Biochemical Journal (2021) 478 357-375

https://doi.org/10.1042/BCJ20200722 PY ’ PO RTLAN D
..

PRESS

Research Article

Nutrient transceptors physically interact with the
yeast S6/protein kinase B homolog, Sch9, a TOR
kinase target

Zhigiang Zhang'?, Ines Cottignie’?, Griet Van Zeebroeck'? and © Johan M. Thevelein'-
"Laboratory of Molecular Cell Biology, Institute of Botany and Microbiology, KU Leuven, Leuven, Belgium; Center for Microbiology, VIB, Kasteelpark Arenberg 31, B-3001

Leuven-Heverlee, Flanders, Belgium

Correspondence: Johan M. Thevelein (johan.thevelein@kuleuven.be) or (johan.thevelein@novelyeast.com)

OPEN ACCESS

Received: 9 September 2020
Revised: 4 December 2020
Accepted: 4 January 2021

Accepted Manuscript online:
4 January 2021

Version of Record published:
27 January 2021

Multiple starvation-induced, high-affinity nutrient transporters in yeast function as recep-
tors for activation of the protein kinase A (PKA) pathway upon re-addition of their sub-
strate. We now show that these transceptors may play more extended roles in nutrient
regulation. The Gap1 amino acid, Mep2 ammonium, Pho84 phosphate and Sul1 sulfate
transceptors physically interact in vitro and in vivo with the PKA-related Sch9 protein
kinase, the yeast homolog of mammalian S6 protein kinase and protein kinase B. Sch9 is
a phosphorylation target of TOR and well known to affect nutrient-controlled cellular pro-
cesses, such as growth rate. Mapping with peptide microarrays suggests specific inter-
action domains in Gap1 for Sch9 binding. Mutagenesis of the major domain affects the
upstart of growth upon the addition of L-citrulline to nitrogen-starved cells to different
extents but apparently does not affect in vitro binding. It also does not correlate with the
drop in L-citrulline uptake capacity or transceptor activation of the PKA target trehalase
by the Gap1 mutant forms. Our results reveal a nutrient transceptor-Sch9-TOR axis in
which Sch9 accessibility for phosphorylation by TOR may be affected by nutrient trans-
ceptor-Sch9 interaction under conditions of nutrient starvation or other environmental
challenges.

Introduction

The ability of yeast cells to sense nutrients and respond appropriately to their availability is crucial for
real-time adaptation and survival in changing environments and for competition with other organ-
isms. Yeast cells have a wide array of nutrient-sensing systems for rapid adaptation to changes in the
nutrient supply, including several types of plasma membrane nutrient sensors [1]. The latter include
the glucose/sucrose-sensing G-protein coupled receptor (GPCR) Gprl [2] and the transporter-like,
but transport-deficient glucose sensors, Snf3 and Rgt2 and amino acid sensor Ssyl [3]. While much
progress has been made in the elucidation of signaling pathways involved in the response to specific
nutrients, much less is known about the nutrient-sensing systems involved in the regulation of cellular
properties that are controlled by multiple essential nutrients, such as starvation response and prolifer-
ation rate [1,4]. We have previously identified several high-affinity transporters that are strongly
induced upon starvation for their substrate and display an additional receptor capacity, functioning as
transporter-receptors or ‘transceptors’. They function in short-term activation of the protein kinase A
(PKA) pathway [5] in nutrient-starved cells upon re-addition of their missing substrate: Gapl for
amino acids [6-8], Mep2 for ammonium [9], Pho84 for phosphate [10-12], Sull/Sul2 for sulfate [13],
Ftrl for iron and Zrtl for zinc [14]. PKA plays a central role in nutrient regulation of yeast growth
and growth-correlated stress tolerance and metabolic properties by controlling multiple transcription
factors and metabolic enzymes [15]. The molecular mechanism by which the nutrient transceptors
trigger activation of the PKA pathway, however, remains unclear. The transceptor category of nutrient
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sensors stands out in that they do not just regulate the transport and/or metabolism of the nutrient substrate,
but have a wide-ranging effect on many cellular properties through their activation of PKA. Transceptors have
also been identified in other organisms but they generally regulate the transport and/or metabolism of the
nutrient substrate of the transceptor, at least as far as is known [16].

Sch9 is an AGC protein kinase family member, which is considered as the yeast ortholog of mammalian S6
kinase 1 (S6K). It is a direct phosphorylation substrate of the TOR (target of rapamycin) protein kinase and
this phosphorylation is diminished under nutrient starvation and stress conditions as well as upon rapamycin
inhibition of TOR [17]. Similar to PKA, TOR affects cell growth and related cellular and metabolic properties
in response to multiple environmental conditions, including changes in nutrient supply [18]. Sch9 is required
for TOR regulation of a major subset of these processes, in particular, coupling cell growth to division and thus
controlling cell-size homeostasis [17,19]. Sch9 also affects yeast cell longevity [20,21], with its deletion causing
a similar extension of longevity as calorie restriction [22,23]. In addition, Sch9 was shown to be required for
PKA activation upon nitrogen re-addition to nitrogen-starved cells and was suggested to be a possible target of
transceptor signaling [24]. The precise connection between Sch9 and upstream nutrient-sensing mechanisms,
however, has remained unclear.

We now show that Sch9 physically binds both in vitro and in vivo with multiple nutrient transceptors. This
indicates that nutrient transceptors can directly bind major intracellular regulatory proteins, just like classical
receptors. Mutagenesis of putative Sch9-binding domains in Gapl, identified by peptide microarray mapping,
affects Gapl-dependent re-upstart of growth with L-citrulline in nitrogen-starved cells to different extents,
without any significant difference in transport activity between the mutant Gapl proteins. Our results suggest
that nutrient transceptor-Sch9 interaction may play a role in nutrient control of Sch9-dependent cellular
processes.

Materials and methods

Yeast strains and plasmids
The Saccharomyces cerevisiae yeast strains used in this study are listed in Table 1, the plasmids used are listed
in Table 2. The ZZ6-ZZ11 BiFC strains were constructed first in the BY4742 background by the transformation
of PCR products and then mated with BY prototrophic strain JT26824. Following sporulation, single tetrads
were selected to be completely prototrophic for the full genotype indicated in Table 1. The JT20867 gaplA
strain was transformed with plasmids for the expression of HA-tagged wild type Gapl and Gapl mutants for
GST pull-down and the re-upstart of growth. ZZ41-ZZ745 half-citrine single-tagged strains and ZZ47-7748
double-tagged BiFC strains were constructed by transforming PCR products. ZZ46 strain was constructed by
deleting LEU2 in the ZZ6 strain for the transformation of the pTPQ128 and FBp709 plasmids.

Vector construction and cloning were performed in Escherichia coli DH50. strain (Invitrogen). Protein
expression was performed by transforming pGEX plasmids into BL21*(DE3) strain (Invitrogen).

Cultivation media and growth conditions
Yeast strains harboring plasmids were grown in SC-URA (0.17% yeast nitrogen base w/o amino acids w/o
ammonium sulfate, 2% glucose, 0.077% CSM-URA, 0.5% ammonium sulfate) or YPD complete medium (2%
(w/v) glucose, 2% (w/v) peptone, 1% (w/v) yeast extract) under continuous shaking at 200 rpm and at 30°C.
For solid nutrient medium, 1.5% (w/v) Bacto agar was added. For nutrient starvation, cells were grown to expo-
nential phase and subsequently transferred to the specific nutrient starvation medium. For nitrogen starvation,
cells were incubated for 24 h in nitrogen-starvation medium (NSM) (0.17% w/v yeast nitrogen base w/o amino
acids w/o ammonium sulfate, 4% glucose). For phosphate starvation, cells were incubated for 72h in
phosphate-starvation medium (0.57% yeast nitrogen base w/o phosphate, 0.079% CSM, 4% glucose). For sulfate
starvation, the cells were incubated for 48 h in sulfate-starvation medium (4% glucose, 37 mM NH,CI, 6.5 mM
KH,PO,, 0.7 mM K,HPO,, 5mM MgCl,, 1.7 mM NaCl, 0.9 mM CaCl,, 160 uM H3;BO,, 0.6 um KI, 0.7 pM
ZnCl,, 0.7 uM CuCl,, 0.3 pM FeCls, 0.4 mg/] calcium panthotenate, 0.4 mg/] thiamine HCI, 0.4 mg/] pyroxidine
HCI, 2 mg/1 biotin and the appropriate nucleotides and amino acids to complement auxotrophic markers). The
starvation media were refreshed every 24 h.

Escherichia coli strains were grown at 37°C in Luria Broth (LB) medium containing 0.5% (w/v) yeast extract,
1% (w/v) Bacto tryptone, and 1% (w/v) sodium chloride (pH?7.5). For solid nutrient medium, 1.5% (w/v) Bacto
agar was added. Selection of transformants was performed in the presence of 100 pg/ml ampicillin.
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Table 1. S. cerevisiae strains used in this study
Strain Description Reference
BY4742 BY MATalpha his3 leu2 lys2 ura3 [83]
JT20867 >1278b MATalpha ura3 gap1::KANMX Lab strain collection
JT26824 BY prototrophic strain Lab strain collection
776 BY MATalpha ura3 his3 SCH9-C-Citrine (SpHIS5) GAP1-N-Citrine (CaURA3) This study
2z7 BY MATalpha his3 ura3 SCH9-C-Citrine (SpHIS5) MEP2-N-Citrine (CaURAS) This study
778 BY MATalpha his3 ura3 SCH9-C-Citrine (SpHIS5) SUL1-N-Citrine (CaURA3) This study
779 BY MATalpha his3 ura3 SCH9-C-Citrine (SpHIS5) PHO84-N-Citrine (CaURA3) This study
7710 BY MATalpha his3 ura3 TPK1-C-Citrine (SpHIS5) GAP1-N-Citrine (CaURAS3) This study
ZZ11 BY MATalpha his3 ura3 PKH1-C-Citrine (SpHIS5) GAP1-N-Citrine (CaURAS3) This study
7741 BY MATa leu2 met15 ura3 his3 SCH9-C-Citrine (SpHIS5) This study
7742 BY MATalpha his3 leu2 lys2 ura3 GAP1-N-Citrine (CaURAS) This study
7743 BY MATalpha his3 leu2 lys2 ura3 MEP2-N-Citrine (CaURAS3) This study
7744 BY MATalpha his3 leu2 lys2 ura3 SUL1-N-Citrine (CaURAS3) This study
7745 BY MATalpha his3 leu2 lys2 ura3 PHO84-N-Citrine (CaURAS3) This study
7746 BY MATalpha ura3 his3 leu2 SCH9-C-Citrine (SpHIS5) GAP1-N-Citrine (CaURAS3) This study
7747 BY MATa leu2 met15 ura3 his3 SCH9-C-Citrine (SpHIS5) GNP1-N-Citrine (CaURAS) This study
7748 BY MATa leu2 met15 ura3 his3 SCH9-C-Citrine (SpHIS5) MUP3-N-Citrine (CaURA3) This study
7749 BY MATalpha ura3 his3 SCH9-C-Citrine (SpHIS5) GAP1-N-Citrine (CaURA3) This study
NVJT-RFP (KANMX)
Table 2. Plasmids used in this study
Plasmid Description Reference
pGEX-Sch9 GST-Sch9p expression Bergsma J.
pGEX-4T-1-Pkh1 GST-Pkh1p expression Lab plasmid collection
pGEX-4T-1 GST tag expression (N-terminus GST tagging) GE Healthcare
pFL38-HA-Gap1 HA-Gap1 wild type expression Lab plasmid collection
PFL38-HA-Gap1™VFDKD HA-Gap1™FPKP expression This study
PFL38-HA-Gap1™3'P HA-Gap172%™P expression This study
PFL38-HA-Gap1V282K HA-Gap1Y232K expression This study
PFL38-HA-Gap1723%P HA-Gap17233P expression This study
PFL38-HA-Gap15234E HA-Gap152%4F expression This study
pFL38 Empty expression plasmid Lab plasmid collection
yN-URA3 pFABa-split-yECitrine-CaURAS3 (1-155 amino acids of citrine) Geovani Lopez Ortiz,
N-half citrine protein tagging template Mexico City, Mexico
yC-HIS5 pFABa-split-yECitrine-SpHIS5 (155-238 amino acids of citrine) Geovani Lopez Ortiz,
C-half citrine protein tagging template Mexico City, Mexico
FBp709 Kar2(1-135-mCherry-HDEL ER marker plasmid [25]
pTPQ128 Sec7-DsRed Golgi marker plasmid [26]
pFABa-mRFP1-kanMX6 mRFP protein tagging template [27]
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Re-upstart of growth in nutrient-starved cells

Cells were pre-cultured in 3 ml of SC-URA medium with overnight shaking. The next day, the cells were
diluted to ODgponm 0.3 and grown for ~4 h to exponential phase. Subsequently, the cells were collected by cen-
trifugation and resuspended in NSM for 24 h in a shaking incubator. For determination of growth curves, cells
were inoculated to ODggonm 0.15 in a 96-well plate with either NSM containing 1 mM L-citrulline or SC-URA
medium. The cultures were grown at 30°C for the indicated time and ODggonm Was measured every h in a
Multiscan GO Microplate Spectrophotometer (Thermo Scientific).

