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Sodium Dependency of the Photosynthetic Electron Transport
in the Alkaliphilic Cyanobacterium Arthrospira platensis
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Arthrospira (Spirulina) platensis (A. platensis)a model organism for investigation of adaptation of
photosynthetic organisms to extreme environmental conditions: the cell functions in this cyanobac-
terium are optimized to high pH and high concentration (150-250 mM) &f Nawever, the mech-

anism of the possible fine-tuning of the photosynthetic functions to these extreme conditions and/or
the regulation of the cellular environment to optimize the photosynthetic functions is poorly under-
stood. In this work we investigated the effect of Na-ions on different photosynthetic activities: linear
electron transport reactions (measured by means of polarography and spectrophotometry), the activ-
ity of photosystem Il (PS Il) (thermoluminescence and chloropayluorescence induction), and
redox turnover of the cytochroni® f complex (flash photolysis); and measured the changes of the
intracellular pH (9-aminoacridine fluorescence). It was found that sodium deprivation of cells in the
dark at pH 10 inhibited, within 40 min, all measured photosynthetic reactions, and led to an alkalin-
ization of the intracellular pH, which rose from the physiological value of about 8.3—9.6. These were
partially and totally restored by readdition of Na-ions at 2.5—-25 mM and about 200 mM, respectively.
The intracellular pH and the photosynthetic functions were also sensitive to monensin, an exogenous
Na*/H* exchanger, which collapses both proton and sodium gradients across the cytoplasmic mem-
brane. These observations explain the strict{dapendency of the photosynthetic electron transport

at high extracellular pH, provide experimental evidence on the alkalization of the intracellular en-
vironment, and support the hypothesized role of ari/Na antiport through the plasma membrane

in pH homeostasis (Schlesingatral. (1996).J. Phycol.32,608-613). Further, we show that (i) the
specific site of inactivation of the photosynthetic electron transport at alkaline pH is to be found at
the water splitting enzyme; (ii) in contrast to earlier reports, the inactivation occurs in the dark and,
for short periods, without detectable damage in the photosynthetic apparatus; and (iii) in contrast to
high pH, Na dependency in the neutral pH range is shown not to originate from PSII, but from the
acceptor side of PSI. These data permit us to conclude that the intracellular environment rather than
the machinery of the photosynthetic electron transport is adjusted to the extreme conditions of high
pH and high N& concentration.

KEY WORDS: Alkaliphile; Arthrospira (Spirulina) platensiscyanobacteria; pH homeostasis; photosynthesis;
sodium/proton antiport.

INTRODUCTION severe and adverse effects on the photosynthetic ap-
paratus (see, e.g., Lu and Vonshak, 2002; Schubert and
A number of studies have revealed the role of Hagemann, 1990; van Thet al., 2000), less attention is
sodium in the metabolism of cyanobacteria. While it has paid to the effect of sodium depletion. Most cyanobacte-
been well established that sodium concentrations exertrial species require sodium in millimolar or submillimolar
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concentration range to maintain viability especially at al-
kaline pH (Buck and Smith, 1995; Espét al., 1988;
Miller etal., 1984). In cyanobacteria incubated in sodium-
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In this work, we investigated the photosynthetic elec-
tron transport reactions and measured the intracellular pH.
Our data provide experimental evidence thaiplaten-

deficient media, some reports indicated the loss of the sisthe main role of Na-ions in the photosynthetic electron

photosynthetic oxygen evolution (Browet al, 1990;
Espie et al, 1988; Miller et al, 1984; Zhao and

transport ofA. platensisis to maintain, most probably
via Na"/H™ antiport through the plasma membrane, a pH

Brand, 1988), degradation of the thylakoid membranes homeostasis. We also show that the specific site of the in-

(Avendancet al., 1989) and decrease in the content of both
chlorophyll and phycobiliproteins (Maestal., 1987). In
AnabaenandNostocthe effect of sodium deficiency has
been attributed to the pH-dependent inhibition of bicar-
bonate transport (Kaplaet al., 1994; Maeset al., 1987),
and could be eliminated by saturation of the cells with, CO
at near neutral pH (Maes al.,, 1987). However, in some

hibition of PSII electron transport is the water-splitting en-
zyme and, in contrastto an earlier suggestion (Schlesinger
et al, 1996), inactivation of PSIl does not depend on the
light. Further we show that it does not involve a damage of
the D1 protein. The inactivation of photosynthetic activ-
ity, after short depletion periods in the dark, can be fully
reversed by readdition of Na-ions to the medium.

