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Polyphosphate is a polymer of phosphate residues linked by
high energy phosphoanhydride bonds. Despite being highly
conserved throughout nature, its function is poorly understood.
Here we show that Dictyostelium cells accumulate extracellular
polyphosphate, and this acts to inhibit proliferation at high cell
densities. In shaking culture, extracellular polyphosphate con-
centrations increase as cell density increases, and if the concen-
tration of polyphosphate observed at the stationary phase is
added to cells at mid-log, proliferation is halted. Adding an
exopolyphosphatase to cell cultures or stationary phase condi-
tioned medium decreases polyphosphate levels and abrogates
the anti-proliferative effect. The cells show saturable binding
of polyphosphate, suggesting the presence of a cell surface
polyphosphate receptor. Extracellular polyphosphate accumu-
lation is potentiated by decreased nutrient levels, potentially as
a means to anticipate starvation. Loss of the Dictyostelium
polyphosphate kinase DdPpk1 causes intracellular polyphos-
phate levels to become undetectable and negatively affects fit-
ness, cytokinesis, and germination. However, cells lacking
DdPpk1 accumulate �50% normal levels of extracellular poly-
phosphate, suggesting an additional means of synthesis. We
found that cells lacking inositol hexakisphosphate kinase, which
is responsible for the synthesis of the inositol pyrophosphates
IP7 and IP8, reach abnormally high cell densities and show
decreased extracellular polyphosphate levels. Two different
enzymes thus appear to mediate the synthesis of Dictyostelium
extracellular polyphosphate, which is used as a signal in an auto-
crine negative feedback loop to regulate cell proliferation.

Polyphosphate is a linear polymer of five to hundreds of
orthophosphates linked by high energy phosphoanhydride
bonds and is found in all kingdoms of life (1). In bacteria,
polyphosphate has a role in survival at stationary phase, stress
responses, activation of Lon protease, virulence, quorum sens-
ing, and biofilm formation (2– 8). In higher eukaryotes,
polyphosphate is present in the liver, lungs, kidneys, heart, and
brain in subcellular compartments including vacuoles, mito-
chondria, and the nucleus (9). In platelets, polyphosphate is

present in dense granules and upon platelet activation is
released and modulates coagulation and fibrinolysis (10 –13).
Inositol hexakisphosphate kinase (I6kA), which is involved in
inositol pyrophosphate synthesis, has been linked to polyphos-
phate regulation in yeast and mice (14 –16).

The eukaryotic social amoeba Dictyostelium discoideum can
be grown in shaking culture and at densities of �2 � 107

cells/ml reaches a stationary phase where the cells stop prolif-
erating (17, 18). Adding nutrients to stationary phase cells does
not cause any further increase in proliferation, indicating that a
lack of nutrients is not the cause of the proliferation arrest (18).
However, adding conditioned medium (CM)2 from stationary
phase cells to cells at mid-log phase causes the mid-log cells to
stop proliferating, indicating that stationary phase cells accu-
mulate an extracellular inhibitor of proliferation (18). When
resuspended in fresh medium, the inhibited cells resume pro-
liferation, indicating that the extracellular inhibitor does not
kill the cells (18).

Vegetative Dictyostelium cells accumulate intracellular poly-
phosphate, with the highest amounts observed at stationary
phase (19). Dictyostelium is the only eukaryote known to have a
homolog of polyphosphate kinase, an enzyme responsible for
polyphosphate synthesis in bacteria, likely through horizontal
gene transfer (20). Cells lacking the Dictyostelium polyphos-
phate kinase (DdPpk1) lack detectable levels of intracellular
polyphosphate (21). In this report we show that the Dictyoste-
lium stationary phase proliferation inhibitor is �9-mer
polyphosphate and that both I6kA and polyphosphate kinase
contribute to the extracellular accumulation of polyphosphate.

Results

Polyphosphate Has the Properties of the Dictyostelium Sta-
tionary Phase Factor—Previous work indicated that the Dictyo-
stelium stationary phase factor is a �10-kDa heat-resistant
molecule (9, 10). We observed that this factor is resistant to
proteinase K, DNase, and RNase treatment; does not partition
into hydrophobic organic solvents; binds anion but not cation
exchange resins; passes through a 3-kDa filter; and is retained
by a 2-kDa filter (Table 1). This suggests that the stationary
phase factor is a negatively charged �2–3-kDa molecule.

