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Dictyostelium uses a wide array of chemical signals to coordinate differentiation as it switches from a
unicellular to a multicellular organism. MPBD, the product of the polyketide synthase encoded by stid,
regulates stalk and spore differentiation by rapidly stimulating the release of the phosphopeptide SDF-1. By
analyzing specific mutants affected in MPBD or SDF-1 production, we delineated a signal transduction cascade
through the membrane receptor CrlA coupled to Gal, leading to the inhibition of GskA so that the precursor
of SDF-1 is released. It is then processed by the extracellular protease of TagB on prestalk cells. SDF-1
apparently acts through the adenylyl cyclase ACG to activate the cyclic AMP (cAMP)-dependent protein kinase
A (PKA) and trigger the production of more SDF-1. This signaling cascade shows similarities to the SDF-2
signaling pathway, which acts later to induce rapid spore encapsulation.

When food is depleted, individual cells of Dictyostelium dis-
coideum stop growing and embark on a developmental pro-
gram that leads to the formation of multicellular aggregates
that proceed to form fruiting bodies (26). Most of the cells
form spores, but about 15% of the cells construct a cellulosic
stalk tube, enter it, and vacuolize, so that they foreswear the
ability to give rise to progeny. Spores, on the other hand, can
resist desiccation and starvation for long periods and then
germinate to give rise to amoebae that can multiply if they find
a new food source. During the last stages of fruiting body
formation, prespore cells climb the rising stalk and encapsulate
when they near the top, where they form a ball of tens of thou-
sands of spores. The whole process takes about 24 h (21, 26).

A variety of chemical signals are released from the cells at
various stages of development to synchronize progression
through the developmental stages. The polyketide DIF-1 was
isolated from the buffer surrounding developing fruiting bodies
and shown to induce stalk cell differentiation in the test strain,
V12M2, developing as monolayers (20). DIF-1 is synthesized
by the polyketide synthetase Steely B and the methyltrans-
ferase DmtA, which are both enriched in prespore cells (9, 32,
42). Mutations in the genes encoding these enzymes result in
reduced expression of developmental genes specific to the
PST-O region at the slug stage and lack of formation of the
outer basal disc in fruiting bodies (28, 37, 42). The induction of
stalk cell differentiation in the monolayer bioassay is inhibited
by high levels of cyclic AMP (cAMP) (10). However, addition
of another signaling molecule, SDF-1, was found to overcome
this inhibition (1).
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SDF-1 is a small phosphopeptide that was isolated from the
buffer in which cells engineered to have partially constitutive
cAMP-dependent protein kinase A (PKA) activity had been
incubated in the presence of cAMP (1, 7). When these KP cells
were incubated at densities higher than 10* cells/cm?, SDF-1
was found in the buffer and the cells were seen to form
spores. At lower densities, KP cells did not secrete SDF-1
and did not form spores. However, when SDF-1 was added
to monolayers of KP cells that had been incubated at <10*
cells/cm?, they formed spores about 90 min later, after a
period of protein synthesis. When SDF-1 was added to
monolayers of the stalk cell differentiation test cells,
V12M2, it also induced stalk cells (1). However, most of the
characterization of SDF-1 was carried out with the spore
differentiation assay, so it was named Spore Differentiation
Factor 1. The amino acid sequence of the peptide is un-
known, but its activity can be mimicked by the artificial PKA
substrate kemptide after it is phosphorylated (4, 7).

SDF-1 accumulates in fruiting bodies of wild-type cells,
where it is found together with several other factors that can
also induce encapsulation of KP cells developed at low density.
One of these is the 34-amino-acid peptide SDF-2, which is
proteolytically generated from acyl-coenzyme A (CoA) bind-
ing protein (AcbA) following secretion in response to GABA
(3, 4). SDF-2 binds to the receptor histidine kinase DhkA,
leading to the accumulation of cAMP and the activation of
PKA (43). Addition of as little as 0.1 pM SDF-2 induces spor-
ulation within 5 min due to a positive-feedback loop in which
low levels of SDF-2 induce the rapid release of AcbA.

The cytokinin discadenine also accumulates in wild-type
fruiting bodies and has been shown to be able to induce rapid
sporulation in a process dependent on the adenylyl cyclase
AcrA and the prespore-specific histidine kinase DhkB (2).
SDF-2 and cytokinin signaling appears to act as a coincidence
detector, since mutant strains lacking both DhkA and DhkB do
not form viable spores while the single mutants make some
spores with reduced viability (43).

