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Introduction: Biological oscillations are universally found in nature and
are critical at many levels of cellular organization. In the social amoeba
Dictyostelium discoideum, starvation-triggered cell-cell aggregation
and the early stages of developmental morphogenesis are orchestrated
by periodic extracellular cAMP (3',5'-cyclic adenosine monophosphate)
waves, which provide both chemotactic cues and developmental signals.
Repeated occupancy of G protein–coupled cAMP receptors promotes
optimal gene expression, whereas continuous stimulation suppresses the
program. Although this activity was recognized nearly 40 years ago, the
underlying mechanism for the stimulus-response pattern has not been
elucidated.

receptor-mediated phosphorylation by the glycogen synthase kinase GskA.
When the exit of GtaC from the nucleus is inhibited by adding an exogenous
NLS or by mutating the residues involved in phosphorylation, cAMP stimulation, either pulsatile or continuous, induces precocious gene expression
and cell differentiation. The two apparently opposing effects of cAMP—
it acts as a positive regulator of developmental gene expression but drives
GtaC out of the nucleus—suggest that GtaC may be brieﬂy activated during
each stimulation cycle before it leaves the nucleus, while its return resensitizes the system. Consistently, we observe that each cAMP cycle generates a transient burst of GtaC-dependent transcription of the contact site A
gene (csaA), a well-characterized developmental marker. We further demonstrate that this regulatory mechanism enables cells to modulate gene
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Nucleocytoplasmic Shuttling of a
GATA Transcription Factor Functions
as a Development Timer
Huaqing Cai,1 Mariko Katoh-Kurasawa,2 Tetsuya Muramoto,3 Balaji Santhanam,4 Yu Long,1
Lei Li,5 Masahiro Ueda,3,6 Pablo A. Iglesias,1,7 Gad Shaulsky,2,4 Peter N. Devreotes1*
Biological oscillations are observed at many levels of cellular organization. In the social
amoeba Dictyostelium discoideum, starvation-triggered multicellular development is organized
by periodic cyclic adenosine 3′,5′-monophosphate (cAMP) waves, which provide both
chemoattractant gradients and developmental signals. We report that GtaC, a GATA transcription
factor, exhibits rapid nucleocytoplasmic shuttling in response to cAMP waves. This behavior
requires coordinated action of a nuclear localization signal and reversible G protein (heterotrimeric
guanine nucleotide–binding protein)–coupled receptor–mediated phosphorylation. Although both
are required for developmental gene expression, receptor occupancy promotes nuclear exit of GtaC,
which leads to a transient burst of transcription at each cAMP cycle. We demonstrate that this
biological circuit filters out high-frequency signals and counts those admitted, thereby enabling
cells to modulate gene expression according to the dynamic pattern of the external stimuli.
hythmic phenomena play a critical role in
many cellular processes, such as the cell
cycle, the circadian clock, the activity of
neuronal and cardiac cells, the glycolytic system,
and the segmentation of somites. In many cases,
the spatiotemporal pattern is as important as the
cellular activity itself. For example, the frequency
of delivery rather than the total amount governs
the physiological efficacy of certain hormones,
oscillatory rather than persistent expression of
regulatory genes is required for the maintenance
of neural progenitor cells, and spaced rather than
massed training trials are more reliable at inducing long-term facilitation (1–3).
A fascinating example of biological oscillations occurs in the social amoeba Dictyostelium
discoideum. In this organism, starvation-triggered
chemotactic aggregation and multicellular development are mediated by periodic extracellular
cAMP (cyclic adenosine 3′,5′-monophosphate) signals (4, 5). Through the coordinated action of a G
protein (heterotrimeric guanine nucleotide–binding
protein)–coupled cAMP receptor, an adenylyl cyclase, and phosphodiesterases, self-organized cAMP
signals are initiated within aggregation centers and
relayed by surrounding cells, resulting in outwardly
propagating waves that guide the collective migra-
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tion of up to 100,000 cells during the early stages
of the developmental program. In addition to their
role as chemoattractant, the periodic cAMP signals trigger profound changes in the transcriptome
(6, 7). It has been known since the 1970s that
optimal development is promoted by repeated
stimuli at the “correct” frequency and suppressed
by continuous stimulation (8, 9), yet the underlying mechanism for this pattern of response has
been elusive. We report here that developmental
progression requires a conserved transcription
factor, GtaC, which undergoes oscillatory nucleocytoplasmic shuttling. The unique mode of regulation of GtaC by extracellular cAMP can explain
why correctly timed repeated stimuli are required
for proper gene expression and development.
Results
cAMP Waves Drive Oscillatory Nucleocytoplasmic
Shuttling of GtaC
In a forward genetic screen using restriction
endonuclease–mediated integration (10), we isolated a mutant that failed to aggregate when plated
clonally on bacteria lawns (fig. S1A). The insertion occurred in the second exon of the gtaC gene,
which encodes a GATA family zinc finger transcription factor (fig. S1B), and gtaC − cells, generated via homologous recombination, recapitulated
the phenotype of the original mutant (fig. S1, A
and B). When plated on non-nutrient agar, which
synchronizes the initiation of development, the
aggregation of gtaC − cells was delayed and impaired compared to that of wild-type cells (fig.
S1C). The application of extracellular pulses of
cAMP, which effectively restores development in
several aggregationless mutants identified previously (11, 12), failed to rescue development in gtaC −
cells (fig. S1D). The defect was rescued by the expression of green fluorescent protein (GFP)–tagged
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GtaC, but not GFP-GtaCC-S, in which the four
conserved cysteines in the zinc finger domain were
mutated to serines (fig. S1, A and C).
An intriguing observation was made when
we examined the localization of GFP-GtaC. It
underwent oscillatory nucleocytoplasmic shuttling
during early development (Fig. 1A and movie S1).
This behavior was most apparent 2.5 to 4.5 hours
after starvation, a stage when propagating cAMP
waves occur (13). On the contrary, little GFPGtaC was found in the nucleus of growing cells
or cells aggregated into moundlike structures later
during development (movie S2). The period of
shuttling, 6.8 T 0.6 min, was similar to that reported for spontaneous cAMP oscillations (Fig.
1C). Further, whereas shuttling appeared synchronized among the cells within a narrow microscopic
field (Fig. 1, A and B; fig. S2, A and B; and movie
S1), at lower magnification, it became clear that
the nuclear localization of GFP-GtaC propagated
across the field as a wave with a speed (~100 mm/
min) similar to that of cAMP waves (fig. S3 and
movie S3) (13, 14). The fact that the rising phase
of an approaching cAMP wave causes a transient
increase in cell polarity and rate of motility (14, 15)
allowed us to align the localization of GtaC with
cAMP changes. We observed that the cells became slightly elongated and the speed of movement increased three- to fourfold when GFP-GtaC
localized to the cytoplasm, and they were rounder
and less motile when GFP-GtaC was in the nucleus (Fig. 1, A and C; fig. S2, A and B; and movie
S1). This implies that GtaC shifts to the cytoplasm
during the rising phase of the cAMP wave and
reenters the nucleus during the falling phase.
To directly assay the effect of cAMP, we monitored the behavior of GFP-GtaC in isolated cells
during application and removal of stimuli. When
exposed to persistent and uniform cAMP stimulation, after a brief lag GtaC shifted from the nucleus to the cytoplasm with a half-life of ~65 s
(Fig. 1D and movie S4) and remained in the cytoplasm for as long as the stimulus was present
(more than 30 min). When the stimulus was removed, GtaC reaccumulated in the nucleus with
a half-life of ~95 s (Fig. 1D and movie S5). The
nucleus-to-cytoplasm translocation depended on
cAMP receptor occupancy because it did not occur in cells lacking the receptors cAR1 and cAR3
(Fig. 1D and movie S6). In addition, robust shuttling could also be observed in cell suspensions
when pulses of cAMP were applied at 6-min intervals (fig. S2C). Under this condition, each cAMP
addition triggered an amplified response, resulting
in elevated cAMP levels for about 1 to 2 min, which
then declined to basal levels right before the next
pulse (16). Consequently, in each stimulation cycle, the percentage of cells with nuclear GtaC
decreased first, reached a minimum at 3 min, and
then returned to the initial level at the end (fig.
S2C). Together, these results indicate that nucleocytoplasmic shuttling of GtaC is driven by periodic occupancy of the surface receptor from
self-organized cAMP oscillations.
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228) may facilitate cAMP-induced relocalization
by neutralizing the action of the endogenous NLS.
We noticed that the nuclear-to-cytoplasmic
translocation of GtaC coincided with a shift in its
electrophoretic mobility, which required cAMP receptor occupancy (Fig. 2C and fig. S5A). The
slower migrating species could be recognized by
antibodies to phospho-serine and phospho-threonine,
and the shift was reversed by treatment with
l-phosphatase, indicating that it was caused
by cAMP-induced phosphorylation (Fig. 2D). Furthermore, periodic changes in the phosphorylation
status of GtaC were detected in response to oscillatory cAMP stimulation: GtaC became phosphorylated and then dephosphorylated when levels
of cAMP increased and decreased sequentially
during each cycle (Fig. 2E). These observations
indicate that localization of GtaC is closely linked