Small polyphosphate molecules share the observed proper-
ties of the stationary phase factor. To determine whether
polyphosphate could be acting as the stationary phase factor in
Dictyostelium, we first tested whether cells accumulate extra-
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cellular polyphosphate. Conditioned medium samples were
taken every 24 h from wild type cells, and polyphosphate was
identified and quantified using DAPI (22). Wild type cells accu-
mulate extracellular polyphosphate, and the levels increase as
cell density increases, with the highest amounts observed dur-
ing stationary phase (Fig. 1, A and B). Although DAPI analysis
suggests the presence of polyphosphate, currently the only way
to definitively show the presence of polyphosphate in a sample
is through PAGE analysis, in which polyphosphate appears as a
smear, similar to RNA. Analysis of stationary phase condi-
tioned medium using PAGE confirmed the presence of extra-
cellular polyphosphate polymers of 5–13 phosphate residues
with an average of 9 phosphate residues (Fig. 1C). Enzymatic
treatment of stationary phase conditioned medium with the
exopolyphosphatase ScPPX1 (23) removed the polyphosphate
band, indicating that polyphosphate is responsible for the band.
The accumulation of �150 �M of extracellular polyphosphate
(following convention, the concentration is in units of phos-
phate monomers) coincided with the inhibition of proliferation
at stationary phase. To determine whether polyphosphate
affects proliferation, 150 �M polyphosphate was added to mid-
log cells. This concentration of polyphosphate strongly inhib-
ited proliferation, and upon resuspension in fresh medium, the
cells resumed proliferation, suggesting that the inhibition was
not due to cell death (Fig. 1, D and E). Polyphosphate concen-
trations as low as 100 �M inhibited proliferation, whereas lower
concentrations showed no inhibition or slightly potentiated
proliferation (Fig. 1F). Triphosphate and pyrophosphate at
concentrations up to 1 mM and monophosphate up to 20 mM

had no effect on proliferation (Fig. 1G).

To determine whether nutrient levels altered polyphosphate
accumulation, cells were cultured in concentrated SIH growth
medium, a defined minimal medium, which caused increased
proliferation and decreased polyphosphate accumulation per
cell, whereas cells cultured in diluted growth medium or star-
vation buffer showed decreased proliferation and increased
polyphosphate accumulation per cell (Fig. 2, A–C). Condi-
tioned medium from starved cells also inhibited proliferation
and contained �40-mer polyphosphate (Fig. 2, D and E).
Together, these results suggest that extracellular polyphos-
phate is acting as an inhibitor of proliferation to regulate pop-
ulation density in Dictyostelium, and its accumulation is poten-
tiated by decreased nutrient availability.

The Proliferation-inhibiting Activity Is Reduced by Poly-
phosphatase—To test the hypothesis that Dictyostelium cells
secrete polyphosphate to inhibit their proliferation, we treated
cell cultures and conditioned medium with ScPPX1. Daily addi-
tions of ScPPX1 to cultures caused cells to proliferate to higher
densities compared with untreated cells (Fig. 3A). ScPPX1
treatment of conditioned media reduced extracellular poly-
phosphate to �50 �M (Fig. 3B), a concentration where we
observed little effect on proliferation (Fig. 1F), and this dramat-
ically reduced the activity of the stationary phase factor in the
conditioned medium (Fig. 3C). ScPPX1 treatment of condi-
tioned starvation buffer also decreased polyphosphate levels
(Fig. 3D).

Because phytic acid can also interact and fluoresce with
DAPI at the same wavelengths as polyphosphate (24), condi-
tioned medium was treated with the phytic acid-degrading
enzymes phytase and DDP1 (25, 26). Phytase or DDP1 treat-
ments had no effect on DAPI fluorescence of conditioned
medium or on the activity of the stationary phase factor (Fig. 3,
E and F). These results indicate that the polyphosphate in Dic-
tyostelium stationary phase conditioned medium inhibits
proliferation.

Polyphosphate Inhibits Cytokinesis to Cause an Increase in
Cell Mass—Proliferation (an increase in cell number with time)
and growth (an increase in cell mass with time) can be regulated
separately (27). The stationary phase factor inhibits prolifera-
tion, yet compared with mid-log cells, stationary phase cells are
larger (17). To determine whether polyphosphate inhibits pro-
liferation but not growth, the cells were treated with polyphos-
phate or conditioned medium. Compared with controls, the
cells treated with polyphosphate or conditioned medium
showed increased cell mass and forward scatter in a flow cytom-
eter (Table 2). Cells in stationary phase showed an increase in
multinucleate cells compared with mid-log cells (Table 3). To
determine the effect of polyphosphate on cytokinesis, the cells
were treated with polyphosphate for 18 h and then stained with
DAPI. Polyphosphate caused a dramatic increase in multinu-
cleate cells (Table 3). AprA, a secreted protein present in sta-
tionary conditioned medium, causes a decrease in the number
of nuclei per cell (27), which may explain the increased number
of nuclei per cell caused by polyphosphate compared with the
number observed in stationary phase. These results show that
the effects of polyphosphate on cell size match the observed
properties of the stationary phase factor, appear to be due

