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Abstract
In yeast, the GCR1 transcription factor is involved in the regulation of glycolysis and its deletion exhibited growth defect, 
reduced inositol and phosphatidylinositol (PI) levels compared to WT cells. We observed a down regulation of the INO1 
and PIS1 expression in gcr1∆ cells under both I− and I+ conditions and the over expression of GCR1 in gcr1∆ cells restored 
the growth, retrieved the expression of INO1, and PIS1 comparable to WT cells. In the gel shift assay, the Gcr1p binds to its 
consensus sequence CTTCC in PIS1 promoter and regulates its expression but not in INO1 transcription. The WT cells, under 
I− significantly reduced the expression of GCR1 and PIS1, but increased the expression of KCS1 and de-repressed INO1. 
The Kcs1p expression was reduced in gcr1∆ cells; this reduced INO1 expression resulting in abnormal vacuolar structure 
and reduced autophagy in Saccharomyces cerevisiae.
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Introduction

Yeast has been widely used as a model system to study 
molecular biology and proliferative response to nutrients. 
Glycolysis regulation 1 (GCR1) is a transcription fac-
tor that tightly controls the expression of glycolytic genes 
(Willis et al. 2003; Clifton and Fraenkel 1981; Tornow 
et al. 1993; Barbara et al. 2006; Baker 1986) and serves 
as a regulator of RNA polymerase II transcription, while 
being involved in the coordinated regulation of cell cycle 
progression (Baker 1991; Willis et al. 2003). The Pho85 
(cyclin-dependent kinase, CDK) is also involved in cell 
cycle regulation, responds to nutrient levels and is involved 
in GCR1 regulation (Lenburg and O’Shea 2001). The loss 
of PHO85 changes in many cellular events including the 

repression of INO1 transcription, leading to inositol auxotro-
phy (Kliewe et al. 2017), and also affects GCR1 transcription 
(Turkel et al. 2003). The deletion of GCR1 does not affect 
the glucose 6-phosphate level, but accumulates trehalose and 
glycogen (Hossain et al. 2016; Seker and Hamamci 2003). 
The glycolytic intermediates dihydroxyacetone 1-phosphate 
(DHAP) and glyceraldehyde 3-phosphate (G3P) inhibit ino-
sitol 3-phosphate synthase activity in yeast and human (Shi 
et al. 2005). The inositol 3-P synthase (INO1), is a rate-
limiting enzyme that converts glucose 6-P to inositol 3-P 
which is further dephosphorylated to inositol by inositol 
monophosphatase (INM1) (Carman and Han 2011; Murray 
and Greenberg 2000). The glucose 6-phosphate from glyco-
lysis is involved in the de novo synthesis of inositol, but the 
role of GCR1 in inositol production is still uncertain.

In Saccharomyces cerevisiae, the inositol related mol-
ecules modulate diverse cell functions, such as phospholipid 
metabolism, anchoring of proteins in glycolipids (Carman 
and Han 2011), cell growth, membrane trafficking (Henry 
et al. 2012), and apoptosis (York et al. 2001). During ino-
sitol limitation (inositol auxotrophy) the Ino1p is highly 
expressed (Dubois et al. 2002), but the exogenous supple-
mentation of inositol represses the INO1 mRNA expression 
through the Opi1p (repressor protein). When the phospha-
tidic acid (PA) level drops, Opi1 is translocated from the ER 
to nucleus that interacts with Ino2p–Ino4p complex (Murray 
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and Greenberg 2000; Donahue and Henry 1981) and impairs 
the transcription of genes involved in phospholipid (PL) 
metabolism (Bachhawat et al. 1995). The phospholipids 
play an important role in cell size regulation, especially the 
increased PA levels modulate the cell size (Rao et al. 2017). 
Recent study shows that INO1 promoter possesses a cis-act-
ing Memory Requirement Sequence (MRS), which is essen-
tial for the binding of transcription factor Sfl1p, and SFL1 
(Heat shock factor-like DNA-binding domain) was reported 
to epigenetically control INO1 transcriptional memory, and 
loss of Sfl1p disrupted INO1 memory under inositol dep-
rivation (D’Urso and Brickner 2017). The increased level 
of inositol up regulates the phosphatidylinositol synthase 1 
(PIS1), and increases the PI levels required for progression 
of the cell cycle in yeast (Gardocki et al. 2005; Nikawa et al. 
1987). The Zap1p transcription factor also controls PIS1 
expression under zinc depletion conditions through  UASZRE 
element in the promoter region (Carman and Han 2007; Han 
et al. 2005). Carbon source has an impact on PIS1 expres-
sion (Anderson and Lopes 1996), and the PIS1 promoter 
region contains a putative binding site for Gcr1p in UAS3 
(Gardocki and Lopes 2003).

The inositol pyrophosphate synthase (Kcs1p) incorpo-
rates pyrophosphate to inositol hexakisphosphate (IP5) and 
inositol hexaphosphate (IP6) generating inositol pyroph-
osphates 5PP-IP4 and 5PP-IP5 (IP6 and IP7) in yeast, and 
regulates cellular processes like inositol metabolism (Ye 
et al. 2013), telomere length (Saiardi et al. 2005), vesicu-
lar trafficking (Saiardi et al. 2002), vacuolar biogenesis and 
stress response (Dubois et al. 2002). The phosphatidylin-
ositol-3-kinase-related kinase (PIKK) is also the regulator 
of cell proliferation and genomic maintenance (Sugimoto 
2018). The inositol pyrophosphate 5PP-IP4 (IP6) stabilizes 
the interaction of Ino2p–Ino4p complex and regulates INO1 
transcription (Ye et al. 2013). The 5PP-IP5 (IP7) transfers its 
pyrophosphate to the serine residues (S515–S518) of Gcr1p, 
thereby making Gcr1p unable to interact with Gcr2p, thus 
down regulating the transcription of the glycolytic enzymes 
(Szijgyarto et al. 2011). The Gcr1p interacts with Gcr2p 
(GCR1 co activator) and forms a Gcr1p-Gcr2p complex that 
regulates the transcription of the glycolytic enzymes, which 
binds to the CTTCC binding motif in UAS sequence of the 
target glycolytic genes and positively regulates their expres-
sion (Willis et al. 2003). The removal of a Gcr1p binding site 
from the promoter region of Fatty acid synthase (FAS1 and 
FAS2) genes resulted in a dramatic reduction of FAS1 and 
FAS2-LacZ expression (Chirala 1992).

The absence of INO1 disturbs the vacuolar structure 
under inositol limitation (Deranieh et al. 2015). Similarly, 
anti-epileptic drug Valproate (VPA) inhibits inositol-3-P 
synthase, and reduces the inositol level (Deranieh et al. 
2015). However, the VPA treatment displayed abnormal 
vacuolar arrangements, also reduced V-ATPase activity and 

proton pumping under inositol limitation (Deranieh et al. 
2015). The vacuole is the counterpart of the mammalian lys-
osome in yeast, besides being the key cellular site of protein 
and organelle turnover, and is also involved in proteolysis 
during micro and macro autophagy process (Stauffer and 
Powers 2017; Bryant and Stevens 1998; Li and Kane 2009).

Autophagy is maintained at a basal level under normal 
cell growth conditions and is induced by starvation (Wang 
and Klionsky 2003). PKA and TOR are two nutrient-
responsive signaling components which help to maintain 
cell growth and autophagy (Kamada et al. 2010). PKA and 
TOR signaling pathways are regulated by the Rap1-mediated 
gene response and is based on the nutritional prominence 
(Santangelo 2006). Indeed, loss of GCR1 reduces transcrip-
tional activation of Rap1, likewise the exposure of rapamy-
cin display no alteration in rapamycin sensitivity or rapa-
mycin-induced down regulation of ribosomal protein gene 
expression (Menon et al. 2005; Lieb et al. 2001). The earlier 
reports suggest that the loss of KCS1 displayed abnormal 
vacuolar structure, membrane abnormalities (Saiardi et al. 
2002), defective autophagy flux and reduced autophagosome 
formation (Taylor et al. 2012).