Recently, several new factors that induce stalk differentia-
tion were isolated from a strain that is unable to make DIF-1
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(38). One of these products, the polyketide MPBD (4-methyl-
S-pentylbenzene-1,3 diol), was shown to induce stalk cell for-
mation in monolayers of VI12M2 cells, as well as to induce
spore cell differentiation in a sporogenous strain. We investi-
gated whether MPBD might function in one of the previously
characterized signaling cascades.

MATERIALS AND METHODS

Chemicals. Synthetic SDF-1 (phosphokemptide) and SDF-2 have been previ-
ously described (3, 4). SDF-1 and SDF-2 produced by cells were purified as
previously reported (1, 3). Synthetic MPBD was a generous gift from R Kay
(Medical Research Council, Cambridge, United Kingdom). Rabbit polyclonal
antibodies against phosphorylated kemptide were a generous gift from Michel
Véron (Institut Pasteur, France). Rabbit polyclonal antibodies against the TagB
protease domain were previously described (4). Gsk3B inhibitor VIII and cell-
permeable GSK3p peptide inhibitor (mGSKI) were from Calbiochem, while the
other chemicals were from Sigma.

Cells and bioassay. The wild-type strain AX4, the pkaC-overexpressing strain
KP, and its tagB ™~ derivative have been previously described (5, 8). The stl/4~, and
stIB~ mutant strains were obtained from Saito Tamao (9); the crl4~ strain was
obtained from Dale Hereld (35).

Cells were grown in axenic medium (HLS5) at 22°C in shaking culture (26). For
development, exponentially growing cells were harvested at a density of 2 X 10°
to 5 X 10°ml and centrifuged at 1,000 rpm for 5 min. The cells were washed in
1 volume of PDF buffer (1.5 g KCI, 1.07 g MgCl, - 6H,0, 1.6 g K,HPO,, 1.8 g
KH,PO, per liter, pH 6.4). The cells were centrifuged again and resuspended at
a density of 1 X 10® to 2 X 10% cells/ml PDF before being deposited on a
nitrocellulose filter placed on a pad saturated with PDF. For the spore viability
assay, 107 cells were deposited on a quarter of a filter and developed for 24 h.
Spore viability was tested by placing the filter in an Eppendorf tube containing 1
ml PDF plus 0.5% Triton X-100. The fruiting bodies were disaggregated by brief
vortexing, and the filter was removed. Spores were incubated for at least 5 min
in the presence of Triton X-100 and then centrifuged at 6,000 rpm for 1 min and
resuspended in 1 ml PDF. After being counted and diluted, 50 spores were
plated in triplicate on SM plates with a Klebsiella aerogenes suspension. The
number of plaques, corresponding to the number of viable spores, was scored
after 4 to 5 days of incubation at 22°C. The spore viability assays were repeated
at least three times, with the error corresponding to 1 standard deviation.

MPBD purification and quantitation. For MPBD detection by mass spectrom-
etry, 5 X 107 to 1 X 10® wild-type or stlA~ cells were deposited on a 4.5-cm-
diameter filter and incubated for the indicated time. Developing structures were
harvested by scraping the filter with a spatula and then dispersed in an Eppen-
dorf tube containing 1 ml of 20 mM phosphate buffer, pH 6.2. The structures
were disaggregated by trituration and brief vortexing. The cells were spun down
at 4,000 rpm in an Eppendorf centrifuge and kept for protein quantification,
while the supernatant was harvested and recentrifuged at 14,000 rpm for 5 min
to remove residual cells. MPBD was then purified by the addition of 100 pl of
Amberlite XAD-2 resin (50% suspension in water). After a few minutes of
incubation, the resin was spun down at 4,000 rpm and washed twice with 1 ml
water. The MPBD was then eluted three times with 200 pl methanol. The pooled
methanol fractions were evaporated at room temperature under vacuum. The
dried pellet was resuspended in 10 pl methanol. A Capcell MG III C,g column
(catalog number 92744; internal diameter (i.d)., 2.0 mm; length, 50 mm) coupled
to a ThermoFinnigan LCQdeca mass spectrometer was employed for liquid
chromatography-tandem mass spectrometry (LC-MS-MS) analysis using a pos-
itive-ion mode atmospheric pressure chemical ionization (APCI) source. For LC
separation, 5% methanol in water with 0.1% formic acid was used as mobile
phase A, and pure methanol with 0.1% formic acid was used as mobile phase B.
A gradient of 30% mobile phase B to 100% mobile phase B in 10 min was
applied with a flow of 200 pl/min. The 200-pl/min LC eluent flow was then mixed
with a 300-pl/min 50% methanol-50% water makeup flow before being delivered
to the APCI source for MS-MS analysis. MPBD was eluted from the LC column
with a retention time of around 8.7 to 9 min. Under APCI-MS-MS analysis, a
major ionization fragmental peak of MPBD at m/z 125 from its molecular ion
peak at m/z 195 ((M+H]") was observed. Selected reaction monitoring (SRM)
mode was used to acquire this m/z 125 fragmental ion peak. MPBD was quan-
tified using a standard curve of the peak area of the m/z 125 peak from known
amounts of synthetic MPBD.

