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Temperature-sensitive Gp mutants discriminate
between G protein-dependent and -independent
signaling mediated by serpentine receptors
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Deletion of the single gene for theDictyostelium G
protein B-subunit blocks development at an early stage.
We have now isolated temperature-sensitive alleles of
GPB to investigate its role in later development. We
show that GB is directly required for adenylyl cyclase A
activation and for morphogenetic signaling during the
entire developmental program. @ was also essential
for induction of aggregative gene expression by cAMP
pulses, a process that is mediated by serpentine cAMP
receptors (CARs). However, @ was not required for
cAR-mediated induction of prespore genes and repres-
sion of stalk genes, and neither was ® needed for
induction of prestalk genes by the differentiation induc-
ing factor (DIF). cAMP induction of prespore genes
and repression of stalk genes is mediated by the
protein kinase GSK-3. GSK-3 also determines cell-type
specification in insects and vertebrates and is regulated
by the wingless/wnt morphogens that are detected by
serpentine fz receptors. The G protein-dependent and
-independent modes of cAR-mediated signaling
reported here may also exist for the wingless/wnt
signaling pathways in higher organisms.
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Introduction

defective in an eye-specific f5subunit display severe
defects in light responsiveness (Dolgh al, 1994). In
Dictyostelium discoideujdeletion of the single & gene
blocks entry into the developmental program and elimin-
ates multiple chemoattractant-mediated responses (Wu
et al, 1995a). These studies have been useful for
elucidating the earliest requirement fo3Gunction in
different organisms. However, the functions of3 Gn
later development remained elusive, because progression
through the program is often too drastically impaired by
earlier loss of function of @.

The D.discoideumlife cycle consists of a vegetative
stage where cells feed on bacteria, and a multicellular
stage where cells aggregate and differentiate. Following
starvation, cells start to secrete cCAMP pulses and chemotax
towards the cAMP source to form multicellular aggregates
of up to 100 000 amoebae. Cells differentiate into prestalk
and prespore cells, and the multicellular mounds undergo
a number of morphological changes that lead to formation
of freely migrating slugs and fruiting bodies. Extracellular
cAMP also controls gene expression during the entire
course of development. Before aggregation, CAMP pulses
strongly enhance expression of aggregative genes, encod-
ing components of the cAMP signaling system. After
aggregation, cAMP induces entry into the spore differenti-
ation pathway as well as synthesis of a secreted factor,
DIF, which induces entry into the stalk differentiation
pathway. All effects of extracellular cAMP on gene
expression are mediated by serpentine cAMP receptors
(see Firtel, 1995).

Heterotrimeric G proteins have important regulatory
functions duringDictyostelium development. Nine &
subunits (G&1-Ga9), one @ and one @ subunit have
been identified (Devreotes, 1994; N.Zhang and P.N.
Devreotes, unpublished results; J.Brzostowski and A.R.
Kimmel, unpublished results). The singleBGand Gy
subunits are expressed throughout growth and develop-
ment, while Gt subunits are transiently expressed at
specific stages.

The functions of G protein subunits have been examined
in deletion mutants. &1 null mutants are defective in

Serpentine receptors transduce extracellular signals toadaptation of phospholipase C (Bominaar and Van

intracellular effectors by interacting with heterotrimeric
G proteins. Receptor activation of G proteins requires
both thea and By subunits and both & and @y can
directly regulate effectors (Birnbaumer, 1992). The roles
of G proteinsin vivo have been assessed in a variety of
genetic systems. IBaccharomyces cerevisjateletion of
the single gene for either thef&r Gy subunits blocks the

Haastert, 1994). &2 mediates cAMP-induced activation
of guanylyl cyclase and phospholipase C (Okaiehal,
1992; Bominaar and Van Haastert, 1994) and by release
of GBy of adenylyl cyclase (Wt al,, 1995a). @3 null
mutants show an as yet uncharacterized defect in cCAMP
signal production (Brandon and Podgorski, 1997p4G
mediates activation of guanylyl cyclase and, vigyGof

capacity of mating pheromone to activate gene expressionadenylyl cyclase by folate, a chemoattractant secreted by

(Whitewayet al,, 1988), while inCaenorhabditis elegans
deletion of the single & gene arrests development at
gastrulation (Zwaakt al., 1996). InDrosophila melano-
gaster there are two identified & subunits. Mutants
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bacteria (Hadwigeret al, 1994). Null mutants for the
other Qs either do not exhibit significant morphogenetic
defects, or have not yet been investigated.

