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The Dictyostelium prestalk inducer differentiation-

inducing factor-1 (DIF-1) triggers unexpectedly

complex global phosphorylation changes
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ABSTRACT Differentiation-inducing factor-1 (DIF-1) is a polyketide that induces Dictyosteli-
um amoebae to differentiate as prestalk cells. We performed a global quantitative screen for
phosphorylation changes that occur within the first minutes after addition of DIF-1, using a
triple-label SILAC approach. This revealed a new world of DIF-1-controlled signaling, with
changes in components of the MAPK and protein kinase B signaling pathways, components
of the actinomyosin cytoskeletal signaling networks, and a broad range of small GTPases and
their regulators. The results also provide evidence that the Ca?*/calmodulin~dependent phos-
phatase calcineurin plays a role in DIF-1 signaling to the DimB prestalk transcription factor. At
the global level, DIF-1 causes a major shift in the phosphorylation/dephosphorylation equilib-
rium toward net dephosphorylation. Of interest, many of the sites that are dephosphorylated
in response to DIF-1 are phosphorylated in response to extracellular cAMP signaling. This
accords with studies that suggest an antagonism between the two inducers and also with the
rapid dephosphorylation of the cAMP receptor that we observe in response to DIF-1 and with
the known inhibitory effect of DIF-1 on chemotaxis to cAMP. All MS data are available via

Monitoring Editor
Peter Van Haastert
University of Groningin

Received: Aug 26, 2014
Revised: Dec 5, 2014
Accepted: Dec 10, 2014

ProteomeXchange with identifier PXD001555.

INTRODUCTION

Dictyostelium discoideum is an amoebozoan that lives as a unicel-
lular organism in soil. It feeds on other microbes, and when the local
food source is exhausted, a developmental cycle is initiated that
produces a fruiting body consisting of a stalk holding up a spore
mass that is dispersed to find a new food supply. Cells aggregate
together in response to pulsatile emissions of cAMP emanating
from a signaling center. The aggregated cells round up to form a
mound that elongates to form a slug-shaped structure. During slug
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formation, cells adopt one of two presumptive fates. About 80%
differentiate as prespore cells, precursors to the environmentally re-
sistant spore cells. The other 20% differentiate as prestalk cells that
act to lift the bolus of spore cells up off the substratum on a stalk
that is embedded into a supporting basal disk. The basal disk de-
rives from a prestalk subtype, the pstB cells, whereas the other ma-
jor subtypes—the pstA and pstO cells—occupy the anterior, prestalk
region of the slug, which enters the stalk at culmination.

At the slug stage, cells are uncommitted. This can be easily dem-
onstrated by dividing the slug between the prestalk and prespore re-
gions, whence, ultimately, both parts form a fruiting body. This implies
the existence of extracellular signals that determine the proportions
of different cell types and of guidance cues to direct their movement
to the correct location. cAMP plays a key role in both processes. It is
the chemoattractant that directs cellular aggregation to form a signal-
ing center, and it is required to maintain prespore differentiation.

Prestalk differentiation is induced by differentiation-inducing fac-
tor-1 (DIF-1), a chlorinated polyketide, produced by the prespore
cells, which directs cells to differentiate as prestalk cells. There is
also regulated prestalk-to-stalk differentiation that is induced by di-
c-GMP (Chen and Schaap, 2012). Several discrete signaling
pathways mediate DIF-induced gene expression. These are best
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understood for a region within the extracellular matrix A (ecmA) pro-
moter, which drives expression in pstO cells. It contains a binding
site for the bZIP transcription factor DimB, which was initially identi-
fied in a genetic screen for DIF-1-nonresponsive mutants. DimB
accumulates in the nuclei of cells induced with DIF-1 and is phos-
phorylated in DIF-1-treated cells (Yamada et al., 2013). The signal-
ing steps upstream from DimB phosphorylation are entirely
unknown.

Studies on ecmA and the closely related ecmB gene showed
that DIF-1 activates both promoters, whereas concurrent exposure
to extracellular cAMP represses DIF-1-induced ecmB expression
but stimulates ecmA expression (Berks and Kay, 1988). Several ob-
servations suggest that intracellular Ca?* has a regulatory role in
prestalk differentiation (reviewed in Gross, 2009). There are multiple
potential transponders of signaling, but one attractive candidate is
the Ca?*/calmodulin-dependent protein phosphatase calcineurin.
Reduced calcineurin activity has been linked with incorrect tip and
stalk formation and misregulation of stalk cell markers (Horn and
Gross, 1996; Boeckeler et al., 2006; Thewes et al., 2013).

In addition to its effects on gene expression, DIF-1 also exerts
more rapid effects on other processes. The transcription factor
STATc is rapidly phosphorylated after exposure to DIF-1. This occurs
by the combined effect of constitutive phosphorylation and the lift-
ing of a balancing repression exerted by the protein tyrosine phos-
phatase PTP3. This repression of PTP3 activity and the consequent
increase in STATc tyrosine phosphorylation correlates with serine
phosphorylation of PTP3 (Araki et al., 2008, 2012). These events
have been linked to changes in the actin cytoskeleton and cell
shape that occur over the same approximate time course as in cells
treated with DIF-1 (Araki et al., 2010; Araki and Williams, 2012).

Thus pharmacological and genetic data suggest that there are
at least two widely different DIF-1 signaling pathways that direct
known phosphorylation events: one signals to STATc, and a second,
quite distinct pathway leads to phosphorylation of DimB (Yamada
etal., 2013). In addition, there is a pathway that leads to rapid cyto-
skeletal restructuring and may be part of the STATc pathway (Araki
and Williams, 2012). There is other, indirect evidence for earlier
functions of DIF-1. At 6 h, the DIF-1 concentration is 2.5 nM (Kay,
1998), which is relatively low, but perhaps it is selectively localized.
In addition, the DmtA DIF-1 biosynthesis mutant is delayed in ag-
gregation (Thompson and Kay, 2000; Saito et al., 2008), and DIF-1
inhibits chemotaxis to cAMP (Kuwayama and Kubohara, 2009).

Given the number and variety of early and late responses, mul-
tiple signaling intermediates are to be expected, but, aside from the
transcription factors, it has not been possible to identify them by
orthodox methods (Insall and Kay, 1990). We therefore adopted a
new approach, based on the assumption that the rapid responses to
DIF-1 involve phosphorylation changes. The optimistic belief that
even the receptor(s) may be identifiable using this approach stems
from the fact that some receptors, including the G protein—coupled
cAMP receptor (cAR1), are rapidly phosphorylated after ligand bind-
ing as part of the adaptive response.

Based on recent advances in mass spectrometry-based tech-
nologies, the large-scale analysis of phosphoproteome data from
complex mixtures has become achievable (Cox and Mann, 2011).
Multiplexed stable isotope labeling by amino acids in cell culture
(SILAC) techniques have been used to produce time-resolved quan-
titative data at a site-specific level in response to a variety of specific
stimuli (Olsen et al., 2006). To gain insight into early events in the
DIF-1 signaling pathways, we applied a triplex SILAC labeling ap-
proach to follow phosphorylation and dephosphorylation changes
in response to DIF-1 treatment of cells at 5 h of development.
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Intriguingly, there are many more changes than we expected in a
diverse range of signaling pathways that, until now, have not been
implicated in DIF-1 signaling. Of importance, we confirm the
proteomic data for three key proteins—protein kinase BA (PKBA),
protein kinase B-related protein 1 (PKBR1), and ERK2—for which
phospho-specific antibodies are available. Antagonistic roles of
cAMP and DIF-1 had long been suspected; we present evidence
suggesting that DIF-1 has a much more extensive role in the modu-
lation of the cAMP signal than was previously believed.

RESULTS

Experimental design

To identify and quantify phosphorylation changes in the early re-
sponse to DIF-1, we metabolically labeled Ax2 cells using SILAC
(Ong et al., 2002; Sobczyk et al., 2014). Cell populations were la-
beled to steady state in “light,” “medium,” or “heavy” medium and
then starved in shaking culture, mimicking early Dictyostelium de-
velopment, for 5 h before DIF-1 treatment. Based on knowledge of
the phosphorylation changes of STATc and DimB in response to
DIF-1 (Fukuzawa, Araki, et al., 2001; Yamada et al., 2013), cells were
harvested 1, 5, 8, and 15 min post-DIF-1 treatment to allow a time
course of stimulation to be constructed from two overlapping triplex
experimental samples, A (0, 1, 8 min) and B (0, 5, 15 min), with each
experiment repeated in biological triplicate (Figure 1A).

In a control experiment, DimB and STATc phosphorylation was
monitored by immunoblotting. Cells grown in SILAC media gave
typical DIF-1 responses compared with cells grown in standard
growth media, demonstrating that SILAC labeling had no adverse
effect on DIF-1 signaling (unpublished data). Pooled SILAC samples
were digested with trypsin and fractionated by strong cation ex-
change chromatography, and phosphopeptides were enriched us-
ing TiO, beads. Samples were then analyzed in technical duplicate
by high-accuracy liquid chromatography tandem mass spectrome-
try (LC-MS/MS), followed by data analysis using MaxQuant to iden-
tify and quantify phosphorylation sites.

