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Cells of the cyanobacterium Anabaena variabilis starved for phosphate for 3 days took up phosphate at about
100 times the rate of unstarved cells. Kinetic data suggested that a new transport system had been induced by
starvation for phosphate. The inducible phosphate transport system was quickly repressed by addition of P;.
Phosphate-starved cells were more sensitive to the toxic effects of arsenate than were unstarved cells, but
phosphate could alleviate some of the toxicity. Arsenate was a noncompetitive inhibitor of phosphate transport;
however, the apparent K; values were high, particularly for phosphate-replete cells. Preincubation of
phosphate-starved cells with arsenate caused subsequent inhibition of phosphate transport, suggesting that
intracellular arsenate inhibited phosphate transport. This effect was not seen in phosphate-replete cells.

P, is the major form of phosphate that is taken up by
phytoplankton, including cyanobacteria (13). It appears to
be a primary nutrient element that limits freshwater algal
growth (7, 20, 24, 25). Uptake of phosphate has been
characterized in several strains of cyanobacteria; it is energy
dependent (4, 8, 11, 12, 28) and shows saturation kinetics (8,
11, 12, 18, 27). The kinetic parameters for phosphate trans-
port vary considerably among cyanobacterial strains; they
are influenced by the composition of the medium (8, 9, 12,
23) and by the nutritional state of the cells (13). In particular,
phosphorous-deficient cells have elevated rates of phosphate
transport (3, 10-12, 14, 15, 17, 27). The rate of transport is
related to the sizes of the internal and external pools of
phosphate (10, 12, 14, 22). Phosphate that is taken up by
phosphate-starved cells moves rapidly into polyphosphate
(11, 19).

Arsenate is an analog of phosphate that is found in many
aquatic habitats at concentrations similar to those of phos-
phate (2, 16, 26). Many cyanobacteria are resistant to
concentrations of arsenate that are orders of magnitude
greater than those found in natural waters (6, 21). In two
strains of Synechococcus spp., which are very resistant to
arsenate, the analog does not inhibit phosphate transport and
is therefore probably not transported by the phosphate
transport system (6, 11). Synechococcus leopoliensis is more
sensitive to arsenite than to arsenate; arsenite interferes with
photosynthesis and biosynthesis of amino acids (5).

Little is known for the cyanobacteria about the levels of
arsenate resistance, the effect of starvation for phosphate on
arsenate resistance, or the mechanism of resistance. In this
study I have determined the kinetic parameters relating to
the effects of arsenate both on phosphate transport and on
growth for phosphate-starved and phosphate-replete cells of
the cyanobacterium Anabaena variabilis.

MATERIALS AND METHODS

Growth. A. variabilis ATCC 29413 was grown in an
eightfold dilution of the medium of Allen and Arnon (1)
supplemented with 2.5 mM NaNO,;, 2.5 mM KNO,, and
10 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic
acid (TES) (pH 7.2). This medium contained 0.33 mM
K,HPO,, 0.12 mM MgSO,, and 63 pM CaCl,, as well as
other nutrients not specifically relevant to phosphate trans-
port. Cells to be starved of phosphate were grown in the
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same medium with the phosphate omitted. Cultures were
incubated at 32°C on a reciprocal shaker at 100 rpm under
cool white fluorescent lights at an intensity of approximately
60 microeinsteins m~2 s~!. Growth was measured as the
optical density at 700 nm.

Transport assay. Transport was measured with cells
washed on a filter (mixed cellulose ester, 0.45-pm pore size;
Millipore Corp.) four times with 50-ml volumes of phos-
phate-free medium and suspended in that medium at an
optical density at 700 nm of 0.37 (2.2 or 1.7 pg of chlorophyll
a ml~! for unstarved or phosphate-starved cells, respec-
tively) and warmed to 32°C. In all experiments, cells were
incubated at 32°C with shaking under lights, as described
above. Experiments were begun by the addition of 3.5 ml of
warmed cells to appropriate amounts of 32P; (carrier free;
ICN Pharmaceuticals, Inc.), nonradioactive sodium phos-
phate (pH 7.0), and, in some experiments, sodium arsenate,
all in a volume of less than 100 ul. The specific activity of
[>?P]phosphate was typically 0.5 Ci mmol~! for unstarved
cells and 10- to 20-fold less for starved cells. Under these
conditions, incorporation was linear for at least 10 min for
unstarved cells and at least 5 min for starved cells. Triplicate
1-ml samples of cells were removed from incubation flasks
after 1 min (starved cells) or 5 min (unstarved cells), added to
10 ml of 50 mM sodium phosphate (pH 7.0) in the cups of a
vacuum filtration apparatus (Hoeffer Scientific Instruments),
collected on Millipore filters (mixed cellulose ester, 0.45-wm
pore size), and washed three times with 10-ml volumes of 10
mM sodium phosphate (pH 7.0). Dry weight was determined
by collecting the cells in 25 ml of the culture used in the
experiments on each of six preweighed filters, drying the
filters for 3 days in a 70°C oven, and weighing the filters. The
weights used for either starved or unstarved cells were 80 to
82 pg ml~L