Transport assay with radioactively labeled L-citrulline

Cells were pre-cultured and starved for nitrogen for 24 h as described above. Cultures were centrifuged at
3000 rpm for 5 min to collect cell pellets, and washed once with 1 ml nitrogen-starvation medium. Then the
cells were resuspended in fresh nitrogen-starvation medium to a concentration of 200 mg wet weight/ml. Forty
microliters of cell suspension was added to a glass test tube and incubated in a 30°C water bath for 15 min.
Ten microliters of 5 mM L-citrulline (mixed by unlabeled and [*H] labeled L-citrulline (ViTrax) to obtain
~2000 + 500 cpm.nmol ") was added to the cells and incubated in a 30°C water bath for 1 min, before adding
5 ml ice-cold water to stop the reaction. Cells were then collected by filtration through a glass microfiber filter
(Whatman GF/C, retention particle size 1.2 mm) prewet with 4 ml of 50 mM L-citrulline solution, and imme-
diately washed 2 times with 5 ml of ice-cold water. Then the filter with the cells was transferred to a scintilla-
tion tube with 4 ml Ultima-Flo M scintillation fluid (PerkinElmer). Ten microliters of 5 mM radioactive
L-citrulline solution was directly added to a scintillation tube for specific radioactivity measurement. The radio-
activity was counted in a scintillation counter (Beckman Coulter LS6500), and transport activity is expressed as

nmol L-citrulline.min™.

Construction of BiFC strains

A strain constructed for the determination of protein-protein interaction by BiFC assay is referred to as ‘BiFC
strain’ in this paper. The endogeneous genes in these BiFC strains were C-terminally tagged with the Citrine
fluorescent protein C-terminal or N-terminal half, which was achieved by transformation of tail PCR products
using Q5 polymerase (NEB). Flanking regions of 50 bp homologous to the tagged gene were added to the
Citrine N-terminal or C-terminal half, using the template plasmids yN-URA3 and yC-HIS5, that contain the
CaURA3 or SpHIS5 marker, respectively, for selection. The resulting PCR constructs were transformed into the
yeast cells for genomic integration. Correct insertion was confirmed using ExTaq Polymerase with primers
outside of the inserted cassette on genomic DNA obtained with phenol-chloroform extraction and being
sequenced. The Nvj1-RFP tagging was done similarly by the transformation of PCR product with 50 bp hom-
ologous to Nvjl, using template plasmid pFA6a-mRFP1-kanMX6 containing a KanMX marker cassette.

Plasmid construction

Mutations were inserted in the pFL38-HA-Gapl plasmid, using PCR, digestion and ligation. Oligos containing
the desired Gapl mutations were ordered from IDT (Integrated DNA Technologies). PCRs were conducted
using Q5 (NEB) or ExTaq polymerase (Takara Clontech). Both plasmids and PCR amplicons were digested
with Kpnl and Agel restriction enzymes (NEB). Plasmids were constructed using standard molecular biology
methods. PCR and restriction digestion products were purified with Gel Wizard purification kit (Promega).
Ligation was achieved with T4 DNA Ligase (NEB) followed by transformation into E. coli strain DH5a. for
amplification. The resulting plasmids were isolated and sequenced by the VIB genetic service facility using the
applied biosystems 3730XL DNA analyzer (ABI) and products provided by the manufacturer.

Confocal microscopy

To evaluate the in vivo interaction in the constructed BiFC strains, 3-5ul of appropriately starved cell culture
was spotted on glass slides and immediately examined under the microscope. All images were acquired using
an Olympus IX81 FluoviewIM FV1000 microscopy system equipped with UPLSAPO 60x O NA 1.35 objective
lens, running FV10-ASW software. Images were analyzed using Fiji (Image]). The citrine BiFC signal was
observed with a 488 nm laser for excitation, paired with a 530/30 nm filter. The Sec7-DsRed and the Nvj1-RFP
were observed with a 561 nm laser for excitation, paired with a 582/15 nm filter. Sequential steps were taken
for colocalization of multiple fluorescently tagged proteins to avoid unspecific excitation.
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DAPI and FM4-64 staining

For DAPI staining, 5 mg/ml DAPI (Sigma-Aldrich) stock solution was made in DMSO (Sigma-Aldrich). A
final concentration of 5 pg/ml was added to the 24 h nitrogen-starved cell culture which was shaken at 30°C
for 30 min. The cells were observed with a confocal microscope using a DAPI filter. For FM4-64 vacuolar
membrane staining according to Pan et al. [28], 5 mg/ml FM4-64 (Invitrogen) stock solution was made in
DMSO (Sigma-Aldrich). A final concentration of 5 pg/ml was added to the 24 h nitrogen-starved cell culture,
which was then shaken at 30°C for 30 min in the dark. The cells were spun down and washed with fresh NSM.
The pellet was resuspended in NSM and incubated at 30°C for 2 h. The cells were observed with a confocal
microscope using an RFP filter.

GST pull-down

E. coli protein expression

The E. coli BL21 Star (DE3) strain (Invitrogen) was transformed with the pGEX-4T-1, pGEX-4T-1-Sch9 and
PGEX-4T-1-Pkh1 plasmids according to standard transformation protocols. Transformant colonies were picked
into 3 ml overnight pre-culture in LB-ampicillin. The whole pre-culture was used to inoculate 500 ml of
LB-ampicillin. The cells were grown at 37°C till ODgpgnm of about 0.8. Protein expression was induced by
adding 0.8 mM IPTG and the cells were incubated at 18°C with 200 rpm overnight shaking. Cell pellets were
harvested by centrifugation, washed with ice-cold PBS, flash frozen in liquid nitrogen and stored at —80°C till
further processing.

Cell lysis and preparation of GST-tagged protein bound to beads

For protein extraction, the cells were resuspended in E. coli lysis buffer (1x PBS, 0.8% Triton X-100, 2 mM
MgCl,, 2 mM DTT, 0.2 mg/ml lysozyme) and lysed by 3 times 20 s sonication. The lysate was then spun down
at 4°C 14 000 rpm for 15 min to remove cell debris. The supernatant was transferred into a fresh Eppendorf
tube and Glutathione sepharose beads (GE Healthcare) solution (1:1 beads and lysis buffer) was added to the
lysate for binding of the GST-tagged protein. The Eppendorf tubes were inverted on a roller drum for 2 h in
the cold room. The beads were then collected by centrifugation at 2000rpm for 2 min and washed 3 times with
wash buffer (1x PBS, 0.4% Triton X-100, 2 mM MgCl,, 2 mM DTT). Beads bound with GST-tagged protein
were ready for the pull-down.

Yeast protein expression and cell lysis

A vyeast strain expressing HA-tagged Gapl from a plasmid was starved for nitrogen for 24 h. After starvation,
the cells were pelleted by centrifugation, washed with ice-cold PBS, flash frozen in liquid nitrogen and stored
frozen at —80°C till extraction. For extraction, ice-cold yeast lysis buffer (1x PBS, 0.2% Triton X-100, 10% gly-
cerol, 2.5 mM MgCl,, 1 mM DTT, 10 mM NaF, 0.4 mM Na;VO,, 0.1 mM beta-glycerophosphate, protease
inhibitor mix EDTA-free by Roche, 1 mM PMSF) and glass beads were added to the pellets. The cells were
broken by vortexing 3 times for 20 s in a fast prep machine. The extracts were spun down at 14 000 rpm for 15
min to remove cell debris. The supernatant was transferred into a fresh Eppendorf tube. Glutathione sepharose
beads (GE Healthcare) solution (1:1 beads and lysis buffer) was added to the lysate to remove unspecific
binding proteins, inverting on a roller drum for 2 h in the cold room. The supernatant with HA-Gapl was
then separated from the beads by centrifugation at 2000 rpm and used for the pull-down assay. Fifty microliters
of the supernatant was kept separately as ‘Input’ to detect HA-Gap1 expression with Western blot.

Pull-down assays

The E. coli beads bound with GST-tagged protein and yeast lysate with HA-Gapl, prepared as described above,
were mixed and incubated on the roller drum for 2 h in the cold room to allow for protein-protein interaction.
The beads were then collected by centrifugation and washed 3 times with PBS-T. The liquid was completely
removed from the beads by pipetting with a syringe. Finally, sampling buffer was added to the beads and
heated for 10 min at 65°C after which the resulting medium was loaded on an SDS-PAGE gel.

Western blot

Ten microliters of input or pull-down sample was run on NuPAGE® Bis-Tris Mini Gel. The gels were run in
NuPAGE® MOPS SDS Running buffer at 150 V for ~1.5h. The proteins were then transferred to a
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nitrocellulose membrane (HybondC extra, GE Healthcare) by blotting using 400 mA for 70 min in blotting
buffer (NuUPAGE® MOPS SDS Running buffer, 20% v/v methanol). The membranes were then blocked with 5%
non-fat milk at room temperature for 2 h. After blocking, the membranes were incubated overnight in 2.5%
non-fat milk with anti-HA-peroxidase antibody (3F10, Roche) 1: 1500 diluted, at 4°C in a cold room. The next
day, the membranes were washed 2 times for 10 min with PBS-T before being layered with Western Bright
TMQuantum and Western Bright TM Peroxide for visualization in a LAS 400 mini machine. All original
Western blots are shown in Supplementary document SI.

Quantification of Western blot bands

Western blot bands were quantified using Fiji (Image]) [29]. Calculations for comparing the pull-down bands
intensity were done as follows. First, the band intensity from the membrane of pull-downs was divided by the
band intensity from the membrane of ‘Input’, to normalize for the expression level, as the Gapl mutant forms
showed different expression levels. Subsequently, the normalized intensity of the mutant forms was calculated
as percentage of the wild type intensity.

Mapping with peptide microarrays and substitution scan

Preparation of the PEPperCHIP® peptide microarrays

For the peptide screening, a Gapl peptide microarray was produced with each peptide 15 amino acids in
length and 14 amino acids overlap. A total of 602 different peptides were synthesized on the microarray in
duplicate (1204 spots in total) to cover the complete Gapl protein. The Gapl peptide map can be found in
Supplementary document S2. For the substitution scan of motif ‘GVKGYGEAEFVESFI’, amino acid residues in
each position of this motif were replaced by all 20 protein amino acids. In total, 300 different peptides (15 x
20) were synthesized in triplicate (900 spots in total). The substitution peptide map can be found in
Supplementary document S3.