Classification of phosphorylation sites
Using a MaxQuant localization probability of >0.75 as the cutoff, we
identified 3667 phosphorylation sites on 1520 unique phosphopro-
teins (Supplemental Table S1). In addition to the many phosphoryla-
tion sites that have been quantified and show temporal changes in
response to DIF-1, there are other phosphorylation sites that are not
DIF-1 regulated and are a valuable resource for understanding the
role phosphorylation plays in Dictyostelium cellular signaling. The
distribution between phosphorylated residues was 73% phospho-
serine (pS), 20% phosphothreonine (pT), and 7.1% phosphotyrosine
(pY), which is considerably different to that reported for other organ-
isms, including mammalian cells: 86% pS, 12% pT, and 2% pY (OI-
sen et al. 2006). For unknown reasons, we observe considerably
more tyrosine phosphorylation than reported in other organisms,
which is unexpected, given the reduced components in the tyrosine
phosphorylation “signaling toolkit” of Dictyostelium (Lim and Paw-
son, 2010). It may, however, reflect the fact that other, much more
abundant proteins, such as the actins, are tyrosine phosphorylated
in Dictyostelium but not in Metazoa (Howard et al., 1993).
Quantified ratios of phosphorylation fold changes relative to no
DIF-1 treatment could be determined for 3005 sites on 1338 pro-
teins. A ratio value of 2, that is, a log ratio value of 1, represents a
twofold increase in phosphorylation (i.e., phosphorylation), whereas
a ratio of 0.5, that is, a logj ratio value of -1, represents a twofold
decrease in phosphorylation (i.e., dephosphorylation). Owing to
the stochastic nature of data acquisition, not all sites were observed
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FIGURE 1: Overview of phosphoproteomic profiling. (A) Experimental workflow for one replicate experiment.
Differently SILAC labeled Dictyostelium Ax2 cells were starved for 5 h before treatment with DIF-1. Cells harvested at 1,
5, 8, and 15 min were pooled with untreated cells as triplex experimental samples. (A and B) Samples were trypsin
digested and fractionated by SCX, and phosphopeptides were enriched using TiO,; then each sample was analyzed by
LC-MS/MS. Data from triplicate experiments were analyzed using MaxQuant to identify and quantify phosphorylation
site changes. (B) Summary of phosphorylation sites identified. (C) Heat-map representation of TPM-based clustering of
DIF-1-regulated class | phosphorylation sites. Clusters are separated by horizontal lines and labeled. Numbers in
parentheses indicate a four-digit binary label for each cluster based on the change in phosphorylation state:

1, phosphorylation; 0, dephosphorylation. Cluster 1 (1111) has only a single site and is not represented. Averaged
temporal profiles (n 2 2) for each phosphorylation site in the five most populated clusters are presented.

in all samples or at all time points. To assist with the interpretation
of the data, we assigned phosphorylation sites as class I, II, llI, or IV,
based on their phosphorylation fold change, the number of obser-
vations within a biological replicate, and the number of observa-
tions across biological replicates. Using increasingly stringent crite-
ria, we defined class IV sites, “DIF-1-regulated phosphorylation
sites,” as those with a twofold change in phosphorylation (a ratio of
>2 or <0.5); class Ill sites as those observed at each time point in a
single biological replicate (so a temporal curve can be plotted);
class Il sites (Supplemental Table S3) as observed in more than one
biological replicate at the same time point (average 1.5-fold
change); and class | sites (Supplemental Table S2) as observed at
each of the four time points in more than one biological replicate
(producing an averaged temporal curve). The benchmark class |
and Il phosphorylation sites are used for the majority of the follow-
ing discussion. Figure 1B presents a summary of the phosphopro-
teome data.
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DIF-1 causes a major shift toward dephosphorylation

An interesting temporal pattern emerged when class | phosphoryla-
tion sites were analyzed by cluster analysis (Saeed et al., 2011) to
detect groups of sites that change their phosphorylation with similar
temporal profiles. Clusters showing dephosphorylation contained
many more sites, indicating that DIF-1 may trigger a net dephos-
phorylation of cellular proteins (Figure 1C). A similar pattern
emerges when class |l sites are grouped into either phosphorylation
or dephosphorylation events. The balance of phosphorylation ver-
sus dephosphorylation events dramatically shifts; at 1 min, just 39%
of the class Il sites are dephosphorylations, increasing to 94% at
15 min (Figure 2A).

Motif extraction and Gene Ontology term analysis of class Il
DIF-1-regulated phosphorylation

Using Motif-X (Schwartz and Gygi, 2005) to identify protein phos-
phorylation motifs among the 88 class Il sites phosphorylated at

DIF-1 triggers phosphorylation changes | 807
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FIGURE 2: Analysis of class Il DIF-1-regulated phosphorylation sites at each time point. (A) Chart summarizing the
proportion of class Il phosphorylation events vs. dephosphorylation events. Number in bars represents absolute
numbers. (B-E) WebLogo sequence logo for motifs identified using Motif-X. Amino acids and color coded according to
their hydrophobicity; hydrophobic, black neutral green; hydrophilic, blue. (B) RxxSxxxL motif from phosphorylation sites
at 1 min; n= 15, motif score of 29, and 76-fold enrichment. (C) xXSDDEx motif from dephosphorylation sites at 8

min; n =15, motif score of 38, and 120-fold enrichment. (D) xSPRx motif from dephosphorylation sites at 8 min; n=17,
motif score of 26, and 40-fold enrichment. (E) xXSPx motif from dephosphorylation sites at 8 min; n= 17, motif score of

16, and 5-fold enrichment.

1 min, we identified leucine at P+4 and arginine at P-3 (relative to
the phosphorylated residue) as being significantly enriched (Figure
2B). This motif fits the AMP-activated protein kinase (AMPK) sub-
strate recognition site: basic residues (R, K, or H) at P-3 or P-4 and
hydrophobic ones (M, V, L, or |) at P+4 and P-5 (Hardie, 2011).

Although dephosphorylation-site motifs rarely determine de-
phosphorylation by a particular phosphatase (Ubersax and Ferrell,
2007), identification of a phosphorylation motif could reflect inhibi-
tion of a kinase rather than activation of a phosphatase. Hence we
analyzed class Il, DIF-1-induced dephosphorylation sites at 8 min,
using Motif-X. We identified eight significantly enriched consensus
motifs (Figure 2, C-E; and unpublished data). Four of these motifs—
(pS)DDE, (pS)DxD, (pS)DXE, and (pS)ExE—demonstrated that many
dephosphorylation sites (sites with net reduction in phosphorylation
levels relative to pre-DIF-1 treatment) are in very acidic regions
(Figure 2C) that fit the consensus for the acidophilic protein kinase
CK2 (casein kinase 2; Meggio and Pinna, 2003). We also identified
proline as a prominent residue at P+1 in two motifs—the unique (pS)
PR motif and the (pS)P motif (Figure 2, D and E). Most kinases dis-
favor proline at P+1, except the proline-directed kinases such as
extracellular-regulated kinase-2 (ERK2) and cyclin-dependent kinases
(Ubersax and Ferrell, 2007).

808 | C.Sugden etal.

Using the AmiGO Gene Ontology (GO) term enrichment tool
(Boyle et al., 2004), we found significant enrichment of GO terms
at 1 and 15 min among class Il phosphorylation sites. At 1 min
after DIF-1 treatment, 10 GO terms are enriched, including signal
transduction, cellular response to stimulus, and cell communication
(GO:0050896, GO:0051716, and GO:0007154), and a specific role
in GTPase regulator activity (GO:0030695; Supplemental Table S4).
Monomeric small GTPases are molecular switches that control a
wide variety of cellular processes. They switch between an active,
GTP-bound state and an inactive, GDP-bound state and are regu-
lated by activating guanine nucleotide exchange factors (GEFs) and
inactivating guanine nucleotide—-activating proteins (GAPs). There
are many genes encoding small GTPases and their GEFs and GAPs
in Dictyostelium (Vlahou and Rivero, 2006; Kortholt and van
Haastert, 2008). Members of the Ras and Rho subfamilies are impor-
tant for transduction of extracellular signals and include RasC and
RasG, which are both critical for cAMP-mediated chemotaxis
(Kortholt et al., 2013; Table 1). DIF-1-regulated phosphorylation
sites at 1 min that are on proteins described by the GO term GTPase
regulator activity (GO:0030695) are presented in Table 1. Remark-
ably, more than half of these sites (14 of 26) are Rho-family GTPase
substrates or regulators. These include two RhoGAPs—GacG, a

