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Inositol levels, maintained by the biosynthetic enzyme inositol-3-phosphate synthase (Inol), are altered in a range of disorders,
including bipolar disorder and Alzheimer’s disease. To date, most inositol studies have focused on the molecular and cellular
effects of inositol depletion without considering Inol levels. Here we employ a simple eukaryote, Dictyostelium discoideum, to
demonstrate distinct effects of loss of Ino1 and inositol depletion. We show that loss of Ino1 results in an inositol auxotrophy
that can be rescued only partially by exogenous inositol. Removal of inositol supplementation from the inol™ mutant resulted in
arapid 56% reduction in inositol levels, triggering the induction of autophagy, reduced cytokinesis, and substrate adhesion. Ino-
sitol depletion also caused a dramatic generalized decrease in phosphoinositide levels that was rescued by inositol supplementa-
tion. However, loss of Ino1 triggered broad metabolic changes consistent with the induction of a catabolic state that was not res-
cued by inositol supplementation. These data suggest a metabolic role for Inol that is independent of inositol biosynthesis. To
characterize this role, an Ino1 binding partner containing SEL1L1 domains (Q54IX5) and having homology to mammalian mac-
romolecular complex adaptor proteins was identified. Our findings therefore identify a new role for Inol, independent of inosi-

tol biosynthesis, with broad effects on cell metabolism.

A stereoisomer of inositol, myo-inositol, is present in a variety
of cell types and is obtained from the following three major
sources: de novo synthesis from glucose-6-phosphate, sequential
dephosphorylation of phosphoinositides, and membrane trans-
port from extracellular fluid (1). Disruption of inositol homeosta-
sis has been associated with a number of illnesses, including bipo-
lar disorder (2-5), Alzheimer’s disease (6-9), bulimia (10),
metabolic syndrome (11), diabetes (12, 13), and epilepsy (14).
Understanding the cellular and metabolic changes resulting from
inositol depletion will provide insight into the mechanisms un-
derlying these diseases.

Inositol-3-phosphate synthase (Inol; EC 5.5.1.4) is crucial for
the de novo biosynthesis of inositol, as it is an isomerase that con-
verts glucose-6-phosphate to inositol-3-phosphate, which is then
dephosphorylated to inositol (15) (Fig. 1A). Inositol is an essential
precursor of a large family of phosphoinositides (16), with one of
these, phosphoinositide 4,5 bisphosphate (PIP2), used in the pro-
duction of inositol phosphates. These molecules are important for
arange of cellular functions, including motility (17), activation of
signal transduction pathways (18), membrane trafficking and ve-
sicular transport (1), protein secretion, and transcriptional regu-
lation (19). Despite these broad functions, few studies have com-
pared the physiological effects of reducing inositol levels and
reducing Inol levels; therefore, it remains unclear if these two
activities have distinct roles.

Dictyostelium discoideum is a single-celled eukaryote found in
forest soils, where it survives by consuming bacteria. Dictyostelium
is used as a research model in a variety of disciplines, including
biomedicine. We previously employed Dictyostelium in a 3Rs ap-
proach (animal reduction, replacement, and refinement) for bio-
medical research to investigate the effects of epilepsy treatments
on modulating phosphoinositide signaling and seizure control
(14, 20) and the effects of bipolar disorder treatments on the levels
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of inositol phosphates (5, 21). These findings were successfully
translated to mammalian disease models (14, 21, 22). Dictyoste-
lium was also used to identify targets for compounds involved in
bitter tastant detection (23, 24) and conserved roles of homo-
logues of human proteins (23, 25) and to investigate mitochon-
drial disease (26), Huntington’s disease (27), and centrosomal or-
ganization and function (28, 29). These studies suggest that
Dictyostelium can inform our understanding of cellular function
relevant to human disease.

Dictyostelium was previously employed to investigate the role
ofInol1 in cell function (30), where insertional mutagenesis of inol
produced an inositol-auxotrophic phenotype with a concomitant
decrease in inositol trisphosphate. Here we independently deleted
a key region of the inoI gene in an isogenic cell line and found that
growth of the inol™ mutant can be rescued only partially by ex-
ogenous inositol, suggesting a nonbiosynthetic role for the pro-
tein. We further show that the previously described “inositol-less
death” is likely to lead to an upregulation of autophagy, loss of
substrate adhesion, and reduced cytokinesis resulting from inosi-
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FIG 1 Inositol signaling and conservation of the Inol protein in Dictyostelium and humans. (A) Inositol metabolism. Inol converts glucose-6-phosphate to
inositol-3-phosphate, which is a rate-limiting step in inositol production. (B) Sequence homology between the human (accession no. QONPH2-1) and Dictyo-
stelium (accession no. Q54N49) Inol proteins is present throughout the protein sequences. Identical amino acids are shown in dark blue. The NAD binding and
catalytic domains are among the four regions that are highly conserved in eukaryotic Inol proteins, i.e., for the human protein GWGGNNG (orange),
LWTANTERY (blue), SYNHLGNNDG (green), and NGSPQNTFVPGL (purple). The tetramerization domain, containing a putative catalytic site (with the
conserved amino acid residues SYNHLGNNDG), is shown in red. The amino acids that were ablated in Dictyostelium Inol are shown by the horizontal line. (C)
Alignment of the conserved regions of Inol proteins from various species. Asterisks show identity, colons show high conservation levels, and dots show low
conservation levels. (D) Schematic representation of the strategy used to prepare the inol knockout construct. 5" and 3 regions of the inol gene were cloned into
a knockout vector at positions flanking the blasticidin resistance gene (bsr), and the knockout cassette was transformed into Dictyostelium cells, where homol-
ogous recombination deleted a portion of the inol gene and disrupted the open reading frame. (E) PCR screening strategy to identify inol ~ mutants, showing
primer locations for genomic and vector controls, the diagnostic knockout products (KO), and the area spanning the inserted bsr gene present in the inol™
knockout. (F) PCR results showing the ablation of part of the inol gene in the inol~ mutant in comparison to wild-type cells. Inol, inositol-3-phosphate
synthase; IMPase, inositol monophosphatase; IPPase, inositol polyphosphate 1-phosphatase; IP2, inositol bisphosphate; IP3, inositol trisphosphate; PLC,
phospholipase C; PI, phosphatidylinositol; PIP, phosphatidylinositol phosphate; PIP2, phosphatidylinositol bisphosphate; PIP3, phosphatidylinositol trispho-
sphate; bsr, blasticidin resistance gene; G, genomic control; V, vector control; KO, knockout; 5', region corresponding to the transcription initiation site of the
inol gene; 3', region corresponding to the transcription termination site of the inol gene.

tol depletion. We also show that inositol depletion leads to a gen-
eralized reduction of phosphoinositide levels, without gross
changes in metabolic profile. Surprisingly, we show that the great-
est metabolic change is caused by a loss of Inol, not by inositol
depletion per se, since broad metabolic changes are not rescued by
exogenous inositol, suggesting distinct effects of Inol loss and
inositol depletion on cellular function. Finally, we identified a
range of potential Inol binding partners and confirmed direct
Inol binding to a protein with mammalian homologues that serve
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as adaptors involved in the attachment to macromolecular com-
plexes, providing a potential link to regulating inositol-indepen-
dent cellular functions.

MATERIALS AND METHODS
Materials. Axenic, HL5, and LoFlo media were purchased from ForMedium
Co. Ltd. (Hunstanton, United Kingdom). All restriction enzymes and first-

strand cDNA synthesis kits were purchased from Fermentas (St. Leon-Rot,
Germany). Tris-HCl, NaCl, EDTA, 4',6-diamidino-2-phenylindole (DAPI),
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cyclic AMP (cAMP), potassium phosphate monobasic (KH,PO,), potas-
sium phosphate dibasic (K,HPO,), myo-inositol, and methanol were pur-
chased from Sigma (Dorset, United Kingdom). High Pure RNA isolation
kits were purchased from Roche (Welwyn Garden City, United King-
dom). Penicillin-streptomycin and blasticidin were purchased from Life
Technologies (Gibco, United Kingdom). DNase-free DNase I kits were
purchased from Ambion (Austin, TX). Anti-red fluorescent protein (anti-
RFP) antibody (5F8), anti-green fluorescent protein (anti-GFP) antibody
(3H9), and RFP-Trap or GFP-Trap agarose beads (ChromoTek) were
purchased from ChromoTek GmbH (Planegg-Martinsried, Germany).
The anti-FLAG M2 antibody (F3165) was obtained from Sigma (Dorset,
United Kingdom).

Cell culture, strains, and plasmids. All Dictyostelium axenic strains
were grown at 22°C in axenic medium containing 100 pg/ml penicillin
and 100 pg/ml streptomycin. Dictyostelium transformants with a dis-
rupted inol gene were cultured in axenic medium with 10 pg/ml blastici-
din and 500 wM myo-inositol.

Knockout constructs were created by amplifying 5" and 3’ fragments
within the inol gene from genomic DNA of the Dictyostelium discoideum
axenic 2 (AX2) strain by PCR. The 5’ and 3’ PCR fragments were cloned
into the pLPBLP expression vector (31) by using BamHI-PstI and Ncol-
Kpnl restriction sites, respectively. The knockout cassette was trans-
formed into wild-type (AX2) cells, and transformants were selected in
axenic medium containing blasticidin (10 wg/ml). Independent clones of
transformants resistant to blasticidin were screened for homologous in-
tegration by PCR. Loss of gene transcription was confirmed by reverse
transcription-PCR. For this purpose, RNAs were extracted from the inde-
pendent clones by use of a High Pure RNA isolation kit according to the
manufacturer’s instructions. Contaminating DNA was removed by use of
a DNase-free DNase I kit, followed by cDNA synthesis using a first-strand
cDNA synthesis kit with 1 ug of RNA per sample. The cDNA was analyzed
by PCR to confirm the loss of gene transcription (using primers GCTGC
AAATCAAAAGGATCGTGCC and AAGGTGTTTTGTGGTGAACCAT
TGATG).

The Ino1-RFP overexpression construct was prepared using the full-
length inol (gene ID DDB_G0285505) open reading frame. The gene was
amplified from genomic DNA by use of EcoRI and BamHI flanking re-
striction sites (using primers GAGCGAATTCATGTCAGCACAAATGTT
TGAATC and TATGGATCCTAATCTTTGTTCTAATAACATG). The
PCR products were cloned into an mRFPmars expression vector (389-2)
under the control of the actinl5 promoter (courtesy of Annette Miiller-
Taubenberger [32, 33]). Constructs were transformed into the inol ™~ cell
line by electroporation and selected for neomycin resistance (10 pg/ml).
Expression of Inol-RFP was confirmed by fluorescence microscopy and
Western blot analysis using anti-RFP antibodies. inol gene expression was
confirmed by reverse transcription-PCR, using the same method as that
described for generating an inol knockout cell line.

