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We have identified a novel gene, Spalten (Spn) that is essential for Dictyostelium multicellular development.
Spn encodes a protein with an amino-terminal domain that shows very high homology to Ga-protein
subunits, a highly charged inter-region, and a carboxy-terminal domain that encodes a functional PP2C. Spn is
essential for development past the mound stage, being required cell autonomously for prestalk gene expression
and nonautonomously for prespore cell differentiation. Mutational analysis demonstrates that the PP2C
domain is the Spn effector domain and is essential for Spn function, whereas the Ga-like domain is required
for membrane targeting and regulation of Spn function. Moreover, Spn carrying mutations in the Ga-like
domain that do not affect membrane targeting but affect specificity of guanine nucleotide binding in known
GTP-binding proteins are unable to fully complement the spn− phenotype, suggesting that the Ga-like domain
regulates Spn function either directly or indirectly by mediating its interactions with other proteins. Our
results suggest that Spn encodes a signaling molecule with a novel Ga-like regulatory domain.
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Under the condition of ample food supply, Dictyos-
telium amoebae live as unicellular organisms. Upon
starvation, a developmental program is initiated that
leads to the formation of a multicellular structure con-
sisting of a vacuolated stalk supporting a spore mass
(Loomis 1982). Multicellularity results from the aggre-
gation of up to 105 cells in response to oscillatory pulses
of the chemoattractant cAMP (Chen et al. 1996). As the
multicellular aggregate forms, the concentration of ex-
tracellular cAMP is thought to rise (Abe and Yanagisawa
1983), which leads to the activation of the transcription
factor G-box binding factor (GBF) and the subsequent
induction of morphogenesis and cell-type differentiation
(Firtel 1995, 1996; Ginsburg et al. 1995; Williams 1995).
At this stage, cells differentiate into two major cell
types: prespore cells (∼70%) and several subpopulations
of prestalk cells (∼30%). The prestalk cells sort to the top
of the mound where a tip is formed. The tip extends to
form a finger, which falls onto the substratum, produc-
ing a migrating slug with a well-established spatial pat-
terning. Prespore cells are localized in the posterior re-
gion, whereas the individual prestalk cell types are fur-
ther organized along the anterior-posterior axis in the

anterior 20% of the slug. A third subpopulation of cells
with some characteristics of prestalk cells, anterior-like
cells (ALCs), is found scattered through the slug (Devine
and Loomis 1985; Sternfeld and David 1992). Coordi-
nated morphogenesis involving cell–cell interaction and
cell sorting results in the formation of a well-propor-
tioned fruiting body (Firtel 1995; Williams 1995). Al-
though the morphogens cAMP and differentiation induc-
ing factor (DIF) are known to mediate cell-type differen-
tiation, the signaling pathways that control the
developmental switch at the mound stage, which leads
to cell-type differentiation, are not well understood. A
number of proteins, including the transcription factor
GBF, the cell-surface signaling molecule LagC, and the
serine protease ATP transporter tagB, have been shown
or are predicted to be required, at mound stage for further
development and morphogenesis (Dynes et al. 1994;
Schnitzler et al. 1994, 1995; Shaulsky et al. 1995; Firtel
1996), suggesting a complex regulatory network that is
far from being fully elucidated.

Reversible protein phosphorylation is a crucial event
in regulating intracellular signaling cascades activated in
response to growth factors, morphogens, or chemoat-
tractants. In Dictyostelium, serine/threonine protein ki-
nases, including the cAMP-dependent protein kinase
PKA (Mann et al. 1992; Reymond et al. 1995; Firtel
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1996), the MAP kinase ERK2 (Segall et al. 1995), and the
glycogen synthase kinase-3 (GSK-3) (Harwood et al.
1995), have been found to play key roles during the de-
velopmental program. Considerable evidence has estab-
lished the roles of PKA and ERK2 during aggregation and
their requirement for cell-type differentiation (Hopper et
al. 1993a,b; Mann and Firtel 1993; Gaskins et al. 1996;
Zhukovskaya et al. 1996; Mann et al. 1997). Whereas
protein tyrosine phosphatases are known to have path-
way-specific regulatory functions in Dictyostelium
(Gamper et al. 1995), it is not known whether tightly
regulated, pathway-specific protein Ser/Thr phosphata-
ses control developmental decisions. Protein Ser/Thr
phosphatases are represented by two distinct families
(Barford 1996). The PPP family includes PP1, PP2A, and
PP2B, some members of which have been identified in
Dictyostelium and shown to be generally required for
development (Haribabu and Dottin 1991; Horn and
Gross 1996). The PPM family is a large family whose
defining member is the mammalian PP2C but which
also includes a variety of PP2C-type phosphatases such
as ABI1 and KAPP-1 from Arabidopsis (Meyer et al.
1994; Stone et al. 1994; Leung et al. 1997), SpoIIE from
Bacillus subtilis (Bork et al. 1996), and Fem2 from Cae-
norhabditis elegans (Chin-Sang and Spence 1996). The
PPM family members are characterized by their absolute
requirement of Mg2+/Mn2+ for catalytic activity and
their insensitivity to certain phosphatase inhibitors such
as microcystin or okadaic acid.

In this work, we describe a novel signaling protein,
Spalten (Spn), that contains two distinct domains: a car-
boxy-terminal active PP2C homologous domain and a
heterotrimeric G-protein Ga-subunit-like domain at the
amino terminus of the protein separated by a highly
charged inter-region. Spn is essential for Dictyostelium
development because its disruption results in a morpho-

logical arrest at the mound stage and a defect in cell-type
differentiation. We show that Spn is maximally ex-
pressed at mound stage and is mainly expressed in the
prestalk cell population during the later multicellular
stages. Spn is required cell autonomously for prestalk-
specific gene expression and nonautonomously for pre-
spore cell differentiation. Analysis of the different do-
mains indicates that the phosphatase domain is the ef-
fector domain of Spn and the Ga-like domain is required
for the appropriate intracellular localization of Spn at the
plasma membrane. Point mutations in the Ga-like do-
main that should affect the nucleotide-binding specific-
ity of a bona fide Ga protein partially disrupt Spn func-
tion, suggesting a more complex function for this un-
usual amino-terminal domain in regulating the function
of the PP2C domain. Our results are consistent with Spn
containing a novel GTP-binding domain that, like previ-
ously characterized GTP-binding proteins, may function
as a molecular switch to regulate the function of an ef-
fector, in this case a PP2C-type protein phosphatase.