It seems apparent that theBGsubunit must have
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Fig. 1. Screening protocol for temperature-sensitivé Butants.
Approximately 16 transformants were amplified in shaking culture at
22°C. The mixture of ~1®cells expressing temperature-sensitive
(empty circle), fully functional (black circle), conditional (light-shaded
circle) or non-functional (striped circle) 5subunits was plated on
non-nutrient agar for development at 22°C. Fruiting bodies had forme
in 24 h, the spores were collected, and heated twice at 45°C for

30 min to kill non-spore cells.210* spores were plated clonally on
bacterial lawns at 27°C. Cells that formed plaques with an aggregation
minus (agg) phenotype at 27°C were picked and plated on replica
bacterial plates incubated at 22°C and 27°C. The cells which formed
fruiting bodies within plaques at 22°C and aggaques at 27°C were
isolated and grown in HL5 with G418.

d

important functions throughout developmen@ @ull cells
(gB") fail to enter development and remain completely
deficient in chemoattractant-induced responses, sirite G
is required for all Gis. To investigate the functions of
GB, we isolated temperature-sensitiv@ &utants, which
allow G protein functions to be turned off at any stage of
development. Two strains expressing the temperature-
sensitive @ subunits were used to examine the role of
G proteins in adenylyl cyclase activation, postaggregative
morphogenesis and cell-type specification.

Results

Screen for temperature-sensitive mutations in the

Gp3 subunit

Cells of a ¢~ parental strain were transformed with a
library of randomly mutagenized §5cDNAs and ~16
ned transformants were collected. As shown in Figure 1,
each transformant will have afGprotein, that is either
fully functional, temperature-sensitive, conditional or non-
functional. First, we incubated the transformants collect-
ively on DB agar at the permissive temperature (22°C).
The cells expressing functional or conditiong} €ubunits
will develop into chimeric fruiting bodies, while the cells
expressing non-functional@subunits will not participate.
Secondly, the spores from the chimeric fruiting bodies
were collected, plated clonally on bacterial lawns and
incubated at the restrictive temperature (27°C). Cells
expressing functional Bsubunits will form plaques with
fruiting bodies (agg), while those cells expressing a
temperature-sensitive (ts) or otherwise conditiond8 G
subunit will form smooth aggregation minus (apg
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plaques. We selected ~100 independent transformants from
this second plating, which made agplaques at 27°C.
Thirdly, to distinguish the transformants expressing ts
versus other conditional mutations, we replicated them
individually on bacterial lawns and incubated them at both
22°C and 27°C. Those mutants which for various reasons
can respond to, but not propagate, cAMP signals will be
agg at both temperatures. We selected ~20 independent
transformants which formed aggplaques at 22°C and
agg plaques at 27°C. To prove that these phenotypes
are plasmid-dependent, we rescued plasmids from four
candidates and then retransformed them into pareftal g
cells. All of the new transformants formed agglagues

at 22°C and aggplaques at 27°C. These results confirmed
that the developmental defects were dependent on the
plasmids.

For further studies, we chose two of the new trans-
formants, designated apbAlandgpbA2 which formed
fruiting bodies at 22°C. Figure 2A shows the development
of wild- type, i3, gpbAlandgpbAZ2cells at the permissive
(22°C) and restrictive (27°C) temperatures. Wild-type cells
formed fruiting bodies at both temperatures, while the
oB~ cells always failed to aggregate and remained as a
monolayer. At 22°C,gpbAl and gpbA2 cells formed
fruiting bodies indistinguishable from those of wild-type,
while at 27°C, gpbAl and gpbA2 completely failed to
enter the developmental program. In wild-type cells, the
GpB protein level is constant at all stages of growth and
development (Lillyet al,, 1993). Figure 2B shows that in
both wild-type,gpbAlandgpbA2cells, the levels of ¢
protein were constant during development, and remained
unchanged for 6 h after a shift to 27°C. We therefore
assume that the [Gsubunits in thegpbAl and gpbA2
cells show conformational instability at the restrictive
temperature.

ThegpbAlandgpbA2mutants allowed us to determine
whether @ is required for postaggregative development.
We incubatedgpbAlor gpbA2cells on non-nutrient agar
at 22°C until they formed aggregates (Figure 3a), tipped
mounds (Figure 3d) or slugs (Figure 3g), and then shifted
them to 27°CgpbA2aggregates formed abnormal mounds
after 2.5 h at 27°C (Figure 3b), which showed no further
progress for 26 h (Figure 3cypbA2cells shifted at the
tipped mound stage, formed a first finger after 2.5 h at
27°C (Figure 3e), but did not develop further (Figure 3f).
gpbAlcells shifted at the slug stage showed abnormal
slug morphology after 2.5 h (Figure 3h), which became
progressively more aberrant after 26 h (Figure 3i). These
results suggested a continuous requirement for G protein-
mediated signaling for proper tip-, slug- and fruiting body
formation.

To determine whether the developmental block was
reversible, we developeaghbAlcells to tipped mounds at
22°C (Figure 3j), and then shifted them to 27°C for 26 h
until development completely arrested (Figure 3k). We
shifted cells back to 22°C and after another 22 h, fruiting
bodies were observed (Figure 3l), demonstrating that the
developmental block could be reversed. However, it should
be noted that not all cells participated in fruiting body
formation, so the reversal was not complete.