Molecular Biology of the Cell



Log,-fold change at 1 min

Protein Site Annotation Largest Average dictyBase ID
*GacH S355 RhoGAP domain -2.50 DDB0233788
Gacl S475 RhoGAP domain -2.36 DDB0233847
*cAR1 S325 G-protein-coupled cAMP receptor =212 -0.89 DDB0185024
GacE Sé6 RhoGAP domain -2.05 -1.95 DDB0233872
*DDB0233662 T182 ArfGAP -1.83 -1.11 DDB0233662
*DDB0233662 S180 ArfGAP -1.57 -0.60 DDB0233662
GxcD S866 RhoGEF, CH domain, villin head piece -1.50 -0.64 DDB0231995
*DDB0305772 T135 G protein signaling regulator —-1.33 -1.13 DDB0305772
GacO S357 RhoGAP domain -1.33 -0.82 DDB0233841
GefR S622 RAS GEF —-1.00 -0.90 DDB0185198
GaclL S84 RhoGAP domain 1.25 1.10 DDB0185198
GefF S109 RAS GEF 1.39 1.22 DDB0215365
*Roco5 S1656 TKL, PH, RhoGEF, LRR 1.52 0.96 DDB0232931
*DDB0233617 S773 ArfGEF, PH domain, SEC7 domain 1.56 1.18 DDB0233617
GacP 5487 RhoGAP domain 1.60 1.06 DDB0233789
GefJ S57 RAS GEF 1.62 1.19 DDB0215008
GxeX S702 RhoGEF, PH domain, FYVE-type zinc finger 1.63 1.10 DDB0233493
Roco9 S765 TKL, RhoGAP and Lrr domains 1.74 1.35 DDB0191512
DDB0233124 S401 RabGAP domain 1.79 0.94 DDB0233124
GefD S374 RhoGAP, RAS GEF domain 1.90 0.93 DDB0201637
*GxcU S652 RhoGEF, PH domain, FYVE-type zinc finger 2.21 1.23 DDB0233310
*GacG S461 RhoGAP domain 2.39 1.62 DDB0233879
DDB0233656 S24 ArfGAP, PH domain 2.97 1.91 DDB0233656
*GefN S379 RAS GEF 3.10 2.1 DDB0191325
Mgp1 S471 MEGAP1; RhoGAP and F-BAR domains 2.70 DDB0233877
WASP T136 Wiskott-Aldrich syndrome protein 2.46 DDB0229895
Rapgap3 Y6 RapGAP, PH domain 3.28 DDB0229869

Phosphorylation sites are color coded based on their largest fold change: red, dephosphorylation; blue, phosphorylation.

*Class | site.

TABLE 1: Class Il phosphorylation sites enriched for GO term GTPase regulator activity (GO:0030695) at 1 min after DIF-1 treatment.

protein kinase B substrate (Tang et al., 2011) and MGEP1, a regula-
tor of the contractile vacuole (Heath and Insall, 2008)—and the
RacC substrate WASP, which has a critical role in cell polarization
and chemoattractant-induced localization of F-actin (Veltman et al.,
2012). Six of the GO term-enriched phosphorylation sites are in Ras-
family proteins, including RasG-specific GEFs—GefR and GefD,
both involved in cAMP-induced Ras activation at the cell boundary
in chemotaxing cells (Kortholt et al., 2013)—and RapGAP3, which
regulates Rap1 and has a role in Dictyostelium morphogenesis and
cell sorting during apical tip formation (Jeon et al., 2009).

In summary, we identified a distinct pattern of regulated phos-
phorylation after DIF-1 treatment—increasing numbers of DIF-1-
regulated phosphorylation sites 8 min after treatment, with the ma-
jority of these being dephosphorylation events. Evidence from GO
term analysis clearly puts DIF-1 upstream of many cellular signaling
events and identifies a hitherto unknown role for DIF-1 in regulation
of small GTPases.

Volume 26 February 15, 2015

Calcineurin plays a role in the DIF-1-induced
phosphorylation and nuclear localization of DimB

In addition to using GO term analysis to delineate DIF-1 signaling,
we investigated selected components that had preexisting links
with prestalk differentiation. Several observations suggest that intra-
cellular Ca?* has a regulatory role in prestalk differentiation (Gross,
2009): 1) Ca?* levels are highest in prestalk cells (Cubitt et al., 1995);
2) treatment with DIF-1 causes a rise in intracellular Ca?" (Schaap
et al., 1996); 3) BHQ, an agent that liberates Ca?* from internal
stores, causes a slow rise in ecmB expression (Schaap et al., 1996);
and 4) treatment of cells with BHQ causes phosphorylation and nu-
clear localization of STATc (Araki et al., 2010).

We identify class | phosphorylation sites on several proteins that
have a direct involvement with Ca?*, and most show dephosphory-
lation in response to DIF-1 (Supplemental Figure S2). In addition, we
observe transient phosphorylation upon four phosphorylation sites
in an 18-residue stretch of CanA, the catalytic subunit of the protein

DIF-1 triggers phosphorylation changes | 809
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accumulation. Scale bar, 10 pm.

phosphatase calcineurin (Figure 3A). Calcineurin is a Ca?*- and
calmodulin (CaM)-dependent protein phosphatase that is well con-
served from yeast to mammals and is critical to many cellular pro-
cesses (Rusnak and Mertz, 2000). In its inactive form, calcineurin is a
heterodimer of CanA and its regulatory subunit CanB. Increasing
Ca?* allows CaM to bind, displacing the autoinhibitory domain and
forming an active calcineurin heterotrimer. In this way, cellular Ca?*
regulates calcineurin phosphatase activity. Ca?*-dependent binding
of CaM to Dictyostelium CanA has been demonstrated and putative
CaM-binding domains identified, but, unusually, Ca?*/CaM is not
essential for Dictyostelium calcineurin activity, which can also be ac-
tivated by long-chain fatty acids, including arachidonic acid (Kessen
et al., 1999; Catalano and O'Day, 2008).

DIF-1-regulated phosphorylation sites in CanA all show a rapid
phosphorylation at 1 min, followed by a return to basal phosphory-
lation levels by 8 min (Figure 3A). Of interest, the clustered sites are
within, and adjacent to, a proposed CaM-binding site (Figure 3B;
Catalano and O’Day, 2008), suggesting that DIF-1-induced phos-
phorylation could regulate CaM binding and activity of calcineurin.
Dictyostelium calcineurin appears to function throughout growth
and development, and studies using calcineurin inhibitors reported
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growth, cell signaling, and development defects (Horn and Gross,
1996; Catalano and O’Day, 2008). Attempts to knock out calcineurin
have been unsuccessful, but there have been successful knock-
downs of calcineurin subunits using RNA interference. Strains in
which the regulatory and catalytic subunit genes (cnbA and canA)
were silenced show aberrant development, including ectopic tip
formation, short, incomplete vacuolated stalk cells, and, of impor-
tance, reduced expression of the stalk cell marker ecmB and an im-
paired stress response (Boeckeler et al., 2006; Thewes et al., 2013).
Hence we used gossypol, the most specific calcineurin inhibitor
available (Baumgrass et al., 2001; Weissenmayer et al., 2005), to in-
vestigate the effects of calcineurin on DIF-1-induced changes.

We treated cells with gossypol and monitored the phosphoryla-
tion state of the transcription factors DimB and STATc, both phos-
phorylated in response to DIF-1, by immunoblotting (Fukuzawa
etal., 2001; Yamada et al., 2013). We were surprised to find that not
only did gossypol cause DimB phosphorylation, but also the effects
of DIF-1 and gossypol were additive (Figure 3C). Gossypol
treatment also caused weaker and sporadic phosphorylation of
STATc (unpublished data). Phosphorylation of DimB and STATc
leads to their nuclear localization, and treatment with gossypol
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caused nuclear localization of DimB (Figure 3D) and also STATc, al-
though after 15 min, and the response was lower than with DIF-1
alone (unpublished data). Gossypol has been shown to inhibit calci-
neurin at multiple sites, and this could explain the additive behavior
of DIF-1 and gossypol (Carruthers et al., 2007).

DIF-1 regulates many cAMP-responsive proteins, including
the cAMP receptor cAR1

Surprisingly, many of the DIF-1-regulated phosphorylation sites lie
in cAMP signaling pathways (Figure 4). Extracellular cAMP signals
are perceived and transferred into the cell by cAR1. Binding of ex-
tracellular cAMP to cAR1 stimulates many signaling events and
phosphorylation at multiple residues on its cytoplasmic tail (Hereld
et al., 1994). We identify 10 DIF-1-regulated phosphorylation sites
on cAR1; eight are the same residues phosphorylated in response to
cAMP binding (Figure 5A). Four of the five class | sites (5299, S303,
S304, S324, and S325) show a major and consistent dephosphoryla-
tion (Figure 5B), contrasting with the phosphorylation that occurs in
response to cAMP.