other species, sodium appears to exert a more direct effect

on the photosynthetic apparatus.Sgnehococcus (Ana-
cystys nidulansdnd inSynechocystBCC 6714, the effect

of sodium depletion at high pH could not be accounted for
by a limitation in the inorganic carbon substrate. In these

MATERIALS AND METHODS

Arthrospira (Spirulina) platensis (strain Moyseslls

cyanobacteria, alterations have been observed in the Chiwere grown at 30C in Zarrouk’s medium (Zarrouk, 1966)
antenna, and the inhibition of the electron transport upon under continuous illumination (white light, @dnole pho-
Na-depletion was attributed to a specific damage at a sitetons nt2 s71). The culture was continuously bubbled
near PSII, which could be reversed by the readdition of with filtered air. Under these conditions the pH of culture

Na* or C&* (Zhao and Brand, 1988, 1989).
The effect of sodium deprivation, among the studied
cyanobacteria, is most dramaticAnplatensisin this ob-

medium was around 9.5. Cells were harvested in mid-log-
phase of growth, at a density aroungt§ Chl mL~1. The
Chl content of the samples was estimated spectrophoto-

ligate alkaliphilic cyanobacterium a strict Na dependence metrically from 95% methanol extractions (de Marsac and
has been demonstrated for the growth and photosyntheticHoumard, 1988). All measurements on whole cells were

activity of the cells (Schlesingat al., 1996). It has been
shown that not less than 50 mM Nan the medium is
required to maintain the growth &. platensisat high
pH; Na" depletion provoked a light-dependent inhibition
of PSII activity, and also led to a loss in the phycocyanin
content of cells (Schlesinget al., 1996). It has also been
shown that N& provided some protection against the inhi-
bition of oxygen evolution and cell disintegration induced
by the addition of uncouplers (Schlesingeal., 1996). On

carried outin 0.2 M KHC@-K,CO; buffer (pH 9.0-10.0),

or 20 mM Bis-Tris Propane (pH 7.0-10.0) (Sigma, ultra
grade) supplemented with 0.1 M KCl and 0.1 M sorbitol.
To obtain the desired sodium concentrations, NaCl was
added as required.

For sodium depletion of cells, we used vacuum fil-
tration of the cell suspension on a filter paper followed
by resuspension in sodium-free buffer, which ensured that
the sodium concentration in the “depleted” cells did not

the basis of these observations and on the well-establishedexceed 200-30@M (estimated from atomic absorption

role of Na~ and Na/H*™ exchange in alkaliphilic het-

spectroscopy, data not shown). This residual concentra-

erotrophic bacteria (Krulwich, 1995) it has been proposed tion was considerably higher (about 1 mM) when, instead

that pigment bleaching and the loss of PSII activity are
due to the inability of the cells to maintain an appropri-
ate intracellular pH (Schlesinget al., 1996). However,

of filtration, we used centrifugation (Ritchie, 1992).
Steady-state rates of oxygen evolution were mea-
sured using a Hansatech DW2 @lectrode at a light in-

the intracellular pH was not measured and thus no corre- tensity of 40Qumole photons m? s~1. Typically 5..g Chl
lation was established between the variations in the pho-a mL~! of whole cells suspension or 1@ ChlamL~* of
tosynthetic activities and the intracellular pH; also, some freshly prepared thylakoids were used. &ffluorescence
pH-independent role of Na-ions on the electron transport induction kinetics were measured with pulse-modulated
could not be ruled out. In general, the mechanism of strict fluorometer (Xe-PAM, Heinz Walz GmbH, Effeltrich,
Na'-dependency of the photosynthetic electron transport Germany). TheF, level of fluorescence was recorded

at high pH, the role of light in the inactivation of pho-

during 1-s saturating white light pulses obtained from a

tosynthesis in sodium-depleted cells and the sequence ofalogen lamp (KL-1500 Electronic, Schott Glasswerke,

events of restoration are still poorly understood.

