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The role of divalent cations like magnesium (Mg2+) and calcium (Ca2+)was irrvestigated on energy distribution
process of Hydril/a verticil/ata thylakoids. Effect of these cations was tested on relative quantum yield of
photosystem (PS) II catalyzed electron transport activity, room and liquid nitrogen temperature fluorescence
emission properties and thylakoid light scattering characteristics. The electron transport activity was found
to be stimulated in the presence of these cations in a light intensity independent manner. The concentration
of cation required for maximum stimulation was nearly 10-12 mM. Comparatively, Ca2+was more effective
than Mg2+. Cation induced stimulation in electron transport activity was not accompanied by increase in
chlorophyll a fluorescence intensity either at room (25°C) or liquid nitrogen (77°K) temperatures. Furthermore,
540 nm absorption and 90° light scattering properties of thylakoids remained insensitive towards divalent
cations. These facts together suggest that divalent cations in Hydril/a thylakoids are not effective in supporting
the excitation distribution between the interacting photosystem complexes.

Introduction

as "state-change"(Fork and Satoh 1986; Allen 1992) and
"spill-over" (Murata 1969). The "state-change"(state 1Divalent cations like calcium, magnesium and manganese state 2) in higher plant thylakoids appears to involve
are essential for maintenanceof thylakoid structure and the redox mediated movement of the light harvesting
chlorophyll antenna(LHC lib) between the photosystem
function. Manganese (Mn) is the integral cofactor of the
H2O oxidation complex (Debus 1992). The calcium (Ca2+) complexes. The photosystemcomplexes (PS-II and -I)
and the LHC II in low-salt medium (divalent deficient
ion participates in maintaining the structural integrity of
the H2O oxidation complex by interacting with manganese medium) are more homogeneouslydistributed due to the
(Debus 1992). Magnesium (Mg2+) has a role to balance unstacking of the grana thylakoids. The native granal
structure (stacked) having lateral heterogeneity of pholight energy distribution between the two interacting
tosystemcomplexeswith concomitantLHC II aggregation
photosystems (Butler 1978).
is achieved in the presenceof divalent cations (Gerola
The light energy distribution between the photosystems
1981). Unstacked to stacked transition is accompanied
(PS-II and -I) to compensate for the inherent imbalance
by decreaseof exciton transfer ("spill-over") from PS-II
in light absorption is achieved by mechanisms known
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to PS-I with consequent increase and decrease in PS-II
and PS-I photochemistry respectively (Murata 1969). The
changes in PS-II or PS-I photochemistry can be perceived
as changes in the relative quantum yield of electron
transport activity catalyzed by PS-II or PS-I and in the
room temperature ChI a fluorescence yield associated
with PS-II. The fluorescence variations are more easily
detected at liquid nitrogen temperature (77°K), as the
PS-I emission is enhanced at 77°K (Joshi and Mohanty
1995). Furthermore, the cation induced unstacked (minus
cation) to stacked (plus cation) transition is also associated
with an increase in light scattering of thylakoids
(Murakami and Packer 1971; Wollman and Dinner 1980).
The state-change under a cation rich condition can also
be induced in intact chloroplasts by selective excitation
of individual photosystems (Fork and Satoh 1986).
Studies on divalent cation (mainly Mg2+ and Ca2+)
supported excitation energy distribution among the photosystems (state I-state 2 transitions) are mostly confined
to higher plant thylakoids and in cyanobacterial of green
algal membrane systems (Murata 1969; Mohanty et al
1973; Fork and Satoh 1986). No such studies have been
reported for submerged aquatic angiosperms (Sabat and
Mohanty 1995). The optimal excitations of both the photosystems in submerged aquatic plants become highly critical
because of selective attenuation of light in the water column
(Kirk 1983). These plants are not only exposed to low
light intensity but also run across a great deal of variation
of light quality and thus experience an imbalance in light
absorption between the two photo-systems.
In this investigation we have studied the effect of
divalent cations like Mg2+ and Ca2+ on the energy distribution process of thylakoids isolated from an aquatic
angiosperm Hydrilla
verticillata.
The results were
compared with thylakoids isolated from Beta palanga
(spinach) leaf. The results show that, unlike in higher
plant thylakoids, the divalent cation in Hydrilla thylakoids
does not participate in excitation distribution between
the photosystems.

