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ABSTRACT

B,

Light-induced acidification by the cyanobacterium A na variabilis
is biphasic (a fast phase I and slow phase II) and shown to be sodium-
dependent with an optimum concentration of 40 to 60 millimolar Na*.
Cells grown under low CO, concentrations at pH 9 (i.e. mainly HCO,~
present in the medium) exhibited the slow phase II of proton efflux only,
while cells grown under low CO, concentrations at pH 6.3 (i.e. CO, and
HCO,~ present) exhibited both phases. Light-induced proton release of
phase 1 was dependent on inorganic carbon available in the bathing me-
dium with an apparent K, for CO, of 20 to 70 micromolar. As was
concluded from the CO, dependence of acidification measured at different
pH of the bathing medium, bicarbonate inhibited phase-1 acidification
noncompetetively. Acidification was inhibited by acetazolamide, an in-
hibitor of carbonic anhydrase. Apparently, acidification of phase I is due
to a light-dependent uptake of CO, being converted to HCO,~ by a car-
bonic anhydrase-like function of the HCO, ™ -transport system (M Volok-
ita, D Zenvirth, A Kaplan, L Reinhold 1984 Plant Physiol 76: 599-602)
before or during entering the cell, thus releasing one proton per CO,
converted to HCO,~.

Aquatic plants are able to actively accumulate DIC? (12). Ac-
cordingly, cyanobacteria have been shown to effectively take up
DIC from the medium, which may result in a several thousand-
fold accumulation (9, 13). This DIC uptake is strictly light de-
pendent (13, 17) and, as was shown with Anabaena variabilis,
may be due to a primary electrogenic pump (11). Considerable
evidence has accumulated that HCO;~ can be transported by
several cyanobacterial species (e.g. 4, 7, 11, 13, 14), but it is
controversial whether CO, actively enters the cell (1, 27).
Bicarbonate uptake is not a H*/HCO;~ symport in A. var-
iabilis (29), although high rates of light-induced acidification oc-
cur in Anabaena and other blue-green algae (for review, see
Scherer et al. [25]). In part, this acidification is due to an ATPase
localized on the cytoplasmic membrane (8, 23, 24), as well as to
light-induced proton release (i.e. phase I) resulting from the
conversion of CO, to HCO;~ during the uptake of CO, (18).
For the latter mechanism data are presented in this paper. Our
findings are in favor of the hypothesis that HCO, is the carbon
species transported across the plasma membrane of A. variabilis,
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supporting the model of Volokita et al. (27).

MATERIALS AND METHODS

Species and Growth. Anabaena variabilis (ATCC 29413) was
grown either in a medium of high ionic strength according to
Arnon et al. (2) or low ionic strength (in BG-11 medium: see
Ref. 22) under nitrogen-fixing conditions at 30°C and 13 W/m?
(continuous white fluorescent light). The Na*-concentration in
BG-11 medium under these conditions was 0.2 mM. CO, supply
was 1.5% v/v (high-CO, cells) or 0.03% v/v (low-CO, cells) as
indicated in the figures.

Harvest and Preparation of Cells. Filaments grown in Arnon’s
medium usually were harvested after 2 d of growth in the late
logarithmic phase (5 min, 3000g), washed and resuspended in a
medium containing 3 mM glycylglycine/NaOH, 75 mm KCl, 75
mM NaCl, 5 mm MgClL, (pH 6.3). yielding a concentration of
about 500 mg Chl per ml; the suspension was kept on ice. This
holds for the experiments described in Figures 4 and 5. The
storage on ice somewhat decreased photosynthetic oxygen evo-
lution but all activities reported here were found constant during
the measurements. For all other experiments, filaments grown
in BG-11 medium were withdrawn from the culture vessel and
immediately transferred to the reaction chamber.