Wiesbaden, Germany).
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Thermoluminescence (TL) was measured with com- 1
puterized laboratory-built apparatus (Demetgr al., = 600__
1993). Samples were illuminated a@with white light @ 5004
of 100 umole photons m? s~. The glow curves were = ]
recorded from 0 to 6%, at 20C min~! heating rate. E 4004

Absorbance transients induced by single turnover o ]
flashes were measured between 470 and 570 nm by us- o 300
ing an equipment described earlieru@iel and Garab, g 1
1995). The cells were dark-adapted prior to the mea- z“ 2004
surements. The extent of the flash-induced oxidation £ 1
of cytf was determined from the absorbance change 5 1004
AAgyti = AAEsa-saonmyat 1 ms after the flash. 0>>N 0; 5

The intracellular pH was monitored by measuring ©

the fluorescence intensity of 9-aminoacridine (9AA). A 70 75 80 85 90 95 10.0 105

simple relation between 9AA fluorescence quenching and

ApH, with respect to the pH of the medium, and to the in-

tracellular pH, has been proposed for cyanobacterial cells Fig. 1. pH dependency of the net oxygen evolutionofplatensisells

(Blumwald et al., 1984; Teubeet al., 2001); it is based in the presence of 200 mM Nge) (control), after sodium depletion

on the assumption that fluorescence quenching is caused®): and after readdition of 200 mM Na(m) to depleted cells. Sodium

mainly by the cytosolic enrichment of the protonated depletion and_readdmon were perfor_med as described in Matenals ar_ld
. . Methods section. Samples were preincubated for 40 min in the dark in

amine. To determine the value apH we used the model  gjs Tris propane (20 mMm) buffer adjusted to the different pH. Sodium

described in Mills (1986). In untreated cells, the depen- was added in the form of NaCl. Data points represent mean values from

dence of the intracellular pH on the pH of the medium, ob- five independent series of experiments.

tained by this method, was very similar to that determined

with the aid of EPR assay (Belkin and Boussiba, 1991).

The thylakoid membranes were isolated according to requirement for the photosynthetic electron transport,
Hagioet al. (2000) and Nishiyamet al. (1993) withsome  we measured the oxygen evolution in the presence and
modifications. The cells were collected from 1 L culture absence of Na-ions.
with a cell density at g Chl mL~* by vacuum filtration Figure 1 demonstrates thatin the presence of 200 mM
of the cell suspension on a filter paper. The collected cells Nat the optimum pH range for the photosynthetic oxygen
were washed once with 100-mL 25 mM HEPES—NaOH evolution was between 8.3 and 10.5. The same pH range
buffer (pH 7.5) and 30 mM Cag(medium A) and resus-  was found optimal for the growth of the cells, whereas
pended in 10 mL of medium A containing 0.8 M sorbitol, at pH 7 no growth could be observed at any sodium con-
1 M glycinebetaine, and 1 mM phenylmethylsulfonyl flu- centration (not shown, cf. Schlesinget al., 1996). In
oride (medium B). Cell breakage was performed by soni- good agreement with these data, we found that the rate
cation (Branson 450 Sonifier, Branson Ultrasonic Corpo- of net oxygen evolution diminished toward the neutral
ration, Eagle Rd., Danbury, USA) at@, at an amplitude  pH in sodium-depleted cells, and a sharp maximum was
of 15 um with 20 bursts of 15 s each. To remove unbroken found at pH 8.3, which was about half of the maximal
cells the suspension was centrifuged at 998 5 min at rate in the presence of 200 mM NaAddition of sodium
4°C. The obtained supernatant was centrifuged at 40000 (200 mM) to depleted cells at pH8.3 completely re-
for 90 min at4C. The pelleted thylakoid membranes were stored the oxygen evolution, and partial restoration was

Extracellular pH

resuspended in medium B and stored-80°C. observed between pH 7 and 8 (Fig. 1).

