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Abstract

Dictyostelium discoideum cells normally exist as individual amoebae, but will enter a period of
multicellular development upon starvation. The initial stages of development involve the
aggregation of individual cells, using cAMP as a chemoattractant. Chemotaxis is initiated when
cAMP binds to its receptor, CAR1, and activates the associated G protein, Ga2py. However,
chemotaxis will not occur unless there is a high density of starving cells present, as measured by
high levels of the secreted quorum sensing molecule, CMF. We previously demonstrated that cells
lacking PIdB bypass the need for CMF and can aggregate at low cell density, whereas cells
overexpressing pldB do not aggregate even at high cell density. Here, we found that PldB
controlled both cAMP chemotaxis and cell sorting. PldB was also required by CMF to regulate G
protein signaling. Specifically, CMF used PIdB, to regulate the dissociation of Ga2 from Gpy.
Using fluorescence resonance energy transfer (FRET), we found that along with cAMP, CMF
increased the dissociation of the G protein. In fact, CMF augmented the dissociation induced by
cAMP. This augmentation was lost in cells lacking PIdB. PldB appears to mediate the CMF signal
through the production of phosphatidic acid, as exogenously added phosphatidic acid phenocopies
overexpression of pldB. These results suggest that phospholipase D activity is required for CMF to
alter the kinetics of cAMP-induced G protein signaling.
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1. Introduction

A general principle in the development of multicellular organisms is that quorum sensing
mechanisms exist that sense the density of different cell types. Often, these mechanisms use
signaling molecules secreted from specific cell types. These secreted molecules activate
signaling cascades which then change the developmental program of the cell. Such quorum
sensing mechanisms are present in bacteria [1], Dictyostelium discoideum [2] and mammals
[3]. The social amoeba Dictyostelium discoideum is the simplest eukaryote to display
quorum sensing, and presents itself as an optimal organism in which to study this
phenomenon. Its simple developmental cycle, and ease of biochemistry, cell biology and
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molecular genetics makes it an excellent system in which to study eukaryotic quorum
sensing. Dictyostelium cells exist as individual amoebae, which feed upon bacteria. When
the food source runs out, and the cells begin to starve, Dictyostelium cells will undergo a
period of differentiation and development leading to the formation of a multicellular
organism. Multicellularity is initiated by the aggregation of 2 x 104 to 10° starving cells,
using pulses of cyclic AMP (cAMP) as a chemoattractant. The aggregated cells then
differentiate, and develop into a fruiting body, consisting of a mass of spore cells situated
upon a column of stalk cells [4] [5]. The spores are dispersed to areas with new food
sources, and eventually germinate, releasing the next generation of amoebae. However, this
process will not begin unless there are sufficient numbers of starving cells present [6].
Therefore, these cells are able to sense the density of the starving cells around them and
respond appropriately. Without this ability to quorum sense, small groups of cells that
happen to starve at the same time would form small, ineffectual fruiting bodies.

Quorum sensing in Dictyostelium is accomplished by secreting and responding to a protein
called Conditioned Medium Factor (CMF) [7]. CMF is an 80-kDa glycoprotein that is
secreted only by starving cells [6]. When just a few cells are starving, the levels of CMF are
low, and the cells are unable to enter into development. As more cells starve, the levels of
CMF rise until they reach a threshold level, at which point the cells are able to initiate
aggregation. Thus, cells lacking CMF are unable to aggregate, unless exogenous CMF is
added [8]. Therefore, CMF appears to influence the formation of appropriate sized fruiting
bodies by allowing aggregation to occur only when most of the cells in a given area are
starving, as measured by high levels of CMF.

CMF exerts control over development by regulating the response to the chemoattractant
cAMP during aggregation [9]. When aggregating, a Dictyostelium cell has a typical response
to a pulse of CAMP; it releases a burst of CAMP to relay the signal to other starving cells,
moves towards the source of CAMP, and activates the expression of genes involved in
development [10] [11] [12] [13] [14] [15] [16]. This response is initiated by cAMP binding
to the cAMP receptor [17], cAR1, which causes a transient influx of Ca* [18] [19] [20], and
activates an associated heterotrimeric G protein. The Ga2 subunit releases GDP and binds
GTP, causing it to separate from the GBy subunits. The freed subunits activate downstream
signaling pathways required for chemotaxis and aggregation [21]. Eventually, the intrinsic
GTPase activity of Ga2 hydrolyzes the GTP to GDP, allowing its reassociation with Gy
and cAR1. However, this whole process occurs only when the cells are at high cell density,
and thus in the presence of CMF. In the absence of CMF, cAMP still binds cAR1, which
causes Go2 to release GDP and bind GTP. Yet, the activation of downstream signaling is
inhibited [9]. CMF accomplishes this by controlling the GTPase rate of Ga2 [22]. When
CMEF is absent, the GTPase rate is very high; Gaz2 is rapidly converted from the active to the
inactive form, and reassociates with Gpy. Signaling is thus blocked. However, when CMF is
present, the GTPase rate is low, Ga2 remains in the active, dissociated form, and signaling
occurs. Thus, CMF may regulate aggregation by modulating the dissociation of Ga2 from

GPy.

One method of measuring the dissociation of proteins is fluorescence resonance energy
transfer (FRET). This type of energy transfer occurs when the emission spectrum of a donor
fluorescent molecule overlaps with the excitation spectrum of an acceptor fluorescent
molecule. This process is distance dependent, and typically functions when the molecules
are within 10 nm of each other, a distance useful for measuring protein-protein interactions.
During FRET, the donor’s fluorescence intensity decreases while the acceptor's emission
increases. G protein FRET has been performed in Dictyostelium using Ga2-CFP as a donor
and GB-YFP as an acceptor [23] [24]. When the G protein is in the inactive, GDP-bound
form, Ga2 and Gj3 are complexed, and FRET can occur. When the G protein is in the active,
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GTP-bound form, Ga2 and Gp are dissociated and FRET cannot occur. Thus, this system is
well-designed to study the effect of CMF on the dissociation of Ga2 from Gpy.

