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Background: GABA promotes terminal differentiation during late development of Dictyostelium discoideum.
Results: GABA metabolism is tightly controlled and regulates early development.
Conclusion: Distinct genes regulate GABA signaling during different developmental stages.
Significance: This is the first systematic study of GABAmetabolism inDictyostelium discoideum and broadens our knowledge
of the evolution and function of GABA metabolism.

While GABAhas been suggested to regulate spore encapsula-
tion in the social amoeba Dictyostelium discoideum, the meta-
bolic profile and other potential functions of GABA during
development remain unclear. In this study, we investigated the
homeostasis of GABA metabolism by disrupting genes related
to GABA metabolism and signaling. Extracellular levels of
GABA are tightly regulated during early development, and
GABA is generated by the glutamate decarboxylase, GadB, dur-
ing growth and in early development. However, overexpression
of the prespore-specific homologue, GadA, in the presence of
GadB reduces production of extracellular GABA. Perturbation
of extracellular GABA levels delays the process of aggregation.
Cytosolic GABA is degraded by the GABA transaminase, GabT,
in the mitochondria. Disruption of a putative vesicular GABA
transporter (vGAT) homologue DdvGAT reduces secreted
GABA. We identified the GABAB receptor-like family member
GrlB as the major GABA receptor during early development, and
either disruption or overexpression of GrlB delays aggregation.
This delay is likely the result of an abolished pre-starvation
response and late expression of several “early” developmental
genes. Distinct genes are employed for GABA generation during
sporulation.During sporulation,GadAalone is required for gener-
atingGABAandDdvGATis likelyresponsible forGABAsecretion.
GrlE but not GrlB is the GABA receptor during late development.

�-Aminobutyric acid (GABA)2 is a non-protein four carbon
amino acid that exists in most, if not all, prokaryotes and
eukaryotes (1–4). It is synthesized primarily from glutamate
catalyzed by cytosolic glutamic acid decarboxylase (GAD).

Cytosolic GABA is transported by membrane-bound trans-
porters into the extracellular environment and to different
organelles and plays various roles. GABA is first metabolically
catabolized by mitochondrial GABA transaminase (GABA-T)
into succinic-semialdehyde (SSA), and then into succinate by
succinic semialdehyde dehydrogenase (SSADH), which ulti-
mately allows theGABAcarbon skeleton to enter the tricarbox-
ylic acid (TCA) cycle. This pathway composed of these three
enzymes (GAD, GABA-T, SSADH) bypasses two steps of the
TCA cycle and is called the GABA shunt (5).
The presence of GABA is ubiquitous and multiple functions

have evolved for this amino acid. In plants, GABA is rapidly
accumulated in response to a variety of biotic and abiotic
stresses, including bacterial invasion, insect herbivorous behav-
ior, and oxidative stress and osmotic shock. The GABA shunt
also contributes to nitrogen metabolism and the carbon:nitro-
gen balance, demonstrating its importance as a metabolite in
many physiological processes (6). GABA can also function as a
signaling molecule in pollen tube growth and guidance (7). In
invertebrates and vertebrates, GABA acts as a potent inhibitory
neurotransmitter. GABA achieves postsynaptic inhibition by
hyperpolarizing the cell through ionotropic andGprotein-cou-
pled metabotropic receptors in the adult brain (8). However,
opposite effects of GABA have been reported during nervous
system development (9). Misregulation of GABA has been
linked to several neuronal diseases, including epilepsy (10) and
Huntington disease (11).
The social amoeba Dictyostelium discoideum preys on bac-

teria during the solitary vegetative stage, and thousands of cells
aggregate to form multicellular structures when the food
source is depleted (12). This organism also produces GABA in
both vegetative and developmental stages (13). Two genes
encoding GAD, gadA and gadB, have been identified in the
D. discoideum genome (14). These two proteins share high pro-
tein sequence identity (73%) but display a distinct temporal
expression pattern, suggesting they function non-redundantly
in growth and development. Microarray analysis showed that
the gadAmRNA expression dramatically increases at 10 h after
development and peaks at 18 h during the culmination stage
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(15), whereas gadB mRNA is expressed in vegetative cells and
diminishes after the onset of starvation (14). Only one GABA
transaminase gene, gabT, was identified in the D. discoideum
genome (16). No D. discoideum ionotropic GABA receptor
homologue was found. Strikingly, 17 genes (grlA-H, grlJ-R)
encoding homologues of GABAB metabotropic receptors have
been reported (17–19). Among them, only GrlE shares a well
conserved N-terminal ligand binding domain (20), and this has
been proven to be a bona fide GABA receptor (21).
The role of GABA has been clearly defined as a signaling cue

in sporulation in D. discoideum. Disruption of GadA, which
theoretically abolishes GABA synthesis in prespore cells, pre-
vents the GABA triggered release of the acyl-CoA-binding pro-
tein (a precursor of SDF-2) and thus results in decreased viable
spores (21). Consistent with this finding, disruption ofGrlE, the
GABA receptor at this stage, phenocopies the gadA� mutant
(21). In addition, either disruption of gabT or direct addition of
the irreversible GABA transaminase inhibitor vigabatrin pro-
motes SDF-2 production and induces spore maturation (16).
grlE� cells also exhibit rapid growth in suspension and delay in
early development (20), however, the mechanism remains
unknown. Functions of several other members of the GABAB
receptor-like family which are induced in sporulation have also
been explored. Disruption of GrlA shows delay in late develop-
ment and GrlA possibly acts as the SDF-3 receptor (16, 22),
while loss of GrlJ shows precocious development and mal-
formed spores (23).
Although the role of GABA in late development has been

studied, the role of GABA in other developmental stages
remains obscure. In addition, there is very little fundamental
data on the homeostasis of GABA. In this study, we identified a
GABAB receptor-like family member GrlB as a GABA receptor
during early development and further characterized the synthe-
sis, degradation, and signaling of GABA in D. discoideum.

