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Evidence for two calcium transport systems in the
photosynthetic bacterium Chromatium vinosum

Cindy R. Peach, Andrea D. Cobb*, James A. Smith and David B. Knaff*

Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, TX 79409, USA

Received 17 March 1986

Light-dependent Ca2* efflux via the Ca?*/H* antiport in the photosynthetic purple sulfur bacterium Chro-
matium vinosum was inhibited by three phenothiazines: chlorpromazine; trifluoperazine and phenothiazine.
The inhibitors had no effect on Ca?* uptake by C. vinosum in the dark nor any effect on the light-dependent
efflux of either Na* or TI* catalyzed, respectively, by the C. vinosum Na*/H* or K*/H* antiports. Ruthe-
nium red and LaCl,, neither of which inhibited light-dependent Ca?* efflux in C. vinosum, markedly inhibit-
ed Ca?* uptake in the dark by C. vinosum cells. Ruthenium red had no effect on the uptake of either Na*or
the K+ analog T1* by C. vinosum cells in the dark. These results have been interpreted in terms of two sepa-
rate Ca?* transport systems in C. vinosum: (i) a phenothiazine-sensitive and ruthenium red, La3*-insensitive
Ca?*/H* antiport responsible for Ca?* efflux in the light; and (ii) a ruthenium red and La3*-sensitive but
phenothiazine-insensitive Ca?* uptake system.

Ca?* transport La**

1. INTRODUCTION

Relatively little information is available concern-
ing the mechanism(s) of cation transport in
photosynthetic bacteria [1,2]. However, the
photosynthetic purple sulfur bacterium Chroma-
tium vinosum has been shown to carry out energy-
dependent efflux of Ca?*, Na* and K* catalyzed
by 3 separate cation/H™ antiports [3—5]. Evidence
was also obtained for the presence of Na*/H* and
Ca’>*/H* antiports in the photosynthetic purple
non-sulfur bacterium Rhodospirillum rubrum
[3,4]. In these earlier experiments on Ca’* efflux
from C. vinosum conducted in our laboratory [4],

* Present address: Department of Biochemistry, Texas
Tech University School of Medicine, Lubbock, TX
79409, USA

* To whom reprint requests should be addressed

Abbreviations: BChl, bacteriochlorophyll; CCCP, car-
bonyl cyanide-m-chlorophenylhydrazone; DCCD,
N,N'-dicyclohexylcarbodiimide; DMSO, dimethyl
sulfoxide

Published by Elsevier Science Publishers B.V. (Biomedical Division)

Ruthenium red

(C. vinosum)

cells were loaded with Ca®* by prolonged incuba-
tion with *Ca2* in the dark but the characteristics
of Ca®** uptake (e.g. energy requirements and in-
hibitor sensitivity) were not investigated. We have
since re-examined Ca®* uptake by C. vinosum and
obtained evidence that Ca?* uptake appears to be
catalyzed by a second C. vinosum Ca®* transport
system, distinct from the Ca?*/H* antiport. Fur-
thermore, we have demonstrated that Ca?* efflux
via the C. vinosum Ca?*/H* antiport, but not
Ca?* uptake, is highly sensitive to inhibition by
phenothiazine drugs known to inhibit other
Ca?*-transport or -binding proteins, such as the
Ca?*-ATPase of the sarcoplasmic reticulum [6,7)
and calmodulin [8,9].

2. MATERIALS AND METHODS

C. vinosum cells were grown on a malate-
containing medium and harvested essentially as in
[10]. Ca®*, Na* and TI* efflux and uptake were
assayed under an N, atmosphere by the previously
described membrane filtration technique [3-5,11].
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In uptake experiments, all inhibitors were allowed
to incubate with the cells for 5 min prior to the in-
itiation of transport by substrate addition except
for arsenate, which was allowed to incubate for
30 min. In efflux experiments, inhibitors were add-
ed after the 75 min dark-loading period, im-
mediately before efflux was initiated by the start of
the 20 min illumination period. BChl a was
measured after extraction into 7:2 (v/v)
acetone/methanol as described by Clayton [12].

Carrier-free **CaCl, was obtained from ICN
Radioisotope Division. Carrier-free 2*NaCl and
[**TIT,SOs were obtained from Amersham.
Valinomycin, CCCP, DCCD, chlorpromazine,
phenothiazine and trifluoperazine were obtained
from Sigma. Ruthenium red and LaCl; were
generous gifts from Professor P.S. Song. In-
hibitors were added as small aliquots of stock solu-
tions using either water or DMSO as the solvent.
The volume of DMSO was always <2% (v/v), at
which concentration DMSQ itself was shown to
have no effect on cation transport.

