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Short Communication

A cell number counting factor alters cell metabolism
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It is still not clear how organisms regulate the size of
appendages or organs during development. During development,
Dictyostelium discoideum cells form groups of -2 x 10% cells.
The cells secrete a protein complex called counting factor (CF)
that allows them to sense the local cell density. If there are
too many cells in a group, as indicated by high extracellular
concentrations of CE, the cells break up the group by decreasing
cell-cell adhesion and increasing random cell motility. As a part
of the signal transduction pathway, CF decreases the activity of
glucose-6-phosphatase to decrease internal glucose levels. CF also
decreases the levels of fructose-1,6-bisphosphate and increases the
levels of glucose-6-phosphate and fructose-6-phosphate. In this
report, we focus on how a secreted signal used to regulate the size
of a group of cells regulates many basic aspects of cell metabolism,
including the levels of pyruvate, lactate, and ATP, and oxygen
consumption.

The molecular mechanisms used by organisms to regulate the
size of multicellular structures during development are poorly
understood.!? The social amoebae Dictyostelium discoideum
provides an excellent model system to study multicellular structure
size regulation. Dictyostelium is a haploid organism that divides
by binary fission. Dictyostelium cells grow on soil surfaces and
feed on bacteria as individual amoebae when the food source is
ample.>* Upon starvation, a developmental program is initiated
and they aggregate in dendritic streams to form a multicellular
structure called a fruiting body that, in our laboratory strains,
tends to contain ~20,000 cells.

The aggregating cells form a fruiting body consisting of a
roughly spherical spore mass held up off the soil by a thin stem
of stalk cells. The whole purpose of the formation of these
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structures is to disperse the spores. When a fruiting body is too
small, the spore mass will be too close to the ground for optimal
spore dispersal. On the other hand, if a spore mass is too big, it will
slide down the stalk or the fruiting body will fall over. Therefore, it
is important for Dictyostelium cells to form a fruiting body that is
the right size.>>7 This report will discuss some of what we know
about the Dictyostelium size regulation mechanism.

There seems to be three mechanisms that determine the size
of the group of cells that forms a Dictyostelium fruiting body.!!
The first mechanism alters the size of the aggregation territory by
modifying the range of relayed signals of cAMP.!>"15 The second
mechanism can be observed when cells are forming aggregation
streams. If the cell density is high, as aggregation streams flow
into an aggregation center, the streams break into groups and each
group then forms a fruiting body.'® We previously identified an
~450 kDa secreted protein complex that affects the formation of
aggregation streams, which we named counting factor (CF).>!!
The third mechanism acts after groups are formed. Even after
CF-mediated stream break up, if a group is above a threshold size,
it will break into smaller subgroups.!”-18

CF contains at least four different proteins: countin, CF45-1,
CF50 and CF60.”1%-22 Disrupting the genes encoding countin,
CF45 and CF50 causes cells to secrete almost no detectable CF
activity.>!?2 The streams formed by countin’, cf45-1" or ¢f50 cells
do not break up, and the unbroken streams then coalesce into
huge groups.

To begin to explore what parameters of cell behavior might cause
a stream of cells to break up into groups as opposed to remaining
intact, we created computer simulations of streams of cells.!!-?3-25
The simulations suggested that if CF increases random motility
and/or decreases cell-cell adhesion, a large stream of cells would
begin to dissipate, and the dissipated cells would then condense
into groups. We found that, as predicted, CF increases random
motility, and that decreasing motility with drugs that disrupt the
cytoskeleton causes the formation of large groups.!0:11:19:23.24.26
Also as predicted, we found that CF decreases cell-cell adhesion,
and that decreasing adhesion using antibodies to block adhesion
molecules decreases group size.!011:19:23:24,26

Garrod and Ashworth?” showed that wild-type cells grown
with a high concentration (86 mM) of glucose formed larger