Induction and repression of phosphate transport. Cells
grown in medium containing 0.33 mM sodium phosphate
were washed and suspended in phosphate-free medium.
Immediately after being washed and at 24-h intervals, sam-
ples of phosphate-starved cells were assayed for phosphate
transport at 2.0 and 10 pM phosphate, as described above.
Repression of phosphate transport was measured in cells
that had been deprived of phosphate for 3 days before the
experiment. These phosphate-starved cells were washed in
phosphate-free medium and suspended in medium contain-
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FIG. 1. Hofstee plots for the transport of phosphate in cells
grown in medium with 0.33 mM phosphate (A) and in cells grown for
3 days in phosphate-free medium (B). All cells were washed in
medium lacking phosphate, and transport of phosphate was mea-
sured. Points are the means of at least six determinations of mean
uptake velocity (v) for triplicate samples at each concentration of
substrate.

ing 100 pM phosphate. Phosphate transport, at substrate
concentrations of 2.0 and 10 pM, was measured in samples
of cells (washed in phosphate-free medium before the assay)
immediately after the addition of 100 uM phosphate and at
various intervals up to 48 h after the addition.

Preincubation with arsenate. Unstarved cells and cells
cultured for 3 days in the absence of phosphate were
harvested, washed and suspended in phosphate-free medium
as described above, and warmed to 32°C. Phosphate or
arsenate was added to the culture, which was incubated at
32°C for 10 min. A 3.5-ml portion was rapidly collected on a
filter and washed six times with 10-ml volumes of phosphate-
free medium. The filter containing the washed cells was
placed in 3.5 ml of medium with the appropriate amount of
phosphate, warmed to 32°C.

RESULTS

Kinetics of phosphate transport. For cells not starved for
phosphate, the transport of phosphate showed Michaelis-
Menten Kkinetics, and there was no kinetic evidence for
multiple transport systems (Fig. 1A). The K, for P, transport
was 12 {LM, and V_,, was 0.26 nmol min~! mg (dry
weight)™*. Starvation of cells for phosphate greatly in-
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creased the rate of phosphate transport. Within 48 h after
removal of phosphate from the medium, the velocity of
transport increased about 100-fold (Fig. 2). For cells starved
of phosphate for 3 days, the transport of phosphate still
showed Michaelis-Menten kinetics, with a K,,, of 2.2 uM and
a Vax Of 18 nmol min~! mg (dry weight) ! (Fig. 1B). Thus,
starvation induced a phosphate transport system that com-
pletely masked the lower-affinity, low-velocity transport of
phosphate by unstarved cells.

Although full induction of the new transport system re-
quired 2 to 3 days, repression of the high-velocity system
occurred relatively quickly. Addition of 100 uM phosphate
to phosphate-starved cells caused a 10-fold reduction in the
velocity of transport within 2 h (Fig. 2B). The velocity of
transport decreased to nearly that of unstarved cells by 12 h
after the addition of phosphate. The addition of chloram-
phenicol 30 min before and during incubation with phosphate
had no effect on this repression, suggesting that protein
synthesis is not necessary for inactivation of this transport
system (data not shown).

Arsenate resistance and phosphate starvation. Cells previ-
ously grown in phosphate-replete medium were resistant to
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FIG. 2. Induction and repression of phosphate transport. The
mean uptake velocity (v) for phosphate was measured for cells that
had been grown in medium with 0.33 mM phosphate and then
washed and inoculated at the start of the experiment into medium
lacking phosphate (A) and for cells that had been grown for 3 days
in phosphate-free medium, washed in the same medium, and inoc-
ulated into medium containing 100 pM phosphate (B). Points are the
means of three determinations of triplicate samples. Phosphate
uptake was measured with 2 (@) or 10 (l) M phosphate.
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the toxic effects of arsenate when phosphate was present in
the medium (Table 1). These cells were somewhat more
sensitive to arsenate in the absence of phosphate (Table 1);
however, under these conditions the cells were in fact
becoming phosphate starved. The growth of cells previously
starved for phosphate was more strongly inhibited by arse-
nate, but that inhibition was relieved by the addition of
phosphate to the medium (Table 1). Both starved and
unstarved cells grew very poorly or not at all at concentra-
tions of arsenate exceeding 100 mM (data not shown).