Mapping procedure

For both the peptide screening and substitution scan, first pre-staining of the PEPperCHIP® Peptide Microarray
was done with the secondary antibody rabbit anti-GST Dylight680 (1 :2000) to determine possible background
interactions. Then, 50 wg/ml, 100 wg/ml or 500 pwg/ml GST-Sch9 or the same amount of GST as negative
control were incubated with the microarray in incubation buffer (washing buffer with 10% MB-070 blocking
buffer from Rockland) for 16 h at 4°C and shaking at 140 rpm. The microarray was then washed for 2x 10 s
with washing buffer (PBS, pH 7.4 with 0.005% Tween 20). Rabbit anti-GST Dylight680 (1 :2000) antibody was
used to detect GST-Sch9, after 2 h staining in incubation buffer at room temperature. HA control peptides
were subsequently stained as internal quality control to confirm the assay quality and peptide microarray integ-
rity. Finally, the microarray was scanned with a LI-COR Odyssey Imaging System and microarray image ana-
lysis was performed with PepSlide® Analyzer.

Measurement of trehalase activity
Trehalase activation was determined as previously described [30] with minor adaptations. Five-hundred millili-
ters of a 24 h nitrogen-starved cell culture was incubated on ice for 30 min, and then collected by centrifugation
for 10 min at 3000 rpm. The cells were then resuspended, washed with nitrogen-starvation medium and trans-
ferred to 50 ml falcon tubes. The pellets were then resuspended in nitrogen-starvation medium with a final
concentration of 25 mg wet weight/ml. Twenty-six milliliters resuspended cell culture was then shaken in a
30°C water bath for 30 min. L-citrulline was added at time point 0. Samples of 50 mg cells were taken at differ-
ent time points, and directly added to 40 ml of ice-cold water to stop the reaction. Cells were then collected by
centrifugation and resuspended in 500pl ice-cold extraction buffer (100 mM MES buffer pH7.0, 50 uM CaCl,).
The suspension was then transferred to a screw cap tube with glass beads, and lysis was achieved with 2 times
fastprep shaking. After centrifugation for 15 min at 14 000 rpm, 150 pl of supernatant was loaded on a dialysis
system containing dialysis buffer (10 mM MES bufter pH7.0, 100 uM CaCl,), for overnight removal of glucose.
One-hundred microliters of the lysate was transferred from the dialysis system to a 96-well plate, for determin-
ation of trehalase activity and protein concentration.

The amount of glucose liberated after 30 min incubation of 10 ul of the extract with trehalase buffer
(250 mM trehalose, 25 mM MES pH7.0, 50 pM CaCl,) was determined using the glucose oxidase-peroxidase
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method by addition of GOD-PAP reagent (Dialab). After 15 min incubation at 30°C, the absorbance at

505 nm was measured, indicating the concentration of glucose. The protein concentration was also determined,

with the standard Lowry method [31]. The specific trehalase activity was expressed as nmol glucose.min™".(mg
-1

protein) ™.

Availability of data and materials
All data are included within the main article and its Supplementary information. All constructs and yeast
strains are freely available upon request.

Results

Nutrient transceptors and Sch9 interact in vivo

We have used a Bimolecular fluorescence complementation (BiFC) assay [32,33] to examine the in vivo inter-
action of Sch9 with the nutrient transceptors Gapl, Mep2, Sull and Pho84, respectively. The BiFC strains were
constructed by fusing intragenomically the C-terminus half of the gene encoding the Citrine fluorescence
protein [34] to the C-terminus of Sch9 and the N-terminus half to the C-terminus of the nutrient transceptors.
The intragenomic fusion was achieved by transforming an appropriate PCR product having flanking sequences
homologous to the end of the genes of interest into the target strain [35]. No BiFC signal could be observed in
the cells during exponential growth (Supplementary Figure S1A), because of the repression of nutrient trans-
ceptor expression in the complete growth medium. To induce high expression of the respective nutrient trans-
ceptors, the cells were first grown to exponential phase after which they were starved for the substrate of the
transceptor, as previously described [8,9,11,13]. Fluorescence signals were then detected with confocal fluores-
cence microscopy. The results show that all four nutrient transceptors generated clear fluorescence signals in
cells of the respective BiFC strains (Figure 1). This indicates that all these nutrient transceptors likely bind with

A Gap1-Sch9 BiFC B Mep2-Sch9 BiFC

10pm :
’
d 7 > 9 7 '
|
- |
|
(o] Sul1-Sch9 BiFC
P oa N —\..A.
- ) Ay

Figure 1. In vivo BiFC assay of the interaction between the nutrient transceptors Gap1.

Mep2, Sull or Pho84 and the Sch9 protein kinase. In vivo interaction between Sch9 and Gap1, Mep2, Sul1 or Pho84 was
tested. Strains were constructed for the BiFC assay by tagging the transceptors with N-half of citrine fluorescent protein and
Sch9 kinase with C-half of citrine. After substrate-specific starvation (see Materials and methods), samples were taken directly
from the culture and imaged with a confocal microscope. Images of BiFC citrine fluorescent signal (left) and the DIC channel
(right) are shown. (A) The Gap1-Sch9 BiFC strain showed in each cell a cytosolic stripe or arc, which was later found to locate
at the nucleus—vacuole junction. (B) The Mep2-Sch9 BiFC strain showed a bright signal localized at the plasma membrane in
each cell. (C) The Sul1-Sch9 BiFC strain showed a weak signal at the plasma membrane and a stronger signal in the vacuole.
(D) The Pho84-Sch9 BiFC strain showed a similar but stronger plasma membrane signal and a weaker signal in the vacuole. All
the scale bars indicate 10 pm.
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Sch9 in vivo and that the binding is especially prominent when the expression of the transceptors is strongly
enhanced upon starvation for their substrate. It is well known that the binding of the citrine halves is irrevers-
ible once the two interacting partner proteins have brought the two halves together to restore the complete
fluorescent citrine protein [36]. Hence, the binding strength cannot be evaluated from the strength of the BiFC
signals. Nonetheless, the intracellular localization of the BiFC signal was different for the four nutrient trans-
ceptors (Figure 1). The Gapl-Sch9 BiFC signal was only visible in the cytosol as a stripe or arc (Figure 1A),
although Gapl has a major plasma membrane localization in nitrogen-starved cells [37]. For the ammonium
transceptor, Mep2, on the other hand, nearly all of the BiFC signal was present at the plasma membrane,
which is also the expected location of Mep2 [38] (Figure 1B). For the sulfate transceptor, Sull, weak staining
was visible at the plasma membrane, the expected location, and strong staining in the vacuole probably due to
endocytosis and vacuolar targeting of the Sull-citrine-Sch9 complex (Figure 1C). For the phosphate transcep-
tor, Pho84, a similar pattern was observed as for Sull, except that in most cells, plasma membrane staining of
the Pho84-citrine-Sch9 complex was more pronounced and vacuolar staining less pronounced (Figure 1D). As
negative controls for the observed BiFC interactions, the half-citrine single-tagged strains (strains ZZ41-7745)
were tested under the same conditions and no fluorescent signal was observed in all of them (Supplementary
Figure S1B).

To identify the location of the cytosolic Gapl1-Sch9 BiFC signal, DAPI staining, FM4-64 staining and expres-
sion of marker proteins in different organelles were performed (Supplementary Figure S2). The BiFC signal
was always attached to the nucleus, partially colocalizing with the perinuclear ER and the vacuolar membrane.
As the Gapl-Sch9 BiFC signal looked very similar to the localization of the nucleus—vacuole (NV) junction
protein Nvjl tagged with GFP [28], their colocalization was tested by tagging Nvjl with RFP in the Gap1-Sch9
BiFC strain. Nvj1-RFP showed perfect colocalization with the BiFC signal, which indicated that the location of
the BiFC signal is at the NV junction (Supplementary Figure S2). The NV junction is considered as the site for
lipid droplet synthesis [39] and is essential for piecemeal microautophagy of the nucleus (PMN) under stress
conditions like nutrient starvation [40,41]. Our hypothesis on the localization of the Gap1-Sch9 interaction is
described below in the discussion. We also measured uptake of 1 mM L-citrulline, which is only taken up by
Gapl in yeast, in the cells from the BiFC experiments expressing the Gapl and Sch9 half-citrine fusion proteins
(Supplementary Figure S3A). L-citrulline uptake was only slightly, but significantly, reduced indicating that
adequate levels of active Gapl were still present in the plasma membrane. This indicates that there is an excess
of Gapl in the cell compared with Sch9, since the intracellularly located complexed Gapl is not responsible for
the uptake of L-citrulline.

Sch9 and Gap1 interact in vitro

Subsequently, we have tested, with GST pull-down assays [42], the possible in vitro interaction of the amino
acid transceptor Gapl with Sch9, and also with Pkhl as control. Pkhl, considered as a homolog of mammalian
PDK1, is a confirmed Sch9 upstream kinase [43,44]. HA-tagged Gapl (HA-Gapl) was expressed in yeast on a
plasmid under its own promotor. GST tag only (GST, as a negative control), GST-tagged Sch9 (GST-Sch9) and
Pkhl (GST-Phkl) were expressed in E. coli. Gapl-Sch9 and Gapl-Pkhl interactions were subsequently tested
separately by the pull-down assay (procedure see Materials and methods). Precipitated HA-tagged Gapl was
detected by Western blot with an anti-HA-HRP antibody. A clear signal of precipitated HA-Gapl was observed
indicating that Gapl also binds with Sch9 in vitro (Figure 2A). Weaker signals were detected for interaction
between HA-Gapl and GST-Pkhl (Figure 2A). After the construction of the appropriate BiFC strains, we
could not detect any in vivo BiFC signal for the interaction of Pkhl with Gapl (Supplementary Figure S1C).
This may be due to the weaker expression of the kinase in nitrogen-starved cells, their intracellular compart-
mentation, weaker interaction, or to limitations of the BiFC methodology [45]. Hence, our results demonstrate
that there is strong interaction both in vitro and in vivo between Gapl and Sch9, opening up the possibility for
functional interaction between the two proteins, possibly regulated by nitrogen availability.

Mapping with peptide microarray reveals a potential Gap1 domain for Sch9

interaction

To identify putative domains in Gapl responsible for the interaction with Sch9, mapping with Gapl peptide
microarray [46] was performed by custom order at PEPperPRINT (www.pepperprint.com). A Gapl peptide
microarray was constructed and binding of the peptides with GST-Sch9 or GST tag only as a negative control,
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Figure 2. Detection of in vitro interaction using a GST pull-down assay.
(A) HA-tagged wild type Gap1 was pulled down by GST-tagged Pkh1 or Sch9, and detected with anti-HA-peroxidase
antibody. Lane 17: input from yeast cell extract directly loaded on the gel indicating the expression level of HA-Gap1 after 24 h
nitrogen starvation. Lane 2: negative control with only GST tag showing that no HA-Gap1 got pulled down unspecifically. Lane
3: HA-Gap1 pulled down by GST-Pkh1. Lane 4: HA-Gap1 pulled down by GST-Sch9. (B) HA-Gap1 mutant forms pulled down
by GST-Sch9. Upper row input 1-6: extract of yeast cells expressing HA-tagged Gap1"'", Gap1™VF-PKP, Gap1F231P, Gap1Y232K,
Gap1 F233D o4 Gap1szs4E
antibody. Lower row pull-down 1-6: HA-tagged Gap1*/" or mutant forms were pulled down by GST-Sch9. The quantification of
band intensity below indicates the signal strength as a percentage of the signal with Gap1"V", corrected with the expression

was directly loaded on the gel for determination of their expression level with anti-HA-peroxidase

level of the input and calculated as a mean of two independent experiments + SD. There is no significant difference between
the wild type and each mutant protein being observed.

purified from E. coli, was determined. For microarray details and mapping procedure, see Materials and methods.
The microarray scan figures showed that no interaction was observed with only the GST tag, while a range of
positive signals was observed with GST-Sch9 (red spots in Figure 3A). In the intensity plot, quantified from the
microarray scan figures, the control assays with pure GST did not reveal any background interaction. In contrast,
many weak to moderate interactions were observed with GST-Sch9 at both protein concentrations (Figure 3B),
showing interactions with peptides containing the consensus motifs '”’YMLQWLVVLPLE'*®, “>'FEAY>** and
particularly “*’GVKGYGEAEFVESFI**”, which was the strongest. The most plausible “*?GVKGYGEAEFV
FSFI*® motif was later confirmed by an amino acid residue substitution scan (see further).