Results

Isolation of the Spn gene by REMI mutagenesis

We identified Spn as a developmentally essential gene in
a REMI insertional mutagenesis screen for genes re-
quired for Dictyostelium differentiation (see Materials
and Methods). The inserted vector and 1 kb of surround-
ing DNA were isolated. The rescued NdeI genomic DNA
fragment was used to screen a 12–16 hr developmental
lZAP cDNA library. Sequence analysis of the full-length
cDNA revealed an ORF of 975 amino acids (Fig. 1B).
Sequence comparison of the cDNA and the genomic
DNA, amplified by PCR with oligonucleotides at the
amino terminus and at the carboxyl terminus of the
gene, indicated the presence of three introns (Fig.

Figure 1. MAP and amino acid sequence
(A) Map of Spn gene. On Spn map, all re-
striction enzyme sites for ClaI (C), EcoRV
(R), KpnI (K), XhoI (X), NdeI (N), and Hin-
dIII (H) are shown. The black boxes repre-
sent the locations of the three known in-
trons (94, 181, and 105 bp), which were de-
rived from comparison of the sequence of
the cDNA and genomic DNA. (*) Insertion
site of pUCBsr in the original REMI mu-
tant. (B) Amino acid sequence derived from
Spn cDNA. The amino-terminal Ga-like
domain and the carboxy-terminal PP2C
homologous domain are boxed. The pro-
line, lysine, and glutamic acid-rich region
of the IR is shown in boldface letters. (C)
Schematic diagram of the protein encoded
by Spn cDNA. The Ga-like domain, the IR,
and the PP2C domains are indicated.
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1A). To confirm that the phenotype of the REMI mutant
(see below) was caused by the plasmid insertion at this
locus, the endogenous gene was disrupted by homolo-
gous recombination by use of either the rescued plasmid
or a disruption construct made by insertion of the Bsr
cassette into the cDNA (Materials and Methods; Fig.
1A). In both cases, the gene diruptions, confirmed by
Southern blot analysis, displayed the same phenotype as
the original REMI mutant (data not shown).

Spn encodes a bimodular protein

Comparison of Spn amino acid sequence to the GenBank
database by use of the BLAST program revealed two dif-
ferent domains with homologies to distinct gene fami-
lies (Fig.1C). The amino-terminal portion (residues 98–
458) of Spn shares substantial sequence homology with
the heterotrimeric Ga-subunit family of GTP-binding
proteins in domains required for Ga subunit function.
Figure 2A shows the alignment of Spn predicted amino
acid sequence with that of several known Ga subunits.
The extent of the homology is almost as high as the
homology between Ga subunits from distantly related
organisms. The Spn Ga-like domain contains the con-
served P-loop (GXXXXGKS/T), which is required for
GTP-binding (Kjeldgaard et al. 1996). In the other con-
served domains, Spn shows strong amino acid sequence
homology, but it also possesses some unusual features
with potentially conservative substitutions. By com-
puter modeling with the crystallographic coordinates of
Gat, we tried to predict the possible effects of such sub-
stitutions (Noel et al. 1993). In the guanine ring-binding
motif NKXD, the conserved lysine is replaced by a threo-
nine (Thr 374). Crystallographic data have shown that
the guanine ring is sandwiched by Van der Waals inter-
actions involving this particular lysine and a threonine
in the carboxy-terminal TCAT box (Noel et al. 1993).
The TCAT box is absent in Spn; however, a leucine (Leu
430) is found in the homologous location to the second
Thr in the TCAT box. Computer substitution modeling
suggests that the combination of Leu 430/Thr 374 may
also be able to stabilize the guanine ring, as these two
amino acids should be able to form the roof and the floor
of the hydrophobic guanine binding pocket similarly. In
Gat, both the Asp of the conserved DXXG box and
Thr177 are involved in Mg2+ coordination. In Spn, in the
Mg2+ binding domain DXXG, the usually conserved as-
partate is replaced by a glycine (position 286), whereas a
Lys (Lys 267) replaces the Thr at the equivalent position
to Thr177 in Gat. The computer modeling suggests that
the long positively charged sidechain of this Lys places it
in a position in which it may mimic the presence of Mg2+

in the Mg2+-binding pocket, opening up the possibility
that Mg2+ may not be crucial for Spn intrinsic activity if
it is a GTP-binding protein. Another interesting feature
of Spn is the presence of several extra domains. Com-
pared with most known heterotrimeric G protein Ga-
subunits, Spn has a long amino-terminal extension up-
stream of the P-loop and several internal insertions. Ac-
cording to our alignment, these internal domains would

localize in loop regions of Gat and, therefore, may not
affect the ability of Spn to exhibit a potential Ga-like
conformation.

The carboxy-terminal region (residues 703–975) of Spn
shows strong homology to the Ser/Thr phosphatases of
the PP2C class (Fig. 2B). The amino acid sequence of this
domain in Spn is 30% identical to PTC2 from Saccha-
romyces cerevisiae, 23% identical to human PP2C, and
25% identical to PP2C from C. elegans. A high similar-
ity was found in the domains required for phosphatase
activity according to the crystal structure of human
PP2C (Das et al. 1996). The PP2C-homologous domain
and the Ga-like domain are separated by an inter-region
of ∼240 amino acids rich in lysine, glutamic acid, and
proline that shares no homologies with other proteins in
the databases. Among the phosphatases of type 2C, Spn
is the only one featuring an amino-terminal domain ho-
mologous to Ga-subunits, although some PP2C family
phosphatases possess amino-terminal targeting or regu-
latory domains (see Discussion). The presence of a long
Ga-subunit-like domain suggests that Spn activity may
be regulated differently from the canonical mammalian
PP2C proteins.

Spn has serine/threonine phosphatase activity in vitro

To examine whether Spn has a PP2C-like phosphatase
activity, amino-terminally (His)6-tagged Spn [(His)6–Spn]
expressed in insect cells was purified on Ni2+-agarose
beads and its phosphatase activity assayed by use of 32P-
labeled PKA-phosphorylated casein as a substrate.
(His)6–Spn dephosphorylated 32P-labeled casein in the
presence of Mg2+ linearly as a function of time (Fig. 2C).
A similar phosphatase activity was also measured in the
presence of Mn2+, whereas almost no activity was de-
tected when Mg2+ was replaced by Ca2+ or if EDTA was
added to the reaction mixture (Fig. 2D), similar to the
properties of other PPM family members. This Mg2+-
dependent phosphatase activity was inhibited by addi-
tion of 50 mM NaF, but insensitive to treatment with 10
µM microcystin, a potent inhibitor of PP1 and PP2A or 1
mM vanadate, an inhibitor of protein tyrosine phospha-
tases (Fig. 2D). According to the human PP2C crystal
structure, two Mn2+ ions are coordinated through four
invariant aspartic acid residues localized in the catalytic
site (Das et al. 1996). Mutation of one of these highly
conserved residues into alanine leads to an inactive
phosphatase protein in both TPD1, a yeast PP2C homo-
log, and SpoIIE (Barford 1996). For further functional
analysis of Spn, two invariant aspartate residues (D920
and D924 in Spn) were changed to alanine. When tested
in vitro for its phosphatase activity, the mutated version
of Spn, SpnD920A/D924A, was unable to dephosphorylate
the substrate (Fig. 2C). These results are consistent with
Spn being a member of the PP2C family.