Thylakoid membrane proteins were separated by These data, is general, are in agreement with the pre-
SDS-PAGE according to (Chua, 1980). PAGE was car- viously reported Na-dependency of the oxygen evolution
ried out in a 12.5% acrylamide gel contaigi@ M urea. in A. platensisat high pH. However, we must point out

that, in contrast to Schlesinget al. (1996), we found
RESULTS that the effect of Na-depletion was not light-dependent,
and developed fully in the dark. Schlesing¢ml. (1996)

Previous studies have shown that platensispos- found that sodium depletion at pH 10 caused complete loss
sesses high photosynthetic activity between pH 9 and 10 of oxygen evolution in about 60 and 90 min in continuous
in a medium containing about 200 mM N#Schlesinger light of 126 and 4Qumole photons m? s~1, respectively.

etal., 1996). To investigate the pH-dependence of sodium In the dark, the incubation in sodium-depleted medium
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also led to eventual loss of oxygen evolution, but much above pH 9 the activities were lost in the absence of
longer incubation periods were required. In contrast, in sodium.
our culture Na-depletion appeared to be complete in the The above TL data clearly indicate that at least one
dark in about 40—-60 min, and cell lysis was observed only of the main targets of the Na-depletion at high pH is PSII.
after 6—7 h of incubation. This difference in the response of To substantiate this conclusion, we performed &€fl-
cells might be due to the difference among the strains usedorescence measurement, which carry information on the
in previous and our study, and/or minor variations in the maximal efficiency of PSIl (Campbedt al., 1998). In-
culture conditions and the preparation of sodium-depleted deed, the effect of sodium depletion (pH 10) Bfy Fr
cells (see Materials and Methods Section). Nevertheless,and Fy/ Fr, fluorescence parameters was very prominent
in unreported experiments we found that light (@®ole and fast (Fig. 3(A)). Practically during the first 5 min of
photons m? s71) indeed facilitated the inhibition of oxy-  sodium depletion of cells in the dark tié/ Fr, decreased
gen evolution, which thus could be achieved in less than
15 min. However, preillumination often interfered with
the ability of cells to rapidly retain full activity upon the
readdition of sodium. A
Although the net rates of oxygen evolution in sodium-
depleted cells are equally very small at pH 7 and above '
pH 9 (Fig. 1) but there is a significant difference between \
the two inhibitions. In sodium-depleted cells at pH 7 the o*
photosynthetic apparatus was functional, as revealed by
thermoluminescence (TL) (Fig. 2) that, similar to the con-
trol (pH 10, 200 mM NacCl), exhibited a DCMU-sensitive
band, B-band (Vasst al., 1981). The photosynthetic ac-
tivity of Na-depleted cells at pH 7 has also been confirmed
by the flash-induced redox transients of the cytochrome 1 LR .
bs f complex, which displayed essentially the same tran-
sients at pH 7 in the absence or presence of sodium, as at
pH 10 in the presence of 200 mM NaCl (data not shown). 0 20 40 ' 60
In contrast, as revealed by the same set of experiments,
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Fig. 3. Changes in the Cld fluorescence parametef$/ Fr, (m, 0) and
Fig. 2. Thermoluminescence of sodium-depleted (dashed lines) and con- F}/Fr, (e, 0) during the depletion oA. platensisells (A, full symbols)
trol (full lines) cells ofA. platensisat pH 10 (bold lines) and pH 7 (thin and restoration of the cells with 200 mM N&B, empty symbols).
lines). The medium for the control cells contained 200 MM NaCl. TL  Chl a fluorescence was measured with pulse-modulated fluorometer

curves were recorded at a heating rate 6f2fhin~1, cells were preincu- (Xe-PAM). Measuring light was provided by xenon flashes with an inter-
bated in the dark fol h before the measurements. The cell suspension ference filter of 44@t 10 nm, and emission was detected at 895 nm.
(500 pL, 25 ng Chl/mL) was excited at@ (white light, 200mol Saturating blue light pulses (1 s, 20@@nol photons m?2 s~1) were