In the current study, we focused on the functional impor-
tance of GCR1 under inositol limitation and autophagy in 
Saccharomyces cerevisiae. We performed the growth anal-
ysis and investigated the gene expression of inositol bio-
synthesis. The gcr1∆ cells showed reduced intra-cellular 
inositol levels and the cells became inositol growth defec-
tive, which was alleviated by over expression of GCR1 in 
the gcr1∆ cells. We also show that the deletion of GCR1 
decreased Kcs1p expression and our results suggest that 
GCR1 deletion has an impact on INO1 expression, vacuolar 
structure and autophagy process through the regulation of 
Kcs1p.

Materials and methods

Chemicals and media

Yeast extract, peptone, bacteriological agar, yeast nitrog-
enous bases (YNB) were purchased from Difco (Becton 
Dickinson and Company, Franklin Lakes, NJ, USA). YNB 
without inositol, LB media were obtained from HiMedia 
(Bengaluru, India). Thin-layer silica gel coated aluminum 
plate 60F254 and solvents were obtained from Merck 
(Bengaluru, India). Restriction endonuclease and T4 DNA 
ligase were procured from Fermentas. Glucose (GO) assay 
kit, ONPG (O-nitrophenyl-β-d-galactopyranoside), PMSF, 
glass beads, appropriate amino acid mixtures (drop out), 
anti-His antibody (Cat No: H1029), ALP conjugated second-
ary antibody (Cat No: A3562) and immunoblot developing 
substrate NBT/BCIP were from Sigma–Aldrich (Bengaluru, 
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India). Anti-TAP antibody (Cat No: CAB1001), anti-GFP 
antibody (Cat No: A-11122), anti-PGK antibody (Cat No: 
PA5-28612), nitrocellulose membrane, FM4-64 dye, Phu-
sion high-fidelity DNA polymerase, dNTPs mix, cDNA syn-
thesis kit and Power SYBR Green PCR Master Mix were 
obtained from Invitrogen (Bengaluru, India). Myo-inositol 
assay kit was obtained from Megazyme (New Delhi, India).

Plasmids, strains and growth conditions

The plasmids and yeast deletion strains used in the study 
are listed in Table 1. The wild type (BY4741: MATa his3∆1 
leu2∆0 met15∆0 ura3∆0) and gcr1∆, gcr2∆, opi1∆, ino2∆, 
ume6∆ strains were gifted by Prof. Ram Rajasekharan, 
Central Food Technological Research Institute (CFTRI), 
Mysore, India, and they obtained it from EUROSCARF. 
The yeast cells were grown at 30 °C in YPD medium (1% 
yeast extract, 2% peptone and 2% glucose) and SC (synthetic 
complete) medium containing 0.67% yeast nitrogenous base, 
supplemented with the amino acids and 2% glucose. Syn-
thetic nitrogen starvation (SD-N) containing 0.17% yeast 
nitrogenous base without ammonium sulfate and amino 
acids and 2% glucose were used to induce autophagy. Cloned 
plasmids were transformed in Saccharomyces cerevisiae 
strains by lithium acetate method (Gietz and Schiestl 2007). 
The yeast transformants harboring the plasmids pYES2-
NT/B, YEp357R, pRS316 and pRS315, pRS415 were cul-
tured in SD-Ura and SD-Leu medium containing 2%, 0.2% 

glucose or 1.8% galactose as required. SC or SD (Synthetic 
defined) media containing 75 µM inositol was symbolized 
as I+, whereas media lacking inositol was denoted I−. The 
cells were pre-cultured until mid-log phase in SC or SD 
media. Then the cells were collected and washed with fresh 
inositol-free media and divided into two parts. One part was 
shifted to I + and another part to I− media at 30 °C for indi-
cated time points.

Analysis of inositol auxotrophy (I−) phenotypes

Yeast cells were grown in SC and SD media lacking leucine 
(SD-Leu) at 30 °C up to mid-log phase. Cells were har-
vested, and cell density was adjusted to A600 = 1.0. The cells 
were serially diluted (1:10, 1:100, 1:1000 and 1:10000) and 
3 µl of cells were spotted onto SC-D or SC-Leu agar plates, 
with or without inositol supplementation (75 µM) and incu-
bated at 30 °C for 3 days. For the growth curve analysis, cell 
growth was monitored by measuring the cell density (OD at 
A600) at frequent time intervals until 64 h.

Glucose assay

Wild type (WT), gcr1∆ and opi1∆ strains were grown in 
synthetic complete (SC), and inositol-free medium at 30 °C 
with constant shaking at 180 rpm for 12 h. At indicated time 
points, 1 ml samples were collected and centrifuged and the 
supernatants were collected to determine the extra-cellular 

Table 1  Strains and plasmids used in this study

Strains and plasmids Characteristics description Source

WT BY4741; Mat a; his3Δ 1 ; leu2Δ 0; met15Δ 0; ura3Δ 0 Prof. Ram Rajasekharan
gcr1Δ BY4741; Mat a; his3Δ 1; leu2Δ 0; met15Δ 0; ura3Δ 0; YPL075w:: kanMX4 ”
gcr2Δ BY4741; Mat a; his3Δ 1; leu2Δ 0; met15Δ 0; ura3Δ 0; YNL199c:: kanMX4 ”
ino2Δ BY4741; Mat a; his3Δ 1; leu2Δ 0; met15Δ 0; ura3Δ 0; YDR123c:: kanMX4 ”
opi1Δ BY4741; Mat a; his3Δ 1; leu2Δ 0; met15Δ 0; ura3Δ 0; YHL020c:: kanMX4 ”
ume6Δ BY4741; Mat a; his3Δ 1; leu2Δ 0; met15Δ 0; ura3Δ 0; YDR207c:: kanMX4 ”
DH5α F-ϕ80dlacZ∆M15∆ (lacZYA-argF)U169 deoR recA1 endA1 hsdR17 (rk-mk-) phoA supE44λ 

thi-1 gyrA96 relA1
”

BL21(DE3)pLysS F− ompT hsdSB (rB
−mB

−) gal dcm (DE3) pLysS ”
pYES2/NT B Yeast expression vector with N-terminal His6 tag fusion ’’
YEp357 Yeast episomal vector with LacZ reporter gene ’’
PIS1-LacZ PPIS1-LacZ reporter gene containing PIS1 promoter into YEp357 This study
pJH330 Contains 543 bp upstream of the INO1 ORF and 132 codons of the INO1 ORF fused in frame 

to the lacZ reporter in YEp357R
Prof. John M. Lopes

pRS315-GCR1 GCR1 clone constructed with self-promoter 484 bp 5′UTR + 2367 bp gDNA with intron + TAP 
561 bp of the 3′UTR cloned into pRS315

Prof. Tracy L. Johnson

pKCS1 pYES2/ NT B yeast expression vector containing KCS1 gene Prof. Rashna Bhandari
pRS415GPD CEN/ARS plasmid  PTDH3,TCYC1,LEU2marker Prof. Ji-Sook Hahn
pRS415GPD-
GCR1

GCR1 ORF cloned between the XbaI and XhoI sites of pRS415GPD ’’

pRS316–ATG8–GFP ATG8 gene cloned into pRS316–GFP Prof. Ravi Manjithaya
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glucose concentrations using the glucose assay kit (Sigma 
Glucose-GO Assay Kit) according to the manufacturer’s 
instructions.

Intracellular inositol assay

The WT and deletion strains were grown in SC media and 
cells were harvested after 12 and 24 h by centrifugation 
(4 °C) and washed with ice-cold water and resuspended in 
ice-cold 1 M perchloric acid for deproteinization. The cells 
were lysed using acid-washed glass beads for 10 min at 30-s 
interval, alternating with 30-s incubation on ice and pH 7.0 
was attained with 1 M KOH solution (ice-cold). The cell 
extracts were centrifuged at 9000 rpm for 10 min at 4 °C. 
The supernatant was collected, and intra-cellular inositol 
was measured using myo-inositol assay kit (K-INOSITOL, 
Megazyme) according to the manufacturer’s instructions.