We have previously demonstrated that CMF exerts its effect on cAR1 signaling by
activating its own G protein signaling pathway using Gal and Gp to control the activity of
phospholipase C [25]. This in turn regulates the cAMP-stimulated GTPase activity of Ga2.
We have also found that CMF uses the phospholipase D orthologue, PIdB, to control
quorum sensing [26]. In this report, we present evidence that PIdB has phospholipase D
activity, and regulates chemotaxis and cell sorting. In addition, using FRET, we find that
CMF controls the dissociation of the G protein Ga2py, and that this control is dependent
upon PIdB.

2. Materials and methods
2.1 Cell Culture

Dictyostelium AX3 cells expressing Ga2-CFP and GBy-YFP (WT-FRET) and Dictyostelium
AX3 cells lacking pldB and expressing Ga2-CFP and GBy-YFP (PLDKO-FRET) were
grown in shaking culture in medium containing G418 (20 ug/ml) and G418 (20 pg/ml) plus
blasticidin (10 ug/ml), respectively [26]. The WT-FRET cells were a generous gift from Dr.
Janetopoulos (Vanderbilt University).

A pldB disruption construct was generated by replacing 719 nucleotides of the pldB gene
with the blasticidin resistant cassette in the WT-FRET cells. 10 ug of the construct was
linearized with restriction enzyme Pvul and gel purified. PLDKO-FRET cells were created
by transforming purified plasmid into WT-FRET cells as described in Gaudet et al.. The
stable tranformants were plated with the br/1 —E. coli strain on GYP plates containing 20 pg/
ml G418 and 10 pg/ml blasticidin. Several isolates were identified and the disruption of
pldB was confirmed PCR. The phenotypes of the isolates were also confirmed by their
ability to aggregate at low cell density [26]. All FRET cells used were able to aggregate and
form fruiting bodies similarly to their parental non-FRET versions.

2.2 Phospholipase D Activity Assay

Cells were incubated at 108 cells/ml in HL5 with [9,10-3H(N)]-Palmitic Acid (Perkin Elmer,
Wellesley, MA) at 5 uCi/ml in a culture dish for 24 hours at room temperature, as described
previously [28]. For starvation, cells were washed with 5 ml PBM and starved in 10 ml
PBM for 5 hours. Cells were then resuspended in 5 ml PBM and mixed with 5 ml PBM
containing 70 pl butan-1-ol or tertiary-butanol to achieve 0.7% final concentration. The cells
were then incubated at room temperature for 22 minutes. Lipids were extracted and
characterized by thin layer chromatography [29]. The phosphatidylbutanol formed by PLD-
catalyzed transphosphatidylation was visualized by autoradiography followed by
densitometry and quantification using ImageQuant software (GE Healthcare, Piscataway,
NJ). The density of the band corresponding to the tertiary-butanol reaction (background)
was subtracted from that of the butan-1-ol reaction to determine PLD activity.

2.3 Chemotaxis Assay

Cells were starved by shaking in PBM at 2x107 cells/ml for 5 hours. All the wells of a 24-
well Transwell plate (Corning, Corning, NY) were preloaded with 600 ul PBM and inserts
were placed into half of the wells. 7.5x10° vegetative or starved cells in 100 pl PBM were
loaded into each insert. After allowing the cells to settle for 10 minutes, each insert was
transferred to a new well. The inserts sat for another 3 minutes, after which 6 ul 1 mM
cAMP was added to half of the wells. The plate was incubated for 3 hours at 22°C. The
inserts were then removed and 3 pl of 2 mM Calcein-AM (Calbiochem, San Diego, CA) was
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added to all the wells and mixed gently. The plate was then incubated at room temperature
in the dark for 75 minutes. The Calcein-AM was removed, the cells resuspended in fresh
PBM, and their fluorescence measured (Abs/Em = 488/526) using a Typhoon scanner and
quantified by ImageQuant software (GE Healthcare, Piscataway, NJ). Under agarose
chemotaxis assays were performed as described in Woznica and Knecht[30]. Briefly
vegetative cells were grown to log phase, collected and resuspended at 1 x 10° cells/ml. A
0.1 ml sample of the cells was placed in a trough 5 mm away from a trough with a 0.1 mM
solution of folate. Cells were imaged and tracked as they moved up the folate gradient,
under the agarose using Image J software as described above. Directionality is defined as the
ration of (the absolute distance travel)/(the total path length). Thus, a value of 1 represents a
straight path with no deviations, and decreasing values represent less efficient chemotaxis.
The paired t-test was used to determine statistical significance.

2.4 Chimeras

Chimeras were created by collecting 1.0 x 107 Ax2 cells and 1.0 x 107 pldB~ strain
expressing either B-galactosidase or GFP. For B-galactosidase staining, chimeras consisting
of 10% pldB™ cells and 90% Ax2 cells were developed on white filter pads, 0.8um pore size
(Millipore, Billerica, MA). Developed chimeras were then fixed and stained according to
Jermyn and Williams. Pictures were taken with a dissecting microscope utilizing SPOT
Advanced program with SPOT insight color camera, (Diagnostics Instruments, USA). For
GFP cell localization, chimeras consisted of 5% GFP expressing pldB™~ cells and 95% Ax2
cells. Starved cells were seeded at ~2 x 10° cells/cm? on plastic dishes in PBM buffer. Once
streams began to form, a time lapse movie was compiled by capturing an image of the cells
every 10 minutes for 12 hours with an inverted Nikon TE 200 Eclipse microscope using a
Metafluor Image System viewed through a 20x objective.