Materials and methods
Thylakoid isolation and measurementof electron
transport and light scattering
H. verticil/ata leafy shoots were homogenized in a
medium containing 300 mM sucrose, 20 mM CaC12, 10
mM NaCI, 5 mM MgC12, 10 mM sodium ascorbate, 0.02%
BSA and 20 mM TRICINE-NaOH (pH 7.5). The slurry
was strained through 4 layers of cheese cloth to remove
cel1 debris and the thylakoids were pelleted at 6000 g
for 5 min centrifugation. The thylakoids were suspended
in 100 mM sucrose, 20 mM CaCI2, 5 mM MgCI2, 0.02%
BSA and 20 mM lRICINE-NaOH
(pH 7.5). Chi was
estimated following Porra et a./ (1989), Thylakoids from

spinach leaves were isolated by a procedure similar to
that adopted for Hydrilla.
The electron transport activities were monitored in a
Clark type °2 electrode. Thylakoid light scattering
parameters were monitored as 540 nm absorption changes.
The 900 light scattering was measured by exciting
the samples at 540 nm and recording the fluorescence
emission at the same wavelength.

2.2 Divalent cation deficient suspension of thylakoids
The isolated thylakoids (Chi 500 ~g) were suspendedin
20 ml of divalent cation deficient (DCD) medium
[100 mM sucrose, 10mM NaCI and 5mM TRICINENaOH (pH 7.5)]. The suspensionwas kept under stirring
for 10 min in the dark at 4°C and then centrifuged at
6000g for 5 min. The washing was repeatedtwice and
the thylakoids

were suspended in the same divalent

deficient medium. In some cases I mM EDTA was
included in the washing medium. The divalent cation
deficient thylakoids prepared following the above procedure shall be referred to hereafteras DCD-thylakoids.
2.3

Measurement of room and liquid nitrogen
temperature fluorescence emissions

For room temperature (25°C) fluorescence emission
measurements, the sample was excited at 437 nm and
emission wa~ recorded at 685 nm (F 685).The 77°K spectral
measurement was carried by exciting the samples at
437 nm and recording the emissions from 650 to 800 nm.
Other particulars of electron transport, fluorescence
emission and light scattering measurements are mentioned
in the respective figure and table legends.

3. Results
3. I

Electron transport studies

The effect of different mono and divalent cations in the
O2 evolution activity of DCD thylakoid preparation from
H. ve~.ticillata was examined and the results have been
presented in table I. Monovalent cations such as Na+,
K+, or Li+ (added as their CI- salts), did not show any
effect while divalent cations {with associated anions like
CI-, OH-, NO~ and SO; were found to exert a stimulatory
effect. Therefore, it could be inferred that the observed
stimulation in activity is a divalent cation dependent
phenomenon. Since Ca2+was most effective in stimulating
the electron transport reaction in Hydrilla thylakoids,
Ca2+, was largely used to study the effect of divalent
cation in subsequent experiments. However, Mg2+ was
also included as required. Chloride salts of the cations

were used.
Figure I shows the CaCl2 concentration dependent
stimulation of PS-II catalyzed electron transport activity
of DCD Hydrilla thylakoids. Addition of CaCl2 in mM
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Table 1. Effect of different mono and divalent cations on
the °2 evolution activity of DCD Hydrilla thylakoids.
Concentration
Addition

(mM)

;;

None

-

NaCl
KCl
LiCl

40
40
40
20
20
10
20
15
20
20

CaCl2
Ca(NO3)2
Ca(OH)2
MgCl2
MgSO4
SrCl2
BaCl2

Electron transport
rate (~mol °2
evolved mgChl-1h-1
63(100)
65(103)
64(102)
61(97)
122(190)
120(190)
93(147)
91(145)
89(140)
82(130)
71(112)

140
';- 120 .