Volume 26 February 15, 2015

DIF-1 leads to a rapid dephosphorylation of PKB and its
substrates
PKB plays a key role in multiple cellular processes and in Dictyoste-
liumis central to cAMP responsiveness during chemotaxis (King and
Insall, 2009). Dictyostelium has two PKB homologues. PKBA has a
mammalian PKB-like domain structure, with kinase and regulatory
domains plus a PH domain allowing phosphatidylinositol (3,4,5)-tri-
phosphate (PIP3)-dependent membrane recruitment. The second
PKB homologue in Dictyostelium has an atypical structure, missing a
PH domain. PKBR1 is instead myristoylated, keeping it associated
with the membrane independently of PIP3 (Cai and Devreotes, 2011).
Activation of PKB is by phosphorylation in its activation loop (AL),
promoting phosphorylation by the upstream target of rapamycin
complex 2 (TORC2) kinase complex at a hydrophobic motif (HM).
Both HM and AL in PKBA (T435 and T278, respectively) and PKBR1
(T470 and T309) are phosphorylated in response to cAMP.

We identified two closely spaced phosphorylation sites on PKBR1
(T442 and S449), both of which are dephosphorylated in response to
DIF-1 (Figure 6A). Averaged temporal data for the class | site, S449,
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FIGURE 5: DIF-1-regulated phosphorylation sites on cAR1.

(A) Phosphorylation sites identified on residues 291-334 of cAR1
(clusters 1 and 2 from Hereld et al., 1994). Numbered residues
indicate class -1V sites; those highlighted in gray are class | sites.
Asterisks indicate phosphorylation sites that have not been previously
identified. (B) Temporal profile for DIF-1- induced phosphorylation
changes in class | sites on cAR1 (DDB0185024). Phosphorylation fold
changes are expressed as log; ratios relative to pretreatment; a log,
ratio of 1 is a twofold increase in phosphorylation, whereas a log;
ratio of -1 represents a twofold decrease in phosphorylation.

shows consistent dephosphorylation after DIF-1  treatment
(Figure 6B). Nine PKBA/PKBR1 substrates have been identified
(Kamimura et al., 2008; Liao et al., 2010; Tang et al., 2011), and, sig-
nificantly, we identified class | phosphorylation sites in no fewer than
four of these proteins (Figure 6, A and C): GacG, a RnoGAP; GefN, a
RasGEF; PakA, an STE20-family, P21-activated protein kinase; and
most, strikingly, SHAPS, which undergoes a 19-fold dephosphoryla-
tion (logj ratio, —4.3) after just 1 min of DIF-1 treatment (Figure 6B).

Having observed dephosphorylation of PKBR1 and several PKB
substrates in response to DIF-1, we reasoned that PKBR1 S449, al-
though not the regulatory site, might be associated with phosphory-
lation changes in the AL or HM. We used antibodies that specifically
recognize the phosphorylated AL in PKBR1 and PKBA, which are
both phosphorylated in response to cAMP (Liao et al., 2010), to
monitor phosphorylation changes. DIF-1 caused a rapid dephos-
phorylation of the AL of PKBR1 and PKBA (T309 and T278, respec-
tively; Figure 6D). Antagonism of the cAMP-induced phosphoryla-
tion state of AL in PKBR1 and PKBA by DIF-1 was also directly
analyzed using immunoblotting. Although DIF-1 had no effect on
the initial cAMP-induced phosphorylation, DIF-1 caused acceler-
ated dephosphorylation of the AL after the first burst of phosphory-
lation (Figure 6E). This is one of four experiments, all of which
showed accelerated dephosphorylation by DIF-1 after the initial,
rapid cAMP response. Presumably the lack of an effect on the initial
extremely fast cAMP response reflects the need for DIF-1 to access
its intracellular targets, but we did not investigate this further.

The phosphorylation state of the HM in Dictyostelium PKBs has
also been monitored using antibodies, but in our hands, these failed
to produce acceptable results. We were therefore unable to deter-
mine whether dephosphorylation of the AL was accompanied by
dephosphorylation of the HM. The HM residue of PKBA (T435) was
identified, however, as a class Il phosphorylation site and showed
major dephosphorylation (19-fold dephosphorylation after 1 min;
Figure 6B).
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We confirmed that there is an effect of DIF-1 on PKB substrates
by Western blotting using a phospho-PKB substrate antibody that
recognizes the sequence RXRXXpS/T and has been used to identify
potential PKB substrates in Dictyostelium (Kamimura et al., 2008;
Liao et al., 2010; Tang et al., 2011). We detect bands in cell extracts,
and several of these show dephosphorylation after DIF-1 treatment.
These phosphorylation changes parallel the changes we see in
PKBA/PKBR1 phosphorylation. We see three potential PKB sub-
strate bands on immunoblots—p75/82, p65, and p62 (Figure 6F).
PHAPS was originally identified as p78, a PKB substrate phosphory-
lated at T102 (Liao et al., 2010). Given that we identify it from the
proteomics, it is presumably the same protein as our p75/82 band.
We identified net dephosphorylation of PHAPS (DDB0307127) in
response to DIF-1 at class Il site T102 (8.0-fold maximum dephos-
phorylation at 5 min; Supplemental Table S1). Similarly, GacQ, a
RhoGAP, was identified as a PKB substrate, as p65/67 (Kamimura
et al., 2008), the p62 or pé5 immunoblot band that we identify as
being dephosphorylated in response to DIF-1 (Table 2 and Figure
6F), could be the same phosphoprotein.

We also identified other cAMP-stimulated signaling proteins up-
stream of PKB with DIF-1-regulated sites These include members of
the upstream TORC2 kinase complex, which phosphorylate PKB,
and members of the Scal complex, which regulate RasC and lie
upstream of PKB (Supplemental Figure S3). In summary, we identi-
fied multiple DIF-1-induced dephosphorylation events in the Dic-
tyostelium PKB pathway and confirmed DIF-1-induced phosphory-
lation changes in PKBA, PKBR1, and potential PKB substrates by
immunoblotting.

DIF-1 leads to a rapid dephosphorylation of ERK2

and its substrate EppA

Mitogen-activated protein kinase (MAPK) cascades are conserved
signaling pathways that transfer extracellular signals to a range of
regulatory pathways. ERK2, one of the two Dictyostelium MAPKs,
has a role in cAMP relay and chemotaxis and lies downstream of the
cAR1 receptor. ERKs are regulated by phosphorylation of a highly
conserved TEY sequence in the activation loop of the kinase. Resi-
dues T176 and Y178 are phosphorylated in response to cAMP
(Maeda et al., 1996; Kosaka and Pears, 1997). We identified T176
and Y178 in ERK2 as class lll phosphorylation sites, and both are
rapidly dephosphorylated in response to DIF-1 (Y178, maximally
ninefold dephosphorylated at 1 min; Figure 7A). We confirmed
these ERK2 phosphorylation changes using a phospho-specific anti-
body designed to recognize T202 and Y204 of human ERK2. We
used caffeine treatment to inhibit endogenous cAMP production
(Brenner and Thoms, 1984), which temporarily blocks the fluctuating
phosphorylation of ERK2. We stimulated cells with cAMP to cause
rapid phosphorylation of ERK2 and then monitored the phosphory-
lation state of T176/Y178 in response to DIF-1. The late decrease in
phosphorylation in control cells seems very likely to be due to slow
hydrolysis of cAMP. However, within just 30 s of DIF-1 addition,
ERK2 T176/Y178 was completely dephosphorylated before levels
returned to baseline within 2-3 min (Figure 7, A and B). These data
are consistent with DIF-1 causing a transient accelerated dephos-
phorylation of ERK2.

EppA is an ERK2 substrate and is phosphorylated in response to
cAMP; like ERK2, it has a role in cAMP relay and chemotaxis (Chen
and Segall, 2006). We found a more than fivefold dephosphoryla-
tion of EppA (S325) after 5 min of DIF-1 treatment (Figure 7A).
$325 was not identified as a cAMP-induced phosphorylation site,
but it is one of the four predicted ERK2 phosphorylated sites in
EppA and is a critical residue; overexpression of EppA with an
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Protein Total no. sites Class | sites Other sites

PKBR1 2 S449  T442'

PKBA 1 - T435*

GacG 7 S75 S447, S461, S478, S730, S1222, T1224
GefN 4 S379 S121, S222, S391

SHAPS 3 T395 S393, S258

PakA 2 S408, S315 -

DDB0234212 1 - S238
PHAPS 1 - T102*
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DIF-1 induced dephosphorylation of PKB homologues and their substrates. (A) Summary of DIF-1-regulated
phosphorylation sites in PKBA, PKBR1, and their substrates. (B) Temporal profile for DIF-1-induced phosphorylation
changes in class | sites on PKBA, PKBR1, and their substrate SHAPS (DDB0306661). Solid lines represent averaged data for
class | sites and dashed lines are from class il sites from a single experiment. (C) Heat-map representation of the temporal
phosphorylation changes of class | DIF-1-regulated phosphorylation sites in PKB substrates. Averaged values, n > 2.