2.5 GTPase Assay

Cells were starved by shaking in PBM at 107 cells/ml for 5 hours. Cells were then washed
twice with PBM and resuspended in lysis buffer [31] to 108 cells/ml. One set of cells was
lysed immediately by passage through a 5 um nylon filter (GE Water & Process, Trevose,
PA) on ice. The other set was incubated with 1 ng/ml CMF for 30 seconds and then lysed.
Membranes were assayed for the cAMP-stimulated high affinity GTPase activity associated
with Ga?2 as described previously [31]. The results are reported as percent increase in
GTPase activity in order to normalize for differences in basal GTPase activity in different
cell lines.

2.6 Expression & purification of GST-tagged recombinant Conditioned Medium Factor

(GST-CMF)

To clone the CMF gene, RT-PCR was performed using the GeneAmp RNA PCR kit
(Applied Biosystems, Foster City, CA) according to the manufacturer protocol, with some
modification. In brief, total RNA was isolated from AX2 cells using Trizol Reagent
(Invitrogen, Carlsbad, CA) as described by their protocol. RT reactions were performed
using 1ug of total RNA, downstream CMF reverse primer, 5'-
GTCGACTTAACAAACAGAGTTGGAACTCATTT containing a Sall restriction site and
MuLV reverse transcriptase, in 20 pl volumes. The conditions for reverse transcription were
30 min at 42°C, 5 min at 99 °C and 5 min at 5 °C in a PTC-100 Peltier thermal cycler (MJ
research). The PCR reactions were performed using the RT product, the upstream forward
CMF primer containing a BamH1 restriction site 5'-
GGATCCATGGGTTCATTTGGTATTGATG and Amplitag DNA polymerase. The
conditions were: 1) initial denaturation for 2 min at 95 °C; 2) 35 cycles of 95 °C for 1 min
and 55 °C for 2 min; followed by 3) a final extension at 72 °C for 7 min. The 1.4 kb RT-
PCR product was purified (Qiagen Inc, Valencia, CA), and digested with BamHI/Sall. The
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purified product was ligated into the gel purified BamHI/Sall-digested expression vector
pGEX-4T2. The expression construct was transformed into Escherichia coli BL21, and
recombinant GST tagged CMF protein was expressed and purified using Glutathione
Sepharose 4B beads, according to the manufacturer's protocol (GE, Piscataway, NJ). The
purified protein was dialyzed against PBM (20 mM KHyPQy, 10 pM CaCl, and 1 mM
MgCl, at pH 6.1). This GST-CMF was used in all assays requiring CMF.

2.7 Measuring FRET during CMF and cAMP stimulation

To examine the fluorescence resonance energy transfer (FRET), WT-FRET cells and
PLDKO- FRET cells were cultured at density 5 x 108/ml and harvested by centrifugation at
500 g for 5 minutes. The cells were washed three times with PBM (20 mM KH,POy, 10 uM
CaCl, and 1 mM MgCl, at pH6.1) and resuspended at the density 2 x 107 cells/ml in the
dark to avoid photo bleaching. To ensure cCAMP receptor CAR1 expression, cells were
starved in PBM for 2 hours with constant shaking followed by stimulation with 50 nM
Adenosine 3',5'- cyclic Monophosphate, Sodium Salt (CAMP) (EMD Biosciences, Inc.
Gibbstown, NJ) every six minutes interval for another 4 hours while shaking. Cells were
then treated with 3 mM caffeine (Sigma Aldrich, St. Louis, MO) for 20 minutes to prevent
the activation of adenylyl cyclases. Cells were washed two times with 3mM caffeine in
PBM buffer and suspended in the same buffer to a density of 2 x 107 cells/ml. For each
measurement, 1 ml cells were centrifuged at 500 g for 5 min and resuspended in fresh
caffeine/PBM buffer. cAMP, CMF or both were added to the cells and the spectra taken.
CMF was added to 1.5 ng/ml as this is the optimal CMF concentration for quorum sensing
[32] [22]. cAMP was added to 100 uM based on the ability to compare our results with those
previously published as well as a dose curve (data not shown). Fluorescence measurements
were performed using Spex Fluorolog 2 spectrofluorometer equipped with an excitation and
emission polarizer and a water cooled jacket. The cell suspension was excited at 435 nm and
the emission spectrum recorded between 460 nm and 600 nm at 0.4 s/nm at 22°C. Excitation
and emission slits were set at 3 nm. All wavelength spectral data were exported into
Microsoft Excel and spectra were normalized to the intensity at 600 nm with respect to WT-
FRET cells, and then were corrected by subtraction of a normalized wild-type (non-FRET)
spectrum. The amount of FRET was determined by taking the peak intensity ratio of donor
CFP and acceptor YFP at 471 nm and 525 nm respectively. For Kinetic analyses, the FRET
ratio was taken over the course of 110 seconds. For all other FRET measurements, the FRET
ratio was measured at 10 seconds after treatment. This FRET ratio was calculated for both
cell lines in the presence of buffer, cAMP, CMF and cAMP + CMF. Loss of FRET was
calculated as was done by Janetopolous et al. (2001). FRET in the WT-FRET cells in the
presence of buffer alone was set as 0% loss of FRET. FRET in the WT-FRET cells in the
presence of CAMP was set as 100% loss of FRET. All other FRET values were placed on
this scale. 20-25 individual pulse developments were performed and measured, and
significance determined by pair sample t-test.