taining a putative nuclear localization signal (NLS)
was deleted (GtaCDNLS) or mutated (GtaCKR-A),
GtaC could no longer localize to the nucleus or
rescue the aggregation defect of gtaC− cells (Fig. 2,
A and B, and fig. S4, A and B). Removing most
of the C terminus following the zinc finger domain (GtaCD543-587) or the N-terminal 180 residues did not significantly impair the localization
or function of GtaC (Fig. 2, A and B, and fig. S4,
A and B). However, truncations from the N terminus (GtaCD1–228, GtaCD1–280, and GtaCD1–345)
led to a complete loss of regulation and constitutive nuclear localization that still depended on
the NLS activity (Fig. 2, A and B, and fig. S4B).
Because the N-terminal region itself did not have
apparent nuclear export activity or consensus sequence (fig. S4C), we speculate that the N terminus of GtaC (involving especially residues 180 to

Number of cells

GtaC Shuttling Depends on Its Nuclear
Localization Signal and Cyclic Phosphorylation
We constructed a series of mutants to examine
the involvement of different regions of GtaC in
its dynamic behavior. Because many oscillatory
transcription factors reported previously are involved in negative feedback loops where their
level or activity is down-regulated by target gene
products (17–20), we first tested whether shuttling requires the zinc finger DNA binding domain. GFP-GtaCC-S showed no dominant effect
when expressed in the wild-type background (fig.
S4A), and the kinetics and extent of its nucleocytoplasmic relocalization during persistent or repetitive stimulation were indistinguishable from
that of the intact protein (Fig. 1D, fig. S2C, and
movie S7), indicating that the zinc finger domain
is dispensable. In contrast, when a nearby region con-
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Fig. 1. cAMP oscillations drive the nucleocytoplasmic shuttling of GtaC
during early development. (A) Time-lapse microscopic images (from movie
S1) showing oscillatory nuclear enrichment of GFP-GtaC in a monolayer of cells.
Time, minutes:seconds. (B) Histogram of the distribution of nucleus/cytoplasm
fluorescence intensity ratio (N/C) at the indicated time points. (C) Plot of fluorescence intensity of GFP-GtaC (intensity peaks indicated by dashed lines) and
speed of cell movement over a 30-min period. (D) Image sequence showing
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nuclear-to-cytoplasmic translocation of GFP-GtaC upon uniform cAMP stimulation (first panel, n = 42). The translocation was reversed when a stimulus
applied for about 10 min was removed (second panel, n = 34), was blocked in
cells lacking the cAMP receptors (third panel, n = 45), but was not affected by
the zinc finger domain mutations (fourth panel, n = 40). Quantification of the
changes in nuclear fluorescence intensity is shown on the right. Data are
means + SD. AU, arbitrary units; WT, wild type. Scale bar, 10 mm.
SCIENCE

www.sciencemag.org

RESEARCH ARTICLE

A 1

GFP

cAMP – +
587
GtaC
N C
GtaC∆NLS
C C
∗
GtaCKR-A
C C
GtaC∆543-587aa
N C
GtaC∆1-180aa
N NC
GtaC∆1-228aa
N N
GtaC∆1-280aa
N N
GtaC∆1-345aa
N N
GtaC∆1-280aa∆NLS C C
GtaC∆1-345aa∆NLS NCNC
NLS (468-496aa) ZF (500-525aa)

α-GFP

GFP-GtaC/gtaC–

−
−
IP: α-GFP

1.0
0.8
0.6
0.4
0.2
40

80 120 160
Time (s)
Sites
T376,

S379, S380

WT/GFP–

G

GtaC3A+C-S

GtaC

α-GFP

+ + cAMP
− + λ-phosphatase

0 2

4 0 2 4 (min)
WT/GFP–
GtaCC-S GtaC3A+C-S

H

IB: α-GFP

GtaC

α-GFP

IB: α-SP
6

IB: α-TP

I

.

..

cAMP
α-GFP
α-ErkP

1 2 3 4 5 6

0

Identified peptide

2 4 (min)

E GFP-GtaC/gtaC–

Full length
∆543-587aa
∆1-180aa
∆1-228aa
∆1-280aa
∆1-345aa
∆NLS

ALYYGNESSVENSPFTTPLSSPR

GFP-GtaC/car1–car3–
0 0.5 1

1.2

0

F

cAMP (10 mM DTT)

D

B

1. 2. 3. 4. 5. 6. 1.. 2..(min)

2. 4. 6. 6 2. 4. 6. 6 2. 4. 6. (min)
100

Cells with nuclear
signal (%)

C

had little effect on GtaC phosphorylation (fig. S5D).
In contrast, in cells lacking GskA, the homolog of
GSK3, the stimulus-induced mobility shift was
greatly reduced relative to that observed in the
wild-type cells (fig. S5E). Furthermore, by adding
purified Flag-GskA in vitro, the full extent of shift
could be restored (fig. S5F). Together, these results
suggest that the cAMP-induced phosphorylations
likely induce conformational changes that coordinate with the N terminus of the protein to counteract
the activity of the NLS and promote cytoplasmic
localization. Because translocation was not abolished by GtaC3A mutation or disruption of GskA
(Fig. 2I and fig. S5G), it may also involve the yet
unidentified phosphorylation(s) that produces the
residual mobility shift or other regulations.