Spn is essential for development

To examine the developmental phenotype of spn null
cells, axenically grown cells were washed free of nutri-
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Figure 2. (See facing page for legend.)
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ents and plated on non-nutrient Na-KPO4 agar plates.
Upon starvation, spn null (spn−) cells aggregated and
formed mounds with kinetics similar to those of wild-
type cells; however, the null strain failed to continue
through morphogenesis (Fig. 3). Instead, at ∼16 hr of de-
velopment, the mounds disaggregated to form smaller
aggregates that eventually produced abnormal looking
finger-like structures (Fig. 3D,E).

A developmental RNA time course shows that the ∼4-
kb Spn mRNA is present at moderate levels during
growth. Transcript levels increase during development,
peaking at ∼8 hr of development (mound stage) and then
decrease gradually during the later stages (Fig. 4A). This
transcript is not found in the spn− cells (data not shown).
An antibody was raised against the carboxyl terminus
domain of Spn (residues 773–975) and used in a Western
blot analysis to probe a developmental protein time
course. The antibody revealed the presence of an ∼120-
kD protein in wild-type cells (Fig. 4B) that is absent in
the spn− cells (see below). The protein is present
throughout development and increases ∼fourfold at the
tipped aggregate stage (12 hr of development), consistent
with the mRNA time course. Although Spn is already
expressed at the onset of development, the effect of its
disruption is manifest visibly only after the cells reach
mound stage, when the expression of the protein is more
highly induced.

Spn is required for prestalk and prespore
differentiation

After mound formation, a developmental switch occurs
that leads to the induction of postaggregative gene ex-
pression, morphogenesis, and the initiation of cell-type
differentiation (Firtel 1996). As spn− cells failed to de-
velop past the tight mound stage, we investigated the
effect of Spn mutation on the expression of developmen-
tally regulated genes (Fig. 4C). The cAMP pulse-induced
gene CsA and the gene encoding the transcription factor
GBF were used as molecular markers for aggregation
stage and early postaggregation gene expression, respec-
tively. In wild-type and spn− cells, CsA transcripts accu-
mulate normally during early development (4–8 hr) and
then decrease as the mound forms. However, in spn−

cells, CsA expression is reinduced at ∼20 hr of develop-
ment. The transcription factor GBF plays a central role
in the developmental switch, as it controls the expres-
sion of some postaggregative genes, including the cell-
surface signaling molecule LagC and prespore and
prestalk cell-type-specific genes (Schnitzler et al. 1994,
1995). In wild-type cells, the GBF transcript level in-
creases after 4 hr of development, peaks at tipped-mound
formation (∼10 hr), and continues to be present thereaf-
ter. In spn− cells, the GBF mRNA level decreases dra-
matically just after mound formation, but is reinduced
again at ∼20 hr, the time of the formation of the small
tips, as if the developmental program was reinitiated.
However, the transcription factor GBF is appropriatly ac-
tivated in spn− mutant as these cells are able to express
LagC, albeit with an abnormal temporal expression pat-
tern, which probably results from the altered pattern of
GBF expression.

Neither the prestalk-specific gene ecmA nor the pre-
spore-specific gene SP60/cotC were detectably expressed
in spn− cells when the cells were developed on filters.
ecmA and SP60/cotC expression was just barely detect-
able after extended autoradiography when the cells were
developed on NaK phosphate agar plates, indicating that
Spn is required for both prestalk and prespore differen-
tiation (Fig. 4C). This result is consistent with the mor-
phological phenotype of the mutant and its inability to
progress past mound formation. The results of this RNA
blot analysis were confirmed by use of ecmA/ and SP60/
lacZ constructs: No b-galactosidase staining was ob-
tained in spn− cells containing either reporter construct
(data not shown).

Induction of cell-type differentiation is under the con-
trol of at least two known morphogens, cAMP and the
chlorinated hexaphenone DIF (Kay 1992; Williams 1995;
Firtel 1996). We examined the possibility that the spn−

phenotype was caused by, in part, an inability to produce
these morphogens in sufficient quantities by providing
exogenous cAMP and/or DIF under conditions that
stimulate the expression of the cell-type-specific genes
SP60/cotC and ecmA in wild-type cells (see Materials
and Methods). Whereas both the prespore and the
prestalk markers were induced in wild-type cells, no ex-
pression was detected in spn− cells when stimulated

Figure 2. Sequence and functional analysis of Spn. (A) Analysis of the Ga-like domain sequence. Alignment of the deduced sequence
of the Spn Ga-like domain with bona fide members of the Ga-subunit family of GTP-binding proteins. Asterisks (*) show positions
of point mutations described in the text. (Bars) Ga-subunit conserved domains mentioned in the text. (D4) Dictyostelium discoideum
Ga4 (P34042), (GQ) human Gq (U40038), (D2) D. discoideum Ga2 (P16051), (GT) Bos taurus Gat (P04695), (GS) B. taurus Gs (G71882),
(I1) Rattus norvegicus Gi1 (P10824), (GZ) R. norvegicus Gz (P19627). (B) Amino acid sequence comparison of Spn PP2C-domain with
PP2C homologs from S. cerevisiae (Sc) (P35182), human (Hs) (P35813), and C. elegans (Ce) (P49596). (*) Conserved aspartic acids that
were mutated into alanine in the mutant SpnD920A/D924A. (C,D) Spn possesses a phosphatase activity. Spn (d) and SpnD920A/D924A (m)
were expressed in Sf9 insect cells as histidine-tagged proteins, purified, and tested for their phosphatase activity on 32P-labeled casein
in the presence of 20 mM MgCl2. The release of Pi was followed as a function of time. The data are given as means ±S.D. (n = 3) (C) The
Mg2+/Mn2+ requirement for (His)6–Spn activity was tested by incubating (His)6–Spn with 32P-labeled casein in the presence of 20 mM

MgCl2, MnCl2, CaCl2, or EDTA. The effect of different inhibitors on Spn phosphatase activity is shown in D. (His)6–Spn was incubated
with the substrate in the presence of 20 mM Mg2+ and 50 mM NaF, 10 µM microcystin, or 1 mM vanadate. The amount of released Pi
was measured after 30 min incubation. The phosphatase activity was expressed as a percentage of the activity measured in the presence
of MgCl2 alone. The graph shows a representative experiment (D).
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with exogenous cAMP (Fig 4D). To examine the possi-
bility that spn− cells did not produce sufficient DIF, we
tested the ability of exogenous DIF combined with
cAMP to induce ecmA expression (Jermyn et al. 1987).
As described previously (Jermyn et al. 1987; Early and
Williams 1988; Mehdy and Firtel 1995), cAMP induces
the expression of both the prestalk and prespore genes in
suspension but addition of DIF to cultures containing
cAMP results in a significant enhancement of prestalk
gene expression and a repression of prespore gene expres-
sion. In spn− cells, such treatment did not induce the
expression of the cell-type-specific markers ecmA and
SP60/cotC to any level comparable with that of wild-
type cells (Fig. 4E).