photons m? s71, 20 s). obtained from a tungsten source.
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to about 50% of the dark-adapted control. As pointed out oxygen evolution and Cyt turnover rapidly recovered.
by Campbellet al. (1998), in cyanobacteria this param- The intracellular pH also decreased to a physiological
eter (F,/Fm) can be sensitive to the pigment composi- value (8.3), but this lagged somewhat behind the recovery
tion. These parameters are influenced by variations in the of the photosynthetic activities (Fig. 5(B)).
contribution of the phycobiliproteins to the measured flu- It seems likely that the Na-dependent variation of
orescence. To diminish this uncertainty we applied blue the intracellular pH similarly to heterotrophic alkaliphilic
excitation and an observation at 68®% nm. ThusF, / F,, bacteria can be explained by the operation of afi/Na
under these conditions, shows an inhibition of the maxi- antiporter. To dissipate both Naand H" gradients we
mal photochemical efficiency of PSIl in sodium-depleted applied monensin, an exogenous "™Ma" exchanger.
cells at high pH. As shown in Fig. 3(A), sodium de- Monensin inhibits the operation of the antiporter because
pletion also induced significant increasekg. This ef- it exchanges the intracellular protons at the expense of ex-
fect was much higher when using PAM 101 (Heinz Walz tracellular sodium. Indeed, as shown in Fig. 5(C), upon the
GmbH, Effeltrich, Germany) that contains a substantial addition of monensin the intracellular pH raised signifi-
contribution inFy from phycobiliproteins. This suggests cantly because of the exchange of extracellular Mith
a detachment of phycobilisomes from the membrane uponintracellular H . Within 20 min it reached a value of about
Na depletion of cells, which has been confirmed by low- 9, and in 1-2 h the intracellular pH gradually approached
temperature fluorescence spectra (data not shown). Thehe extracellular value (pH 10). This was accompanied
mechanism of this phenomenon, which is also observed by the gradual inhibition of the photosynthetic activities:
at neutral pH, remains unclear. after 20-min incubation with monensin the oxygen evolu-

Addition of 200 mM NacCl restored,/Fy, up to tion was inhibited up to 90%, while the inhibition of the
about 80% of the dark control in less than an hour and Cytf activity lagged again somewhat behind.
full restoration occurredni 2 h (Fig. 3(B)). Readdition of As already shown by Schlesinget al. (1996) for
Na* (200 mM) rapidly restored thE] level, which shows optimal growth at pH 10, 200 mM Nais required. How-
that the phycobilisomes can readily be reattached to the ever, much lower concentrations are needed for short-term
membranes. photosynthetic electron transport and for maintaining the

As shown in Fig. 4(A), in sodium-depleted cells the intracellular pH within the physiological range. In good
rate of redox turnover of Cyitceased after several dozens agreement with Schlesinget al. (1996) we found that,
of single turnover flashes. As demonstrated by the kinetic after sodium depletion of the cells at pH 10 for 35 min,
traces (inset), the re-reduction was dramatically deceler-3 mM Na* was necessary to restore the half-optimal rate
ated after the first few flashes. This is evidently due to a of the photosynthetic oxygen evolution (Fig. 6). It can
rapid “depletion” of redox equivalents from the intersys- be seen that essentially the same concentration of sodium
tem PQ pool, which in turn blocks the turnover of @yt  was required to initiate the restoration of the intracellu-
upon repetitive flash excitation. These data, and the factlar pH. Much higher concentrations were required (more
that the “depletion” of redox equivalents was similar upon than 25 mM of N&) to complete the restoration of the
the addition of 1:QuM DCMU (not shown), show thatthe  photosynthetic oxygen evolution and of the intracellular
influx of electrons to the intersystem pool via respiration pH. Itis important to note that the restoration of these two
(Jeanjeart al., 1993) or PSI cycle (van Thet al., 2000) reactions followed practically the same dependence on the
is not significant. concentrations of Na-ions.

Readdition of sodium gradually restored the flash- As shown in Fig. 7, in sodium-depleted cells artifi-
induced oxidation and the dark re-reduction of €yt cial electron donors to PSIl, DPC, and Gyf, DQH;,
full restoration was observed in about 30 min following fully restored the activities of the linear electron trans-
the addition of 200 mM Na (Fig. 4(B)). port and the turnover of the Cit respectively. These

As summed up in Fig. 5(A), sodium deprivation of data show that the photosynthetic electron transport chain
the cells at pH 10 resulted, within approximately 15 min,in from PSII-Tyr Z to PSI acceptor side remains intact even
80% inhibition of the net photosynthetic oxygen evolution. in sodium-depleted cells at high intracellular pH, and thus
In the same time, as it was revealed by the time coursethe high-pH-sensitive site, similarly to the isolated higher
of 9AA fluorescence, the intracellular pH in Na-depleted plant membranes (Huber, 1979), is located in the oxygen
cells increased from 8.3 to 9.6. evolving complex (cf. Beratet al., 2002).