Development assays and cell image acquisition. Filter assays were
used to develop Dictyostelium cells as described previously (5). Briefly,
cells grown in the presence or absence (24 h) of inositol (500 wM) were
harvested during log-phase growth, and cells (1 X 107/ml) were plated on
a 47-mm nitrocellulose filter (Millipore, Watford, United Kingdom). Fil-
ters were incubated for 24 h at 22°C prior to imaging.

Substrate adhesion assay. inol~ or Inol-RFP-expressing inol  cells
grown in axenic medium in the presence of inositol (500 pM) were plated
in 6-well plates, and the medium was replaced with axenic medium in the
absence or presence of inositol (500 wM). After 24 h, the medium was
gently removed with an aspirator to dispose of the nonadherent cells.
Fresh medium was added and cells immediately resuspended and
counted, and the process was repeated for later time points.

Chemotaxis, autophagy, and cytokinesis assays. Chemotaxis assays
were carried out by using a Dunn chamber (Hawksley, Sussex, United
Kingdom) as previously described (34). Images were recorded every 15 s
over a 15-min period. Autophagy was measured in inol ™ cells trans-
formed with the atg8-GFP construct (35; www.dictybase.org). Cells were
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grown in axenic medium with shaking for 72 h (no-inositol conditions
had inositol removed for 24 h prior to the experiment), with 16 h of
incubation in LoFlo medium to reduce the background autofluorescence.
Cytokinesis defects were measured in cells cultured in shaking suspension
for 72 h, with inositol removed 24 h before the start of the assay where
indicated, and cells were fixed with 100% methanol at —20°C for 15 min
prior to labeling with DAPL.

Immunoprecipitation. Initial coimmunoprecipitations were per-
formed with an inol™ cell line constitutively expressing the inol-RFP
gene; inol ~ cells constitutively expressing the mRFPmars gene on its own
were used as a control (for 2 of 3 repeats), or wild-type (AX2) cell lysate
was used as a control. The presence of Ino1-RFP and RFP was confirmed
by Western blotting with anti-RFP antibody. The gel was stained with
Coomassie blue, the protein bands specific to Ino1-RFP (and absent in the
control) were evaluated by mass spectrometry, and the data were analyzed
using Scaffold3 software.

An inol~ cell line cotransformed with the inol-RFP construct and
FLAG-gpmA, FLAG-pefB, or FLAG-Q54IX5 was used for coimmunopre-
cipitation with anti-RFP-coated beads to examine the direct interaction
between Inol and these proteins. Inol-GpmA and Ino1-Q54IX5 interac-
tions were detected by Western blotting with anti-RFP and anti-FLAG
antibodies. An inol ™ cell line cotransformed with the inoI-RFP construct
and either GFP-gpmA or GFP-Q54IX5 was used for coimmunoprecipita-
tion with anti-GFP-coated beads to confirm an interaction between Inol
and these proteins; inol ™ cells coexpressing mRFPmars and either GFP-
gpmA or GFP-Q54IX5 were used as a control for these experiments. The
Ino1-Q54IX5 interaction was confirmed by Western blot analysis with
anti-GFP and anti-RFP antibodies.

Cells (3 X 10® per experiment) were washed with phosphate buffer,
treated with 2.5 mM caffeine for 20 min with shaking, and lysed (0.5%
NP-40, 40 mM Tris-HCI, 20 mM NaCl, 5 mM EGTA, 5 mM EDTA, 10
mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF],
and 2X protease and 2X phosphatase inhibitor cocktail [Roche]) on ice,
and the lysate was incubated with RFP-Trap or GFP-Trap agarose beads
per the manufacturer’s instructions. Briefly, the lysate was incubated with
the beads for 1 h at 4°C and then collected and washed twice (10 mM
Tris-HCI, 150 mM NaCl, 0.5 mM EDTA, 1 mM PMSF, and 2 X protease
and 2X phosphatase inhibitor cocktail). The nonbound fraction was col-
lected after this step. Immunocomplexes were dissociated from the beads
by incubation at 70°C for 10 min in 4X TruPAGE LDS sample buffer
(Sigma) and then collected by centrifugation (the bound fraction) prior to
SDS-PAGE using either a Sigma TruPAGE or Bio-Rad precast gel system.
The presence of protein was detected with anti-GFP or anti-RFP antibody
or with a monoclonal anti-FLAG M2 antibody and recorded using an
Odpyssey Sa infrared imaging system.

NMR spectrometry. Freeze-dried cell pellets were resuspended in 1 ml
of water-methanol (1:2) and vortexed for polar metabolite extraction.
Samples were then centrifuged at 2,400 X g for 5 min, and supernatants
were kept for drying using a vacuum concentrator for 4.5 h at 45°C. Once
dried, each sample was resuspended in 80 .l of phosphate buffer [in 90%
D,0 and 0.05% sodium 3-(trimethylsilyl) propionate-2,2,3,3-d, (TSP) as
a 'H nuclear magnetic resonance (NMR) reference], and 50 pl of the
solution was transferred to a 1.7-mm capillary NMR tube. Spectra were
acquired at 300 K on a Bruker Avance DRX 700-MHz NMR spectrometer
(Bruker Biopsin, Rheinstetten, Germany) operating at 700.19 MHz and
equipped with a CryoProbe from the same manufacturer. All spectra were
acquired using a 1-dimensional nuclear Overhauser effect spectroscopy
(NOESY) pulse sequence (recycle delay-90°-t1-90°-tm-90°-acquire free
induction decay [FID]), with water suppression applied during a recycle
delay (RD) of 2 s, a mixing time (tm) of 100 ms, and a 90° pulse set at 7.70
ws. For each spectrum, 512 scans were accumulated over a spectral width
of 9,803.9 Hz, and all FID values were multiplied by a broadening line
function of 0.3 Hz prior to Fourier transformation. All spectra were man-
ually phased, baseline corrected, and calibrated to the TSP standard at &
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0.000 by using MestReNova software (version 10.0.1; Mestrelab Research
S.L., Spain).

Phospholipid analysis. Glycerophospholipid levels were analyzed by
mass spectroscopy as previously described (36).

RESULTS

Inol protein is conserved from Dictyostelium to humans. To
investigate the role of the Dictyostelium Inol protein, we first com-
pared the Dictyostelium (accession no. Q54N49) and human (ac-
cession no. QINPH2-1) protein sequences (Fig. 1B and C). The
proteins share 59% sequence identity throughout their length,
have similar sizes, and show common conserved NAD binding
and catalytic domains (Fig. 1B) that are present in Inol proteins
from species across distant biological kingdoms (Fig. 1C), sug-
gesting a highly conserved catalytic role of Ino1 throughout evo-
lution and supporting the use of Dictyostelium to analyze Inol
function.

An inol~ strain is an inositol auxotroph. To analyze the ef-
fects of Inol loss and inositol depletion on Dictyostelium cell
growth and development, we ablated 19% of the inol coding se-
quence, including two regions encoding highly conserved amino
acid motifs, by homologous integration of a knockout cassette
(Fig. 1B to F). The resultant inol~ cells were unable to grow in
liquid medium without inositol supplementation at concentra-
tions above 50 wM (Fig. 2A), consistent with results shown previ-
ously (30). However, unlike the results of the previous study, ino-
sitol supplementation did not fully restore the inol™ growth rate
to that of the wild type, with the cells reaching a maximal level of
growth at 300 wM and with higher concentrations not increasing
growth.

In Dictyostelium, starvation triggers cell differentiation and
morphogenesis to form spore-bearing fruiting bodies. We thus
investigated the effect of Ino1 loss, with and without inositol sup-
plementation, on multicellular development. Wild-type and
inol~ cells were starved on nitrocellulose filters for 24 h, and fruit-
ing body morphology was recorded (Fig. 2B). inol ~ cells grown in
the absence of inositol for 24 h prior to nutrient deprivation were
able to aggregate but formed aberrant fruiting bodies (Fig. 2B), a
phenotype not observed for inol ™ cells in an earlier report (30);
however, inositol supplementation (500 wM) prior to the assay
enabled inol ™ cells to produce mature fruiting bodies with wild-
type morphology.

Both growth and development phenotypes were due to a lack
of the Ino1 protein. This was shown by expression of Ino1 linked
to a C-terminal RFP tag in inol ™ cells, which was localized in the
cytosol and restored wild-type growth and development (Fig. 2D
to G). Interestingly, since exogenous inositol did not fully restore
the wild-type growth rate in inol ™ cells, but Ino1-RFP did, it is
likely that cells require the Ino1 protein for normal growth. inol™
cells were also unable to grow on a bacterial lawn (Fig. 2G), as
reported previously (28), even with inositol supplementation.
These results confirm a vital role for inositol in Dictyostelium
growth and development, consistent with that shown in a variety
of organisms throughout the kingdoms of life (37).

Inol loss triggers inositol depletion. We then quantified ino-
sitol levels in the inol~ and wild-type cells in the presence or
absence of added inositol by performing NMR spectroscopy (Fig.
3A). Wild-type cells grown in unsupplemented medium con-
tained 1.5 = 0.1 .M inositol, and this increased significantly, to
3.4 = 0.1 pM, following inositol supplementation (P < 0.0001),
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and returned to baseline following removal of inositol (Fig. 3A).
In contrast, inol ™ cells grown with inositol supplementation had
an intermediate level of inositol (1.8 = 0.1 wM) that significantly
decreased, to 0.8 = 0.1 uM, following removal of exogenous ino-
sitol for 12 h (P = 0.0013). A reduced level was maintained fol-
lowing 24 h of starvation (1.2 £ 0.1 uM), and the level returned to
2.0 = 0.1 wM following reintroduction of inositol (Fig. 3A). These
data confirm that in inol™ cells, inositol was depleted following
withdrawal of exogenous inositol, and this trend is consistent with
that reported earlier (30). In addition, these data suggest that the
inol”~ mutant supplemented with inositol has intracellular inosi-
tol levels similar to those in wild-type cells (without supplemen-
tation) and that differences between these cell types are likely to
arise from an absence of the enzyme, enabling a range of experi-
ments to provide new insights into the distinct cell and metabolic
changes caused by inositol depletion and loss of Ino1.