Communicative & Integrative Biology 293



fruiting bodies than control cells. To our
surprise, we found that CF decreases
intracellular glucose levels, which in turn
regulate adhesion and motility to modu-
late fruiting body size in Dictyostelium.!?
Adding glucose to cells blocks the effects
of CF and mimics the effects of depleting
CF on group size, adhesion and motility.
High levels of CF decrease glycogen
levels, but CF does not affect the activi-
ties of amylase or glycogen phosphorylase,
enzymes that break down glycogen to
eventually produce glucose.?® A mutant
with a disruption in glycogen synthesis
does not have altered glucose levels or
altered development, suggesting that CF
does not regulate glycogen synthesis or
breakdown to regulate glucose levels or
group size.?® CF does not appear to
regulate glucose by altering the activi-
ties of hexokinase, phosphofructokinase
or fructose-1,6-bisphosphatase, but does
inhibit the activity of glucose-6-phos-
phatase, and the decreased activity can
roughly account for the decrease in the
amount of glucose in cells.?$2? Probably
because of the decreased activity of
glucose-6-phosphatase, CF increases levels
of glucose-6-phosphate and fructose-6-
phosphate.28 For unknown reasons, CF
decreases levels of fructose-1,6-bisphos-
phate.?8 Together, these results indicated
that CF regulates cell-cell adhesion and
motility, and thus group size, by regu-
lating a key enzyme in the glycolysis/
gluconeogenesis pathway.
Glucose-6-phosphate,
phosphate and fructose-1,6-bisphosphate
are downstream of glucose in the glyc-
olytic pathway, which yields pyruvate
and lactate. These compounds can be
further metabolized in the TCA cycle.3”
Conversely, amino acids can be metabo-
lized to produce lactate and pyruvate, and

fructose-6-
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Figure 1. Cells with different levels of extracellular CF have different levels of pyruvate, lactate, lactate
formation in lysates, and ATP. countin’, wild-type (WT) and smlA- cells were starved by shaking in PBM,
harvested at the times indicated, and the levels of metabolites were measured in the three cell lines.
(A) Pyruvate levels. At O hours, the differences between smlA- and WT cells, and between smlA- and
countin™ cells were significant. At 2 hours of starvation, the difference between smlA- and countin’
cells was significant. In addition, a ttest indicated that the difference at 4 hours between smlA- and
countin cells was significant. Values are means + SEM from at least 4 independent assays. (B) Lactate
levels. The measured values of lactate in smlA- cells at 2, 4 and 6 hours of starvation were 8.9 + 7.7,
5.9 + 6.0 and 9.7 + 8.4 pmol/mg protein, respectively. At O and 2 hours, the differences between
smlA- and WT, WT and countin’, and smlA* and countin cells were significant. At 4 and 6 hours of
starvation, the differences between smIA-and WT, and smlA- and countin cells were significant. Values
are means = SEM from at least 6 independent assays. (C) The formation of lactate in lysates. The
negative values for smlA- at 2, 4 and 6 hours indicate that lactate was used faster than it was made.
At O hours, the difference between smlA- and WT lysates was significant, and at 2 hours of starva-
tion, the differences between smlA- and WT, WT and countin, and smlA- and countin® lysates were
significant. At 4 and 6 hours of starvation, the differences between smlA- and WT, and smlA- and
countin lysates were significant. Values are means + SEM from 6 independent assays. (D) ATP levels.
At 4 hours of starvation, the differences between smlA~ and WT, WT and countin’, and smlA™ and
countin® cells were significant. At 6 hours of starvation, the differences between smlA- and WT, and
smlA and countin™ cells were significant. Values are means + SEM from five independent assays.

these can be used to make glucose by gluconeogenesis. To eluci-
date the extent to which CF affects other aspects of metabolism,
we measured the levels of key intermediates, such as pyruvate, at
the end of the glycolysis pathway/beginning of the gluconeogensis
pathway (Fig. 1A). Other workers observed that the concentration
of pyruvate was 50 uM in packed vegetative wild-type cells.?!
Converting our data, we obtained ~35 uM pyruvate in packed
vegetative (0 hour) wild-type cell pellets, indicating that our obser-
vations are roughly consistent with the previously observed value.
During the first 4 hours of development, countin cells (with essen-
tially no extracellular CF activity) had significantly higher levels
of pyruvate than smlA™ cells (which over secrete CF) (Fig. 1A).
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The pyruvate levels in wild-type cells were between the countin  and
the smlA™ levels. These data suggest that, to a first approximation,
CF decreases pyruvate levels.

