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Sammary. The rate of inorganic carbon uptake and its steady-
state accumulation ratio (intracellular/extracellular concentra-
tion) was determined in the cyanobacterium Anabaena variabilis
as a function of extracetiular pH. The free energy of protons
(Apy+) across the plasmalemma was calculated from determina-
tions of membrane potential, and intracellular pH, as a function
of the extracellular pH. While inward proton motive force de-
creased with increasing extracellular pH from 6.5 to 9.5, rate of
HCOyj influx and its accumulation ratio increased. The latter is
several times larger than would be expected should HCO; influx
be driven by Apay+. It is concluded that HCO; transport in
cyanobacteria is not driven by the proton motive force.
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Introduction

The mechanism of active HCOj transport in cyano-
bacteria and green algae [see 11, 12 for references]
is not yet understood. Two models have been pro-
posed to explain the active accumulation of inor-
ganic carbon (C;) and the HCOjs -induced hyperpo-
larization of the cell membrane [11]: (a) A primary
electrogenic pump for HCO; [2, 11] and (b) H"-
HCO; symport or OH"/HCO; antiport [5, 14] sec-
ondary to an H* extrusion pump [11]. In the latter
model HCOj5 is envisaged as driven by the differ-
ence in free energy of H* across the membrane
(Afiy+, which is the sum of ApH and Ays). Hyperpo-
larization on addition of HCQj; will be observed if
the H* extrusion pump is stimulated by the pres-
ence of HCO53 . An analysis of the extent of accumu-
lation of inorganic carbon within the cells as a func-
tion of Agy+ should enable critical assessment of
the validity of this model.

Ay and ApH may be modified by various treat-
ments, such as raising the concentrations of K* [18]
or a lipophilic cation [8] in the medium. The ap-
proach taken here was to study HCOj5 transport in

response to the pH in the medium. The intracellular
pH of Anabaena variabilis [17] and Coccochloris
peniocystis [3] is only slightly affected by the exter-
nal pH over the range of 6.5-8 and 7.0-10.0, re-
spectively. Consequently, ApH is strongly affected
by the external pH. Hyperpolarization of the cell
membrane has been observed in A. variabilis in re-
sponse to elevated pH [17]. It is too small, however,
to result in maintenance of Agy+ at a constant value
over a large range of external pH. Therefore Afiy+
decreases as external pH is elevated from 6.0 to 8.0
[17]. Similar results were obtained in E. coli [see
15]. Since Ajiy+ is considered to be the driving
force for HCO;3 transport according to the H*-
HCOj; symport model, raising the external pH
should lower the HCO;3 transport capability, and
hence the accumulation ratio ([C;]in/[Cilow), unless
the parameters of Ajy+ have a strong effect on the
kinetics of transport [7]. In the study presented here
we determined the effect of external pH and Agg+
on the one hand and on the transport of HCO; and
its accumulation ratio on the other.

Materials and Methods

Cells of Anabaena variabilis strain M-3 from the collection of the
Tokyo University were grown aerated with air as described else-
where [11). Rate of oxygen exchange and accumulation of inor-
ganic (acid labile) carbon were determined by means of a O,
electrode and the filtering centrifugation technique, respectively,
as described earlier [10]. The pH of the medium was altered by
suspending the cells in mixtures of N-2-hydroxyethylpiperazine-
N’-2-ethane sulfonic acid (HEPES), N-2-hydroxyethylpiper-
azine propane sulfonic acid (EPPS) and 1,3-bis(tris hydroxy-
methyl)methylamino propane (BTP) (25 mM each). The required
pH was obtained by titration with NaOH. Intracellular pH was
determined essentially as described by Coleman and Colman [3]
using the distribution between cells and medium of 5,5-dimethyl-
oxazolidine-2,4-Dione (DMO), at pH’s 6.5-8.0 and methylamine
at pH’s 8.0-9.5. Uptake of the charged species of methylamine
in addition to the uncharged would be expected to result in un-
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Fig. 1. Photosynthetic O, evolution in A. variabilis as a function
of extracellular pH. Two ml of cell suspension corresponding to
7.0 ug Chl/ml in the O, electrode. 30°C, 6.5 mW + cm™~2 (400-700
nm) saturating extracellular inorganic carbon concentration (1
mM). Data presented are average of three replicates. Variability
was smaller than +10% of the average