2.8 Low Cell Density Aggregation Assay

Vegetative cells were collected and washed with PBM. They were then starved as
submerged monolayer culture at surface densities of 224x103, 112x103, 56x103, 28x103,
14x103, and 7x10°2 cells/cm? in 400 ul PBM, PBM supplemented with 5 uM, 25 1M, or 50
uM cell permeable phosphatidic acid, 1,2-Dioctanoyl-sn-Glycero-3-Phosphate (Avanti,
Alabaster, AL).
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3. Results

3.1 pldB codes for a phospholipase D

PldB, a putative PLD orthologue, was previously demonstrated to mediate quorum sensing
and negatively regulate aggregation in Dictyostelium discoideum [26]. At that time, it was
unclear whether pldB coded for an active PLD. A PLD enzyme is characterized by its ability
to hydrolyze phosphatidylcholine to form phosphatidic acid and choline, via a phospholipid
transphosphatidylation reaction. To determine whether pldB encodes an enzyme with
phospholipase D activity, we examined the overall PLD activity in wild-type, pldB~ and
pldBOE cells using the standard in vivo transphosphatidylation assay commonly used to
measure PLD activity. Using this assay, Zouwail et al. had previously demonstrated that D.
discoideum has a basal level of PLD activity [28]. In agreement with this, we found that 5 hr
starved wild-type cells are able to carry out a transphosphatidylation reaction as evidenced
by the creation of phosphatidylbutanol, when given butan-1-ol as a substrate (Fig. 1A). The
fact that a corresponding product was absent when the cells were given tertiary-butanol
suggests that the activity was due to a PLD enzyme, as tertiary-butanol is not a preferred
substrate for PLD. Cells lacking PIdB had approximately 50% less PLD activity than wild-
type cells, whereas cells overproducing PldB had 50% more PLD activity (Fig. 1B). The
data demonstrated that loss of PldB caused an overall decrease in cellular PLD activity
while overproduction of PIdB caused an overall increase in cellular PLD activity, strongly
suggesting that pldB codes for an active PLD.

3.2 PIdB regulates cAMP chemotaxis

We have previously shown that PIdB also seems to be involved in the timing of
development, as pldB™ cells are able to aggregate several hours ahead of wild-type cells.
This could be explained by the fact that the cAMP receptor, CAR1, was expressed earlier
and at higher levels in pldB™ cells than wild-type cells [26]. However, altered chemotaxis
can also result in rapid development. To test this possibility, we performed a Transwell
chemotaxis assay of wild-type, pldB™ and pldB overexpressing cells to the extracellular
chemoattractant cAMP. Cells were allowed to migrate through an 8 um pore membrane into
a cAMP-containing well. The chemotactic index is defined as the ratio of the number of
cells migrating to cAMP to the number of cells migrating to buffer. Therefore, a chemotactic
index of 1 indicates that an equal number of cells moved to the cAMP as moved to the
buffer, signifying no chemotaxis to cAMP. A chemotactic index larger than 1 indicates that
more cells moved to the cAMP compared to buffer, representing chemotaxis to cAMP.
Under vegetative conditions, wild-type, pldB~ and pldB©E cells all had a chemotactic index
around 1 (Fig. 2A), indicating that there was no chemotaxis to cCAMP. This is in accordance
with the fact that vegetative cells live as individual amoebae and are not responsive to
CAMP. When cells were starved for 5 hours, wild-type and pldB™ cells showed similar
chemotactic indices of around 2, indicating that there was chemotaxis toward cAMP.
However, pldBCE cells still had a chemotactic index near 1, denoting no chemotaxis to
CcAMP. The similarity in chemotactic ability between wild-type and pldB™ cells suggests that
the rapid aggregation of pldB™ cells is not caused by an increased rate of chemotaxis or a
sensitivity to cCAMP in the vegetative state. However, overexpression of pldB blocks cAMP
chemotaxis.

To examine in more detail how overexpression of pldB influences cAMP chemotaxis, we
measured the speed and directionality of cells in a chemotactic gradient using an under
agarose chemotaxis assay. In this assay, cells move up a stable CAMP gradient by crawling
underneath a thin layer of agarose. Consistent with previous results, wild type Ax2 cells
move towards the cAMP source with an average speed of 12 um/min (Fig. 2B). Cells
overexpressing pldB moved at a slightly slower 8 um/min. Interestingly, cells
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overexpressing pldB had a drastically reduced directionality. Directionality is a measure of
the deviation of the cell movement from a straight path. Thus, cells that make a straight path
have the maximal directionality of 1. Cells that perform a random walk and end up back at
their starting point will have the minimal directionality of 0. Wild-type Ax2 cells had a
directionality of 0.68, while cells overexpressing pldB had a directionality 0.10 (Fig. 2C).
Thus, while cells overexpressing pldB have a relatively normal speed, they are unable to
efficiently move up a cAMP gradient. This defect is most likely responsible for their low
chemotactic index observed previously.