(D) PKB AL phosphorylation in response to DIF-1. Ax2 cells starved for 5 h were treated + 100 nM DIF-1. Results are
representative of at least three independent experiments. (E) Antagonism between cAMP and DIF-1. Cells were starved as
in D and then treated with 1 uM cAMP + 100 nM DIF-1. Samples collected at the times indicated and then immunoblotted
as in D. (F) The response of PKB substrate phosphorylation to DIF-1. Samples from D were immunoblotted with anti-
phosphospecific PKB substrate antibody. Blots were stripped and reprobed with anti-actin antibody as a loading control.
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Largest fold

Protein Site Annotation change (log,)?  Site class Reference dictyBase ID
cART1 S304  G-protein-coupled cAMP receptor -3.39 I Hereld et al. (1994) DDB0185024
cART1 S303 G-protein—coupled cAMP receptor -3.39 I Hereld et al. (1994) DDB0185024
cAR1 5325 G-protein—coupled cAMP receptor -2.92 I Hereld et al. (1994) DDB0185024
cAR1 S324  G-protein-coupled cAMP receptor -1.33 I Hereld et al. (1994) DDB0185024
cART1 S299 G-protein-coupled cAMP receptor 1.26 I Hereld et al. (1994) DDB0185024
STATa Y702 Signal transducer and -1.97 | Kawata et al. (1997) DDB0215388
transcriptional activator
MhcA T1833  Myosin Il heavy chain -2.37 Vaillancourt et al. DDB0191444
(1988)
MlcR S13 Regulatory myosin light chain -2.25 I Griffith et al. (1987) DDB0185146
MyolB S332 Myosin 1B -1.59 | Tsiavaliaris et al. (2008) DDB0191351
cAR1 S302 G-protein-coupled cAMP receptor -2.69 I Hereld et al. (1994) DDB0185024
cAR1 S331 G-protein-coupled cAMP receptor -1.72 Il Hereld et al. (1994) DDB0185024
cAR1 S308  G-protein-coupled cAMP receptor 1.23 I Hereld et al. (1994) DDB0185024
PHAPS T102 PKB substrate -3.00 Ml Liao et al. (2010) DDB0307127
ERK2 Y178 Extracellular response kinase -3.18 Ml Kosaka and Pears DDB0191457
(1997)
ERK2 T176 Extracellular response kinase -2.62 Ml Kosaka and Pears DDB0191457
(1997)
PKBA T435 Protein kinase B -4.26 Ml Liao et al. (2010) DDB0191195
MhcA T1823  Myosin Il heavy chain -2.22 v Egelhoff et al. (1993) DDB0191444
MhcA T2029  Myosin Il heavy chain -1.87 v Vaillancourt et al. DDB0191444

(1998)

2Negative values indicate dephosphorylation.

TABLE 2: cAMP-regulated phosphorylation sites also shown to be DIF-1 regulated.

S325A mutation in wild-type cells causes a growth defect (Chen
and Segall, 2006).

In summary, we identified S325 on the ERK2 substrate EppA and
cAMP-regulated residues in ERK2 as being dephosphorylated in
response to DIF-1 and confirmed these effects on ERK2 using phos-
pho-specific antibodies. There is a mysterious link between ERK2
and DIF-1; erkB-null cells fail to undergo multicellularmorphogenesis
but can be rescued by the addition of DIF-1 (Kuwayama et al.,
2000; Tsujioka et al., 2004). How this result might relate to ours is
unclear.

Many other cAMP-responsive proteins contain
DIF-1-regulated phosphorylation sites
In addition to cAMP-regulated phosphorylation sites in cAR1, PKB,
and ERK2, we identified sites on other proteins known to be stimu-
lated in response to cAMP and that change their phosphorylation
state in response to DIF-1. For example, proteins implicated as
regulators of heterotrimeric G proteins, such as the phosducin-like
protein Phlp1 and regulator of G protein signaling (RGS) domain—
containing proteins (Supplemental Figure S3), which transduce the
cAMP signaling immediately downstream of cAR1, have DIF-1-reg-
ulated phosphorylation sites

EImoE is an essential component of the chemotaxis machinery
and forms a direct link between cAMP-activated cAR1 and the actin
cytoskeleton (Figure 4). It includes seven DIF-1-regulated class |
sites. EImoE is believed likely to exert its regulation by association
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with heterotrimeric G proteins and DOCK-like GEF proteins, regu-
lating actin polymerization at the leading edge of migrating cells
(Yan et al., 2012). All sites on EImoE show consistent dephosphory-
lation in response to DIF-1 (Figure 8A).

Actin and myosin both have critical roles during cell motility. Ac-
tin polymerization drives pseudopod formation at the leading edge
of chemotaxing cells, whereas actinomyosin filaments generate
contractile forces at the sides and rear (Cai and Devreotes, 2011). In
addition to cAMP signaling proteins upstream of actin components,
we identify many DIF-1-regulated phosphorylation sites in compo-
nents of the myosin machinery.

Myosins are a ubiquitous family of eukaryotic proteins whose
structure and function are highly conserved, all having the basic
properties of actin binding, ATP hydrolysis, and force transduction
and being involved in a wide range of motility processes. Dictyoste-
lium myosin Il is rapidly redistributed in response to cAMP from the
cytoplasm to the cortex during chemotaxis. This is accompanied by
phosphorylation changes in both its heavy and regulatory light
chains (MhcA and MIcR, respectively). We observe multiple DIF-1-
regulated phosphorylation sites on myosin Il heavy and light chains,
heavy chain kinases (MhkB, C, and D), and their regulator, PakA
(Figure 8B). These include MIcR (S13) and MhcA (T1833), which are
both phosphorylated in response to cAMP, we show dephosphory-
lation in response to DIF-1. The temporal phosphorylation changes
in MIcR (S13) and MhcA (T1833) are remarkably consistent
(Figure 8C) and suggest that DIF-1 has a prominent role in myosin |l
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Other proteins with multiple DIF-1-
regulated phosphorylation sites
We identified DIF-1-regulated phosphory-
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FIGURE 7: DIF-1-regulated phosphorylation sites in ERK2 and its substrate EppA. (A) Temporal
profile for DIF-1-induced phosphorylation changes in class | sites on ERK2 (DDB0191457) and
EppA (DDB0233660). Solid lines represent averaged data for class | sites and dashed lines from
class Il sites from a single experiment. (B) ERK2 T176/Y178 phosphorylation in response to
DIF-1. Ax2 cells starved for 5 h in KK2 were treated with 5 mM caffeine (10 min) and then
washed out before cells (1 x 107 cells/ml) were treated with 1 pM cAMP for 2 min before
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lation sites on many other non-cAMP-regu-
16 lated proteins with unknown roles in signal-
ing. Of the 270 proteins that contain class |
sites (Supplemental Table S2), 29 are pro-
tein kinases, four are phosphatases, and 23
are small GTPases or their regulating GEF/
GAPs. Considering just class | sites, we see
many proteins with multiple sites, including
seven sites in ElmoE, five sites in cAR1 and
MhcA, and four sites in CanA (Figures 8A, 5,
8B, and 3A, respectively), but the protein
with the most DIF-1-regulated sites is the
nontransporter, uncharacterized ABC pro-
tein AbcF4 (Anjard et al., 2002). The tempo-
ral dynamics of all nine class | sites on AbcF4
strongly cluster (Supplemental Figure S5A).
We knocked out the abcf4 gene in Ax2, but
the strain shows no gross developmental
defects or abnormal DIF-1-induced changes
(unpublished data); however, due to the
large number of ABC transporters in Dictyo-
stelium (Anjard et al., 1998), this could re-
flect a functional redundancy.

Other interesting proteins that contain
multiple class | sites include the polyketide
synthase PKS16; the uncharacterized pro-
tein DDB0232240, which contains PH,
CH, actin-binding, and Ras association do-
mains; and the protein kinase NdrB, which
shows three sites consistently phosphory-
lated rapidly after DIF-1 (Supplemental
Figure S5, B-D).

addition of 100 nM DIF-1. Samples were collected at the times indicated and then

immunoblotted using anti-phospho p44/42 MAPK antibody. Blots were stripped and reprobed
with anti-actin antibody as a loading control. Results are representative of at least three

independent experiments.

regulation. Intriguingly, the time courses of phosphorylation changes
for all class | sites on myosin heavy chains cluster and are rapidly
dephosphorylated between 5 and 8 min after DIF-1 treatment
(Supplemental Figure S4A).