TABLE 1
Effect of materials added to stationary phase CM on the ability of the
medium to inhibit proliferation
For proteinase K, RNase, and DNase, enzymes were added to CM for 18 h and were
then removed with a 10-kDa cutoff spin filter. Organic extractions were done with
an equal volume of solvent, vortexing for 20 min, and then centrifugation to separate
phases. The separated phases were dried by lyophilization. Organic phases were
resuspended in PBM, and the aqueous phase were resuspended in water. Approxi-
mately 30% (v/v) beads were added to CM, mixed gently for 1 h, and then removed
by centrifugation. Treated CM was then incubated with wild type cells, and cell
density was measured

Material added to CM
CM

activity

Proteinase K �
RNase �
DNase �
Hexane extraction

Organic �
Aqueous �

Ethyl acetate extraction
Organic �
Aqueous �

Dichloromethane extraction
Organic �
Aqueous �

Amberlite XAD-4 hydrophobic material: binding beads �
50-X8 cation exchange beads �
Bio-Rex 70 cation exchange beads �
50W-X8 cation exchange beads �
1-X8 anion exchange beads �
1-X2 anion exchange beads �
3-kDa cutoff spin filter

Retentate �
Flow-through �

2-kDa cutoff spin filter
Retentate �
Flow-through �
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to polyphosphate inhibiting cytokinesis and suggest that
polyphosphate has more of an inhibitory effect on cell prolifer-
ation than it does on cell growth or karyokinesis.

Dictyostelium Binds Polyphosphate—The presence of a cell
surface polyphosphate receptor would require that cells show a
class of saturable binding sites for polyphosphate. To deter-
mine whether polyphosphate binds to cells, the binding of
biotinylated polyphosphate to wild type cells was measured.
Long chain biotinylated polyphosphate showed saturatable
binding to wild type cells with a KD of 12 � 3 �M, whereas
medium chain biotinylated polyphosphate had a KD of 78 � 32
�M (mean � S.E., n � 4), suggesting that longer polymers have
a higher binding affinity (Fig. 4A). The Hill coefficient was 1.0 �
0.3 for both chain lengths, suggesting that there is no binding
cooperativity, and F tests comparing models with multiple
binding sites indicated a single class of binding site. The Bmax of
medium chain polyphosphate was 1.6 � 1.1 � 106 binding
sites/cell. Although this number is high compared with known

Dictyostelium cell surface receptors (28 –30), there are many
examples of numbers of cell surface binding sites in this range
and higher (31–35). The binding appeared to equilibrate within
1 min (Fig. 4B). The binding of medium chain biotinylated
polyphosphate could be competed with both conditioned
medium and unlabeled polyphosphate (Fig. 4, C and D). Using
the equation of Cheng and Prusoff (36), unlabeled polyphos-
phate showed a Ki of 87.5 � 7.2 �M. To check that the binding
of polyphosphate to cells was not simply due to anionic inter-
actions, binding was competed using sodium sulfate, another
anionic molecule (Fig. 4E). Sodium sulfate was not able to com-
pete with polyphosphate for binding, suggesting that polyphos-
phate binding is not simply an anionic interaction with the cell
membrane. Together, these results indicate that polyphosphate
shows saturatable binding to cells, and the binding can be com-
peted with unlabeled polyphosphate and stationary phase con-
ditioned media.