3.3 Cells lacking PIdB preferentially sort to the stalk

We previously demonstrated that cells lacking PIdB formed slightly longer stalks than
normal [26]. This suggested a potential defect in cell sorting or differentiation. To
investigate a role for PIdB in differentiation and morphogenesis, we examined the location
of pldB™ cells in chimeric fruiting bodies with wild-type cells. Wild-type cells and pldB™
cells expressing bgalactosidase were mixed at a ratio of 90:10 and allowed to develop. We
found that cells lacking pldB were preferentially sorted into the stalk and cups of the final
fruiting body, suggesting that cells lacking PIdB had a preference for stalk cell
differentiation (Fig. 3A). To ensure that loss of PIdB, and not expression of $-galactosidase,
was causing the preference for stalk cell differentiation, wild-type cells expressing B-
galactosidase were mixed with wild-type cells. In this case, the B-galactosidase expressing
cells were seen throughout the fruiting body, arguing the expression of B-galactosidase does
not influence differentiation (Fig. 3B). To determine at what point during development
pldB~ cells first display a preference for stalk cell differentiation, we examined the location
of pldB™ cells when mixed with wild-type cells during aggregation. Wild-type cells and
pldB~ cells expressing GFP were mixed at a ratio of 95:5 and allowed to form aggregates in
submerged culture. We found that initially, the pldB™:GFP cells are evenly distributed in the
aggregation field (Fig. 4A) and the initial mound (Fig. 4B). However, as the mound began to
mature, the pldB™:GFP cells began to associate with each other (Fig. 4C) and eventually
ended up at the top of the mound (Fig. 4D, E, F), which is normally where prestalk cells are
located. To ensure that loss of PIdB and not expression of GFP was causing the localization,
wild-type cells expressing GFP were mixed with wild-type cells. In this case, the GFP
expressing cells were seen throughout the mound, arguing that expression of GFP does not
influence differentiation (Fig. 4G, H). Thus, it appears that the preference for stalk cell
differentiation exhibited by pldB™ cells is first observed during mound formation, when
prestalk and prespore differentiation begins.

3.4 PIdB Mediates Quorum Sensing in the CMF Pathway

We had previously found that CMF regulates quorum sensing by maintaining Go2 in the
active GTP-bound state [22]. This is accomplished by decreasing the GTPase activity of
Go2 without changing its GTP binding activity [9] [22]. To examine whether CMF requires
PIdB to decrease the GTPase activity of Ga2, we measured the cAMP-stimulated high-
affinity GTPase activity in membranes, which has been shown to be due to Go2 [22]. In
agreement with previous results, CAMP caused an approximate 30% increase in the high
affinity GTPase activity associated with Ga2 in wild-type cells (Fig. 5) [22]. Addition of
CMF decreased this to approximately 12%. Membranes isolated from cells lacking PldB
were insensitive to CMF, as addition of CMF had no effect on the cAMP-stimulated GTPase
activity of Ga2. Therefore, in membranes lacking PIdB, the GTPase activity of Ga2 had
been uncoupled from CMF regulation. This supports the idea that PIdB is a component of
the CMF-mediated quorum sensing pathway, which regulates the cAMP-stimulated GTPase
activity of Go2.
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3.5 CMF increases the dissociation of Ga2fy in the absence of cAMP

Given that CMF regulates chemotaxis by controlling G protein signaling through the cAMP
chemoattractant receptor, cCAR1 [9], and requires PldB for this regulation, we decided to
delineate this relationship by studying the dynamics of the G protein associated with cAR1,
Ga2py. Specifically, we focused on G-protein dissociation, by observing the changes in
fluorescence resonance energy transfer (FRET) of Ga2-CFP:GBy-YFP complexes in WT-
FRET cells. An increase in the ratio of donor fluorescence (Ga2-CFP at 471 nm) to acceptor
fluorescence (GBy-YFP at 525 nm) is an indicator of G-protein dissociation. To determine
the efficiency of our system, we first measured the change in FRET ratio when the cells
were stimulated with cAMP. In accordance with previous results, we found that activation of
CcAR1 with 100 uM cAMP caused loss of FRET as demonstrated by an increase in emission
at 471 nm and decrease in emission at 525 nm (Fig. 6). This caused an increase in the FRET
ratio (471 nm/525 nm) of 23%, which is slightly less than the increase of 32% that
Janetopoulos et al. [23] observed. The change in the FRET ratio suggests that the cAR1-
associated Ga2py complexes dissociate in the presence of external cCAMP.

Previous studies suggest that CMF modulates cAMP signal transduction by regulating the
dynamics of Ga2-By interactions [32] [22]. To examine whether this is through controlling
the dissociation of Ga2py, we examined the change in FRET associated with treatment of
CMF. We found that addition of 1.5 ng/ml recombinant CMF, caused a loss of FRET
roughly 61% of that seen with addition of cCAMP alone (Fig. 7). This suggests that CMF, in
the absence of cAMP, can cause the dissociation of Ga2y.

3.6 CMF augments the cAMP induced dissociation of Ga2By

Given that CMF can induce the dissociation of Ga2fy in the absence of cAMP, we wanted
to determine whether CMF-induced dissociation is additive with cAMP-induced
dissociation. To examine this, WT-FRET cells were incubated with CMF (1.5 ng/ml) for 2
min, and the change in FRET was measured after addition of 100 uM cAMP. Addition of
CMF led to an additional 22% loss of FRET over cCAMP alone (Fig. 7). This increase is
statistically significant (p<0.005), suggesting that the effect of CMF is additive with cAMP
in dissociating the Ga2py complexes. Interestingly, this represents an increase of the 471
nm/525 nm ratio by 28%, which is comparable to the results reported by Janetopoulos et al.
(2001).

3.7 PIdB regulates the dissociation of Ga2By

We had previously found that PIdB mediates CMF-based quorum sensing, in that loss of
PldB allows aggregation at low cell density, mimicking the effect CMF. However, it was
unclear as to how PIdB was performing this function. To determine, whether PIdB is
involved in regulating the dissociation of Ga2py complexes, we examined changes in FRET
associated with loss of PldB by creating PLDKO-FRET cells. Simply by disrupting the pldB
gene, we observed a loss of FRET equal to 33% of that seen when WT-FRET cells are
exposed to CAMP (Fig. 7). This suggests that PIdB can regulate the dissociation Ga2py.