EXPERIMENTAL PROCEDURES

Materials—GABA, GTP�S, and vigabatrin were purchased
from Sigma, GABAB receptor antagonist CGP55845 fromToc-
ris (Ellisville, MO), Mitotracker Red CMXRos from Invitrogen
(Eugene, OR) and 2,3-3H(N)-GABA from American Radiola-
beled Chemical (St. Louis, MO). The pLPBLP vector, the plas-
mid pDEX-NLS-Cre and a series of the actin15 promoter-
driven pDM expressing vectors were provided by dictyBase.
Mouse anti-CsA antibody (33-294-17) and mouse anti-Discoi-
din I (80-52-13)monoclonal antibodies were obtained from the
Developmental Studies Hybridoma Bank at the University of
Iowa.Mouse anti-actinmonoclonal antibody (MAB1501R)was
purchased fromMillipore.
Cell Culture and Development—For axenic growth in HL5

medium at 22 °C, all cell strains were either cultured in Petri
dishes or shaken in suspension at 175 rpm. For development,
vegetative cells were washed twice with developmental buffer
(DB: 5 mM Na2HPO4, 5 mM KH2PO4, 0.2 mM CaCl2, 2 mM

MgSO4, pH 6.5) and spread on 30mmnon-nutrientDB agarose
(15 mg/ml) plates at a density of 5 � 105 cells/cm2.
Generation of Mutants and Overexpression Strains—All

mutantswere generated in thewild-typeAX2background. gadA�

cellswere generated byhomologous recombinationusing the vec-

tor pLPBLP (24). The 514 bp 5� homologous region and the 1071
bp 3� homologous regionwere amplified from genomicDNA and
directionally cloned into the vector pLPBLP. The resulting con-
struct was linearized byNotI and 2�g of linear DNAwas electro-
porated into 5� 106 cells. Cells were then selected with 10�g/ml
Blasticidin S for 10 days, and successful gene disruption in trans-
formants was confirmed by PCR of genomic DNA using one
primer inside the Bsr cassette and one primer outside the homol-
ogous region on the genome (25). At least 2 different clones were
isolated, and phenotypes were confirmed.
The same strategy was used to disrupt gadB, DdvGAT

(dictyBase ID: DDB_G0293074), grlB, and grlE, respectively.
The strategy used for disrupting gabT was similar as described
(16). The primers used are listed in supplemental Table S1. To
generate gadA�/gadB� cells, the nuclear-localized Cre protein
fromtheplasmidpDEX-NLS-cre (24)was transiently expressed in
gadA- cells to remove the Bsr cassette, and then gadB was subse-
quently disrupted. For grlB�/grlE� cells, grlB� cells were treated
with Cre and grlEwas subsequently disrupted.
gadA cDNA was amplified from cDNA prepared from AX2

cells starved for 14 h. gadB genomic DNA was amplified from
genomic DNA. gabT, DdvGAT, and grlB cDNA was amplified
from cDNA prepared from vegetative cells. These genes were
cloned into the expressing vector pDM304 and C-terminal
GFP-tagged vector pDM323 or N-terminal GFP-tagged vector
pDM317. The primers used are also listed in supplemental
Table S1. These expression plasmidswere transformed into 5�
106 cells, and cells were selected with 20 �g/ml G418.
qPCR Analysis—Total RNA was prepared from axenic cells

or cells starved on non-nutrient DB agarose for 4 h using the
TRIzol reagent (Invitrogen). Total RNA extracts were treated
with amplification grade DNase I (Invitrogen) to remove con-
taminating DNA. 1 �g of total DNase I-treated RNA was
reverse-transcribed into first strand cDNA using the Super-
Script III First-Strand Synthesis System (Invitrogen). Quantita-
tive PCRwas performed onMyiQ Single-Color Real-Time PCR
Detection System (Bio-Rad) using iQ SYBR Green Supermix
(Bio-Rad) according to the manufacturer’s directions. All sam-
ples were prepared and run in triplicate. rnlA (IG7) was used as
the reference gene, and the expression ratio was determined
using the 2�(��Ct) method as described previously (26). The
primers used are also listed in the supplemental Table S1.
GABA Content Measurements—For extracellular GABA con-

tent, 5�106 cellswerewashed twicewithDB, and thensuspended
in 100 �l of DB. The suspension was shaken gently at 120 rpm,
22 °C. At indicated time points, the suspension was centrifuged at
1,500 � g for 1 min. 40 �l supernatant was analyzed for amino
acids including GABA via HPLC by the Neurochemistry Core at
VanderbiltUniversity’sCenter forMolecularNeuroscienceCores.
Eachmeasurement was performed at least in triplicate.
GABA Binding Assays—Whole cell GABA binding assay was

performed as described (21). Briefly, vegetative cells were
washed three times with 10mlMES buffer (20mMMES, 20mM

NaCl, 20 mM KCl, 1 mM CaCl2, 1 mM MgSO4, pH 6.2), and
prepared at 107 cells/ml in ice-cold MES buffer, 500 �l cell
suspension was incubated with 0.2 nM [3H]GABA in the pres-
ence or absence of 200 �M CGP55845 on ice for 1 h. Cells were
then collected on GF/C glass filters (Whatman) and rinsed
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three times with 5 ml of cold buffer before the radioactivity of
bound [3H]GABAwas counted in a liquid scintillation counter.
For the cell lysate GABA binding assay, 5 � 107 vegetative

cells were washed twice with coldMES buffer and suspended in
1ml of coldMESbuffer. The cellswere lysed by passing through
an Acrodisc 5 �m pore size syringe filter (Pall). The identical
procedure was performed for the same amount of cells in 1 ml
of cold MES buffer supplemented with 100 �M GTP�S. 100 �l
of cell lysate with or without GTP�S was incubated with 0.2 nM
3H-GABA in the presence or absence of 200 �M CGP55845 on
ice for 10 min. The crude membrane fraction was collected by
centrifugation at 17,000 � g for 5 min at 4 °C. The membrane
pellet was washed three times with 1 ml of MES buffer and
finally dissolved in 80 �l of 1% SDS solution (27). The radioac-
tivity of membrane-bound [3H]GABA was then counted.
Microscopy—Images of developing cells on non-nutrient DB