-

~;100~
80
60

() 40
"0

~ 20
0

The Ca(OH)2 stock solution was made to pH 7.5 with solid
MES. The observedrates of O" evolution are the mean of rates
obtained from 4 to 5 independentthylakoid preparations.The
rate of electron transport between the different batches of
thylakoid isolation varied by 5 to 7%. The numbers in brackets
denote the relative rate of °2 activity compared to DCD
thylakoid °2 evolution taken as 100. Refer to figure I for
other details of measurements.

I:

5.5

6

6.5

7

I

7.5

8

8.5

pH
Figure 2. The pH-dependenteftect of Ca2+ (.a.) and Mg2+
(.) on the O2 evolution activity of DCD (+) H. verticillata
thylakoids. The electron transport measurementwas done at
25°C with 20 ~g ChI in 1 m1 reaction medium containing
100 mM sucrose,10 mM NaCI and 20 mM of the following
buffer systems: MES-NaOH (pH 5.5 and 6.0), HEPES-NaOH
(pH 7.0) and TRICINE-NaOH (pH 7.5, 8.0 and 8.5). The
electronacceptorused was PpBQ (200 11Mplus 1.25mM FeCN).
The light intensity was 800 ~E m-2S-I. Calcium and Mg2+
concentrationwas 20 mM, and added as their CI- salts.

concentration stimulated the PpBQ or DCIP supported
°2 evolution activity. The stimulation was somewhat
linear till the salt concentrationwas nearly 10-12 mM
beyond which the rate tended to saturate. Compared to
Hydrilla, in spinach,a substantially lower concentration
of thesecations (Ca2+or Mg2+,in the range of 1-2 mM)
was needed to sustain the maximal electron transport
activity (data not shown). Similar Ca2+or Mg2+supported
stimulatory effects were noticed by replacing TRICINE
with HEPES (seethe comparativeresults; inset figure 1).
Figure 2 depicts the changes in PpBQ supported °2
evolution activity ofDCD Hydrilla thylakoids in response
to change in medium pH. The °2 evolution activity of
DCD-thylakoids was enhancedupon raising the medium
pH from 5.5 to 6.5, followed by a rapid decline thereafter.
Concentration [mM]
Peak°2 evolution was noticed at pH 6.5 and no detectable
Figure 1. Calcium concentmtion dependent stimulation of
°2 was photo-evolved at pH 8.5. Inclusion of 20 mM
PpBQ (.) and DCIP (.) supported oxygen evolution activity
CaCl2 or MgCl2 in reaction medium stimulated °2
of DCD Hydrilla thylakoids. The DCD reaction medium in I
evolution and shifted the pH maximum from 6.5 to 7.0.
ml contained 100 mM sucrose, 10 mM NaCI and 20 mM
TRICINE-NaOH (pH 7.5). The acceptorconcentmtionlike PpBQ Although both the cations did stimulate electron transport,
CaCl2was more effective than MgCI2. While the MgCl2
and DCIP was 200 J.lM respectively. PpBQ was added in
combination with 1.25mM PeCN. Chi concentration was' effect was discernible in the pH range of 7.0 to 8.0,
20 J.lg.The electron transport measurementwere done at 25°C the CaC12dependentstimulation was marked (figure 2)
under light intensity of 800 J.lEm-2S-I. The inset shows the
comparative analysis of calcium effect with TRICINE and at all the tested pHs; comparatively being greater at
HEPES (20 mM each) buffer on DCIP supported °2 evolution alkaline pH (7.0-8.5). Such MgCl2 or CaCl2 dependent
stimulation was, however, not evident in DCD thylakoids
(bracketed numbers).
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prepared from spinach leaves (data not shown). Since
saturating concentration of CI- ion (10 mM NaCI, determined elsewhere; Mishra and Sabat 1995) was used in
the reaction medium, the observed stimulation in
Hill-activity in the presence of CaCI2 or MgCI2 can be
argued for a cation (Ca2+or Mg2+) dependent phenomenon.
The effect of cation (Ca2+) on the relative quantum
yield of °2 evolution was studied by measuring the
electron transport activity under varied light intensities.
Care was taken to include intensities where the electron
transport reactions were limited by the excitation energy
available for reaction. The Hill-activity
in thylakoids
supplemented with Ca2+was higher than the rates obtained
in DCD-thylakoids
at all the light intensities tested.
The extent of stimulation by Ca2+ at rate-limiting.
(- 250 JlE m-2 S-I) and subsaturating (- 800 JlE m-2 S-I)
light intensities was 2.10 (:t 0.30) and 1.99 (:t 0.20) fold
respectively (figure 3a). For comparison, the cation effect
on electron transport activity of DCD beet spinach thylakoid membranes under changing light intensities was
also examined. Addition of 5 mM Ca2+or Mg2+ (3-5 mM
is optimum; see Murata 1969) stimulated the °2 evolution
activity of beet spinach thylakoids specifically at rate
limiting light intensities. The extent of stimulation progressively declined with increasing intensities of illumination. For example, a 1.6-1.7-fold increase in activity
was marked at 200 JlE m-2 S-I while the stimulation was
1.2-1.3-fold at 800 JlEm-2s-1 (figure 3b).