Based on the predicted Gapl topology from Protter (http:/wlab.ethz.ch/protter/), the identified
“??2GVKGYGEAEFVFSFI**® putative binding motif localizes in intracellular loop 2 of Gapl (Figure 3C). It has
been shown previously that mutations in this loop do not affect Gapl sorting to the plasma membrane, but
influence Gapl transport activity. The “*’GVK*** and “**GYGE**®, as indicated in Figure 3C with circles
filled in light green or dark gray, that upon mutagenesis into alanines result in reduced or abolished Gapl
transport activity, respectively [48]. Blastp of the identified ‘GVKGYGEAEFVFSFI' motif against S. cerevisiae
reference proteins was performed at NCBI, which did not reveal any significant sequence similarity with the
other identified Sch9-associated transceptors. This indicates that the other transceptors may bind Sch9 through
different domains compared with Gapl. On the other hand, conservation of this domain was observed among
multiple amino acid permeases, according to the protein sequence alignment (Supplementary Figure S3B). As
negative controls for the Gapl-Sch9 BiFC interaction, the interaction of Sch9 with the high-affinity glutamine
permease Gnpl and low-affinity methionine permease Mup3 was tested by constructing Gnpl-Sch9 and
Mup3-Sch9 BiFC strains. Gnpl has less sequence similarity in the tail part of the Sch9-binding motif (which
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A Gap1 peptide microarray was constructed and used for mapping the putative Sch9 binding site using 50 or 100 pg/ml GST-Sch9, or only GST as
negative control (for description of peptide microarray, see Supplementary document S2). (A) Microarray scan figures of GST or GST-Sch9 at

Figure 3. Identification of putative binding domains in Gap1 for interaction with Sch9 by mapping with a peptide microarray.
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Figure 3. Identification of putative binding domains in Gap1 for interaction with Sch9 by mapping with a peptide
microarray. Part 2 of 2
concentration of 100 wg/ml. Upper figure: no interaction signal is observed on the microarray incubated with GST negative
control. Lower figure: a range of positive signals (contiguous red spots) is observed on the microarray incubated with
GST-Sch9. The HA peptides are synthesized on the edge of the peptide microarray, which are tested with anti-HA (12CA5)
DyLight800 antibody after the mapping, and shown as green dots in the microarray scan figure. They are used as an internal
control to confirm the assay quality and to facilitate grid alignment for data quantification. The clear and complete green dots
of these control peptides validate the overall peptide microarray integrity and assay quality. (B) Quantification of the signals
from the microarray scans is shown as intensity plots. For a better comparison of the response profiles with the two
concentrations of GST and GST-Sch9, the intensity plots were shifted (the lines for GST-Sch9 at 50 n.g/ml, GST at 100 png/ml
and GST-Sch9 at 100 wg/ml, were up-shifted with 500, 1000 and 1500 a.u., respectively). The control assays with pure GST
did not reveal any background interaction at both protein concentrations. In contrast, many weak to moderate interactions were
observed with GST-Sch9 at both protein concentrations, of which the strongest interactions were labeled on top of the peaks.
(C) Location of the putative Sch9 binding domain in the predicted Gap1 topology (generated by Protter: http:/wlab.ethz.ch/
protter/start/) [47]. Gap1 has 602 amino acid residues, arranged in 12 transmembrane domains (TMDs), with cytosolic N- and
C-termini. The putative interaction motif ‘GVKGYGEAEFVFSFI’, indicated with circles with blue lining, is located in intracellular
loop 2, with the 23'FVF2%2 residues which are most critical for Sch9 binding and further investigated by mutagenesis, indicated
with circles filled in red.

was found to be important for the binding in a substitution scan, as described below), while Mup3 has no
sequence similarity with the domain at all. In both cases, no BiFC interaction was observed, both in exponen-
tial growing cells and in 24 h nitrogen-starved cells (Supplementary Figure S3C). This indicates that Sch9 does
not simply bind to any amino acid or ammonium transporter, but rather that a specific sequence in the
binding domain is important.

To further confirm the relevance of the potential binding motif described above and to determine the
importance of each amino acid residue in the motif (**>GVKGYGEAEFVFSFI**®), an amino acid substitution
scan was performed by PEPperPRINT. In the substitution scan, individual amino acid residues at each position
of the “*?GVKGYGEAEFVFSFI**® peptide were replaced by all 20 amino acids. Subsequently, the interaction
between each modified peptide and GST-Sch9 was determined. The microarray scan figures showed that the
GST tag alone, used as negative control, did not reveal any background binding reaction. Replacement of resi-
dues at different positions in the peptide led to an alteration in binding intensity with GST-Sch9 (Figure 4A).
The intensity plot quantified from the microarray scan figure showed reduced or enhanced binding intensity
among the substituted and the wild type peptides (see raw data in Supplementary document S4). This con-
firmed the results from the peptide mapping, as the exchange of amino acid residues caused changes in the
GST-Sch9-binding intensity, which were apparently not due to changes in the hydrophobic character of many
residues in the domain.

The substitution matrix, in which binding intensity was plotted against the average spot intensity for all 20
peptides substituted at the same amino acid position (Figure 4B) and the amino acid plot, in which binding
intensity was plotted against the spot intensity of the wild type peptide (Figure 4C), highlighted a critical motif
IEVESFI?® and a variable stretch “*?GVKGYGEAE*”. The **'F, **’F and >’V turned to be the most
important residues for the binding, as *>'F and **’F did not tolerate substitution by any other amino acid
without a loss in the binding of at least 50%. >V could be exchanged by F or V without significant effect on
Sch9 binding, while the replacement by E even resulted in a 3-fold increase in spot intensity. For amino acid
residue ***S, exchange into E, L, I, F or C caused a significant increase in Sch9 binding. The **°F and **°I were
less important but still showed dramatically reduced binding upon replacement with multiple residues. All the
residues in this domain could tolerate some replacements and maintain the binding with GST-Gcds6.

Effect of mutations in the putative Gap1-Sch9-binding site on in vitro binding

of Gap1 with Sch9 and on Gap1-dependent upstart of cell proliferation

We constructed Gap1™*'P, Gap1V**** and Gap1"***” mutant forms of Gapl in the identified putative Sch9
binding site. They were expressed under the control of the GAPI promotor using the single-copy pFL38 vector.
The three amino acid residues are located in the motif **'FVESFI*** and were the most critical for binding
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Figure 4. Substitution scan of the Gap1 peptide 222GVKGYGEAEFVFSFI?3® for Sch9 binding.

A substitution peptide microarray was constructed and screened for binding with 100 or 500 wg/ml GST-Sch9, or only GST as negative control (for
description of peptide microarray, see Supplementary document S2). (A) Microarray scans of GST or GST-Sch9 at a concentration of 500 ng/ml.
Scan Figure 1: no interaction is observed on the substitution microarray incubated with GST negative control. Scan Figure 2: a range of positive
signals (contiguous red spots) is observed on the substitution microarray incubated with GST-Sch9. The HA peptides were synthesized on the edge
of the peptide microarray, which are tested with anti-HA (12CA5) DyLight800 antibody after the mapping, and shown as green dots in the
microarray scan figure. They are used as an internal control to confirm the assay quality and to facilitate grid alignment for data quantification. The
clear and complete green dots of these control peptides validate the overall peptide microarray integrity and assay quality. (B) The substitution
matrix highlights the binding with GST-Sch9 for any given amino acid residue substituted by all 20 amino acid residues using color coding (red for
stronger binding, blue for weaker binding) and re-arranged according to the strength of GST-Sch9 binding. The color intensity represents binding
intensity with GST-Sch9 calculated by dividing the spot intensity for a given modified peptide by the average spot intensity for all 20 peptides
substituted at the same amino acid position. (C) The amino acid plot shows GST-Sch9 binding with the different modified peptides for each amino
acid residue at a given position. The binding intensity was calculated by dividing the spot intensity of a given peptide by the spot intensity of the
wild type peptide and is shown as percentage of binding with the wild type peptide.
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with GST-Sch9 in the substitution scan results, showing zero spot intensity in binding. We also constructed a
mutant form Gap1"V*™PXP that combines the three mutations above, and Gap1°**** which showed more than
5-fold higher spot intensity compared with the wild type peptide (Figure 4C).

The Gapl deletion strain (JT20867) was transformed with empty plasmid or plasmids encoding HA-tagged
wild type (Gap1™") or one of the Gapl mutant forms (Gap1"""PXP, Gap1"**'P, Gap1V***X, Gap1"***" and
Gap1°***¥, as described above). Physical interaction between Sch9 and these mutant forms of Gapl was evalu-
ated with GST pull-down assays. The Western blot band intensity was quantified and calculated by Fiji (see
Materials and methods). However, no significant difference was observed between the wild type and mutant
forms of Gapl for binding with GST-Sch9 (Figure 2B), which is different from what we observed in the micro-
array mapping with the isolated peptides. There are several possible explanations. First of all, the binding with
isolated peptides may be different from that with the native protein, because the peptides may be tucked inside
the protein or because their conformation in the native protein may be different from that of the isolated
peptide. In addition, there may be multiple interaction sites between the native, full-length Gapl and the Sch9
protein so that mutagenesis of a single interaction site is not enough to abolish the interaction completely.

Subsequently, the effect of the Gapl mutant forms on cell growth was evaluated by measuring the re-upstart
of growth in nitrogen-starved cells upon re-addition of L-citrulline. Cells starved 24 h for nitrogen, which
display high expression of Gapl at the plasma membrane [49], were inoculated either in NSM with 1 mM
L-citrulline as nitrogen source, or in SC-URA medium, which contains ammonium and all amino acids. Low
concentrations of L-citrulline (e.g. 1 mM) are exclusively taken up by Gapl [6,50]. The upstart of growth in
NSM with 1 mM L-citrulline was retarded to different extents for all strains with a Gapl mutant form
(Figure 5A). The strains with Gap1Y?*** or Gap1"***" showed similarly weak retardation compared with the
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strain with Gap1™™. The strains with Gap1">*'® or Gap15**** showed stronger retardation, while the strain
with Gap1"V""P*P did not start to grow at all, just like the gapIA strain transformed with empty plasmid. On
the other hand, in SC-URA medium all strains showed the same rapid upstart of growth like the strain with
Gap1™'" (Figure 5B). In this medium, the upstart of growth is not dependent on Gapl since ammonium and
amino acids can be taken up by alternative transporters [51]. Hence, in spite of the apparent absence of a loss
in binding affinity between Gapl and Sch9, at least when evaluated with in vitro pull-down assays, the specific
mutations engineered in Gapl based on the results of the peptide mapping experiments, caused clear negative
effects on Gapl-dependent growth. Uptake activity of 1 mM [*H]-labeled L-citrulline was also measured with a
Imin assay to evaluate the transport capacity of the Gapl mutant forms (Figure 5C). Surprisingly, all the
mutant forms showed similar uptake efficiency which was less than 10% of the wild type Gapl. The PKA
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Figure 5. Re-upstart of growth in nitrogen-starved cells expressing wild type or Gap1 forms containing mutations in the putative Sch9
interaction domain.

(A) Re-upstart of growth in NSM with 1 mM L-citrulline. ODggonm Was measured every 1 h for 90 h. (B) Re-upstart of growth in SC-URA medium.
ODeoonm Was measured every 1 h for 50 h. Standard deviation of the average of four replicates is shown with the error bars (for more details, see
Materials and methods). (C) Transport of 1 mM [®H]-labeled L-citrulline was measured for 1 min. Standard deviation of the average of three
replicates is shown with the error bars. (D) As a read-out for Gap1-mediated PKA activation, short-term trehalase activation by the Gap1 mutant
forms was measured. 5 mM L-citrulline was added after 24 h nitrogen starvation at time point 0. Trehalase activity was measured at different time
points. Strains: gap14 strain transformed with empty plasmid (V), plasmid expressing Gap1"'T (), Gap17VFPKP (a), Gap17231P (v), Gap1V232K (@),
Gap1 F233D (®) or Gap13234E m)}
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signaling capacity of the mutant Gapl forms was also tested by measuring L-citrulline-induced trehalase activa-
tion, which showed that the Gapl mutant forms displayed an impaired signaling capacity correlated with the
reduction in their transport capacity (Figure 5D). Apparently, the transport and PKA signaling capacities of
Gapl do not correlate with the rate of cell growth. These results indicate that the Gapl mutant forms must
regulate the re-upstart of growth in a way unrelated to amino acid uptake and PKA signaling and thus appar-
ently through one or more other Gapl-dependent regulatory controls, for instance by interaction with Sch9
and/or other targets.