derestimation of the cytoplasmic pH. This would be most pro-
nounced at pH 8.0 where the methylammonium over methyl-
amine concentration ratio is the largest (for the pH range in
which methylamine was used). The time course of methylamine
uptake (not shown) indicated two main phases. The first phase of
rapid uptake was completed after about 5-10 min and was fol-
lowed by prolonged uptake at reduced rate. We attribute the first
phase to uptake of methylamine, and the second phase which
was most pronounced at pH 8.0 to uptake of methylammonium.
Extrapolation of the second phase to zero time gave an estimate
of the uptake of the uncharged species only. When extracellular
pH was 8.0 the estimated cytoplasmic pH was 7.8 and 7.7 with
DMO or methylamine, respectively. The membrane potential
was determined from the distribution of tetraphenylphos-
phonium (TPP*) as described earlier [11].

Results and Discussion

The rate of O, evolution at saturating levels of inor-
ganic carbon (C;) was scarcely affected by the ex-
ternal pH over the range of 7.0 to 9.0 (Fig. 1). This
finding is in agreement with our previous report [9]
and the results of Coleman and Colman [3] in Coc-
cochloris. It may serve as another indication that
there is little or no change in internal pH because at
saturating C; level the activity of ribulose 1-5-bis-
phosphate (RuP,) carboxylase (which is strongly
pH dependent [3]) limits the rate of photosynthesis
(M. Volokita, in preparation).

The Ay across the cell membrane as calculated
from the distribution of tetraphenylphosphonium
ion (TPP*) is shown in Fig. 2 as a function of the
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Fig. 2. Distribution of tetraphenylphosphonium (TPP*) between
cells and medium as a function of extracellular pH. Extracellular
TPP* concentration 15 uM, 30°C, 0.5 mM NaHCO;, 6.0 mW -
cm~? (400-700 nm). Data presented are the average of six repli-
cates. Variability was £5-10% of the average

external pH. Hyperpolarization of cell membrane is
observed as the external pH is raised from 7.0 to
9.0. The data presented in Fig. 2 are those obtained
in the presence of 0.5 mM C;. The extent of the C;
induced hyperpolarization {11] was scarcely af-
fected by external pH over the range used here (not
shown).

The initial rate of C; uptake, following HCO;
supply, as a function of external concentration, at
different pH values is shown in Fig. 3. These data
were calculated from experiments in which the time
course of accumulation of C; within the cells was
followed at various pH’s (not shown). Analysis of
the data in Fig. 3 indicates that the HCOj transport-
ing system does not conform to Michaelis-Menten
kinetics. This is especially pronounced at pH 8.5
and 9.5. The parameters of Agy+ (ApH and Ay) are
energetically equivalent. They may, however, influ-
ence kinetic parameters differently [7]. The effect of
extracellular pH, ApH and A on kinetic parame-
ters of HCOj transport in Arabaena cells will be
discussed separately.

The intracellular steady-state pool of C; de-
pends on the rates of its influx and of its dissipation.
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Fig. 3. Initial rate of inorganic carbon (C;) uptake as a function
of its external concentration at different pH values. Rate deter-
mined from the siope of curve relating accumulation of C; 5 and
10 sec after the addition of NaH'“CO; at different concentrations.
Three replicates, variability less than =10% of the presented
average