Pyruvate can easily be converted to lactate during glycolysis, or
vice versa during gluconeogenesis.? Because the levels of pyruvate
appeared to be affected by extracellular CF, we measured the levels
of lactate. Other workers found that the amount of lactate in
Ax2 cells is 1.7-2.4 nmol/mg protein and 0.3-1.0 nmol/mg
protein at 0 and 4 hours of starvation, respectively.>? The levels
of lactate we measured in wild-type cells were in rough agree-
ment with the previously observed values (Fig. 1B). From 0 to 6
hours, lactate levels were the highest in countin™ cells, intermediate
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in wild-type cells, and the lowest in sm/A™ cells (Fig. 1B). This
suggests that, as with pyruvate, CF decreases lactate levels.

While measuring lactate levels, we noticed that the lactate
levels in the thawed lysates changed with time (Fig. 1C), and we
thus found that it is important to measure lactate levels quickly.
In the vegetative cell lysates, more lactate was being formed in
countin” and wild-type lysates compared to smlA™ lysates. During
development, the levels of lactate decreased in smiA™ lysates,
indicating that lactate was being consumed. Wild-type lysates
appeared to be making lactate, and countin™ lysates made slightly
more lactate compared to the wild-type lysates. Together, the data
indicate that both the rate of lactate production and the levels of
lactate are decreased by CF in lysates.

Since the levels of glucose, pyruvate and lactate seemed to be
repressed by CF, and since these altered levels may reflect an altered
rate of either glycolysis or gluconeogenesis, we examined levels
of ATP, a key product of metabolism. Converting our data, we
obtained -5 uM ATP in wild-type cells during vegetative growth
and the first six hours of development (Fig. 1D). This is consider-
ably lower than the previously observed ATP levels of 0.93 mM,
which were only measured during late development, using cells
grown on bacteria.?33% During the first two hours of development,
the levels of ATP were similar between countin” and wild-type, and
slightly less in smlA™ cells (Fig. 1D). At four hours, compared to
wild-type, countin™ cells had significantly higher levels of ATD, and
smlA™ cells had significantly lower levels of ATP (Fig. 1D). At six
hours, the ATP levels in countin™ and wild-type cells were similar,
and the ATP levels in smlA™ cells were lower. Together, the data
suggest that high levels of CF tend to decrease ATP levels.

Since cells mostly use oxygen during oxidative phosphorylation
to produce ATP, we measured oxygen consumption in the three
different cell lines. During vegetative growth, the rates of oxygen
consumption were similar in sm/A", wild-type and countin™ cells
(Fig. 2). At two and four hours, compared to wild-type, the rate
of oxygen consumption was significantly higher in countin’, and
significantly lowers in sm.A" cells. The observations that the levels of
ATP and oxygen consumption were low in sm/A" cells and high in
countin” cells suggest that CF represses oxidative phosphorylation.

In Dictyostelium, glucose stimulates oxygen consumption.> It is
thus possible that the repression of glucose levels by CF may play a
role in decreasing oxygen consumption and ATP levels. In addition,
low glucose levels caused by CF could cause a low flux through the
glycolytic pathway, resulting in the observed low levels of lactate and
pyruvate in cells with high extracellular levels of CFE. Alternatively, CF
could conceivably decrease amino acid influx to the gluconeogenic
pathway, which would result in a decrease in the levels of glucose,
pyruvate, lactate, ATP and the rate of oxygen consumption.

Conclusion

Combined with our previous observations that CF decreases
glucose and fructose-1,6-bisphosphate levels, and increases fructose-
6-phosphate and glucose-6-phosphate levels, our findings suggest
that CF regulates basic cellular metabolism, such as pyruvate, lactate
and ATD, and the rates of oxygen consumption in cells and lactate
formation in lysates (Fig. 3, reviewed in refs. 10 and 28).
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Figure 2. Cells with different amounts of extracellular CF have different
levels of oxygen consumption. countin’, wildtype and smlA- cells were
starved by shaking in PBM, and harvested at the times indicated. The
oxygen consumption was then measured; a high decrease in oxygen satu-
ration corresponds to a high O, utilization by cells. At 2 and 4 hours of
starvation, the differences between smlA- and WT, WT and countin’, and
smlA- and countin® cells were significant with p < 0.05. Values are means
+ SEM from three independent assays.
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Figure 3. The effects of CF on metabolism. Glycogen phosphorylase and
glycogen synthase catalyze part of the reactions that are shown in the draw-
ing, and are therefore noted as enzyme et al. The levels of glucose, glucose-
6-phosphate, fructose-6-phosphate and  fructose-1,6-bisphosphate  were
measured by Jang et al.22 and Jang and Gomer.28 The arrows indicate the
effects of CF on the levels of each intermediates or metabolites (up arrow for
increasing the levels, and down arrow for decreasing the levels).