Determination of Acidification. Cells were suspended in a plex-
iglass chamber (2.4 ml), equipped with a Clark-type O, electrode
(YSI), a magnetic stirrer, and a pH-electrode (Radiometer PHM
62, GK 2321C Copenhagen). Reaction temperature was 24°C,
samples were illuminated with saturating red light (RG cut-off
filter by Schott, Mainz, Germany). The reaction medium was
either BG-11 or glycylglycine buffer as mentioned above. De-
creased levels of DIC in the reaction medium were obtained by
bubbling with CO,-depleted air for several hours, the air pre-
pared by filtering it through 4 M NaOH and 0.5 M Ba(OH),
solutions. Chl concentrations during the measurement are given
in the legends. After transfer into the reaction chamber, the
appropriate pH was adjusted with 50 mm HCI or 50 mm NaOH.
After calibration with defined volumes (usually 1 ul) of acid or
base, the cells were incubated in the dark until a stable pH trace
was obtained (after 6—-8 min). Additions were made before cal-
ibration. To obtain reproducible results, the incubation time in
the dark was kept constant.

RESULTS

Effect of Na* and Li*. The kinetics of proton efflux of A.
variabilis grown and measured in BG-11 medium in the presence
of CO, (see legend) is shown in Figure 1. In the absence of Na * .
no acidification was observed. Addition of 46 mM Na* led to a
biphasic acidification. In Figure 2 the sodium dependence of
phase I is shown in detail. Forty to 60 mM was found as the
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F1G. 1. Light-induced acidification of the medium by A. variabilis,
grown at pH 6.3 with 1.5% CO, (v/v) in BG-11 medium. Cells (equivalent
to 8.5 ug Chl x ml~') were transferred immediately from the growth
vessel to the reaction chamber and measured in BG-11 medium in the
absence (A) or in the presence (B) of 46 mM NaCl. I, II: phase I and
phase II of proton release.
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FiG. 2. Influence of NaCl on phase-I acidification of A. variabilis.
Growth of cells and assay conditions: see legend of Figure 1 and “Ma-
terials and Methods;”” 100% correspond to 270 to 1100 umol H* X mg
Chl~! x h~!'. Average values measured with four different culture batches

and standard deviation are given. The zero concentration of Na* cor-
responds to 0.2 mM Na*.

optimum concentration. Cells grown in Arnon’s medium, stored
on ice, and measured in glycylglycine buffer (see ‘‘Materials and
Methods”’) without sodium present also showed an acidification
with a much lower rate stimulated again by addition of sodium.
Potassium ions did not induce proton efflux whereas lithium ions
induced only a weak first phase and then inhibited acidification.
Li+ strongly affected photosynthetic O, evolution (Fig. 3) with
a maximum inhibition at 50 to 60 mM. Inhibition of O, evolution
by Li* could be partly reversed by Na* (data not shown).
Influence of Growth pH. Cells grown at a pH of about 9 under
low-CO, conditions showed no phase-I acidification (Fig. 4), only
the slow phase II of proton efflux was seen with a lag phase of
10 to 20 s before the maximum rate was attained. Growth of A.
variabilis under low-CO, conditions at pH 6.3 led to a phase-I
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FiG. 3. Inhibition of oxygen evolution by LiCl in the absence of ad-

ditional Na* at saturating DIC. Growth of cells and assay conditions:

see legend of Figure 1 and ““Materials and Methods;” 100% correspond

to 100 to 223 umol O, x mg~' Chl x h~'. Average values and standard

deviation are given as obtained from three different culture batches.
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FiG. 4. Light-induced acidification of cells grown for 2 d under air at
pH 9.4 (A) and air at pH 6.4 (B) in BG-11 medium. The pH of 6.4 of
the culture medium was adjusted by adding 20 mM of 2-(N-morphol-
ino)ethanesulfonic acid (MES/NaOH buffer). The assay was performed
with 40 mm NaCl present at pH 6.3 and cells equivalent to 12 ug of Chl
x ml~'. Figures are given as umol X mg~' Chl x h-".

proton efflux with a lag phase of 1 to 3 s (Fig. 4), as was observed
with high-CO, cells (1.5% CO, v/v, pH 6.3).