FIGURE 1. Wild type cells accumulate increasing amounts of extracellular polyphosphate as cell density increases. A and B, cells were cultured, and the
polyphosphate (polyP) concentration in the conditioned medium was measured. C, polyP from stationary phase conditioned medium was resolved on a 25%
polyacrylamide gel and stained with toluidine blue (representative image of three gels). D and F, cells were cultured with 150 �M polyP (D) or the indicated
concentration of polyP (F) and density (D), and the percentage of inhibition after 24 h (F) was determined. E, wild type cells were cultured in the presence or
absence of 150 �M polyP for 18 h, washed twice in HL5, resuspended in fresh HL5, and counted daily. G, wild type cells were cultured in the presence or absence
of triphosphate, pyrophosphate, or sodium phosphate and counted daily. All values are means � S.E., n � 4. *, p � 0.05; **, p � 0.01; ***, p � 0.001 (one-way
analysis of variance).
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Inositol Hexakisphosphate Kinase Regulate Extracellular Poly-
phosphate Accumulation—Inositol hexakisphosphate kinase
(IP6K) uses IP6 as a substrate to generate the inositol pyrophos-
phates IP7 and IP8 (37, 38). Yeast lacking the IP6K Kcs1 have no
observable polyphosphate accumulation (14, 16). Mice lacking
IP6K have reduced polyphosphate levels in platelets (15). To
test the hypothesis that IP6K also regulates polyphosphate lev-
els in Dictyostelium, we measured extracellular polyphosphate
in cells lacking the IP6K I6kA, as well as cells lacking DdPpk1
(21, 39). The cells lacking either I6kA or DdPpk1 proliferated to
abnormally high cell densities and had reduced extracellular
polyphosphate accumulation (Fig. 5, A–D). PAGE indicated
that both mutants accumulate less extracellular polyphosphate
than wild type (Fig. 5E). In agreement with the abnormally low
levels of extracellular polyphosphate in cultures of i6kA� and
ppk1� cells, conditioned medium from i6kA� and ppk1� cells
harvested at densities in which wild type cells enter stationary
(20 –25 � 106 cells/ml) or at maximum densities (30 – 40 � 106

cells/ml) contained abnormally low levels of inhibitory activity
(Fig. 5F). The abnormally high maximum density and low
polyphosphate accumulation phenotypes exhibited by i6kA�

cells were rescued by expressing the I6kA cDNA under the
control of the actin 15 promoter (Fig. 5, C, D, and G). Polyphos-
phate supplementation effectively rescued the i6kA� prolifera-

tion defect, suggesting that this defect is due to reduced station-
ary phase factor production as opposed to reduced sensitivity to
the factor itself (Fig. 5G). The proliferation of ppk1� cells could
also be inhibited by exogenous polyphosphate, although these
cells showed a roughly 2-fold reduction in sensitivity (Fig. 5H).
Consistent with these observations, both I6kA and DdPpk1 are
up-regulated upon transitioning from vegetative growth to
starvation as reported by the DictyExpress. Together, these
results show roles for both I6kA and DdPpk1 in regulating
extracellular polyphosphate accumulation in Dictyostelium, as
well as a conserved role for inositol hexakisphosphate kinase in
polyphosphate accumulation in multiple eukaryotic models.

To determine whether intracellular polyphosphate is also
regulated by both DdPpk1 and I6kA, intracellular polyphos-
phate was measured in wild type cells and cells lacking I6kA. As
previously reported, intracellular polyphosphate levels are
highest as cells enter the stationary phase (19), showing a
roughly 2-fold increase from mid-log to stationary (Fig. 5I).
Cells lacking I6kA had normal amounts of intracellular
polyphosphate at low cell densities but did not show the robust
increase in intracellular polyphosphate production at high
cell densities. Although DdPpk1 is essential for intracellular
polyphosphate production at all cell densities, I6kA appears to

FIGURE 2. Effect of nutrient levels on extracellular polyphosphate accumulation. A and B, SIH was generated at concentrations of 1�, 2�, and 0.67�; wild
type cells were cultured and counted daily (A); and CM samples were harvested to determine polyP content (B). C, cells were cultured in the indicated
conditions, and the polyP concentration in the conditioned medium was measured. D, wild type cells were starved for 5 h in PBM, and conditioned medium was
harvested and concentrated using a 2-kDa size exclusion filter. Wild type cells were then cultured in the presence or absence of 50% of the resulting
concentrated, starved CM and counted daily. E, polyP from starved CM was resolved using a 25% polyacrylamide gel, stained with toluidine blue, and destained
with 20% methanol. All values are means � S.E., n � 4. *, p � 0.05; **, p � 0.01; ***, p � 0.001 (one-way analysis of variance).
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have a role in regulating intracellular polyphosphate levels at
high cell densities.

Mutant Proliferation Phenotypes Correlate with Extracellu-
lar Polyphosphate Accumulation—We previously identified
transformants that proliferate to abnormally high or low sta-
tionary phase or maximum cell densities (27, 40 – 42). In addi-
tion to cells lacking I6kA and DdPpk1, cells lacking the G pro-

teins G�, G�1, and G�9, the secreted proteins AprA and CfaD
and the kinase PakD all proliferate to abnormally high cell den-
sities (Fig. 6A). For instance, AprA and CfaD slow but do not
stop cell proliferation and thus have some stationary phase fac-
tor-like properties (27, 40). All of these strains had abnormally
low levels of extracellular polyphosphate/1 � 106 cells at their
respective maximum densities (Fig. 6B). The cells lacking phos-