taining alanine substitutions at these positions
as well as mutations in the zinc finger domain
(GtaC3A+C-S) in the wild-type background. With
persistent or repetitive cAMP stimulation, the mutant protein still displayed decreased electrophoretic mobility, but the apparent molecular weight
shift was significantly smaller than that displayed
by the wild-type protein (Fig. 2, G and H). Furthermore, cAMP-driven nucleocytoplasmic shuttling
was impaired (Fig. 2I), confirming the role of the
S/T cluster in regulating GtaC localization.
The three mapped phospho-residues are predicted to be recognition sites of two classes of
kinases: glycogen synthase kinase 3 (GSK3) and
mitogen-activated protein kinase (MAPK). Deleting
the two Dictyostelium MAPKs, ErkA and ErkB,

Nuclear intensity (AU)

to its phosphorylation states. Purified phosphorylated and dephosphorylated GtaC displayed different
patterns of degradation during limited trypsin digestion, implying a potential conformational change
upon phosphorylation (fig. S5B).
To investigate the functional significance of
phosphorylation, we sought to map the relevant
sites. Two consensus protein kinase A (PKA; effector of intracellular cAMP) recognition sites
(S472 and T473) were found within the NLS. Alanine substitutions of the two sites, however, did
not affect phospho-cycling (fig. S5C). Phosphoproteomic analyses revealed a cluster of three
serine/threonine residues (T376, S379, and S380)
that were phosphorylated in a cAMP-dependent
manner (Fig. 2F). We expressed a construct con-
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Fig. 2. Regulation of GtaC shuttling. (A) (Left) Schematics of GFP-GtaC and
the mutant forms used for localization study. ZF, zinc finger DNA binding domain. Right panel summarizes the localization of WT and mutant proteins before
and 5 min after uniform cAMP stimulation (C, predominantly cytoplasmic; N,
predominantly nuclear; NC, in both compartments). (B) Quantification of the
changes in nuclear fluorescence intensity after uniform cAMP stimulation. Data
are means + SD (n ≥ 40). (C) Western blot analysis of samples collected after
persistent cAMP stimulation [cAMP degradation blocked by dithiothreitol (DTT)].
(D) The cAMP-stimulated mobility shift was reversed by treatment with
l-phosphatase. The slower migrating species was recognized by antiwww.sciencemag.org
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bodies to phospho-serine and phospho-threonine. (E) Pulses of cAMP applied
at 6-min intervals (indicated by the arrows) induced periodic changes in the
apparent molecular weight of GFP-GtaC and the phosphorylation status of the
ErkB kinase (dots by arrows and numbers indicate the pulsing cycle numbers).
(F) Phosphoproteomic analysis identified three cAMP-dependent phosphorylation sites (underlined). (G and H) GFP-GtaC3A+C-S displayed reduced mobility
shift in response to persistent (G) or pulsatile (H) cAMP stimulation. (I)
Shuttling of GFP-GtaCC-S and GFP-GtaC3A+C-S in response to pulsatile stimuli.
Graph quantitates the percentage of cells with discernible nuclear signal of
GtaC. Data are means + SD (n ≥ 150). **P < 0.01; ***P < 0.001.
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GtaC Shuttling Regulates Development and
Gene Expression
To examine the effects of disrupted shuttling, we
added an exogenous NLS, which kept GtaC predominantly in the nucleus (fig. S6A and movie
S8). The NLSex-GFP-GtaC–expressing cells entered development prematurely. When assayed for
migration in a defined gradient of cAMP, 2- to
3-hour (post-starvation) NLSex-GFP-GtaC cells
displayed motility and directionality parameters
comparable to 4- to 5-hour GFP-GtaC cells (Fig. 3A
and movies S9 to S11). Consistently, on nonnutrient agar, NLSex-GFP-GtaC cells assembled
into moundlike structures 2 to 3 hours earlier than
wild-type or GFP-GtaC cells (Fig. 3B and fig.
S6B). However, the size of these structures, which
reflects the number of cells synchronized to aggregate, was greatly reduced and development often
arrested at the mound stage (Fig. 3B and fig. S6B).

Rapid and aberrant development was also observed
with cells expressing the mutant forms of GtaC
(GtaC3A, GtaCD1–228, GtaCD1–280, and GtaCD1–345)
that were defective in cAMP-induced translocation
(fig. S6C). Moreover, a similar phenotype was reported for gskA− (21), consistent with its demonstrated role in regulating GtaC phosphorylation
and translocation (fig. S5, E to G).
To uncover gene expression changes associated with differential development, we performed
RNA sequencing (RNA-Seq) analyses with wildtype, gtaC−, GFP-GtaC/gtaC−, and NLSex-GFPGtaC/gtaC− strains (Fig. 3C and fig. S7A). We
calculated the maximal correlation between the
transcriptional profile of each individual strain and
that of the wild type at each development time
point using genes whose transcripts exhibited
changes in at least one strain (22). The initial profiles of all four strains were similar (0 hour in Fig.

A 0

B

1h

3C). The profile of gtaC− was similar to that of the
wild type up to 1 hour of development but arrested
thereafter (Fig. 3C), consistent with GtaC being
essential for developmental progression (fig. S1).
GFP-GtaC/gtaC− resembled the wild type throughout the time course, suggesting that GFP-GtaC
behaved like the endogenous protein and complemented the gtaC− mutant (Fig. 3C). In contrast, NLSex-GFP-GtaC markedly accelerated the
profile at early time points although it was expressed about two- to threefold lower than GFPGtaC at the protein level (Fig. 3C). The overall
gene expression trends correspond well to the morphological phenotypes of the respective strains
(Fig. 3B and fig. S1C).
We then examined developmentally induced
transcripts in more detail. Compared to gtaC−,
1008 transcripts exhibited significantly higher abundance at 5 hours in both wild-type and GFP-GtaC/
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Fig. 3. GtaC shuttling is important for proper gene expression and development progression. (A) Cells developed on non-nutrient agar for 2.5
or 4.5 hours were exposed to cAMP gradients generated by a micropipette.
(Top) Snapshots taken at the indicated time points. (Bottom) Quantification of
chemotaxis index and motility speed (n ≥ 175). Scale bar, 50 mm. (B) Cells
expressing NLSex-GFP-GtaC developed precociously on non-nutrient agar. Scale
bar, 2 mm. (C) Maximal similarity plot between the four test transcriptomes
(WT, gtaC −, GFP-GtaC/gtaC −, and NLSex-GFP-GtaC/gtaC −) at each development
time point (x axis) and the WT reference transcriptome (y axis) generated from
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10,280 genes whose transcripts exhibited change in at least one strain. The
dashed gray line represents a hypothetical comparison between perfectly
matching developmental profiles. (D) The heat maps generated from RNA-Seq
analyses represent the patterns of change in standardized mRNA abundance of
1008 selected transcripts (rows) over four time points (columns) in the indicated strains. These transcripts were significantly more abundant in WT and
GFP-GtaC/gtaC − cells at 5 hours than in gtaC − cells. They were grouped by
hierarchical clustering analysis on the NLSex-GFP-GtaC/gtaC − data over four
time points. Colors represent relative mRNA abundances (see scale).
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gtaC − cells, and most of these transcripts (796)
were precociously expressed in NLSex-GFP-GtaC/
gtaC − cells (Fig. 3D). This trend was also found
at the 1- and 2-hour time points (fig. S7B). A
subset of GtaC-dependent genes (18% in the 1- and
2-hour list and 8% in the 5-hour list) was significantly underexpressed in NLSex-GFP-GtaC/gtaC−
compared to GFP-GtaC/gtaC− cells. Gene Ontology (GO) analyses revealed an enrichment of GO
terms associated with GtaC-dependent genes,
including “cAMP biosynthetic process” and “cellcell recognition,” two essential processes during
early development (fig. S7, C to E). Together, these
experiments demonstrate that GtaC shuttling is
required for proper control of developmental gene
expression and development progression.