RNA isolation and qRT‑PCR analysis

Total RNA was extracted using the RNeasy kit from Qia-
gen according to manufacturer’s instructions. Complemen-
tary DNA (cDNA) was synthesized using the high-capacity 
cDNA reverse transcription kit with 1 × RT buffer, 1 × 
random primer, 4 mM dNTP mix, 50 U/ml reverse tran-
scriptase and 2 µg of total RNA. The primers were designed 
with the Primer Express R Software 3.0 (Applied Biosys-
tems), and the sequences are listed in Table 2. For qRT 
analysis, 1 µl of diluted cDNA (1:20) sample was ampli-
fied using Applied Biosystems machine Step One Plus™ 
Real-Time PCR machine with the Power SYBR Green PCR 
master mix (Applied Bio systems). Samples were evalu-
ated by the ∆∆Ct method (Livak and Schmittgen 2001). The 

mRNA expression levels were analyzed in triplicates, and 
the results were analyzed using relative quantification, with 
actin (ACT1) as an endogenous control. Data are represented 
as relative mRNA expression.

Preparation of cell‑free lysate

The cells were harvested and centrifuged at 5000 rpm for 
5 min, washed and cell extract was prepared by lysing the 
cells with glass beads and lysis buffer containing 50 mM 
Tris/HCl (pH 8.0), 1 mM  MgCl2, 10% glycerol and 1 mM 
phenylmethylsulfonyl fluoride (PMSF). Cells were vortexed 
for 30 s. The cells were kept on ice for 1 min between vor-
texing for all the 30 cycles. Unbroken cells were removed by 
centrifugation at 10,000 rpm for 10 min at 4 °C. Total pro-
tein was quantified (Bradford 1976) using BSA as standard.

Immunoblot analysis

For Western blotting analysis, proteins (50 µg) from cell 
extract were separated with 8% or 10% SDS–PAGE and 
transferred at 120 V for 2 h to the nitrocellulose membrane. 
The membrane was then incubated with primary anti-TAP 
antibody to detect Gcr1p (1:2000), anti-His antibody to 
detect Kcs1p (1:3000), anti-GFP antibody to detect Atg8p 
(1:2500), anti-Ape1 antibody to detect Ape1p (1:5000) and 
anti-Pgk1 to identify Pgk1p (1:5000) for 2 h at room tem-
perature, followed by the ALP-conjugated goat anti-rabbit 
IgG secondary antibody for 1 h. The membrane was washed 
with PBST (0.1% Tween-20) and PBS. Finally, the blots 
were developed in the dark using the BCIP/NBT substrate. 
The intensity of Gcr1p and Kcs1p were normalized to the 

Table 2  Primers used in this study

qRT quantitative real-time PCR, Pro promoter

No. Gene Forward primer Reverse primer

1 ACT1 qRT ACT TTC AAC GTT CCA GCC TTCT ACA CCA TCA CCG GAA TCC AA
2 INO1 qRT CAA GTC GGG ACA AAC CAA GT ATA GGA TGC AAT GGA GAC CG
3 INO2 qRT TCA ACC AAG CAT GGG TTT TG AAA ACT GTT CAA TGG CAT TCGA 
4 INO4 qRT AGC TAA GCA TGA GGC AAA AA CCC AAA TTA ACT CCT TCG GTA CTA 
5 INM1 qRT GTA TTT TGA AAG AAG TGG GC AAT TGT TCC CCT CAC AGC CA
6 PIS1 qRT TGG ACA TGG TTA CCG ACA GA TCG CCC ACA CTT TTA TGA GA
7 GCR1 qRT TTC GCT CAC CTC AGC AGT TT CCC CGC CTT CGT ATC CTT TT
8 TPI1 qRT ACC AGT CTG GGC CAT TGG TA TGT CAC CCA ACT TGG AAG CC
9 KCS1 qRT ACC AAC CTT CCT TGT TGC CC CGG TGC CGA GTT TGG AGA 
10 GCR1 Clone ATA GGA TCC ATG GTA TGT ACC AGC ACGAG ATA CTC GAG AGA TGG TGT ATT ATG TCGCC 
11 INO1 Pro ATA GGA TCC CTA TGT ATA TAG CGG ATG AGT GC GCG AAG CTT GGA GCA ATA TTA TCT TCT GTC AT
12 PIS1 Pro GCG GGA TCC GTC ACT TTC ATT CTC AATGA GCG CTG CAG TGT TGA ATT CGA ACT CAT 
13 KCS1 Pro GCG GGA TCC TTG TTA TTC CAA GAC AAA TGA AT GCG CTG CAG AGT CTT TTA GCT TTA GTT TTA T
14 TPI1 Pro AAG GAT GAG CCA AGA ATA AGGG TTT TAG TTT ATG TAT GTG TTT TTT GTAG 
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Pgk1p expression levels, and relative intensity was calcu-
lated using ImageJ analysis software (Abramoff et al. 2004).

Cloning, expression and purification 
of the recombinant His‑tagged Gcr1 protein

Yeast genomic DNA was prepared as described previously 
(Sambrook et al. 1989). GCR1 gene and PIS1 promoter 
was amplified from yeast genomic DNA using the prim-
ers listed in Table 1. The GCR1 gene was cloned into the 
E. coli expression vector pET28a using BamHI and XhoI 
restriction sites. PIS1 promoter was cloned into the YEp357 
vector using the BamHI and PstI sites. Clones were con-
firmed by double digestion and DNA sequencing. E. coli 
BL21 (DE3) cells harboring the pET28a-GCR1 and pET28a 
vector control plasmids were precultured in 5 ml of LB 
medium with 50 µg/ml of kanamycin and grown overnight 
at 37 °C. The precultured cells were inoculated into 200 ml 
of 2 × LB medium containing 50 µg/ml of kanamycin and 
grown at 30 °C to an OD 0.4–0.6. The cells were induced 
with 0.5 mM IPTG (isopropyl β-d-1 thiogalactopyranoside) 
for 3–4 h at 30 °C. Cells were harvested and the cell pellet 
was resuspended with lysis buffer (50 mM Tris–HCl, pH 
8.0, 300 mM NaCl, 10 mM imidazole, 0.2% Triton-X-100, 
10 mM β-mercaptoethanol, 1 mM phenylmethylsulfonyl flu-
oride (PMSF), and 10% glycerol). The cells were lysed by 
sonication, and the lysed protein samples were centrifuged. 
The supernatant containing the recombinant protein having 
a (His)6 tag was purified using Ni–NTA matrix and allowed 
to bind to the Ni–NTA beads at 4 °C for 4 h. The protein 
was eluted with lysis buffer containing 20 mM imidazole 
followed by a second wash (40 mM and 250 mM) imidazole 
in lysis buffer. A portion of the collected protein fraction 
was separated using 10% SDS–PAGE and protein expres-
sion was confirmed by immunoblotting using monoclonal 
His tag antibody as primary antibody (1:5000 dilution), and 
anti-mouse IgG-alkaline phosphatase as secondary antibody 
(1:2500 dilution) and developed with  BCIP®-NBT substrate. 
The purified protein was used for EMSA studies.

Electrophoretic mobility shift assay (EMSA)

To visualize in vitro DNA–protein interactions, EMSA was 
performed using full-length Gcr1p and the promoters of 
PIS1, TPI1, KCS1, and INO1 genes (1 kb) that were ampli-
fied from WT genomic DNA using the primers listed in 
Table 2. The gel purified PCR products were used for the 
gel shift assay. The binding buffer consisted of 10% glycerol, 
20 mM Tris, pH-8.0, 50 mM KCl, 5 mM  MgCl2, 100 mM 
 ZnSO4, 5  mM β-mercaptoethanol, 1  mM dithiothreitol 
(DTT) and 10 mM HEPES–NaOH, pH 7.9. Purified Gcr1p 
was mixed with DNA in the presence of binding buffer and 
incubated for 25 min at 25 °C. The DNA–protein complex 

was resolved on non-denaturing polyacrylamide gel 6% with 
0.5 × Tris borate–EDTA (TBE) running buffer. The gels 
were stained with SYBR  Green® nucleic acid staining dye 
(Molecular Probes) and the complex was visualized under 
UV light at 300 nm using Bio-Rad ChemiDoc™ XRS + 
Imager (Hellman and Fried 2007; Rajvanshi et al. 2017).