The latter is due to efflux of C; and its photosyn-
thetic utilization. The rate of efflux of C; was mea-
sured at pH 8.0 only [13]. Data obtained indicated
that the rate of efflux of C; is rather small compared
to the initial rate of influx (420 and 1400 gmole C; -
mg~! Chl - h™!, respectively). The maximal rate of
photosynthetic O, evoluation was not affected by
pH over the range of 7.0-9.0 (Fig. 1). Thus the pho-
tosynthetic dissipation of the intracellular C; pool
must be constant over this pH range (~300 wmol C;
-mg~' Chl - h™!). It is concluded that the rate of
dissipation of intracellular C; (via efflux and photo-
synthesis) is about half the initial rate of C; influx.
This must indicate that the steady-state influx rate is
slower than the initial rate, perhaps due to some
inhibition on influx exerted by the intracellular C;
pool. The effect of the intracellular C; pool on unidi-
rectional C; fluxes is now being studied. The C; ac-
cumulation ratio was determined from experiments
in which the time course of accumulation of the
intracellular C; pool were followed as affected by ex-
ternal pH between 6.5 and 9.5 (not shown, but see
[10] for time course at pH 8.0). It should be empha-
sized that maximum accumulation was reached af-
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Fig. 4. Initial rate of HCO; uptake (V) accumulation ratio and
Ay~ as a function of extracellular pH. V and the accumulation
ratios are given at limiting (0.02 mM) and saturating (1.8 mm)
extracellular inorganic carbon concentration {{C.]..). Data for
accumulation ratio are taken from the steady-state intracellular
C; concentration determined in time course experiments follow-
ing the supply of C; to CO.-depleted cells. Ay~ calculated from
membrane potential (Fig. 2) and measurement of intracellular pH
as a function of extracellular (not shown but very similar to that
reported in Coccochloris (3])

ter 90—-120 sec in the case of extracellular C; concen-
tration of 1.8 mmM and within 30-60 sec in the case of
0.02 mM. In the latter case the intracellular pool
decreased after 90 sec due to utilization of extracel-
lular inorganic carbon [10].

As pointed out in the introduction, should the
H*-HCO3; symport model be correct, the driving
force for C; uptake would be Afy+ + Afic,. Maxi-
mum accumulation ratio of C; and the resulting Agi,
should not exceed Afiy+. In Fig. 4 the rates of C;
uptake, its accumulation ratio, and the Agy+ (calcu-
lated from Fig. 2 and intracellular pH measure-
ments) are plotted against the extracellular pH. The
data clearly indicate that as the hypothetical driving
force for inward H* movement decreases the maxi-
mum rate of C; uptake and the accumulation ratio
are increasing. Further, at pH 9.5, for example,
Afig+ is only about —15 mV, where Ajc, corre-
sponds to about 260 mV at extracellular C; of 0.02
mm and 210 mV at 1.8 mM extracellular C;. This is
just the opposite of what would be expected should
the H*-HCO3; symport model be correct. HCOy
influx driven by Agy+, would require a stoichiome-
try of about 17 H* per HCOj. This would be very
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difficult to reconcile with the observed hyperpolar-
ization on addition of HCO; [11]. It is therefore
concluded that HCOj; transport and accumulation
in cyanobacteria is not driven by the proton motive
force. Therefore the other alternative of primary
electrogenic pump for HCO; seems preferable and
i1s now being examined further.

Alkalization of the cytoplasm has been sug-
gested as the cause for inhibition of photosynthesis
in Anabaena at pH’s higher than 9.5 [9]. This may
be explained by the fall of Agy+ (Fig. 4) as the latter
may serve as the driving force for efflux of OH~
intracellularly released from HCO;3 (during utiliza-
tion of CO, in photosynthesis). Furthermore, up-
take of different solutes [16] and activity of en-
zymes such as nitrogenase [6] is thought to depend
on Afy+ and its parameters. Afiy+ may therefore
determine the upper pH limit for growth of cyano-
bacteria.

It is interesting to note that the accumulation
ratio at a given extracellular C; concentration does
not correlate well with the initial rate of C; uptake
(Fig. 4). Theoretically the accumulation ratio
should not be affected by the extracellular concen-
tration. It is often observed, however, as is also the
case here (Fig. 4), that the accumulation ratio falls
with increasing extracellular substrate concentra-
tion. Eddy [4] has recently put forward several pos-
sible explanations of such findings, and we are now
attempting to analyze the case for inorganic carbon
accumulation in cyanobacteria.