Adenylyl cyclase A activation in G ts mutants
To demonstrate that G protein function was lost when
gpbAl and gpbA2 cells were shifted to the restrictive
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Fig. 3. Multicellular morphogenesis apbAlandgpbA2mutants.
13456 13 45 6 (hour) gpbAlandgpbA2cells were incubated on DB agar at 22°C until they

“ . 1 had reached the late aggregatia), tipped moundd) and slug stage
WT (9) and plates were then placed at 27°C and photographed after 2.5 h
pba1 [ ——

(b, eandh) and 26 h ¢, f andi). gpbAlcells were developed to
gphA2  ——

tipped mounds 22°Cjj, shifted to 27°C for 26 hk), and back to
22°C for 22 h (). gpbA2cells were photographed in panels (a—f) and
Fig. 2. Phenotype and & protein levels of cells expressing tG
mutations. A) Developmental phenotype. Wild-type (a and €); g

gpbAlcells in panels (g-1).
(b and f),gpbAl(c and g) andgpbA2(d and h) cells were harvested
from shaking cultures, plated on DB agar, incubated at either 22°C
(a—d) or 27°C (e-h) for 72 h and photographds) {mmunoblot

Table I. Activation of adenylyl cyclase A (ACA) in wild-type (WT)
cells and ts mutants

Cell line  Unstimulated ACA activity Stimulated ACA activit§

analysis of @ proteins. Wild-type (WT)gpbAlandgpbA2cells were 22°C 2rc 22°C 2rc
incubated in DB at either 22°C or 27°C and stimulated with pulses of

_50 _nM cAMP. at 6-mi_n inter\(als. Samples were taken after the ;\S; Al 13 %3?: gg)) f,fg fg 8%))
indicated periods of incubation. Total protein offitklls was gpbA2 12 13 (24) 63 22 (34)

size-fractionated by SDS—-PAGE and Western blots were probed with
Gp antibodies.

@Activity expressed in pmol/min/mg.

Wild-type, gpbAlandgpbA2cells were stimulated fo5 h at22°C

L with cAMP pulses to induce optimal expression of cAMP signaling
temperature, we assayed G/BPactivation of adenylyl components. Cells were subsequently pre-incubated at 22°C or 27°C
cyclase A (ACA). In ¢ cells, cAR- and G protein- for 2 h and lysed in the absence (unstimulated activity) or presence

mediated activation of ACA is completely absent (Wu (stimulated activity) of GTIS. Adenylyl cyclase activity in the lysates

: of wild-type, gpbAlandgpbA2cells was measured at 22°C as
et al, 19953). However, since theﬁg cells are blocked described in Materials and methods. Data in parentheses represent an

at an early stage of development, it might be argued that agenylyi cyclase assay performed at 27°C instead of 22°C. All data

this defect is not directly due to the absence d&, Gut represent the means of an assay performed in duplicate. An

to reduced expression of components other th@nt@at independent experiment was done and yielded similar results.

are essential for ACA activation. Analysis gbbAland

gpbA2ruled out this possibility and allowed us to assess incubated at 27°C for 1 h, G¥8-stimulated ACA activity

how quickly G protein function was lost. was reduced 3-fold when compared with cells incubated
We first stimulatedypbAland gpbA2cells during 5 h at 22°C (data not shown). We then extended incubation

at 22°C with cAMP pulses to allow them to express all at 27°C to 2 h. Table | shows that in cells incubated at

aggregative genes, and then shifted them to 27°C to ‘turn- 22°C, GTRS induced a 5.1- or 5.3-fold stimulation of

off’ the functions of the @ subunit. We measured activity ~ACA activity in gpbAland gpbA2lysates, respectively.

in lysates stimulated with GTYS to bypass the receptor However, in cells incubated at 27°C, GyI stimulation

and directly assess the G protein. WhgggbA2cells were was reduced to ~1.3- and ~1.7-fold in tigpbAl and
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gpbA2mutants, respectively. Under the same conditions, A

GTPYS significantly stimulated ACA activity in wild-type AL ATC
cells incubated at both 22°C and 27°C. These results 1 2855 1 28355 (hour
indicate that a functional Esubunit is directly required WT —anam wgpao
for GTRYS activation of ACA. )

gp- gt
Induction of aggregative gene expression in G ts _— .
mutants gpbAl |vibiemi | -
The expression levels of several genes that encode com- -
ponents required for aggregation such as cARH2G gpbA2 ta 1
ACA, phosphodiesterase (PDE) and the cell adhesion
glycoprotein csA/gp80, increase dramatically upon starv- . .
ation. Cell density sensing factors, that are secreted upon B ] 323(; S §73C; 5 (hour)
starvation, induce sufficient levels of PDE, cAR10% ' '
and ACA to initiate oscillatory cAMP secretion. cCAMP WT e - cARL-P
pulses then enhance further transcription of t#R], —8 s~ oW
Ga?2 andPDE genes and induce transcription of ttye80 gf - e