Lipid extraction and analysis

The WT and gcr1∆ cells were grown on SC medium up to 
mid-log phase at 30 °C. The cells were collected and washed 
with fresh I− media and divided into two parts. One part 
was shifted to I+ and another part to I– media containing 
2% dextrose and allowed to grow for 4 h. The cells grown 
up to mid-log phase (0 h and 4 h) with I− and I+ were har-
vested, and lipids extracted (Bligh and Dyer 1959). Briefly, 
chloroform and methanol were added to the cell pellet in 2:1 
(v/v) ratio and vortexed, and an equal volume of acidified 
water (2% phosphoric acid) was added and again vigorously 
vortexed. The lipid containing organic layer was dried, and 
phospholipids separated by thin-layer chromatography on 
silica Gel TLC plates using chloroform/ methanol/ acetic 
acid (65:25:8; v/v) as the solvent system. The TLC plate was 
exposed to iodine vapor to visualize the lipids, scraped from 
the TLC plate and quantified (Rouser et al. 1966).

INO1‑LacZ promoter reporter assay

The YEp357R-INO1 and YEp357-PIS1 plasmid containing 
transformants were selected and grown in SD-Ura medium 
containing 2% glucose. The cells were collected and washed 
with fresh SD-Ura I− media and resuspended in fresh I− and 
I+ (SD-Ura) media and incubated at 30 °C for 4 h. Cell-free 
extract was prepared, and an equal concentration of protein 
extract was used to measure β-galactosidase activity (Rose 
and Botstein 1983). The specific activity was expressed as 
nmol.  min−1 mg−1 protein.

Fluorescence microscope

The yeast vacuoles were stained with the lipophilic dye 
FM4-64 (Molecular Probes) according to the procedure 
reported earlier (Vida and Emr 1995) with slight modifica-
tion. The cells were grown in SC medium containing 2% 
glucose (I− media containing either presence or absence 
of inositol) at 30 °C with constant shaking. The cells were 
pelleted and resuspended with 500 µl of fresh medium con-
taining 20 µM FM4-64 for 30 min, followed by washing 
with fresh medium and incubating with fresh medium for 
1 h. The images were acquired on Zeiss LSM 700 confo-
cal laser scanning microscope equipped with a 100X/1.40 
oil objective and an AxioCam MRM camera (Zeiss). The 
yeast Atg8–GFP transformants were grown in an appropriate 
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medium, and the cells were collected and stained with FM 
4–64 dye for visualizing the vacuolar membrane. The cells 
were viewed with an excitation wavelength of 488 nm for 
GFP and 515 nm for FM 4–64.

Statistical analysis

Experimental quantitative data were analyzed using Stu-
dent’s t test, and the differences were considered statistically 
significant when *p< 0.05 and **p < 0.01. Each experiment 
was repeated at least three independent repeats. Data are pre-
sented as the average ± standard deviation (SD). Statistical 
analysis was performed using the Sigma plot 10.0 software.

Results

Inositol depletion in gcr1∆ cells depicted growth 
defect

The role of GCR1 in the synthesis of inositol, and growth 
was studied. Our results revealed that the growth of gcr1∆ 
cells was significantly reduced during inositol depletion 
(I− phenotype) condition when compared to the WT I−. 
Inositol limitation in the WT cells decreased the growth 
compared to inositol presence (Fig. 1a). However, the gcr1∆ 
cells under 75 µM inositol supplementation (I+) partially 
restored the growth defect (Fig. 1a). Further, the growth 
was studied using plate assay, which depicted growth defect 
under I − in gcr1∆ cells (Fig. 1b) and the supplementation 
of choline (100 mM) did not restore the growth and dis-
played strong inositol growth defect (Fig. S1a). The opi1∆ 
strain aids inositol overproduction (Fig. 1a, b) and serves as 
a positive control for inositol auxotrophy (Opi − phenotype) 
(Greenberg et al. 1982; Ye et al. 2013). Also, we tested dip-
loid strain BY4743 and GCR1/gcr1∆ cell growth in the pres-
ence or absence of inositol and choline. The diploid strain, 
GCR1/gcr1∆ also exhibited a slight growth reduction on the 
I− C− and I− C + medium compared to wild type (BY4743) 
cells (Fig. S2). The GCR1/gcr1∆ displayed a semi-dominant 
growth defect under inositol limitation. However, the growth 
pattern of gcr2∆ was equivalent to WT (Fig. S1b and c). 
These results suggest that GCR1 mutant exhibited growth 
defect under inositol deprivation.

GCR1 mutant reduced INO1 expression 
and decreased intracellular inositol level

The glycolytic genes are regulated by GCR1 transcription 
factor (Willis et al. 2003), and glucose is essential for ino-
sitol production in yeast (Fig. 2a), and the perturbation of 
glycolysis affects the de novo inositol biosynthesis (Shi et al. 
2005). The extracellular glucose and intracellular inositol 

levels were measured in WT, gcr1∆ and opi1∆ cells. We 
found that the rate of glucose utilization was reduced in 
gcr1Δ cells (Fig. 2b) and the intracellular inositol level 
was also reduced both at 12 (50%) and 24 h (59%) when 
compared with WT cells (Fig. 2d). The WT and deletion 
strains were grown up to mid-log phase and shifted to fresh 
I− media and the glucose measured at indicated time points. 
We found a rapid consumption of glucose in WT and opi1Δ 
cells when compared to gcr1Δ cells (Fig. 2c). The consump-
tion of extracellular glucose was increased in the opi1Δ 
strain, and the intracellular inositol level was higher (Fig. 2b, 
d). A previous study suggested that the INO1 expression was 
de-repressed under inositol limitation condition and it is via 
the Ino2–Ino4 transcriptional activation (Henry et al. 2012). 
In our study, the absence of inositol (I−) substantially up 
regulated the INO1 (8.02-fold) and INM1 (4.45-fold) expres-
sion in the WT cells (Fig. 2d). However, the gcr1Δ cells 
exhibited a significant down regulation of INM1 (Fig. 2d), 
and INO1 transcription both in the absence and presence of 
inositol compared to the WT. The INO2 mRNA expression 
was also remarkably decreased in the gcr1Δ cells (Fig. 2e) 
and was independent of inositol level when compared to the 
WT cells. We simultaneously performed the in vivo INO1 
promoter activity in the gcr1Δ cells using the INO1 promoter 
fused LacZ reporter assay. We observed a substantial reduc-
tion of β-galactosidase activity in the gcr1Δ cells during 
inositol absence (98.6 ± 6.8 nmol  min−1 mg−1), and presence 
(70.8 ± 4.3 nmol  min−1 mg−1) when compared to the WT 
cells (Fig. 2f). The meiotic transcriptional regulator UME6 
positively regulates the CHO1, CHO2, and OPI3 but nega-
tively regulates INO1 as well as the phospholipid biosyn-
thetic genes in yeast (Jackson and Lopes 1996). The INO1 
expression was observed both in repressing and derepressing 
conditions with ume6Δ cells (Jackson and Lopes 1996) and 
we also observed a substantial increase of β-galactosidase 
activity in the ume6Δ cells in both I–/I+ conditions. The 
ino2Δ strain was used as a negative control, whereas opi1Δ 
and ume6Δ mutant strains served as positive controls for 
INO1-LacZ reporter assay (Fig. 2f). Together, these results 
suggested that the growth defect in gcr1∆ cells could be 
accounted for the decrease in intracellular inositol and INO1 
mRNA expression.