Inol loss causes a pleiotropic phenotype. We first investi-
gated potential changes in cell movement during chemotaxis to-
ward cAMP (Fig. 3B). In these experiments, wild-type cells
showed a velocity of 9.6 = 1.5 wm/min, with an elongated shape
(aspect) and a tendency for single-directional movement (direct-
ness) of 0.87 = 0.14. Loss of Ino1 plus inositol supplementation
caused a significant loss of the elongated shape, suggesting an
Inol-dependent change. In contrast, inositol depletion in inol ™~
cells significantly reduced the cell speed, while the loss of shape
that was also observed for Inol deletion was retained, and trig-
gered increased persistence. These data suggest distinct effects
specific to Inol loss (loss of cell shape) and to inositol depletion
(loss of velocity).

We then examined the mechanism leading to the block in cell
growth caused by a loss of Ino1 in the absence of exogenous ino-
sitol, previously termed “inositol-less death” (38). Since au-
tophagy can lead to cell death in response to cell stress or nutrient
depletion (39), we tested whether inositol depletion triggered an
autophagic response. In Dictyostelium, formation of autophago-
somes can be visualized by the incorporation of fluorescently
tagged autophagy-related protein 8 (Atg8) into autophagosomal
membranes (35). The inol ™ strain grown in the absence of inosi-
tol for 24 h showed a 4-fold increase in the number of autophago-
somes per cell compared to the wild-type strain (Fig. 3C and D).
These data suggest that inositol depletion triggered an autophagic
response in inol~ cells.

We also examined the effects of Ino1 loss and inositol depletion
on substrate attachment and cytokinesis. To assess changes in cell
adhesion, the number of cells attached to plates was quantified for
up to 72 h after the removal of exogenous inositol from the inol ™~
mutant. In the presence of inositol (500 wM), inol~ cells prolif-
erated for up to 24 h and remained adherent (Fig. 3E). Upon
removal of exogenous inositol, the inol ~ cell number decreased to
88.5% of inositol-supplemented cells after 24 h and to 33.5% after
72 h.inol™ cells expressing inol-RFP did not lose adhesion in the
absence of exogenous inositol. We then assessed cytokinesis by
comparing the numbers of nuclei per cell for the inol ™~ and wild-
type strains, in the presence of inositol or following inositol deple-
tion, by using the DAPI nuclear stain (Fig. 3F and G) (40). In these
experiments, inol  cells showed a significant (P < 0.001) increase
in the number of nuclei following inositol depletion compared to
that for the wild-type strain. Under inositol depletion conditions,
24.7% of the inol ™ cells accumulated =3 nuclei, compared to
7.7% of the wild-type cells. This effect was rescued by growing
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FIG 2 Ablating inol in Dictyostelium causes inositol auxotrophy. (A) Dictyostelium cells grown in liquid medium showed rapid growth up to stationary phase (at
168 h). Ablation of inol blocked cell growth in the absence of exogenous inositol, with only partial restoration of wild-type growth by the addition of either 300
M or 500 wM inositol. (B) During starvation, wild-type (WT) Dictyostelium formed fruiting bodies without inositol pretreatment. Under the same conditions,
inol ™ cells were unable to form fruiting bodies. Fruiting body formation in inol™ cells was restored when the cells were grown with inositol supplementation
prior to the assay. (C) Expression of inol-RFP in Dictyostelium inol ™~ cells was confirmed by reverse transcription-PCR (RTPCR) with an ig7 gene control and
by Western blot analysis (WB) to show the full-length protein (with a ladder). (D to F) The full-length protein restored the growth rate (D), was present in the
cytosol (E), and restored development in the absence of exogenous inositol (F). (G) inol ™ cells were unable to grow on agar plates seeded with bacteria, and
expression of inol-RFP in these cells restored bacterial growth. For panels A and D, statistical significance was determined by two-way analysis of variance
(ANOVA) with the Bonferroni posttest. ***, P < 0.001. Error bars represent standard errors of the means (SEM) for 3 experimental repeats.

@

inol™ cells in the presence of inositol (500 M) (9.7% of cells
accumulated =3 nuclei) or by overexpressing inol-RFP (Fig. 3F
and G) (10% of cells accumulated =3 nuclei). These data suggest
that inositol depletion leads to an increase in autophagy, a loss of
cell-substrate adhesion, and a reduction in cytokinesis but that the
loss of Ino1 per se does not trigger these responses.

Inositol depletion regulates phospholipid levels. Since inosi-
tolis a precursor to a family of inositol phospholipids (Fig. 4A and
B), we examined changes in phospholipid levels due to the loss of
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Inol and as a result of inositol depletion. In Dictyostelium, the
following two types of phospholipids are present: diacyl phospho-
lipids, containing two acyl linkages to the glycerol backbone; and
the recently reported ether/acyl phospholipids, containing a glyc-
erol backbone linked to a fatty alcohol at position 1 (36) (Fig. 4B).
We quantified the levels of both phospholipid species in wild-type
and inol ™ cells grown in the presence and absence of inositol (Fig.
4C to F). Separation of distinct phospholipid species was limited
to those of different molecular weights. We first examined levels of
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FIG 3 Inositol depletion causes a change in velocity and cell shape, an activation of autophagy, a loss in cell-substrate adhesion, and a reduction in cytokinesis
in Dictyostelium inol~ cells. (A) Levels of myo-inositol, as analyzed by NMR spectroscopy, in wild-type and inol ™~ cells grown with (+; 500 uM) or without (—)
exogenous inositol for 12 or 24 h or following inositol reintroduction (+/—). Data shown are means = SEM. Inositol levels were reduced in the inol ™ mutant
following inositol depletion for 12 and 24 h and were restored to basal levels following reintroduction for 12 h. (B) Average velocity, aspect, and persistence of
aggregation-competent inol~ cells (grown with [+] or without [—] 500 wM inositol for 24 h prior to imaging) or wild-type cells during chemotaxis toward
cAMP. Velocity shows the distance traveled by cells over time. Aspect refers to the roundness of cells (1 = perfectly round). Directness is a ratio of the
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the phospholipid precursor phosphatidic acid (PA), which com-
prises a glycerol backbone and two fatty acid tails. Both diacyl-
linked and ether-linked PA levels decreased during early inositol
depletion in inol~ cells (Fig. 4C and D). Phosphatidylinositol
(PI), which is formed by the addition of the inositol head group to
PA, decreased following inositol depletion (in inol  cells), with
the greatest reduction seen in diacyl-linked PI (Fig. 4C and D). A
similar effect was seen for diacyl phosphatidylinositol monophos-
phate (PIP) (Fig. 4C and D). Surprisingly, inositol depletion in-
duced a reduction in diacyl phosphatidylinositol bisphosphate
(PIP2) but not in ether/acyl PIP2 (Fig. 4C and D). For phospha-
tidylinositol trisphosphate (PIP3), only ether/acyl PIP3 was de-
tectable in inol ™ cells, and the level was reduced compared to that
in wild-type cells, independent of the exogenous inositol supply
(Fig. 4D). The reintroduction of inositol for 12 h after 24 h of
starvation restored the levels of the majority of ether/acyl and
diacyl phospholipids. These data suggest that the pool of diacyl
phospholipids is more sensitive to inositol depletion than ether/
acyl species and that cellular ether/acyl PIP2 levels are maintained
under these conditions.

Since a reduction in inositol synthesis attenuates the produc-
tion of phosphoinositides and causes a transient reduction of PA,
we then monitored changes in other phospholipids during inosi-
tol depletion and rescue. No change in phosphatidylserine (PS)
was seen in wild-type cells under any condition tested; however,
diacyl phosphatidylserine levels were significantly increased in the
inol ™ cells after 24 h of inositol starvation followed by inositol
resupplementation (Fig. 4E and F). Phosphatidylcholine levels did
not change significantly in wild-type or inol cells under any con-
dition (Fig. 4E and F), while the ether/acyl phosphatidylethano-
lamine level was decreased in inol~ cells after 12 h of inositol
starvation (Fig. 4F).

Inol loss causes a shift to catabolic metabolism. We next in-
vestigated the metabolic consequences of both the loss of Ino1 and
inositol depletion by using wild-type and inol ™~ cells grown in the
presence and absence of inositol (Fig. 5). Both ablation of inoI and
inositol treatment induced specific metabolic changes. Principal
component (PC) analysis of metabolic profiles suggested that the
greatest metabolic change was observed between the wild-type
and inol~ cells independently of exogenous inositol provision
(Fig. 5A and B), where inol ablation accounted for 53% of the
total variance, as observed in PC1. The mutation resulted in in-
creases in amino acids and compounds related to amino acid
breakdown (alanine, aspartate, isoleucine, lysine, methionine,
GABA, and putrescine), in energy-related metabolites (fumarate
and lactate), in phosphorylated adenosine derivatives (5'AMP,
3'AMP, ATP, and cAMP), and in sn-glycero-3-phosphocholine
(GPC), a potent osmolyte (Fig. 5B). In contrast, inositol treatment
accounted for only 12% of the variance between the metabolic
profiles of wild-type and inol ™~ cells, as observed in PC2 (Fig. 5A

and C). In inol ™ cells, inositol treatment resulted in increased
amino acid levels (leucine, methionine, and tyrosine). These data
suggest a dominant role for the presence of the Inol protein
(rather than inositol levels) in metabolic regulation (Fig. 5).

The absence of Ino1 caused a major shift in metabolic profile,
and we therefore specifically examined changes caused by Inol
loss (Fig. 6A and B). This analysis showed changes in many of the
metabolic products found in the initial PC analysis. In contrast to
aloss of Inol, inositol depletion caused limited changes to meta-
bolic profiles. Here we specifically compared inol ™ cells grown in
the presence or absence of inositol (12- and 24-h treatments were
combined because they resulted in similar metabolic changes and
inositol levels) (Fig. 6C and D) to show that inositol supplemen-
tation led to an increase of inositol and lipids, consistent with the
phosphoinositide analysis (Fig. 4). Interestingly, reintroduction
of inositol for 12 h after 24 h of inositol depletion changed the
metabolic profile of inol~ cells (Fig. 6E and F).

Supervised analysis was then used to specifically evaluate the
impact of Inol loss on cell metabolism (Fig. 6 and 7). This ap-
proach suggested that a loss of Ino1 was associated with significant
increases in some amino acids (alanine, aspartate, glycine, GABA,
isoleucine, lysine, and methionine) and in metabolites associated
with regulation of the cell cycle and DNA metabolism (guanosine,
ATP, deoxy-ADP, 5'AMP, 3’AMP, UTP, and B-alanine, a bio-
marker of the degradation of pyrimidines [41]). Putrescine was
also significantly increased, consistent with a reduction in cell pro-
liferation, as previously demonstrated for Dictyostelium (42). An
increase in lactate was also observed, which suggests an increase in
the (NADH + H")/NAD™ ratio that stimulates the activity of the
lactate dehydrogenase. An increase in (NADH + H¥)/NAD™ ra-
tio would simultaneously inhibit the citrate synthase and slow
down the Krebs cycle, resulting in an accumulation of some inter-
mediates. This is consistent with the accumulation of acetate, de-
rived from the spontaneous hydrolysis of oxaloacetate, and of fu-
marate and succinate, two other intermediates of the Krebs cycle.
Finally, the GPC level was greatly increased, suggesting that the
lack of Inol was compensated for by the production of a strong
osmolyte. The increased (NADH + H™¥)/NAD™ ratio is a signa-
ture of catabolic reactions. Together, these data suggest that the
loss of Inol shifts cells into a catabolic state and further support
the autophagic phenotype of inol ~ mutants, even when supple-
mented with inositol.