gene (Firtel, 1995). SR
We first examined gp80 and cAR1 protein levels in _ = -
wild-type cells and -, gpbAland gpbA2 mutants, that sphat -
were stimulated with cAMP pulses at 22°C and 27°C. In
wild-type cells, gp80 (Figure 4A) and cAR1 (Figure 4B) gpbA2 - .
proteins were induced at both 22°C and 27°C, while in _ _
oB~ cells, the level of gp80 and cAR1 protein was C S Pl
extremely low at both temperatures. In tgpb/_-\l and 80 | w8 _” o ”
gpbA2mutants, gp80 and cAR1 proteins were induced to e .
the same levels as in wild-type cells at 22°C, but expression - i :
was strongly reduced at 27°C. We also measured basal CART  We WM. o.  wdouln. ..
and cAMP-stimulated levels of thgp8Q cARl1and PDE PR —
MRNAs in gpbAl and gpbA2 cells (Figure 4C). There L —

was a low level ofcAR1and a moderate level d®DE PDE  swgesggrgergs 92 @9 frnee

MRNA accumulation in the absence of cAMP stimuli at . UL L AT S R
L (h) : : : H

both 22°C and 27°C. Transcription of batAR1andgp80 cA:‘:Zu,se oaisgaisia 4_6;2 is Ozia;zislzisgzie

was at least 10-fold stimulated by cAMP pulses at 22°C, 220c | 27 220 | 27%
but not at all at 27°C. Transcription of PDE was stimulated
only ~2-fold by cAMP pulses; this stimulation seemed to
be reduﬁied at .2700- These da_-ta indicated th_at the G Fig. 4. Induction of aggregative gene expression by cAMP pulses.
subunit is required for stimulation of aggregative gene (A andB) gp80 and cAR1 protein levels in wild-type and mutant

expression by cAMP pulses, but most likely not for basal cells. Wild-type, -, gpbAlandgpbAZ2cells were stimulated with

induction by cell density sensing factors. 50 nM cAMP pulses at 6-min intervalsri® h ateither 22°C or 27°C.
Samples were taken after the indicated incubation periods and

; . subjected to SDS—PAGE and immunoblotting with gp80- and cAR1-
Prestalk and prespore gene expression in the G specific antibodies.@) Induction ofgp8Q cAR1and PDE mRNA in ts
ts mutants mutants.gpbAlandgpbA2cells were incubated at 22°C or 27°C with

After aggregates have formed, cAMP continues to be or \Ilvitthgutﬁ% SMZCQI\QEGDEIS?S at :-?ﬂin intzr\’(lalst-hle\élA ;Nas
H H ISolated ailter O, 2, orincupation an orthern plots were

B e e e T v b A: S aniPEE A s
by cAMP and repressed by DIF. The prestalk geomA
is induced by DIF and cAMP in synergy. The stalk gene optimal expression in the presence of both cAMP and
ecmBis also induced by DIF, but this induction is inhibited DIF. These patterns were essentially the same at 22°C
by cAMP (see Firtel, 1995). We determined whether and 27°C. Prespore gene expression requires at least 4 h
either cAMP- or DIF-induced gene regulation requires the of incubation with cAMP, which leaves sufficient time for
Gp subunit. loss of @ function at 27°C, buecmAinduction by DIF

The prespore gengsAandcotBand the prestalk gene  occurs within 1 h (Williamset al,, 1987). Figure 5C shows
ecmAare optimally inducible in cells that have developed that someecmAinduction by DIF and cAMP was indeed
to the loose aggregate stage. Wild-type cells and the evident in gpbA2 cells after 1 h, but mRNA levels
gpbAl and gpbA2 mutants were developed on agar at increased progressively up to 5 h of incubation at both
22°C until loose aggregates had formed, and were then22°C and 27°C, well after the inactivation ofGAbsolute
incubated for 8 h in suspension at 22°C or 27°C with induction levels were somewhat lower at 27°C, but this
cAMP and/or DIF. As shown in Figure 5A and B, the was also the case in wild-type cells (data not shown) and
expression of the prespore genesA and cotB in wild- could be due to enhanced degradation of DIF at the higher
type and ts mutant cells was induced by cAMP and temperature. In general, the results indicate th@tdGes
inhibited by DIF. The prestalk gememAshowed moderate  not mediate regulation of prespore or prestalk genes by
levels of expression in the presence of DIF alone and cAMP or DIF.

gpbA1 gpbA2
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Fig. 5. Induction and maintenance of prestalk and prespore gene
expression.4) Prespore anécmAmRNA accumulation. Wild-type,
gpbAlandgpbA2cells were developed to loose aggregates,
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Fig. 6. Regulation ofecmBgene expression. Wild-typgpbAland
gpbA2cells were first incubated for 16 h with 5 mM cAMP in stalk
salts. Aggregates were dissociated into single cells, which were
thoroughly washed and resuspended in stalk salts. Cells were
incubated in Petri dishes at either 22°C or 27°C and challenged with
100 nM DIF and 1uM Sp-cAMPS. RNA was isolated aft& h and
probed to32P-labeledecmBcDNA. The experiment was repeated
twice with similar results fogpbAlandgpbA2and equal levels of
ecmBmRNA at 22°C and 27°C for wild-type cells.