3. RESULTS

As indicated above, in previous experiments in
our laboratory, C. vinosum cells were loaded with
45Ca’* during 75 min incubations in the dark
under an N, atmosphere. It was not known
whether loading occurred through non-specific,
limited Ca** permeability across the membrane or
was catalyzed by a specific Ca?*-transport system.
To investigate this question, the effect of [Ca>*] on
the initial rate of Ca’* uptake in the dark was
studied. Uptake obeyed Michaelis-Menten kinetics
with K = 7.0 = 0.7 mM and Vmax = 150 nmol
Ca?*-min'.gmol BChl™' (not shown). This
observation, indicative of carrier-mediated Ca®*
uptake in the dark, suggested an examination of
the effect of ruthenium red (an inhibitor of Ca**
fluxes through Ca®?*-specific channels in
eukaryotic membranes [13]) on Ca®* uptake by C.
vinosum cells. Fig.1 shows that Ca** uptake in the
dark was markedly inhibited by ruthenium red,
with 50% inhibition of uptake observed in the
range 60—65 #zM ruthenium red. Maximal inhibi-
tion of uptake, even at ruthenium red concentra-
tions as high as 2 mM, was typically in the
65—70% range. This observation suggests that
while 65—70% of the observed Ca®* uptake by C.
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Fig.1. Effect of ruthenium red on Ca®* uptake by C.
vinosum cells in the dark. The reaction mixtures (100 xl
volume) contained C. vinosum cells, at a concentration
equivalent to 150 «M BChl, in 350 mM potassium
phosphate buffer (pH 6.5), 10 mM 4*CaCl, (spec. act.
1 x 10° dpm/nmol Ca®*) and ruthenium red, as
indicated, at 0°C. Uptake was measured after 75 min.

vinosum occurs via a specific, ruthenium red-
sensitive channel, a portion of the uptake (i.e.
30-35%) may occur via non-specific leakage
across the cell membrane. If this conclusion is cor-
rect, 50% inhibition of Ca’* uptake via the
ruthenium red-sensitive channel occurs at a
ruthenium red concentration of 20 xuM. This con-
centration is higher than that required to give 50%
inhibition of Ca’* tramsport in ruthenium red-
sensitive eukaryotic systems [13]. However, it is
possibie that the outer cell wall of C. vinosum may
impose some permeability barrier against this in-
hibitor and that the ruthenium red-sensitive C.
vinosum system is in fact of comparable sensitivity
to eukaryotic systems. This possibility is supported
by the observation that several ionophores {(e.g.
valinomycin, nigericin, monensin and CCCP) re-
quire 10-fold higher concentrations for effec-
tiveness in whole cells of C. vinosum than in cell
wall-free chromatophores [4,5,11]. Ruthenium red
had no effect (< 5% inhibition), even at a concen-
tration of 1 mM, on the uptake of either 2>Na* [3]
or 2™TI* by C. vinosum cells in the dark (TI*
serves as a K™ analog in the C. vinosum K*/H" an-
tiport [5] and in an ATP-energized K'-uptake
system [5,14]). These results suggest that
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ruthenium red is inhibiting a Ca®*-specific process
in C. vinosum. Furthermore, ruthenium red had
no inhibitory effect on 4°Ca?* efflux in the light
from pre-loaded C. vinosum cells (not shown).

La**, another well-investigated inhibitor of
carrier-mediated Ca®* fluxes [13], affected Ca®*
transport by C. vinosum in a manner similar to
that observed with ruthenium red. LaCl; had no
effect on light-dependent Ca®* efflux but was a po-
tent inhibitor of Ca®* uptake in the dark. As was
the case with ruthenium red, 100% inhibition of
Ca’* uptake in the dark could not be obtained,
even at La’* concentrations as high as 500 M.
However, in typical experiments 80—-85% inhibi-
tion was observed with half-maximal inhibition
found at 35 xM La** (not shown). These results
are consistent with the majority of the observed
uptake occurring via a Ca®*-specific carrier but
with some uptake (~20%) occurring through a
non-specific leak. The observation that La’* and
ruthenium red inhibit Ca?* uptake without af-
fecting Ca®* efflux strongly suggests that two
separate Ca®* systems exist in C. vinosum: one
sensitive to La®* and ruthenium red that results in
Ca’* uptake in the dark and a second, unaffected
by ruthenium red or La**, that catalyzes Ca®* ef-
flux during illumination. As light-driven Ca?* ef-
flux from C. vinosum cells had previously been
shown to occur via an electrogenic Ca>*/H* an-
tiport [4], it can be concluded that the C. vinosum
Ca’*/H* antiport is inhibited neither by
ruthenium red nor by La3*.

