolution mea-

surements at NaCl concentrations of 50 mM (@— —e@); 100
mM (8- - - - - M); and 250 mM (a A).
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100 mM NaCl, the linewidth increased with NaF
concentrations above 100 mM; however, with 250
mM NaCl the opposite occurred, although here
the high total salt concentration may have induced
non-specific effects. The inhibition of O, evolution
due to NaF was independent of the NaCl con-
centration (Fig. 2B), indicating that F™ inhibition
is non-competitive with Cl~.

In Fig. 3, the detailed activation behaviour of
the F "-induced relaxation is shown. At low NaCl
concentrations, the curve is concave up, but F~-
induced increase in linewidth becomes saturated
at 50 mM NaCl. The data from Fig. 2 are in-
cluded in Fig. 3B and show the F™-induced in-
crease in linewidth is saturated from 50 to 250
mM NaCl. The sigmoidal behaviour of the F -in-
duced increase in linewidth is in contrast to the
Cl™ dependence of the binding of Cl to thylakoids
in the absence of F~ which shows low affinity
behaviour. This suggests that F™ induces the for-
mation of a new class of Cl~ binding site which
may be co-operative in nature. The Cl~ concentra-
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Fig. 3. F -induced C1~ binding as a function of Cl~ con-
centration. 8vy,, is binding to thylakoids alone (O), 8vp is
binding caused by 50 mM NaF (@). The curve through the vy
points is given by Svg =8,,[Cl]"/1+([Cll/K, ,)", wheré
8 nax = 480 Hz-mg Chl~'-ml-mM, K, ,=35mM and n=2.
(B) The data from Fig. 2 plotted as dvy vs. NaCl concentra-
tion. (C) The rate of oxygen evolution of the thylakoids in
pmol O, evolved-mg Chl™'-h™' as a functon of NaCl con-
centration in mM. Assay buffers were as for Fig. 2.
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tion over which this increase in binding occurs is
similar to that over which oxygen evolution is
activated by C1~ (Fig. 3C).

pH altered the response of F-induced CI~
binding as a function of NaF concentration (Fig.
4A). At pH 7.3, lower concentrations of NaF (up
to 100 mM) increased apparent C1~ binding to a
plateau value, while higher concentrations of NaF
produced a steep rise in linewidth. This pattern
was repeated at pH 6.3, except that the plateau
was shifted to higher NaF concentrations. At pH
7.8, the plateau region was reduced in size and
shifted to lower NaF concentrations. This in-
dicates that the apparent affinity of the F™-bind-
ing site is dependent on pH, being higher at high
pH. The increase in linewidth at high (300 mM)
NaF was high for all pH values, suggesting a
general poisoning by F™ at such high concentra-
tions.

The inhibition of oxygen evolution activity by

NaF was also influenced by pH (Fig. 4B). The
greatest inactivation occurred at pH 6.3 and the
least at pH 7.8. There were also differences in
inhibition of oxygen evolution at low NaF with
different pH (Fig. 4B inset). Initially, the greatest
inhibition occurred at pH 7.8 and least at pH 6.3.
While there are clear differences in detail between
the responses to NaF of O, evolution and **Cl-
NMR linewidth at high NaF concentrations, at
low (less than 50 mM) NaF concentrations, the
qualitative similarities of the two sets of data at all
pH values tested are quite striking (Fig. 4A and B,
insets). This suggests that, at low NaF concentra-
tions at least, the interaction responsible for the
increase in linewidth is also reponsible for the
inhibition of O, evolution.

Incubation of thylakoids with 100 mM NaF in
the absence of Ci™ greatly inhibited oxygen evolu-
tion at all pH values tested. Addition of NaCl just
prior to assay could increase activity at pH 6.3 or
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Fig. 4. Effect of pH on the increase in linewidth (A), and the inhibition of oxygen evolution (B) caused by NaF. Assay buffers were

50 mM Mes-KOH (pH 6.3)/4 mM EDTA /100 mM NaCl, 50 mM Hepes-KOH (pH 7.3)/4 mM EDTA /100 mM NaCl or 50 mM

Hepes-KOH (pH 7.8)/4 mM EDTA /100 mM NaCl for * CI-NMR measurements and 25 mM Mes-aminomethylpropanediol (pH

6.3)/100 mM NaCl, 25 mM Hepes-aminomethylpropanediol (pH 7.3)/100 mM NaCl or 25 mM Hepes-aminomethylpropanediol

