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Inorganic anions induce state changes in spinach thylakoid membranes
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Abstract The role of cations in excitation energy distribution
between the two photosystems of photosynthesis is well
established. This paper provides evidence, for the first time, for
an important role of anions in the regulation of distribution of
absorbed light energy between the two photosystems. Inorganic
anions caused redistribution of energy more in favour of
photosystem I, as judged from measurements of chlorophyll
fluorescence transients, rates of electron transport in low light
and 77 K fluorescence emission spectra: the Fv/Fm ratio was
decreased by inorganic anions even in the presence of DCMU,
the PS 11 electron transport was decreased whereas PS I electron
transport was increased and the F735 (77 K emission from PS I)/
F685 (77 K emission from PS II) ratio was increased. Such
changes were observed with inorganic anions having different
valencies (Cl~, SO2~, PO3"): the higher the valency of the
inorganic anion, the more the energy transferred towards PS I.
Change in the valency of the inorganic anions thus regulates
distribution of absorbed light energy between the two photo-
systems. However, organic anions like acetate, succinate, and
citrate caused no significant changes in the Fv/Fm ratio, and in
rates of PS I and PS II electron transport, showing their
ineffectiveness in regulating light energy distribution.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

An influence of the ionic environment on the chlorophyll
(Chl) a fluorescence yield of isolated chloroplasts has been
known for a long time [1]. A link between the distribution
of excitation energy and salt levels has been studied inten-
sively and correlated with a number of different parameters,
including Chl a fluorescence [2,3]. Extensive work has been
done on the effects of monovalent and divalent cations sug-
gesting their role in several primary photoprocesses in thyla-
koids, with the largest effect on the distribution and redistrib-
ution of excitation energy between photosystem (PS) I and PS
IT [4-8]. At the high concentrations (up to 100-200 mM) of
salts used, where cation effects were shown to predominate,
Chl a fluorescence yield increased at room temperature. This
was interpreted to mean that the excitation energy distribution
and redistribution among the two photosystems led to a rel-
ative increase in the excitation of highly fluorescent PS II over
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Abbreviations: Chl, chlorophyll; DCPIP, dichlorophenol indophenol;
DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethyl urea; Fo, initial fluores-
cence, where all Q, is oxidised; Fv, variable fluorescence; Fm,
maximum fluorescence, where all Q, is reduced; PS I, photosystem I;
PS 11, photosystem II; Qa, bound plastoquinone

that of the weakly fluorescent PS 1. All earlier papers thus had
interpreted salt effects in terms of only cation effects. A de-
crease in Chl «a fluorescence yield with low concentrations of
NaCl was observed, but it was also interpreted as a Na*-
induced change [9]; similarly, a Na*-induced decrease (at a
concentration of 10 mM) in the fraction of quanta absorbed
by PS II and a slight increase in the efficiency of excitation
energy transfer from PS II to PS I was reported [10]. Low
concentrations (< 10 mM) of monovalent cations were shown
to produce an opposite effect to that of Mg?* or other diva-
lent cations [11,12]. However, the role of anions was not rec-
ognised. An increase in the proportion of absorbed light en-
ergy reaching PS I was caused by prolonged exposure to a
sufficient concentration of nitrite ions in the light [13]. An
increase in PS I activity (measured as pumole oxygen con-
sumed/mg Chl/h) and a decrease in room temperature PS II
fluorescence by anions also provided suggestions for a possi-
ble role of anions in the regulation of energy distribution
between the two photosystems [14].

In this paper, we present data on (1) the room temperature
Chl «a fluorescence yield as a function of time of illumination,
(2) rates of PS I and PS II electron transport and (3) 77 K
emission spectra, showing that at lower concentrations (5-10
mM) of salts, the inorganic anions induce changes in thyla-
koid membranes, which cause redistribution of excitation en-
ergy in favour of PS 1. We further show that these changes are
dependent on the valency of the inorganic anions used.

2. Materials and methods

Chloroplasts were isolated from market spinach and suspended in a
medium of low ionic strength (100 mM sucrose, 50 mM HEPES-KOH
buffer, pH 7.6) according to the method of Gross [15]. Separate buf-
fers of each pH were prepared in order to study pH dependence of
anion effects. MES-KOH buffer (pH 5.8-6.4), HEPES-KOH buffer
(pH 6.6-8.0) and glycine-NaOH buffer (pH 8.2-8.6) were used. Chl
a fluorescence induction curves were monitored at room temperature
on a fabricated set up which included an excitation light source (Kind-
ermann, intensity 1.2 X 10 erg/cm?/s), sample chamber with a photo-
diode (Hansatech), Hansatech transient recorder TR 1 as a storage
device, and an oscilloscope (HP 54603 B) for replaying the signal.
Two blue filters (Corning CS 4-72) and red filters (Corning CS 2-59,
CS 2-64) were used for the excitation and emission lights respectively.
Samples received no other light except the blue exciting light. The Fm,
the maximum level of Chl « fluorescence, obtained after DCMU treat-
ment (5 uM) was only slightly higher than the ‘P’ level of our control,
showing that the light intensity being used was strong enough to
reduce most of the primary electron acceptor ‘Q,’ even in the absence
of DCMU, Qs being a quencher of Chl a fluorescence [16]. Low
temperature fluorescence emission spectra were monitored and auto-
corrected on a SPEX 1680 double spectrofluorometer. Excitation light
was 435 nm and its intensity was 30 erg/cm?/s.