FIGURE 3. The proliferation inhibiting activity is reduced by exopolyphosphatase. A, wild type cells were treated with ScPPX1 or buffer (0) daily, and cell
density was determined. B and C, stationary phase conditioned medium was treated with 0.15 �g/ml ScPPX1 for 3 h. The samples were then assayed for polyP
content (B) and the ability to inhibit cell proliferation (C). D, starved CM was treated with ScPPX1 for 3 h, and polyP content was determined using DAPI. E and
F, stationary phase CM was treated with phytase or DDP1, polyP fluorescence was determined using DAPI (E), and inhibitory activity was determined by
culturing cells with 50% CM (treated or untreated) with daily counts (F). The values are means � S.E., n � 4. *, p � 0.05; **, p � 0.01; ***, p � 0.001 compared
with the no-PPX1 control (unpaired two-tailed t tests).

TABLE 2
Effect of polyphosphate on mass and size of cells
Polyphosphate inhibits proliferation but not growth. Wild type cells were treated
with polyP or stationary phase CM for 18 h, and cell mass was determined. Forward
scatter of cells (arbitrary units) was measured with a flow cytometer. The values are
means � S.E., minimum n � 4.

Condition
Cell density after

18 h (106 cells/ml)
Cell mass

(mg/106 cells/ml)
Forward
scatter

HL5 1.51 � .23 1.11 � .17 37.6 � 0.2
Stationary CM 0.62 � .06a 1.58 � .16a 51.1 � 0.6b

150 �M polyP 0.60 � .04b 1.61 � .18c 63.5 � 1.6b

a p � 0.05 compared with the HL5 control (paired two-tailed t tests).
b p � 0.01 compared with the HL5 control (paired two-tailed t tests).
c p � 0.001 compared with the HL5 control (paired two-tailed t tests).

TABLE 3
Effect of polyphosphate on number of nuclei
Polyphosphate inhibits proliferation but not growth. The cells were stained with
DAPI, and the nuclei were counted by microscopy. The values are means � S.E.,
minimum n � 4.

Condition

Percentage of cells
Nuclei/100

cells
With one
nucleus

With two
nuclei

With three or
more nuclei

Ax2 mid-log 75 � 2 23 � 2 2 � 1 125 � 2
Ax2 stationary 62 � 4a 32 � 4b 6 � 1b 147 � 4b

Ax2 � 150 �M polyP 41 � 4a 35 � 1a 24 � 4c 216 � 5a

a p � 0.01 compared with mid-log cells (paired two-tailed t tests).
b p � 0.05 compared with mid-log cells (paired two-tailed t tests).
c p � 0.001 compared with mid-log cells (paired two-tailed t tests).
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pholipase D, a homolog of human PLD1, and the cells overex-
pressing AprA proliferate to abnormally low stationary cells
densities (Fig. 6A) and had abnormally high levels of extracel-
lular polyphosphate (Fig. 6B). These results suggest that for
some transformants, maximal cell density shows an inverse
correlation with extracellular polyphosphate level.

Discussion

In this report, we found that the extracellular proliferation
inhibitor originally identified by Yarger, Soll, and co-workers
(17, 18), which causes Dictyostelium cells to stop proliferating
at stationary phase (17, 18), is �9-mer polyphosphate. When
extracellular polyphosphate is depleted by treatment with
exopolyphosphatase, the cells grow to a higher density. At first
glance, having polyphosphate inhibit proliferation would thus
seem to be disadvantageous to the cells. However, we found
that polyphosphate has more of an inhibitory effect on prolif-
eration than on growth, resulting in high density cells stopping
proliferation when they have large amounts of stored nutrients.
This then suggests that when a population of cells starves, hav-
ing somewhat fewer cells with more stored nutrients per cell is
more advantageous than having more cells with less stored
nutrients per cell. We envision that polyphosphate thus allows
proliferating cells to anticipate the inevitable situation where a
high density of cells overgrows its food supply and starves.
Decreased nutrient levels potentiate extracellular polyphos-
phate accumulation, potentially allowing the cells to more
accurately predict when they will starve.

When starved, Dictyostelium cells lacking DdPpk1, and
therefore intracellular polyphosphate, form smaller fruiting
bodies and have defective spore germination (21). We found
that extracellular polyphosphate may help cells anticipate and
prepare for starvation by stopping proliferation when they have
relatively high levels of stored nutrients. Polyphosphate accu-
mulation in Dictyostelium thus potentiates survival in stressful
conditions as it does in many prokaryotes (1, 5).

Although polyphosphate present in starved conditioned
medium can be degraded to undetectable levels, some of the
polyphosphate present in stationary phase conditioned
medium appears to be resistant to yeast exopolyphosphatase.
Kornberg and co-workers (1) observed that preparations of
polyphosphate from biological sources also show resistance to
exopolyphosphatase activity, presumably through a terminal
end modification, which can confer resistance to exopolyphos-
phatase (43). Some of the stationary phase extracellular
polyphosphate may thus also have covalent modifications.