agarosewereacquiredwithaLeicaMZ16stereomicroscopewitha
Q-Imaging Retiga 1300 camera and QCapture software. Vegeta-
tive cells were washed twice withDB and images were acquired in
DB in Lab-Tek chambers (Nalge Nunc International) on a Nikon
Eclipse Timicroscopewith anApo 60� objective (NA1.49) using
a QuorumWaveFX spinning disk confocal system.
Spore Viability Assay—1 � 107 cells were washed with KK2

buffer (16.2 mM KH2PO4, 4.0 mM K2HPO4, pH 6.1) and starved
on KK2-saturated filters. After 48 h, the filter was put in a 50ml
tube and washed repeatedly with 4ml of KK2 buffer containing
0.4% Nonidet P-40. The tube was rocked gently at 150 rpm for
10 min and then the filter was discarded. The density of ovoid
spores was counted by a hemacytometer. 100 spores were col-
lected and plated with Klebsiella aerogenes bacteria on SM
plates. The number of plaques was then counted 5 days later.
Western Blotting—5 � 106 cells were washed twice with DB

and lysed with 1� NuPAGE LDS Sample Buffer (Invitrogen)
and 5% (v/v)�-mercaptoethanol (Sigma) in a total volume of 50
�l. Cell lysate was incubated at 90 °C for 5 min and 5 �l cell
lysate was analyzed on 10%mini-protean TGXprecast gel (Bio-
Rad). After electrophoresis, proteins were transferred to a
nitrocellulosemembrane. Themembrane was blockedwith the
Odyssey blocking buffer and incubated with the indicated anti-
bodies. The rabbit anti-cAR1 antibody was pre-absorbed with
50% methanol/DB fixed cells before use. A 1:1000 dilution was
used for primary antibodies and a 1:10000 dilution was used for

secondary antibodies. Secondary antibodies IRDye 680LT
Donkey anti-Mouse IgG (LI-COR, 926-68022) and IRDye
800CW Goat anti-Rabbit IgG (LI-COR, 926-32211) were used
for 2-color detection. The nitrocellulose membrane was devel-
oped using the Odyssey Infrared Imaging System (LI-COR).
Statistical Analysis—The statistical significance of differ-

ences was determined by the one-way ANOVA with Tukey’s
honestly significant difference using software OriginPro 8.6.0
(OriginLab Corp., Northampton, MA). p � 0.05 was consid-
ered to be statistically significant.

RESULTS

A GABAB Receptor-like Protein GrlB Is Involved in Early
Development—GrlB belongs to theGABAB receptor-like family
which contains 17 members in D. discoideum (19). A previous
microarray analysis reported that the transcriptional levels of
gadB and grlB were substantially up-regulated when cells were
incubated with bacteria (28).We confirmed the transcriptional
change of grlB under this condition and speculated that GrlB
might be involved in phagocytosis or sensing of the bacterial
metabolite folic acid. However, the disruption of grlB did not
impair the growth of cells on bacteria or the ability of cells to
chemotax toward folic acid (data not shown).
We further examined the developmental process of grlB-

cells.Wild-type AX2 cells usually stream at�4.5 h when plated
on a non-nutrient agarose plate. At 6 h,mostwild-type cells had
finished aggregation and had started to form loose mounds,
whereas only tiny aggregateswere formed by grlB� cells (Fig. 1).
At 8 h, tight mounds were formed in wild-type cells but grlB�

cells were still streaming and only a few loose mounds were
formed (Fig. 1). Accordingly, grlB� cells exhibited a delay of
about 2 h in aggregation. Expression of full-length GrlB or
C-terminal GFP-tagged GrlB under the control of the act15
promoter in grlB� cells ameliorated the developmental post-
ponement but could not fully rescue the delay (Fig. 1). The high
expression level of GrlB in grlB� cells may have been responsi-
ble for the partial rescue since overexpression of GrlB in WT
cells caused a more severe delay (Fig. 1). This indicates GrlB is
involved in early development. Both grlB� cells and GrlB over-
expression cells successfully completed the life cycle without
any morphological defects (data not shown).

FIGURE 1. Early developmental phenotypes of grlB mutants. 5 � 106 vegetative cells were washed with DB twice and plated on non-nutrient DB-agarose
plates. Images were taken at indicated hours after development. AX2::grlB, grlB was overexpressed in wild-type AX2 cells; grlB�::grlB-gfp, grlB-gfp fusion was
overexpressed in grlB� cells. Bar, 1 mm.
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GABA Is Generated by GadB during Growth and Early
Development—GABA acts as the natural agonist for GABAB
receptors, and glutamate has also been shown to bind to the
GABAB receptor GrlE in the social amoeba (21). Therefore the
effect of GABA and glutamate on early development was exam-
ined. Unexpectedly, direct addition of up to 1 mM GABA or
glutamate to the agarose substrate barely affected aggregation
(Fig. 2A), with the same results acquired when cells were devel-
oped on buffer-saturated filters (data not shown). This is con-
sistent with a previous study which reported that the presence
of 1 mM GABA or glutamate had no effect on the cAMP che-
motactic response (20). We also tested the ability of cells to

migrate directionally toward awide range ofGABAgradients (1
nM to 10 mM) using a micropipette assay. Vegetative cells or
cells starved for 1–6 h did not chemotax toward GABA while
exposed to any of these concentration gradients, suggesting
GABA is probably not a chemoattractant (data not shown).
We next tested whether perturbation of GABA synthesis by

manipulating GAD expression would affect extracellular
GABA concentration and early development. Both C-terminal
GFP-tagged GadA and GadB were found localized in the cyto-
sol (Fig. 2B). To determine the extracellular GABA concentra-
tion, the secretion of GABA during development was mea-
sured. Supernatant was measured every 2 h after starvation in