SIGNALING CASCADE IN DICTYOSTELIUM 957

RESULTS

MPBD induces SDF-1 production. Addition of 10 nM
MPBD to developed KP cells induced spore differentiation
after a lag of about 45 min (Fig. 1A). Encapsulated spores were
recognized as phase bright by phase-contrast microscopy (7, 8).
The proportion of encapsulated cells rose from 14% to 35% by
90 min, which is the same timing and level of spore formation
observed upon addition of SDF-1 and is significantly slower
and less efficient than what is observed upon addition of SDF-2
or cytokinins (2, 3, 7, 8). Moreover, the induction of spore
differentiation by MPBD, like induction by SDF-1, could be
blocked by simultaneous addition of cycloheximide to inhibit
protein synthesis (Fig. 1A). This is in contrast with the induc-
tion of spore formation by either cytokinin or SDF-2, which is
insensitive to cycloheximide.

We found that addition of as little as 2 nM MPBD signifi-
cantly stimulated spore differentiation and that addition of
antibodies to phosphokemptide (LRRASpLG) blocked the in-
duction of spore formation even by 1 uM MPBD (Fig. 1 B).
These results are all consistent with MPBD inducing some cells
to release sufficient SDF-1 to prime the remaining cells to
maximally release SDF-1 and induce spore formation.

We directly tested for SDF-1 activity in the supernatant of
KP cells after the addition of MPBD (Fig. 1C). SDF-1 was
separated from MPBD by collecting it on cation-exchange
resin, which does not bind the hydrophobic MPBD; eluting
it; and testing it on fresh KP cells. We found that 10 nM
MPBD induced the release of more than 1,000 units of
SDF-1/10? cells after a lag of 105 s. This was the same level
we found when the cells were primed with 1 pM synthetic
SDF-1. However, SDF-1 priming resulted in maximal SDF-1
release in 60 s, while MPBD induction did not reach peak
levels until 150 s (Fig. 1C).

MPBD production depends on the polyketide synthase
Steely A. While MPBD was clearly identified as an extracellu-
lar factor, the time in development when it is secreted was not
determined (38). Using synthetic MPBD as a standard, we
established a simple purification and quantification procedure
using mass spectrometry (Fig. 2; see Fig. S1 and S2 in the
supplemental material). Secreted MPBD was measured at var-
ious stages of development and was found to accumulate to
low levels at the slug stage starting at 16 h and to rapidly
increase between 19 and 21 h to around 5 pmol/mg protein
before dramatically decreasing in the next 3 h (Fig. 2). The
concentration of MPBD required for maximal activation of
sporulation (10 nM) corresponds to 2 pmol/mg protein.

The type III polyketide synthase Steely A (stl4) is responsi-
ble for the synthesis of MPBD, since recombinant enzyme
made from the gene can produce des-methyl-MPBD from hex-
anoyl-coenzyme A (CoA) (9, 16, 31). stlA mRNA is present in
growing cells but decreases during early development so that it
is not measurable at 12 h and then reaccumulates to reach a
peak in prestalk cells just as fruiting body formation is com-
plete (31, 32). When we analyzed material secreted throughout
development by a strain carrying a null mutation in st/4, we
found no MPBD (less than 0.25 pmol/mg protein) accumulated
at any time (Fig. 2). It seems clear that s7l4 is essential for
MPBD production and that its developmental regulation can
account for the timing of the appearance of MPBD.
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FIG. 1. MPBD promotes spore differentiation through rapid re-
lease of SDF-1. (A) Time course of spore differentiation upon induc-
tion by MPBD. MPBD (10 nM) was added to the test cells, and the
levels of spores were scored under a microscope at the indicated times
(filled circles). Cycloheximide (open triangles) was added 30 min prior
to induction by MPBD. Each experiment was repeated at least three
times. The error bars correspond to 1 standard deviation. (B) Concen-
tration dependence of induction by MPBD. The indicated amounts of
MPBD were added to the test cells, and the proportions of visible
spores were scored 2 h later (filled squares). Anti-phosphokemptide
antibodies were added at a final dilution of 1/5,000 just prior to induc-
tion by MPBD (open squares). Each experiment was repeated at least
three times. The error bars correspond to 1 standard deviation.
(C) Time course of SDF-1 release after MPBD addition. MPBD (10
nM) (filled circles) was added to the test cells, and aliquots of the
medium were harvested at the indicated times. SDF-1 was purified on
cation-exchange resin and quantified on fresh test cells by serial dilu-
tion. For comparison, the time course of SDF-1 induction by priming
with 10 units of SDF-1 is displayed (open squares). Each experiment
was repeated three times. The quantification of SDF-1 by serial dilu-
tion has a reproducibility error of £50%, as shown by the error bars.