sp-cAMPS (a nondegradable analog of cAMP)
suppressed these events (Fig. 4A and fig. S8, A and
B). The suppression by sp-cAMPS could be bypassed by expressing NLSex-GFP-GtaC (Fig. 4A
and fig. S8, A and B). Thus, in wild-type cells, pulses
of cAMP are more effective as signals in promoting development than continuous stimuli because
the former allow repeated nuclear entry of GtaC,
whereas the latter keep GtaC in the cytosol.
To test whether nuclear localization of GtaC
alone is sufficient to drive development, we used
cells lacking the major adenylyl cyclase (AcaA)
that is necessary for cAMP production. In acaA−
cells, which do not have spontaneous oscillations,
development and the expression of csaA and cAR1
required repeated cAMP stimuli (Fig. 4B and fig.
S8C). NLSex-GFP-GtaC by itself was not able to
circumvent this requirement—gene expression and
developmental changes did not occur in these cells
unless external cAMP stimuli were applied (Fig.
4B and fig. S8C). These experiments indicate that
nuclear GtaC is necessary but not sufficient to
fully relay cAMP signals and that gene expression needs an additional input from cAMP.
Thus, cAMP signaling appears to play two distinct roles in early development—it acts as a positive
regulator of cell differentiation and gene expression
but also drives GtaC out of the nucleus and thereby
negatively regulates these events. The two seemingly opposing effects encoded in cAMP signaling

Nuclear GtaC Is Necessary But Not Sufficient
for Development
The persistent nuclear localization rendered by
NLSex enabled further investigation of the requirement of GtaC and cAMP during development. When wild-type or GFP-GtaC/wild-type cells
were repeatedly stimulated at 6-min intervals or
allowed to oscillate spontaneously, they became
polarized and turned on the expression of two
GtaC-dependent genes, csaA and cAR1, which
have been used extensively as markers for development (Fig. 4A and figs. S7, D and E, and S8, A
and B). In contrast, continuous stimulation by
A

cAMP pulse
0

2

4

6

8

sp-cAMPS

No pulse
0

2

4

6

8

0

2

4

6

8 (h)

CsaA

WT
cAR1
CsaA

GFP-GtaC/
WT

cAR1
CsaA

NLSex-GFP
-GtaC/WT

cAR1

B

cAMP pulse
0

2

4

6

8

No pulse
0

2

4

6

sp-cAMPS
8

0

2

CsaA

4

6

8 (h)

acaA–

cAR1
CsaA

GFP-GtaC/
acaA–

cAR1
CsaA

NLSex-GFP –
-GtaC/acaA

cAR1

Fig. 4. The dual effects of cAMP during development. Cells were developed under different conditions, and samples were collected at the indicated time points and processed for Western blot analysis.
(A) In WT and GFP-GtaC/WT cells, CsaA and cAR1 were induced by repeated cAMP stimuli (cAMP pulse),
which reinforce natural oscillations (no pulse), but were suppressed by continuous stimulation (sp-cAMPS).
Expressing NLSex-GFP-GtaC bypassed the inhibitory effect of sp-cAMPS. (B) In acaA− and GFP-GtaC/acaA−
cells, the expression of CsaA and cAR1 required cAMP pulses (cAMP pulse). With NLSex-GFP-GtaC, either
pulsatile (cAMP pulse) or continuous stimulation (sp-cAMPS) was effective in promoting gene expression,
but NLSex-GFP-GtaC alone (no pulse) was not sufficient.
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may allow cells to respond specifically to oscillatory
stimuli, which provide a repeated activation signal
and repeated nuclear accumulation of GtaC. We
carried out experiments to further explore how the
dual effects of cAMP allow cells to interpret dynamic signals.
Cells Process Oscillatory cAMP Signaling to
Regulate Development
The fact that gene expression responds to repeated stimuli and that GtaC shuttles in and out
of the nucleus suggests that transcription may
occur in distinct “units.” To test this possibility,
we used the MS2 technique (fig. S9A) (23, 24),
which detects nascent messenger RNA (mRNA)
at the site of transcription as a fluorescent spot, to
directly visualize transcriptional dynamics of the
GtaC-dependent target gene, csaA. Remarkably,
csaA transcription spots displayed an oscillatory
pattern like the cAMP oscillations and GtaC
shuttling at the population level (Fig. 5A). They
emerged with a period (5.6 T 0.8 min) similar
to that of the nucleocytoplasmic transit of GtaC
(5.5 T 0.1 min) under these conditions (Fig. 5).
The peaks of mRNA production lagged behind
those of GtaC nuclear accumulation by about 3
to 3.5 min (Fig. 5). A delay is expected with
this approach because of transcriptional initiation, elongation, and accumulation of transcripts
that are necessary for observing the transcription
“spot” (24). In contrast, cyclic transcription was
not observed for csaA in the absence of GtaC
shuttling or for the housekeeping gene act5 even
in the presence of robust GtaC shuttling (fig. S9,
B to D). Therefore, via GtaC shuttling, the dynamics of external signals are transmitted internally and propagated to gene activation.
Next, we examined the impact of varying
cAMP signaling inputs on the state and localization of GtaC. GtaC shuttling and its phosphocycling appeared to be synchronized to the rhythm
of naturally occurring cAMP oscillations (Figs.
2E and 6A). When lower-frequency input was applied, GtaC responded once to each pulse (Fig. 6A).
Conversely, with higher-frequency input, GtaC did
not have sufficient time to be dephosphorylated
and reenter the nucleus between pulses (Fig. 6A).
This observation indicates that GtaC shuttling enables cells to track low-frequency, but filter out
high-frequency, signals.
The ability to read and convert periodic cAMP
signals into repeated gene activation predicts that
the accumulation of GtaC-dependent gene products
should increase with the number of consecutive
cAMP pulses encountered by the cell rather than
with developmental age. This was in fact the case
for the expression of both csaA and cAR1 (Fig.
6B and fig. S10A). Moreover, pulses at 6-min
intervals, which mimicked the natural oscillation,
led to higher levels of both gene products compared to less-frequent pulses (pulses at 12- and
20-min intervals), even when the cAMP concentration in each pulse was adjusted such that an
equivalent total amount of stimuli was applied
under different conditions (Fig. 6, C and D, and
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Materials and Methods
Cell Growth and Differentiation
Wild-type and gene deletion cell lines were cultured axenically in HL5 supplemented with antibiotics (32). Cells carrying expression constructs
were maintained in HL5 containing G418 (10 to
20 mg/ml) or hygromycin (50 mg/ml). Developmental assays were performed as described previously with exponentially growing cells (32).
Briefly, for development on bacterial lawn, cells
were diluted in HL5 without antibiotics and plated
with a suspension of Klebsiella aerogenes on SM
plate. For development on non-nutrient agar, cells
were washed with developmental buffer (DB) and
plated on solidified DB agar at a density of 5.2 ×
105 cells/cm2. For most experiments, development
in suspension was carried out by pulsing cells
resuspended in DB at 2 × 107 cells/ml with 50 to
100 nM cAMP every 6 min starting from 1 hour.
For the experiments presented in Fig. 6 (A to D)