FIGURE 2. GABA synthesis and secretion in wild-type and mutant D. discoideum strains. A, development of wild-type AX2 cells with the addition of 1 mM

GABA or 1 mM glutamate on DB-agarose plates at 6 h. 5 � 106 vegetative cells were developed on agarose plates. Bar, 1 mm. B, C-terminal GFP-tagged GadA
and GadB were expressed in WT cells. Cells were plated in a one-well glass chamber filled with DB, and images were taken at a 60� objective on a confocal
microscope. Bar, 5 �m. C, 5 � 106 vegetative cells were washed twice with DB, suspended, and shaken in 100 �l of DB. At indicated time points after starvation,
suspensions were centrifuged. 40 �l of supernatant were analyzed for amino acid content via HPLC. GABA concentrations from different genotypes at 4 h were
compared with the GABA concentration of wild-type AX2:gfp cells. Values are means � S.D. NS, non-significant; *, p � 0.05; **, p � 0.01; ***, p � 0.001. One-way
ANOVA was used. D, WT cultures with an initial density of 1 � 104 cells/ml were shaken in HL5 medium at 175 rpm, 22 °C. At indicated cell density, amino acids
content in the medium was measured via HPLC and compared with values of HL5 medium. Values are means � S.D. NS, non-significant. One-way ANOVA was
used. E, qPCR analysis showing gadB mRNA expression change when gadA was overexpressed. cDNA of WT cells expressing an empty vector or gadA was
prepared at vegetative stage (0 h) or early development (4 h after starvation on DB agarose). rnlA was used as the housekeeping gene. gadB transcript level in
WT cells expressing gadA was compared with gadB expression level in WT cells expressing an empty vector, and gadB level in WT cells expressing am empty
vector was normalized to 1. Ratios are means � S.D. NS, non-significant. One-way ANOVA was used. F, qPCR analysis showing gadA mRNA expression change
when gadA was overexpressed. Same cDNA was used as in E. Ratios are means � S.D. *, p � 0.05. One-way ANOVA was used.
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control cells and in various gad mutants (Fig. 2C). Wild-type
cells expressing GFP were used as controls. The extracellular
GABA concentration reached a plateau between 2–4 h, sug-
gesting that the GABA synthesis, degradation, and uptake
reached equilibrium by this time. The GABA concentration at
4 h was used as a representative time point and analyzed. Con-
sistent with its expression pattern, disruption of gadB mostly
eliminated extracellular GABA with merely 2 �M remaining,
and overexpression of gadB-gfp in WT cells showed a substan-
tially elevated level of 60 �M extracellular GABA, as compared
with a 35 �M extracellular concentration of GABA in control
cells. Overexpression of gadB-gfp in gadA�/gadB� cells also
showed a similar extracellular GABA level when compared
with gadB-gfp overexpression in WT cells, suggesting GadB is
the main functioning glutamate decarboxylase during this
period. Disruption of gadA showed statistically indistinguish-
able extracellular GABA levels as compared with control cells,
which correlated with previous results that gadA is transcribed
at basal levels during growth and early development (15). Inter-
estingly, overexpression of untagged or tagged gadA in WT
cells significantly decreased extracellular GABA level to 16 �M,
and overexpression of gadA-gfp in gadA�/gadB� cells exhib-
ited an even lower extracellular GABA level of 8 �M.
Secreted factors usually accumulate during growth in sus-

pension culture. Several secreted chalones, which accumulate
according to cell density, inhibit growth and promote develop-
ment, have already been identified (29). We speculated that
GABAmight also be accumulating during growth based on the
secretion data during cell starvation. We measured GABA
secretion as wild-type cells grew from a very low density of 1 �
104 cells/ml to a stationary stage in HL5 medium. The HL5
medium contained an average concentration of 20 �M GABA
(Day 0 at Fig. 2D). The GABA concentration in HL5 medium
was tightly regulated and remained near 20�Mduring all stages
of growth (Fig. 2D), though we had expected that the higher
densities of cells would result in significant increases of extra-
cellular GABA concentration.
Overexpression of the prespore-specific gadA in WT cells

may compensate the production of GABA by GadB and there-
fore suppress the expression of gadB, which leads to lower con-
centration of extracellular GABA. To validate this possibility,
we performed qPCR to show the gadB mRNA expression
change when gadA was overexpressed (Fig. 2E). gadB mRNA
level was not significantly altered when gadA was overex-
pressed at either vegetative stage or early development, sug-
gesting overexpression of gadA does not induce or suppress
expression of gadB. Because of the extremely low expression of
gadA at vegetative and early development stages, the overex-
pression of gadAup-regulated gadAmRNA levelmore than 2�
104-fold (Fig. 2F). Although gadA was also strongly induced
when overexpressed in gadA�/gadB� cells, it produces only a
low level of extracellular GABA (Fig. 2C). These results indicate
that gadA and gadB are non-redundant.
The phenotypes of mutants with different levels of extracel-

lular GABA during early development were then examined.
gadA� cells aggregated normally, while disruption of gadB
delayed the aggregation about 2 h, and gadA�/gadB� cells
exhibited similar delay as gadB� cells (Fig. 3A). WT cells over-

expressing gadA showed a delay in aggregation (Fig. 3B), which
may be due to a lack of sufficient GABA, as described above.
WT cells overexpressing gadB were similarly delayed in aggre-
gation (Fig. 3B), which was likely caused by excessive extracel-
lular GABA. All gad null and overexpressing cells showed nor-
mal late development without any visible morphological
defects (data not shown).
To test whether GABA is secreted as an autocrine signal, we

mixed WT cells expressing GFP with WT cells overexpressing
gadB in a 1:2 ratio and co-developed themon agarose substrate.
Unlike homogenous WT cells, which mostly formed loose
mounds at 6 h after development, a considerable amount ofWT
cells in the mixture were still streaming at this time (Fig. 4
arrowheads). However, mostWT cells still occupied the aggre-
gation center (Fig. 4, asterisk). The aggregation delay of WT

FIGURE 3. Early developmental phenotypes of gad mutants. For both
A and B, 5 � 106 vegetative cells were developed on a non-nutrient DB-aga-
rose plates. Images were taken at indicated hours after development.
WT::gadA, gadA was overexpressed in WT cells, WT::gadB, gadB was overex-
pressed in WT cells. Bar, 1 mm.