If MPBD is required to trigger SDF-1 production, the st4~
null strain should not accumulate SDF-1 during development.
Indeed, we found that st/4-null fruiting bodies do not contain
measurable levels of SDF-1, although they have normal levels
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FIG. 2. Production of MPBD in wild-type and st/4-null strains.
Shown is the time course of secreted MPBD. The wild-type or stl4~
null strain was developed for the indicated times. The structures were
harvested and dissociated in 20 mM phosphate buffer, pH 6.2. The
MPBD present in the supernatant was concentrated using the hydo-
phobic resin Amberlite XAD-2, eluted with methanol, and then quan-
tified using a mass spectrometer coupled to a C,g high-performance
liquid chromatography (HPLC) column. The averages of 3 experi-
ments are shown.

of SDF-2 (Table 1). On the other hand, cells of a null mutant
in the only other type III polyketide synthase encoded in the
Dictyostelium genome, Steely B, have normal levels of SDF-1 in
their fruiting bodies. While the st/4~ null strain forms quite
normal-looking fruiting bodies, the spores are detergent sen-
sitive and have reduced viability (Table 1).

To determine whether st/A~ null cells can be induced to
produce SDF-1, we added either 10 nM MPBD or 1 pM SDF-1
to stlA~ cells dissociated from culminants and tested samples
of the supernatant 2 h later. We found that both MPBD and
low levels of SDF-1 resulted in the release of high levels of
SDF-1 (Fig. 3B). Moreover, these compounds stimulated spor-
ulation as effectively in the stl4 ™~ cells as in wild-type cells (Fig.
3A and B).

TABLE 1. Presence of SDF-1 and SDF-2 in wild-type and mutant
fruiting bodies®

Strain SDF-1 SDF-2 % Detergent-resistant % Viable
spores spores
Ax4 + + 99 =12 895
stlA null - + 207 05=03
stIB null + + ND ND
gpaA null - + 24 =8 12+6
crlA null - + 303 11x2
acgA null - + 28 =5 16 = 4
tagB~ /K - + 0.11 = 0.02 0.03 = 0.02

¢ Cells from the indicated strains were developed on filters for 24 to 26 h (30
h for the c¢rl4 null strain), dissociated in 1 ml starvation buffer, and then spun
down. SDF-1 and SDF-2 were purified from the supernatant using cation- and
anion-exchange resins, respectively. The amount of each factor was quantified by
testing serial dilutions on sporulation of KP cells. Minus indicates less than 10
units per 10° cells; plus indicates at least 10 units of SDF-1 per 10° cells or 10*
units of SDF-2 per 10° cells. Detergent-resistant spores were counted after
treatment with 0.5% Triton-X 100 and are given as a percent of the initial
number of spores. The number of viable spores was determined from the number
of plaques on bacterial lawns after 4 to 5 days of incubation of detergent-treated
spores. Viable spores are given as a percentage of the initial number of spores
Each assay was repeated at least three times.
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FIG. 3. Responses to MPBD or SDF-1 by wild-type and mutant strains. Wild-type or mutant strains were developed on nonnutrient agar until
they reached the early culminant stage (around 20 to 21 h). The structures were collected, dissociated, and washed two times in 1 ml starvation
buffer. The cells were counted using a hemocytometer and then plated at a density of 10* per well in 24-well plates containing 500 pl starvation
buffer, which does not contain cAMP. MPBD (100 nM), 10 pM SDF-1, or 1 pM SDF-2 was added 15 min later, and spore formation was scored
2 h later. Aliquots of the cell supernatant were harvested for quantification of SDF-1 production after purification on cation-exchange resin. Each
experiment was repeated at least three times. The error bars correspond to 1 standard deviation. NA, not applicable, since SDF-2 has never been

found to induce release of SDF-1.

CrlA and Gal are required for response to MPBD. During
a screen of a series of mutant strains lacking one of the dozen
Ga genes of Dictyostelium for alterations in the accumulation
of SDF-2 (4), we also assayed for SDF-1 activity (see Table S1
in the supplemental material). One gpaA ™~ strain that carries a
mutation in the trimeric G protein subunit Gal was found to
have normal levels of SDF-2 in the fruiting bodies but no
measurable SDF-1 (Table 1). Following this lead, we dissoci-
ated cells from culminants of gpad~ cells and added either
MPBD, SDF-1, or SDF-2. While these cells responded nor-
mally to SDF-1 and accumulated SDF-1 to high levels within
an hour, they did not respond to MPBD either by sporulating
or by accumulation of SDF-1 (Fig. 3C).