This research was supported by a grant from the United States-
Israel Binational Science Foundation (BSF), Jerusalem, Israel.

References

1. Badger, M.R., Kaplan, A., Berry, J.A. 1980. Internal inor-
ganic carbon pool of Chlamydomonas reinhardtii: Evidence
for a carbon dioxide concentrating mechanism. Plant Phy-
siol. 66:407-413

2. Beardall, J., Raven, J.A. 1981, Transport of inorganic car-
bon and the CO, concentrating mechanism in Chlorella
emersonii (Chlorophyceae). J. Phycol. 17:134-141

11.

12,

13.

14.

16.

17.

18.

. Zenvirth et al.: HCO3 Transport is not H"-HCO3; Symport

. Coleman, J.R., Colman, B. 1981. Inorganic carbon accumu-

lation and photosynthesis in a blue-green algae as a function
of external pH. Plant Physiol. 67:917-921

. Eddy, A.A. 1982. Mechanism of solute transport in selected

eukaryotic microorganisms. Adv. Microbial Physiol. 23:1-
78

. Findenegg, G.R. 1979. Inorganic carbon transport in mi-

croalgae. 1. Location of carbonic anhydrase and HCO; /OH-
exchange. Plant Sci. Lett. 17:101-108

. Hawkesford, M.J., Reed, R.H., Rowell, P., Stewart,

W.D.P. 1982. Nitrogenase activity and membrane electro-
genesis in the cyanobacterium Plectonema borganum. Eur.
J. Biochem. 127:63-66

. Heinz, E., Geck, P. 1978. The electrical potential difference

as a driving force in Na*-linked cotransport of organic sol-
utes. In: Membrane Transport Processes. J.F. Hoffman, edi-
tor. Vol. 1, pp. 13-30. Raven Press, New York

. Humphreys, T.E. 1981. Sucrose-proton efflux from maize

scutellum cells. Phytochemistry 20:2319-2323

. Kaplan, A. 1981. The photosynthetic response to alkaline

pH in Anabaena variabilis. Plant Physiol. 67:201-204

. Kaplan, A., Badger, M.R., Berry, J.A. 1980. Photosynthesis

and the intracellular inorganic carbon pool in the blue green
alga Anabaena variabilis: Response to external CO, concen-
tration. Planta 149:219-226

Kaplan, A., Zenvirth, D., Reinhold, L., Berry, J.A. 1982.
Involvement of a primary electrogenic pump in the mecha-
nism for HCO; uptake by the cyanobacterium Anrabaena
variabilis. Plant Physiol. 69:978-982

Lucas, W.J. 1983. Photosynthetic assimilation of exogenous
HCO; by aquatic plants. Annu. Rev. Plant Physiol. 34:71~
104

Marcus, Y., Zenvirth, D., Harel, E., Kaplan, A. 1982. In-
duction of HCOj transporting capability and high photosyn-
thetic affinity to inorganic carbon by low concentration of
CO, in Anabaena variabilis. Plant Physiol. 69:1008-1012
Miller, A.G., Colman, B. 1980. Active transport and accu-
mulation of bicarbonate by a unicellular cyanobacterium. J.
Bacteriol. 143:1253-1259

. Padan, E., Zilberstein, D., Schuldiner, S. 1981. pH homeo-

stasis in bacteria. Biochim. Biophys. Acta 650:151-166
Raven, J.A. 1980. Nutrient transport in microalgae. Adv.
Microbiol. Physiol. 21:47-226

Reed, R.H., Rowell, P., Stewart, W.D.P. 1980. Components
of the proton electrochemical potential gradient in Anabaena
variabilis. Trans. Biochem. Soc. 8:707-708

Schwab, W.G.W., Komor, E. 1978. A possible mechanistic
role of the membrane potential in proton-sugar cotransport
of Chlorella. FEBS Lett. 87:157-160

Received 9 September 1983; revised 30 November 1983