Lack of GCR1 depleted the cellular PI levels

The INO1 expression was down regulated as well as the 
intra-cellular inositol level decreased in the gcr1∆ cells when 
compared to the WT cells. Further, we checked the effect of 
GCR1 deletion on phosphatidylinositol (PI) levels. There was 
a significant reduction in the PI content (~ 33%) in gcr1∆ cells 
when compared to the WT cells in SC media (Fig. 3a). The 
WT and gcr1∆ cells were grown on SC media up to a mid-
log phase and equal volume of culture was shifted to I− and 
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I + medium. After 4 h shift to the I + medium, we found an 
increased PI level in the WT cells relative to WT I− (Fig. 3a). 
Earlier study also suggested that the exogenous supplemen-
tation of inositol increases the rate of PI synthesis, and this 
could be due to the channelling of PA through CDP-DAG for 
PI synthesis, which led to a drop in the PA level (Loewen et al. 
2004). The increase in PI content also depends on the fatty 

acids which are obtained from various sources including de 
novo fatty acid synthesis, TAG hydrolysis and PC turnover 
(Gardocki et al. 2005; Nikawa et al. 1987; Gaspar et al. 2006, 
2011). Likewise, the inositol deprivation reduced the PI level 
in WT cells (Fig. 3a), and this reduction was accompanied 
with the accumulation of PA and CDP-DAG (Becker and lester 
1977; Gaspar et al. 2006). The gcr1∆ cells showed a decrease 

Fig. 1  Effect of inositol dependent growth in gcr1Δ cells. The WT, 
gcr1∆ and opi1∆ cells were grown in YPD medium up to mid-log 
phase at 30 °C. a Growth curve analysis. The cells were grown in the 
absence (I−) or presence (I+) of inositol. The growth curve was stud-
ied by measuring the OD (A600 nm) of the cells at indicated time points 

until 64  h. The growth curve is an average of three experimental 
repeats. b Spot test. The cells were normalized and equal number was 
serially diluted (tenfold dilution), and 3 µl of cells were spotted onto 
SC-D (SC-2% dextrose) agar plates, with or without inositol supple-
mentation (75 µM) and incubated at 30 °C for 3 days
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Fig. 2  Lack of GCR1 depletes inositol production and down regu-
lates INO1 transcription. a The schematic diagram represents the 
inositol formation from glucose. b Analysis of glucose consumption. 
The WT, gcr1∆ and opi1∆ cells were grown in SC-D (2% dextrose) 
medium at 30 °C, and the extra-cellular glucose level was measured 
at indicated time points. c The glucose uptake was measured at indi-
cated time points in WT, gcr1∆ and opi1∆ under inositol deprivation 
condition. d Intra-cellular inositol quantification. The WT, gcr1∆ and 
opi1∆ cells were grown in SC-D media and cells were harvested at 

12 h or 24 h, and intra-cellular inositol was quantified as described 
under “Material and methods”. e qRT-PCR analysis of INO1, INM1, 
INO2, and INO4 gene expression. ACT1 serves as an endogenous 
control. f β-Galactosidase activity of INO1-LacZ. The WT, gcr1∆, 
opi1∆, ume6∆ and ino2∆ cells were transformed with the INO1-LacZ 
fusion gene. The β-Galactosidase activity was measured as described 
under “Material and methods”. The specific β-Galactosidase activity 
was expressed as units  mg−1 (nmol  min−1 mg−1). The data shown are 
the mean ± SD (*p < 0.05) from three independent experiments
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in the PI level both in I− (~ 33%) and I+ (~ 36%) compared to 
respective WT cells (Fig. 3a). The expression study of the PIS1 
gene in the gcr1∆ strain was down regulated both in the pres-
ence and absence of inositol compared to the WT I (Fig. 3b). 
The PIS1 mRNA expression was confirmed by the promoter 
reporter activity using PIS1-LacZ. The β-galactosidase activ-
ity was substantially lowered in the gcr1∆ cells under I− and 
I + compared to WT cells (Fig. 3c). These results suggested 
that the loss of GCR1 significantly down regulated the PIS1 
expression and depleted the cellular PI level.

Inositol limitation altered the GCR1 expression 
in WT cells

Further to confirm whether Gcr1 protein responds to inosi-
tol, we examined the effect of Gcr1p by shifting cells from 
SC to fresh I− and I+ medium. Over expression of GCR1 in 

the WT cells (WT + pRS315-GCR1) decreased the expres-
sion of Gcr1p under I− condition when compared to I+ con-
dition in the cells (Fig. 4a). Likewise, the presence of inosi-
tol up regulated (1.6-fold) and absence down regulated the 
mRNA expression of GCR1 compared with WT cells at 0 h 
(Fig. 4b). The consensus sequence of Gcr1p binding motif 
is CTTCC (the CT box located in the upstream sequence 
of the genes (Baker 1991). It was reported that the TPI1 
possess two Gcr1p-binding sites (– 385 and − 345) in the 
UAS region, and Gcr1p is required for its transcriptional 
activation (Huie et al. 1992). Consistently Gcr1p regulat-
ing gene TPI1 (triose phosphate isomerase 1) was up reg-
ulated (1.8-fold) under I + in WT cells. The transcription 
of TPI1 and GCR1 was set as ‘1’ at ‘0’ h and expression 
was decreased under I− condition when compared to I + in 
the WT cells (Fig. 4c). The Kcs1 protein expression was 
increased under I− condition (1.8-fold) when compared to 

Fig. 3  Deletion of gcr1∆ alters the PI and down regulate PIS1 expres-
sion. a Lipid analysis of WT and gcr1∆ cells. The cells were grown 
until mid-log phase in SC-D media at 30 °C, and cells were washed 
with I− media and resuspended with fresh I− and I+ media and grown 
up to 4  h. At this time point, cells were collected for lipid analysis 
(A600 nm − 100 OD) and resolved on silica TLC plate using solvent 
systems, chloroform/methanol/acetic acid (65:25:8, v/v). Phosphati-
dylcholine (PC); phosphatidylinositol (PI); phosphatidylethanolamine 
(PE). The PI was quantified as described in “Materials and meth-
ods”. The inset represents iodine image of TLC plate. (1) Synthetic 
complete (SC); (2) I−; (3) I+ .The data shown are the mean ± SD 

(*p < 0.05) from three independent experiments. b Quantitative 
expression analysis of PIS1 in the wild type and gcr1∆ in the pres-
ence or absence of inositol. ACT1 was used as an endogenous con-
trol. The data shown is the average of three independent experiments 
(*p < 0.05). c β-Galactosidase activity of PIS1-LacZ. The WT, gcr1∆ 
cells were harboring YEp357 containing PIS1-LacZ fusion gene. The 
β-Galactosidase activity was measured as described under “Material 
and methods”. The specific β-Galactosidase activity was expressed as 
units mg −1 (nmol  min−1 mg−1). The data shown are the mean ± SD 
(*p < 0.05) from three independent experiments
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I + in the WT cells (Fig. 5c), but the GCRI expression was 
increased under I+ condition (Fig. 4a, b). It has already been 
reported that the KCS1 expression negatively controls the 
Gcr1p mediated transcriptional regulation in yeast (Szijg-
yarto et al. 2011), and explains the decreased expression 
of Gcr1p under I− condition. The above result suggested 
that under inositol limitation the Kcs1p was increased and 
reduced Gcr1p expression.