Compared to these relatively rapid changes, the inhi- As shown in Fig. 8, the oxygen evolution of isolated
bition of Cytf turnover was retarded, evidently because thylakoids ofA. platensissimilarly to isolated higher plant
of the residual reducing equivalents in the intersystem PQ membranes (Huber, 1979), is also inhibited at high pH,
pool. Upon the addition of sodium, the net photosynthetic and the maximal rates are found around pH 7.5. Figure 8
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Fig. 4. The initial amplitude of the flash-induced absorbance changes because of the oxidatior @lsGyfunction of the number

of single turnover flashes after Na depletion of dark-adapted (20 min) cells (A), and as a function of time after the restoration of cells
with 200 mM Na" (B). Data points represent mean valuesSEM from three independent sets of experiments. Typical flash-induced
absorbance transients of Gyare shown in inset. The Chl concentration of the cells wagd &hl mL™1; flash frequency was 18.
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the restoration of sodium depletionAf platensicells. Restoration was
performed by the addition of NaCl at different concentrations to cells
depleted of sodium for 40 min in the dark.

also shows that in isolated thylakoidsAf platensisthe
linear electron transport does not depend on the presence
of Na-ions (in the millimolar concentration range).

SDS-PAGE profile of thylakoid membrane proteins
from sodium-depleted (2 h) cells did not reveal signifi-
cant alterations in thylakoid membrane protein composi-
tion when compared to control cells (Fig. 9). The amount
of D1 protein of the PSII reaction center, the most sensi-
tive component of PSII to various stresses in the light (Aro
etal, 1993), did not decrease noticeably (not shown). This
is in agreement with electron transport data obtained with
DPC and MV.

DISCUSSION

A. platensigepresents a relatively wide group of the
filamentous cyanobacteria (gébscillatoriaceag; itis an
inhabitant of soda lakes, rich in sodium bicarbonate. It is
very intriguing question how this photosynthetic organ-
ism is capable of combating two extreme environmental
factors, high pH and high concentration of Nan fact, in
this particular species the adaptation of cells does not only
permit growth at elevated pH, as in the case of many other
alkalitolerant cyanobacteria, butthe cell functions are opti-
mized to these extreme conditions (pH 9.5-11.5 and 150—-
250 mM NacCl). In particular, as shown by Schlesinger
et al. (1996), and in this paper, in the alkaline pH range
the photosynthetic electron transport depends strictly on
sodium.

As concerns the mechanism of this strict sodium-
dependency two stratagems might be “applied”: (i) some
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Fig. 7. Electron transport activities in control (200 mM Ngand Na -depleted cells of. platensisLinear electron transport
rates, HO — MV and DPC— MV were measured with an oxygen electrode (both DPC and MV were added at a final
concentration of 1 mM). The turnover of Clytwas determined from the oxidation of Ayupon excitation with single
turnover flashes, measured in both the absence and presencg df RQH,.

components of the photosynthetic apparatus undergo al-(ii) both the intracellular pH and the Naconcentration
terations because of the unusual conditions (high pH, high are regulated, i.e. lowered, in order to accommodate the
salt), i.e. the photosynthetic functions are modified; or photosynthetic functions.
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The fact that deviations from the optimal conditions
readily lead to a block in the photosynthetic electron trans-
port would argue for the first scheme. For instance, it is
well known thatA. platensicannot grow at neutral pH at
any sodium concentration (Belkin and Boussiba, 1991).
We have also shown that either lowering the pH and/or
the sodium concentration can result in severe inhibitions
in the measured photosynthetic activities (see Figs. 1 and
6). However, a closer inspection of the data reveals that
the mechanisms of inhibition at neutral pH and at high pH
are strikingly different.