3. Results and discussion

We determined the concentration dependence of the effects
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Fig. 1. Concentration response of various sodium salts on the ratio
of variable (Fv) to maximal (Fm) Chl « fluorescence yield in su-
crose-washed spinach thylakoids. Thylakoids with 7 pg Chl/ml were
suspended in a reaction mixture containing 100 mM sucrose, 50

mM HEPES-KOH buffer pH 7.6. After salt treatment samples were
incubated in the dark for 5 min before fluorescence measurements.

of sodium salts, with various anions (chloride, sulphate, bo-
rate, acetate, succinate, citrate and phosphate) on the ratio of
variable (Fv) to maximal Chl « fluorescence yields (Fm) (Fig.
1). At all concentrations used, there was a hierarchy in reduc-
tion of Fv/Fm ratio with PO}~ >S0O%~ >Cl~. Experiments
on the pH dependence of the anion effects on the Fv/Fm ratio
demonstrated no significant differences in the pH range of
6.4-7.8. Organic anions like acetate, succinate and citrate
had no significant effect on the Chl « fluorescence yield ratio
of the variable (Fv) to maximal (Fm) ratio at low concentra-
tions (5-20 mM), although they did increase this ratio at high-
er concentrations ( >20 mM); we suggest that the latter effect
is due to increasing cation (sodium) concentration. For fur-
ther experiments, we chose subsaturating concentration of 10
mM for NaCl, Na-acetate and 5 mM for Na,SO,, Na-succi-
nate, Na,HPO,, Na-borate and Na-citrate 3.3 mM to keep
the [Na*] constant (10 mM) in order to specifically compare
the effects of anions. Since a change in Fv/Fm could be due to
a change in either Fv, Fo or both, we studied the effect on Fo
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Fig. 2. Effects of various inorganic sodium salts differing in their
anion valency on Chl a fluorescence transients. Other details as in
the legend of Fig. 1.

and Fv, as Fm equals Fvt+Fo (see Table 1). It is clear that
anions caused a slight increase in Fo (+4% for Cl™, +9% for
SO27, and +13% for PO?"), but they caused a substantial
decrease in Fv (—22% for CI=, —33% for SOi_ and —42%
for PO37). It is seen that with increasing valency, there is an
increased inhibitory effect on Fv. An increase in Fo may in-
dicate, among other things, a decrease in excitation energy
transfer from the PS II antenna to its reaction centre and/or
a decrease in the redistribution of excitation energy towards
PS I that has a much lower fluorescence yield than PS II. On
the other hand, anion-induced decrease in Fv/Fm reflects a
decrease in the quantum yield of photochemistry of PS II [17].

Chl a fluorescence induction curves after treatments with
NaCl, Na,SO, and Na,HPO, are shown in Fig. 2. A remark-
able decrease in the so called P level (Fm) and a slight increase
in Fo, the minimum Chl « fluorescence level, are observed as
the valency of the anion is increased. Quantitatively different
effects of monovalent (10 mM NaCl), divalent (5 mM
NayS0O,) and trivalent (5 mM NayHPO,) anions on the fluo-
rescence transients at room temperature are evident. Although
changes in both Fo and Fm were observed with different
inorganic anions, the effects on Fv/Fm are not solely due to
changes in Fo. Inorganic salts show a gradual decrease in
Fv/Fm ratio with increase in the valency of anions used (Ta-
ble 1). Since the concentration of sodium was kept constant in
all treatments, the effects observed are certainly due to anions.
It was earlier shown [6] that the concentration of Na® deter-
mines the degree of increase in fluorescence yield. Increased
fluorescence yield was observed at Na® concentrations of
100 mM and above. Our results show that at lower salt con-
centrations (<10 mM), effects of inorganic anions pre-

Table 1

Changes in Chl «a fluorescence yield after various anion treatments in spinach thylakoids

Treatment Fm Fo Fv/Fm

Control 365+ 5 (100) 137£2 (100) 0.62+0.02 (100)

10 mM NaCl
5 mM Na2804
5 mM NagHPO4

320+4 (121)
302+4 (114)
289+3 (109)

143+2 (104)
1502 (109)
156+ 1 (113)

0.55+0.01 (89)
0.50 £0.005 (81)
0.46+0.003 (75)

Other details as in the legend of Fig. 1. Numbers in parentheses give the normalised values.
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Table 2

Effects of various anions on Chl a fluorescence yield in the presence of 5 uM DCMU

Treatment Fm Fo Fv/Fm

Control 70£2 (100) 29+2 (100) 0.58 £0.010 (100)

10 mM NacCl 5512 (70) 26£1 (90) 0.52+0.010 (90)

5 mM NaySOy 501 (71) 26+ 1 (90) 0.48 £0.005 (83)

5 mM Na;HPO, 47%1 (67) 26£1 (90) 0.45%0.005 (78)

Experiments were carried out at low light intensity, using a neutral density filter (25% transmittance). Other details as in the legend of Fig. 1.