(pH 7.8)/100 mM NaCl. for oxygen evolution measurements. pH 6.3 (®); pH 7.3 (@); and pH 7.8 (a). The insets show expansions of

the effects of NaF on ¥ CI-NMR linewidth and on oxygen evolution at low concentrations of NaF. (Axes on the insets are the same
as for the main figures.)
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Fig. 5. Inhibition oxygen evolution by NaF incubation in the

absence of NaCl at different pH. Thylakoids were incubated in

25 mM Mes-aminomethylpropanediol (pH 6.3), 25 mM

Hepes-aminomethylpropanediol (pH 7.3) or 25 mM Hepes-

aminomethylpropanediol (pH 7.8) with 100 mM NaF. NaCl

was added just prior to assay. pH 6.3 (@); pH 7.3 (a); and pH
7.8 (®).

pH 7.3, but not at pH 7.8 (Fig. 5). At pH 7.3,
there was little increase in activity between 50 and
500 mM NaCl, but at pH 6.3, activity continued
to increase in this region.

Light intensity

F~ only inhibited oxygen evolution at high
light intensities above 180 pE-m~2-s! (Fig. 6).
At lower light intensities, there was no difference
in the activity of thylakoids treated with 100 mM
NaF for 10 min and that of untreated thylakoids.
Above this intensity, the untreated thylakoids had
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Fig. 6. The effect of NaF on oxygen evolution at different light

intensities. Thylakoids were incubated in 25 mM Hepes-

aminomethylpropanediol (pH 7.3)/150 mM NaCl in the ab-
sence (@) or presence (O) of 100 mM NaF.
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Fig. 7. A model detailing the interactions of F~, pH and Cl~
on the thylakoid membrane. Two sites of F~ inhibition are
shown. Site 1 is a site with high affinity for F~. This site in the
presence of F~ undergoes a conformational change which
induces Cl~ to bind, creating a Cl~ binding but inhibited
form. The F~ binding to this site is more effective at high pH
and could be aided by OH ™. Site 2 has much lower affinity for
F~ and may require protonation of negative charges to aid F~
binding. Once F~ has bound, Cl~ is induced to bind, creating
an inactive form.

increasingly more activity, although activity of
NaF-treated thylakoids did increase at higher light
intensities.

Discussion

F~ inhibits oxygen evolution by mangrove
thylakoids in a complex manner that is incon-
sistent with a competitive interaction with Cl™ for
Cl~ binding sites. Moreover, the F -induced en-
hancement of **Cl-NMR relaxation gives no indi-
cation of any competitive effects. At least two
interpretations of this relaxation enhancement are
possible. Firstly, since only the bulk Cl™ signal is
seen in these experiments, tightly bound Cl~ which
is exchanging at a rate of less than 10% s~ will
not be detected, assuming the binding-site con-
centration is comparable to that of the oxygen-
evolving complex in our preparations (107¢ M).
Thus, F~ poisoning of the oxygen-evolving site
might mobilise tightly bound Cl~ from this site.
This Cl1~ pool would be different to the highly
labile pool usually associated with oxygen evolu-
tion [1]. Alternatively, F~ binding to thylakoids in
the dark (S; and S;) state might induce a confor-
mational change in one or more of the proteins of
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the oxygen evolving complex, creating an in-
hibited but Cl -binding form. That the effect in-
deed occurs at or near the oxygen-evolving site is
suggested by the similar F~ dependence of the
PCI-NMR relaxation and oxygen-evolution in-
hibiton effects at low NaF concentrations (Fig. 1).
In either case, it is clear, however, that F~ binding
creates a class of labile C1™ -binding sites which is
distinct from the F~ site. This is at variance with
previous studies [4-6] where F~ inhibition of
oxygen evolution was interpreted, in terms of
Cl -relaxation changes, to occur through a reduc-
tion in Cl~ binding. We have used much lower salt
and chlorophyll concentrations, and the addition
of EDTA rendered the membranes sufficiently
Cl -permeable to allow rapid exchange of internal
Cl™ with the bulk. This is necessary to detect
internal binding sites, and Baianu et al. [6] have
conceded that conditions of sufficiently rapid ex-
change may not have always applied in the their
study.