Discussion

The discovery of nutrient transceptors that control a major signaling pathway with pervasive effects on cell
physiology and development like the PKA pathway in yeast raises the question whether nutrient transceptors
may interact with other major regulatory proteins to control cellular properties, similar to the widespread
effects of classical receptors on cellular metabolism and behavior. Nutrient transceptors are actually likely can-
didates for the evolutionary precursors of classical receptors in higher multicellular organisms [52]. In this
paper, we provide evidence that Gapl interacts with the Sch9 protein kinase suggesting that transceptors may
play hitherto unrecognized roles in nutrient sensing for the regulation of cellular properties.

The TOR pathway and PKA have been suggested to function in parallel for nutrient sensing and cell growth
[53,54]. Moreover, they share common substrates like Rim15 [55] and Flol1l [56]. Apparently, the protein
kinase Sch9 is involved in both the TOR and the PKA pathways in response to nutrient repletion [57]. On one
hand, Sch9 is directly phosphorylated by TORC1 and as such commonly used as a read-out for TORC1 activa-
tion [17]. On the other hand, Sch9 is also important for nitrogen-induced activation of the PKA pathway, as its
deletion abolishes Gapl signaling to PKA [24]. However, this does not necessarily imply that Sch9 is an inter-
mediate in the signaling pathway from Gapl to PKA. Sch9 could also be required for the proper functioning of
one of the components of the signaling pathway or even affect Gapl or PKA functionality itself. Hence, our
results do not imply that the putative Gapl-Sch9 amino acid signaling is involved in Gapl-mediated activation
of PKA. The two systems may act in parallel. If Gapl-Sch9 interaction is involved in amino acid-induced
upstart of growth, our results would actually contradict this possibility, since amino acid transport activity of
Gapl is clearly correlated with amino acid activation of the PKA target trehalase but not with the rate of
amino acid-induced upstart of growth in nitrogen-starved cells. Interaction between the TOR and the PKA
pathways is supposed to happen through Sch9, since it has been reported that TOR regulates the phosphoryl-
ation of the PKA regulatory subunit Bcyl through Sch9 [58,59]. On the other hand, the TORCI pathway does
not appear to be involved in nutrient transceptor-mediated short-term activation of the PKA pathway in
nutrient-starved cells [54].

Sch9 is a well-established phosphorylation target of TORCI, which suggests that nutrient regulation of Sch9
is exerted by the nutrient-sensing systems that have been suggested to control TORCI activity. However, the
latter have been particularly difficult to identify and also seem to be much more specific than previously antici-
pated. In yeast, the molecular connection between nutrient availability and TORCI1 has only been shown for
leucine with the involvement of leucyl-tRNA synthetase Cdc60 [60,61]. Although a correlation between the
quality of the nitrogen source and the requirement for glutamine biosynthesis for activation of TORCI1, based
on Sch9 phosphorylation as read-out, has been documented, the molecular mechanism connecting glutamine
biosynthesis to TORC1 has remained unclear [62]. Also in mammalian cells, identification of amino acid
sensing proteins for activation of mTORCI is limited until now to sensing of leucine and arginine [63]. The
transceptor-Sch9 interaction identified in this work may provide a mechanism for regulation of Sch9 by mul-
tiple nutrients, since transceptors have been discovered for amino acids, ammonium, phosphate, sulfate and
even for the micronutrients iron and zinc. Moreover, it cannot be excluded that transceptors also exist for regu-
lation by other nutrients, like sugars, in connection with or independent of GPCR — cAMP regulation of the
PKA pathway.

Our in vivo and in vitro interaction results link nutrient transceptors to Sch9. Apparently, like regular recep-
tors, nutrient transceptors can directly interact with major downstream regulatory proteins. This offers an alter-
native explanation for nutrient control of Sch9 phosphorylation parallel with TORCI. Sensing of the nutrient
substrate by the transceptor may modulate the conformation of Sch9 rendering Sch9 available for (increased)
phosphorylation by the TORCI protein kinase. TORC1 is known to be responsible for sensing intracellular
nutrients [64], while nutrient transceptors are involved in sensing of extracellular nutrients [7,8]. Sch9 may be
a focal point where the extra and intracellular nutrient signals are integrated to provide a common response.
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While the Mep2, Sull and Pho84 BiFC complexes with Sch9 were at least to a significant extent present at
their expected plasma membrane location in the cell, the Gap1-Sch9 BiFC complex was entirely located at the
NV junction. Since L-citrulline uptake was only reduced with about 15% in the Gapl1-Sch9 BiFC cells, Gapl
must still be located abundantly in the plasma membrane. Moreover, Gapl must be present in large excess in
the cell compared with Sch9, since no fluorescence was detectable at the level of the plasma membrane. This
difference in expression level is consistent with the house-keeping and regulatory function of Gapl and Sch9,
respectively. Apparently, no Gapl-Sch9 BiFC complex could reach the plasma membrane. The most likely
explanation appears to be that the tight, persistent binding between the two half-citrine fusion proteins creates
a large, rigid Gapl-Sch9 complex that disturbs intracellular sorting of the complexed Gapl in such a way that
it ends up at the NV junction. For some reason, the other transceptor-Sch9 BiFC complexes do not suffer
from this problem and are sorted properly to the plasma membrane and apparently also to the vacuole in the
case of Sull and Pho84.

TORCI and its regulators in yeast have been known to localize to the vacuolar membrane [65]. The phos-
phorylation of Sch9 by TORCI requires vacuolar localization of Sch9, which is mediated by the PI(3,5)
P2-binding C2 domain of Sch9 [66,67]. It has also been demonstrated that under oxidative stress, Sch9 is
released from the vacuole membrane for inhibition [66]. The observed Gapl-Sch9 BiFC interaction signal colo-
calizes with Nvj1-RFP at the NV junction, to which part of the perinuclear ER also attaches [28,68]. PMN at
the NV junction is a selective autophagic process in yeast cells that targets parts of the nucleus for degradation.
PMN can be induced by nitrogen starvation or rapamycin addition, and is regulated by the rapamycin-sensitive
TORCI complex [69]. It is also well known that nitrogen starvation causes TORCI inactivation, which leads to
dephosphorylation and hence inactivation of Sch9 [70]. Based on these literature data and our observation that
the Gap1-Sch9 BiFC complex is located at the NV junction, an alternative hypothesis can be proposed. Under
nitrogen starvation conditions, the ER-localized Gapl could recruit vacuole membrane-localized Sch9 to the
NV junction through the Gapl-Sch9 interaction. This translocation of Sch9 further inhibits its activity by sep-
arating it from TORCI or even by sending Sch9 to the vacuole for degradation through the PMN. The sugges-
tion that Sch9 has less affinity to TORC1 than other TORC1 substrates may support this hypothesis [71]. The
binding of free Sch9 by the other transceptors at the plasma membrane may also be responsible for the recruit-
ment of free Sch9, possibly with a different mechanism compared with Gapl.

The use of peptide microarrays has been a rapidly growing technology with a broad range of applications. It
has been developed for almost 30 years and commercialized for the past decade, with multiple mature method-
ologies now available [46]. Peptide microarrays normally consist of hundreds to thousands distinct but overlap-
ping peptides with an appropriate number of replicates. They have been successfully used in the search for
epitopes for antibody binding [72,73], protein-peptide binding studies [74], cell-adhesive peptide identification
[75], etc. On the other hand, their largest disadvantage is that the peptides hardly retain the conformation they
had in the original protein [46]. Using the Gapl peptide and substitution peptide microarrays, synthesized by
PEPperPRINT, we identified Gapl peptides binding with Sch9 and also identified the most critical amino acid
residues in the peptides for the interaction with Sch9. These peptides and amino acid residues suggest, but do
not predict with certainty, the Gapl binding domain for the Gapl-Sch9 interaction in vivo. Mutagenesis,
however, of the most critical residues identified in this way did not result in altered binding in the in vitro GST
pull-down assays, as quantified from the Western blot bands. This may be due to the fact that the free peptides
do not have the same conformation as the integrated peptides in the native protein, to the presence of multiple
binding sites between Sch9 and Gapl or to the fact that the in vitro conditions do not reflect properly the intra-
cellular conditions for Gap1-Sch9 binding. The BiFC interaction, which takes place in the natural in vivo intra-
cellular environment could at least to some extent overcome these problems. Hence, a detailed study of single
and multiple Gapl mutations, engineered by CRISPR/Cas9 technology [76-78], on the binding between Gapl
and Sch9, as detected in vivo by BiFC, could finally lead to mutant forms with absent binding. These would be
very useful tools to study the physiological consequences on different readouts known to be affected by Gapl
or Sch9. On the other hand, mutagenesis of the most critical residues identified with peptide mapping already
affected Gapl transport activity, which indicates that introduction of multiple mutations to abolish Gap1-Sch9
binding in vivo completely without compromising transport activity, might be highly challenging. On the other
hand, the mutagenesis of single residues also produced already clear negative effects on Gapl-dependent
re-upstart of growth. This could have simply been due to reduction in Gapl amino acid uptake activity.
However, although the different mutations did reduce L-citrulline uptake activity in short-term uptake assays,
which was correlated with reduced activation of the PKA target, trehalase, there was no correlation with the
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retardation of the upstart of Gapl-dependent growth over the next 90 h. Hence, the mutations in Gapl may
affect a functional interaction between Gapl and Sch9 rather than a structural interaction. Aberrant functional
interaction between Gapl and Sch9 may thus have been responsible for the compromised re-upstart of growth
in the strains with different mutant Gap1 forms.

A particular phenomenon in which transceptor-Sch9 interaction could play a major role, is cellular aging.
Calorie restriction and nutrient limitation are well-known to increase longevity in many organisms [79]. These
are precisely the conditions in which the nutrient transceptors that interact with Sch9 are strongly up-regulated.
Inactivation of Sch9/PKB is well known to increase longevity in yeast and higher eukaryotic organisms [80].
Hence, down-regulation of Sch9 by nutrient transceptor interaction in nutrient-limited cells could (in part) be
responsible for the positive effect of nutrient starvation on longevity. One of the proposed models for the posi-
tive effect of nutrient limitation on longevity is that Torl, Sch9 and Ras/PKA deficiency all lead to more func-
tional Rim15 kinase, as well as its downstream effectors, Msn2/4 and Gisl. The improved cellular protection
provided by the up-regulated stress response is thought to be the key for establishing superior longevity [81,82].
Cell longevity in nitrogen starvation conditions could be determined to evaluate the possible involvement of
the Gap1-Sch9 interaction in the control of longevity. However, besides Gapl, other transceptors and multiple
putative transceptors are also induced during nitrogen starvation. For instance, the ammonium transceptor,
Mep2, is known to be strongly induced during nitrogen starvation and our current work has shown that it also
binds with Sch9. Hence, Mep2 may be responsible together with Gapl and other nitrogen starvation-induced
transceptors for sequestrating Sch9 and in this way increase longevity. Such a mechanism, in which multiple
nutrient-sensing proteins control a single regulatory target protein would be difficult to identify because the
redundant sensors could compensate for each other.

Conclusions

Our work has revealed that yeast nutrient transceptors physically interact with Sch9, a major regulatory protein
kinase involved in multiple nutrient-controlled processes in yeast. Mutations engineered in a putative Gapl
transceptor — Sch9 interaction site affect transceptor-dependent upstart of growth in a way that is not corre-
lated with reduction in amino acid uptake. Hence, our results suggest that nutrient transceptors may play a role
in nutrient regulation of Sch9 activity and its function in the control of cell growth, and by extension that
nutrient transceptors may regulate major cellular properties by interaction with regulatory protein kinases.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding

This work was supported by a PhD fellowship from CSC (China) to Z.Z. and by a Concerted Research Action
grant (GOA/13/006) and Interuniversity Attraction Poles grant (I.A.P. Network P7/40) to J.M.T. The funders had
no role in study design, data collection and interpretation, or the decision to submit the work for publication.