The lack of response to MPBD in the absence of Gal sug-
gests that a G-protein-coupled receptor (GPCR) is involved in
sensing this factor. We tested the available GPCR mutant
strains for the accumulation of SDF-1 in their fruiting bodies
and found one, a crlA strain, that had undetectable levels

(Table 1). Therefore, we dissociated cells from crl4~ culmi-
nants and treated them with MPBD, SDF-1, and SDF-2. While
they reacted normally to the peptide inducers, they did not
respond to MPBD by rapidly sporulating or accumulating
SDF-1 (Fig. 3D). It is likely that CrlA is the receptor for
MPBD.

MPBD signaling pathway. PKA mediates the priming effect
of low levels of SDF-1 on the release of SDF-1 (7). Therefore,
we tested the effect of the membrane-permeable PKA inhibi-
tor mPKI on the ability of MPBD to induce SDF-1 release
from KP cells but found it had no effect (Table 2). It seems that
induction of SDF-1 by MPBD does not involve activation of
PKA. On the other hand, the PKA inhibitor, like the previously
used H89, blocked priming by SDF-1 (Table 2).

Lithium is widely used as a mood stabilizer for people suf-
fering from bipolar disorder and has been shown to affect
Dictyostelium development (reviewed in reference 17). Addi-
tion of 1 mM LiCl to the test cells resulted in release of SDF-1
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TABLE 2. Induction of SDF-1 production under
submerged conditions®

Addition to KP cells

SDF-1 release

NODC..c..iiiiiiict e No
MPBD ...t e Yes
MPBD + mPKI.. Yes
MPBD + TPCK......... No
MPBD + anti-protease . No
SDF-1..ooiiiiicn ...Yes
SDF-1 + mP ....No
SDF-1 + anti-protease .. ....No
SDF-1 + TPCK.......... ....No

Gsk3B inhibitor VII

Gsk3B inhibitor VIII + mPKI ...Yes
MGSKI....ooiiiirinierereeeene ...Yes
MGSKI + MPKI.....coooiiiieiieceeeeeeete et Yes

@ KP cells were deposited in 24-well plates at a density of 10%/cm? and incu-
bated overnight in starvation buffer containing 5 mM cAMP. SDF-1 production
was induced with 10 nM MPBD, 10 pM synthetic SDF-1, 5 mM LiCl, 100 nM
Gsk3B inhibitor VIII, or 40 pM myristylated Gsk3B peptide inhibitor. Myristi-
lated PKA inhibitor (mPKI) (20 nM) was added 45 min before induction when
indicated. Anti-protease antibodies (final dilution, 1/5,000) or TPCK (20 pnM)
were added just prior to induction, as indicated. No indicates that less than 10
units per 10° cells were detected. Yes indicates that 10° units of SDF-1 per 10°
cells or more were detected. Each assay was repeated at least three times.

within15 min, and this induction was unaffected by the pres-
ence of mPKI (Table 2). Lithium acts by inhibition of two main
targets: the glycogen synthase kinase 38 GskA in Dictyostelium
(36) and PIP3 signaling (23). We have previously shown that
the PIP3 signaling cascade is not involved in SDF-1 produc-
tion, although it is required for GABA induction of SDF-2
production (4). Therefore, we tested for the possible in-
volvement of GskA using specific inhibitors: the Gsk3
inhibitor VIII, as well as the GSK3-8 peptide inhibitor
(mGSKI). We found that addition of 100 nM Gsk3 inhibitor
VIII or 200 nM mGSKI to the test cells led to the rapid
secretion of SDF-1 and that this induction was insensitive to
mPKI (Table 2). It seems that GskA inhibits release of
SDF-1 until it is inhibited by the signal transduction pathway
activated by MPBD and that, unlike priming by SDF-1, the
MPBD pathway does not include activation of PKA. We can
link these steps together to construct a working model for
the SDF-1 signaling cascade (Fig. 4).

Proteolytic processing in SDF-1 production. It is likely that
the small phosphopeptide SDF-1 is proteolytically cleaved
from a precursor protein, just as SDF-2 is generated from
AcbA following its secretion (4). Addition of the protease
inhibitor tosylsulfonyl phenylalanyl chloromethyl ketone
(TPCK) at the same time as induction of AcbA release by
GABA blocks production of SDF-2. Likewise, addition of
TPCK together with MPBD blocked production of SDF-1 (Ta-
ble 2).