Although the saturable binding of polyphosphate to cells
suggests the existence of a cell surface polyphosphate receptor,
it does not prove the existence. If the observed binding is to a
receptor that causes cells to stop proliferating, with the
observed first order binding kinetics, using percentage
bound � [ligand]/([ligand] � Ki), at 150 �M polyphosphate and
the observed Ki of unlabeled polyphosphate (87.5 �M), the
receptor stops proliferation when �63% of the receptors are
occupied.

FIGURE 4. Polyphosphate binds wild type cells. A, mid-log wild type cells were incubated with the indicated amounts of biotinylated polyP and a streptavi-
din-conjugated fluorophore. The cells were washed, and fluorescence was measured using a flow cytometer. B, cells were incubated with 200 �M medium
chain biotinylated polyP for the indicated times, and binding was measured as in A. C, D, and E, competition assays were performed by incubating wild type cells
with 200 �M medium chain biotinylated polyP, streptavidin-conjugated fluorophore, and either stationary phase conditioned medium (C), unlabeled polyP (D),
or sodium sulfate (E) binding was measured as in A. Concentrations of unlabeled polyP (D) are shown as whole polyphosphate molecules as opposed to
phosphate monomers. The values are means � S.E., n � 4.
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Cells lacking DdPpk1 have undetectable levels of intracellu-
lar polyphosphate (21), whereas we observed that these same
cells have reduced but detectable levels of extracellular
polyphosphate. Polyphosphate accumulation in yeast and mice
involves inositol hexakisphosphate kinase, and we observed

that this enzyme also contributes to the accumulation of extra-
cellular and intracellular polyphosphate at high cell densities in
Dictyostelium. Thus, for unknown reasons, Dictyostelium cells
appear to use at least two different enzymes to generate
polyphosphate.

FIGURE 5. Inositol hexakisphosphate kinase regulates extracellular polyphosphate accumulation. A and B, the indicated strains were cultured in SIH, and
extracellular polyP accumulation was measured. C and D, conditioned medium from cells at stationary (WT) or maximum density (i6kA�, ppk1�) was assayed
for polyP. E, polyP from conditioned medium was resolved on a 25% polyacrylamide gel and stained with toluidine blue. 14P indicates 14-mer polyP size
standard. F, conditioned medium from cells at the indicated densities was assayed for their ability to inhibit the proliferation of wild type cells. G, proliferation
of the indicated strains or of i6kA� cells with 30 �M polyP added to the culture at day 1, 20 �M added at days 2 and 3, and 10 �M added at days 4 and 5. H, wild
type or cells lacking DdPpk1 were cultured in SIH in the presence or absence of polyP. Cell density was measured daily. I, the indicated strains were cultured in
HL5, and intracellular polyP accumulation was measured. The values are means � S.E., n � 4. *, p � 0.05, compared with the Ax2 wild type control (unpaired
two-tailed t tests in most panels; unpaired one-tailed t test in F).

FIGURE 6. Mutant proliferation phenotypes correlate with extracellular polyphosphate accumulation. A, wild type cells or transformants were cultured
in SIH and counted daily, and the maximal density was recorded. B, the extracellular polyP concentration was measured at the maximal density and normalized
to the cell density. The values are means � S.E., n � 4. *, p � 0.05; **, p � 0.01; ***, p � 0.001 compared with the wild type control (unpaired two-tailed t tests).
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The secreted proteins AprA and CfaD; the G protein sub-
units G�1, G�9 (which mediates AprA signaling (41)), and G�;
and the putative kinases PakD and PldB all modulate extracel-
lular polyphosphate accumulation and maximal cell density. A
reasonable assumption is that these signals and pathways are
involved in sensing cell density, nutrient status, or other condi-
tions that to some extent help cells accumulate enough
polyphosphate to anticipate starvation and stop proliferating.

Little is known about how the size or composition of a tissue
is regulated. One possibility is that cells of a specific type secrete
a factor called a chalone. Chalones are factors that inhibit the
proliferation of the cells that secrete them (44, 45). As the num-
ber of cells secreting the chalone increases, the extracellular
concentration of the chalone increases, and at some combina-
tion of cell number and chalone concentration, cell prolifera-
tion stops (45). Despite considerable evidence for their exist-
ence in mammalian tissues such as epidermis, intestine, spleen,
liver, and kidney, for many chalones, attempts to identify them
as either organic molecules or proteins have failed (45–51).
Extracellular polyphosphate appears to be acting as a chalone in
Dictyostelium. Together, these results suggest a new role for
polyphosphate, as well as the intriguing possibility that cha-
lones in higher eukaryotes might be compounds that are nei-
ther conventional organic molecules nor polypeptides.