3.8 CMF regulates Ga2GBy dissociation through PIdB

Given that both CMF and PIdB control Ga2py dissociation, we decided to examine whether
they work through the same pathway. To investigate this possibility, we compared the
changes in the loss of FRET of PLDKO-FRET cells in absence and presence of CMF.
Unlike in the WT-FRET cells, addition of CMF to the PLDKO-FRET cells did not induce a
significant (p>0.05) loss of FRET (Fig. 7). A similar result was found when we examined
the loss of FRET in PLDKO-FRET cells treated with cAMP in presence and absence of
CMF. In stark contrast to the WT-FRET cells, CMF did not significantly augment (p>0.05)
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the loss of FRET in PLDKO-FRET cells. These data suggest that CMF requires PIdB in
order to regulate the dissociation of Ga2py.

3.9 Loss of PIdB mimics the presence of CMF in cells treated with cAMP

Since the loss of PIdB mimics the addition of CMF by allowing aggregation at low cell
density [26], we decided to examine whether the loss PIdB can mimic the change in FRET
associated with CMF in the presence of cAMP. We found that the PLDKO-FRET cells
treated with CAMP alone had a larger loss of FRET than that seen when WT-FRET cells are
exposed to CAMP (Fig. 7). This was similar to the loss of FRET seen in WT-FRET cells in
presence of CMF and cAMP. Thus, there is no significant difference (p>0.05) in the loss of
FRET observed during cAMP signaling between WT-FRET cells pretreated with CMF and
untreated PLDKO-FRET cells. This suggests that loss of PIdB mimics the effect of CMF in
cells treated with cCAMP.

3.10 PIdB regulates CMF signalling through production of phosphatidic acid

The principal PLD activity in all organisms studied to date is the hydrolysis of
phosphatidylcholine to produce phosphatidic acid and choline. Since phosphatidic acid is a
known signaling molecule in eucaryotic cells, it is very likely that PIdB uses phosphatidic
acid to mediate CMF signaling. To determine whether phosphatidic acid serves as a
downstream messenger of PIdB in quorum sensing pathways, we performed low cell density
aggregation assays in the presence and absence of exogenously added phosphatidic acid. As
seen previously, wild-type cells are able to aggregate down to a density of 28 x 103 cells/
cm2, whereas pldB~ cells aggregate down to 7 x 103 cells/cm2 (Table 1) [26]. Addition of
cell permeable phosphatidic acid to 5 mM inhibited aggregation in both wild-type and pldB~
cells, with wild-type cells being more sensitive to added phosphatidic acid than pldB™ cells.
Addition of phosphatidic acid to 25 mM had an even greater effect, and addition to 50 mM
completely blocked aggregation, even at the highest concentration of cells. Thus, addition of
phosphatidic acid at this concentration phenocopies overexpression of pldB [26]. This
implicates phosphatidic acid as a downstream signal of PIdB in the CMF quorum sensing
pathway.

4. Discussion

4.1 PldB is a phospholipase D

Three PLD1 orthologs have been predicted from the Dictyostelium genome, PIdA, PIdB, and
PIdC [33] [34]. While Zouwail et al. demonstrated through butanol inhibition that PLD
activity is required for cell motility and proper F-actin organization [28], the enzymatic
activity of these proteins has not been monitored. We have examined the role of PIdB in
PLD activity, and found that cells lacking PldB have decreased PLD activity, and cells
overproducing PIdB have increased PLD activity. While the change in PLD activity could
be an indirect effect, this possibility is unlikely. Given the fact that PIdB contains all of the
conserved domains found in PLD enzymes, and given its sequence similarity to mammalian
PLD1, the more likely interpretation of these results is that PIdB is a true phospholipase D.
We also find that the loss of PIdB does not remove all PLD activity from cell lysates. In 5
hour starved cells, PIdB accounts for approximately 50% of the total PLD activity.
Presumably, the remaining PLD activity seen in the pldB~ cells comes from PIdA and/or
PIdC.

4.2 PldB controls cell sorting

Cells lacking P1dB preferentially sort to the stalk. This appears to begin during mound
formation, as pldB™ cells begin to sort out to the tip of chimeric mounds. This is the area of
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the mound normally populated by prestalk cells. Cells can sort based on differential speed
and differential adhesion [35] [36] [37]. Here we show that PIdB can regulate chemotaxis to
CcAMP, suggesting that pldB™ cells may have a different speed. Others have also shown that
PLD activity is involved in regulating speed. Zouwail et al. showed that inhibition of PLD
activity with ethanol causes disruption of actin based motility [28]. A specific role for PldB
in motility was also demonstrated by Nagasaki and Uyeda when they saw that cells lacking
PldB had decreased motility compared to wild-type cells [38]. Both mathematical modeling
and experimental evidence have shown that differential adhesion can lead to differential
sorting [37] [39] [40]. Specifically, more adhesive cells sort to the prestalk zone [41].
Interestingly, PIdB may also be implicated in adhesion. We have seen that cells lacking
PldB are more adherent to each other than wild-type cells (unpublished data). So, the altered
adhesion and or motility seen in the pldB™ cells could explain why they preferentially sort to
the tip of the mound and eventually become stalk cells.