The protease that processes AcbA into SDF-2 is fused to an
ABC transporter embedded in the membrane and encoded by
the prestalk-specific gene fagC (3, 8). Antibodies raised against
the TagC protease domain block processing of recombinant
AcbA to SDF-2 when added to whole cells following treatment
with GABA (3, 4). The tagC-null mutant cannot develop fur-
ther than the tight-aggregate stage (40). While the prestalk
defects are cell autonomous, prespore and spore differentia-
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tion can be rescued by synergy with wild-type cells or overex-
pression of PKA (8). Cells lacking the TagC protease that are
partially constitutive for PKA (tagC/K) fail to produce SDF-2
but still make normal levels of SDF-1, indicating that the
protease is not responsible for proteolytic processing of the
SDF-1 precursor. However, there is a paralog of fagC, termed
tagB, adjacent to it on chromosome 4 that also encodes the
unusual combination of a protease and an ABC transporter
(40). It is also prestalk specific. Like tagC™ null cells, tagB~
null cells have cell-autonomous prestalk defects, while the pre-
spore defects are non-cell autonomous. The protease domains
of TagB and TagC are sufficiently similar that antibodies to
one might cross-react with the other. In fact, we found that
addition of the anti-protease antibody together with MPBD
blocked production of SDF-1 (Table 2). The antibody also
inhibited priming by low levels of SDF-1 (Table 2).

To confirm that tagB encodes the protease that processes the
SDF-1 precursor, we transformed a fagB~ null strain with the
KP construct that generates partially constitutive PKA and
determined the response to SDF-1. The resulting tagB~ /K
strain accumulates normal levels of SDF-2 during development
but does not produce any SDF-1 (Table 1). We found that
SDF-1 would induce sporulation in the tagB ™ /K cells, but only
if added to a concentration 100 times higher than that needed
for induction of KP cells (Fig. 5). Addition of the protease
inhibitor TPCK to the KP cells also decreases the cells’ sensi-
tivity to SDF-1 by 100-fold (data not shown). The high sensi-
tivity of KP cells to SDF-1 is the consequence of the priming
effects of low levels of SDF-1, leading to the release of more
SDF-1. When this positive feedback is abolished, more SDF-1
needs to be added to reach the threshold required for full
induction of spore differentiation. Taken together, these data
indicate that TagB protease activity processes SDF-1 precursor
into the active SDF-1 peptide (Fig. 4).

AcgA is required for response to SDF-1. We have previously
found that mutants lacking the late adenylyl cyclase AcgA fail
to respond to SDF-1 (2). While fruiting bodies formed by
acgA~ null cells have normal levels of SDF-2, they have no
measurable SDF-1 (Table 1). AcgA has a CHASE domain at
its N terminus, where a 200-amino-acid sequence is flanked by
transmembrane domains. CHASE domains have also been
found near the N termini of two-component histidine kinase

‘ MPBD SDF-1 SDF-1
outside ¢ precursor
CrlA 2 TagB = AcgA =
inside ¢ l
StlA— MPBD Gal cAMP
GskA—l l
SDF-1 +———— PKA —{» terminal

precursor differentiation

FIG. 4. Model of the MPBD signaling cascade. The polyketide
synthase StIA produces MPBD, which induces SDF-1 production
through the GPCR CrlA coupled to Gal, leading to the inhibition of
the glycogen synthase kinase GskA. This inhibition allows the release
of SDF-1 precursor and the activation of TagB protease, which gen-
erates the active SDF-1 peptide. SDF-1 action requires the adenylyl
cyclase AcgA, which produces cAMP, thereby activating PKA.
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FIG. 5. TagB is required for SDF-1 processing. Test KP cells (filled
squares) or tagB~ /K cells (open circles) were starved overnight at low
density in 24-well plates containing starvation buffer with 5 mM cAMP.
The indicated concentration of synthetic SDF-1 was added to the cells,
and the proportion of visible spores was scored 90 min later. Each
experiment was repeated at least three times. The error bars represent
1 standard deviation.

receptors in bacteria, plants, and Dictyostelium and appear to
form the ligand binding pocket (30, 33). The only other
CHASE domain in Dictyostelium is the binding site for SDF-2
in the receptor histidine kinase DhkA (43). Therefore, it is
quite possible that SDF-1 binds to the CHASE domain of
AcgA and activates it to produce cAMP and to activate PKA
(Fig. 4). To determine whether acg4 ™ null cells would respond
to either MPBD or SDF-1, we dissociated cells from mutant
culminants and treated them with the inducers. We found that
they failed to produce SDF-1 in response to either MPBD or
SDF-1 (Table 3).