Dependence on DIC. The phase-I acidification was found to
be dependent on inorganic carbon, whereas phase-II proton ef-
flux was not. The influence of CO, at different pH of the bathing
medium, measured with cells grown at pH 6.3 is shown in Figure
5A. Generally, light-induced acidification was lower at alkaline
pH. A kinetic analysis of the data (Fig. 5B) revealed a Michaelis-
Menten Kkinetics in both cases, suggesting a noncompetitive in-
hibition at alkaline pH. The apparent K,, for CO, was found
variable between 20 and 70 uM in different batches of Anabaena.
It was also dependent on the treatment of the cells preceding
measurement (data not shown). :

Inhibitor of Carbonic Anhydrase. Acetazolamide is known as
an inhibitor of the enzyme (19) and substantially inhibited phase
I of light-induced acidification (Table I). Phase II, as measured
with air-grown cells, was not inhibited by acetazolamide (Table

1.
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F1G6. 5. Dependence of phase I acidification on DIC of A. variabilis.
Cells grown for 2 d under 1.5% CO, (v/v) in a medium according to
Arnon et al. (2) were measured in glycylglycine buffer. A CO, free buffer
was prepared as described in ‘*Materials and Methods™'; Chl was 30 ug
x ml~!. (A) Dotted lines indicate that the initial amount of CO, in the
buffer has been estimated only. After addition of DIC, as NaHCO,, the
pH was adjusted with HCI and the light switched on after 2 to 4 min of
equilibration. The pH-dependent CO, content was calculated from total
inorganic carbon according to Buch (6). Data of a typical experiment
are given. (B) A double-reciprocal plot of the data of (A).

DISCUSSION

Light-induced acidification in A. variabilis is biphasic. The
second, slow phase is most likely due to a proton-translocating
ATPase localized in the cytoplasmic membrane (8, 23, 24), while
the function of the first, fast phase of acidification is not yet
known. Despite considerable efforts, the mechanism of DIC up-
take in cyanobacteria is still unclear, but there is wide agreement
that HCO,~ can pass the cytoplasmic membrane (4, 7, 11, 13,
14). Whether CO, can pass actively the membrane of A. variabilis
is disputed (1, 27). In this paper, we present evidence based on
proton flux measurements that CO, is converted to HCO,~ be-
fore or during it enters the cell.

It has been shown by many investigators that photosynthesis
(15) and DIC uptake (10, 16, 21) depend on sodium ions. In
Anabaena, grown under high CO,-concentrations, photosyn-
thetic O, evolution is slightly stimulated by Na* (data not shown)
and strongly inhibited by LiCl (Fig. 3). It may be possible, al-
though we have not checked it, that the stimulatory effect of
Na* an O, evolution is dependent on the DIC concentration
during growth. Miller and Canvin (16) reported that O, evolution
and HCO,~ uptake of Synechococcus is inhibited by Li* under
DIC limiting conditions. Our data confirm their finding that
inhibition of O, evolution by Li* can be overcome by high Na*

concentrations. Since light-induced acidification depends on so-
dium ions (Figs. 1 and 2) with a similar optimum concentration
as reported for its function in DIC uptake of Anabaena M-3 (10)
we conclude that light-induced acidification apparently is con-
nected with DIC uptake. Although a Na+*/HCO;~-symport may
be possible (21), the function of sodium in DIC transport is not
yet clear and further investigations on Na* fluxes are necessary,
because sodium ions also may be important in osmoregulation
(5, 20). A light-dependent uptake of >*Na* in Anabaena has
been shown recently (S Scherer, unpublished results).