Numbers in parentheses give the normalised values.

dominate in a valency-dependent manner. This is a new and
significant finding of this paper. Any change in the valency of
the inorganic anions thus profoundly affects the mechanism of
distribution and redistribution of excitation energy between
the two photosystems.

The yield of fluorescence is regulated by the redox state of
the PS II acceptor, Qa, which is a quencher of fluorescence
when in oxidised state [16]. Fluorescence is also quenched if
some state change occurs, i.e. there is either a decrease in the
ratio of concentrations of highly fluorescent PS II to weakly
fluorescent PS I, or an increase in redistribution of more ex-
citation energy into PS I than into PS II [2,17,18]. To ascer-
tain the reason for inorganic anion-induced fluorescence
quenching, we performed experiments in the presence of di-
chlorophenyl dimethyl urea (DCMU), when all Q4 are con-
verted to Q.

Table 2 shows that inorganic anions quench fluorescence
even in the presence of 5 uM DCMU suggesting that the
effects are unrelated to Q. PS II reaction centre exists in
Z"P680 Pheo Q) state in the presence of DCMU. If P680*
was present, PS II would dissipate energy as heat and act as a
quencher of fluorescence [19]. However, no P680" exists at the
time of our measurement in the system after DCMU treat-
ment. We suggest that inorganic anions cause state changes in
the PS II resulting in redistribution of more excitation energy
to weakly fluorescent PS I from PS II. This conclusion is
confirmed by separate measurements of PS I and PS II elec-
tron transfer rates at low light intensities (Table 3). It is evi-
dent from the data that inorganic anions enhance PS I rates
and inhibit PS II rates at low light intensities. Organic anions
like acetate, succinate, citrate (at the low concentrations used)
do not seem to regulate energy distribution among the two

Table 3

Effect of various anions on PS II rate (measured as umol oxygen
evolved/mg chl/h) and PS I rate (measured as pumol oxygen con-
sumed/mg chl/h) in low light intensity (6.0X10® erg/cm?/s) in spi-
nach thylakoids

Treatment PS I rate PS 1II rate
Control 240+ 5 (100) 592 (100)
10 mM NaCl 288+ 6 (120) 54+1 (95)
5 mM Na,SO, 3095 (129) 49+2 (83)
5 mM NayHPO, 329+7 (137) 4311 (74)
5 mM Na borate 31713 (132) 45+ 1 (76)
10 mM Na-acetate 246 +4 (102) 61+2 (103)
5 mM Na-succinate 2585 (107) 62+2 (105)
3.3 mM Na-citrate 252+5 (105) 60+2 (101)

Reaction medium for oxygen evolution measurements contains 100
mM sucrose, 20 mM HEPES-KOH buffer pH 7.2, 200 uM DCPIP
and chloroplasts equivalent to 70 pug Chl/ml. Reaction medium for
oxygen consumption measurements contains 0.3 M sucrose, 20 mM
HEPES-KOH buffer pH 7.2, 3 mM ascorbate, 100 uM DCPIP, 5 uM
DCMU, 0.1 mM methyl viologen, and 5 uM sodium azide, chloro-
plasts equivalent to 30 pug Chl/ml.

photosystems as they fail to show any significant effects on the
PS 1T and PS II electron transport rates and on the Fv/Fm
ratio.

Distribution of energy more in favour of PS I by inorganic
anions is further confirmed by low temperature (77 K) fluo-
rescence measurements. Our results show (Fig. 3) that inor-
ganic anions, in a valency-dependent manner, cause significant
increases in the ratio of F735 (originating in PS I) to F685
(originating in PS II) (15% with 10 mM NaCl, 24% with 5
mM Na,SOy4, and 42% with 5 mM Na,HPO,). This estab-
lishes that inorganic anions facilitate redistribution of excita-
tion energy more in favour of PS I. The extent of the increase
in the F735/F685 ratio defines the extent of the attainment of
state II, the state usually caused by exposure to light absorbed
in pigment system II [2,20,21]. Inorganic anions cause in-
creased fluidity of the thylakoid membrane [22] which might
help in attaining state II. Further experiments are needed to
understand the mechanism of the phenomenon discovered in
this work.

We have demonstrated in this paper that the state changes
are dependent not only on cations as is well known [4-8], but
also on certain inorganic anions, in a valency-dependent man-
ner.
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Fig. 3. Normalised fluorescence emission spectra measured at 77 K
in sucrose-washed chloroplasts after various inorganic salt treat-
ments. Samples were kept in the dark for 5 min before measure-
ments. Excitation light, 435 nm. Thylokoid suspension equivalent to
8 ug/ml. 1=Control, 2=10 mM NaCl, 3=5 mM Na,SO,4, 4=5
mM Na,HPO,. Spectra were normalised at 710 nm.
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