GCR1 deletion decreased Kcs1p level

The Kcs1p (inositol pyrophosphate synthase) generates 
inositol pyrophosphate (5PP-IP4) that stabilizes the interac-
tion of Ino2p–Ino4p complex regulating INO1 transcription 
(Ye et al. 2013). The promoter reporter assay (INO1-LacZ) 
revealed a significant increase in the INO1 activity under 
I− condition with the WT cells. The INO1-LacZ activity was 
significantly reduced in kcs1∆ under both (I− and I+) condi-
tions (Fig. 5a) and similar results were observed in the gcr1∆ 
cells (Fig. 2d). We found a growth reduction in gcr1∆ cells 
during I− condition (Fig. 1) and the kcs1∆ cells also showed 

a similar pattern (Fig. 5a). The kcs1∆ cells affected cellular 
inositol production, down regulated INO1 transcription and 
decreased PI level (Ye et al. 2013) and we observed similar 
results with gcr1∆ cells. Compared to the WT cells, signifi-
cant down regulation of KCS1 expression was observed in the 
gcr1∆ cells (Fig. 5b). The Kcs1p expression was significantly 
increased in the WT + pYES2-KCS1 cells under I − condition 
and decreased under I + condition, whereas the Kcs1p expres-
sion was significantly decreased (both in the I− and I+) in the 
gcr1∆+pYES2-KCS1 cells, compared to WT I− cells (Fig. 5c). 
The INO1 expression was down regulated in both I- and I + in 
gcr1∆ cells (Fig. 2d). Aforementioned, Kcs1p is important for 
inositol auxotrophic growth and INO1 transcription (Ye et al. 
2013). Thus, the reduced INO1 expression in the gcr1∆ cells 
might be accounted for the decreased expression of Kcs1p 
(Fig. 5c).

Fig. 4  Inositol limitation affects GCR1 expression. a, b The pro-
tein expression of GCR1 was measured using western blotting. The 
overnight culture of WT + pRS315 and WT + pRS315-GCR1 strains 
were shifted to fresh SD-Leu media and grown up to 0.3 OD. The 
cells were washed with fresh SD-Leu I− medium and resuspended 
with I− and I + media, and after 4 h the cells were lysed and subjected 
to 8% SDS–PAGE. The western blot analysis was performed using 
anti-TAP tagged antibody to detect Gcr1 protein (109 kDa including 

TAP tag), and anti-Pgk1 (45 kDa) was the loading control. The Gcr1p 
expression was normalized by Pgk1p. c The qRT-PCR analysis meas-
ured the gene expression of GCR1 and TPI1. The gene expression in 
wild type cells at 0 h was set as 1 (indicated horizontally as the dotted 
line) and the expression compared after 4 h both in the presence and 
absence of inositol. The data showed the mean ± SD of three inde-
pendent experiments (*p < 0.05)
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Enzymatic mobility shift assay (EMSA) confirms 
the binding of Gcr1p to promote the expression 
of PIS1

Transcription factor Gcr1p activates the diverse set of 
genes involved in glycolysis, RNA polymerase II and cell 
cycle regulating genes (Willis et al. 2003; Barbara et al. 
2006; Baker 1986). We examined the in vitro analysis of 
DNA–protein interactions, and for this the full-length 
GCR1 was cloned into pET28a and expressed in BL21 
pLys DE3 cells. The recombinant protein was purified 
using  Ni2+ -NTA affinity chromatography and the purity 
confirmed by immunoblotting with anti-His tag monoclo-
nal antibody (Fig. 6b). The in silico analysis we found 
Gcr1p binding site 5′CTTCC 3′ (CT Box) in the promoter 
region (upstream) of the PIS1 (– 885, – 735, – 690 and 
– 537) and INO1 (– 611, -596 and – 384) genes using 
YEASTRACT promoter database of S. cerevisiae. A pre-
vious study suggested that the Gcr1p positively regulates 

TPI1 expression in yeast (Huie et al. 1992). The Gcr1p 
binding site (CTTCC) is present at two positions (– 385 
and − 345) on the promoter of TPI1 and serves as a posi-
tive control for EMSA. We performed an EMSA with 
1000 bp region of the promoter of TPI1, INO1, PIS1 and 
KCS1 amplicon. The purified Gcr1p strongly binds with 
TPI1 promoter, which possesses two CT box binding site 
in the UAS region (Fig. 6c). On the other hand, the Gcr1p 
did not form a binding complex of INO1 promoter, even 
with the increasing concentration of Gcr1p (Fig. 6d). The 
KCS1 promoter does not possess CT box binding site, and 
so no binding complex was formed (Fig. 6e). Surprisingly, 
with the 1000 bp from the promoter region of the PIS1 and 
the purified Gcr1p, an increase in DNA–protein binding 
complex was observed with increasing concentration of 
Gcr1p (Fig. 6f). The above result suggested that the Gcr1p 
is an important for the activation of PIS1 but not for INO1 
and KCS1 transcription.

Fig. 5  Role of KCS1 in GCR1 deletion cells under inositol limita-
tion. a Cell growth and INO1- LacZ promoter reporter activity under 
inositol presence and absence condition in WT and kcs1∆ cells. b 
The KCS1 mRNA expression of WT and gcr1∆ cells grown with SC 
media. c The Kcs1p expression was measured using western blotting. 
The WT and gcr1∆ cells were over expressed with YES2-KCS1 and 
grown in SD-Ura (0.2% dextrose and 1.8% galactose) medium up 

to mid-log phase, the cells were washed and resuspended with I− or 
I+ medium. After 4 h the cells were lysed and subjected to 8% SDS–
PAGE and Western blot was analyzed using anti-His tag antibody 
(to detect Kcs1p of size 126 kDa including His tag), and anti-Pgk1 
(45 kDa) was the loading control. Kcs1p expression was normalized 
by Pgk1p and the data showed the mean ± SD of three independent 
experiments (*p < 0.05)
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GCR1 expression in gcr1∆ alleviates the inositol 
growth defect

The gcr1∆ strain depicts inositol dependent growth defect 
and we checked the impact of GCR1 overexpression in 
gcr1∆. The over expression of GCR1 in the gcr1∆ cells 
(pRS415-GCR1) restored the growth as in WT cells (with 
both I− and I+) unlike the gcr1∆ +pRS415 cells (Fig. 7a). 
The β-galactosidase activity of INO1 with the gcr1∆+ 
pRS415-GCR1 cells (in both I− and I + condition) reverted 
as seen with WT cells (Fig. 7b). Over expression of GCR1 
gene in WT cells increased PIS1-LacZ activity under exog-
enous supplementation of inositol (Fig. 7c), which indi-
cates Gcr1p positively controls PIS1. The INO1 expres-
sion in WT + pRS415-GCR1 and WT + pRS415 (in I− or 

I + condition) were similar (Fig. 7b). The over expression 
of WT + pRS425-GCR1 did not change INO1 transcrip-
tion under inositol deprivation condition (Fig. 7b). The IP7 
formed by Kcs1p donates the pyrophosphate to the phos-
phorylation site of Gcr1p, inactivating the Gcr1p-Gcr2p 
complex formation, as a result disturbing the Gcr1 mediated 
regulation (Szijgyarto et al. 2011).

Lack of GCR1 affects vacuolar morphology

The loss of Kcs1p displayed accumulation of small vacu-
olar structure and abnormal vacuolar membrane formation 
(Dubois et al. 2002). We examined the effect of GCR1 on 
vacuolar morphology, using the lipophilic dye FM 4–64. We 
visualized the yeast vacuoles, in SC media and the WT cells 