3.2 Cation effect on room temperaturefluorescence
emission intensity
The results on the effect of Ca2+ ion on the room
temperature (25°) ChI a fluorescence emission intensity
Table 2.

(F68S)are shown in table 2. Similar experiments were
done in spinach for comparison. Contrary to results
obtained in ~pinach, Ca2+ addition quenched nearly 20%
of fluorescence intensity of DCMU poisoned Hydrilla

thylakoids, prepared either in the presence or absence
of EDT A in the washing medium. Since Ca2+ had a
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@

@
500

0

0

500

Light intensity
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0

r,tIE m-2 S-1]

500

Light intensity

DCD (+), Ca2+(A) and Mg2+(.)

supplemented
spinach

thylakoids.
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+EDTA

Spinach

DCD+DCMU
DCD + DCMU + Ca2+
DCD + DCMU + Mg2-t

TRICINE
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].39
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Figure 3. L;ight intensity dependent°2 evolution activity of
DCD (+), Ca2+(.) supplementedthylakoids of H. verticillata.
(a) The reaction was done at pH 7.5. ChI concentrationand
other ingredients of the reaction mixture were the same as
figure I. (b) Light intensity dependent°2 evolution activity of

Cation effect on room temperature (25°C) ChI a fluorescenceintensity (F68S)of
DCD Hydrilla and spinachthylakoids.

Addition

1000

JflEPES
.00

].00

].00

.47

0.79

0.72

1.00
0.81

.38

Thylakoid suspension (5 ~g ml-l) was excited at 437 nm light (excitation and emission band width
was 5 nm and 3 nm respectively). The reported values are the mean of three independent batches
of thylakoid preparation. The fluorescence intensity at 685 nm of the treated samples have been
presented relative to the fluorescence intensity of DCD thylakoids taken as 1.00. The ratio of
fluorescence intensity with and without DCMU was varied between 1.0 to 1.1 indicating that
the excitation intensity was saturating enough for complete reduction of QA' 10.0 and 0.5 ~m
DCMU was used in spinach and Hydrilla respectively. The Ca2+ and Mg2+ concentration was 5
mM for spinach and 20 mM for Hydrilla. '-' denotes measurements not done. The results from
using TRICINE and HEPES buffer system on fluorescence emission intensities have also been
presented in the table.

Calcium and magnesiumeffect on thylakoid electron transport
strong stimulatory effect on electron transport activity
(figures 1 and 2), the quenching of fluorescence(mostly
the variable fluorescencerelated to QA reduction) in the
presence of Ca2+cannot be accounted for any adverse
effect of the ion at the oxidizing side of PS-II. Furthermore, quenching of fluorescence intensity is also discernible at relatively low concentrationsof the Ca2+(3,
5 and 10roM; data not shown) thus suggesting that the
divalent dependentfluorescencequenching is not related
to salt (Ca2+)induced alterations in the thylakoid membrane structure. We do not have an exact explanation
for the Ca2+dependentquenchingof fluorescenceemission
in Hydrilla thylakoids. The molecular nature of the
fluorescence quencher (?) in the Hydrilla thylakoids in
the presence of Ca2+needs further probing. However,

30
Ex. = 437 nm
'"Qj
>
:..-:
d

.
II

,': £87

-a:;

-

I,
I.

f-

I

I

698

I

,I .,

>+-

:

,

728

_I~=_,.
", .. ::,!\~:1

d2 F +

.~

.2!. 15

;

I

I

r

750767

C

V

\.1\

.~ \lr
-..