FIGURE 4. Co-development of WT::gfp and WT::gadB cells. 5 � 106 vegeta-
tive cells underwent development on agarose plates. For co-development,
WT::gfp and WT::gadB cells were mixed in a 1:2 ratio. Images were taken at 6 h.
The asterisk denotes one aggregation center, and arrowheads show stream-
ing WT::gfp cells toward the aggregation center. Bar, 1 mm.
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cells in themixture implied thatGABAwas secreted as an auto-
crine signal and functioned non-autonomously.
GABA Is Degraded in the Mitochondrion—The extracellular

amount of GABA is not only decided by the synthesis rate of
GABA, but also by the degradation and transport of GABA out
of the cell. We first studied the degradation of GABA. GABA is
degraded in themitochondria by aGABA transaminase inmost
eukaryotes except in yeast, which has a cytosolic GABA trans-
aminase (30). A single GABA transaminase homologue in
D. discoideum, gabT, was previously identified (16). Here we
disrupted gabT, andmeasured extracellular GABA after starva-
tion. Based on our previous data that extracellular GABA con-
centrations saturated between 2–4 h, wemeasuredGABAat 30
min intervals for 2 h, and compared the GABA concentrations
at 2 h in the different mutants. Disruption of gabT significantly
increased extracellular GABA levels to 18 �M, and overexpres-
sion of a C-terminal GFP-tagged GabT in gabT- cells reduced
extracellular GABA to around 5 �M (Fig. 5A). However, incu-
bation of WT cells with 5 �M of the irreversible GABA trans-
aminase inhibitor vigabatrin did not achieve a similar effect in

increasing extracellular GABA levels (data not shown). GabT-
GFP showed a punctate expression pattern, and co-localized
with most of the mitotracker staining (Fig. 5B). Interestingly,
GabT-GFP localized in a large fraction, but not all of the mito-
chondria (Fig. 5B).

We also observed the early development of gabT� and
gabT-gfp overexpressing cells. gabT� cells did not exhibit a
delay in early development, while gabT-gfp-overexpressing
cells showed delays in aggregation (Fig. 5C). Both gabT null and
overexpression cells underwent normal late development. Nor-
mal early development of gabT� cells suggested that only a high
level of secreted GABA, as in GadB-overexpressing cells, inter-
fered with early development.
DdvGAT Is Partially Required for GABA Secretion—Because

extracellular GABA levels plateau between 2–4 h and appear to
be regulated (Fig. 2C), we decided to examine the uptake and
secretion of GABA in D. discoideum. GABA is actively trans-
ported into neurons and glia byGABA transporters (GATs). All
four mammalian GATs identified so far (GAT 1–3 and Betaine
transporter, BGT-1 or GAT4) belong to the superfamily of

FIGURE 5. Regulation of GABA degradation and secretion. A, 5 � 106 vegetative cells were suspended and shaken in 100 �l of DB. At indicated time points
after starvation, the cell suspension was centrifuged. 40 �l of supernatant were analyzed for amino acids content via HPLC. GABA concentrations from different
genotypes at 120 min were compared with GABA concentration of WT cells, and GABA concentrations between DdvGAT� cells and DdvGAT� cells overex-
pressing GFP-DdvGAT were also compared. Values are means � S.D. *, p � 0.05; **, p � 0.01. One-way ANOVA was used. B, C-terminal GFP tagged GabT was
expressed in gabT� cells. Cells were placed in a one-well glass chamber filled with DB, and stained with 100 nM Mitotracker red CMXRos (Invitrogen, M7512) for
30 min in DB at room temperature. Bar, 5 �m. 5 � 106 vegetative cells were developed on DB-agarose, and images were taken at 6 h for C and D. Bar, 1 mm.
E, DdvGAT� cells expressing N-terminal GFP-tagged DdvGAT were placed in a glass chamber in DB, and then stained with 0.5 �M neutral red (Sigma, N4638) for
20 min. Arrows indicate representative lysosomes. Bar, 5 �m. F, 5 � 106 vegetative cells were suspended in 100 �l of DB with 1 �M Latrunculin A or 150 �M

Nocodazole. Same procedure was performed as in A. Values are mean � S.D. NS, non-significant; *, p � 0.05. One-way ANOVA was used.
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sodium and chloride-dependent transporters (31–33). A care-
ful search of the D. discoideum genome did not reveal any
homologues of the four GATs. Novel mechanisms may be
employed for GABA uptake. Normally, GABA is packaged into
synaptic vesicles by the vesicular GABA transporter (vGAT) in
neurons (34) and released to the synaptic cleft through exocy-
tosis. vGAT belongs to the SLC32 family (35), and shares no
resemblance to the GATs. One vGAT homologue gene
DDB_G0293074, was identified in D. discoideum, and we
named itDdvGAT. Disruption ofDdvGAT reduced extracellu-
larGABA levels to�5�M, and overexpression of anN-terminal
GFP-tagged DdvGAT restored extracellular GABA concentra-
tion to about 10�M, which is similar to wild-type cells (Fig. 5A).
Previous studies revealed that the GABA transaminase inhibi-
tor vigabatrin could also inhibit GABA transport activity of rat
vGAT almost as potently as GABA (34). This may explain why
the addition of vigabatrin did not increase the extracellular
GABA level at 2 h after development. DdvGAT� cells also
exhibited a delay in aggregation (Fig. 5D), but appeared to form
normal fruiting bodies. GFP-DdvGAT was distributed on the
membrane of vesicles, and these vesicles were stainedwith neu-
tral red (Fig. 5E), suggesting GFP-DdvGAT is localized on the
membrane of lysosomes, which is consistent with a recentmass
spectrometry study of the macropinocytic proteome, which
identified this protein from vesicles includingmacropinosomes
and lysosomes (36). We also tested whether microtubules were
required for GABA secretion. Addition of 150 �M Nocodazole
reduced extracellular GABA levels to 5 �M (Fig. 5F), suggesting
microtubules were involved in GABA secretion. Addition of 1
�M Latrunculin A had no effect on GABA secretion (Fig. 5F),
indicating that actin was not required for this process.
GrlB Is the Major GABA Receptor at the Growth Stage and