Cell-autonomous and nonautonomous functions
of Spn in controlling cell-type differentiation

To determine whether Spn functions autonomously, chi-
meras of Act15/lacZ reporter-tagged spn− cells and un-
tagged wild-type cells (in a ratio of 1:3, respectively) were
stained at different stages of development. The chimeric
organisms developed with wild-type morphology and
timing. In early development, spn− cells were found scat-
tered in the mound, but seemed to be excluded from the
emerging tip (Fig. 5A–D). At first finger and slug stages,
mutant cells were found in the very posterior of the de-
veloping organism. During culmination, spn− cells were
transiently found in the developing stalk and, later on,

mainly in the spore mass of the fruiting body. Thus,
although spn− cells are unable to progress past mound
stage when developed on their own, they participate in
development, albeit poorly, when mixed with wild-type
cells, suggesting a partially cell nonautonomous defect.
Similar experiments were conducted with spn− mutant
carrying either the prespore- (SP60/lacZ) or prestalk-spe-
cific (ecmAO/lacZ) reporters. In chimeric organisms, no
ecmAO/lacZ expression was detectable, indicating that
Spn function is cell autonomous for prestalk cell differ-
entiation. However, when SP60/lacZ expression was ex-
amined, staining could be detected during culmination,
mainly in the spore mass of the fruiting body (Fig. 5E,F).
It is clear that the SP60/cotC expression defect is not
fully complemented because the staining appears only
during culmination, whereas SP60/cotC should be ex-
pressed starting in the tight aggregate in wild-type organ-
isms (Haberstroh and Firtel 1990). In contrast to spn−

cells developed alone, spn− cells in chimeras were able to
differentiate spores and express the spore-specific
marker SpiA (Fig. 5G,H). The above results suggest that
the Spn requirement for prespore/spore cell differentia-
tion is cell nonautonomous. To examine this furter, we
made chimeras with a mutant strain, pslA null cells,
which does not detectably express prespore-specific
genes and produces a fruiting body that contains vacu-
olated stalk cells but lacks any prespore or spore cells (H.
Yasukawa, S. Mohanty, and R.A. Firtel, in prep.). In
pslA−:spn−/SP60/lacZ chimeras, the spn− cells also ex-
pressed SP60/cotC and formed spores (data not shown),
suggesting that the prestalk cells could induce prespore/
spore cell differentiation in spn− cells.

Spn is expressed in ALCs and prestalk cells during
multicellular development

To determine the spatial pattern of Spn expression, we
cloned the 4-kb region upstream of Spn. As this region
included the carboxyl terminus of the upstream gene, we
expect that it contains the full-length promoter (pSpn).
This was used to drive the expression of lacZ in wild-
type cells (Fig. 5I–L; Materials and Methods). During
growth, when expression of Spn is low, staining was very
faint and restricted to a small fraction of the cells (data
not shown). At the mound and slug stages, pSpn/lacZ-
expressing cells were found scattered throughout the or-
ganism. In the early culminant, stained cells were still
distributed throughout the organism, whereas in late
culminants, the b-gal staining was primarily localized in
the tip and the stalk of the differentiating fruiting body.
pSpn/lacZ expressing cell distribution coincides with
the distribution of ALCs in the mound and slug and both
ALCs and prestalk cells during culmination (Sternfeld
and David 1982; Jermyn and Williams 1991).

The phosphatase domain is the effector domain of Spn

To gain insight about the function of Spn during Dictyo-
stelium development, the full-length protein was over-

Figure 3. Developmental morphology of spn− cells. Axenically
grown cells were washed and plated on non-nutrient NaKPO4

buffered agar plates for development (see Materials and Meth-
ods). Pictures of spn− cells (A–E) and wild-type cells (F–I) were
taken at different times of development. (A,F) 8 hr; (B,G) 13 hr;
(C,H) 16 hr; (E,I) final morphology. (H) Wild-type slug; (I) wild-
type fruiting body. Images in D, E, H, and I are at a higher
magnification than the other panels.

Aubry and Firtel

1530 GENES & DEVELOPMENT



expressed from the Spn promoter in either wild-type or
spn− cells. For the overexpression studies, the promoter
region was reduced to 1 kb of upstream sequences
(DpSpn). This promoter exhibited the same spatial and
temporal pattern of expression as that of the 4-kb pro-
moter (data not shown). Western blot analysis of the
stable transformants indicated an approximately fivefold
increase in the level of expression of the protein (data not
shown; see below). Overexpression of Spn did not affect
the growth rate or size of vegetative cells (data not
shown).

Overexpression of Spn complemented the null pheno-
type with the formation of wild-type-looking fruiting
bodies after 24 hr of development (Fig. 6A). However,
overexpression of Spn carrying the double aspartate mu-
tation in the PP2C domain, SpnD920A/D924A, which ex-
hibits an extremely low catalytic activity, did not rescue
the null phenotype. This strongly indicates that the
phosphatase activity of Spn is required for development
to proceed (Fig. 6E). Overexpression of wild-type Spn or

SpnD920A/D924A in wild-type cells did not affect develop-
ment (data not shown). To confirm the requirement of
the PP2C domain, this domain was overexpressed in
both backgrounds. The PP2C domain overexpression
construct, DpSpn/PP2C, was made as an in-frame fusion
of the PP2C domain with the first 94 amino acids of Spn
and lacked the Ga-like and the inter-region (IR) domains.
Overexpression of the phosphatase domain partially res-
cued the null phenotype with formation of short, small,
abnormal-looking fruiting bodies (Fig. 6D) containing
spores (data not shown). A similar phenotype was ob-
served when the PP2C domain was overexpressed in
wild-type cells, indicating that a fivefold overexpression
of the PP2C domain alone resulted in abnormal develop-
ment (Fig. 6H). Overexpression of the PP2C domain
alone carrying the double aspartate mutation
D920A,D924A did not complement the null phenotype,
nor did it alter wild-type development (data not shown).
These observations support the conclusions that the
phosphatase activity is essential for development but