CRediT Contribution

Johan Thevelein: Conceptualization, Formal analysis, Supervision, Funding acquisition, Writing —original draft,
Project administration, Writing — review and editing. Zhigiang Zhang: Formal analysis, Investigation,
Visualization, Methodology, Writing — original draft, Writing — review and editing. Ines Cottignie: Investigation.
Griet Van Zeebroeck: Conceptualization, Formal analysis, Supervision, Writing — original draft, Writing —
review and editing.

Acknowledgments
The authors gratefully acknowledge Nico Vangoethem for preparing the figures.

Abbreviations

BiFC, bimolecular fluorescence complementation; PKA, protein kinase A; TOR, target of rapamycin; ER,
endoplasmic reticulum; PMN, piecemeal microautophagy of the nucleus; NV, nucleus—vacuole; DIC, differential
interference contrast.

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://creativecommons.org/licenses/by/4.0/

Biochemical Journal (2021) 478 357-375 ° PORTLAND

https://doi.org/10.1042/BCJ20200722 ... PRESS

References

1 Conrad, M., Schothorst, J., Kankipati, H.N., Van Zeebroeck, G., Rubio-Texeira, M. and Thevelein, J.M. (2014) Nutrient sensing and signaling in the yeast
Saccharomyces cerevisiae. FEMS Microbiol. Rev. 38, 254—299 https://doi.org/10.1111/1574-6976.12065

2 Lemaire, K., Van de Velde, S., Van Dijck, P. and Thevelein, J.M. (2004) Glucose and sucrose act as agonist and mannose as antagonist ligands of the
G protein-coupled receptor Gpr1 in the yeast Saccharomyces cerevisiae. Mol. Cell 16, 293—299 https://doi.org/10.1016/j.molcel.2004.10.004

3 Forsberg, H., Hammar, M., Andreasson, C., Moliner, A. and Ljungdahl, P.0. (2001) Suppressors of ssy1 and ptr3 null mutations define novel amino acid
sensor-independent genes in Saccharomyces cerevisiae. Genetics 158, 973-988 PMID: 11454748

4 Kriel, J., Haesendonckx, S., Rubio-Texeira, M., Van Zeebroeck, G. and Thevelein, J.M. (2011) From transporter to transceptor: signaling from
transporters provokes re-evaluation of complex trafficking and regulatory controls: endocytic internalization and intracellular trafficking of nutrient
transceptors may, at least in part, be governed by their signaling function. Bioessays 33, 870-879 https://doi.org/10.1002/bies.201100100

5 Rubio-Texeira, M., Van Zeebroeck, G., Voordeckers, K. and Thevelein, J.M. (2010) Saccharomyces cerevisiae plasma membrane nutrient sensors and
their role in PKA signaling. FEMS Yeast Res. 10, 134—149 https://doi.org/10.1111/.1567-1364.2009.00587 x

6 Donaton, M.C., Holsbeeks, ., Lagatie, 0., Van Zeebroeck, G., Crauwels, M., Winderick, J. et al. (2003) The Gap1 general amino acid permease acts
as an amino acid sensor for activation of protein kinase A targets in the yeast Saccharomyces cerevisiae. Mol. Microbiol. 50, 911-929 https://doi.org/
10.1046/j.1365-2958.2003.03732.x

7 Van Zeebroeck, G., Bonini, B.M., Versele, M. and Thevelein, J.M. (2009) Transport and signaling via the amino acid binding site of the yeast Gap1
amino acid transceptor. Nat. Chem. Biol. 5, 45-52 https://doi.org/10.1038/nchembio.132

8  Van Zeebroeck, G., Rubio-Texeira, M., Schothorst, J. and Thevelein, J.M. (2014) Specific analogues uncouple transport, signalling, oligo-ubiquitination
and endocytosis in the yeast Gap1 amino acid transceptor. Mol. Microbiol. 93, 213-233 https://doi.org/10.1111/mmi.12654

9  Van Nuland, A., Vandormael, P., Donaton, M., Alenquer, M., Lourenco, A., Quintino, E. et al. (2006) Ammonium permease-bhased sensing mechanism
for rapid ammonium activation of the protein kinase A pathway in yeast. Mol. Microbiol. 59, 1485—1505 https://doi.org/10.1111/1.1365-2958.2005.
05043 .x

10  Giots, F., Donaton, M.C. and Thevelein, J.M. (2003) Inorganic phosphate is sensed by specific phosphate carriers and acts in concert with glucose as a
nutrient signal for activation of the protein kinase A pathway in the yeast Saccharomyces cerevisiae. Mol. Microbiol. 47, 1163-1181 https://doi.org/10.
1046/).1365-2958.2003.03365.x

11 Popova, Y., Thayumanavan, P., Lonati, E., Agrochao, M. and Thevelein, J.M. (2010) Transport and signaling through the phosphate-binding site of the
yeast Pho84 phosphate transceptor. Proc. Natl. Acad. Sci. U.S.A. 107, 2890-2895 https://doi.org/10.1073/pnas.0906546107

12 Samyn, D.R., Ruiz-Pavon, L., Andersson, M.R., Popova, Y., Thevelein, J.M. and Persson, B.L. (2012) Mutational analysis of putative phosphate- and
proton-binding sites in the Saccharomyces cerevisiae Pho84 phosphate:H(+) transceptor and its effect on signalling to the PKA and PHO pathways.
Biochem. J. 445, 413-422 https://doi.org/10.1042/BJ20112086

13 Kankipati, H.N., Rubio-Texeira, M., Castermans, D., Diallinas, G. and Thevelein, J.M. (2015) Sul1 and Sul2 sulfate transceptors signal to protein kinase
A upon exit of sulfur starvation. J. Biol. Chem. 290, 10430-10446 https://doi.org/10.1074/jbc.M114.629022

14 Schothorst, J., Zeebroeck, G.V. and Thevelein, J.M. (2017) Identification of Ftr1 and Zrt1 as iron and zinc micronutrient transceptors for activation of the
PKA pathway in Saccharomyces cerevisiae. Microb. Cell 4, 74-89 https://doi.org/10.15698/mic2017.03.561

15 Thevelein, J.M. and de Winde, J.H. (1999) Novel sensing mechanisms and targets for the cAMP-protein kinase A pathway in the yeast Saccharomyces
cerevisiae. Mol. Microbiol. 33, 904-918 https://doi.org/10.1046/j.1365-2958.1999.01538.x

16 Steyfkens, F., Zhang, Z., Van Zeebroeck, G. and Thevelein, J.M. (2018) Multiple transceptors for macro- and micro-nutrients control diverse cellular
properties through the PKA pathway in yeast: a paradigm for the rapidly expanding world of eukaryotic nutrient transceptors up to those in human cells.
Front. Pharmacol. 9, 191 https://doi.org/10.3389/fphar.2018.00191

17 Urban, J., Soulard, A., Huber, A., Lippman, S., Mukhopadhyay, D., Deloche, O. et al. (2007) Sch9 is a major target of TORC1 in Saccharomyces
cerevisiae. Mol. Cell 26, 663—674 https://doi.org/10.1016/j.molcel.2007.04.020

18  Waullschleger, S., Loewith, R. and Hall, M.N. (2006) TOR signaling in growth and metabolism. Cell 124, 471-484 https://doi.org/10.1016/j.cell.2006.
01.016

19  Jorgensen, P., Nishikawa, J.L., Breitkreutz, B.J. and Tyers, M. (2002) Systematic identification of pathways that couple cell growth and division in yeast.
Science 297, 395-400 https://doi.org/10.1126/science. 1070850

20  Kaeberlein, M., Kirkland, K.T., Fields, S. and Kennedy, B.K. (2005) Genes determining yeast replicative life span in a long-lived genetic background.
Mech. Ageing Dev. 126, 491-504 https://doi.org/10.1016/j.mad.2004.10.007

21 Kaeberlein, M., Powers, Ill, R.W., Steffen, K.K., Westman, E.A., Hu, D., Dang, N. et al. (2005) Regulation of yeast replicative life span by TOR and Sch9
in response to nutrients. Science 310, 1193-1196 https://doi.org/10.1126/science. 1115535

22 Piper, P.W. (2012) Maximising the yeast chronological lifespan. Subcell Biochem. 57, 145-159 https://doi.org/10.1007/978-94-007-2561-4_7

23 Smith, Jr., D.L., McClure, J.M., Matecic, M. and Smith, J.S. (2007) Calorie restriction extends the chronological lifespan of Saccharomyces cerevisiae
independently of the Sirtuins. Aging Cell 6, 649-662 https://doi.org/10.1111/j.1474-9726.2007.00326.x

24 Crauwels, M., Donaton, M.C., Pernambuco, M.B., Winderickx, J., de Winde, J.H. and Thevelein, J.M. (1997) The Sch9 protein kinase in the yeast
Saccharomyces cerevisiae controls cAPK activity and is required for nitrogen activation of the fermentable-growth-medium-induced (FGM) pathway.
Microbiology 143, 2627—-2637 https://doi.org/10.1099/00221287-143-8-2627

25  Swinnen, E., Wilms, T., Idkowiak-Baldys, J., Smets, B., De Snijder, P., Accardo, S. et al. (2014) The protein kinase Sch9 is a key regulator of
sphingolipid metabolism in Saccharomyces cerevisiae. Mol. Biol. Cell 25, 196-211 https://doi.org/10.1091/mbc.e13-06-0340

26 Proszynski, T.J., Klemm, R.W., Gravert, M., Hsu, P.P., Gloor, Y., Wagner, J. et al. (2005) A genome-wide visual screen reveals a role for sphingolipids
and ergosterol in cell surface delivery in yeast. Proc. Natl. Acad. Sci. U.S.A. 102, 17981-17986 https://doi.org/10.1073/pnas.0509107102

27 Huh, WK., Falvo, J.V., Gerke, L.C., Carroll, A.S., Howson, R.W., Weissman, J.S. et al. (2003) Global analysis of protein localization in budding yeast.
Nature 425, 686—691 https://doi.org/10.1038/nature02026

28  Pan, X,, Roberts, P., Chen, Y., Kvam, E., Shulga, N., Huang, K. et al. (2000) Nucleus-vacuole junctions in Saccharomyces cerevisiae are formed through
the direct interaction of Vac8p with Nvj1p. Mol. Biol. Cell 11, 2445-2457 https://doi.org/10.1091/mbc.11.7.2445