Our results appear also to be inconsistent with
a recent study [12] on spinach PSII particles,
which suggests that F~ inhibition of O, evolution
i1s competitive with Cl1~. However, the authors
acknowledge that this conclusion is merely a pos-
sible interpretation of their data, which apply only
to a single F™ concentration. To establsih compe-
tition unambiguously, a range of F~ and Cl~
concentrations on the same material must be ex-
amined, as was done here. Another study on
spinach PSII particles [13] also suggests competi-
tion between F~ and Cl . The discrepancies be-
tween our results and those in Ref. 13 are surpris-
ing. An intriguing possible explanation is that the
O,-evolving system of mangrove thylakoids is suf-
ficiently different to that of spinach for the F~
inhibition to occur through a different mechanism.
Alternatively, the incubation time used may have
influenced the F~ inhibition. A competitive inter-
action may be apparent after the short, less than 1
min, incubation used in [13] which is not present
after the full 10-min incubation required for maxi-
mum inhibition [4] which was used here. The
sigmoidal titration behaviour of the F -induced
relaxation enhancement shown in Fig. 3 indicates
that the stoichiometry of binding (») to the labile
C1™ sites is more than 2, and assuming n = 2, the
K,/, per ion (see caption, Fig. 3) is 35 mM. This

is comparable to the K, , for C1~ stimulation of
oxygen evolution under the same conditions (20
mM, Fig. 3C). It is thus likely that the sites are
closely related and that there are multiple Cl -
activating sites per oxygen evolving complex (see
Ref. 14).

pH is well known to affect the interaction
between oxygen evolution and Cl~ [1-4,7,8,15,16].
Interpretation of the effects of pH on F~ inhibi-
tion of O, evolution are complicated by the marked
influence pH has on the CI™ requirement for O,
evolution (see Ref. 1 for review). Here, we have
obtained two opposing effects of pH on F~ inhibi-
tion which are dependent on the F~ concentra-
tion. At low NaF concentrations, inhibition was
more severe at high pH; however, at higher NaF
concentrations, inhibition was more severe at low
pH. The NMR data appears to indicate two ef-
fects of F~ depending on NaF concentration.
These are a high affinity saturable component and
another component with much lower affinity. A
possible description of the pH effects is illustrated
in Fig. 7, and could involve these two components
having different pH optima, with the saturable
component having higher affinity for F~ at high
pH (see Fig. 4A). At low NaF concentrations,
OH™ may be required to assist F~ binding specifi-
cally to a component of the oxygen-evolving centre.
F~ binding then induces a change in the site into
an inhibited but Cl -binding form. At high NaF
concentrations, F~ may be reacting more gener-
ally with components of the thylakoid membrane
and may require protonation of negative charges
to interact more effectively. The effects of pH seen
in the absence of Cl~ during incubation with NaF
(Fig. 5) appear at first inconsistent with the data
in Fig. 4; however, it should be noted that at pH
7.8 these preparations are functionally C1~ de-
pleted and have no activity {7.15]. In this situa-
tion, the F~ incubation may drive all the O,-evolv-
ing centres into a conformation that is unable
subsequently to become activated.

F~ is only inhibitory at high light intensities
(Fig. 6), which suggests that the effect of F~ may
be to slow down turnover of the oxygen-evolving
centre. At low light intensities, electron transport
proceeds at a slow light-limited rate [17], and the
NaF-inhibited water-splitting complex can ap-
parently supply sufficient electrons. At high light



intensities, the NaF-inhibited system cannot
supply electrons rapidly enough, which reduces
the rate of oxygen evolution.

The mechanism of F~ inhibition of oxygen
evolution appears to involve Cl~ binding or Cl™
mobilisation from a class of high-affinity sites. As
seen by NMR spectroscopy, this seems to proceed
via a two-step process; the first with high affinity
for F~ and the second with much lower affinity
for F~, and which may be related to a general
poisoning of thylakoid activity. We do not, how-
ever, rule out some other interactions of Cl~ and
F~ binding to thylakoids that are non-competitive
in nature.

We suggest that F~ binds to a component of
the oxygen-evolving system, possibly the mangan-
ese complex which undergoes the S-state transi-
tions [18], and that this induces Cl~ to bind to the
thylakoids. We have evidence that a Cl -binding
site is formed during the progression of the S-states
[19] and it may be this site on S, and its associ-
ated pool of Cl~ which is affected by F~. Casey
and Sauer [20] have shown that F~ prevents the
oxygen evolving complex from advancing to S,, at
cryogenic temperatures, which is consistent with
our proposal of F™ inhibition occurring at S,. As
yet, the inhibition of oxygen evolution by high
concentrations (above 200 mM) of NaF has not
been fully investigated, but a specific effect of F~
at these concentrations seems unlikely.
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