Synergy among strains. Mutants that do not produce an
extracellular signal are often rescued when they are allowed to
develop together with wild-type or other strains that provide
the signal (41). We have previously used systematic synergy
assays between mutants deficient in SDF-2 production to clas-
sify them into groups based on their ability to complement
each other (6). Several of these mutants lacked a membrane-
associated receptor, which would be expected to give a cell-
autonomous phenotype, yet they synergized well with strains
that failed to produce an extracellular signal by supplying it
themselves and then responding to a signal further down the
cascade.

We developed mutant strains lacking CrlA, StlA, Gal, or
AcgA in all possible combinations and then assayed for SDF-1

TABLE 3. SDF-1 production by the acgA-null strain”
Addition to acgA™ cells SDF-1 release

None No
MPBD ...ttt No
SDF-1 No

“ Cells of the acg4™ null strain were developed on nonnutrient agar and
collected at the early culminant stage (around 21 h). The structures were disso-
ciated and washed twice with 1 ml starvation buffer. The dissociated cells were
then plated at a density of 10* per well in 24-well plates containing 500 pl
starvation buffer per well. MPBD (100 nM) or SDF-1 (10 pM) was added 15 min
later, and an aliquot of cell supernatant was harvested 15 min later for quanti-
fication of SDF-1 production after purification on cation-exchange resin. No
indicates that less than 10 units/10° cells were detected.
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TABLE 4. SDF-1 production in mixed populations of
developed cells”

Strain crlA~ stlA~ gpaA~ acgA~
crlA™ - + - +
stlA™ - + +
gpaA~ - +
acgA~ -

“ Vegetative cells of the indicated strains were harvested, washed, and devel-
oped either alone or as a 50/50 mixture with the one of the other strains as
shown. The fruiting bodies were collected in starvation buffer at the end of
development (24 to 26 h). After the cells were spun down, an aliquot of the
supernatant was harvested to measure the amount of SDF-1 produced. A minus
indicates that less than 10 units per 10° cells were detected; a plus indicates that
500 units of SDF-1 per 10° cells or more were detected. Each assay was repeated
at least three times.

activity in the fruiting bodies (Table 4). The crlA~ mutant cells
synergized well with 524~ cells, which fail to make MPBD, by
producing MPBD themselves. The st/4~ cells could respond to
this MPBD and produce SDF-1, to which the crlA ™ cells could
respond. As expected, crl4~ cells did not synergize with cells
lacking the Gal subunit, since neither can respond to MPBD.
However, mutant cells lacking Gal could synergize with cells
lacking Steely A, since they produce MPBD and the stl4~ cells
produce SDF-1, to which they both respond. Cells lacking Ga1
also synergized with cells lacking AcgA, since the latter can
make low levels of SDF-1 that can prime further SDF-1 pro-
duction in the mutant cells lacking Gal. The same situation
holds for mixtures of acgA™ mutant cells with crlA™ and stlA~
cells (Table 4 and Fig. 4).

DISCUSSION

While SDF-1 induces sporulation in KP cells developed as
monolayers in buffer containing cAMP, it is not sufficient to
induce sporulation during normal development of wild-type
fruiting bodies. In the absence of signaling by SDF-2 or cyto-
kinin, SDF-1 accumulates to normal levels, but the cells do not
form appreciable numbers of viable spores (43). On the other
hand, cells of mutant strains that do not produce SDF-1, such
as the stlA™, crlA™, or gpaA~ strains described here, form
spores almost as well as cells of wild-type strains; however, the
viability of the mutant spores is highly compromised (Table 1).
It appears that SDF-1 signaling prepares cells for terminal
differentiation rather than directly triggering sporulation or
stalk cell formation. The fact that a period of protein synthesis
is necessary following treatment of cells with SDF-1 before the
cells start to sporulate is consistent with this view. The cascade
of events following synthesis of MPBD at the start of culmi-
nation that leads to release of the SDF-1 precursor and its
processing into active SDF-1 helps to synchronize cells in the
multicellular fruiting bodies so that they can all respond opti-
mally to SDF-2 and cytokinin.

Although the SDF-1 and SDF-2 pathways are independent,
there are striking similarities in their circuitry. A small mole-
cule initiates the cascade in both cases, MPBD in the SDF-1
pathway and GABA in the SDF-2 pathway. These small mol-
ecules are both recognized by specialized G-protein-coupled
receptors, and the signal is transduced to release the precur-
sors of the peptide signals. The precursors are proteolytically
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cleaved by paralogous proteases: TagB for SDF-1 and TagC
for SDF-2. In both cases, the initial induction of SDF peptide
production is insensitive to PKA inhibitors. After this initial
induction, the peptides initiate a rapid positive-feedback loop
(priming) that is sensitive to PKA inhibitors. Both SDF-1 and
SDF-2 are generated from secreted precursors by protease
activity exposed on the surface. The resulting extracellular
peptide signals are both recognized by surface receptors that
regulate the internal level of cAMP. At this point, the pathways
diverge, since there is a lag of 45 min before KP cells can be
seen to respond to SDF-1, and the response is dependent on
protein synthesis during this period, while KP cells respond
within 5 min to addition of SDF-2 independent of protein
synthesis.