In addition to phosphorylation sites on myosin Il, we observe
DIF-1-regulated phosphorylation sites in other cAMP-regulated
myosins. Myosin | heavy chains are single- headed, non-filament-
forming, actin-based motor proteins that function in membrane cy-
toskeletal interactions involved in exocytosis, endocytosis, and cell
migration (de la Roche and Cote, 2001; McConnell and Tyska,
2010). Conserved phosphorylation sites (TEDS sites) often regulate
myosin | motor activity. The TEDS site on Dictyostelium MyolB
(S332) is phosphorylated in response to cAMP (Tsiavaliaris et al.,
2008), and we identify it as a class | site, which is dephosphorylated
in response to DIF-1 (Figure 8B). DIF-1-regulated TEDS sites on
other myosin | heavy chains were also identified, as well as sites
dephosphorylated in PAKs, which often regulate myosin | via their
TEDS sites (Supplemental Figure S4B). We also identify DIF-1-
regulated phosphorylation sites in two orphan myosins, including a
class I site, S200 in MyoG (Figure 8B and Supplemental Figure S4B).
MyoG is required for cell polarization and chemotaxis to cAMP
(Breshears et al., 2010).
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DISCUSSION

A link between dephosphorylation

and kinase consensus motifs

There is a distinct shift in the balance of
phosphorylation and dephosphorylation in the time after DIF-1
treatment. Clustering analysis of class | sites shows a prominent
dephosphorylation event between 5 and 8 min after DIF-1 treat-
ment, with many apparently unrelated phosphorylation sites show-
ing net dephosphorylation. This same dephosphorylation pattern
is observed within several proteins with multiple phosphorylation
sites, such as EImoE, myosins and their regulators, and Abcf4. We
suggest that the pattern of increasing dephosphorylation and the
clustered dephosphorylation event at 5-8 min is consistent with
DIF-1 inhibiting acidophilic protein kinases such as CK2 and/or the
proline-directed ERK2 or CDK kinases, thus shifting the balance
toward dephosphorylation of many proteins. In support of this, we
identify ERK2 and the ERK2 substrate EppA as being dephosphor-
ylated in response to DIF-1.

Calcineurin has a role in DIF-1 signaling to DimB

We identified several DIF-1-regulated sites in Ca?*/CaM-regulated
proteins, including the protein phosphatase calcineurin. We showed
that DIF-1 causes phosphorylation of multiple sites close to a pre-
dicted CaM-binding site on CanA. DIF-1 triggers the phosphoryla-
tion and nuclear localization of DimB, and the calcineurin inhibitor
gossypol mimics the effect of DIF-1 on DimB. This leads us to

DIF-1 triggers phosphorylation changes | 815
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FIGURE 8: DIF-1-regulated phosphorylation sites in other cAMP-stimulated proteins. (A) Temporal profile for DIF-1-
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cAMP-regulated phosphorylation site; dagger indicates TEDS site of phosphorylation on myosin I. (C) Temporal profile
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propose a model in which DIF-1 treatment leads to phosphorylation
of CanA at a Ca?*/CaM-binding site. Calcineurin is activated by
Ca?*/CaM binding to CanA at the site, and we propose that phos-
phorylation adjacent to the site could disrupt Ca?*/CaM binding
and activation of calcineurin. This would cause inactivation of calci-
neurin's phosphatase activity, leading to DimB phosphorylation and
its movement to the nucleus. Regulation of calcineurin by phosphor-
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ylation adjacent to CaM-binding sites has been reported in other
species (Kume et al., 2011; Juvvadi et al., 2013).

Al four phosphorylation sites on CanA fit the AMPK consensus
motif, suggesting that AMPK could be responsible for the early
DIF-1-induced phosphorylation changes of CanA. AMPK is an es-
sential sensor and regulator of cellular energy status, and work on
the Dictyostelium homologue demonstrates that AMPK signaling

Molecular Biology of the Cell



has an important role in mitochondrial disease (Francione et al.,
2011). We also identified AMPK consensus sites in many other pro-
teins 1 min after DIF-1 treatment, which could be consistent with
AMPK acting as a transponder of the early DIF-1 response.

DIF-1 has an extensive role in cellular signaling

Previous evidence showed that in tight aggregate cells, DIF-1 signals
to key prestalk-specific transcription factors (Fukuzawa et al., 2003;
Thompson et al., 2004; Huang et al., 2006; Zhukovskaya et al., 2006;
Keller and Thompson, 2008), but the data presented here, at least
for earlier cells, revealed that DIF-1 has a much more pervasive role
in cellular signaling. For example, 10% of the Dictyostelium kinome
is DIF-1 regulated. In addition to potential control of cellular signal-
ing via protein kinase regulation, we identified a previously unknown
role for DIF-1 in the regulation of small GTPases. Our data provide
compelling evidence of DIF-1's role in the regulation of many
GTPases via changes in their phosphorylation state and that of their
GEFs and GAPs. Although there is no previous evidence for phos-
phorylation regulating GEF or GAP function in Dictyostelium, regula-
tion by phosphorylation of mammalian small GTPases is well estab-
lished; for example, the RhoGEF Vav1 has been linked to regulation
in several human diseases and cancers (reviewed by Bustelo, 2000).

DIF-1/cAMP antagonism

cAMP has critical roles during early development, and we showed
that many of the cognate cAMP-regulated proteins contain DIF-1-
regulated phosphorylation sites. These include cAR1, ERK2, PKB,
PKB substrates, heterotrimeric G protein regulators, ElmoE, and
myosins and their regulators. Specific cAMP-induced phosphoryla-
tion sites have been identified, and many of these same sites are
DIF-1 regulated, but unlike cAMP, which predominantly causes
phosphorylation, we find dephosphorylation in response to DIF-1
(Table 2). Significantly, given that SILAC is a relatively new technol-
ogy, we were able to use phospho-specific antibody against PKBA
and PKBR1 to confirm the effect of DIF.

An antagonistic role of cAMP and DIF-1 has long been suspected;
DIF-1 is a prestalk inducer, whereas cAMP is a stalk repressor (Berks
and Kay, 1990). DIF-1 has also been shown to disrupt cAMP signaling
during early development (Wurster and Kay, 1990). Another indicator
that DIF-1 and cAMP may be antagonistic comes from recent work
showing phosphorylation of a GATA transcription factor, GtaC, that,
in response to cAMP, shuttles out of the nucleus and functions as a
developmental timer (Cai et al.,, 2014). GtaC has been shown to
shuttle into the nucleus in response to DIF-1 (Keller and Thompson,
2008), and we identified S349 as a class lll phosphorylation site on
GtaC (Supplemental Table S1), which is dephosphorylated in re-
sponse to DIF-1 (6.2-fold maximum dephosphorylation at 8 min) and
shows strong similarity to the dynamics of DIF-1-induced GtaC nu-
clear translocation (Keller and Thompson, 2008).

One mechanistic explanation for the broad array of cAMP targets
containing DIF-1-regulated phosphorylation sites is that DIF-1 is
moderating cAMP signaling via effects on cART1 itself. Indeed, there
is evidence that DIF-1 directly affects cAR1; DIF-1 causes inhibition
of cAMP binding to its receptor by decreasing the affinity of cAR1
for cAMP (Wang et al., 1986). Binding of ligand to G-protein—-cou-
pled receptors typically causes conformational change, activation of
associated heterotrimeric G proteins, and then initiation of down-
stream signaling. The accompanying phosphorylation of the recep-
tor triggers an adaptive response via receptor sequestration and loss
of ligand binding. Binding of extracellular cAMP to cAR1 activates
many signaling events and phosphorylation at multiple residues on
its cytoplasmic tail (Hereld et al., 1994), but phosphorylation of cAR1
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was believed to be nonessential (Kim et al., 1997). The fact that the
kinetics of cAMP-induced phosphorylation changes in cAR1 are dif-
ferent from TORC2 phosphorylation kinetics and those of other
downstream targets (Brzostowski et al., 2013) also argues against
cAR1 phosphorylation having a universal role in signaling pathways
downstream of cAR1. However, there is a functional consequence to
the tail phosphorylation for selected cAR1-regulated events, such as
its membrane localization, which may have a role in progress through
development (Serge et al., 2011), the coregulation of chemotaxis,
actin reorganization, and signal relay (Brzostowski et al., 2013). Alter-
natively, since the majority of cAMP signaling occurs via heterotri-
meric G proteins, DIF-1 could be having its effect on cAMP signaling
via G protein regulation, perhaps via the DIF-1-regulated phosphor-
ylation sites we identified on two RGS domain—containing proteins
and/or the phosducin-like protein Phlp1.

DIF-1's role in shape change and cytoskeletal dynamics

Many of the proteins we identify that contain DIF-1-regulated de-
phosphorylation sites have roles in the cAMP-regulated cytoskeletal
restructuring that drives chemotaxis. Consistent with this, previous
work showed that DIF-1 has a negative effect on chemotaxis, prob-
ably acting through its effects on intracellular GMP (Kuwayama and
Kubohara, 2009). There was also a report linking DIF-1 signaling and
the cell shape changes that accompany endogenous cAMP pulsing
(Wurster and Kay, 1990). More recently, we showed that DIF-1 in-
duces a highly transient polymerization of F-actin at the cortex and
accompanying cell rounding. We also used drugs that affect actin
polymerization to show that, in some way, this leads to STATc activa-
tion (Araki and Williams, 2012). Many of the DIF-1-regulated pro-
teins identified here seem likely to be involved in cAMP-stimulated/
DIF-1-down-regulated actinomyosin changes, including the PKB
substrate SHAPS, which is rapidly dephosphorylated in response to
DIF-1. SHAPS contains a BAR domain, which in other contexts is in-
volved in membrane shaping or sensing (Qualmann et al., 2011).
MEGAP1 is a RhoGAP that is also rapidly dephosphorylated in re-
sponse to DIF-1, has an F-BAR domain, and belongs to family of
proteins linking membrane curvature and cytoskeletal reorganization
(Heath and Insall, 2008). In addition, we identified large numbers of
DIF-1-regulated phosphorylation sites in Rho GTPases, and these
are considered master regulators of the actin cytoskeleton (Etienne-
Manneville and Hall, 2002). We are therefore led to consider a link
between cell shape change, actin recycling, and activation of STATc.