1983). We investigated whether maintenance of prespore
gene expression required thd3 Gubunit. Wild-type and
gpbA2 cells were developed to the tight mound stage,
when the prespore gemesA is already expressed. Cells
were then incubated at either 22°C or 27°C in the presence
and absence of cAMP. Figure 5D shows that in wild-type
and gpbA2 cells, cCAMP stabilizedpsA mRNA at both
22°C and 27°C, suggesting that cAR-mediated mRNA
stabilization is also independent of thgd Gubunit.

To study regulation of the prestalk gememB cells
were prestimulated in monolayers with 5 mM cAMP
during 16 h at 22°C (Berks and Kay, 1988). cAMP was
removed and cells were incubated at 22°C and 27°C with
100 nM DIF and 1pM Sp-cAMPS. Sp-cAMPS mimics
the nanomolar cAMP levels, which are most effective to
repressecmB induction (Soedeet al., 1996). Figure 6
shows that DIF induceécmB expression in both wild-
type cells and the ts mutants, while Sp-cAMPS almost
completely inhibited this induction. These effects were
essentially the same at 22°C and 27°C, and indicated that
neither DIF induction nor Sp-cAMPS repressionexinB
required the @ subunit.

Determination of mutations in the ts Gf subunits

dissociated and resuspended in DB. Cells were shaken at 150 r.p.m. at \\We sequenced the[}}genes on the plasmids rescued from

either 22°C or 27°C and challenged with 100 nM DIF added once at
the onset of the incubation, 3¢ cAMP added at 60-min intervals,

or a combination of the two stimuli. After 0, 4, 6 &8 h of

incubation, RNA was isolated and probed®®-labeledpsA cotB or
ecmAcDNA. Only the results at & 0 and t= 6 h are shown in this
panel. B) Quantitation of the time-course psAinduction.psARNA
bands from three independent experiments were quantitated by
densitometry. All optical density values were calculated as percentage
of induction at t= 8 h in gpbA2cells incubated in the presence of

300 uM cAMP at 27°C. The data are presented as mea8EM.

(C) Time-course ofecmAinduction.gpbA2cells, developed to loose
aggregates, were incubated with cAMP and DIF in shaken suspension
at 22°C and 27°C. RNA was isolated at the indicated time points and
probed toecmAcDNA. (D) Maintenance of prespore gene expression.
Wild-type andgpbA2mutants were developed at 22°C until tight
mounds had formed. Mounds were dissociated and cells were
incubated in suspension at 22°C or 27°C with 308 cAMP for the
indicated time periods. RNA was isolated and probed®labeled
pSACDNA.

thegpbAlandgpbA2cells, and found that each contained
multiple mutations. Figure 7A shows the amino acid
alignment of bovine @, human @2, mouse @4 and
D.discoideumGp, and the amino acid substitutions in
gpbAlandgpbA2mutants. ThegpbAlmutant contained
three amino acid substitutions: M48T, I52T and E310G,
and thegpbA2 contained seven, namely R13G, N74S,
S79P, H149R, V178A, V194R and F293L. Figure 7B
illustrates the positions of these mutations superimposed
on a ribbon structure of the bovineffy dimer.

Although it is not our purpose here to investigate
structure, we separated some of the mutations. Using a
convenient restriction site in thefcgene, we replaced a
portion of the coding regions apbAlandgpbA2(from
aa 187-346, or from aa 1-186) with the corresponding
coding regions of the wild-type gene. These swaps yielded
the mutant @ genesgpbAla (M48T and 152T) gpbAD

Prespore differentiation requires the continued presence(E310G), gpbAZa (R13G, N74S, S79P, H149R and
of cCAMP, since transcription ceases and prespore mRNAsV179A) andgpbAd (V194R and F293L). We transformed

become destabilized in its absence (Mangiarettial,
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Fig. 7. Sequence identification of ts alleles i3@utants. A) Amino acid sequence alignment of fouBGubunits and the substitutions in t§ G
subunits. B) Ribbon diagram showing the positions of the substitutions infiss@units.

and gpbAD, and examined the development of these sensitive @ subunits, whilegpbAb with E310G, and
transformants at 22°C and 27°C. At 22°C, all of these gpbA with V194R and F293L substitutions showed only
transformants made aggplaques on bacterial lawns, weak temperature sensitivity.

suggesting that they expressed a functionflpEotein at The crystal structure of a3y heterodimer showed that
the permissive temperature. At 27°§hbAl andgpbAz Gp forms extensive, mainly hydrophobic, interactions with
formed agg plaques, whilegpbAD andgpbAd formed Gy (Sondeket al, 1996). ForgpbAl, the substitutions
plagues with small aggregates. When plated on DB agar,M48T and 152T are located at a loop that links the
cells of gpbAla andgpbAz remained as a monolayer at N-terminal helix to the firstl sheet. Interestingly, the
27°C and formed fruiting bodies at 22°C, while cells of residue corresponding to 152 has been implicated in the
gpbADb andgpbAd formed aggregates at 27°C. These formation of a specific hydrophobic interaction between
observations suggested tliggbAl with M48T and 152T GB and G (Sondeket al, 1996), the substitutions in
mutations, andgpbAZ with the R13G, N74S, S79P, gpbAl may weaken or disrupt the hydrophobic inter-
H149R, V178A mutations resulted in temperature- action, and therefore possibly destabilize tHyGomplex.
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For gpbA2, substitution of N74S changed the diverged N
in the 3 of D.discoideumback to the conserved S of

other @3 subunits, and mutation of V179A occurred at
the residue which is V, | or L on the otherfGubunits,

pulses (a physiologically relevant stimulus at this develop-
mental stage) was so modest, that requirementivas
difficult to determine. In general, it seems evident tht G
does not mediate basal induction of aggregative genes,

while mutations of R13G, S79P and H149R represent morebut is an essential component of the signaling pathway

significant substitutions occurring at highly conserved
residues in the identified subunits of all organisms.