A DIC-depleted reaction medium allowed us to determine the
influence of DIC on phase-I acidification (Fig. SA). The rate of
proton release of pH 6.9 was significantly lower than at pH 6.3;
above pH 8 no acidification was found at all. This does not imply
that no CO, is taken up at this pH; CO, uptake above pH 8 was
strongly limited by the CO, concentration in our closed system.
which was approximately 5 to 10 uM. The acidification expected
is too small to be measured by our pH-electrode. Assuming that
CO, and not HCO, " is responsible for the proton release ob-
served, a K,, between 20 and 70 uM could be determined, which
is in the same order of magnitude as the K,, found for DIC uptake
in Anabaena (9, 27). At pH 6.9, as compared to pH 6.3, a larger
fraction of DIC is present as HCO, -, which, according to the
data of Volokita er al. (27), noncompetitively inhibits the use of
CO, as a carbon source of A. variabilis. Although (in Ref. 27)
these authors refer to a competitive inhibition in the text, their
Dixon plot clearly exhibits a noncompetitive type. Conclusively.
phase-I acidification should be dependent on CO,. Additional
support for this hypothesis arises from the experiment shown in
Figure 4: cells grown under air at pH 9.4 (with a high HCO, /
CO, ratio) showed no phase I, but cells grown under air at pH
6.3 (with approximately 55% of DIC present in the form of CO,)
clearly exhibited phase I.

The data reported in this study on light-induced phase-I acid-
ification in A. variabilis are in excellent accordance with one of
the models for carbon uptake published for A. variabilis M-3
(27), which is shown in a slightly modified form in Figure 6. In
this model, a carbonic anhydrase-like function is suggested to be
closely associated with the HCO,~ porter. CO, is converted to
HCO,~ before it is transported across the cytoplasmic mem-
brane, thus liberating one proton per CO,, which is measured
as phase-I acidification in our experiments. Recently, Ogawa and
Kaplan (18) reported on a molar CO,:H " -stoichiometry of 1:1
in a mutant of Anacystis, again supporting the model of Figure
6. Anabaena does not show extracellular carbonic anhydrase
activity (26, 28), but the uptake of CO, (not HCO, ") is inhibited
by the carbonic-anhydrase inhibitor ethoxyzolamide (27). The
hypothesis is corroborated by the finding that phase-I but not
phase-II acidification is inhibited by acetazolamide (Table I).
Additional support for the model of Figure 6 emerges from light
dependence. Phase I is driven by red light (707 nm) showing an
action spectrum (24). which is somewhat similar to that for car-

Table 1. Inhibition of Acidification by Acetazolamide
Data are given as % of control without inhibitor; 100% correspond to 350 to 712 (phase I), 51 to 75 (phase
II), 64 to 132 (alkalization), 187 to 330 (O, evolution of CO,-grown cells), and 95 to 113 (O, evolution of air-
grown cells) pmol X mg~' Chl x h~'. Average values + from 10 experiments (CO,-grown cells) are given.
DIC concentration was 0.5 to 1 mM. Cells were grown in Arnon’s medium (see ‘‘Materials and Methods™).

. Proton Efflux Alkali- Oxygen
Conditions . .
Phase I Phase II zation Evolution
Control 100 100 100 100
1 mM Acetazolamide
CO,-grown cells 42 = 10 ND* 68 + 18 75 x4
Air-grown cells® 111 =9 108 = 8 78 =19

2 Not determined. ® Air-grown cells exhibited no phase I when grown at pH 9.
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F1G. 6. A possible model for DIC transport across the cytoplasmic
membrane, based on Volokita er al. (27) and the results presented in
this paper. The biochemical function of Na' and Li~ is speculative,
although a light-dependent **Na* uptake with Anacystis E, and R. var-
iabilis could be demonstrated recently in our laboratory (A Kaplan. S
Scherer, unpublished data). CA, carbonic-anhydrase like function of the
CO./HCO; " transport system: AcAm. acctazolamide; CM. cytoplasmic
membrane; =. presumed inhibitory site.

bon uptake in Anabaena M-2 (17).