Figure 4. Gene expression analysis. (A,B)
The temporal expression of Spn mRNA (A)
and protein (B). Exponentially growing wild-
type cells were washed in 12 mM NaKPO4

buffer (pH 6.2) and plated for development
on Millipore filters. RNA was isolated at the
indicated times of development [(V) vegeta-
tive], size-fractionated on a denaturing gel,
and probed with a 32P-labeled EcoRV frag-
ment from Spn cDNA (A) as described pre-
viously (Mehdy and Firtel 1985). For the
Western blot analysis, developed cells were
collected at the indicated times and boiled
in SDS sample buffer. Equal amounts of pro-
tein extracts were separated on an 8% SDS
gel and analyzed by Western blot by use of
the rabbit polyclonal anti-Spn antibody (B).
(C) Expression of developmentally regulated
genes is shown. Wild-type and spn− cells
were plated for development on Millipore
filters or non-nutrient agar plates and RNA
was isolated at the times indicated. RNA
blots were hybridized with probes for CsA
(aggregation-stage gene), GBF (postaggrega-
tive gene), LagC (postaggregative gene),
ecmA (prestalk), and SP60/cotC (prespore).
(D) The effect of cAMP on cell-type specific
gene expression is shown. Wild-type and
spn− cells were washed, resuspended in
NaKPO4 buffer, and starved for 4 hr in sus-
pension. Cells were then stimulated with
300 µM cAMP for 6 hr (Mehdy and Firtel
1985). RNA samples were isolated, size-
fractionated on a denaturing gel, and hybrid-
ized with ecmA and SP60/cotC probe frag-
ments. (E) The effect of DIF on cell-type spe-
cific gene expression is shown. Wild-type

and spn− cells were developed on NaKPO4 buffered agar plates for 5 or 11 hr. Cells were then harvested, dissociated, and resuspended
in NaKPO4 buffer. Cells were stimulated for 6 hr in shaking culture as indicated with different combinations of 5 nM DIF, 300 µM

cAMP, and 0.2 mM Ca2+ as described previously (Jermyn et al. 1987). RNA samples were isolated, size-fractionated on a denaturing gel,
and probed with ecmA and SP60/cotC probe fragments.
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that the normal function of Spn requires the additional
domains of the protein.

The Ga-like domain is required for wild-type Spn
function

To examine the potential role of the Ga-like domain and
the IR, wild-type cells and spn− cells were transformed
with DpSpn/Ga and DpSpn/IR. Neither domain comple-
mented the null phenotype (Fig. 6B,C). Whereas overex-
pression of the Ga-like domain did not have any detect-
able effect in wild-type cells, overexpression of the IR
domain resulted in a dominant-negative phenotype with
most aggregates arresting at the mound stage (Fig. 6K).
To further characterize the function of the Ga-like do-
main and to test the possibility that a GDP/GTP switch
may regulate Spn function, we introduced amino acid
substitutions in the conserved guanine ring-binding do-
main that has been shown to be required for GTP-bind-
ing of bona fide GTPases, including p21ras and Goa
(Schmidt et al. 1996; Yu et al. 1997). Figure 2A shows the
various mutations that were created by site directed mu-
tagenesis. Both the D376A and N373D mutations are

expected to alter the GTP-binding specificity. The mu-
tant-overexpressing constructs were transformed into
wild-type and spn− cells. In both backgrounds, overex-
pression of SpnD376A led to the formation of abnormal-
looking fruiting bodies (Fig. 6F,I). Overexpression of
SpnN373D in spn− cells partially complemented the null
phenotype, as most of the mounds did not form fruiting
bodies (Fig. 6G). The fruiting bodies were very small
compared with those of control wild-type cells. In the
wild-type background, overexpression of the same con-
struct led to the formation of very small-sized fruiting
bodies (Fig. 6J). This mutational study strongly supports
the idea that GTP-binding is required for proper Spn
function in vivo.

The Ga-like domain is required for targeting Spn
to the plasma membrane

Subcellular fractionation was used to examine the dis-
tribution of Spn in wild-type cells. Cytosolic and pellet
fractions were separated by high-speed centrifugation by
use of lysates from 8 hr developed cells (loose mound
stage). Western blot analysis indicated that Spn was
found in the particulate fraction (Fig. 7A). A similar sub-
cellular distribution was obtained in wild-type cells or
spn− cells overexpressing Spn or a myc epitope-tagged
Spn (DpSpn/Spn–myc) (Fig. 7A; data not shown). Next,
we examined the subcellular distribution of myc epi-
tope-tagged versions of the PP2C-domain, the Ga-like
domain, and the mutant Ga-like domain GaD376A ex-
pressed in wild-type cells. Ga–myc and GaD376A–myc
displayed the same distribution as Spn–myc, whereas
PP2C–myc was found predominantly in the cytosolic
fraction. Most G-protein a subunits are modified by pal-
mitoylation and/or myristoylation on cysteine and gly-
cine, respectively, at the amino terminus of the protein.
Spn does not contain a cysteine or myristoylation con-
sensus sequence (MGXXXS) at the amino terminus of
the protein, but we cannot exclude an internal palmi-
toylation site. As both constructs DpSpn/Ga–myc and
DpSpn/PP2C–myc contain the first 94 amino acids of
Spn, the amino-terminal extension is probably not solely
responsible for the subcellular localization of Spn.

Indirect immunofluorescence was used to visualize
the subcellular distribution of Spn–myc, PP2C–myc Ga–
myc, and GaD376A–myc in stable transformants with an
anti-myc monoclonal antibody. Cells were fixed after 3
hr starvation in NaKPO4 buffer and subsequent stimu-
lation with high cAMP for 2 hr. Such conditions induced
the expression from the Spn promoter (data not shown).
Both Spn–myc and the myc-tagged Ga-like domain were
observed in a nonuniform distribution at the periphery of
the cells in the cortical region, primarily in regions of the
plasma membrane that may coincide with membrane
ruffles (Fig. 7B). However, the PP2C–myc exhibited a cy-
tosolic staining, supporting the subcellular fractionation
results.

Taken together, these data are consistent with a func-
tion for the Ga-like domain in the targeting of Spn to the
plasma membrane. However, the results also suggest

Figure 5. Chimeric organism analysis and spatial expression of
Spn. spn− cells carrying the reporter constructs Act15/lacZ (A–
D), SP60/lacZ (E,F), and SpiA/lacZ (G,H) were allowed to coag-
gregate with wild-type cells (1:3 ratio spn−/wild-type cells) and
form chimeric organisms. Aggregates were stained at different
developmental stages as described in Materials and Methods.
(A) First finger; (B) slug; (C,E) culmination, (D,F,G) fruiting
body; (H) spores. The Spn promoter region was used to drive the
expression of the reporter gene lacZ. Wild-type cells carrying
the expression construct pSpn/lacZ were allowed to develop on
Millipore filters and histochemically stained at different stages
of development for b-gal activity (see Materials and Methods).
(I) First finger; (J) slug; (K) culminant; (L) fruiting body.
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that the role of the Ga-like domain is probably not re-
stricted to this particular function because mutations
that are known to alter GTP-binding activity in G pro-
teins results in an Spn protein that is unable to fully
complement the spn− phenotype but, at least for the case
of GaD376A–myc, does not affect Spn subcellular local-
ization.