Supervised analysis was also used to evaluate the impact of
inositol depletion on individual metabolites (Fig. 6 and 7). This
approach suggested that inositol depletion resulted in changes in
some amino acids (increases in alanine, GABA, glycine, and valine
and a decrease in phenylalanine), increases in lactate, fumarate,
and succinate, and decreases in 3’ AMP, guanosine, and glycogen.
No effect on the metabolic profile was shown to be due to the
selection antibiotic (blasticidin) for the inol™ cells (orthogonal

distance traveled by a cell to the total direct distance, where 1 represents a straight line. (C and D) Autophagosomes were visualized in wild-type and inol ™~ cells
expressing Atg8-GFP (C) and quantified in the absence of inositol (24 h) (control) or presence of inositol (D). (E) Cell adhesion was monitored in wild-type and
inol~ cells and in inol™ cells expressing inoI-RFP in the presence (500 wM) or absence of inositol for at least 24 h. (F and G) Cytokinesis was examined in
wild-type and inol ™ cells and in inol™ cells expressing inol-RFP by using the DAPI nuclear stain to label cell nuclei (F), and the number of nuclei per cell was
quantified (G). For panels A, B, D, and E, statistical significance was determined by the unpaired two-tailed ¢ test, with each condition compared separately to
wild-type cells (— inositol) (A, B,and D) and inol ™~ cells (+ inositol) (D). For panels E and G, statistical significance was determined by 2-way ANOVA with the
Bonferroni posttest. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Error bars represent SEM. For panel A, there were 4 experimental repeats. For panel B, =20 cells
were analyzed per condition in 3 experimental repeats. For panel D, 117 cells were analyzed per condition in 3 experimental repeats. For panel E, there were 3
experimental repeats. For panel G, 386 cells were analyzed per condition in 3 experimental repeats.
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FIG 5 Comparison of metabolic profiles of Dictyostelium following Ino1 loss and inositol depletion. To monitor metabolic profiles in the wild type and the inol ™~
mutant, cells were grown in the presence of inositol (500 wM; +), with inositol followed by inositol withdrawal (12 or 24 h; +/—), or with inositol added after
a 24-h depletion period (500 uM for 12 h; +/—/+). The controls were cells without inositol supplementation. (A) Distribution of metabolic variations between
cell type and myo-inositol exposure were assessed by principal component analysis (PCA) of data generated from the "H-NMR spectra of the Dictyostelium
metabolic fingerprints. The main source of variation (53%) was driven by the mutation, while inositol depletion accounted for approximately 12% of the
metabolic variation in this data set. (B) Loading plot associated with PC1 (red peaks pointing upwards are positively associated with PC1, while those pointing

downwards are negatively associated with PC1). (C) Loading plot associated with PC2. A total of 5 experimental repeats were performed.

projection to latent structure [O-PLS] model parameters: RY =
0.18 and Q°Y = 0). Although we observed that the mutants were
already in a catabolic state, the addition of inositol tended to mod-
erate this metabolic phenotype, since indicators of anabolism
(glycogen and lipids) were higher in cells supplemented with ino-
sitol, while those not supplemented were associated with markers
of catabolism (i.e., lactate and succinate). However, the absence of
Inol rather than inositol depletion triggered broader metabolic
changes.

Mutation of an Inol catalytic residue reduces growth inde-
pendently of exogenous inositol. To investigate a role for Inol
that is independent of catalytic activity, we expressed a mutated
Inol protein lacking a key catalytic aspartic acid (D342A) that is
conserved throughout the tree of life (37). Wild-type cells express-
ing this construct showed strongly reduced growth in either the
presence or absence of inositol (500 wM) (Fig. 8A), suggesting a
dominant negative effect of the protein. inol  cells expressing this
construct retained the inositol-auxotrophic phenotype, confirm-
ing a lack of catalytic activity of the mutated protein, but addition-

ally showed strongly reduced growth in the presence of inositol
(500 M).

Inol binds a possible macromolecular complex linker pro-
tein. To investigate a mechanism for Ino1 in regulating cell func-
tion independently of catalytic activity, Inol binding partners
were isolated by coimmunoprecipitation. Inol-RFP was ex-
pressedininol ™ cells, bound to anti-RFP antibody-coated agarose
beads, and purified by coimmunoprecipitation, followed by SDS-
PAGE separation and mass spectrometry analysis (Fig. 8B). This
approach identified 104 potential binding partners from three in-
dependent experiments, and these were divided into six major
groups, namely, actin-related, immunity- and stress-related, me-
tabolism, nucleic acid-related (translation, transcription, regula-
tion of gene expression, and DNA recombination), protein catab-
olism, and modification and transport proteins, as well as others,
encompassing signal transduction, ATP hydrolysis, and proton
transport (including V-type proton ATPase catalytic subunits A
and B) (see the supplemental material). We extended our analysis
for three potential Ino1 binding proteins: GpmA, a phosphoglyc-

withdrawal (for 12 or 24 h; +/—), or with inositol added after a 24-h depletion period (500 uM for 12 h; +/—/+). The controls were cells without inositol
supplementation. The levels of ether/acyl (C34:1 ea) or diacyl (C36:3 aa) phospholipids are shown as percentages relative to phospholipid levels present in the
wild-type strain grown in the absence of inositol. Inositol depletion reduced the levels of diacyl PI, PIP, and PIP2 phosphoinositides; the level of diacyl PIP3 was
undetectable, and the levels of ether/acyl PIP and PIP3 were reduced. Statistical analysis was carried out by comparing two groups at a time: wild-type (+ inositol)
versus inol~ (+ inositol) cells, wild-type (+ inositol) versus inol~ (+/— inositol 12 h) cells, wild-type (+ inositol) versus inol~ (+/— inositol 24 h) cells, and
wild-type (+ inositol) versus inol™ (+/— 24 h/+ 12 h inositol) cells. Comparisons were done by the unpaired two-tailed f test to illustrate the significance of
changes due to the loss of the Ino1 protein. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Error bars represent SEM for 3 experimental repeats.
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FIG 6 Metabolic profile analysis of the inol ~ mutant. Cells were grown in the presence of inositol (500 wM; +), with inositol followed by inositol withdrawal
(12 or 24 h; +/—), or with inositol added after a 24-h depletion period (500 uM for 12 h; +/—/+). (A and B) Metabolic changes induced by inol ablation.
Orthogonal projection to latent structure discriminant analysis (O-PLS DA) was used to determine the specific impact of the mutation on cell metabolism. (A)
Plot of the scores against the cross-validated scores generated by O-PLS DA (R*Y = 0.89, QY = 0.88, and P value for 500 random permutations = 0.002) by using
the "H-NMR spectra of the Dictyostelium wild-type and inol ~ cells (except for the +/— 24 h/+ 12 h inositol exposure) as a matrix of independent variables and
using mutation as a predictor. (B) Loading plot of the O-PLS DA model (peaks in red indicate increased metabolite levels in response to the mutation). (C and
D) Effect of inositol treatment on the metabolism of the inol ~ mutant. (C) Plot of the scores against the cross-validated scores generated by O-PLS DA (R*Y =
0.67, QY = 0.51, and P value for 500 permutations = 0.002) by using the "H-NMR spectra of the inol~ cells (—12 h and —24 h inositol versus + inositol) as a
matrix of independent variables and using depletion of myo-inositol as a predictor. (D) Loading plot of the O-PLS DA model (peaks in red indicate increased
metabolite levels in response to the presence of inositol). (E and F) Reintroduction of myo-inositol postdeprivation induces a metabolic shift. (E) Plot of the scores
against the cross-validated scores generated by O-PLS DA (R?Y = 0.90, Q*Y = 0.86, and P value for 500 permutations = 0.002) by using the "H-NMR spectra of
theinol™ cells (—12 h and —24 hinositol versus +/—/+ inositol) as a matrix of independent variables and using #yo-inositol reintroduction as a predictor. (F)
Loading plot of the O-PLS DA model (peaks in red indicate increased metabolite levels in response to the depletion of myo-inositol). A total of 4 experimental
repeats were performed.
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FIG 8 Noncatalytic role for Inol in Dictyostelium. (A) An Inol-RFP protein with an aspartic acid-to-alanine substitution (inol1D342A) in a highly conserved
region of a catalytic domain was overexpressed in wild-type and inol™ cells. In the inol™ cells, the mutated protein was unable to rescue the inol ™ inositol
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erate mutase that catalyzes the production of 2,3-bisphospho-D-
glycerate (2,3BPG), which was found to accumulate in inol ™~ cells
starved of inositol (30); PefB, a penta-EF hand domain-contain-
ing protein linked to neurodegenerative and lysosomal diseases
(43, 44); and Q54IX5, an uncharacterized protein with three Sell-
like repeats which was present in all three independent immuno-
precipitation experiments (Fig. 8C and D). These proteins tagged
with a FLAG epitope were coexpressed in cells with Ino1-RFP, and
Ino1-RFP was immunoprecipitated from cell lysates by use of an
RFP antibody linked to agarose beads. The bound protein frac-
tions were then analyzed for the presence of each FLAG-tagged
protein, which demonstrated that GpmA-FLAG bound Ino1-RFP
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weakly, whereas Q541X5-FLAG bound strongly to Ino1-RFP (Fig.
8C). The Q541X5-Inol interaction was confirmed by using the
reverse approach, where Q54I1X5-GFP was coexpressed with Ino1-
RFP and immunoprecipitated with a GFP antibody linked to aga-
rose beads; coimmunoprecipitated Inol-RFP was detected by
Western blotting with an RFP antibody (Fig. 8D). These ap-
proaches confirmed that Q54IX5 binds strongly to Inol.