Aizawa and Miyachi (1) questioned the model for CO, trans-
port suggested by Volokita et al. (27), assuming that, in addition
to a HCO, ™ transport, in Anabaena a CO, porter is responsible
for the uptake of CO,, transporting CO, and not HCO,  across
the cytoplasmic membrane. If this were true, no protons should
be liberated during DIC uptake, which is in contrast to the data
on acidification presented in this paper for Anabaena and re-
ported most recently for Anacystis (18). Of course, DIC uptake
mechanisms in cyanobacteria may vary between species (1) and,
as expressed by Badger and Andrews (3), “‘the mechanistic basis
for the inorganic carbon concentrating system may not be a sim-
ple HCO;~ pump.”

Acknowledgments—We are grateful to Dr. A. Kaplan, Jerusalem, Isracl. for
helpful comments and R. Grimm for skillful technical assistance.

LITERATURE CITED

1. A1zawa K, S MiyAcHI 1986 Carbonic anhydrasc and CO- concentrating mech-
anisms in microalgac and cyanobacteria. FEMS Microbiol Rev 39: 215-233
. ARNON D, D McSwalin, H TsuuimMoTo. K WaDA 1974 Photochemical activity
and components of membrane preparations from blue-green algac— coex-
istence of two photosystems in relation to chlorophyll a and removal of
plastocyanin. Biochim Biophys Acta 357: 231-245
3. BADGER MR, TJ ANDREWS 1982 Photosynthesis and inorganic carbon usage
by the marine cyanobacterium. Synechococcus sp. Plant Physiol 70: 517-
523
4. BADGER MR, M BasseT. HN Comins 1985 A model for HCO;  accumulation
and photosynthesis in the cyanobacterium Svnechococcus sp. Plant Physiol
77: 465-471
5. BLumwaLD E, JM WoLosIN, L PACKER 1984 Na*/H* cxchange in the cy-
anobacterium Synechococcus 6311. Biochem Biphys Res Commun 122: 452-
459

(39

SCHERER ET AL.

6.

10.

. MiLLER AG. B CoLMAN 1980 Evidence for HCO;

. REINHOLD L. M VOLOKITA. D ZENVIRTH. A KAPLAN 1984 Is HCO.

Plant Physiol. Vol. 86. 1988

BucH K 1960 Dissoziation der Kohlensaure. Gleichgewichte und Puffersys-
teme. In A Pirson. c¢d. Encyclopedia of Plant Physiology Vol 1. Springer-
Verlag, Heidelberg. pp 1-11

. Espie GS. A GEHL. GW OwWTTRIM. B CoLMAN 1984 Inorganic carbon uti-

lization by cyanobacteria. In C Sybesma. ed. Advances in Photosynthesis
Rescarch. Vol 111, Martinus Nijhoff. The Hague. pp. 6.457-6.461

. HINRICHS 1. S SCHERER. P. BOGER 1985 Two different mechanisms of light-

induced proton efflux in the blue-green alga Anabaena variabilis. Physiol
Veg. 23: 717-724

. KapLaN A, MR BaDGER. JA BERRY 1980 Photosynthesis and the intraccllular

inorganic carbon pool in the blue-green alga Anabaena variabilis: Response
to external COs concentrations. Planta 149: 219-226

KAPLAN A. M VOLOKITA. D ZENVIRTH. L REINHOLD 1984 An essential role
for sodium in the bicarbonate-transporting system of the cvanobacterium
Anabaena variabilis. FEBS Lett 176: 166- 168

. KapLaN A D ZeNVIRTH, L REINHOLD. JA BERRY 1982 Involvement of a

primary electrogenic pump in the mechanism for HCO;~ uptake by the
cyanobacterium Anabaena variabilis. Plant Physiol 69: 978-982