Discussion

Spn is a bimodular protein having two distinct
functional domains

The Spn amino acid sequence predicts a novel signaling
protein that contains two distinct functional domains: a
novel Ga-like domain and a domain encoding a PP2C-

Figure 7. Spn localizes to the plasma
membrane. (A) Subcellular fractionation of
Spn is shown. Wild-type and spn− cells car-
rying DpSpn/Spn–myc, DpSpn/Ga-myc,
DpSpn/GaD376A–myc, DpSpn/PP2C–myc,
or control cells were plated for develop-
ment on NaKPO4 buffered agar plates and
left to develop for 8 hr. Cells were then
harvested in 20 mM triethanolamine at pH
7.5, and lysed through a 3 µm Nuclepore
filter. Nuclei and intact cells were re-
moved by a 800g centrifugation, and the
remaining supernatant was then centri-
fuged at 100,000g to separate the cytosol
from the particulate fraction. The pellet
was resuspended in the original volume of

buffer. Aliquots of supernatant taken before the 100,000g centrifugation (T) and of cytosol (C) and pellet fraction (P) taken after the
100,000g centrifugation were separated by SDS-PAGE and analyzed by Western blot with either anti-myc or anti-Spn antibodies. (B)
Subcellular localization of Spn is examined by indirect immunofluorescence. Wild-type cells carrying DpSpn/PP2C–myc (A,C), DpSpn/
Spn–myc (B,D), DpSpn/Ga–myc (E), or DpSpn/GaD376A–myc (F) were starved for 3 hr in NaKPO4 buffer and stimulated for 2 hr with
300 µM cAMP to induce the expression of the various constructs. Cells were then fixed in MeOH (A,B) or paraformaldehyde (C–F) and
treated as described in the Materials and Methods.

Figure 6. Phenotypic analysis of overex-
pression of Spn and mutant Spn protein.
Wild-type cells (H–K) and spn− cells (A–G)
carrying the following constructs were
washed and plated for development on non-
nutritive agar plates. (A) DpSpn/Spn; (B,K)
DpSpn/IR; (C) DpSpn/Ga; (D,H) DpSpn/
PP2C; (E) DpSpn/SpnD920A/D924A; (F,I)
DpSpn/SpnD376A; (G,J) DpSpn/SpnN373D.
The pictures represent the final stage of de-
velopment of the different strains.
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type serine–threonine phosphatase, a member of the
PPM serine-threonine phosphatase family. In addition,
Spn has a long (∼240 amino acid) IR that is rich in pro-
line, lysine, and glutamic acid, which exhibits dominant
phenotypes when overexpressed, suggesting a specific,
but yet undefined function for this domain. Our bio-
chemical and mutational analysis demonstrate that the
Spn carboxy-terminal domain encodes a PP2C activity.
Because the null phenotype can be partially rescued by
overexpression of the PP2C domain alone, the intracel-
lular function of Spn during development is likely to
reside mainly in its phosphatase activity. This idea is
supported by the fact that inactivation of the phospha-
tase domain by a double point mutation abrogates the
ability of the mutant Spn from complementing the null
phenotype.

Recently, a number of PP2C homologs have been iden-
tified in different species that are involved in various
signaling cascades: PP2C homologs in Schizosaccharo-
myces pombe and S. cerevisiae are negative regulators of
stress response pathways (Maeda et al. 1994; Gaits et al.
1997); the Arabidopsis PP2C-like protein phosphatases
ABI1 and ABI2 are required for proper cellular response
to the plant hormone abscisic acid (Leung et al. 1997);
the PP2C homolog Fem-2 is involved in male sex deter-
mination in C. elegans (Chin-Sang and Spence 1996); and
the B. subtilis SpoIIE phosphatase regulates sporulation
by dephosphorylating SpoIIA, an antitranscription factor
(Bork et al. 1996). In some of these proteins, like Spn, the
PP2C domain is associated with an amino-terminal
functional domain. For example, ABI1 contains a puta-
tive Ca2+ binding EF hand, whereas KAPP, another Ara-
bidopsis PP2C, consists of a phosphatase domain fused
to an amino-terminal kinase interacting domain. SpoIIE
also features a long amino-terminal extension upstream
of the PP2C-domain that contains 10 membrane-span-
ning regions (Stone et al. 1994; Bork et al. 1996; Leung et
al. 1997).

A particularly intriguing characteristic of Spn is the
presence of a domain with strong homology to Ga sub-
units. Whereas the PP2C domain is the Spn effector do-
main and alone can complement the null, although
poorly, our data clearly indicate that the Ga-like domain
is necessary for the proper function of the protein and
may act as a regulatory domain. By subcellular fraction-
ation experiments and indirect immunofluorescence, we
have shown that the Ga-like domain is necessary for the
targeting of the protein to particular regions of the
plasma membrane. We expect that a combination of the
inappropriate localization and the lack of proper regula-
tion of the phosphatase activity when the PP2C domain
is expressed on its own contributes to the inability of
this domain alone to fully rescue the null phenotype.
Many heterotrimeric G-proteins function at the plasma
membrane as molecular switches to transduce informa-
tion from a transmembrane receptor to an appropriate
effector and to regulate a large number of cellular re-
sponses (Gilman 1987; Bourne et al. 1990; Simon et al.
1991). A number of lines of evidence suggest that the Spn
amino-terminal Ga-like domain may be a very novel

form of a GTP-binding protein. The amino acid sequence
comparison would strongly suggest that this domain of
Spn is very related to Ga proteins and may either have
evolved from one or may have a common ancestor. Se-
quence comparison of the highly conserved domains of
bona fide Ga subunits shows some differences in key
residues that have prescribed functions in controlling
GTP binding and hydrolysis (see Results). It is, however,
highly unlikely that this domain interacts with Gbg sub-
units. Our analysis of these residues through projection
onto the crystal structure of Gat suggests that some of
these amino acid changes might serve the same function
as those in heterotrimeric Ga protein subunits (Noel et
al. 1993). Indirectly supporting the model that the Spn
amino-terminal domain functions as a GTP-mediated
switch is the fact that amino acid substitutions in Spn
that would abrogate the GTP-binding function of Ga
protein subunits result in a loss of the ability of the ex-
pressed protein to fully complement the null phenotype.
This also suggests that the amino-terminal domain func-
tions as more than just a targeting domain, as these mu-
tant proteins also target to the membrane. Our data sug-
gest that this domain functions to control the PP2C-like
activity either directly or by controlling Spalten’s inter-
action with its substrate or another regulatory protein.