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 373


https://doi.org/10.1111/1574-6976.12065
https://doi.org/10.1111/1574-6976.12065
https://doi.org/10.1016/j.molcel.2004.10.004
http://www.ncbi.nlm.nih.gov/pubmed/11454748
https://doi.org/10.1002/bies.201100100
https://doi.org/10.1111/j.1567-1364.2009.00587.x
https://doi.org/10.1111/j.1567-1364.2009.00587.x
https://doi.org/10.1046/j.1365-2958.2003.03732.x
https://doi.org/10.1046/j.1365-2958.2003.03732.x
https://doi.org/10.1046/j.1365-2958.2003.03732.x
https://doi.org/10.1038/nchembio.132
https://doi.org/10.1111/mmi.12654
https://doi.org/10.1111/j.1365-2958.2005.05043.x
https://doi.org/10.1111/j.1365-2958.2005.05043.x
https://doi.org/10.1111/j.1365-2958.2005.05043.x
https://doi.org/10.1046/j.1365-2958.2003.03365.x
https://doi.org/10.1046/j.1365-2958.2003.03365.x
https://doi.org/10.1046/j.1365-2958.2003.03365.x
https://doi.org/10.1073/pnas.0906546107
https://doi.org/10.1042/BJ20112086
https://doi.org/10.1074/jbc.M114.629022
https://doi.org/10.15698/mic2017.03.561
https://doi.org/10.1046/j.1365-2958.1999.01538.x
https://doi.org/10.1046/j.1365-2958.1999.01538.x
https://doi.org/10.3389/fphar.2018.00191
https://doi.org/10.1016/j.molcel.2007.04.020
https://doi.org/10.1016/j.cell.2006.01.016
https://doi.org/10.1016/j.cell.2006.01.016
https://doi.org/10.1126/science.1070850
https://doi.org/10.1016/j.mad.2004.10.007
https://doi.org/10.1126/science.1115535
https://doi.org/10.1007/978-94-007-2561-4_7
https://doi.org/10.1007/978-94-007-2561-4_7
https://doi.org/10.1007/978-94-007-2561-4_7
https://doi.org/10.1007/978-94-007-2561-4_7
https://doi.org/10.1007/978-94-007-2561-4_7
https://doi.org/10.1111/j.1474-9726.2007.00326.x
https://doi.org/10.1111/j.1474-9726.2007.00326.x
https://doi.org/10.1099/00221287-143-8-2627
https://doi.org/10.1099/00221287-143-8-2627
https://doi.org/10.1099/00221287-143-8-2627
https://doi.org/10.1099/00221287-143-8-2627
https://doi.org/10.1091/mbc.e13-06-0340
https://doi.org/10.1091/mbc.e13-06-0340
https://doi.org/10.1091/mbc.e13-06-0340
https://doi.org/10.1073/pnas.0509107102
https://doi.org/10.1038/nature02026
https://doi.org/10.1091/mbc.11.7.2445
https://creativecommons.org/licenses/by/4.0/

.. 2 PORTLAND
00 Press
29

30

31
32
33
34
35
36
37
38
39
40
41
42
43

44

45
46
47
48
49
50
51
52
53
54
55
56
57
58

59

Biochemical Journal (2021) 478 357-375
https://doi.org/10.1042/BCJ20200722

Schindelin, J., Arganda-Carreras, ., Frise, E., Kaynig, V., Longair, M., Pietzsch, T. et al. (2012) Fiji: an open-source platform for biological-image
analysis. Nat. Methods 9, 676-682 https://doi.org/10.1038/nmeth.2019

Pernambuco, M.B., Winderickx, J., Crauwels, M., Griffioen, G., Mager, W.H. and Thevelein, J.M. (1996) Glucose-triggered signalling in Saccharomyces
cerevisiae: different requirements for sugar phosphorylation between cells grown on glucose and those grown on non-fermentable carbon sources.
Microbiology 142, 1775-1782 https://doi.org/10.1099/13500872-142-7-1775

Lowry, 0.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. (1951) Protein measurement with the Folin phenol reagent. J. Biol. Chem. 193, 265-275
https://doi.org/10.1016/50021-9258(19)52451-6

Hu, C.D., Chinenov, Y. and Kerppola, T.K. (2002) Visualization of interactions among bZIP and Rel family proteins in living cells using bimolecular
fluorescence complementation. Mol. Cell'9, 789-798 https://doi.org/10.1016/S1097-2765(02)00496-3

Kodama, Y. and Hu, C.D. (2012) Bimolecular fluorescence complementation (BiFC): a 5-year update and future perspectives. Biotechniques 53,
285-298 https://doi.org/10.2144/000113943

Pham, C.D. (2015) Detection of protein-protein interaction using bimolecular fluorescence complementation assay. Methods Mol. Biol. 1278, 483-495
https://doi.org/10.1007/978-1-4939-2425-7_32

Sheff, M.A. and Thorn, K.S. (2004) Optimized cassettes for fluorescent protein tagging in Saccharomyces cerevisiae. Yeast 21, 661-670 https://doi.org/
10.1002/yea.1130

Shyu, Y.J. and Hu, C.D. (2008) Fluorescence complementation: an emerging tool for biological research. Trends Biotechnol. 26, 622—630 https://doi.
0rg/10.1016/j.tibtech.2008.07.006

De Craene, J.0., Soetens, 0. and Andre, B. (2001) The Npr1 kinase controls biosynthetic and endocytic sorting of the yeast Gap1 permease. J. Biol.
Chem. 276, 43939-43948 https://doi.org/10.1074/jbc.M102944200

Boeckstaens, M., Llinares, E., Van Vooren, P. and Marini, A.M. (2014) The TORC1 effector kinase Npr1 fine tunes the inherent activity of the Mep2
ammonium transport protein. Nat, Commun. 5, 3101 https://doi.org/10.1038/ncomms4101

Henne, W.M. and Hariri, H. (2018) Endoplasmic reticulum-vacuole contact sites “Bloom” with stress-induced lipid droplets. Contact 1, 1-4 https://doi.
0rg/10.1177/2515256418756112

Dawaliby, R. and Mayer, A. (2010) Microautophagy of the nucleus coincides with a vacuolar diffusion barrier at nuclear—vacuolar junctions. Mol. Biol.
Cell 21, 4173-4183 https://doi.org/10.1091/mbc.e09-09-0782

Roberts, P., Moshitch-Moshkovitz, S., Kvam, E., 0'Toole, E., Winey, M. and Goldfarb, D.S. (2003) Piecemeal microautophagy of nucleus in
Saccharomyces cerevisiae. Mol. Biol. Cell 14, 129-141 https://doi.org/10.1091/mbc.e02-08-0483

Einarson, M.B., Pugacheva, E.N. and Orlinick, J.R. (2007) GST Pull-down. CSH Protoc, pdb prot4757, Cold Spring Harb Protoc https://doi.org/10.1101/
pdb.protd757

Liu, K., Zhang, X., Lester, R.L. and Dickson, R.C. (2005) The sphingoid long chain base phytosphingosine activates AGC-type protein kinases in
Saccharomyces cerevisiae including Ypk1, Ypk2, and Sch9. J. Biol. Chem. 280, 22679-22687 https://doi.org/10.1074/jbc.M502972200
Voordeckers, K., Kimpe, M., Haesendonckx, S., Louwet, W., Versele, M. and Thevelein, J.M. (2011) Yeast 3-phosphoinositide-dependent protein
kinase-1 (PDK1) orthologs Pkh1-3 differentially regulate phosphorylation of protein kinase A (PKA) and the protein kinase B (PKB)/S6K ortholog Sch9.
J. Biol. Chem. 286, 2201722027 https://doi.org/10.1074/jbc.M110.200071

Lai, H.T. and Chiang, C.M. (2013) Bimolecular fluorescence complementation (BiFC) assay for direct visualization of protein-protein interaction in vivo.
Bio Protoc. 3, €935 https://doi.org/10.21769/bioprotoc.935

Szymczak, L.C., Kuo, H.Y. and Mrksich, M. (2018) Peptide arrays: development and application. Anal Chem. 90, 266—282 https://doi.org/10.1021/acs.
analchem.7b04380

Omasits, U., Ahrens, C.H., Muller, S. and Wollscheid, B. (2014) Protter: interactive protein feature visualization and integration with experimental
proteomic data. Bioinformatics 30, 884—886 https://doi.org/10.1093/bioinformatics/btt607

Merhi, A., Gerard, N., Lauwers, E., Prevost, M. and Andre, B. (2011) Systematic mutational analysis of the intracellular regions of yeast Gap1 permease.
PLoS One 6, €18457 https://doi.org/10.1371/journal.pone.0018457

Conway, M.K., Grunwald, D. and Heideman, W. (2012) Glucose, nitrogen, and phosphate repletion in Saccharomyces cerevisiae: common transcriptional
responses to different nutrient signals. G3 (Bethesaa) 2, 10031017 https://doi.org/10.1534/g3.112.002808

Regenberg, B. and Hansen, J. (2000) GAP1, a novel selection and counter-selection marker for multiple gene disruptions in Saccharomyces cerevisiae.
Yeast 16, 1111-1119 https://doi.org/10.1002/1097-0061(20000915)16:12<1111::AID-YEA611>3.0.C0;2-3

Saier, Jr., M.H. (2000) Families of transmembrane transporters selective for amino acids and their derivatives. Microbiology 146, 1775-1795
https://doi.org/10.1099/00221287-146-8-1775

Thevelein, J.M. and Voordeckers, K. (2009) Functioning and evolutionary significance of nutrient transceptors. Mol. Biol. Evol. 26, 2407-2414
https://doi.org/10.1093/molbev/msp168

Zurita-Martinez, S.A. and Cardenas, M.E. (2005) Tor and cyclic AMP-protein kinase A: two parallel pathways regulating expression of genes required for
cell growth. Eukaryot. Cell 4, 63—71 https://doi.org/10.1128/EC.4.1.63-71.2005

Conrad, M., Kankipati, H.N., Kimpe, M., Van Zeebroeck, G., Zhang, Z. and Thevelein, J.M. (2017) The nutrient transceptor/PKA pathway functions
independently of TOR and responds to leucine and Gen2 in a TOR-independent manner. FEMS Yeast Res. 17, fox048 https://doi.org/10.1093/femsyr/fox048
Pedruzzi, 1., Dubouloz, F., Cameroni, E., Wanke, V., Roosen, J., Winderickx, J. et al. (2003) TOR and PKA signaling pathways converge on the protein
kinase Rim15 to control entry into GO. Mol. Cell 12, 1607—1613 https://doi.org/10.1016/S1097-2765(03)00485-4

Vinod, P.K., Sengupta, N., Bhat, P.J. and Venkatesh, K.V. (2008) Integration of global signaling pathways, cAMP-PKA, MAPK and TOR in the regulation
of FLO11. PLoS One 3, e1663 https://doi.org/10.1371/journal.pone.0001663

Slattery, M.G., Liko, D. and Heideman, W. (2008) Protein kinase A, TOR, and glucose transport control the response to nutrient repletion in
Saccharomyces cerevisiae. Eukaryot. Cell 7, 358-367 https://doi.org/10.1128/EC.00334-07

Soulard, A., Cremonesi, A., Moes, S., Schutz, F., Jeno, P. and Hall, M.N. (2010) The rapamycin-sensitive phosphoproteome reveals that TOR controls
protein kinase A toward some but not all substrates. Mol. Biol. Cell 21, 3475-3486 https://doi.org/10.1091/mbc.e10-03-0182

Zhang, A., Shen, Y., Gao, W. and Dong, J. (2011) Role of Sch9 in regulating Ras-cAMP signal pathway in Saccharomyces cerevisiae. FEBS Lett. 585,
3026-3032 https://doi.org/10.1016/j.febslet.2011.08.023