. Lucas, WJ, JA BERRY (eds) 1985 Inorganic Carbon Uptake by Aquatic Pho-

tosynthetic Organisms. American Socicty of Plant Physiologists. Rockville.
MD

. MiLLER. AG. B CoLMAN 1980 Active transport and accumulation of bicar-

bonate by a unicellular cyanobacterium. J Bacteriol 143: 12531259
transport by the blue-
green alga (cyanobacterium) Coccochloris peniocystis. Plant Physiol 65: 397-
402

. MiLLER AG. DH TurpIN, DT CANVIN 1984 Na " requircment for growth.

photosynthesis. and pH regulation in the alkalitolerant cvanobacterium Sv-
nechococcus leopoliensis. J Bacteriol 159: 100-106

. MiLLER AG. DT CaNVIN 1985 Distinction between HCO; - and CO,-de-

pendent photosynthesis in the cyanobacterium Svnechococcus leopoliensis
based on the selective response of HCO, ™ transport to Na ™. FEBS Lett 187:
29-32

. Ocawa T, W L OGREN 1985 Action spectra for accumulation of inorganic

carbon in the cyanobacterium, Anabaena variabilis. Photochem Photobiol
41: 583-587

. Ocawa T. A KapLAN 1987 The stoichiometry between CO, and H - fluxes

involved in the transport of inorganic carbon in cyanobacteria. Plant Physiol
83: 888-891

. PoincELOT R P 1979 Carbonic anhydrase. /n M Gibbs, E Latzko. eds. En-

cyclopedia of Plant Physiology. Vol 6. Photosynthesis. Springer-Verlag. Hei-
delberg. pp 230-238

. REED RH. DL RICHARDSON. WDP STEWART 1985 Na * uptake and extrusion

in the cyanobacterium Synechocystis PCC6714 in response to hypersaline
treatment. Evidence for transient changes in plasmalemma Na - permeabil-
ity. Biochim Biophys Acta 814: 347-355

trans-
port in Anabaena a Na® symport? Plant Physiol 76: 1090- 1092

. RippkA R. J DERUELLES. JB WATERBURY. M HERDMAN, RY STANIER 1979

Gencric assignments. strain histories and properties of pure cultures of cyv-
anobacteria. J Gen Microbiol 111: 1-61

. SCHERER S. P BOGER 1984 Vanadate sensitive proton cfflux by filamentous

cvanobacteria. FEMS Microbiol Lett 22: 215-281

24. SCHERER S. I HiNricHs. P BOGER 1986 Effect of monochromatic light on

proton cfflux of the blue-green alga Anabaena variabilis. Plant Physiol 81:
939-941

. SCHERER S. H RieGE. P BOGER 1988 Light-induced proton efflux of the cy-

anobacterium Anabaena variabilis. In J Gallon. LJ Rogers. ¢ds. Biochem-
istry of Algac and Cyanobacteria. Oxford University Press. In Press.

26. SHIRAIWA Y. S MivacHI 1985 Role of carbonic anhydrase in photosynthesis

of the blue-green alga (cyvanobacterium) Anabaena variabilis ATCC 29413,
Plant Cell Physiol 26: 109-116

. VOLOKITA M. D ZENVIRTH. A KAPLAN. L REINHOLD 1984 Nature of the

inorganic carbon species actively taken up by the cyvanobacterium Anabacena
variabilis. Plant Physiol 76: 599-602

. YAGAWA Y. Y SHIRAIWA. S MivAcCHI 1984 Carbonic anhydrase from the bluce-

green alga (cyanobacterium) Anabaena variabilis. Plant Cell Physiol 25: 775-
783

. ZENVIRTH D. M VoLokITA. A KAPLAN 1984 Evidence against H/HCO,

symport as a mechanism for HCO;  transport in the cvanobacterium Ana-
baena variabilis ] Membr Biol 79: 271-274