Early Development—A previous study suggested that GrlE,
another GABAB receptor-like family member, was the main
GABA receptor during sporulation (21). Disruption of grlE
reduced the amount of the boundGABA antagonist CGP54626
inwhole cells by 90% (21).We decided to validate whetherGrlB
is also a GABA receptor. First we confirmed the localization of
GrlB. In vegetative cells, the GrlB-GFP was mostly localized on
the plasma membrane of cells (Fig. 6A). Next, we tested the
GABA binding capacity of GrlB. We incubated 5 � 106 axeni-
cally grown cells with 0.2 nM tritium-labeled GABA for total
binding. Nonspecific binding was measured by adding 1 � 106

fold excess CGP55845. We found that both grlB� cells and
grlB�/grlE� cells showed only about 20% specifically bound
GABA as compared with WT cells, whereas no significant dif-
ference was found between grlE� cells and WT cells (Fig. 6B).
When combined with the expression profile of GrlE, whose
mRNA peaks at 4 h after development (21), the binding assay
results suggested that GrlB is the major GABA receptor at
growth stage and early development. To further confirm that
GrlB is a G protein-coupled receptor, we tested whether the
non-hydrolyzable GTP analog GTP�S could desensitize GrlB
and reduce GABA binding. Crude membrane fraction were
prepared and treated with 0.1 mM GTP�S. The treatment of
GTP�S reduced specifically bound [3H]GABA to about 63% of
the untreated control (Fig. 6C). This suggested that GrlB is cou-

pled to a heterotrimeric G protein, as would be predicted from
its membrane-spanning topology.
A previous study reported a delay of at least 2 h in early

development of grlE� cells, and showed that this delay could be
rescued by overexpressing GrlE (20). We were skeptical that
GrlE functioned redundantly at the transition from growth to
development and also in early development, therefore we gen-
erated our own grlE� cells and our grlE� cells exhibited a slight
delay in aggregation at 6 h after development. The grlB�/grlE�

cells showed the same phenotype as the grlB� cells (Figs. 1 and
6D), suggesting that GrlE does not function redundantly with
GrlB. Both grlE� and grlB�/grlE� cells appeared to exhibit nor-
mal morphology during late development (data not shown). We
also testedwhether removingGrlBandGrlEhavea feedbackeffect
on GABA production and therefore modulate the expression of
GadB. qPCR showed that disruption of both grlB and grlE did not
significantly change gadBmRNA expression (Fig. 6E).
To better explain why excess GABA also delays early devel-

opment, we examined whether GABA could trigger the inter-
nalization of GrlB. 1 mM GABA was added to vegetative grlB�

cells expressing GrlB-GFP in DB buffer, and the distribution of
GrlB-GFP was recorded by time-lapse microscopy. After 20
min, no significant reduction of the plasmamembrane localiza-
tion of GrlB was observed (data not shown). However, when
grlB� cells expressing GrlB-GFP were starved on non-nutrient
DB agar, GrlB-GFP began to lose its plasma membrane local-
ization after 4 h of starvation and was clearly enriched in the
cytoplasm at 6 h (data not shown), suggesting GABA signaling
through GrlB is down-regulated as cells polarize during
aggregation.
Dictyostelium cells exhibit a dramatic gene expression pat-

tern shift after starvation, and necessary “early genes” start to
express during early development (14). Thus we examined the
expression profiles of early genes including cAR1 and csA in
grlB� cells. Developed cells were collected froman agarose sub-
strate at different time points and analyzed. The cAMP recep-
tor cAR1 was induced rapidly several hours after development
and reached a peak at 4–6 h, and then dropped drastically in
WT cells. However, cAR1 was not expressed until 6 h, and the
expression tapered off at 8 h in grlB� cells (Fig. 6F). Consistent
with the cAR1 expression profile, grlB� cells were poorly polar-
ized and showed defects in their ability to display robust
chemotaxis toward cAMP at 6 h (data not shown). The glyco-
protein contact site A (CsA) mediates an EDTA-insensitive
cell-cell cohesion via homophilic interaction during aggrega-
tion (37). In WT cells, csA peaked at 6 h and decreased there-
after. While csA also peaked at 6 h in grlB- cells, there was little
expression at 4 h and continued expression until 8 h (Fig. 6G).
Although aggregation is affected and expression of che-

motaxis and adhesion genes required for early development are
delayed, it is difficult to conclude thatGABA signaling interacts
directly with the cAMP signaling pathway. Previous work has
demonstrated that excess GABA had no effect on cAMP che-
motaxis (20). To clearly understand the function of GABA dur-
ing growth and development, we examined events occurring
before aggregation. The pre-starvation response is one of many
cellular processes induced by nutrient depletion, and the
marker protein Discoidin I is expressed in axenically grown
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cells and sharply induced according to cell density (38, 39).
Although Discoidin I was expressed at a relatively high level at
low WT cell density (5 � 105 cells/ml) in our hands, it was
induced to the highest level at saturation density (2� 107 cells/
ml) (Fig. 6H). However, the induction of Discoidin I by cell
density was totally abolished in grlB� cells and grlB�:grlB-gfp
cells. The expression of discoidin I remained at a low level at all
densities (Fig. 6H).
Different Genes Required for Spore Formation—GABA has

been suggested to induce spore formation, and GadA and GrlE
were suggested as two components of GABA signaling (21).
However, whether genes involved in GABA metabolism and
signaling in growth and early development are also required for
this process is still unknown. Therefore we examined the spore
formation in different mutants related to GABA metabolism
(Fig. 7). Most of the wild-type spores were detergent-resistant,
and only about 70% of spores from gadA� cells were viable after