MATERIALS AND METHODS

Cell culture and SILAC labeling

D. discoideum Ax2 cells (Gerisch isolate) were grown axenically as
described previously (Sugden et al., 2010). Ax2 cells before SILAC
labeling were grown in SIH medium (without arginine and lysine;
Formedium #SIH1001 [Huntstaton, UK]) supplemented with Arg
and Lys at 3 and 4.5 mM, respectively, for at least three generations
before switching cells into three batches in SIH medium supple-
mented with labeled Arg and Lys at 3 and 4.5 mM, respectively, for
at least eight generations. The labeled amino acids used were as
follows: light, ROKO natural abundance t-Arg and L-Lys); medium,
R6K4 (U-3C4 1-Arg,4,4,5,5-°Hy -Lys); and heavy, R10K8 (U-'3C,,
15Ny 1-Arg, U-13Cq, >Ny L-Lys). All labeled amino acids were from
Cambridge Isotope Laboratories (Cambridge, UK). Light-, me-
dium-, and heavy-labeled cells were harvested while growing at
(1-4) x 10° cells/ml, washed in KK2 (20 mM K;HPO4/KH,POy, pH
6.2), resuspended, and shaken (200 rpm) at 1 x 107 cells/ml for 5 h
in preparation for DIF-1 stimulation. Dictyostelium cells were suc-
cessfully SILAC labeled, and efficient incorporation of label into the
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proteome and no significant arginine-to-proline transition were
demonstrated under identical growth conditions (Sobczyk et al.,
2014).

Cell stimulation, lysis, and digestion

Light labeled cells were harvested before stimulation. Medium- and
heavy-labeled cells were treated with 100 nM DIF-1 (Enzo Life
Sciences) with shaking at 200 rpm. Each experiment contained two
triplex samples, A and B, each sample a mixture of three differently
labeled cells (light, medium, and heavy) stimulated with DIF-1 for
different times. Sample A, light 0 min, medium 1 min, and heavy
8 min. Sample B, light 0 min, medium 5 min, and heavy 15 min. The
experiment was repeated in biological triplicate. For each sample,
1.5 x 108 cells were pooled, 5 x 107 from each label/DIF-1 treat-
ment condition, and precipitated by the addition of and equal vol-
ume of 20% trichloroacetic acid for 20 min on ice with occasional
mixing by inversion. The precipitated pellet was collected by cen-
trifugation (10,000 x g for 15 min at 4°C), washed twice in ice-cold
acetone (10,000 x g for 5 min at 4°C), and then air-dried. The dried
pellet was resuspended in 2 ml of 8 M urea in 100 mM Tris-HClI
(pH 8 at 22°C) with occasional sonication, and then the resus-
pended cellular proteins were reduced by the addition of 5 mM
dithiothreitol for 25 min at 56°C, followed by alkylation with 14 mM
iodoacetamide for 30 min at 22°C and protected from light and
then quenched by the further addition of 5 mM dithiothreitol (22°C
for 15 min, protected from light). The total protein at this stage,
typically 10 mg, was diluted in 100 mM Tris-Cl (pH 8 at 22°C) to
obtain a concentration of 1.6 M urea, and 80 pg of sequencing-
grade trypsin (Promega, Essex, UK) was added and the solution in-
cubated at 37°C for 18 h.

Phosphopeptide enrichment

Tryptic peptides were acidified with trifluoroacetic acid to 0.4%
(vol/vol) and then desalted using 500 mg of tC18 Sep-Pak cartridges
(500 mg; Waters, Dartford, UK) and lyophilized. Strong cation ex-
change (SCX) was performed on an Akta Purifier chromatography
system using a 1-ml Resource S column (1 ml; GE Healthcare,
Amersham, UK) with a flow rate of 1 ml/min and detection at
280 nm. Peptides were resuspended in buffer A (7 mM KH,POy,
pH 2.7, 30% [vol/vol] acetonitrile) and separated by a salt gradient
consisting of 4 min of buffer A and a 4-min gradient to buffer A plus
350 mM KCl, followed by 3 min at buffer A plus 350 mM KCI. Frac-
tions were collected throughout the run and combined into six or
seven fractions. Combined fractions were lyophilized, desalted us-
ing 5-mg tC18 Sep-Pak cartridges) enriched for phosphopeptides
using TiO; according to Wilson-Grady et al. (2008), and lyophilized
again before analysis.

LC-MS/MS analysis

LC-MS/MS was performed by the FingerPrints Proteomics facility at
the University of Dundee. TiO,-enriched SCX fractions were ana-
lyzed by LC-MS/MS with multistage acquisition in technical dupli-
cate on an Orbitrap Velos (Thermo Scientific) connected with an
Ultimate3000 (Dionex) HPLC. The samples were first separated with
a nano C18 column (Acclaim PepMap100, 15 cm x 75 pm, 3 pm). A
linear gradient (buffer B: 2% acetonitrile, 0.1% formic acid; buffer C:
90% acetonitrile, 0.08% formic acid) from 5% buffer C to 40% buffer
C over 65 min was used to separate the peptides, with a flow rate of
0.3 pl/min. The MS data were acquired in data-dependent mode: a
full MS scan (mass range, 335-1800; resolution 60,000), followed by
top-10 MS/MS scan in which the most intense 10 ions were selected
for MS/MS by linear ion trap. The detection of a neutral loss of
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-97.9, -48.9, -32.6, and 24.5 triggers an additional MS? scan
(Ulintz et al., 2009). The precursor ion isolation window was 2 Da,
and the dynamic exclusion time was 45 s.

Data processing

The combined data from a total of 76 LC-MS/MS runs were ana-
lyzed using MaxQuant (version 1.3.0.5), which incorporates the An-
dromeda search engine (Cox and Mann, 2008). Proteins were
identified by searching the protein sequence database from D. dis-
coideum (version 02/04/2013 from dictyBase, http://dictyBase.org/;
Eichinger et al., 2005) supplemented with frequently observed con-
taminates and reverse sequences. Search parameters specified an
MS tolerance of 20 ppm, an MS/MS tolerance of 0.5 Da, and full
trypsin specificity, allowing for up to two missed cleavages. Carb-
amidomethylation of cysteine was set as a fixed modification, with
oxidation of methionine, N-terminal protein acetylation, and phos-
phorylation of serine, threonine, and tyrosine allowed as variable
modifications. Peptides were required to be at least seven amino
acids in length and a MaxQuant score of >5, with false discovery
rates or mapped to a given protein group and required a minimum
of two SILAC pairs. To account for any errors in the counting or han-
dling of cells mixed, the distribution of SILAC ratios was normalized
within MaxQuant at the peptide level so the median of log; ratios is
zero (Cox and Mann, 2008). For examples of phosphorylation site
location from tandem MS data, see Supplemental Figure S1.

Further analysis

Of the 3667 identified phosphorylation sites, 1234 were annotated
with GO information. Using these as background data, we looked
for GO term enrichment using the AmiGO GO Term Enrichment
tool (Boyle et al., 2004). Cluster analysis of class | phosphorylation
sites with similar temporal profiles were performed using a tempo-
ral pattern mining (TPM) algorithm (Saeed et al., 2011). Motif-X
(Schwartz and Gygi, 2005) was used to identify protein phosphory-
lation motifs, using the Dictyostelium primary protein sequence
(dictyBase release 17/09/12) as background. The mass spectrome-
try proteomics data were deposited at the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via the
PRIDE partner repository with the data set identifier PXD001555.

Reagents and immunochemical analysis

All standard lab chemicals were from Sigma-Aldrich (Munich,
Germany) unless stated otherwise. Gossypol was from Santa Cruz
Biotechnology. Immunostaining of DimB was performed as
described previously (Yamada et al., 2011). Western analysis was
performed as described by Sugden et al. (2010) using antibodies
anti—-pS590 DimB and anti-total DimB (Yamada et al., 2013). From
Cell Signaling Technology (Cambridge, UK) were anti-phospho PKC
(pan) antibody (190D10), to detect the phosphorylation of the acti-
vation loops of PKBA and PKBR1; anti—phosphospecific PKB sub-
strate antibody (110B7E), which recognizes RXRXXS/TXX; and anti—
phospho p44/42 MAPK (Erk1/2) antibody (D13.14.4E), to detect the
threonine and tyrosine phosphorylation of the ERK2 activation loop.
Anti-actin antibody (sc-1615; Santa Cruz Biotechnology) was used
as loading control.
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DIF-1 triggers complex phosphorylation changes

SUPPLEMENTAL FIGURE LEGENDS

SUPPLEMENTAL TABLE S1. Identified phosphorylation sites. Output table from
MaxQuant listing the 3,667 phosphorylation sites identified.