Experimental Procedures

Reagents and Materials—HL5 and SIH growth media were
from Formedium (Norfolk, UK). Polyphosphate was from both
Spectrum (New Brunswick, NJ) and Merck. Phytic acid and high
density nickel beads were from GoldBio (St. Louis, MO). Phytase,
hexane, ethyl acetate, dichloromethane, sodium tripolyphosphate,
sodium pyrophosphate, acidified phenol:chloroform, and Amber-
lite XAD-4 were from Sigma. DDP1 from MyBioSource (San
Diego, CA). Biotinylated polyphosphate was from KeraFast Inc.
(Boston, MA). Streptavidin-conjugated Alexa Fluor 647 was from
Invitrogen. Blasticidin and G418 were from CalBioChem (Boston,
MA). Vectors and mutant cell lines were obtained from dictyBase.
Size exclusion spin filters were from Sartorius (Bohemia, NY) (2
kDa) and Aviva Biosciences (San Diego, CA) (10 and 3 kDa). Pro-
teinase K, RNase, DNase, and restriction enzymes were from New
England BioLabs (Ipswich, MA). All cation and anion exchange
beads were from Bio-Rad.

Cell Culture and Proliferation Curves—The cells used
were Dictyostelium wild type Ax2, aprA� (DB60T3– 8), cfaD�

(DB27C-1), g�� (DBS0236531), g�1� (DBS02306088), g�9�

(DBS0236109), i6kA� (DBS0236426), ppk1� (DBS0350686),
pakD� (DBS0350281), pldB� (DBS0236796), and AprAOE

(DBS0235510). Mutant genotypes were verified by PCR and
kept under constant selection. The cells were grown in shaking
culture using HL5 nutrient rich growth medium (10 –12-h dou-
bling time) or the synthetic medium SIH (�22–26-h doubling
time). Proliferation curves used mid-log cells diluted to 5 � 105

cells/ml, and density was measured every 24 h using a hemocytom-
eter. Conditioned medium was harvested by centrifugation of cells
at 800 � g for 10 min at 4 °C, and the supernatant was saved. The
supernatant was clarified by centrifugation at 9000 � g for 10 min
at 4 °C, and the resultant supernatant was filter sterilized using
0.22-�m filters (Genesee Scientific, San Diego, CA) and stored at

4 °C. The cells were starved in PBM (27) for 5 h at 5 � 106 cells/ml,
and conditioned medium was collected. Proliferation inhibition by
conditioned medium was assessed by culturing cells in 50% con-
ditioned medium and 50% growth medium. The percentage of
inhibition was determined by treating control cells as 100% prolif-
eration, 0% inhibition and wild type conditioned medium as 100%
inhibition, 0% proliferation. The cell mass and nuclei content were
measured as previously described (27). Forward scatter (in arbi-
trary units) was measured on a BD Accuri C6 (BD Biosciences, San
Jose, CA) flow cytometer.

Treatments of Conditioned Media—Proteinase K, RNase, and
DNase were added to SIH conditioned medium to 0.1 mg/ml at
37 °C for 18 h, and the enzyme was then removed using a
10-kDa cutoff spin filter. Organic extractions were done by
adding an equal volume of solvent, vortexing for 10 s every 2–3
min for 20 min, phase separation by centrifugation at 200 � g
for 5 min, and then lyophilization of the organic and aqueous
phases. The organic phase was resuspended in SIH, and the
aqueous phase was resuspended in water. Bead treatments
involved washing beads following the manufacturer’s protocol,
adding a 30% volume of bead slurry to conditioned medium,
rotating gently for 1 h, letting the beads settle out, and then
clarification of the supernatant at 200 � g for 5 min.

Polyphosphate Measurements—Polyphosphate levels in con-
ditioned medium were assessed by incubating samples with
DAPI and measuring fluorescence at 550 nm when excited at
415 nm as previously described (22) with the following modifi-
cations. Conditioned medium samples were generated in the
synthetic media SIH to reduce the amount of background fluo-
rescence from HL5 medium and were clarified using a 10-kDa
spin filter (except for starved CM), and the filtrate was saved.
Conditioned medium was then incubated with 25 �g/ml DAPI
for 5 min, and the fluorescence was measured. Polyphosphate
concentrations, in terms of phosphate monomers, were deter-
mined using polyphosphate standards generously provided by
Dr. Toshikazu Shiba (RegeneTiss Inc.).