that mediates cAMP pulse-induced transcription.

Thus, it is likely that the temperature-sensitive character The GB subunit is required for postaggregative

of gpbA2is due to the R13G, S79P or H149R mutations.
None of the changes igpbA2is in positions that have
been implicated in interaction wit or a subunits and
functions ofBy.

Discussion

morphogenesis, but not for postaggregative gene
induction

The development of ts mutants plated on agar can be
blocked at any stage of development up to fruiting body
formation by transferring the plates to the restrictive
temperature. These developmental arrests are reversible
and indicate that the & subunit is required for both

We designed a screening procedure based on the essentia@ggregation and formation of multicellular structures such

role of the @ subunit in earlyDictyosteliumdevelopment
and isolated the temperature-sensitig iButantsgpbA1l
and gpbA2 Both mutant @ subunits function at the
permissive temperature, but could be ‘turned off’ by
shifting the cells to restrictive temperature. The mutants
completed development and formed normal fruiting bodies

as mounds, tips, slugs and fruiting bodies. Morphogenesis
is the result of intercellular signals that control processes
as cell movement, cell adhesion and differentiation of
prespore and prestalk cells.

We analyzed in detail whether Gis required for
induction of prestalk and prespore gene expression. Tran-

at 22°C, but failed to aggregate at 27°C. We used thesescription of prespore genes is induced by persistent stimu-

conditional mutants to investigate the roles of th@ G
cell-cell signaling and gene regulation during the entire
course of development.

The Gp subunit directly mediates ACA activation
At the aggregation stage, cAR1-mediated activation of
ACA reaches its highest level. Activation of ACA through

lation with micromolar cAMP, and maintenance of
expression as well as stabilization of prespore mMRNAs
depends on the continued presence of cAMP. Micromolar
cAMP synergizes with the stalk-inducing factor DIF to
induce the early prestalk gerecmA while nanomolar
cAMP antagonizes DIF-induced expression of the late
prestalk geneecmB(Berks and Kay, 1988, 1990; Soede

By-subunits is a complex pathway, requiring at least three et al., 1996). The ts mutants showed all responses men-

additional components, CRAC, Aimless and Pianissimo,
that are all developmentally regulated (Insztlal., 1994,
1996; Chenet al, 1997). ts mutants, developed at the

tioned above at both the permissive and restrictive temper-
atures, which indicates that3ds neither directly involved
in cAMP induction of prespore gene transcription and

permissive temperature to induce all signaling components, stabilization of prespore mRNAs, nor in DIF-induction of

showed an almost complete loss of GBFHnduced ACA
activation after 2 h at the restrictive temperature and
reduced activation after 1 h. Since th@ @rotein is not
actually degraded, this indicates that it requires ~2 h to
become fully destabilized.

Induction of aggregative gene expression by cAMP
pulses requires the G subunit

Induction of aggregative genes, BOE, cAR1 Ga2 and
gp80 occurs in two steps. First, protein factors that

ecmAandecmB nor in cAMP repression oécmB

These results contrast rather strongly with the universal
requirement of @G for morphogenesis in all stages of
development. Gene regulation is only one of the factors that
govern morphological changes. A fair body of evidence
indicates that after aggregation oscillatory cAMP signaling
persists to coordinate morphogenetic movement (Siegert
and Weijer, 1992). The morphogenetic defects of tie G
mutants are most likely a consequence of the essential
role of &3 in ACA activation and in chemoattractant-

are secreted upon starvation induce a basal level ofinduced changes in the cytoskeleton, that govern directed

transcription that allow cells to initiate oscillatory cAMP
signaling. Second, periodic cAMP stimulation then triggers

cell movement.

full expression of these genes (see Firtel, 1995). We found Serpentine receptors do not always function by

that, in the @ ts mutants, basal induction of expression
of thePDEandcAR1genes occurred at both the permissive
and restrictive temperatures. However, cAMP pulse-
induced expression of theAR1andgp80genes could be

coupling to heterotrimeric G proteins

The lack of @3 requirement is not completely surprising
for responses induced by the highly lipophilic morphogen
DIF, which is unlikely to activate G protein-coupled

detected only at the permissive temperature. This is receptors. However, it is quite remarkable that none of

consistent with earlier data showing that pulse-induced
gene expression does not occuifgaA mutants that lack

a functional @2 subunit (Mannet al, 1988; Kumagai

et al, 1989). Previous studies show that induction of the
PDE inhibitor, PDI, which is typically induced by starva-

the cAR-mediated postaggregative gene regulation events
appears to require G proteins. One trivial explanation
could be that the genetic lesions in the ts mutants only
affect coupling to target proteins that mediate preaggreg-
ative gene induction and ACA activation. We consider

tion factors and repressed by cAMP does not require thethis unlikely since gpbAl and gpbA2 harbor entirely