Nonidet P-40 treatment as previously described (21). However,
gadB� cells formed a similar percentage of viable spores as did
wild-type cells, suggesting that GadB is not required for spore
formation. According to the expression pattern of gadB, GadB
may not exist during sporulation. To test whether GadB could
functionally complement GadA, we overexpressed GadB-GFP
under the control of the actin15 promoter in gadA�/gadB�

cells and examined viable spores. gadA�/gadB� cells formed
significantly reduced viable spores. Overexpression of GadA-
GFP in gadA�/gadB� cells successfully recovered the reduced
viable spores number to normal level as compared with wild-
type cells, whereas gadA�/gadB� cells overexpressing GadB-
GFP still exhibited reduced viable spores, suggesting GadB
could not functionally complement GadA during sporulation.
grlE—grlE cells only formed about 70% viable spores,

whereas grlB� cells formed similar percentage of viable spores
as wild-type cells (Fig. 7), suggesting GrlB is not required for

FIGURE 6. GABA binding in vegetative cells and early gene expression in grlB- cells. A, C-terminal GFP tagged GrlB was expressed in grlB� cells. Cells from
HL5 were washed with DB and plated in a glass chamber filled with DB before photographed. Bar, 5 �m. B, specific [3H]GABA binding to whole vegetative cells
was shown as radioactivity (Count per minute) per 5 � 106 cells. Values are means � S.D. NS, non-significant; *, p � 0.05; **, p � 0.01. One-way ANOVA was used.
C, specific [3H]GABA binding to vegetative cell membrane fraction was shown as radioactivity (count per minute) per membrane fraction from 5 � 107 cells.
Values are means � S.D. **, p � 0.01. One-way ANOVA was used. D, 5 � 106 vegetative cells were washed with DB twice and plated on a non-nutrient
DB-agarose plates. Images were taken at indicated hours. Bar, 1 mm. E, qPCR analysis showing gadB mRNA expression change in axenic grlB�/grlE� cells. gadB
transcript level in wild-type AX2 cells was normalized to 1. Ratios are means � S.D., NS, non-significant. One-way ANOVA was used. For F and G, 5 � 106

vegetative cells were developed on DB-agarose. At indicated hours, cells were collected and lysed for Western blotting. Actin was used as the loading control.
H, 1 � 104 cells were shaken in HL5 medium at 175 rpm, 22 °C. At indicated cell densities (�105 cells/ml), an equal amount of cells was collected and lysed for
Western blotting.
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spore formation. grlB�/grlE� cells generated similar viable
spores as grlE� cells. As we expected, gabT� cells generated
similar viable spores as wild-type cells. Interestingly,DdvGAT�

cells generated significantly reduced viable spores, suggesting
that DdvGAT is likely responsible for GABA secretion in pres-
pore cells.

DISCUSSION

The evolutionary history of glutamate decarboxylase appears
to be quite complicated. In the lower prokaryote Escherichia
coli, two isozymes of GadA and GadB show identical biochem-
ical properties (40). However, two human isoforms of GADs,
GAD65 and GAD67, differ in many aspects including subcellu-
lar localization, enzymatic activity and expression region and
level (41, 42). These divergences indicate that GAD65 and
GAD67 are both spatially and temporally regulated. In D. dis-
coideum, two isozymes, GadA and GadB, are most similar to
their homologues inE. coli., but are temporally regulated. GadB
is expressed in vegetative and early development stages, and
decreases before the rising expression of GadA. This mutually
exclusive expression pattern of GadA and GadB could be
explained by our data. Disruption of gadB eliminates produc-
tion of GABA, and gadA is not up-regulated to compensate the
loss of gadB. A previous study reported that the disruption of
gadA alone leads to the sporulation defect (21), and our data
suggest that GadB is not required for sporulation. Besides,
GadB could not functionally complement GadA when overex-
pressed in the sporulation stage, possibly because GadB is inac-
tive during this stage. These results suggest that GadA and
GadB are differentially regulated. In addition, as we show here,
co-expression of GadA andGadBwould reduce the production
of extracellular GABA. Because overexpression of GadA does
not alter the transcript level of GadB, one plausible explanation
for reduced GABA production in wild-type cells expressing
gadA is that GadA has a much stronger affinity for the enzyme
cofactor pyridoxal phosphate than GadB and sequesters the
cofactor when overexpressed, therefore GadB is devoid of pyr-
idoxal phosphate and remains as an apoenzyme. Recombinant

GAD65 has been reported to be more preferable to the enzyme
cofactor than GAD67 (42).
It seems that the enzymatic activity of GadA and GadB are

not identical, although they are highly similar to each other.
Overexpressing GadA alone drastically induces gadA mRNA
level in gadA�/gadB� cells but still results in low extracellular
GABA levels during early development, suggesting the activity
ofGadA is extremely low and/or the environment is optimal for
GadB but not GadA. On the basis of weak activity of GadA, it
can be inferred that only a small amount of GABA is required
for spore formation. It has been shown that GadA expression is
enriched in pre-spore cells and GABA generated from pre-
spore cells can induce sporulation (15, 21). 1 nM GABA is suf-
ficient to maximally induce spore formation (21). The weak
enzymatic activity of GadA could also explain why a huge
amount of gadA mRNA is enriched in pre-spore cells for gen-
erating enough GABA to induce cell differentiation (21, 43).
Our data support the idea that the GadB is responsible for
GABA shunt in vegetative stage and regulation of early devel-
opment, and GadA is specific for sporulation.
In mammalian systems, GABA is actively transported into