Since no SDF-1 activity can be observed in cell lysates prior
to secretion of SDF-1 and the generation of SDF-1 activity is
blocked by extracellular addition of protease inhibitor or an-
tibodies to the protease, it is clear that the SDF-1 precursor is
processed outside the cells. The precursor is probably phos-
phorylated prior to release, since it is unlikely that there is
sufficient ATP in the extracellular space for the requisite pro-
tein kinase to generate the phosphopeptide SDF-1.

Extracellular conversion of a protein precursor into signal-
ing peptides has also been observed in the distantly related
dictyostelid Polysphondylium pallidum and the yeasts Pichia
pastoris and Saccharomyces cerevisiae, as well as mammalian
astrocytes (14, 15, 27, 29). In Pichia, the SDF-2-like activity
produced from the ACBI precursor is required for quorum
sensing to regulate sporulation (29). In astrocytes, the stress
hormone cortisol induces the rapid production of the neuro-
peptide TTN through the secretion and extracellular process-
ing of ACBP (27). The TTN neuropeptide displays anxiolytic
activity and can transduce some of the known responses to the
stress hormone cortisol.

Release of the SDF-2 precursor acyl-CoA binding protein
(AcbA) follows an unconventional route, since AcbA does not
have a signal sequence for transport into the endoplasmic
reticulum. It appears to be packaged into vesicles derived from
the autophagy pathway that become docked at the surface
before release (12). Secretion of AcbA from these vesicles in
response to GABA is dependent on the Golgi apparatus-asso-
ciated protein GRASP (24). In contrast, secretion of the
SDF-1 precursor does not depend on GRASP and is likely to
exit via the conventional pathway (24). However, secretion of
both precursors is dependent on the general membrane-traf-
ficking factor NSF, indicating that vesicular fusion is a step in
both pathways (reference 12 and unpublished data).

SDF-1 affects prestalk cells, as well as prespore cells, since
treatment of monolayer-developed cells with DIF-1 in the
presence of cAMP induces stalk cell vacuolization only if
SDF-1 is also added (1). Likewise, addition of MPBD over-
comes the inhibitory effects of cAMP on DIF-1 induction of
stalk cell differentiation (36). It has been shown that when the
cAMP receptor CAR3 binds its ligand, it activates the protein
kinase ZakA, which phosphorylates GskA and stimulates its
activity (18, 22, 34). All of these genes are required for the
effect of external cAMP on DIF-1 stalk induction. Cells lacking
GskA show increased sensitivity to DIF-1 induction of stalk
cell differentiation and are refractory to the repressive effects
of extracellular cAMP (38). Since we now know that GskA
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blocks the release of the SDF-1 precursor, the role of MBPD
in overcoming cAMP inhibition of DIF-1 stalk induction can
be understood as the result of inhibition of GskA activity,
thereby allowing the SDF-1 precursor to be released and pro-
cessed. Since addition of the cell-permeant PKA activator 8br-
cAMP is known to facilitate DIF-1 induction of stalk differen-
tiation (19, 25), the interaction of SDF-1 and DIF-1 can be
understood as the result of SDF-1 stimulation of the adenylyl
cyclase AcgA, leading to an increase in the internal concen-
tration of cAMP and PKA activation, which prepares the cells
for terminal differentiation.

Many of the components involved in SDF-1 and SDF-2
production during late development also have earlier roles in
separate processes. The protein kinases PkaC and GskA have
pleiotropic functions throughout Dictyostelium development.
Null mutations in both TagB and TagC result in cell-autono-
mous defects in prestalk differentiation that block morphogen-
esis at the tight-aggregate stage long before they are needed
for processing the SDF precursors (40). Inactivation of CrlA,
the potential MPBD receptor, affects growth and early devel-
opment, in addition to spore differentiation (35). The G-alpha
protein Gpal plays a role in cell density sensing and the gua-
nylyl cyclase pathway during aggregation, as well as in stalk
differentiation (11, 13). Under appropriate conditions, strains
carrying null mutations in stlA, crlA, gpaA, or acgA form fruit-
ing bodies and secrete the late signaling peptide SDF-2 (Table
1). Therefore, it is unlikely that the lack of SDF-1 secretion in
these strains is the result of an early block in the dependent
sequence of development. It appears that the products of these
genes function together with TagB to mediate the SDF-1 sig-
naling pathway.
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