Gp subunit, whereas induction of PDE mRNA by 1 mM
cAMP was also @B-independent (Wwet al, 1995b). In
our hands, induction of PDE mRNA by 30 nM cAMP
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different sets of mutations. Both sets of mutations block
the two early responses, which are each mediated by a
different signaling pathway (Pi#t al,, 1993). One of the



Signaling in temperature-sensitive G mutants

mutations ingpbAlis at a critical region for interaction ~ washed in development buffer (DB) (2 mM MgCD.2 mM CaC} in

; ; 10 mM Na/K phosphate pH 6.5) and incubated on non-nutrient agar
with Gy and may be expected to affect all functions of (1.5% agar in DB) at the indicated temperature. For development in

GB‘ The _presence_ of a Secon(ﬁ@ also n_Ot very I'kely', suspension, cells were harvested, washed twice in DB, then resuspended
considering the high level of conservation (60% amino in DB and shaken at 120-180 r.p.m.

acid identity) between @ of different organisms and the B
absence of additional bands hybridizing t@ GNA in Screen for temperature-sensitive GB mutants

oty . The @B cDNA was randomly mutagenized by error-prone PCR, and
low stringency Southern blots (L"lwt al, 1993)' In subcloned into the extrachromosomal expression vector pMC34, where

addition, GTRS modulation of cAR1 affinity is entirely  the @3 genes are under the control of the actin15 promoter. e g
lost in G3~ cells, indicating that all functional coupling cell line LW6 was transformed with the library of mutagenize ggnes

between cAR1 and G proteins has disappeared (Wu and selected for 7 days on G418. Approximatel§ t@nsformants were
et al 1995a) collected and amplified in shaking culture; 81€ells were harvested,

- . L washed, plated on DB agar plates and incubated at 22°C until fruiting
. Earlier ewdgnce for G prpteln-lndgpendent gene regula- bodies had formed. The spores were collected, resuspended in 10%
tion was provided by studies showing that another class glycerol and heated at 45°C for two, 30-min periods to kill contaminating
of cAMP-inducible non-cell type-specific geneslagyC cells. 2<10* spores were then plated clonally étiebsiella aerogenes
rasD and CP2, could be prematurely induced by cAMP bﬁae”a' 'aW”z7at(:27°C for 8 gaysa one gundfedlp'aqg‘es WitI” agg
: _ o phenotype at 27°C were picked and plated on replica bacterial plates
in gB ceIIs_ that overexpressed the transcription factor incubated at 22°C and 27°C. Twenty plaques, which were' a3@2°C
GBF (Schnitzleret al, 1995). Our current data also agree and agg at 27°C were picked, and clonal isolates were grown in HL5
with earlier observations that null mutants for thet%; with G418.
Ga7 and Q8 subunits, that are all expressed after Plasmid ructi . i

; ; lasmid recovery, construction and sequence analysis

aggregaﬂon’ShOW normal deveIOpmemal.gene eXprESSIOHTotaI DNA was prepared from $0cells as described previously
alth_ou_gh this may have been due to functional redundancy(Parent and Devreotes, 1995) and transformed into XL1-blue bacteria
of individual Ga subunits. &4 null cells do show a (Stratagene). The recovered plasmids were sequenced and then trans-
defect in prespore differentiatiom vivo, but this defect formed into LW6 (@) cells. To separate the mutated alleles in the
can be overcome by stimulation with cAMIR vitro, gpbAland gpbA2genes, the 1.05 kBglll-Notl fragments ofgpbAl

s din~at : - _ gpbA2and wild-type @ genes in the extrachromosomal expression
indicating that &4 does not mediate CAMP signal trans vector (pMC34) were subcloned intBglll-Not site of a modified

duction (Hadwiger and Firtel, 1992; Hadwiggiral,, 1994). Bluescript K/S plasmid in which 8glll linker was inserted into the