At high extracellular pH, in the absence of sodium,
or in the presence of monensin, inhibitor of theid"
antiport (Fig. 5(C)), the inhibition is clearly correlated
with the elevation of intracellular pH, and the site of inhi-
bition is located at the oxygen evolving complex (OEC)
(cf. Fig. 7). Earlier, it has been shown that the cells do

Fig. 8. Dependences of the photosynthetic electron transport rates of not grow at pH 7.0 (Schlesingert al, 1996), which—

isolated thylakoid membranes &f platensisin the absenced) and
presenceq) of 30 mM NacCl. Thylakoids (1@tg Chl/mL) were freshly
isolated and suspended in 20 mM Bis-Tris Propane buffer inmediately

together with the Na-dependent inhibition of the elec-
tron transport at pH 7 (Fig. 1)—implied that similar in-

prior to the measurements in the presence of 1 mM MV as an electronac- Nibition might occur at neutral pH. However, our TL
ceptor.

data (Fig. 2) revealed that at pH 7 PSIl remains fully
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kDa 94 67 43 30 20.1 14.4

TR R l

Fig. 9. SDS-PAGE profile of thylakoid mebrane proteins isolated fAarplatensiells; lanes 1 and 2, thylakoids from control cells (200 MM
Na') and sodium-depleted cells (2 h) respectively; M, molecular-weight marker proteins. Samples were loaded on equalglbldig.

functional. Further, we show that the site of inhibition At high pH, our data clearly show, that the main site
induced by sodium/depletion must be found at the ac- of the inhibition is located at the acceptor side of PSII.
ceptor side of PSI: the net photosynthetic oxygen evo- Earlier it has been concluded that the “labile
lution from H,O to CQ, was rapidly inhibited when the  photosynthetic component was associated with PSII,” and
cells were depleted at pH 7, but the linear electron trans- it has been suggested that in the absence of sodium the
port rates of HO — p-benzoquinone (PSII) as well as cells lose their ability to maintain an appropriate internal
diaminoduren— MV (PSI, in the presence of artifical pH (Schlesingeet al., 1996). However, the intracellular
electron acceptor) were not inhibited (data not shown). A pHwas not measured, and no attempt was made to identify
sodium-dependent inhibition due to limitation at the ac- the site of inhibition in PSII. Our data show that the spe-
ceptor side of PSI can be envisioned if one assumes thatcific and sole site of inhibition is at the OEC, and that the
A. platensisells rely on the import of HCQvia a Nat - inhibition arises indirectly, from the elevation of the intra-
dependent mechanism. This type of bicarbonate trans-cellular pH upon the depletion of the cells from sodium.
port has been well established in different cyanobacteria It can be ascribed to the effect of high intracellular pH on
(Kaplanet al., 1984; Ritchieet al., 1996). the S-state transitions, as in chloroplast thylakoids (Bern”
Sodium depletion may also affect the PSI electron et al,, 2002). Hence, we not only do not find evidence for
transport via ferredoxin: NADP reductase, which  any modification of the photosynthetic apparatus by high
is known to be associated with the phycobilisomes pH, butin fact we show that a key membrane constituent,
(Schluchter and Bryant, 1992; van Thatral., 2000). As the OEC, does not tolerate high pH. Similarly, we can rule
indicated by Chla fluorescence measurements (Fig. 3), out the modification of electron transport by high concen-
and low temperature fluorescence emission spectra (nottrations (150-250 mM) of sodium. Although we have not
shown), phycobilisomes are rapidly detached from the measured the intracellular Neconcentration, the effect
membrane. This effect could, however, be observed in 30 mM sodium on the electron transport rates of thylakoid
the entire pH range between 7 and 10. The mechanismmembranes of. platensissuggests that the intracellu-
and physiological significance of this change are not lar concentration, similarly to the proton concentration, is
understood—this warrants further investigations. How- regulated at the cellular level.
ever, as demonstrated in Fig. 7, in the presence of suitable We must stress that the regulation of the intracellu-
electron donors, the electron transport chain betweenlar pH (and most likely also the Naconcentration) can
Tyr-Z (PSIl) and the acceptor side of PSI remains fully be achieved in the dark (see Results section). As a con-
functional. sequence, the photosynthetic electron transport is void
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of light-induced degradations, which are usually facili- the water-splitting enzyme by maintaining, most probably
tated in combination with stress factors (Giasdi al., via Na"/H* antiport through the plasma membrane, a pH
1997). These data are at variance with those presentechomeostasis.

by Schlesingeet al. (1996), who found that “the Na

deficiency effectwas not only pH-dependent butalso light- Ack NOWLEDGMENTS

dependent,” and observed drastic effects on cell intergity.
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genic antiporter (Krulwichet al,, 1999, 2001: Padan and Blumwald, E., Wolosin, J. M., and Packer, L. (198Bjochem. Biophys.
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