6:30

7:30

8:30

9:00

10:00

10:30

11:30

12:30

2

9:30

4000

N/C ratio

3

3000

2

2000
1
0

1000
0

5

10

15

20

25

0

Spot intensity (AU)

Discussion
The results presented here reveal a unique mechanism by which oscillatory external signals are
used to guide gene expression (Fig. 6H). Surface
receptors including GPCRs have been shown to
regulate transcriptional response. However, differing from most known examples, in the system we
describe here, receptor occupancy leads to the nuclear exit, instead of entry, of the transcription factor.
We show that this design can allow cAMP-driven,
GtaC-mediated gene expression to occur in a distinct unit in response to each cycle of the repeated
stimuli. Consequently, cells are able to count the
number of effective stimuli they experience and
respond with an appropriate level of gene expression.
Our findings provide several insights critical
to the understanding of Dictyostelium biology.
First, because cAMP waves organize cell aggregation, having gene expression dependent on the
number rather than on the absolute concentration

general mechanism for gene expression regulation.
It will be interesting to find out whether mechanisms similar to the one we describe here operate
in other circumstances where gene expression needs
to be synchronized spatiotemporally among cell
population or linked to repeated experience.

of cAMP stimuli coordinates differentiation among
a large population of cells over an expanded territory. Second, in early development, cAMP oscillations
have a period similar to that of GtaC phosphocycles. This alignment may be evolutionarily selected because a phospho-cycle deviating from
the natural frequency of cAMP oscillations compromises gene expression. Alternatively, the two
systems may share regulatory components that
keep them synchronized. Third, it is known that
the frequency of cAMP oscillations progressively
increases as development enters the mound stage
(25), which corresponds nicely to a fall in the number of cells with nuclear enrichment of GtaC
(movie S2). Thus, the “low-pass filter” property of
the system to admit only low-frequency stimuli may
allow the gene expression program to properly transition into the next developmental stage. Future
studies are needed to reveal in finer detail the molecular mechanism underlying the dynamic regulation of GtaC and to understand how GtaC shuttling
influences the expression of individual genes.
Oscillations at varying temporal and spatial
scales are being increasingly observed in biological
systems. These rhythmic phenomena regulate many
important aspects of cell physiology. Adding to previous reports on oscillatory actions in other systems (18, 19, 26–31), pulsing may represent a
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fig. S10, B and C). In contrast, stimuli that were
too frequent to permit GtaC shuttling (Fig. 6A)
were filtered out, as predicted, and resulted in little
gene expression (Fig. 6C and fig. S10B). These
experiments imply the existence of a “counting”
mechanism involving GtaC shuttling that ensures
gene expression to be properly tuned to the dynamics of cAMP input.
The dual effects of cAMP—it is required for
gene expression but drives the key transcription
factor, GtaC, out of the nucleus—suggest possible
models for the counting mechanism. For example,
the activation signal from cAMP could act in concert
with GtaC before its exit from the nucleus (Fig. 6E).
In this scenario, for a brief time during the rising
phase of stimulation, gene expression would be activated and repeated stimuli would lead to reoccurring gene activations. This design resembles the
positive edge trigger logic circuit that is frequently
used as counter (Fig. 6E). Other similar models
may also work. For example, the positive effect of
cAMP could set in after GtaC leaves the nucleus
and persist for a brief time after GtaC returns to the
nucleus. To test the feasibility of using the positive
edge trigger circuit to model GtaC-mediated gene
expression responses, we carried out computer
simulations. We modeled GtaC to be in one of
three states: cytosolic (C), nuclear inactive (N), and
nuclear active (N*). For simplicity, we assumed
that the positive effect of cAMP acted directly on
GtaC. Thus, the activation of GtaC (N→N*) and
the inhibition of its nuclear localization (⊥C→N)
were both regulated by G protein–coupled receptor
(GPCR)–mediated processes. The increment of gene
products during each stimulation cycle and general
turnover rates were incorporated to account for
the total level of expression under a given stimulus
routine (detailed description is included in the
supplementary materials). The simulations successfully recapitulated experimental observations. Transcriptional activation and the accumulation of gene
product displayed the same frequency selectivity,
with optimal expression occurring with correctly
timed stimuli (Fig. 6, F and G).
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Fig. 5. GtaC shuttling promotes cyclic transcription. (A) Two populations of cells were mixed together to
observe GtaC localization and transcription dynamics simultaneously. (Top) Image sequence (maximum
intensity projections of three-dimensional stacks) showing GtaC translocation and csaA transcription in 5-hour
(poststarvation) cells at the indicated time points. Cell 1, WT cell, in which an array of MS2 loops was integrated
at the 5′ end of the csaA gene, stably expressing MS2-GFP and mRFP-H2B; cell 2, WT cell expressing GFP-GtaC.
Transcription was visualized as a green spot (arrows) in the red nucleus. (Bottom) Quantification of the nucleus/
cytoplasm fluorescence intensity ratio (N/C) of GFP-GtaC (n = 10) and the intensity of the csaA transcription spot
(n = 12). Data are means T SEM. (B) Autocorrelation (acf) and cross-correlation (ccf) plots.
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and fig. S10 (A to C), crac− or GFP-GtaC/crac− cells
were pulsed with different concentrations of cAMP
or at different intervals starting from 2 hours. For
development in the presence of sp-cAMPS, 1 mM
was included in DB or DB agar.
Gene Disruption
The gtaC− cell line was generated from the Ax2
background. The disruption construct consists of
a blasticidin S resistance (BSR) cassette from

A

2 min

6 min

Plasmid Construction
To generate constructs in which GtaC was tagged
with GFP or Flag at the N terminus, full-length
GtaC was amplified by PCR from genomic DNA
using P1 and P2 primers, the two introns were
subsequently deleted, and the resulting fragment
was cloned into the Bgl II and Spe I sites in
pDM317 or pDM320 (34). For deletion studies,
N- and C-terminal fragments of GtaC were amplified by PCR and cloned into the Bgl II and Spe I