DISCUSSION

Inositol and inositol-containing compounds are vital cellular
components, and a range of studies have identified pleiotropic
effects of inositol depletion on cell function but have not consid-
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ered complications due to altered levels of the biosynthetic en-
zyme Inol. To distinguish between the effects of inositol depletion
and aloss of Ino1 on cell function and metabolism, we ablated the
inositol biosynthetic enzyme Inol in Dictyostelium and compared
wild-type cells and cells without Inol in the presence and absence
of inositol. Loss of Ino1 produced an inositol-auxotrophic pheno-
type during growth and blocked development, confirming the re-
sults of an earlier Dictyostelium study (30) and results for diverse
organisms, ranging from Saccharomyces cerevisiae (45) to mice
(46), demonstrating the essential conserved role of inositol in cel-
lular function. We showed that the myo-inositol levels decreased
by 36 to 56% in the inol~ mutant (depending upon starvation
time) and returned to predepletion levels following inositol re-
plenishment. This inositol depletion response is consistent with
an obligate role for inositol production catalyzed by Inol. We
showed that inositol depletion resulting from ino1 ablation blocks
development, reduces cell velocity, upregulates autophagy, and
inhibits cytokinesis, consistent with a range of studies in other
systems (19, 30, 47-49) and confirming the validity of this model
for studying Ino1 function. All of these phenotypes, except growth
and cell shape, are rescued by provision of exogenous inositol and
are thus likely to be due to inositol depletion rather than the loss of
Inol.

Dysregulation of inositol levels has been reported in a wide
range of biomedical and clinical studies, both relating to disease
conditions and as a result of medicinal treatment, although few
studies have addressed specific changes in Inol protein levels. A
range of structurally independent bipolar disorder drugs, includ-
ing carbamazepine, valproate, and lithium, act via an inositol de-
pletion mechanism (5) and induce autophagy in vitro and in vivo
(50, 51) to promote survival by recycling cellular components (47,
49). Altered inositol levels have also been demonstrated in patient
studies of bipolar disorder (52), major depressive disorder (53),
and schizophrenia (54). For these reasons, modulating inositol
levels was proposed as a therapy for the treatment of bipolar dis-
order (55), depression, and panic disorders (56). In addition, Ino1l
activity and protein levels are elevated in postmortem brains of
Alzheimer’s patients (57), although studies showed pathologically
lowered inositol levels and mitochondrial dysfunction in mouse
models of Alzheimer’s disease (8) that could be linked to au-
tophagy (58). However, no distinction was made in these studies
between altered inositol levels and altered Ino1 levels. In the pres-
ent study, we separated the effects caused by altered Inol levels
and inositol depletion to provide a unique approach to monitor
cellular and metabolic changes related to inositol levels.

Since phosphoinositide production is the first step of inositol
incorporation into cell signaling, we examined the effects of a loss
of Inol and inositol depletion on this family of chemicals, analyz-
ing both diacyl-linked and ether/acyl-linked compounds inde-
pendently (36). Inositol depletion induced rapid reductions in
both species of P and PIP and strongly reduced diacyl PIP2 levels,
but it had little effect on ether/acyl PIP2. Surprisingly, PIP3 was
greatly reduced in the inol™ mutant under all conditions, inde-
pendent of exogenous inositol. Overall, the greater reduction in
diacyl phosphoinositides, comprising less than 5% of the inositol
phospholipids (36), may be due to the preferential metabolism of
these species over that of the ether/acyl derivatives as precursors of
inositol phosphates. Alternatively, these compounds may provide
a more labile signaling component, giving rise to more rapid me-
tabolism than that of ether-derived compounds, and further re-
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search could investigate these alternatives. Nevertheless, these
data show a critical effect of inositol depletion in regulating phos-
phoinositides.

These results also suggest an important role of inositol deple-
tion, through regulating diacyl PIP2 in vesicle formation and
transport (59) and in membrane trafficking at the neuronal syn-
apse (60). In Dictyostelium, ablation of the PIP2 biosynthetic en-
zyme PIP5 kinase (PikI) led to a 90% reduction in PIP2 levels and
to disoriented cell movement (61). The pivotal role of PIP2 in
these processes suggests a requirement for cells to maintain the
level of this essential molecule during inositol starvation. Cytoki-
nesis is also critically dependent upon an increase in PIP2 levels
(48), and a 65% reduction in diacyl PIP2 levels following 24 h of
inositol depletion is consistent with a block in cytokinesis giving
rise to the multinucleate phenotype of inol~ cells. In a similar
manner, PIP2 is involved in substrate attachment by regulating
actin polymerization and depolymerization (48), which may re-
sult in reduced cell-substrate adhesion. Overall, the data suggest
that inositol depletion has a fundamental and rapid effect on
phosphoinositide regulation that is likely to result in wide-ranging
changes in cellular function and cell health.

Interestingly, Inol may play a role in regulating PIP3 levels
regardless of the inositol level, since the inol~ mutant grown in
inositol-supplemented medium showed reduced PIP3 levels, even
though intracellular myo-inositol levels were comparable to those
of wild-type cells. Previous studies in Dictyostelium demonstrated
that a complete block of PIP3 production by deletion of all five
phosphoinositide 3-kinase enzymes resulted in poor growth and
developmental defects (62). Combined, these findings suggest
that loss of the Inol protein leads to a loss of PIP3 production,
resulting in poor cell growth.

We also examined metabolic changes caused by loss of the Ino1
protein and during inositol depletion. Surprisingly, the greatest
metabolic change observed here was due to an absence of Inol,
which gave rise to elevated amino acids, energy-related compo-
nents, DNA regulation, and osmolytes. This metabolic shift was
not due to altered inositol levels per se, since cellular inositol levels
were consistent between the mutant and wild-type cells during
inositol supplementation, but rather to an absence of the Inol
protein. These changes are likely to have a major effect on cellular
function and suggest an important noncatalytic role for the pro-
tein in metabolic regulation, shifting the metabolism toward an
autophagic response, with increased levels of putrescine, amino
acids, and nucleotide derivatives (63). In contrast, inositol deple-
tion caused general changes in lipids and variable changes in a few
amino acids. This suggests that inositol depletion has little meta-
bolic effect over the short time scale examined in this study.

Since inositol supplementation did not fully restore inol™
growth, we expressed the mutant protein Inol-D342A in these
cells and assessed growth. Mutation of this amino acid is likely to
disrupt catalytic activity as it is conserved in all known Inol pro-
teins. Expression of Inol1-D342A did not rescue the inositol
auxotrophy resulting from Inol loss, and thus it does not cat-
alyze inositol biosynthesis. In contrast, expression of the protein
reduced growth of all strains, independently of exogenous inositol
provision. Further studies will be necessary to determine if this
response is due to depletion of the Inol substrate, inactivation of
a potential Inol multimeric complex, or other mechanisms.

To identify new roles for Inol in the regulation of cellular
function, we isolated a number of potential Ino1 binding partners.
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These included proteins related to cytoskeletal organization, mi-
tochondrial function, DNA and protein regulation, and metabo-
lism, including fatty acid metabolism, glycolysis, and purine me-
tabolism, as well as the vacuolar ATPase, consistent with those
identified in S. cerevisiae (64—66) and in humans (67). From the
list of potential binding partners, we independently confirmed
Ino1-GpmA binding; GpmaA catalyzes the production of 2,3BPG
from 2- or 3-phosphoglycerate. Importantly, 2,3BPG potently in-
hibits the dephosphorylation of InsP; and InsP, (68), relating to
the effect of lithium on the dephosphorylation of IP, (9), and is
elevated following inol loss in Dictyostelium (30). The binding of
Inol-GpmaA thus provides a potentially crucial link between loss
of Inol and a mechanism of inositol depletion similar to that for
lithium. We also confirmed strong Ino1-Q54IX5 binding; the
Q54IX5 protein contains a tetratricopeptide repeat (TPR) that
mediates protein-protein interactions, often during the assembly
of multiprotein complexes (69). Although the function of an
Ino1-Q54IX5 interaction remains to be examined, the potential
human orthologue of Q54IX5 is the SEL1L protein, which is in-
volved in the movement of misfolded proteins from the endoplas-
mic reticulum to the cytosol and in protein ubiquitination (70),
and thus dysregulation of this protein in the inol~ mutant may
have far-reaching effects on cell function.

Since we showed that the absence of Inol and inositol deple-
tion have different molecular and metabolic effects, we questioned
whether these effects are interrelated. Inositol depletion has been
shown to activate inol expression in a wide range of models (71,
72), including Dictyostelium (5) and mice (73); this effect is likely
to elevate Ino1 levels. Many studies have relied on using inositol-
depleting drugs prescribed as bipolar disorder treatments, which
act through multiple targets (74-77), and hence these studies are
likely to be complicated by secondary effects. In contrast, our
study did not utilize drug treatments, and our results suggest that
short-term inositol depletion does not cause large metabolic
changes in Dictyostelium, enabling a subsequent increase in inol
transcription to reverse this deficit (5). This responsive regulation
would protect cells against a transient reduction in inositol levels
without triggering large metabolic changes, with a dysregulation
of this responsive mode resulting from a reduction of Ino1 levels
causing wide-ranging metabolic effects.

To sum up, our studies show that a loss of the crucial inositol
biosynthetic enzyme Inol and inositol depletion cause discrete
cellular, molecular, and metabolic effects. Although inositol de-
pletion alters cell physiology, triggering an autophagic response,
loss of substrate adhesion, reduction in cell division, and rapid
reductions in a range of phospholipids, it does not trigger a large
change in metabolic profile. In contrast, the Inol protein itself
plays important roles in cell growth and shape and in metabolic
regulation, regardless of inositol level, including binding to a
linker protein, Q541X5, suggesting further roles of this protein.

ACKNOWLEDGMENTS

This work was funded by a grant to R.S.B.W. by the Dr. Hadwen Trust for
Humane Research (DHT), which is the United Kingdom’s leading medi-
cal research charity that funds and promotes exclusively human-relevant
research that encourages the progress of medicine with the replacement of
the use of animals in research. G.P.O. was supported by NC3Rs grant
NC/M001504/1.

R.S.B.W. and A.D.F. planned the experiments. A.D.F,, ].C., C.LL.R,,
G.P.O, G.C, S.P.C, P.H,, LS, S.L.,, P.A.T., and R.H.I. carried out all

May 2016 Volume 36 Number 10

Molecular and Cellular Biology

Distinct Catalytic and Metabolic Roles of Ino1

experimental procedures and data analysis. R.S.B.W. and A.D.F. wrote the
paper.

FUNDING INFORMATION

This work, including the efforts of Robin Williams, was funded by Doctor
Hadwen Trust. This work, including the efforts of Robin Williams, was
funded by National Centre for the Replacement, Refinement and Reduc-
tion of Animals in Research (NC3Rs) (NC/M001504/1).