Spn regulates prestalk cell differentiation

At mound formation, pathways are activated that regu-
late subsequent morphogenesis and cell-type differentia-
tion in Dictyostelium (Firtel 1995; Williams 1995). In
this work, we describe a novel activator of the develop-
mental program that is essential for the unicellular-mul-
ticellular transition that occurs at the mound stage.
Cells lacking Spn fail to undergo morphogenesis and do
not induce cell-type-specific genes. However, spn− cells
induce the earliest stages of the developmental transi-
tion at the mound stage, including the expression of GBF
and the early postaggregative gene LagC, which itself is
required for cell-type-specific gene expression (Dynes et
al. 1994). The expression of these genes and the aggrega-
tion-stage, cAMP pulse-induced gene CsA are reinduced
later in development as the spn− mounds dissipate and
reform tiny aggregates with tips.

Our data clearly demonstrate that Spn is required for
cell-type differentiation because spn− cells are effectively
unable to express cell-type specific genes during multi-
cellular development or in suspension in response to
cAMP. Analysis of chimeric organisms indicates a cell-
autonomous requirement of Spn for the expression the
prestalk-specific marker ecmA. Although ecmA expres-
sion can be induced by treatment with cAMP and the
morphogen DIF in wild-type cells in cell suspension,
spn− cells do not respond to these morphogens, suggest-
ing a defect in the earliest stages of the prestalk induc-
tion pathway. However, although the null mutant does
not express the prespore marker SP60/cotC when devel-
oped on filters or in suspension, the prespore marker is
induced in chimeras with wild-type cells. This strongly
suggests that Spn functions to control a cell nonautono-
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mous pathway for prespore cell differentiation and may
be required directly or indirectly for the production of an
intercellular developmental signal. However, wild-type
cells do not effectively induce the prespore pathway in
spn− cells until later in multicellular differentiation. Be-
cause Spn is expressed very early in development, we
cannot exclude a possible cell-autonomous role of this
protein in prespore cell differentiation. The spn− defect
can also be partially rescued by codevelopment with
pslA− cells, which are unable to induce the prespore
pathway (H. Yasukawa, S. Mohanty, and R.A. Firtel, in
prep.). The ability of pslA− cells to rescue prespore gene
expression in spn− cells favors the model that a develop-
mental signal triggering prespore differentiation together
with cAMP might be provided by the prestalk cell popu-
lation. This is consistent with Spn being expressed in
ALCs and prestalk/stalk cells during multicellular
stages. In spn− cells, prespore differentiation might not
occur because of the absence of prestalk cells and, thus,
the prestalk-mediated signaling molecule. However, we
cannot exclude the possibility that any cell type could
function to complement the spn− defect. Recently, a pre-
spore/spore-inducing factor that works on culmination-
stage cells to induce spore formation has been defined
(Anjard et al. 1998). The relationship of this factor to our
proposed prespore/spore-inducing signaling molecule is
not known.

Model for Spn function

The physiological substrate of Spn has not been identi-
fied; however, dephosphorylation of Spn target is appar-
ently a key event for morphogenesis to proceed. Consid-
ering the cell autonomous effect of Spn null mutation on
prestalk cell differentiation, Spn is expected to function
directly in ALCs or prestalk cells, consistent with its
pattern of expression. By antagonizing the activity of a
specific protein kinase, Spn may either directly activate

a pathway essential for prestalk differentiation or inhibit
a negative regulator of such pathway (Fig. 8). Recently,
we identified in a second-site suppressor screen, a gene
encoding a novel, putative serine/threonine kinase
whose diruption in spn− cells allows the double knock-
out mutant to form fruiting bodies and differentiate
spores (L. Aubry and R.A. Firtel, unpubl.). It is likely that
Spn and this novel kinase regulate the same pathway by
controlling the activity of a common substrate. Whereas
a possible cell-autonomous effect of Spn on prespore dif-
ferentiation cannot be completely excluded (see above),
we favor the model presented in Figure 8, in which
prestalk cell signaling is required for prespore differen-
tiation in vivo and Spn’s primary function is to control
the induction of the prestalk pathway.

A variety of proteins have been implicated in the pro-
gression past mound stage, suggesting the existence of a
complex regulatory network to control this particular
transitional stage, including the transcription factor
GBF, LagC, the ubiquitin conjugating enzyme UBC, and
the cAMP receptor cAR2 (Saxe et al. 1993; Dynes et al.
1994; Schnitzler et al. 1994, 1995; Clark et al. 1997). Spn
is a novel component of this integrated network whose
functional analysis should allow further understanding
of the mechanisms that regulate Dictyostelium develop-
ment and may be a member of a new family of GTP-
regulated molecular switches.

Materials and methods

Cell culture and differentiation

All of the experiments were carried out with KAx-3 as the pa-
rental Dictyostelium strain. The cells were grown in suspension
in HL5 medium containing 5 µg/ml of blasticidin or 15 µg/ml
of G418 as required (Clark et al. 1997; Nellen et al. 1987). Clonal
selection of overexpressing strains was done by plating onto
G418-containing DM plates in association with Escherichia coli
(Hughes et al. 1992). Knockout strains were cloned by plating

Figure 8. Model for Spn function. The re-
sults indicate that Spn is required for prestalk
cell differentiation and would be part of a
complex network, including the Dictyos-
telium STAT (Kawata et al. 1997) and the sig-
naling molecules DIF and cAMP (see text for
details). Under the appropriate signal, it is
possible that the Ga-like domain acts as a
molecular switch allowing the activation of
the phosphatase domain. Once active, Spn, by
antagonizing the effect of a Ser/Thr kinase,
may either activate a pathway required for the
prestalk differentiation process or inhibit a
negative regulator responsible for a block of
this pathway.
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onto SM-agar plates in association with Klebsiella aerogenes.
Developmental phenotypes were studied after plating cells on
nonnutrient, Na/KPO4-buffered agar plates.

Insertional mutagenesis

Insertional mutagenesis was performed as described previously
(Kuspa and Loomis 1992; Clark et al. 1997) with the following
modifications. The plasmid pUCBsr, carrying the blasticidin S
resistance gene bsr (Sutoh 1993), was linearized with BamHI
and electroporated into KAx-3 cells along with the restriction
enzyme DpnII. Transformants were selected in blasticidin-con-
taining HL5 and plated for clonal isolation onto SM-agar plates
in association with K. aerogenes. The mutants with abnormal
developmental phenotypes were kept for future study, includ-
ing spn null mutant, which is the subject of the present report.
Part of Spn genomic DNA flanking the integrated plasmid was
isolated as an NdeI fragment as described (Kuspa and Loomis
1992). This 1-kb fragment was used to screen a 12–16 hr devel-
opmental lZAP cDNA library (Schnitzler et al. 1994). A cDNA
of ∼3.4 kb containing the entire Spn ORF was obtained. The
phenotype of the REMI mutant was recapitulated by use of the
original rescued plasmid or a gene-disruption construct made by
use of the cDNA (see below).