One putative target for cAMP induction of prespore EcdRV site. Using the uniquEccRl site located in the region encoding
gene expression is GSK-3, a homolog of zeste white-3/ E186 and F187 in the & gene, theBglll-EcaRl and EcaRI-Not
shaggy inDrosophiIa This protein also mediates cAMP _fragments ogpbAla_ndgpbAZQenes were swapped with the correspond-
repression of thecmBaene and most likelv acts down- ing fragments qf wild-type @ gene. TheBgIII—NotI fragme_nts of the

p g y resulting plasmids were then subcloned into Bglll-Notl site of the
stream of a cAMP receptor (Harwoodt al, 1995; Dictyostelium extrachromosomal expression vector pMC34 and the
Ginsburg and Kimmel, 1997). IrDrosophila GSK-3 resulting vectors that harbor fGmutationsgpbAZ, gpbAD, gpbAZ
mediates effects of the secreted morphogen wingless,andgpbAd were transformed intofiy cells.
which has crucial functions during segmentation and wing Immunoblotting
development (Siegfrieét al, 1994). In yertebrates, the' Samples of 10 cells were solubilized in sample buffer, subjected to
homologous wnt factors have equally important roles in electrophoresis on 10% low-bis or regular polyacrylamide gels, and
many inductive events during embryogenesis, which are blotted onto polyvinylidene difluoride membranes (Millipore). The
also mediated by GSK-3 (Perrimon, 1996). Wingless and Membranes were probed with antibodies specific g GAR1 or csA/

t detected by the frizzled (fz) familv of serpentine gp80 as descrlbed prewous_ly (Klest al, 1988; Lilly et aI‘., 1993). _
wn a:e (Bh GEty I, 1996). F " y d Ii h Bands were visualized using an enhanced chemiluminescence kit
receptors an al., . FZ receptors do not have (Amersham, UK).
the consensus sequence for interaction with heterotrimeric
G proteins (Wanget al, 1996), although recent data égfsnwg:ecﬁgss‘iir?ﬁ:éd in suspension with 50 nM cAMP pulses at
SuggeSt a p+OS-SIb|e. role for G PrOtemS in wnt- and fz- 6-min intervals fo 5 h at22°C, and then shaken at 22°C or 27°C for
activated C& ) signaling (Slusarsleét al, 1997). preVery 1 or 2 h. Cells were lysed inx2 lysis buffer (2 mM MgSQ in 20 mM
these data did not address a role for G proteins dr"Ca Tris pH 8.0) in the presence and absence of0GTPyS and rapidly
in control of GSK-3 or cell fate decisions. Other studies Tixiﬁ)@ig 11(/)%0 V&lugjreTof 3% gg;l]cAtiTog) mF;x (1t§>0 mM Trif pH 8.t0,d
i ; ; m : m andd- . Reactions were terminate
|nd|c?te th.at iz frer?eptC;rS llnduqe hyperpf&qsrﬁ)hor)l/lztlonhanhd after 2 min of incubation at 22°C or 27°C, and assayed*f8rlabeled
Frans oqazlon odt' ? Cyf op %Sgnlécgpmteml tl's eV(eYe » WNICN cAMP as described previously (Pupilid al., 1992; Insallet al, 1996).

IS an Intermediate Tor -5 regulation anagawa
et al, 1995). Gene induction procedures

This study is the first demonstration that serpentine For Ig‘t‘éulcot;’g ﬁ;siggfredggg’lgpgrﬁ;i eréiffsssie%’gegegiﬂ"gg frarvested at
rece_ptors, which are known to activate multlple G protein and stimulated with cAMP pulses é\t 6-min intervals. For induction of
med|ate. responses, may CO””Q' .GSK-3—dependent cellprespore andecmA gene expression, cells were incubated on solid
fate decisions in a manner that is independent of hetero-substratum until loose aggregates had formed (usually 16 h at 6°C and
trimeric G proteins. This possibly involves a pathway 1-2 h at 22°C), then resuspended at®® cells/ml in DB and incubated

common to the wingless/wnt signal transduction cascades for an additional 8 h with various stimuli as indicated in the figure
‘legends. To test maintenance of prespore transcription and mRNA

stability, cells were developed at 22°C on solid substratum until tight
mounds had formed. Cells were dissociated, resuspended in DB at

Materials and methods 5x10° cells/ml and shaken at 180 r.p.m. at either 22°C or 27°C. For
induction of stalk gene expression, cells were resuspended in stalk salts

Cell growth and development (10 mM KCI, 2 mM NaCl, 1 mM Cadl in 10 mM MES pH 6.2) to

AX3 (wild-type) and LW6 (¢") cells were grown in HL5 axenic 5% 10° cells/ml and incubated at 22°C in 10 ml Petri dishes. After 8 h,

medium, which was supplemented with 1@/ml G418 (Sigma) for cAMP was added to a final concentration of 5 mM and incubation was

transformed cell lines. For development on solid substratum, cells were continued for a further 16 h at 22°C (Berks and Kay, 1988). Cells had
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then formed tight aggregates, which were dissociated by forcing them

(1988) A chemoattractant receptor controls development in

through a 21-gauge needle. Subsequently, cells were incubated in stalk DictyosteliumScience241, 1467-1472.

salts at 5 10° cells/ml for 8 h with DIF (Affinity Research Products,
UK) and Sp-cAMPS (Biolog, Germany) at 22°C or 27°C.

RNA isolation and analysis
Total cellular RNA was isolated from 28107 cells as described by
Nellen et al. (1987), size-fractionated on 1.5% agarose gels containing

2.2 M formaldehyde and transferred to Gene Screen membranes. Northern

transfers were hybridized ta}32P]dATP-labeled DNA probes according
to standard procedures, and exposed to X-ray films.
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