REFERENCES

1. Deranieh RM, Greenberg ML. 2009. Cellular consequences of inositol
depletion. Biochem Soc Trans 37:1099-1103. http://dx.doi.org/10.1042
/BST0371099.

2. Berridge MJ 2014. Calcium signalling and psychiatric disease: bipolar
disorder and schizophrenia. Cell Tissue Res 357:477—492. http://dx.doi
.0rg/10.1007/s00441-014-1806-z.

3. Berridge MJ, Downes CP, Hanley MR. 1989. Neural and developmental
actions of lithium: a unifying hypothesis. Cell 59:411-419. http://dx.doi
.org/10.1016/0092-8674(89)90026-3.

4. Silverstone PH, McGrath BM, Kim H. 2005. Bipolar disorder and myo-
inositol: a review of the magnetic resonance spectroscopy findings. Bipo-
lar Disord 7:1-10.

5. Williams RSB, Cheng L, Mudge AW, Harwood AJ. 2002. A common
mechanism of action for three mood-stabilizing drugs. Nature 417:292—
295. http://dx.doi.org/10.1038/417292a.

6. Berridge MJ. 2014. Calcium regulation of neural rhythms, memory and
Alzheimer’s disease. ] Physiol 592:281-293. http://dx.doi.org/10.1113
/iphysiol.2013.257527.

7. McLaurin J, Franklin T, Chakrabartty A, Fraser PE. 1998. Phosphati-
dylinositol and inositol involvement in Alzheimer amyloid-beta fibril
growth and arrest. ] Mol Biol 278:183-194. http://dx.doi.org/10.1006
/jmbi.1998.1677.

8. Trushina E, Nemutlu E, Zhang S, Christensen T, Camp J, Mesa J,
Siddiqui A, Tamura Y, Sesaki H, Wengenack TM, Dzeja PP, Poduslo JF.
2012. Defects in mitochondrial dynamics and metabolomic signatures of
evolving energetic stress in mouse models of familial Alzheimer’s disease.
PLoS One 7:¢32737. http://dx.doi.org/10.1371/journal.pone.0032737.

9. Wang H, Raleigh DP. 2014. General amyloid inhibitors? A critical exam-
ination of the inhibition of IAPP amyloid formation by inositol stereoiso-
mers. PLoS One 9:e104023. http://dx.doi.org/10.1371/journal.pone
.0104023.

10. Gelber D, Levine J, Belmaker RH. 2001. Effect of inositol on bulimia
nervosa and binge eating. Int J Eat Disord 29:345-348. http://dx.doi.org
/10.1002/eat.1028.

11. Maeba R, Hara H, Ishikawa H, Hayashi S, Yoshimura N, Kusano J,
Takeoka Y, Yasuda D, Okazaki T, Kinoshita M, Teramoto T. 2008.
Myo-inositol treatment increases serum plasmalogens and decreases
small dense LDL, particularly in hyperlipidemic subjects with metabolic
syndrome. J Nutr Sci Vitaminol (Tokyo) 54:196—-202. http://dx.doi.org
/10.3177/jnsv.54.196.

12. Kennington AS, Hill CR, Craig J, Bogardus C, Raz I, Ortmeyer HK,
Hansen BC, Romero G, Larner J. 1990. Low urinary chiro-inositol
excretion in non-insulin-dependent diabetes mellitus. N Engl ] Med 323:
373-378. http://dx.doi.org/10.1056/NEJM199008093230603.

13. Scioscia M, Kunjara S, Gumaa K, McLean P, Rodeck CH, Rademacher
TW. 2007. Urinary excretion of inositol phosphoglycan P-type in gesta-
tional diabetes mellitus. Diabet Med 24:1300-1304. http://dx.doi.org/10
.1111/j.1464-5491.2007.02267 x.

14. Chang P, Walker MC, Williams RS. 2014. Seizure-induced reduction in
PIP3 levels contributes to seizure-activity and is rescued by valproic acid.
Neurobiol Dis 62:296-306. http://dx.doi.org/10.1016/j.nbd.2013.10.017.

15. Kofman O, Sherman WR, Katz V, Belmaker RH. 1993. Restoration of
brain myo-inositol levels in rats increases latency to lithium-pilocarpine
seizures. Psychopharmacology (Berl) 110:229-234. http://dx.doi.org/10
.1007/BF02246978.

16. De Camilli P, Emr SD, McPherson PS, Novick P. 1996. Phosphoinositi-
des as regulators in membrane traffic. Science 271:1533-1539. http://dx
.doi.org/10.1126/science.271.5255.1533.

17. Michell RH, Heath VL, Lemmon MA, Dove SK. 2006. Phosphatidylino-
sitol 3,5-bisphosphate: metabolism and cellular functions. Trends
Biochem Sci 31:52—-63. http://dx.doi.org/10.1016/j.tibs.2005.11.013.

18. Dowler S, Montalvo L, Cantrell D, Morrice N, Alessi DR. 2000. Phos-

mcb.asm.org 1477

ONIAV3Y 40 ALISYIAINN Ag 9T0Z ‘LT aunr uo /Bio wse qow//:dny woly papeojumod


http://dx.doi.org/10.1042/BST0371099
http://dx.doi.org/10.1042/BST0371099
http://dx.doi.org/10.1007/s00441-014-1806-z
http://dx.doi.org/10.1007/s00441-014-1806-z
http://dx.doi.org/10.1016/0092-8674(89)90026-3
http://dx.doi.org/10.1016/0092-8674(89)90026-3
http://dx.doi.org/10.1038/417292a
http://dx.doi.org/10.1113/jphysiol.2013.257527
http://dx.doi.org/10.1113/jphysiol.2013.257527
http://dx.doi.org/10.1006/jmbi.1998.1677
http://dx.doi.org/10.1006/jmbi.1998.1677
http://dx.doi.org/10.1371/journal.pone.0032737
http://dx.doi.org/10.1371/journal.pone.0104023
http://dx.doi.org/10.1371/journal.pone.0104023
http://dx.doi.org/10.1002/eat.1028
http://dx.doi.org/10.1002/eat.1028
http://dx.doi.org/10.3177/jnsv.54.196
http://dx.doi.org/10.3177/jnsv.54.196
http://dx.doi.org/10.1056/NEJM199008093230603
http://dx.doi.org/10.1111/j.1464-5491.2007.02267.x
http://dx.doi.org/10.1111/j.1464-5491.2007.02267.x
http://dx.doi.org/10.1016/j.nbd.2013.10.017
http://dx.doi.org/10.1007/BF02246978
http://dx.doi.org/10.1007/BF02246978
http://dx.doi.org/10.1126/science.271.5255.1533
http://dx.doi.org/10.1126/science.271.5255.1533
http://dx.doi.org/10.1016/j.tibs.2005.11.013
http://mcb.asm.org
http://mcb.asm.org/

Frej et al.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

1478 mcb.asm.org

phoinositide 3-kinase-dependent phosphorylation of the dual adaptor for
phosphotyrosine and 3-phosphoinositides by the Src family of tyrosine
kinase. Biochem J 349:605-610.

Steger DJ, Haswell ES, Miller AL, Wente SR, O’Shea EK. 2003. Regu-
lation of chromatin remodeling by inositol polyphosphates. Science 299:
114-116. http://dx.doi.org/10.1126/science.1078062.

Chang P, Orabi B, Deranieh RM, Dham M, Hoeller O, Shimshoni JA,
Yagen B, Bialer M, Greenberg ML, Walker MC, Williams RS. 2012. The
antiepileptic drug valproic acid and other medium-chain fatty acids
acutely reduce phosphoinositide levels independently of inositol in Dic-
tyostelium. Dis Model Mech 5:115-124. http://dx.doi.org/10.1242/dmm
.008029.

Eickholt BJ, Towers G, Ryves W], Eikel D, Adley K, Ylinen L, Chadborn
N, Harwood A, Nau H, Williams RS. 2005. Effects of valproic acid
derivatives on inositol trisphosphate depletion, teratogenicity, GSK-33
inhibition and viral replication—a screening approach for new bipolar
disorder drugs based on the valproic acid core structure. Mol Pharmacol
67:1-8. http://dx.doi.org/10.1124/mol.67.1..

Shimshoni JA, Dalton EC, Jenkins A, Eyal S, Kwan K, Williams RS,
Pessah N, Yagen B, Harwood AJ, Bialer M. 2007. The effects of central
nervous system-active valproic acid constitutional isomers, cyclopropyl
analogues and amide derivatives on neuronal growth cone behaviour. Mol
Pharmacol 71:884-892.

Robery S, Tyson R, Dinh C, Kuspa A, Noegel AA, Bretschneider T,
Andrews PL, Williams RS. 2013. A novel human receptor involved in
bitter tastant detection identified using Dictyostelium discoideum. J Cell
Sci 126:5465-5476. http://dx.doi.org/10.1242/jcs.136440.

Waheed A, Ludtmann MH, Pakes N, Robery S, Kuspa A, Dinh C,
Baines D, Williams RS, Carew MA. 2014. Naringenin inhibits the growth
of Dictyostelium and MDCK-derived cysts in a TRPP2 (polycystin-2)-
dependent manner. Br ] Pharmacol 171:2659-2670. http://dx.doi.org/10
.1111/bph.12443.

Ludtmann MH, Otto GP, Schilde C, Chen ZH, Allan CY, Brace S,
Beesley PW, Kimmel AR, Fisher P, Killick R, Williams RS. 2014. An
ancestral non-proteolytic role for presenilin proteins in multicellular de-
velopment of the social amoeba Dictyostelium discoideum. J Cell Sci 127:
1576-1584. http://dx.doi.org/10.1242/jcs.140939.

Francione LM, Fisher PR. 2011. Heteroplasmic mitochondrial disease in
Dictyostelium discoideum. Biochem Pharmacol 82:1510-1520. http://dx
.doi.org/10.1016/j.bcp.2011.07.071.

Wessels D, Lusche DF, Scherer A, Kuhl S, Myre MA, Soll DR. 2014.
Huntingtin regulates Ca(2+) chemotaxis and K(+)-facilitated cAMP
chemotaxis, in conjunction with the monovalent cation/H(+) exchanger
Nhel, in a model developmental system: insights into its possible role in
Huntington’s disease. Dev Biol 394:24-38. http://dx.doi.org/10.1016/j
.ydbio.2014.08.009.

Junemann A, Winterhoff M, Nordholz B, Rottner K, Eichinger L, Graf
R, Faix J. 2013. ForC lacks canonical formin activity but bundles actin
filaments and is required for multicellular development of Dictyostelium
cells. Eur J Cell Biol 92:201-212. http://dx.doi.org/10.1016/j.ejcb.2013.07
.001.