~

"

.-c

~ (

QI
u
C
oJ
u

the lowering of fluorescence emission was not accompanied by any change in fluorescence excitation or ChI
absorptioncharacteristicsof thylakoids (data not shown).
Replacing TRICINE with HEPES buffer also indicated
similar results on cation dependentchanges in fluorescence emission characteristics.
Cation effect was further investigated on 77°K fluorescenceemission characteristicsof Hydrilla thylakoids.
The exact emission peaks were identified from the 2nd
derivative analysis of the emission spectra (figure 4).
The derivative analysis showedthe presenceof a number
of emissionbands such as 687 nm, 728 nm, 750 nm and
767nm. Of all these the 687 nm and 728 nm emission
bandswee prominent. Unlike the higher plant thylakoids,
the 693-700 nm emission in Hydrilla was poorly fluorescent and manifested as a hump (F69S'mostly PS-II
core antenna,CP 47 fluorescence; see Govindjee 1996
for a review). The wavelengthspecific maximum emission
characteristicsof Hydrilla thylakoids did not show any
alteration either in cation-deficient or cation-rich conditions.
Irrespective of thylakoid preparations with or without
inclusion of 1 mM EDTA in DCD medium, the ratio of
F6K7/F7ZK
emission which otherwise measuresthe relative
abundanceor redistribution of excitation energy between
the two photosystems (Murata 1969; Geodheer 1972)
remainedunaltered in the presenceor absenceof divalent
cations in Hydrilla thylakoids. In spinach, as expected,
the ratio (F6KS/F73S)
showed a significant stimulation in
the presenceof_5mM MgClz comparedto DCD thylakoids
(table 3).
3.3 Cation induced light scattering change
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Table 3. Ratio of fluorescenceintensity (F687/F728'
Hydrilla; FfJ?/F735'spinach)DCD and divalent cation
(Ca2+and Mg ) supplementedthylakoids measured at 77°K.
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Ratio of fluorescence
intensity

0
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650

700

750

800

Spinach
F685/F735

WClvelength. nm
DCD
Figure 4. Low temperature (77°K) fluorescence emission spectral characteristics of H. vertic illata thylakoid. Five Ilg ChI
suspended in I ml of DCD-medium plus 0.5% DMSO and 10%
(v/v) glycerol was frozen under complete darkness and kept in
liquid nitrogen for 3 min for clear glass formation. The sample
was excited at 437 nm. The excitation and emission band widths
were maintained at 4 and 3 nm respectively. The inset (dotted
tracing) shows the 2nd derivative spectra of the emission where
the major emission peaks have been shown in numbers (wavelength). The spectral resolutions have not been corrected for
the wavelength sensitivity of the photomultiplier.

Mg2+

Ca2+

05
10
20
05
10
20

1.22
1.11
1.03
1.12
1.13
1.10

1.00
1.95
1.89

0.97

The emission intensities were not corrected for the spectral
sensitivi7 of the photomultiplier. The Chi concentration was
5 ~g ml-. '-' denotes measurementsnot done. For details of
measurementsrefer to legend of figure 4.
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addition of Ca2+or Mg2+.Cation addition (Ca2+or Mg2+)
to DCD spinachthylakoids, however,induceda significant
change in 540 nm absorption and 900 light scattering
(figures 5 and 6). In higher plant thylakoids the cation
dependent 540 nm absorption and fluorescencechanges
are related to the stacking of the grana membranedue
to charge screening of fixed (-)ve chargesof the membrane surface by the (+)vely charged cations (Barber
1980). The absenceof discernible alteration in 540 nm
absorption and 900 light scattering in Hydrilla thylakoids
upon addition of divalent cations suggestthat either the
thylakoids are agranal or firmly attached which are not
dissociated into destackedform upon withdrawal of cations (see ref. Duval et at 1983).