pLPBLP (33) flanked by two genomic DNA fragments amplified by polymerase chain reaction
(PCR) using primers KOF1-KOR1 and KOF2KOR2, respectively (see table S2 for primer sequences). Through homologous recombination,
the region of GtaC between +541 and +1323, in
which +1 is the first and +2007 is the last nucleotide of the open reading frame, was replaced
by the BSR cassette. Knockouts were screened
by PCR and confirmed by Southern blotting.
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Fig. 6. GtaC shuttling constitutes a cellular mechanism that processes
oscillatory cAMP signaling. (A) GFP-GtaC/crac− cells were developed with cAMP
pulses applied at different intervals. Samples were collected every 2 min. (B) Expression of CsaA protein in crac− cells in response to different numbers of cAMP
pulses applied at 6-min intervals. Arrows indicate the time points when pulses were
discontinued. (C) Expression of CsaA in crac− cells in response to stimulations
applied at different intervals. (D) Similar experiment as in (C) except that the cAMP
concentration in each pulse was adjusted to generate an equivalent total amount of
stimuli under different conditions. (E) (Top) A proposed model for cAMP-driven
GtaC-mediated gene activation. In each cycle of stimulation (green line), the positive
effect of cAMP on gene activation precedes the exit of GtaC from the nucleus (blue
line), thereby creating a window of time (DT, gray shade) when both factors are
present to promote gene expression (orange line). Persistent stimulation (dark green
dashed line) drives GtaC out of the nucleus (dark blue dashed line), whereas lack of
stimulation (light green dashed line) fails to generate an activation signal, and in
both cases, gene expression is not activated (red and yellow dashed lines). This
design resembles the “positive edge trigger” logical circuit. The biological circuit
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consists of an AND gate with cAMP and nuclear GtaC as two inputs to activate
transcription and a delayed NOT gate, by which cAMP controls the nuclear-tocytoplasmic translocation of GtaC. The circuit becomes active when cAMP level goes
from low to high. (F) Simulation showing the effects of the number of cAMP pulses.
Ten, 20, or 40 pulses were applied, 6 min apart starting at 2 hours. (Left) Fractions of
GtaC in the nucleus and active for 10 (top) and 40 (bottom) pulses. (Right) Protein
expression as a function of time. The amount of protein is normalized to the total
amount produced by a single pulse. (G) Simulation showing the effects of the
pulsing period. Pulses spaced 2, 6, 12, and 20 min apart were applied starting at
2 hours. (Left) cAMP and fractions of GtaC in the nucleus and active. The peak
concentration of cAMP is ~4 mM. (Right) Protein expression as a function of time.
Note that with 2-min periods, the new pulse was applied before the GtaC reentered
the nucleus; hence, the subsequent pulses did not lead to further activity.
(H) Schematic of chemotactic development regulation. Repeated stimuli coupled
with nucleocytoplasmic shuttling of GtaC generate units of transcription. Integration of sequential transcriptional activities allows cells to reckon the experience of stimulation and tune the level of gene expression.
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sites in pDM448 and pDM317, respectively (34).
To generate GFP-GtaCC-S, the cysteine residues at
positions 500, 503, 522, and 525 were mutated to
serines. To generate GFP-GtaCDNLS, the region containing residues 468 to 496 was deleted. To generate GFP-GtaCKR-A, lysines at positions 469, 470,
494, and 496 and arginines at positions 468 and
471 were mutated to alanines. To generate GtaC
construct carrying mutations in the consensus PKA
recognition sites, S472 and T473 were mutated to
alanines. To generate GFP-GtaC3A, T376, S379, and
S380 were mutated to alanines. To generate NLSexGFP-GtaC, DNA fragment amplified by PCR using
primers P2 and P3 was cloned into the Bgl II and
Spe I sites in pDM304 (34). To generate FlagGskA, full-length GskA was amplified by PCR
from genomic DNA using P4 and P5 primers and
cloned into the Bgl II and Spe I sites in pDM320.
cAMP Stimulation and Immunoblotting
For the experiments presented in Fig. 2 (C and G)
and fig. S5 (A, D, and E), cells developed in suspension for 2 hours were washed with cold DB,
resuspended in DB to a density of 2 × 107 cells/ml,
and kept on ice before stimulation. Cells were stimulated at room temperature with the addition of
cAMP with a final concentration of 1 mM (Fig. 2, C
and G, and fig. S5, D and E) or ranging from 0.3 to
300 nM (fig. S5A), lysed with 3× sample buffer,
and boiled for 5 min. For the experiments presented
in Fig. 2 (E and H) and fig. S5C, cells developed in
suspension for 2.5 to 3 hours were collected right
before or at different time points after the addition of
one pulse of cAMP, lysed with 3× sample buffer, and
boiled for 5 min. Combining with mutations in the
zinc finger domain allowed us to examine the phosphorylation status of GtaC3A and GtaCS472AS473A
in the wild-type background without compromising development or cell responsiveness to cAMP.
To best observe the mobility shift of GtaC, proteins
were separated on a 7.5% tris-HCl polyacrylamide
gel (Criterion; Bio-Rad) and run at a constant voltage of 150 V for 110 min. To check the expression
of CsaA and cAR1, cells were collected during development, pelleted, resuspended in DB to a final
concentration of 5 × 107 cells/ml, and lysed with 3×
sample buffer without boiling. Proteins were separated on a 4 to 15% tris-HCl polyacrylamide gel.
Western blotting was carried out as described
previously (35). Equal protein loading was verified
by staining the membrane with Coomassie Brilliant Blue after immunoblotting. We obtained antibody to GFP (catalog no. 11814460001) from Roche,
antibody to phospho-serine (catalog no. 05-1000)
from Millipore, and antibody to phospho-threonine
(catalog no. 9381) from Cell Signaling Technology. Antibody to phospho-p44/42 MAPK (catalog no. 4370) from Cell Signaling Technology was
used to detect phosphorylation of the ErkB kinase.
Antibody to CsaA (33-294-17-s) was from the Developmental Studies Hybridoma Bank.
Micropipette Assay
gtaC− cells expressing GFP-GtaC or NLSex-GFPGtaC were developed on the surface of non-nutrient
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agar. Differentiated cells were diluted in DB, plated
on coverslip chambers (Lab-Tek, Nalge-Nunc), allowed to adhere for ~10 to 15 min, covered with
DB, and then exposed to a micropipette filled with
10 mM cAMP. Chemotaxis was recorded by timelapse video using an inverted microscope (Zeiss
Observer.Z1) with a 10×/0.3 objective. Images were
acquired at 30-s intervals using the AxioVision software. Motility speed and chemotaxis index were
measured as described previously (36).
Image Acquisition
For the experiments presented in Fig. 1A and fig.
S2A, GFP-GtaC/gtaC− cells were plated on a chambered coverslip at a density of 3.5 × 105 cells/cm2
and submerged in DB. After 3 to 3.5 hours, timelapse video was obtained using a Yokogawa CSU10
spinning disc confocal microscope equipped with
a 40×/0.3 oil objective. Images were acquired at
30-s intervals using the SlideBook software. For
the experiments presented in fig. S3, cells were
washed with DB and plated on the surface of a thin
layer of DB agar in a one-well coverslip chamber
at a density of 4.5 × 105 cells/cm2. Time-lapse
video was taken at 4 hours using a Zeiss Observer.
Z1 inverted microscope equipped with a 10×/0.3
air objective. Images were acquired at 1-min
intervals with GFP illumination.
For the experiments presented in Figs. 1D and 2
(A and B) and figs. S4B, S5G, and S6A, cells developed in suspension for 2 hours were collected,
washed, and diluted in DB. Cells (360 ml) at a density of 1.4 × 105 cells/ml were plated in an eight-well
coverslip chamber. Cells were allowed to adhere for
10 to 15 min. Forty microliters of 1 mM cAMP was
added for stimulation. For the “remove cAMP” experiment presented in Fig. 1D, cells were first
stimulated as described above, and the stimulus
was applied for at least 5 min for the nuclear-tocytoplasmic translocation to complete. Imaging
started when the stimulus was replaced with DB.
GtaC relocalization was captured by time-lapse video
using an UltraView spinning disc confocal microscope (DM 16000; PerkinElmer) equipped with a
40×/1.25–0.75 oil objective. Images were acquired
at 20-s intervals using the SlideBook software.
For the experiments presented in Fig. 2I and
fig. S2C, cells were developed in suspension for
2.5 hours. Cells were collected right before or at
different time points after the addition of one pulse
of cAMP (100 nM) and fixed immediately in
phosphate-buffered saline (PBS) containing 3.7%
formaldehyde. Fixed cells were washed once with
PBS and plated on a chambered coverslip. Images
were acquired using the SlideBook software on a
Yokogawa CSU10 spinning disc confocal microscope equipped with a 40×/0.3 oil objective.
For the experiments presented in fig. S8 (B
and C), cells were developed under different
conditions and plated in an eight-well coverslip
chamber. Images were acquired with phase illumination on a Zeiss Observer.Z1 inverted microscope
equipped with a 20×/0.3 air objective.
To visualize transcription of csaA and act5,
MS2 knock-in cells were cotransformed with plas-
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mids encoding MS2-GFP that binds to nascent
mRNA at the transcription site and mRFP-H2B
that labels the nucleus (24). To image transcription and GtaC simultaneously, MS2-GFP + mRFPH2B/wild-type and GFP-GtaC/wild-type cells were
washed with KK2 buffer (20 mM potassium
phosphate, pH 6.2), and equal numbers of cells
were mixed and plated on 2% of KK2 agar at a
density of 3.5 × 105 cells/cm2. After 7 min for
cells to settle, the buffer was removed and the cells
were incubated in a humidified chamber. Agar
was inverted onto an imaging dish before imaging and covered with mineral oil to prevent desiccation. Cells were captured using an A1R resonant
scanning confocal microscope (Nikon) equipped
with a 60×/1.49 oil objective and a controllable
XY stage with a piezo attachment for rapid threedimensional capture at multiple xy positions. Threedimensional stacks (35 slices; 350-nm z step)
were captured every 30 s for 25 min.
Image Analysis
ImageJ [National Institutes of Health (NIH)] was
used for most analyses. To quantitate fluorescence
intensity at single-cell level as presented in Figs.
1 (B and D) and 2B and figs. S2B, S5G, and
S6A, the background-corrected mean pixel intensity of the nuclear and/or the cytoplasmic region was
measured. To generate the histogram presented in
Fig. 1B, the nucleus/cytosol ratios from 20 cells
were binned to ranges of 0.5 intervals, and the frequency of each ratio range was plotted. For graphs
presented in Fig. 2I and fig. S2C, the percentage of
cells with greater nucleus/cytosol intensity ratio was
determined. For quantification of length/width ratio
as presented in fig. S8 (B and C), the distance from
the leading edge, as defined by the front of protrusions, to the trailing tail was taken as cell length,
and the width of the leading edge, as cell width.
To quantitate the period of nuclear intensity
oscillations as presented in Fig. 1C, the response of
the cell population as a whole was captured by measuring the average fluorescence intensity over the
entire image using a similar method described
previously (25). Briefly, the original images from
movie S1 were processed with the smooth function
in ImageJ. The smoothed images were then subtracted from the original images. The average intensity of all pixels of the resultant images was
calculated and plotted against time. Higher intensities correspond to images in which most cells
showed nuclear enrichment of GFP-GtaC. Peaks
of the intensity plot were interpolated from the zero
points of the difference plot, and the intervals between peaks were used to calculate the periodicity.
To quantitate speed of movement for Fig. 1C and
fig. S2B, images were analyzed using the MTrackJ
plug-in (E. Meijering, Erasmus MC, University Medical Center Rotterdam) to generate velocity data.
Cells that moved out of the imaging field during the
movie were excluded for analysis. In Fig. 1C, the
average velocity of 10 cells was plotted against time.
To quantitate fluorescence intensities at the
transcriptional sites for Fig. 5 and fig. S9 (B to D),
Volocity 3D Image Analysis Software (PerkinElmer)
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was used to detect spots and measure intensity
values. Only cells that stayed entirely within the
imaging field during the movie were analyzed.
Background intensities were measured from 5 ×
5 × 5 voxel cubes applied to cell bodies. Spot
intensities at transcriptional sites were calculated
after background subtraction. The temporal autocorrelation function of GtaC and the transcriptional spot are given by the following equation
CðtÞ ¼