Tikhonenko I, Magidson V, Graf R, Khodjakov A, Koonce MP. 2013.
A kinesin-mediated mechanism that couples centrosomes to nuclei.
Cell Mol Life Sci 70:1285-1296. http://dx.doi.org/10.1007/s00018-012
-1205-0.

Fischbach A, Adelt S, Muller A, Vogel G. 2006. Disruption of inositol
biosynthesis through targeted mutagenesis in Dictyostelium discoideum:
generation and characterization of inositol-auxotrophic mutants.
Biochem J 397:509—-518. http://dx.doi.org/10.1042/BJ20060277.

Faix J, Kreppel L, Shaulsky G, Schleicher M, Kimmel AR. 2004. A rapid
and efficient method to generate multiple gene disruptions in Dictyoste-
lium discoideum using a single selectable marker and the Cre-loxP system.
Nucleic Acids Res 32:e143. http://dx.doi.org/10.1093/nar/gnh136.

Basu S, Fey P, Pandit Y, Dodson R, Kibbe WA, Chisholm RL. 2013.
DictyBase 2013: integrating multiple dictyostelid species. Nucleic Acids
Res 41:D676-D683. http://dx.doi.org/10.1093/nar/gks1064.

Fey P, Dodson RJ, Basu S, Chisholm RL. 2013. One stop shop for
everything Dictyostelium: dictyBase and the Dicty Stock Center in 2012.
Methods Mol Biol 983:59-92. http://dx.doi.org/10.1007/978-1-62703
-302-2_4.

Robery S, Mukanowa J, Percie du Sert N, Andrews PL, Williams RS.
2011. Investigating the effect of emetic compounds on chemotaxis in Dic-
tyostelium identifies a non-sentient model for bitter and hot tastant re-

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Molecular and Cellular Biology

search. PLoS One 6:€24439. http://dx.doi.org/10.1371/journal.pone
.0024439.

Otto GP, Wu MY, Kazgan N, Anderson OR, Kessin RH. 2003. Mac-
roautophagy is required for multicellular development of the social
amoeba Dictyostelium discoideum. ] Biol Chem 278:17636-17645. http:
//dx.doi.org/10.1074/jbc.M212467200.

Clark J, Kay RR, Kielkowska A, Niewczas I, Fets L, Oxley D, Stephens
LR, Hawkins PT. 2014. Dictyostelium uses ether-linked inositol phos-
pholipids for intracellular signalling. EMBO J 33:2188-2200. http://dx
.doi.org/10.15252/emb;.201488677.

Majumder AL, Chatterjee A, Ghosh DK, Majee M. 2003. Diversification
and evolution of L-myo-inositol 1-phosphate synthase. FEBS Lett 553:3—
10. http://dx.doi.org/10.1016/S0014-5793(03)00974-8.

Shi 'Y, Vaden DL, Ju S, Ding D, Geiger JH, Greenberg ML. 2005. Genetic
perturbation of glycolysis results in inhibition of de novo inositol biosyn-
thesis. ] Biol Chem 280:41805-41810. http://dx.doi.org/10.1074/jbc
.M505181200.

Kosta A, Roisin-Bouffay C, Luciani MF, Otto GP, Kessin RH, Golstein
P. 2004. Autophagy gene disruption reveals a non-vacuolar cell death
pathway in Dictyostelium. J Biol Chem 279:48404—48409. http://dx.doi
.org/10.1074/jbc.M408924200.

Pakes NK, Veltman DM, Rivero F, Nasir J, Insall R, Williams RS. 2012.
The Rac GEF ZizB regulates development, cell motility and cytokinesis in
Dictyostelium. J Cell Sci 125:2457-2465. http://dx.doi.org/10.1242/jcs
.100966.

Di Meo I, Lamperti C, Tiranti V. 2015. Mitochondrial diseases caused by
toxic compound accumulation: from etiopathology to therapeutic ap-
proaches. EMBO Mol Med 7:1257-1266. http://dx.doi.org/10.15252
/emmm.201505040.

Kumar R, Rafia S, Saran S. 2014. Cloning, expression and characteriza-
tion of the ornithine decarboxylase gene from Dictyostelium discoideum.
Int J Dev Biol 58:669—676. http://dx.doi.org/10.1387/ijdb.140174ss.
Vergarajauregui S, Martina JA, Puertollano R. 2009. Identification of the
penta-EF-hand protein ALG-2 as a Ca2+-dependent interactor of muco-
lipin-1. J Biol Chem 284:36357-36366. http://dx.doi.org/10.1074/jbc
.M109.047241.

Vito P, Lacana E, D’Adamio L. 1996. Interfering with apoptosis: Ca(2+)-
binding protein ALG-2 and Alzheimer’s disease gene ALG-3. Science 271:
521-525. http://dx.doi.org/10.1126/science.271.5248.521.

Culbertson MR, Donahue TF, Henry SA. 1976. Control of inositol
biosynthesis in Saccharomyces cerevisiae: properties of a repressible en-
zyme system in extracts of wild-type (Ino™*) cells. ] Bacteriol 126:232-242.
Ohnishi T, Murata T, Watanabe A, Hida A, Ohba H, Iwayama Y,
Mishima K, Gondo Y, Yoshikawa T. 2014. Defective craniofacial devel-
opment and brain function in a mouse model for depletion of intracellular
inositol synthesis. ] Biol Chem 289:10785-10796. http://dx.doi.org/10
.1074/jbc.M113.536706.

Criollo A, Maiuri MC, Tasdemir E, Vitale I, Fiebig AA, Andrews D,
Molgo J, Diaz J, Lavandero S, Harper F, Pierron G, di Stefano D,
Rizzuto R, Szabadkai G, Kroemer G. 2007. Regulation of autophagy by
the inositol trisphosphate receptor. Cell Death Differ 14:1029-1039.
Logan MR, Mandato CA. 2006. Regulation of the actin cytoskeleton by
PIP2 in cytokinesis. Biol Cell 98:377-388. http://dx.doi.org/10.1042
/BC20050081.

Schiebler M, Brown K, Hegyi K, Newton SM, Renna M, Hepburn L,
Klapholz C, Coulter S, Obregon-Henao A, Henao TM, Basaraba R,
Kampmann B, Henry KM, Burgon J, Renshaw SA, Fleming A, Kay RR,
Anderson KE, Hawkins PT, Ordway DJ, Rubinsztein DC, Floto RA.
2015. Functional drug screening reveals anticonvulsants as enhancers of
mTOR-independent autophagic killing of Mycobacterium tuberculosis
through inositol depletion. EMBO Mol Med 7:127-139. http://dx.doi.org
/10.15252/emmm.201404137.

Motoi Y, Shimada K, Ishiguro K, Hattori N. 2014. Lithium and au-
tophagy. ACS Chem Neurosci 5:434—442. http://dx.doi.org/10.1021
/cn500056q.

Toker L, Bersudsky Y, Plaschkes I, Chalifa-Caspi V, Berry GT, Bucca-
fusca R, Moechars D, Belmaker RH, Agam G. 2014. Inositol-related gene
knockouts mimic lithium’s effect on mitochondrial function. Neuropsy-
chopharmacology 39:319-328. http://dx.doi.org/10.1038/npp.2013.194.
Shimon H, Agam G, Belmaker RH, Hyde TM, Kleinman JE. 1997.
Reduced frontal cortex inositol levels in postmortem brain of suicide vic-
tims and patients with bipolar disorder. Am J Psychiatry 154:1148-1150.
http://dx.doi.org/10.1176/ajp.154.8.1148.

May 2016 Volume 36 Number 10

ONIAV3Y 40 ALISYIAINN Ag 9T0Z ‘LT aunr uo /Bio wse qow//:dny woly papeojumod


http://dx.doi.org/10.1126/science.1078062
http://dx.doi.org/10.1242/dmm.008029
http://dx.doi.org/10.1242/dmm.008029
http://dx.doi.org/10.1124/mol.67.1.
http://dx.doi.org/10.1242/jcs.136440
http://dx.doi.org/10.1111/bph.12443
http://dx.doi.org/10.1111/bph.12443
http://dx.doi.org/10.1242/jcs.140939
http://dx.doi.org/10.1016/j.bcp.2011.07.071
http://dx.doi.org/10.1016/j.bcp.2011.07.071
http://dx.doi.org/10.1016/j.ydbio.2014.08.009
http://dx.doi.org/10.1016/j.ydbio.2014.08.009
http://dx.doi.org/10.1016/j.ejcb.2013.07.001
http://dx.doi.org/10.1016/j.ejcb.2013.07.001
http://dx.doi.org/10.1007/s00018-012-1205-0
http://dx.doi.org/10.1007/s00018-012-1205-0
http://dx.doi.org/10.1042/BJ20060277
http://dx.doi.org/10.1093/nar/gnh136
http://dx.doi.org/10.1093/nar/gks1064
http://dx.doi.org/10.1007/978-1-62703-302-2_4
http://dx.doi.org/10.1007/978-1-62703-302-2_4
http://dx.doi.org/10.1371/journal.pone.0024439
http://dx.doi.org/10.1371/journal.pone.0024439
http://dx.doi.org/10.1074/jbc.M212467200
http://dx.doi.org/10.1074/jbc.M212467200
http://dx.doi.org/10.15252/embj.201488677
http://dx.doi.org/10.15252/embj.201488677
http://dx.doi.org/10.1016/S0014-5793(03)00974-8
http://dx.doi.org/10.1074/jbc.M505181200
http://dx.doi.org/10.1074/jbc.M505181200
http://dx.doi.org/10.1074/jbc.M408924200
http://dx.doi.org/10.1074/jbc.M408924200
http://dx.doi.org/10.1242/jcs.100966
http://dx.doi.org/10.1242/jcs.100966
http://dx.doi.org/10.15252/emmm.201505040
http://dx.doi.org/10.15252/emmm.201505040
http://dx.doi.org/10.1387/ijdb.140174ss
http://dx.doi.org/10.1074/jbc.M109.047241
http://dx.doi.org/10.1074/jbc.M109.047241
http://dx.doi.org/10.1126/science.271.5248.521
http://dx.doi.org/10.1074/jbc.M113.536706
http://dx.doi.org/10.1074/jbc.M113.536706
http://dx.doi.org/10.1042/BC20050081
http://dx.doi.org/10.1042/BC20050081
http://dx.doi.org/10.15252/emmm.201404137
http://dx.doi.org/10.15252/emmm.201404137
http://dx.doi.org/10.1021/cn500056q
http://dx.doi.org/10.1021/cn500056q
http://dx.doi.org/10.1038/npp.2013.194
http://dx.doi.org/10.1176/ajp.154.8.1148
http://mcb.asm.org
http://mcb.asm.org/

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

May 2016 Volume 36 Number 10

Coupland NJ, Ogilvie CJ, Hegadoren KM, Seres P, Hanstock CC, Allen
PS. 2005. Decreased prefrontal myo-inositol in major depressive disorder.
Biol Psychiatry 57:1526—1534. http://dx.doi.org/10.1016/j.biopsych.2005
.02.027.