Fig. 6  Purification of Gcr1p and EMSA. a Purification of Gcr1p. The 
bacterially expressed recombinant Gcr1p was purified using nickel 
affinity chromatography and resolved on a 10% SDS–PAGE and 
stained with Coomassie brilliant blue (CBB Staining). M marker, FT 

flow through, W wash, E1–E4 eluted fractions of purified protein. b 
An immunoblot of Gcr1p using anti-His tag antibody. c EMSA of 
Gcr1p with TPI1 promoter d EMSA of Gcr1p with INO1 promoter e 
and f EMSA of Gcr1p with KCS1 and PIS1 promoters
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contain 1–3 vacuoles per cell (Fig. 8a, b), and inositol pres-
ence did not effect on the vacuole number or morphology 
(Fig. S3a–d). Unlike the WT cells, the gcr1∆ cells showed 
a substantial increase in the fragmented vacuoles (46% of 
cells display ≥ 4 vacuoles per cell). Normally, Kcs1p dele-
tion affected dynamic cellular process including vacuolar 
membrane abnormality (Dubois et al. 2002). We observed an 
increase in the vacuolar number (75% of cells displayed ≥ 4 
vacuoles per cell; Fig. 8a, b) with kcs1∆ cells in SC media. 
The INO1 expression is important for normal vacuolar mor-
phology under inositol deprivation (Deranieh et al. 2015). 
We also observed an increase in the vacuolar fragmentation 
in gcr1∆ (67% of cells contain ≥ 4 vacuoles per cell Fig. S3a 
and b) cells under I − condition compared with WT I−. The 
addition of inositol altered the vacuolar morphology in the 
gcr1∆ (45% of cells contain ≥ 4 vacuoles) and kcs1∆ (58% 
of cells display ≥ 4 vacuoles per cell) cells when compared 

to WT I + cells (Fig S3c and d). Indeed, the gcr1∆ cells 
showed an alteration of vacuolar structure similar to kcs1∆ 
cells (Fig. 8a). The above result suggested that the lack of 
GCR1 reduced Kcs1p, possibly affecting vacuolar membrane 
morphology.

Deletion of GCR1 led to a defect in autophagy 
degradation

The vacuoles play an important role for cellular pH main-
tenance, response to osmotic shock, nutrient deprivation, 
and ion-homeostasis, specifically major site for intracel-
lular proteolysis as well as micro and macroautophagy 
(Stauffer and Powers 2017; Li and Kane 2009). Normally, 
Atg8–GFP has been extensively used to observe the pro-
cess of Cvt pathway and autophagy where Atg8–GFP 
is embedded in the inner membrane of the completed 

Fig. 7  Plate assay and promoter reporter assay under GCR1 over 
expression. a The spot test analysis (agar plates of SD-Leu + 2% 
dextrose, incubated for 3 days at 30 °C) was performed in wild type 
and gcr1∆ cells, transformed with pRS415 or pRS415-GCR1 under 
I− and I + condition. The data is a representative of the experiment 
repeated thrice. b, c The WT and gcr1∆ cells containing pRS415 and 
pRS415-GCR1 cells were co-transformed with INO1-LacZ fusion 
gene or PIS1-LacZ fusion gene and cells were grown up to mid-log 

phase in SD-Leu-Ura media. The cells were washed with fresh SD-
Leu-Ura I− and seeded into the same media, either in the presence or 
absence of inositol. After 4 h induction, the cells were extracted, and 
the INO1-promoter activity or PIS1-promoter activity was assayed by 
measuring the β-Galactosidase activity that was expressed in units 
 mg−1 (nmol  min−1  mg−1). The assay represents the mean ± SD of 
three independent experiments (*p < 0.05)
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Fig. 8  Visualization of vacuolar morphology. The WT, gcr1∆ and 
kcs1∆ cells were grown in SC medium up to mid-log phase and equal 
volume of culture was collected and vacuoles stained with FM4-64 
lipophilic fluorescent dye as described under “Materials and meth-

ods”. a Vacuolar morphology of WT, gcr1∆, and kcs1∆ cells. b 
Quantification of labeled vacuoles per cell (n > 100 cells per stain). 
Images were observed by laser scanning confocal fluorescence micro-
scope (LSM710-Zeiss). Scale bar, 5 µm
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autophagosome. The synthesis of Atg8 is very low under 
vegetative growth and is induced upon starvation (Suzuki 
and Ohsumi 2007) and the autophagic flux was monitored 
by Atg8–GFP processing (Shintani and Klionsky 2004). 
The gcr1∆ cells decreased Kcs1 expression, and as a result 
an increased the number of vacuoles (Figs. 5c and 8). The 
WT, gcr1∆, atg1∆ and kcs1∆ cells were transformed with 
pRS316–ATG8–GFP plasmid and the transformants were 
grown to mid-log phase in SD-Ura with 2% dextrose (0 h), 
then the cells were pelleted and shifted in to SD-N media 
for 4 h or 8 h. The immunoblot analysis of Atg8–GFP 
was monitored using anti-GFP antibody. The WT cells 
generate free GFP under SD-N after 4 h, which indicates 
the translocation of Atg8–GFP to intravacuolar vesicles 
for Atg8–GFP degradation (Fig. 9a). However, the GFP 
molecule is more resistant to vacuolar protease, so the 
GFP accumulation is indicative of autophagic flux. Com-
pared with the WT cells, the gcr1∆ cells had no free GFP 
under SD-N, similar to the atg1∆ and kcs1∆ cells (Fig. 9a). 
The autophagy defect was monitored by determining the 
delivery of Atg8–GFP to the vacuoles by fluorescence 
microscopy. The cells from mid-log phase, were shifted 
to SD-N media and grown for 4 and 8 h, and cells were 
collected and stained with FM 4–64 dye and examined 
under Axio Observed 3 Inverted fluorescence microscope 
(Zeiss). The WT cells, accumulated Atg8–GFP in the peri-
vacuolar region known as phagophore assembly site (PAS) 
associated with FM 4–64 vacuolar membrane, while the 
autophagy deficient atg1∆ failed to accrue PAS and was 
dispersed in the cytoplasm. The gcr1∆ cells develop single 
PAS under mid-log phase (Fig. 9b). The WT cells accumu-
late GFP signal inside the vacuoles under SD-N at 4 and 
8 h, indicating the efficient occurrence of autophagy flux 
(Figs. 9b and S3a). As a negative control, atg1∆ failed to 
accumulate GFP inside the vacuolar membrane. Similarly, 
reduced vacuolar GFP accumulation was found gcr1∆ 
cells both at 4 and 8 h under SD-N grew cells, indicat-
ing reduced autophagy than the WT cells (Figs. 9b and 
S3a). Compared to the WT cells, the co-localization per-
centage reduced in gcr1∆ (15% and 22% in SD-N 4 and 
8 h) cells (Fig. S3b). Similarly, the gcr1∆ cells increased 
Atg8–GFP punctuate in cytosol under nitrogen starvation 
condition (Fig. 7c and Fig. S3a and c). Additionally, we 
also analyzed the function of the Cvt pathway using an 
anti-Ape1 antibody to detect cytoplasmic protein amin-
opeptidase 1 (Ape1) expression. Immunoblotting results 
show that the gcr1∆ cells under nitrogen starvation have 
a defect in mature Ape1 formation (Fig. 9d). In the atg1∆ 
(autophagy mutant) cells the mature Ape was not observed 
in both vegetative and starvation conditions (Fig. 9d). 
The results strongly suggest that the lack of GCR1 affects 
autophagosome biogenesis contributing to the deficiency 
in autophagy flux.

Discussion

The Gcr1p is a known transcription factor that regu-
lates glycolysis, ribosomal protein, cell cycle and RNA 
polymerase II in growing yeast cells (Willis et al. 2003; 
Clifton and Fraenkel 1981; Tornow et al. 1993; Barbara 
et al. 2006; Baker 1986). In the present study, we dem-
onstrated that gcr1∆ cells affect inositol production, and 
cells displayed inositol dependent growth defect. Here we 
also report that the deletion of GCR1 displays abnormal 
vacuolar structure and defective autophagy flux.