SUPPLEMENTAL TABLE S2. Class | DIF-1 regulated phosphorylation sites. DIF-1
regulated phosphorylation sites observed at each of the four time points (1, 5, 8 and 15
min) in more than one biological replicate.

SUPPLEMENTAL TABLE S3. Class Il DIF-1 regulated phosphorylation-sites. DIF-1
regulated phosphorylation sites observed in more than one biological replicate (3o
replicate filter cut off) at the same time point with an average 1.5-fold change.

SUPPLEMENTAL TABLE S4. GO term analysis of class Il DIF-1 regulated
phosphorylation-sites. GO term enrichment (p < 0.05) of class

SUPPLEMENTAL FIGURE S1. Examples of the assignments of phosphorylation site
location from tandem mass spectra data. (A) EppA (DDB0233660) pS325. (B) PKBA
(DDB0191195) pT435. (C) cAR1 (DDB0185024) pS324 and pS325. (D) ERK2
(DDB0191457) pY178.

SUPPLEMENTAL FIGURE S2. DIF-1 Regulated phosphorylation sites in Ca*/CaM
related proteins. (A) Summary of Ca?*/CaM related proteins with class | DIF-1 regulated
phosphorylation sites. (B) Temporal profile for DIF-1 induced phosphorylation changes
to class | phosphorylation sites in Ca**/CaM related proteins.

SUPPLEMENTAL FIGURE S3. DIF-1 Regulated phosphorylation sites in proteins
upstream of PKB. (A) Summary of DIF-1 regulated phosphorylation sites in the TorC2
complex, which phosphorylates PKB; the ScalC complex, which regulates RasC/RasG;
and potential regulators of heterotrimeric G protein regulation. (B) Temporal profile for
DIF-1 induced phosphorylation changes for proteins in the ScalC complex. Solid lines
represent averaged data for class | sites and dashed lines from class Il sites from a
single experiment. (C) Temporal profile for DIF-1 induced phosphorylation changes for
class | sites in potential regulators of heterotrimeric G proteins. See Fig. 5 for graphical
summary of the signalling pathways between cAR1 and PKB.

SUPPLEMENTAL FIGURE S4. DIF-1 regulated phosphorylation sites in myosin and its
regulators. (A) Temporal profile for DIF-1 induced phosphorylation changes in class |
sites on myosin heavy chains. (B) Summary of all DIF-1 regulated phosphorylation sites
on myosin and its regulators.

SUPPLEMENTAL FIGURE S5. Temporal profile for DIF-1 induced phosphorylation
changes in proteins with multiple class | sites. (A) Nine class | sites on AbcF4
(DDB0232240). (B) Five class | sites on uncharacterized protein DDB0232240. (C)
Three class | sites on protein kinase NdrB (DDB0219947). (D) Five class | sites on the
polyketide synthase PKS16 (DDB0230068).



Supplemental Table S4

GO Term enrichment at 1 min

GO Term Biological Process

GO0:0050896 response to stimulus
GO0:0044700 single organism signalling
G0:0007165 signal tranduction

G0:0023052 signaling

GO0:0051716 cellular response to signalling
GO0:0007154 cell communication
GO0:0050789 regulation and biological process

GO Term Molecular function

GO0:0030234 enzyme regulator activity

GO0:0060589 nucleoside-trisphosphate regulator activity
GO0:0030695 GTPase regulator activity

GO Term enrichment at 15 min

GO Term Biological Process
GO:0044424 intracellular part
G0:0005623 cell
GO0:0044464 cell part

P-value

8.62E-06
1.90E-03
1.90E-03
1.90E-03
3.45E-03
4.73E-03
9.85E-03

1.96E-03
3.45E-03
3.45E-03

P-value

2.49E-02
4.37E-02
4.37E-02

Sample
frequency
n=105

48.6%
32.4%
32.4%
32.4%
35.2%
32.4%
44.8%

25.7%
23.8%
23.8%

Sample
frequency
n=105

55.2%
60.7%
60.7%

Background
frequency
n=1234

24.1%
15.1%
15.1%
15.1%
17.6%
15.6%
26.1%

10.5%
9.5%
9.5%

Background
frequency
n=1234

41.8%
47.6%
47.6%



Supplemental Figure S1
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Supplemental Figure S2

A
Ca*
Protein Annotation Class | sites CaM dictyBase ID
binding?
CalA Calmodulin T82 EF DDB0214955
CnxA Calnexin S516, S513 - DDB0215348
PatA Ca2'-ATPase S990 - DDB0214945
GxcBB  RhoGEF, PH, CH, IQ domains S810 1Q DDB0233182
GxcT RhoGEF, PH, IQ , C2H2 zinc finger domains S1137 1Q DDB0233444
VwkA Von Willebrand factor Kinase A S331 CaMBD DDB0216405
CanA Calcineurin A, PP2B catalytic subunit S534, S543, S550, S552 CaMBD DDB0185021

IQ: calcium independent calmodulin binding motif, CaMBD: calcium dependent CaM binding domain, EF: EF hand Ca2+ binding

B
20+ A
101 £
Time (min)
2 004
©
N
[@)]
L 1.01% :
w CaaTs2 N\ N ::§
@s» CnxA S516 -
207 e CnxAS513
a» \/wkA $331 »
es» PatA S990
3.0L == GxcBBS810

e» GxcT S1137



Supplemental Figure S3

A
Protein Annotation No. Gless | Other sites
Class I-IV sites sites
TORC2 Tor protein kinase TORC 5 - $§2282'1S254, S249, S245, S242
complex RipA Ras Interacting Protein 1 - S301
PHR RAS and PH domain protein 2 - 543", S46
S355", S946", $920, S403
Sca1 Scail Scal/DG1105 9 S$263, S359 ? 0 0 J
Complex S261, S259, S225
GefH RAS GEF 1 - s2
PsrA PP2A regulatory 1 S564 -
GpaB G-protein alpha 2 1 - S113
GpgA g i _
B sty pPg G proteer g.amma ' 1 S4
regulation Phip1 Phosducin-like protein 1 S$141 -
DDB0305772 G protein regulator, RGS 1 T135 o
DDB0305658 RGS domain protein 2 S808, S538 -

RGS: Regulator of G protein signalling, " Class Il sites, " Class Il sites

B
1.0¢ 7N

\

/! _Time (min)
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1?'"'! —————— ’-‘ g—l
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]
/: - °
P

e=» PsrA S564
as» PsrA S564
e=» Scal S359

- GefH S2 n=1
== Scal S946 n=1
=~ Scal S355 n=1
=0- PHR S43 n=1

C
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Time (min)

16

1.5+
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Supplemental Figure S4

A
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.
00¢ =— . — o = } i
2 4 \ \6 14 16
fe
T -05 \
N .
()]
o .
~ -1.0 + === MyoG S200 .
«=» MyoB S332 ~
=» MhcA T1833 :
-1.5 1 == MhcA T1837
«> MhcA S1636
=» MhcA T1835
-2.0
B
No.
Protein Annotation Class I-IV Class | Phosphorylation-sites Other sites dictyBase ID
sites
MyoB myosin| HC 2 S$332*t T333 DDB0191351
MyoG myosin (orphan) HC 4 $200 $197, S1505, S1769 DDB0232322
MyoC myosin| HC 1 - T341% DDB0215355
MyoE myosin| HC 1 - S334t1 DDB0216200
Myol myosin (orphan) HC 4 - T1824, T1829, T1845, T1879  DDB0185049
MhcA  myosin Il HC 7 T1833* T1835, T1837, S1636, S1637 T2029*, T1823* DDB0191444
MIcR  myosin (Il) LC 2 $13*, S14 = DDB0185146
MhKB myosin Il HCK 4 S395 T339, S246 DDB0191333
MhKC myosin Il HCK 2 S$356, S330 i DDB0216199
MhkD myosin Il HCK 3 S224 S225, S234 DDB0220109
PakA regulator of mhKs 2 S408, S315 - DDB0191313
CalA  potential myosin LC 2 T82 T84 DDB0214955
PakC potential myosin | HCK 3 S177 T364, S175 DDB0267078
PakH potential myosin | HCK 1 S7 - DDB0229408
PakB myosin D HCK 1 o T729 DDB0191345
PakE potential myosin | HCK 1 = S622 DDB0229414
GbpC regulator of mIcR & mhcA 1 - T2312 DDB0191359

*previously identified as phosphorylation site in response to cAMP, T TEDS site phosphorylation on myosin |
HC-Heavy Chain, HCK-HC Kinase, LC-Light Chain



Supplemental Figure S5
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