the cell in favor of the ionic gradient by GABA transporters
(GATs), while amoebae lack most of the counterpart homo-
logues. However, there are still several putative amino acid
transporters in theD. discoideum genome, including tmem104,
ctrA-C, DDB_G0287423, DDB_G0267504, and DDB_G0287303.
The functions of these proteins remain largely unknown.
Another possible way for GABA absorption is through pinocy-
tosis. Axenic cells acquire nutrients from liquid medium
through pinosomes, and it is likely that GABA in the medium
can also be absorbed.
vGAT is responsible for synaptic GABA release only in neu-

rons. However, DdvGAT is responsible for GABA secretion in
the social amoeba, implying that it is an ancient mechanism for
GABA secretion. The disruption of DdvGAT reduced secreted
GABA to 50% of normal levels at 2 h after starvation, which
suggests the existence of other mechanisms for GABA secre-
tion. Loss of DdvGAT causes the similar defect in sporulation
as loss of GadA, indicating this mechanism likely exists in pre-
spore cells to release GABA.
Extracellular GABA levels need to be tightly regulated, with

low andhigh levels both leading to a delay in early development.
When WT cells were mixed with GadB-overexpressing cells,
the increased extracellular levels of GABA presumably also
delayed the development of the WT cells. Moreover, it seems
that only very high levels of GABA have these effects. WT cells
secrete about 11�MGABA at 2 h after starvation, andWT cells
expressing gadB secrete about 38 �M at the same time and
exhibit a significant delay in aggregation, whereas gabT- cells,
which increaseGABA level to about 18�M, aggregate normally.
Compared with wild-type cells, gabT� cells don’t show very
high extracellular GABA, suggesting that newly synthesized
GABA is partially degraded in the mitochondria.
Two confusing questions still remain unanswered in this

study. First, why does exogenous addition of GABA not delay
aggregation? The GABA secretion data we collected were from
cells in suspension, and they may not reflect the real GABA
secretion when cells develop on surface, which is very difficult

FIGURE 7. The percentage of detergent-resistant spores in different
GABA mutants. 1 � 107 cells were developed on buffer-saturated filters.
After 48 h, spores were collected and treated with 0.4% Nonidet P-40 for 10
min. 100 spores were then counted and cultured with bacteria. The plaques
formed from detergent-resistant spores were counted after 5 days. Values are
means � S.D., NS, non-significant; *, p � 0.05; **, p � 0.01; ***, p � 0.001.
One-way ANOVA was used.
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to measure. Crawling cells on a surface may only sense GABA
from their surrounding cells and respond to it, and they might
also secrete an unknown enzyme to clear GABA in their envi-
ronment. This enzyme is probably not the GabT, which we
found is localized in the mitochondria. If a gradient in the
microenvironment surrounding a cell is required for the func-
tion of GABA, the uniform application of GABA would not
exhibit any effects. One well known secreted factor in early
development of Dictyostelium is cAMP. During streaming
toward an aggregation center, rearguard localized Adenylate
Cyclase of Aggregation stage (ACA) secrets cAMP guiding che-
motaxis of subsequent cells, and cells secrete cAMP phospho-
diesterase (PDE) to remove surrounding cAMP (44, 45).
Another possibility is that intracellular GABA causes the phe-
notypes and also controls the levels of external GABA.GABA is
generated in the GABA shunt, which is required for energy
metabolism. Thus intracellular GABA levels might represent
the nutritional or energy state of a cell. These metabolic states
clearly specify whether a cell would start to develop. If this is the
case, direct addition of GABA would also have no effect.
Secondly, why do deficient and excess extracellular GABA

levels both generate the delay in aggregation? It is easy to
understand that insufficient extracellular GABA could lead to
the abolishment of the pre-starvation response and result in the
delay in early genes expression, and the aggregation process.
However, the mechanism by which excess extracellular GABA
works is unclear. Maybe high GABA levels down-regulate the
GABA receptor. We tested the internalization of GFP-labeled
GrlB when excess GABA was provided, but the plasma mem-
brane localization ofGrlB-GFPwas barely changed after 20min
of treatment, strongly suggesting that receptor internalization
is not responsible for the gadB overexpression phenotype.
GABA signaling during early development is also regulated

through the regulation of the localization of GABA receptor
GrlB. The GrlB-GFP fusion showed internalization when cells
start to become polarized. Althoughmost highly polarized cells
lose the plasma membrane localization of GrlB-GFP, overex-
pression of GrlB might still leave trace amount of receptors at
the membrane. This continuous GABA signaling might jeop-
ardize the onset of aggregation. This could explain why overex-
pression of GrlB in WT cell shows more severe delay in aggre-
gation than in grlB� cells. In vegetative cells, both co-culture
with bacteria and periodic folic acid pulsing greatly increase
transcript levels of grlB. These two treatments sharply up-reg-
ulate the capacity of axenic cells to chemotax toward folic acid,
indicating that folic acid signaling somehow interacts with
GABA signaling and regulates expression of GrlB. It is possible
that there is crossover at the level of the heterotrimeric G pro-
teins. Given that many G protein mutants are available, it may
be worth examining GABA signaling in the various G� subunit
nulls, including G�4, which is coupled to the folic acid recep-
tor(s) (46).
In summary, we have investigated the homeostasis of GABA

and explored its function during early development of D. dis-
coideum for the first time. GABA is converted from glutamate
mainly by the cytosolic glutamic acid decarboxylase GadB.
Because of its trace expression level, the glutamic acid decar-
boxylase GadA generates little or no GABA at this time. How-

ever, elevated expression of GadA suppresses production of
GABA possibly by sequestering the cofactor pyridoxal phos-
phate. Newly synthesized GABA is secreted through two
potential pathways. DdvGAT, the only homologue of vGAT, is
expressed on the membrane of lysosomes and likely transports
GABA into the lysosomes. GABA is then released through exo-
cytosis. It is also possible that GABA is transported directly by
an unknown plasmamembrane bound transporter(s). GABA is
degraded in the mitochondria by the GABA transaminase
GabT. SecretedGABAbinds to theG protein-coupled receptor
GrlB of surrounding cells, which in turn triggers the pre-star-
vation response and regulates early development.
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