of the relative quantum yield of the electron transport
of PS"ll and the attenuationof yield of the PS-I catalyzed
electron flow. Therefore cations seem to regulate the
energypartition betweenthe two int~racting photosystems
(see however Jennings et at 1978). The increase or
decreasein fluorescenceintensity is well evident in the
presenceof DCMU; thus suggestingthat the fluorescence
changesare the reflection of structural reorganizationof
thylakoids in response to cation addition or removal.
Furthermore, the structural re-arrangement is well
reflected in the change in the light scattering property
of thylakoids (Murakami and Packer 1971; Wollmann
1980).
In Hydrilla thylakoids the role of diyalent cations in
energy distribution seemsto differ from that in spinach.
Calcium of Mg2+, in Hydrilla thylakoids, support the
4. Discussion
stimulation of electron transport activity in a light
intensity independentmanner.The cation supportedstimuSince the original discovery of Murata (1969) that cations, lation in electron transport is not accompanied by an
particularly divalent ones, can stimulate a part of ChI increasein the fluorescenceintensity of PS-ll (F685'room
a fluorescence related to the energy transfer from the temperatureand 77°K) or decreasein PS-1 (77°K) fluoantenna bed to reaction centre (higher amount of QA rescence. Furthermore, cation addition does not show
reduction), a considerable amount of researchhas been any change in light scattering property of the thylakoids.
expanded in this direction. The general interpretation of Most importantly, a substantially high concentration of
this finding that foUows is that cations interrupt energy cation is neededto supportthe maximal electron transport
flow to PS-I and thereby increase the energy in PS-II
activity.
(interruption of "spill-over"). The most important finding
The specific cation dependent maximum stimulation
of this theory is the cation concentration dependent of electron transport and that too under a relatively high
fluorescence changes and the changes in the relative concentratiqnof the ion (Ca2+in caseof Hydrilla) further
quantum yield of photochemical reaction. The concentration of cation at approximatelythe samerange causes
the fluorescencestimulation and also results in stimulation
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Figure 5. Time dependent changes in 540 nm absorption
following the addition of Ca2+ (8, .A.) or Mg2+ (', x) to
DCD-suspended (a) Hydrilla and (b) spinach thylakoids. The
cation concentration was 5 mM for spinach and 20 mM for
Hydrilla. The Chi concentrationwas maintained at 20 Jlg mi-i.

Figure 6. Effect of varied concentrationof Ca2+(., A) and
Mg2+ (t, x) on 900 light scattering of DCD-suspended (a)
Hydrilla and (b) spinachthylakoids. The ChI concentrationfor
measurementwas 5 ~g ml-l. Both the excitation and emission
were done at 540 nm. The slit widths for excitation and emission
were maintained at 5 and 3 nm respectively. The effect of
cations for both the thylakoids have been shown with 5 mM
Ca2+or Mg2+in the figure. Howeverincreasingthe concentration
of salts to 20 mM in Hydrilla had no additional effect.

Calcium and magnesiumeffect on thylakoid electron transport
suggeststhat the io~s perhapsmodulate the electron flow
by interacting with some electron transport components.
This assumption also seems logical considering the
observation that cations affect electron transport in a pH
dependentbut light intensity independentmanner. Therefore, it is of interest to examine the effect of cations
on the electron transport components in this plant.
Furthermore, many interesting problems arise from the
cited results of Hydrilla thylakoids, specially on the
nature of PS-I pigment complexes. The major long
wavelength emission band related to PS-I was registered
at 728 nm in Hydrilla. The long wavelength LHC I
emission band in higher plant thylakoids is generally
registered, for PS-I, at 735 nm (730-750 nm) at 77°K
(Mullette et al 1980a,b). This emission band in lower
groups of plants (mostly cyanobacterial systems) is
observedbetween 715-730 nm (F725)where no organized
antenna LHC I is present (Bose 1982). The 725 nm
emission (a clear peak in cyanobacteriabut a discernible
hump in higher plant thylakoids) is argued to originate
from ChI a of the internal antenna complex of PS-I.
The app~aranceof the 728 nm long wavelengthemission
band in Hydrilla thylakoids shows a new feature of PS-I
pigment-protein complex which remains to be probed.
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