The transcription factor GCR1 positively regulates the 
transcription of glycolytic genes (Baker 1986). The mutant 
TPI1 exhibited a growth defect under inositol limitation, 
leading to an increase in DHAP (Dihydroxyacetone phos-
phate) production that inhibited the inositol-P synthase 
activity (Shi et al. 2005). On the contrary, in gcr1∆ strain 
the glycolytic intermediate product DHAP was reduced 
(Willis et al. 2003), and growth defect was observed under 
I− condition. The growth curve and plate assay revealed 
that the cells lacking Gcr1p reduced the growth under ino-
sitol deprivation (Fig. 1), and the growth was partially 
restored upon inositol supplementation compared to the 
WT cells (Fig.  1). However, choline supplementation 
was not able to restore the growth (Fig. S1). As shown 
in Fig. 2, deletion of GCR1 delayed glucose consumption 
and reduced intra-cellular inositol level when compared 
with the WT cells. The WT and opi1∆ strains rapidly 
consumed the glucose under I− condition (Fig. 2c). This 
could be due to the activation of de novo inositol biosyn-
thesis, under inositol limitation. The glucose-6 P is the 
substrate for inositol-3 P synthase that forms inositol-3 
P, and is consequently dephosphorylated to form inositol. 
The INO1 (inositol-3 P synthase) is the hallmark gene for 
inositol auxotrophy (Henry et al. 2012; Ye et al. 2013; 
Shetty and Lopes 2010). In response to inositol depletion, 
gcr1∆ cells displayed down regulation of INO1 mRNA 
expression (Fig. 2e) and reduced β-galactosidase reporter 
(for INO1-LacZ activity) assay compared to WT cells 
(Fig. 2f) and is associated with inositol dependent growth 
defect. We conclude that the inositol defect in gcr1∆ cells 
is caused by defective INO1 transcription. In Saccharomy-
ces cerevisiae, the Ino2p and Ino4p form a complex, and 
bind to  UASINO sequence and activate the transcription of 
INO1 and other phospholipid biosynthetic genes (Henry 
et al. 2012). Both the ino2∆ and ino4∆ cells exhibit ino-
sitol auxotrophy, and down regulate the INO1 expres-
sion (Henry et al. 2012; Bachhawat et al. 1995; Shetty 
and Lopes 2010). In gcr1∆ cells, the mRNA expression 
of INO2 was significantly down regulated (in both I− and 
I+ condition) accounting for the reduction in inositol and 
INO1 transcription (Fig. 2e).
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The PIS1 gene contains a predicted consensus sequence 
(CTTCC) for the transcription factor GCR1 (Gardocki 
and Lopes 2003). The expression of PIS1 was down regu-
lated in gcr1∆ strain, resulting in decreased cellular PI 

level compared to WT (Fig. 3a, b). The PIS1-LacZ was 
measured by β-galactosidase activity and a reduction was 
observed in gcr1∆ cells both in the presence and absence 
of inositol (Fig.  3c). The PI level was reduced under 

Fig. 9  GCR1 deletion affects autophagy process analyzed by west-
ern blotting and fluorescent microscopy. The WT and deletion strains 
(gcr1∆, atg1∆, and kcs1∆) were transformed with the pRS315-
Atg8–GFP expression plasmid. The transformants were grown up to 
mid-log phase in SD-Ura (0 h), followed by induction with nitrogen 
starvation media (SD-N) for 4 h. a GFP–Atg8 cleavage by immuno-
blotting analysis. Samples were collected and the cleavage of Atg8–
GFP was analyzed by immunoblotting with anti-GFP antibody that 
detected both Atg8–GFP (40 kDa) and free GFP (26 kDa). The Pgk1 
(45 kDa) served as loading control. b and c Fluorescent microscopic 
analysis of Atg8–GFP localization and FM 4–64 dye (vacuolar mor-

phology) in WT, gcr1∆, kcs1∆, and atg1∆ cells. The cells were col-
lected and the images were captured using Axio Observed 3 Inverted 
fluorescence microscope (Zeiss) with an excitation wavelength of 
488 nm for Green fluorescence and 514 nm for FM 4–64. Scale bar, 
5 µm. d Ape1 processing assay by immunoblotting. The WT, gcr1∆, 
atg1∆ and kcs1∆ cells were grown up to mid-log phase in SC media 
and starved for 4 h in SD-N media. The cells were collected, and pro-
tein extracted and analyzed by immunoblotting with Ape1 antibody 
(prApe1 ~ 60  kDa; mApe1 ~ 50  kDa size; Asterisk denotes non-spe-
cific band). The data are represented as three independent repeats. 
prApe1, precursor Ape1; mApe1, mature Ape1
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inositol deprivation compared to the inositol presence 
in WT cells (Fig. 3a), which altered the lipid derivatives 
including sphingolipid, phosphoinositides (Jesch et al. 
2010; Henry et al. 2014), and GPI anchor (Doering and 
Schekman 1996).

We found a reduced expression of Gcr1 under I− in WT 
cells (Fig. 4) and this could be attributed to the increased 
expression of Kcs1p (Fig. 5c) and phosphoinositides metab-
olism under I− (Jesch et al. 2010; Ye et al. 2013; Henry et al. 
2014). The exogenous inositol supplementation increased 

Fig. 9  (continued)
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glycolytic pathway and generated more ATP (Deranieh 
et al. 2015), and also increased Gcr1p expression in WT-
pRS315-GCR1 cells (Fig. 4). The Kcs1p produces 5PP-IP4 
that binds with Ino2p–Ino4p complex and activates the 
INO1 expression (Ye et al. 2013). On the other hand, Kcs1p 
forms pyrophosphate 5PP-IP5 which binds to Gcr1p and 
reduces its binding with Gcr2p that affected GCR1 medi-
ated transcriptional regulation (Szijgyarto et al. 2011). The 
expression of Kcs1p was increased under inositol limitation 
condition (Fig. 5c), and is important for optimal INO1 tran-
scription and inositol production in yeast (Ye et al. 2013). 
The Kcs1p expression in gcr1∆ cells, was reduced in both 
I − and I + condition compared to WT I− (Fig. 5c) validating 
the reduced INO1 transcription and inositol growth defect in 
gcr1∆ strain. The INO1 transcription was initiated by epi-
genetic transcriptional memory under inositol deprivation, 
through Sfl1p transcription factor (D’Urso and Brickner 
2017). The Gcr1p regulates RNA polymerase II transcrip-
tion (Santangelo 2006; Menon et al. 2005), and its mutation 
reduced INO1 transcription (Berroteran et al. 1994; Henry 
et al. 2014). Aforementioned, the loss of Gcr1p exhibited 
inositol dependent growth defect and it might be due to the 
misregulation of INO1 transcription (Ye et al. 2013) and the 
expression of GCR1in the gcr1∆ strain rescued the growth 
defect and INO1 expression under inositol deprivation 
(Fig. 7). The over expression of GCR1 in WT cells, did not 
change the level of INO1 expression and this could be due 
to the influence of Kcs1p under inositol deprivation (Fig. 7).

The defect in KCS1 depicted a defect in vacuolar mem-
brane morphology (Saiardi et  al. 2002; Dubois et  al. 
2002). The deletion of Ino1p exhibited vacuolar membrane 
dynamics and affects endocytosis under inositol limitation 
(Deranieh et al. 2015). The defective vacuolar morphol-
ogy was increased in gcr1∆ cells, and kcs1∆ cells and both 
depicted a similar phenotype (Fig. 8). The gcr1∆ cells 
decreased the Kcs1p expression and thereby accounted for 
the defective vacuolar membrane. The gcr1∆ cells reduced 
vacuolar Atg8–GFP co-localization under nitrogen starva-
tion compared to WT cells (Fig. 7c). There is an accumula-
tion of Atg8–GFP punctuate in the cytosol in gcr1∆ cells 
under SD-N (4 h and 8 h) (Fig. S4). Kcs1p is required for 
proper localization of PAS for autophagosomal formation 
under nitrogen starvation (Taylor et al. 2012). The forma-
tion of mApe1 is reduced under nitrogen starvation in the 
gcr1∆ cells (Fig. 9d). Previous, study suggested that gcr1∆ 
strain is not affected by rapamycin (Menon et al. 2005; Lieb 
et al. 2001).

In summary, based on our findings we suggest that Gcr1p 
positively controls PIS1 transcription, and the deletion of 
GCR1 affects the Kcs1p which declines INO1 expression 
that resulted in inositol-dependent growth defect, vacuolar 
abnormality and autophagy defect in yeast. The potential 

regulatory role of Gcr1p in lipid metabolism is still elusive 
and yet to be explored.
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