4.3 PldB mediates CMF-based quorum sensing by regulating the dynamics of G protein

signaling

While it was known that PIdB was involved in quorum sensing by CMF, the nature of this
relationship remained unclear [26]. It was postulated that CMF controlled chemotactic
signal transduction through the cAMP receptor, cAR1 [9], and that CMF acted through the
regulation of the G protein associated with cAR1 [22], Ga2. It had been established that
CMF signaling had no effect on the interaction between cAR1 and its associated G protein,
as CMF did not influence GTP binding to Ga2 in response to cCAMP [9][22]. In fact, CMF
was shown to specifically regulate the GTPase activity of Go2 in response to CAMP [22]
[25]. However, a link between PIdB and Ga2 remained elusive. We now find that CMF
requires PIdB to regulate the GTPase activity of Ga2. However, this, and previous findings
were derived from studies restricted to membrane preparations and the artifacts associated
with cell fractionation. Thus, the mechanism of PIdB and CMF action remained undefined
due to technical limitations. These limitations have been abolished with the advent of FRET
in live cells. By tagging the components of G-proteins with fluorescent proteins, their
interactions can be measured in living cells [24]. Using this system in Dictyostelium
discoideum, it had been shown that when cAMP is not bound to the cAR1 receptor, Go2, G
and Gy form a heterotrimer, as evidenced by FRET between the YFP-labeled Ga2 and the
CFP labeled Gp [23]. When cAMP bhinds the receptor, Go2 releases GDP and binds GTP.
The heterotrimer then dissociates, as measured by a loss of FRET. We have duplicated these
findings and found that the amount of FRET is not only dependent upon the presence of
cAMP, but also upon the presence of CMF. We found that CMF alone causes a loss of
FRET. This could be explained in at least three ways. It could be that CMF is activating the
G protein directly. Activation of the G protein by CMF would necessitate Ga2 binding GTP,
causing an increase in the amount of GTP binding to membranes. However, previous
experiments showed that addition of CMF had no significant effect on the amount of GTP
binding to membranes [9] [22]. Therefore, direct activation of the G protein by CMF seems
unlikely.

Another possibility is that CMF is inducing a conformational change in the G protein
whereby the CFP and YFP attached to G and Ga2, respectively, are moving away from
each other without the G protein heterotrimer separating. FRET only works over a distance
of less than 10 nm. Thus, if CMF causes a conformational change in the heterotrimer
whereby CFP and YFP are separated by more than 10 nm, there could be a loss in FRET.
Such a possibility cannot be completely ruled out [42], but is unlikely. In addition to
observing that cAMP or CMF alone causes a loss of FRET, we found that CMF significantly
augments the loss of FRET seen by addition of cCAMP. The dose of CAMP that we are giving
the cells is in great excess to CMF. It has been calculated that under our conditions, roughly
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200 molecules of CMF are bound to a cell, compared to 20,000 molecules of cAMP [43]. If
CMF were simply causing the YFP to move away from the CFP, we wouldn't expect CMF
to have a large effect on FRET, as the addition of cAMP would already have dissociated the
G protein. Thus, such a significant effect on FRET by such a small amount of CMF could
not easily be explained by a slight conformational change in the G protein.

The third possibility is that CMF affects the steady state levels of activated and resting G
proteins. G protein signaling is balanced between the inactive Gafy heterotrimer and the
active Ga and Gy subunits [42]. Proteins can modify this cycle by increasing GTP binding,
as receptors do, or by increasing GTP hydrolysis, as GTPase activating proteins do. Previous
work suggested that CMF regulates the cycle by decreasing the GTPase activity of Go2,
thus increasing the time during which the G protein is dissociated [22]. However, this work
was done in fractionated cells and did not look specifically at the activity of Ga2. Our work
presented here overcomes these limitations by working with whole cells and looking directly
at the dissociation of Ga2 from Gpy. The loss of FRET that we see with the addition of
CMF suggests that CMF prolongs the amount of time that the G protein is in the dissociated,
active form. In addition, the ability of CMF to augment the loss of FRET seen with CAMP is
also explained by this. If CMF is decreasing the GTPase activity of Ga2, the cAMP will
stimulate G protein dissociation, and the CMF will prolong the amount of time the G protein
remains dissociated, thus increasing the loss of FRET.

Here we present evidence that PIdB is involved in transducing the CMF signal that regulates
Go2 and Gy dissociation. To further elucidate the role of PIdB in regulating Go2, we
performed FRET experiments on cells lacking PIdB. We found that CMF had no significant
effect on cells lacking PIdB. By losing PldB, the CMF signaling pathway to Ga2 had been
disrupted. This loss of signaling corroborates our GTPase assays. As mentioned previously,
in wild type cells, CMF causes a decrease in the cAMP-stimulated GTPase activity
associated with Ga2 [22]. Much like the FRET experiments, cells lacking PIdB no longer
exhibit a CMF effect. Interestingly, cells lacking PIdB had a loss of FRET similar to cells in
the presence of CMF. Thus, the CMF signaling pathway appears to be stuck in the “on”
position. This is also in keeping with previous results which showed that cells lacking PldB
are able to aggregate at lower cell densities than wild-type cells can [26]. In other words,
even when cells lacking PIdB are at too low a density to accumulate CMF, they are able to
aggregate because the CMF pathway has been artificially activated by the loss of PIdB.

Our research suggests that phosphatidic acid, the product of PLD activity, may link PIdB to
the regulation of Ga2 by CMF. We see that addition of phosphatidic acid is able to mimic
overexpression of pldB in our low cell density aggregation assay, suggesting that the reason
pldB overexpressing cells are not able to quorum sense is because they have overproduced
phosphatidic acid. In support of this interpretation, we find that cells lacking PldB are more
resistant to the effects of phosphatidic acid in this assay. This is easily explained by the fact
that cells lacking P1dB would have less cellular phosphatidic acid to begin with when
compared to wild-type cells. Thus, it would take more exogenous phosphatidic acid to
inhibit quorum sensing. These results argue strongly that PldB is mediating quorum sensing
through its production of phosphatidic acid.