Kinetics of inhibition. The kinetics of inhibition of phos-
phate transport by arsenate indicated that for unstarved
cells, arsenate was a poor noncompetitive inhibitor of phos-
phate transport, with a K; of about 1.1 mM (Fig. 3A). In cells
starved 3 days for phosphate, inhibition again appeared to be
almost completely noncompetitive, with a K; of about 75
wM; however, there was some suggestion of mixed inhibi-
tion (Fig. 3B). There may have been weak competitive
inhibition that was masked by the noncompetitive inhibition.
At various concentrations of phosphate up to 10 times the
K,, for phosphate transport, the ratio of the mean uptake
velocity in the presence of arsenate (provided at a concen-
tration of approximately the K,) to the mean uptake velocity
in the absence of arsenate was a constant (data not shown).
This was true for starved as well as unstarved cells. Thus,
arsenate did not appear to compete significantly with phos-
phate for transport by either of the phosphate transport
systems described here.

Preincubation with arsenate. To determine whether the
noncompetitive inhibition of phosphate transport required
entry of arsenate into the cell, the effect of preincubation of
cells with arsenate on subsequent phosphate transport was
determined. Cells were preincubated with arsenate in the
presence or absence of various concentrations of phosphate,
washed free of arsenate and phosphate, and examined for
their phosphate transport capacity. For cells grown in phos-
phate-replete medium (unstarved cells), preincubation with
arsenate did not inhibit subsequent phosphate transport
(Table 2). In starved cells preincubated with 100 uM arse-
nate and 100 uM phosphate, the subsequent transport of
phosphate was inhibited more than 80% (Table 2). At higher
concentrations of arsenate or lower concentrations of phos-
phate, transport was inhibited 90 to 95% (Table 2). Similar
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TABLE 1. Growth of A. variabilis with arsenate

Concn (mM) of supplement Generation time (h) for?:

Arsenate Phosphate Ul::s:;:\led S::zlil‘,sid
0 0 18.5 2.3 17.4 = 1.7
0 0.33 18.2 = 1.2 16.0 = 2.0
25 0 31.2+1.2 31.8 £ 39
25 0.33 245 + 3.8 23.7+24
50 0 31528 56.4 5.5
50 0.33 21.5 1.7 27.6 1.4
75 0 312+ 1.5 >72
75 0.33 21.1 £ 3.7 31.7 £ 4.1

2 Generation times are the means *+ standard deviations for three experi-
ments in which the generation time for cells in each flask was calculated as the
average of three determinations made 24 h apart. Generation times were
calculated from the change in Ao, versus time for cells in exponential growth.

b Unstarved cells were grown in medium with 0.33 mM phosphate before
being washed in the same medium without phosphate and inoculated into the
appropriate media.

< Starved cells were grown and washed in medium lacking phosphate for 72
h before inoculation into the appropriate media.

results were obtained with phosphate concentrations of 25,
50, and 75 pM in the preincubation medium (data not
shown). Since phosphate concentrations as high as 100 pM
in the preincubation medium had only a slight effect on
subsequent phosphate transport after washing of the cells
(and that was expected [Fig. 2B]), it seemed unlikely that
residual phosphate or arsenate, not removed by washing,
could have inhibited transport. In similar experiments the
transport of [**C]leucine was not inhibited by preincubation
of phosphate-starved cells with 100 or 200 pM arsenate (data
not shown). The data suggest that the inhibitory effect of
arsenate introduced by preincubation was a result of accu-
mulated arsenate within the cell. This inhibition was not a
general effect of arsenate on energy-requiring membrane
functions, since the transport of leucine was unaffected.

DISCUSSION

A. variabilis cells replete with phosphate took up phos-
phate at a relatively low rate. As has been demonstrated by
others (3, 10-12, 14, 15, 17, 27), starvation of cells for
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FIG. 3. Dixon plots for inhibition of phosphate transport by arsenate. Points are the means of four to six determinations of mean uptake
velocity (v). (A) Unstarved cells, as described in the legend to Fig. 1A, with 5 (@), 10 (M), or 20 (A) pM phosphate. (B) Starved cells, as
described in the legend to Fig. 1B, with 0.5 (@), 1 (H), 2 (A), or 5 (O) pM phosphate.
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TABLE 2. Effect of preincuba'tion of cells with arsenate
on the transport of phosphate

Preincubation medium

concn (uM) of*: v for”:

Phosphate Arsenate Starved cells Unstarved cells
0 0 11.3 0.125
0 100 0.8 0.135
0 200 0.5 0.113
10 0 10.9 ND¢
10 100 0.7 ND
10 200 0.6 ND
100 0 9.1 ND
100 100 1.4 ND

4 Cells, unstarved or starved for phosphate for 3 days before the experi-
ments, were incubated at 32°C in the light in medium containing phosphate
and arsenate, as indicated, for 10 min before being washed rapidly and
suspended in medium with [32P]phosphate for assay of phosphate transport.