Shimon H, Sobolev Y, Davidson M, Haroutunian V, Belmaker RH,
Agam G. 1998. Inositol levels are decreased in postmortem brain of
schizophrenic patients. Biol Psychiatry 44:428—432. http://dx.doi.org/10
.1016/S0006-3223(98)00071-7.

Chengappa KN, Levine J, Gershon S, Mallinger AG, Hardan A, Vag-
nucci A, Pollock B, Luther J, Buttenfield ], Verfaille S, Kupfer DJ. 2000.
Inositol as an add-on treatment for bipolar depression. Bipolar Disord
2:47-55. http://dx.doi.org/10.1034/j.1399-5618.2000.020107 x.

Palatnik A, Frolov K, Fux M, Benjamin J. 2001. Double-blind, con-
trolled, crossover trial of inositol versus fluvoxamine for the treatment of
panic disorder. J Clin Psychopharmacol 21:335-339. http://dx.doi.org/10
.1097/00004714-200106000-00014.

Shimohama S, Tanino H, Sumida Y, Tsuda J, Fujimoto S. 1998. Alter-
ation of myo-inositol monophosphatase in Alzheimer’s disease brains.
Neurosci Lett 245:159-162. http://dx.doi.org/10.1016/S0304-3940(98)
00209-2.

Lionaki E, Markaki M, Palikaras K, Tavernarakis N. 2015. Mitochon-
dria, autophagy and age-associated neurodegenerative diseases: new in-
sights into a complex interplay. Biochim Biophys Acta 1847:1412-1423.
http://dx.doi.org/10.1016/j.bbabio.2015.04.010.

Klopfenstein DR, Tomishige M, Stuurman N, Vale RD. 2002. Role of
phosphatidylinositol(4,5)bisphosphate organization in membrane trans-
port by the Unc104 kinesin motor. Cell 109:347-358. http://dx.doi.org/10
.1016/50092-8674(02)00708-0.

Cremona O, De Camilli P. 2001. Phosphoinositides in membrane traffic
at the synapse. J Cell Sci 114:1041-1052.

Fets L, Nichols JM, Kay RR. 2014. A PIP5 kinase essential for efficient
chemotactic signaling. Curr Biol 24:415-421. http://dx.doi.org/10.1016/j
.cub.2013.12.052.

Hoeller O, Kay RR. 2007. Chemotaxis in the absence of PIP3 gradients.
Curr Biol 17:813-817. http://dx.doi.org/10.1016/j.cub.2007.04.004.

Kim KH, Lee MS. 2014. Autophagy—a key player in cellular and body
metabolism. Nat Rev Endocrinol 10:322-337. http://dx.doi.org/10.1038
/nrendo.2014.35.

Deranieh RM, Shi Y, Tarsio M, Chen Y, McCaffery JM, Kane PM,
Greenberg ML. 2015. Perturbation of the vacuolar ATPase: a novel con-
sequence of inositol depletion. ] Biol Chem 290:27460-27472. http://dx
.doi.org/10.1074/jbc.M115.683706.

Szappanos B, Kovacs K, Szamecz B, Honti F, Costanzo M, Barysh-
nikova A, Gelius-Dietrich G, Lercher MJ, Jelasity M, Myers CL, An-
drews BJ, Boone C, Oliver SG, Pal C, Papp B. 2011. An integrated
approach to characterize genetic interaction networks in yeast metabo-
lism. Nat Genet 43:656—662. http://dx.doi.org/10.1038/ng.846.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Molecular and Cellular Biology

Distinct Catalytic and Metabolic Roles of Ino1

Tarassov K, Messier V, Landry CR, Radinovic S, Serna Molina MM,
Shames I, Malitskaya Y, Vogel J, Bussey H, Michnick SW. 2008. An in
vivo map of the yeast protein interactome. Science 320:1465-1470. http:
//dx.doi.org/10.1126/science.1153878.

Emdal KB, Pedersen AK, Bekker-Jensen DB, Tsafou KP, Horn H,
Lindner S, Schulte JH, Eggert A, Jensen L], Francavilla C, Olsen JV.
2015. Temporal proteomics of NGF-TrkA signaling identifies an inhibi-
tory role for the E3 ligase Cbl-b in neuroblastoma cell differentiation. Sci
Signal 8:ra40. http://dx.doi.org/10.1126/scisignal.2005769.

Van Lookeren Campagne MM, Erneux C, Van Eijk R, Van Haastert PJ.
1988. Two dephosphorylation pathways of inositol 1,4,5-trisphosphate in
homogenates of the cellular slime mould Dictyostelium discoideum.
Biochem J 254:343-350. http://dx.doi.org/10.1042/bj2540343.

Blatch GL, Lassle M. 1999. The tetratricopeptide repeat: a structural
motif mediating protein-protein interactions. Bioessays 21:932-939.
Mueller B, Klemm EJ, Spooner E, Claessen JH, Ploegh HL. 2008. SEL1L
nucleates a protein complex required for dislocation of misfolded glyco-
proteins. Proc Natl Acad Sci U S A 105:12325-12330. http://dx.doi.org/10
.1073/pnas.0805371105.

Shetty A, Swaminathan A, Lopes JM. 2013. Transcription regulation of
a yeast gene from a downstream location. ] Mol Biol 425:457—465. http:
//dx.doi.org/10.1016/j.jmb.2012.11.018.

Vaden DL, Ding D, Peterson B, Greenberg ML. 2001. Lithium and
valproate decrease inositol mass and increase expression of the yeast INO1
and INO2 genes for inositol biosynthesis. ] Biol Chem 276:15466—15471.
http://dx.doi.org/10.1074/jbc.M004179200.

Shamir A, Shaltiel G, Greenberg ML, Belmaker RH, Agam G. 2003. The
effect of lithium on expression of genes for inositol biosynthetic enzymes
in mouse hippocampus; a comparison with the yeast model. Brain Res
Mol Brain Res 115:104-110. http://dx.doi.org/10.1016/S0169-328X(03)
00120-7.

Ju S, Greenberg ML. 2003. Valproate disrupts regulation of inositol
responsive genes and alters regulation of phospholipid biosynthesis. Mol
Microbiol 49:1595-1603. http://dx.doi.org/10.1046/j.1365-2958.2003
.03641.x.

Shaltiel G, Mark S, Kofman O, Belmaker RH, Agam G. 2007. Effect of
valproate derivatives on human brain myo-inositol-1-phosphate (MIP)
synthase activity and amphetamine-induced rearing. Pharmacol Rep 59:
402-407.

Terbach N, Williams RS. 2009. Structure-function studies for the pana-
cea, valproic acid. Biochem Soc Trans 37:1126-1132. http://dx.doi.org/10
.1042/BST0371126.

Williams RSB, Ryves WJ, Dalton EC, Eickholt B, Shaltiel G, Agam G,
Harwood AJ. 2004. A molecular cell biology of lithium. Biochem Soc
Trans 32:799-802. http://dx.doi.org/10.1042/BST0320799.

mcb.asm.org 1479

ONIAV3Y 40 ALISYIAINN Ag 9T0Z ‘LT aunr uo /Bio wse qow//:dny woly papeojumod


http://dx.doi.org/10.1016/j.biopsych.2005.02.027
http://dx.doi.org/10.1016/j.biopsych.2005.02.027
http://dx.doi.org/10.1016/S0006-3223(98)00071-7
http://dx.doi.org/10.1016/S0006-3223(98)00071-7
http://dx.doi.org/10.1034/j.1399-5618.2000.020107.x
http://dx.doi.org/10.1097/00004714-200106000-00014
http://dx.doi.org/10.1097/00004714-200106000-00014
http://dx.doi.org/10.1016/S0304-3940(98)00209-2
http://dx.doi.org/10.1016/S0304-3940(98)00209-2
http://dx.doi.org/10.1016/j.bbabio.2015.04.010
http://dx.doi.org/10.1016/S0092-8674(02)00708-0
http://dx.doi.org/10.1016/S0092-8674(02)00708-0
http://dx.doi.org/10.1016/j.cub.2013.12.052
http://dx.doi.org/10.1016/j.cub.2013.12.052
http://dx.doi.org/10.1016/j.cub.2007.04.004
http://dx.doi.org/10.1038/nrendo.2014.35
http://dx.doi.org/10.1038/nrendo.2014.35
http://dx.doi.org/10.1074/jbc.M115.683706
http://dx.doi.org/10.1074/jbc.M115.683706
http://dx.doi.org/10.1038/ng.846
http://dx.doi.org/10.1126/science.1153878
http://dx.doi.org/10.1126/science.1153878
http://dx.doi.org/10.1126/scisignal.2005769
http://dx.doi.org/10.1042/bj2540343
http://dx.doi.org/10.1073/pnas.0805371105
http://dx.doi.org/10.1073/pnas.0805371105
http://dx.doi.org/10.1016/j.jmb.2012.11.018
http://dx.doi.org/10.1016/j.jmb.2012.11.018
http://dx.doi.org/10.1074/jbc.M004179200
http://dx.doi.org/10.1016/S0169-328X(03)00120-7
http://dx.doi.org/10.1016/S0169-328X(03)00120-7
http://dx.doi.org/10.1046/j.1365-2958.2003.03641.x
http://dx.doi.org/10.1046/j.1365-2958.2003.03641.x
http://dx.doi.org/10.1042/BST0371126
http://dx.doi.org/10.1042/BST0371126
http://dx.doi.org/10.1042/BST0320799
http://mcb.asm.org
http://mcb.asm.org/

	MATERIALS AND METHODS
	Materials.
	Cell culture, strains, and plasmids.
	Development assays and cell image acquisition.
	Substrate adhesion assay.
	Chemotaxis, autophagy, and cytokinesis assays.
	Immunoprecipitation.
	NMR spectrometry.
	Phospholipid analysis.

	RESULTS
	Ino1 protein is conserved from Dictyostelium to humans.
	An ino1− strain is an inositol auxotroph.
	Ino1 loss triggers inositol depletion.
	Ino1 loss causes a pleiotropic phenotype.
	Inositol depletion regulates phospholipid levels.
	Ino1 loss causes a shift to catabolic metabolism.
	Mutation of an Ino1 catalytic residue reduces growth independently of exogenous inositol.
	Ino1 binds a possible macromolecular complex linker protein.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