Ca®* uptake via ruthenium red-sensitive chan-
nels in eukaryotes is electrogenic [13] and thus can
be driven by a membrane potential (4¢), outside
positive. As C. vinosum cells can utilize ATP
hydrolysis via a DCCD-sensitive FoF; ATPase [15]
to maintain a Ay of ~80 mV (outside positive) in
the dark [15,16}, it was of interest to determine the
effect of reagents known to eliminate Ay in C.
vinosum cells on Ca’* uptake in the dark. Table 1
shows that eliminating Ay by inhibiting the
ATPase with DCCD [15-17], by depleting the in-
ternal pool of ATP with arsenate [14] or by using
ionophores that collapse 4¢ in C. vinosum [16,17]
by rendering the membranes permeable to either
protons (CCCP [18]) or K* (valinomycin [19]),
had only a small inhibitory effect on Ca** uptake
by C. vinosum cells in the dark. These results sug-
gest little if any involvement of Ay in providing
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Table 1

The effect of inhibitors on Ca?* uptake by C. vinosum
cells in the dark

Sample Uptake (% control)
(1) Control 100

(2) + 20 xM valinomycin 75 (£6)

(3) + 30xM CCCP 79 (£8)

(4) + 300 4M DCCD 84 (£5)

(5) + 5 mM arsenate 73 (2£2)

Reaction conditions as in fig.1 except that the indicated
inhibitors replaced ruthenium red and the specific
activity of “*CaCl, was 2.97 x 10’ dpm/nmol Ca>*. The
results represent the average of 5 experiments with the
average deviations given in parentheses

energy for Ca®* uptake in the dark (ApH cannot
serve as a possible energy source since C. vinosum
cells maintain no ApH in the dark [17]).

In an attempt to provide further evidence for a
Ca’*-transport system in C. vinosum distinct from
the Ca**/H* antiport, the effect of other in-
hibitors on Ca?* uptake in the dark and on Ca®*
efflux via the antiport in the light was investigated.
Three phenothiazine drugs (chlorpromazine,
phenothiazine and trifluoperazine) were tested and
shown, even at concentrations as high as 100 zM,
to have no effect (< 5% inhibition) on Ca%* uptake
by C. vinosum cells in the dark. However, as
shown in fig.2, all 3 phenothiazines were potent in-
hibitors of Ca®* efflux from pre-loaded C.
vinosum cells in the light, with 50% inhibition of
efflux being observed at 12, 14 and 25 M
phenothiazine, trifluoperazine, and chlorproma-
zine, respectively. The 3 phenothiazine drugs, even
at 100 M, had no inhibitory effect (< 5% inhibi-
tion) on either light-driven Na* efflux via the C.
vinosum Na*/H* antiport [3] or T1* efflux via the
C. vinosum K*/H* antiport [5] (not shown), as
would be expected if a Ca®*-specific system were
being inhibited. The observation that light-driven
Ca®* efflux via the C. vinosum Ca**/H"* antiport
is unaffected by ruthenium red and La®* but is in-
hibited by phenothiazines, while Ca’* uptake in
the dark shows the opposite response to the two
classes of inhibitors, further supports the presence
of two separate Ca®*-transport systems in C.
vinosum.
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Fig.2. Effect of phenothiazines on Ca®* uptake by
illuminated C. vinosum cells. Reaction mixtures were as
in table 1 except that chloropromazine (0),
phenothiazine (a) or trifluoperazine (0) replaced
ruthenium red. Cells were pre-loaded with **CaCl, in the
dark for 75 min at 0°C and Ca?* efflux assayed after a
subsequent 20 min exposure to saturating light at
ambient temperature.

4. DISCUSSION

The data presented above provide the first
evidence for multiple Ca**-transport systems in a
photosynthetic bacterium. However, there is
precedent for a similar situation in non-
photosynthetic bacteria. For example, Azofo-
bacter vinelandii contains a ruthenium red-
insensitive Ca>*/H* antiport that catalyzes energy-
dependent Ca®* efflux and a ruthenium red- and
La**-sensitive transport system that catalyzes Ca®*
uptake [20]. Unlike the case with C. vinosum, the
ruthenium red-sensitive, A. vinelandii Ca>*-uptake
system appeared to be driven by Ay (outside
positive). The data of table 1 suggest that while 4y
may make a small contribution to driving Ca®* up-
take by C. vinosum in the dark, the ruthenium red,
La’*-sensitive system in C. vinosum may catalyze
Ca®* equilibration across the membrane without
coupling Ay to Ca®* accumulation.

The sensitivity of the C. vinosum Ca**/H* an-
tiport to phenothiazine drugs suggests that the an-
tiport may have some structural similarities to
other proteins involved in Ca®* transport or
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binding such as the Ca®*-ATPase of the sar-
coplasmic reticulum [6,7] and calmodulin [8,9],
since these proteins are also affected by
phenothiazines. In the case of calmodulin, it ap-
pears that the hydrophobic phenothiazines act by
competing with calmodulin’s normal target en-
zymes for hydrophobic portions of calmodulin
[21-23]. It may be possible that these inhibitors act
in a similar fashion in so far as the C. vinosum
Ca’*/H* antiport is concerned. Experiments to
test this possibility are currently underway in our
laboratory.
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