Plasmid constructs

Spn gene-disruption construct was made by insertion in the 38

EcoRV site in the cDNA of a ∼1.4-kb fragment containing the
Bsr resistance cassette (Fig.1). The promoter region of Spn was
obtained from the original REMI mutant by isolation of the 5-kb
region of genomic DNA upstream of the site of insertion of
pUCBsr after digesting the genomic DNA with XbaI and SpeI.
The promoter region (∼4 kb) was subcloned as such (pSpn) or
reduced to 1 kb upstream of the ATG (DpSpn) in the EXP4+

Dictyostelium expression vector (Dynes et al. 1994) lacking the
actin promoter and used for overexpression analysis to drive the
expression of Spn, the Ga-like domain, and the PP2C domain
and for b-galactosidase staining experiments, to drive the ex-
pression of the reporter gene lacZ. The DpSpn/Ga construct
encompasses Spn amino acid sequence from residue 1 to 458.
For DpSpn/PP2C and pSpn/lacZ constructs, the PP2C domain
(residue 773–975) and the lacZ gene were subcloned in the ClaI
site of the cDNA in frame with the ATG after PCR amplifica-
tion to create the appropriate subcloning site. DpSpn/Spn–myc,
DpSpn/Ga–myc, DpSpn/PP2C–myc were made similarly after
addition by PCR of a (myc)2-tag at the carboxyl terminus of the
protein. The GST–DPP2C construct was obtained by subcloning
of the carboxy-terminal region of Spn (∼600 bp) in-frame to glu-
tathione S-transferase (GST) into the pGEX-KG expression vec-
tor (Guan and Dixon 1991). The (His)6–Spn construct was cre-
ated by subcloning the full-length cDNA into FASTBAC vector
(GIBCO) in-frame with the amino-terminal polyhistidine tag
contained in the vector. All of the constructs that required PCR
amplification were verified by sequencing.

Other molecular biology

Site-directed mutagenesis was performed by use of the Trans-
former Site-Directed Mutagenesis kit (Clontech). All constructs
were sequenced to confirm the amino acid substitutions and the
absence of additional mutations.

Cells carrying the constructs pSpn/lacZ, act15/lacZ (Mann
and Firtel 1993), SP60/lacZ (Haberstroh and Firtel 1990), ecmA/
lacZ (Jermyn and Williams 1991), and spiA/lacZ (Richardson et
al. 1994) were subjected to b-galactosidase staining. Cells were

spread on nitrocellulose filters laid on nonnutrient agar plates
and allowed to develop. Histochemical localization of b-galac-
tosidase activity was determined as described previously
(Haberstroh and Firtel,1990; Mann et al. 1994).

RNA and DNA blots were performed by standard techniques
(Nellen et al. 1987).

Antibody and Western blot analysis

The GST–DPP2C fusion protein was expressed in E. coli
BL21(DE3) and used to raise polyclonal anti-Spn antibodies.
Anti-Spn-specific antibodies were purified as described in
Gamper et al (1995) and used as well as a monoclonal anti-myc
antibody (Invitrogen) for Western blot analysis. Proteins were
detected by enhanced chemiluminescence (ECL-Amersham).

Purification of Spn and phosphatase assay

Spn was expressed in Sf9 insect cells as a six-histidine amino-
terminal tagged protein [(His)6–Spn construct] by use of the
FASTBAC kit from GIBCO. Seventy-two hours after infection,
cells were harvested by centrifugation, resuspended in buffer A
(20 mM Tris at pH 8.0, 0.5 M NaCl, 5 mM MgCl2, 10 mM b-
mercaptoethanol) containing 0.5% NP-40 and proteases inhibi-
tors, and lysed by sonication. The lysate was centrifuged at
100,000g to remove debris and the supernatant was incubated
with Ni2+–Sepharose beads (Qiagen). The beads were washed
three times in buffer A, and (His)6–Spn was eluted with buffer A
containing 50 mM imidazole. Samples were subjected to SDS-
PAGE and Coomassie staining to verify that (His)6–Spn was the
predominant species.

Casein was used as a substrate to assay the phosphatase ac-
tivity of (His)6–Spn. Casein was phosphorylated with the cata-
lytic subunit of cAMP-dependent PKA and [g-32P]ATP, purified
through a Sephadex G50 column, and used as described in Mc-
Gowan and Cohen (1988). Reactions were performed in a vol-
ume of 50 µl with purified (His)6–Spn in the presence of 20 mM

MgCl2, MnCl2, CaCl2, or EDTA.

Subcellular fractionation

Subcellular fractionation was performed on wild-type cells, spn−

cells, and overexpressing strains carrying DpSpn/Spn–myc,
DpSpn/Ga–myc, or DpSpn/PP2C–myc. Cells (5 × 107) were left
to develop for 8 hr on non-nutrient agar plates, harvested by
centrifugation, resuspended in 20 mM triethanolamine at pH 7.5
containing proteases inhibitors, and lysed through a 3-µm
Nuclepore filter. The lysate was first centifuged at 800g for 5
min to remove nuclei and any intact cells and then at 100,000g
for 2 hr to separate soluble and particulate cell fractions. The
pellet was resuspended in the original volume of 20 mM trieth-
anolamine. All procedures were performed on ice. Protein
samples were subjected to SDS-PAGE and Western blot analysis
with either anti-Spn or anti-myc antibodies.

Indirect immunofluorescence microscopy

Cells expressing myc-tagged proteins were washed, resuspended
in Na–KPO4 buffer, and starved for 3 hr in suspension. Cells
were then stimulated with 300 µM cAMP for 2 hr and left to
adhere for 10 min on a coverslip. Cells were fixed in 40 mM

Mes–Na at pH 6.5 containing 4% paraformaldehyde, and per-
meabilized in 0.2% Triton X-100 in Mes–Na buffer. Alterna-
tively, cells were prefixed in 50% MeOH and fixed in 100%
MeOH at 0°C in suspension after cAMP treatment. Cells were
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then incubated with 1.4 µg/ml anti-myc monoclonal antibody
(Invitrogen) in PBS for 1 hr, washed in 0.5% BSA containing
PBS, and incubated with FITC-labeled anti-mouse antibodies for
1 hr. After washing, cells were observed with a 60× oil-immer-
sion lens on a Nikon Microphot-FX microscope. Images were
captured with a Photometrics Sensys camera and IP Lab Spec-
trum software.
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