ðIðtÞ − mÞ ⋅ ðIð0Þ − mÞ
s2

where I(t) is the N/C ratio of GtaC fluorescence
intensity or the fluorescence intensity of the
transcriptional spot at time t, and m and s are
the mean and SD, respectively, of each. The
temporal cross-correlation function is given by
the following equation
CGtaC−Spot ðtÞ ¼
ðIGtaC ð0Þ − mGtaC Þ ⋅ ðISpot ðtÞ − mSpot Þ
sGtaC sSpot
where Ix(t) is the N/C ratio of GtaC fluorescence
intensity or the intensity of the transcriptional
spot at time t, and mx and sx are the mean and SD
of Ix, where x = GtaC or Spot. Because the period
of spontaneous cAMP oscillations often varies,
data were not averaged between experiments.
Statistical significance and P values (P < 0.05
was considered significant) were determined using
the two-tailed Student’s t test. Mean values T
either SD or SEM were reported as indicated in
the figure legends. Statistics were derived from
three independent experiments for Figs. 1D, 2 (B
and I), 3A, and 6 (B to D) and figs. S2C, S5G,
S6A, S8 (B and C), and S10.
Immunoprecipitation and Phosphatase Treatment
GFP-GtaC/gtaC− cells were collected before and
after cAMP stimulation, lysed at a density of 2 ×
107 cells/ml by adding equal volume of 2× lysis
buffer [20 mM sodium phosphate (pH 7.2), 100 mM
NaCl, 1% (v/v) NP-40, 100 mM NaF, 50 mM sodium pyrophosphate, 4 mM Na3VO4, 2× Complete EDTA-free protease inhibitor mixture (Roche,
catalog no. 11873580001)], and incubated on ice
for 5 min. Lysates were centrifuged at 16,000g for
5 min to remove debris. Supernatant (600 ml) was
incubated with 10 ml of ChromoTek GFP-Trap
beads (catalog no. ACT-CM-GFA0050) at 4°C for
2 hours. After washes with buffer [10 mM sodium
phosphate (pH 7.2), 50 mM NaCl, 0.5% NP-40,
1× Complete EDTA-free protease inhibitor mixture], the beads were washed with and resuspended
in 20 ml of phosphatase buffer (New England Biolabs,
catalog no. P0753). Reaction was initiated by the
addition of 0.5 ml of l-protein phosphatase, allowed
to proceed for 20 min at 30°C, and stopped by the
addition of 15 ml of 3× sample buffer.
GskA Kinase Assay
To purify GtaC as the substrate, GFP-GtaC/gskA−
cells were collected before and after cAMP stimulation, lysed at a density of 1 × 107 cells/ml by