Intracellular polyphosphate levels were assessed by resuspend-
ing cell pellets in LETS buffer (100 mM LiCl, 10 mM EDTA, 10 mM

Tris-HCl, pH 8, 0.5% SDS). One volume of acidic phenol:chloro-
form (pH 4) was added, and samples were vortexed for 5 min at
4 °C. The samples were then spun at 17,000 � g for 5 min at 4 °C.
Two volumes of chloroform were added to the resulting aqueous
phase, vortexed for 5 min at 4 °C, and then spun at 2000 � g for 5
min at 4 °C. The resulting aqueous phase was incubated with 2.5
volumes of 100% ethanol for 5 min at room temperature and then
spun at 15,000 � g for 10 min at 4 °C. The pellet was resuspended
in 100 �l of TE (10 mM Tris-HCL, pH 7.4, 1 mM EDTA, pH 8), pH
7.4, containing 1 �g/ml of RNase A and incubated for 15 min at
room temperature. 2.5 volumes of 100% ethanol were then added,
and the mixture was incubated at �80 °C for 1–2 h and then spun
at 15,000 � g for 10 min at 4 °C. The pellet was resuspended in TE.
The samples were then assayed for polyphosphate content as
described above using DAPI.

PAGE Analysis—Polyphosphate was resolved on polyacryl-
amide gels as previously described (38). Stationary phase and
starved conditioned media were concentrated 15-fold using 2-kDa
size exclusion filters. Polymer lengths were calculated by plotting
the log of polymer lengths against the position of the band on a gel.
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Enzyme Treatments—Plasmids for purifying yeast PPX1 were
kindly provided by Dr. Michael Gray (52). Recombinant protein
purification was performed as previously described (27). Treat-
ments of conditioned media using 0.15 �g/ml recombinant
ScPPX1 were done for 4 h at 37 °C, supplementing the medium
with 5 mM MgCl2. Phytase was added to 3 �g/ml (crude extract)
for 4 h at pH 5.5 at 37 °C. pH was adjusted using 1 N HCl or 1 N

NaOH followed by filter sterilization using 0.22-�m filters. DDP1
treatments at 0.15 �g/ml were done for 4 h at 37 °C in the presence
of 5 mM MgCl2. The reactions were passed through 10-kDa cutoff
spin filters to remove enzyme and then assayed for polyphosphate
content and chalone activity. For ScPPX1 treatment of cell cul-
tures, mid-log cells were inoculated at 5 � 106 cells/ml, and
ScPPX1 or an equal volume of buffer was added daily.

Binding Assay with Biotinylated Polyphosphate—Binding of
polyphosphate to wild type cells was determined using biotiny-
lated polyphosphate. The cells at mid-log were washed twice
with ice-cold PBM and then resuspended in ice-cold PBM. The
samples were incubated with biotinylated compound (100 �M

for competition assays) and streptavidin-conjugated Alexa
Fluor 647 (1:200) on ice for 3 min, centrifuged at 200 � g for 3
min at 4 °C, and resuspended in ice-cold PBM, and fluorescence
was measured using a flow cytometer. Conditioned medium
was 10-kDa filtered to remove any large molecules or proteins.

The total number of binding sites/cell was calculated by incu-
bating 107 cells for 3 min on ice with 150 �M biotinylated
polyphosphate in 200 �l. The samples were then centrifuged at
200 � g for 3 min at 4 °C, and the supernatant was harvested
without disruption of the cell pellet. The supernatant was then
incubated with mid-log cells as described above. Comparison of
the supernatant binding and the binding of different concen-
trations of biotinylated polyphosphate to cells was used to
determine the amount of biotinylated polyphosphate bound to
the 107 cells, and this was used to calculate the Bmax.

Expression of I6kA in i6kA� Cells—To generate the i6kA�/
a15::I6kA cell line, the i6kA open reading frame was amplified
by PCR from wild type vegetative cDNA with the primers 5	-C-
GCGAAGCTTATGCACATATTTTATTTAGTA and 5	-
CCGCGGATCCTTAGTTTGTATTTATGACTGTAT with
terminal HindIII and BamHI sites, respectively. This PCR prod-
uct was cloned into pGEM-T vector (Promega). The i6kA open
reading frame was isolated by HindIII and BamH1 digestion and
gel purification and then ligated into the HindIII and BamH1 sites
of PDXa-3C. Correct orientation of the open reading frame within
the vector was confirmed by restriction mapping and sequencing.
This vector was transformed into Dictyostelium cells lacking I6kA
following (27), using 5 �g/ml G418 to select for cells containing the
vector.
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