® The miean uptake velocities, v (nanomoles per minute per milligram [dry
weight)), for three samples were measured at a substrate concentration of 2.0
M for starved cells and 10 M for unstarved cells.

¢ ND, Not determined.

phosphate increased the velocity of transport. In this organ-
ismi, the increase was about 100-fold by 3 days after the onset
of growth in the absence of exogenous phosphate. The
maximum increase reported for other cyanobacteria is about
40-fold for Synechococcus sp. (11). The large increase in the
velocity of phosphate transport for phosphate-starved cells
of A. variabilis was associated with both an increase in V.,
and a decrease in K,, compared with these values for
transport in cells not starved for phosphate. Such changes
suggest induction of a phosphate transport system distinct
from that present in membranes of phosphate-replete cells.
Although it is likely that both transport systems function in
stairved cells, the inducible system, which had a higher
affinity and a faster rate of transport, would have masked the
system that is present in unstarved cells. The induction of
this relatively high-affinity system was slow, requiring two to
three generations for full expression. In contrast, this system
was repressed within a few hours after the addition of
phosphate to the medium, and the repression did not require
protein synthesis. Although multiple transport systems for
phosphate have been reported for Anacystis nidulans (28), a
system that is specifically induced by phosphate starvation
has not been reported previously for cyanobacteria.

A. variabilis was very resistant to the toxic effects of
arsenate, as are other cyanobacteria (6, 21). Concentrations
of arsenate in the 10 to 100 mM range had a toxic effect, but
at the lower arsenate concentrations, only cells previously
starved for phosphate and then grown with arsenate in the
absence of phosphate were particularly sensitive. The ability
of phosphate to protect cells from the toxic effects of
arsenate may be attributable to competition between phos-
phate and arsenate in metabolic pathways rather than to
competition for transport. Others have reported that arse-
nate did not compete with phosphate for transport into
Synechococcus spp. However, they did not try concentra-
tions of arsenate higher than 100 or 200 uM (6, 11). Arsenate
did inhibit transport of phosphate into A. variabilis (Fig. 3);
however, the K; was high, particularly for unstarved cells,
and the inhibition appears to be nonicompetitive. In phos-
phate-starved cells, which were more sensitive to arsenate
than unstarved cells, arsenate inhibited phosphate transport
with a lower K, but the inhibition was again noncompetitive.

Physiological studies suggested that arsenate could enter
cells, particularly phosphate-starved cells, and it has been
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shown that arsenate is taken up, although very poorly, by S.
leopoliensis (6). The fact that phosphate could protect
starved cells from some of the toxicity of arsenate suggested
either that phosphate prevented entry of arsenate into the
cells or that once in the cells, arsenate caused little damage
when phosphate was also present (perhaps to compete with
arsenate). The kinetic evidence indicated that phosphate and
arsenate did not compete for entry into the cell, yet arsenate
did inhibit phosphate uptake. Arsenate could have affected
phosphate uptake from inside the cell; preincubation of
phosphate-starved cells with arsenate dramatically reduced
phosphate transport. This inhibition was specific to starved
cells; unstarved cells were unaffected by preincubation with
arsenate. This suggests that the transport systems of un-
starved and phosphate-starved cells may involve different
proteins. Although phosphate itself inhibited subsequent
phosphate transport by starved cells, this inhibition was
slow compared with the rapid inhibition caused by prein-
cubation of the cells with arsenate (compare Fig. 2B with
Table 2). In addition, phosphate could not prevent the
uptake of arsenate by starved cells, confirming that arsenate
did not enter the cell by the major phosphate transport
system of phosphate-starved cells. It is not clear how
arsenate entered phosphate-starved cells or whether starva-
tion for phosphate was necessary for transport or arsenate.

The fact that arsenate was transported into starved cells
suggests that phosphate protection against arsenate toxicity
may be mediated from within the cell. It is possible that in
such highly resistant organisms, the mechanism of arsenate
resistance includes both selective transport systems that
exclude arsenate and intracellular metabolic pathways in
which arsenate is a poor competitor for phosphate, provided
that phosphate is present.
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