Communicative & Integrative Biology 295



Dictyostelium size regulation

Unlike the levels of glucose, fructose-1,6-bisphosphate, pyru-
vate, lactate, ATP, and the rate of oxygen consumption, the
levels of glucose-6-phosphate and fructose-6-phosphate were
increased by CF (Fig. 3 and reviewed in ref. 28). The CF-induced
decrease in the activity of glucose-6-phosphatase can account for
the decrease in glucose levels when cells are exposed to CE2829
However, the CF-induced increase in glucose-6-phosphate and
fructose-6-phosphate levels compared to the CF-induced decrease
in fructose-1,6-bisphosphate, pyruvate, lactate and ATP levels
suggests that CF regulates the activity of a second enzyme.

There are several possible reasons why CF might regulate metab-
olism. One is that an ancestral motile cell evolved a mechanism to
regulate adhesion and motility based on the availability of food,
as sensed by some combination of glucose and ATP levels. If the
cell found itself in the presence of ample food, as indicated by high
internal glucose and ATP levels, it would decrease cell motility and
increase adhesion to stay in place. When the cell began to starve,
as indicated by low glucose and ATP levels, it would increase cell
motility and decrease adhesion to move to a new location. It is
possible that this simple mechanism may have, during evolution,
become modulated by the CF signal to regulate group size, while
the overall glucose metabolism is affected by CE

Materials and Methods

Cell culture. Dicryostelium discoideum Ax4 wild-type, smlA
clone HDB7YA, and cells with a disruption of the cmA gene
(strain HDB2B/4; referred to in this and previous work as countin
cells) were grown in HL5 media (with maltose as the carbohydrate
source) and starved in PBM (20 mM KH,PO,, 10 uM CaClz,
1 mM MgCl, [pH 6.1] with KOH) buffer at 5 x 10° cells/ml
as previously described.810 Cells were collected as previously
described.!? For freeze lysis, the pellets were lysed by freezing at
-70°C for 2 or more hours, and were then thawed. Lysates were
clarified by centrifugation at 19,000 xg for 1 minute.

Pyruvate, lactate and ATP assays. Pyruvate, lactate and ATP
assays were performed using pyruvate, lactate and ATP assay kits
(Sigma, St. Louis, MO) following the user’s manuals. At 0, 2,
4 and 6 hours after starvation, 10 ml of cells in shaking culture
were collected and lysed by freeze lysis. For pyruvate assays, 550
ul of PBM was added to the pellets, and the lysates were clarified.
Five hundred micoliters of lysate was mixed with 1.5 ml of 8%
perchloric acid, and used for the assay. For lactate assays, 200 ul
of PBM was added to the pellets, and 100 l of clarified cell lysate
was used for the assay. The amount of lactate in the lysates was
measured at 5-minute intervals. For AT assays, 350 ul of PBM
was added to the pellets, and 300 ul of cell lysate was used for the
assay. For all assays, 2 pl of the clarified lysate was used at the same
time for a Bio-Rad protein assay, using BSA as a standard.

Oxygen consumption assay. One milliliter of cells starved in
shaking culture was collected at 0, 2, 4 and 6 hours of starva-
tion, and diluted to 1.5 x 10° cells/ml in PBM. 1.2 ml of the cell
suspension was placed in the chamber of a model 5300 biological
oxygen monitor (Yellow Springs Instrument, Yellow Springs,
OH) while constantly stirring the cell suspension using a plastic-
coated magnetic stir bar, at a slow rate to prevent severe agitation
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or bubble formation. The oxygraph was calibrated using the O,
concentration of PBM in the absence of cells as 100% saturation.

Statistics. All statistics were done with Prism (GraphPad soft-
ware, San Diego, CA). One-way ANOVA using Tukey’s multiple
comparison test as a post-test was done to compare values from
three different cell lines. Where indicated, t-tests were also done.
Significance was defined as p < 0.05.
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