adding equal volume of 2× lysis buffer [50 mM
tris (pH 7.5), 200 mM NaCl, 1% NP-40, 100 mM
NaF, 50 mM sodium pyrophosphate, 4 mM Na3VO4,
2× Complete EDTA-free protease inhibitor mixture], and incubated on ice for 5 min. One milliliter of cleared lysate was incubated with 30 ml of
ChromoTek GFP-Trap beads at 4°C for 1.5 hours.
Beads were washed with 1× lysis buffer and kept
on ice before assay. To purify GskA, Flag-GskA/
gskA− cells were washed with DB and lysed at a
density of 2 × 107 cells/ml by adding equal volume of 2× lysis buffer. One milliliter of cleared
lysate was incubated with 15 ml of anti-Flag M2
affinity resin (Sigma, catalog no. F2426) at 4°C
for 3 hours. Beads were washed with 1× lysis buffer and elution buffer [25 mM tris (pH 7.5), 100 mM
NaCl, 0.1% NP-40]. Flag-GskA was eluted by
the addition of 100 ml of elution buffer containing
3× Flag peptide (300 ng/ml) (Sigma, catalog no.
F4799) at 4°C for 30 min. For kinase reaction, 15 ml
of GFP-GtaC–containing beads was washed with
elution buffer and mixed with 40 ml of Flag-GskA–
containing eluate. Reaction was initiated by the addition of 13× adenosine 5′-triphosphate (ATP) mix
(130 mM MgCl2, 65 mM DTT, 3.9 mM ATP), allowed to proceed for 15 min at room temperature,
and stopped by the addition of protein sample buffer.

described previously (37) with the following modifications to perform multiplexed sequencing.
At the final step of library preparation, adaptorligated complementary DNAs were indexed by
PCR using primers that contain a single specific
7-mer barcode. Every eight indexed samples were
pooled, and Illumina-based multiplexed sequencing was performed. baySeq package was used to
detect differentially expressed genes (38). GtaCactivated target candidates were identified among
differentially expressed genes on the basis of
two criteria: (i) expression in wild-type and GFPGtaC/gtaC− cells at the indicated time point (1, 2,
or 5 hours) is at least twofold higher than that
in 0-hour wild-type cells; (ii) expression in gtaC−
at the indicated time point (1, 2, or 5 hours) is at
least twofold lower than that in wild-type and GFPGtaC/gtaC − cells [false discovery rate (FDR) <
0.05 and likelihood > 0.90]. The precociously
activated genes were identified as differentially
expressed genes that meet the criteria (FDR <
0.05, likelihood > 0.90, and log2 ratio > 1) in
NLSex-GFP-GtaC/gtaC − cells compared to GFPGtaC/gtaC − cells at time points before 5 hours.
topGO package (version 2.14.0) was used to analyze
GO term enrichment with the annotation file
(November 2012) from dictyBase.

Limited Proteolysis
To purify phosphorylated and dephosphorylated
forms of GtaC, Flag-GtaC/gtaC− cells were collected before and after cAMP stimulation. Cells
(4 × 108) were lysed through two layers of 5-mm
filter membranes (Whatman, catalog no. 110613)
in the presence of 6× lysis buffer [120 mM tris
(pH 8.5), 150 mM NaF, 6 mM Na3VO4, 75 mM
sodium pyrophosphate, 6× Complete EDTA-free
protease inhibitor mixture]. Lysates were centrifuged at 16,000g for 15 min to remove debris.
Triton X-100, NaCl, and glycerol were added to
the supernatant to a final concentration of 0.5%
(v/v), 0.46 M, and 5% (v/v), respectively. The
supernatant was then incubated with 90 ml of
anti-Flag M2 affinity resin at 4°C for 3 hours.
Beads were washed with washing buffer (1× lysis
buffer, 0.5% Triton X-100, 0.46 M NaCl, 5%
glycerol) and elution buffer [25 mM tris (pH 7.5),
0.4% Triton X-100, 100 mM NaCl]. Flag-GtaC
was eluted by the addition of 300 ml of elution
buffer containing 3× Flag peptide (300 ng/ml) at
4°C for 1 hour. Limited proteolysis with trypsin
(Sigma, catalog no. T1426) was performed at a
protein/protease mass ratio of 1000:1. The reaction was carried out at 37°C, and aliquots were
removed at 10, 20, 30, 40, and 60 min. The reaction was stopped by the addition of 3× sample
buffer and analyzed by SDS–polyacrylamide gel
electrophoresis and silver staining.

Computer Simulation of GtaC-Mediated
Gene Activation
We consider GtaC to be in one of three states:
cytosolic (C), nuclear inactive (N), and nuclear
active (N*). The activation of GtaC (N→N*) is
regulated by a receptor-mediated process (E).
Similarly, nuclear localization (C→N) is inhibited by a second receptor-mediated process (I).
Shuttling to the cytoplasm occurs at a constant
rate but is limited to the active form of GtaC. Thus,
concentrations of the three states are governed by
the ordinary differential equations
 
dN
C
VC
− k2 N ⋅E
¼ k1
dt
kM þ 1 VN
dN *
¼ k2 N ⋅E − k3 N *
dt
 
dC
VN
C
¼ k3 N *
− k1
dt
kM þ 1
VC

Whole-Transcriptome RNA-Seq and
Computational Analysis
Wild-type (Ax2), gtaC−, GFP-GtaC/gtaC−, and
NLSex-GFP-GtaC/gtaC− cells were developed
on DB agar in duplication. RNA samples were
collected at 0, 1, 2, and 5 hours and processed as

dE
¼ kE ðU − EÞ
dt
dI
¼ kI ðU − 1Þ
dt
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Here, VN and VC correspond to the volumes
of the nucleus and cytoplasm, respectively, and
are required to correct for the varying effect that
shuttling between the two compartments of different volumes has on concentrations. We assume
that the volume of the nucleus is 1/24th
 that
 of the
cytoplasm. Note that N þ N* þ C VVNC = constant, which we can take to be one.
We assume that both E and I are regulated by
cAMP receptor occupancy (U) as linear processes

In these equations, receptor occupancy is normalized (ranging from 0 to 1), as are both E and I.

21 MARCH 2014

1249531-9

RESEARCH ARTICLE
cAMP=KD
In particular, U ¼ 1þcAMP=K
, where KD is in the
D
order of 200 nM (39). The cAMP signal follows the
following equation

dcAMP
¼ −kd cAMP þ cAMPapp ðtÞ
dt
where the applied cAMP signal is 1 mM = 5 KD.
The coefficient kd represents the degradation of
extracellular cAMP by phosphodiesterases, which
happens with a half-life of about 10 s (40).
Finally, we model transcription and translation using the following differential equations
dM
¼ −kmRNA M þ N *
dt
dP
¼ −kprot P þ M
dt
The coefficients kmRNA and kprot are chosen
so that the half-lives of the mRNA and protein
are 1 and 2 hours, respectively.
We selected the unknown parameters by
minimizing a function that penalizes three things:
the difference between the experimental and simulated concentrations of nuclear signal to both
addition and removal of persistent stimuli, the
concentration of active nuclear GtaC 200 s after
application of a persistent stimulus, and (the inverse of) the peak nuclear GtaC after application
of a persistent stimulus. The parameter search was
carried out using the Matlab command fminsearch.
The parameters used in the simulations are given
in table S1.
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