Taken together, these results support the following model (Fig. 9). Under low cell density
conditions, CMF levels are low. Consequently, PIdB activity, and thus phosphatidic acid
levels, are high, supporting association between Ga2 and GBy. This decreases CAMP
signaling, preventing aggregation and development. As more cells begin to starve, the levels
of CMF increase until they reach a threshold level. At this point, CMF activates its receptor.
This signaling leads to the inhibition PIdB, and a corresponding decrease in cellular
phosphatidic acid levels, thus supporting the dissociation of Ga2 from Gpy by regulating the
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GTPase activity of Ga2. This increases cAMP signaling, allowing chemotaxis and
aggregation to occur.

At least one phospholipase D gene has been identified in all animals studied to date.
Recently, PLDs in lower eukaryotes have been identified and are beginning to be studied.
PLD genes have been found in A. nidulans, C. albicans, and S. cerevisiae [44] [45] [46]. In
all cases, PLD has been associated with development. In A. nidulans, PLD activity spikes
shortly after germination, during hyphal growth [44]. In C. albicans, PLD is required for
virulence and hyphae formation [47] [48]. In S. cerevisiae, PLD is essential to mating and
sporulation [49]. Thus, it is not surprising that in Dictyostelium PLD plays a role in both
quorum sensing and differentiation.

5. Conclusion

These findings provide evidence that the phospholipase D orthologue, PldB, performs at
least two functions during Dictyostelium development. First, it mediates CMF-dependent
quorum sensing by regulating cAMP signaling through controlling the dissociation of the G
protein associated with the cAMP receptor, cAR1. Second, it controls differentiation in the
fruiting body, most likely by its control of cell sorting in the mound.
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Fig 1.

Cellular PLD activity. In vivo transphosphatidylation assays were performed using butanol
as a substrate. Lipids were extracted, separated by thin layer chromatography, exposed to
film, and the bands measured by densitometry. Tertiary-butanol was used as a negative
control. (A) Representative radiography from starved samples. (B) Densitometry results
from starved cells from 5 independent experiments + SEM.
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Chemotaxis towards CAMP. (A) Vegetative and 5-hour starved Ax2, pldB~ and pldB©E cells
were placed in a transwell plate and allowed to migrate through the pores towards buffer or
cAMP. Chemotactic index = (cells migrated towards cAMP)/(cells migrated towards
buffer). Starved Ax2 and pldBOE cells were placed in a cAMP gradient and their (B) speed
and (C) directionality measured. The results are the average of three experiments +/— SEM.
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Fig 3.

Chimeric fruiting bodies stained for B-galactosidase. Chimeric fruiting bodies consisting of
(A) 90% Ax2 and 10% pldB™: B-gal cells or (B) 90% Ax2 and 10% Ax2: B-gal cells were
fixed and stained with X-GAL. Bars 0.5 mm.
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FIG 4.

Chimeric aggregates. Ax2 and pldB™:GFP cells were mixed at a ratio of 95:5 and allowed to
form aggregation fields in submerged culture. A time lapse film was created by taking
photos every 20 minutes for 12 hours. Photos represent (A) initial aggregation field, (B)
initial aggregate, (C) maturing aggregate and (D) final mound. The time associated with
each photo is presented. (E, F) Photos representing 2 separate mounds of Ax2 and
pldB™:GFP cells mixed at a ratio of 95:5. (G, H) Ax2 cells and Ax2:GFP cells were mixed at
a ratio of 95:5 and allowed to form mounds in submerged culture. Bars 2 mm.
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FIG 5.

The effect of CMF on cAMP-stimulated high affinity GTPase. Wild-type and pldB™ cells
were starved and treated either with buffer or recombinant CMF. 30 seconds later, the cells
were lysed, and the membranes isolated and then treated with cAMP. They were then
assayed for the ability to hydrolyze [y-32P]GTP. The results are the means of 5 experiments
+ SEM.
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Emission spectra of wild-type cells. Wild-type cells expressing Go2-CFP and GBy-YFP
(WT-FRET) were starved and then treated with buffer or cAMP. The cells were excited at

435 nm, and the emission spectrum recorded between 460 nm and 600 nm. These are

representative scans of 20 — 25 individual experiments.
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FIG 7.

Loss of FRET in wild-type and pldB™ cells. Wild-type (WT-FRET) and pldB™ (PLDKO-
FRET) cells expressing Ga2-CFP and Gbg-YFP were starved and then treated with buffer,
CMF, cAMP or both CMF and cAMP. The cells were excited at 435 nm, and the emission
spectrum recorded between 460 nm and 600 nm. The amount of FRET was determined by
taking the peak intensity ratio of donor CFP and acceptor YFP at 471 nm and 525 nm,
respectively. The percentage loss of FRET was determined be setting the ratio of intensity
for untreated WT-FRET cells at 0% and, WT-FRET cells in presence of cCAMP at 100%.
The results are the means of 20 — 25 individual measurements + SEM.
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FIG 8.

Proposed mechanism for CMF signal transduction. CMF binds to its receptor, and inhibits
PldB. This could be through the known CMF pathway involving Ga1py, and PLC, or
through an as yet unidentified pathway. Decreased PIdB activity decreases phosphatidic acid
production and increases the dissociation between Go2 and G By, most likely through
inhibiting the Ga2 GTPase activity. This allows cAMP signaling and thus aggregation to
occur.
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