374 © 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1099/13500872-142-7-1775
https://doi.org/10.1099/13500872-142-7-1775
https://doi.org/10.1099/13500872-142-7-1775
https://doi.org/10.1099/13500872-142-7-1775
https://doi.org/10.1016/S0021-9258(19)52451-6
https://doi.org/10.1016/S0021-9258(19)52451-6
https://doi.org/10.1016/S0021-9258(19)52451-6
https://doi.org/10.1016/S1097-2765(02)00496-3
https://doi.org/10.1016/S1097-2765(02)00496-3
https://doi.org/10.1016/S1097-2765(02)00496-3
https://doi.org/10.2144/000113943
https://doi.org/10.1007/978-1-4939-2425-7_32
https://doi.org/10.1007/978-1-4939-2425-7_32
https://doi.org/10.1007/978-1-4939-2425-7_32
https://doi.org/10.1007/978-1-4939-2425-7_32
https://doi.org/10.1007/978-1-4939-2425-7_32
https://doi.org/10.1002/yea.1130
https://doi.org/10.1002/yea.1130
https://doi.org/10.1016/j.tibtech.2008.07.006
https://doi.org/10.1016/j.tibtech.2008.07.006
https://doi.org/10.1074/jbc.M102944200
https://doi.org/10.1038/ncomms4101
https://doi.org/10.1177/2515256418756112
https://doi.org/10.1177/2515256418756112
https://doi.org/10.1091/mbc.e09-09-0782
https://doi.org/10.1091/mbc.e09-09-0782
https://doi.org/10.1091/mbc.e09-09-0782
https://doi.org/10.1091/mbc.e02-08-0483
https://doi.org/10.1091/mbc.e02-08-0483
https://doi.org/10.1091/mbc.e02-08-0483
https://doi.org/10.1101/pdb.prot4757
https://doi.org/10.1101/pdb.prot4757
https://doi.org/10.1074/jbc.M502972200
https://doi.org/10.1074/jbc.M110.200071
https://doi.org/10.21769/bioprotoc.935
https://doi.org/10.1021/acs.analchem.7b04380
https://doi.org/10.1021/acs.analchem.7b04380
https://doi.org/10.1093/bioinformatics/btt607
https://doi.org/10.1371/journal.pone.0018457
https://doi.org/10.1534/g3.112.002808
https://doi.org/10.1002/1097-0061(20000915)16:12%3C1111::AID-YEA611%3E3.0.CO;2-3
https://doi.org/10.1002/1097-0061(20000915)16:12%3C1111::AID-YEA611%3E3.0.CO;2-3
https://doi.org/10.1002/1097-0061(20000915)16:12%3C1111::AID-YEA611%3E3.0.CO;2-3
https://doi.org/10.1002/1097-0061(20000915)16:12%3C1111::AID-YEA611%3E3.0.CO;2-3
https://doi.org/10.1099/00221287-146-8-1775
https://doi.org/10.1099/00221287-146-8-1775
https://doi.org/10.1099/00221287-146-8-1775
https://doi.org/10.1099/00221287-146-8-1775
https://doi.org/10.1093/molbev/msp168
https://doi.org/10.1128/EC.4.1.63-71.2005
https://doi.org/10.1128/EC.4.1.63-71.2005
https://doi.org/10.1093/femsyr/fox048
https://doi.org/10.1016/S1097-2765(03)00485-4
https://doi.org/10.1016/S1097-2765(03)00485-4
https://doi.org/10.1016/S1097-2765(03)00485-4
https://doi.org/10.1371/journal.pone.0001663
https://doi.org/10.1128/EC.00334-07
https://doi.org/10.1128/EC.00334-07
https://doi.org/10.1091/mbc.e10-03-0182
https://doi.org/10.1091/mbc.e10-03-0182
https://doi.org/10.1091/mbc.e10-03-0182
https://doi.org/10.1016/j.febslet.2011.08.023
https://creativecommons.org/licenses/by/4.0/

Biochemical Journal (2021) 478 357-375
https://doi.org/10.1042/BCJ20200722

60

61

62

63

64

65

66

67

68

69

70
71

72

73

74

75

76

77

78

79

80

81

82

83

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

Bonfils, G., Jaquenoud, M., Bontron, S., Ostrowicz, C., Ungermann, C. and De Virgilio, C. (2012) Leucyl-tRNA synthetase controls TORC1 via the EGO
complex. Mol. Cell 46, 105—110 https://doi.org/10.1016/j.molcel.2012.02.009

Binda, M., Peli-Gulli, M.P., Bonfils, G., Panchaud, N., Urban, J., Sturgill, T.W. et al. (2009) The Vam6 GEF controls TORC1 by activating the EGO
complex. Mol. Cell 35, 563-573 https://doi.org/10.1016/j.molcel.2009.06.033

Stracka, D., Jozefczuk, S., Rudroff, F., Sauer, U. and Hall, M.N. (2014) Nitrogen source activates TOR (target of rapamycin) complex 1 via glutamine
and independently of Gtr/Rag proteins. J. Biol. Chem. 289, 25010-25020 https://doi.org/10.1074/jbc.M114.574335

Wolfson, R.L. and Sabatini, D.M. (2017) The Dawn of the age of amino acid sensors for the mTORC1 pathway. Cell Metab. 26, 301-309 https://doi.
0rg/10.1016/j.cmet.2017.07.001

Merhi, A. and Andre, B. (2012) Internal amino acids promote Gap1 permease ubiquitylation via TORC1/Npr1/14-3-3-dependent control of the Bul
arrestin-like adaptors. Mol. Cell. Biol. 32, 4510-4522 https://doi.org/10.1128/MCB.00463-12

Kira, S., Kumano, Y., Ukai, H., Takeda, E., Matsuura, A. and Noda, T. (2016) Dynamic relocation of the TORC1-Gitr1/2-Ego1/2/3 complex is regulated by
Gtr1 and Gtr2. Mol. Biol. Cell 27, 382-396 https://doi.org/10.1091/mbc.e15-07-0470

Takeda, E., Jin, N, ltakura, E., Kira, S., Kamada, Y., Weisman, L.S. et al. (2018) Vacuole-mediated selective regulation of TORC1-Sch9 signaling
following oxidative stress. Mol. Biol. Cell 29, 510-522 https://doi.org/10.1091/mbc.E17-09-0553

Jin, N., Mao, K., Jin, Y., Tevzadze, G., Kauffman, E.J., Park, S. et al. (2014) Roles for PI (3, 5) P2 in nutrient sensing through TORC1. Mol. Biol. Cell
25, 1171-1185 https://doi.org/10.1091/mbc.e14-01-0021

Kvam, E. and Goldfarb, D.S. (2004) Nvj1p is the outer-nuclear-membrane receptor for oxysterol-binding protein homolog Osh1p in Saccharomyces
cerevisiae. J. Cell Sci. 117, 4959-4968 https://doi.org/10.1242/jcs.01372

De Virgilio, C. and Loewith, R. (2006) The TOR signalling network from yeast to man. Int. J. Biochem. Cell Biol. 38, 1476-1481 https://doi.org/10.
1016/).biocel.2006.02.013

Powers, T. (2007) TOR signaling and S6 kinase 1: yeast catches up. Cell Metab. 6, 12 https://doi.org/10.1016/j.cmet.2007.06.009

Takeda, E. and Matsuura, A. (2018) A substrate localization model for the selective regulation of TORC1 downstream pathways. Commun. Integr. Biol.
11, 1-4 https://doi.org/10.1080/19420889.2018.1475830

Weber, LK., Isse, A., Rentschler, S., Kneusel, R.E., Palermo, A., Hubbuch, J. et al. (2017) Antibody fingerprints in lyme disease deciphered with high
density peptide arrays. Eng. Life Sci. 17, 1078-1087 https://doi.org/10.1002/elsc.201700062

Muller, A.M., Bockstahler, M., Hristov, G., Weiss, C., Fischer, A., Korkmaz-Icoz, S. et al. (2016) Identification of novel antigens contributing to
autoimmunity in cardiovascular diseases. Clin. Immunol. 173, 64—75 https://doi.org/10.1016/}.clim.2016.09.003

Rouka, E., Simister, P.C., Janning, M., Kumbrink, J., Konstantinou, T., Muniz, J.R. et al. (2015) Differential recognition preferences of the three Src
homology 3 (SH3) domains from the adaptor CD2-associated protein (CD2AP) and direct association with ras and rab interactor 3 (RIN3). J. Biol. Chem.
290, 25275-25292 https://doi.org/10.1074/jbc.M115.637207

Kato, R., Kaga, C., Kunimatsu, M., Kobayashi, T. and Honda, H. (2006) Peptide array-based interaction assay of solid-bound peptides and
anchorage-dependant cells and its effectiveness in cell-adhesive peptide design. J. Biosci. Bioeng. 101, 485-495 https://doi.org/10.1263/jbb.101.485
DiCarlo, J.E., Norville, J.E., Mali, P., Rios, X., Aach, J. and Church, G.M. (2013) Genome engineering in Saccharomyces cerevisiae using CRISPR-Cas
systems. Nucleic Acids Res. 41, 43364343 https://doi.org/10.1093/nar/gkt135

Horwitz, A.A., Walter, J.M., Schubert, M.G., Kung, S.H., Hawkins, K., Platt, D.M. et al. (2015) Efficient multiplexed integration of synergistic alleles and
metabolic pathways in yeasts via CRISPR-Cas. Cell Syst. 1, 8896 https://doi.org/10.1016/j.cels.2015.02.001

Akhmetov, A., Laurent, J.M., Gollihar, J., Gardner, E.C., Garge, R.K., Ellington, A.D. et al. (2018) Single-step precision genome editing in yeast using
CRISPR-Cas9. Bio Protoc. 8, 2765 https://doi.org/10.21769/BioProtoc.2765

Piper, M.D.W., Partridge, L., Raubenheimer, D. and Simpson, S.J. (2011) Dietary restriction and aging: a unifying perspective. Cell Metab. 14,
154-160 https://doi.org/10.1016/j.cmet.2011.06.013

Fabrizio, P., Pozza, F., Pletcher, S.D., Gendron, C.M. and Longo, V.D. (2001) Regulation of longevity and stress resistance by Sch9 in yeast. Science
292, 288-290 https://doi.org/10.1126/science. 1059497

Wei, M., Fabrizio, P., Hu, J., Ge, H., Cheng, C., Li, L. et al. (2008) Life span extension by calorie restriction depends on Rim15 and transcription factors
downstream of Ras/PKA, Tor, and Sch9. PLoS Genet. 4, €13 https://doi.org/10.1371/journal.pgen.0040013

Longo, V.D. (2003) The Ras and Sch9 pathways regulate stress resistance and longevity. £xp. Gerontol. 38, 807—811 https://doi.org/10.1016/
S0531-5565(03)00113-X

Brachmann, C.B., Davies, A., Cost, G.J., Caputo, E., Li, J., Hieter, P. et al. (1998) Designer deletion strains derived from Saccharomyces cerevisiae
S288C: a useful set of strains and plasmids for PCR-mediated gene disruption and other applications. Yeast 14, 115-132 https://doi.org/10.1002/(SICI)
1097-0061(19980130)14:2<115::AID-YEA204>3.0.C0;2-2

PORTLAND

375


https://doi.org/10.1016/j.molcel.2012.02.009
https://doi.org/10.1016/j.molcel.2009.06.033
https://doi.org/10.1074/jbc.M114.574335
https://doi.org/10.1016/j.cmet.2017.07.001
https://doi.org/10.1016/j.cmet.2017.07.001
https://doi.org/10.1128/MCB.00463-12
https://doi.org/10.1128/MCB.00463-12
https://doi.org/10.1091/mbc.e15-07-0470
https://doi.org/10.1091/mbc.e15-07-0470
https://doi.org/10.1091/mbc.e15-07-0470
https://doi.org/10.1091/mbc.E17-09-0553
https://doi.org/10.1091/mbc.E17-09-0553
https://doi.org/10.1091/mbc.E17-09-0553
https://doi.org/10.1091/mbc.e14-01-0021
https://doi.org/10.1091/mbc.e14-01-0021
https://doi.org/10.1091/mbc.e14-01-0021
https://doi.org/10.1242/jcs.01372
https://doi.org/10.1016/j.biocel.2006.02.013
https://doi.org/10.1016/j.biocel.2006.02.013
https://doi.org/10.1016/j.cmet.2007.06.009
https://doi.org/10.1080/19420889.2018.1475830
https://doi.org/10.1002/elsc.201700062
https://doi.org/10.1016/j.clim.2016.09.003
https://doi.org/10.1074/jbc.M115.637207
https://doi.org/10.1263/jbb.101.485
https://doi.org/10.1093/nar/gkt135
https://doi.org/10.1016/j.cels.2015.02.001
https://doi.org/10.21769/BioProtoc.2765
https://doi.org/10.1016/j.cmet.2011.06.013
https://doi.org/10.1126/science.1059497
https://doi.org/10.1371/journal.pgen.0040013
https://doi.org/10.1016/S0531-5565(03)00113-X
https://doi.org/10.1016/S0531-5565(03)00113-X
https://doi.org/10.1016/S0531-5565(03)00113-X
https://doi.org/10.1016/S0531-5565(03)00113-X
https://doi.org/10.1002/(SICI)1097-0061(19980130)14:2%3C115::AID-YEA204%3E3.0.CO;2-2
https://doi.org/10.1002/(SICI)1097-0061(19980130)14:2%3C115::AID-YEA204%3E3.0.CO;2-2
https://creativecommons.org/licenses/by/4.0/

	Nutrient transceptors physically interact with the yeast S6/protein kinase B homolog, Sch9, a TOR kinase target
	Abstract
	Introduction
	Materials and methods
	Yeast strains and plasmids
	Cultivation media and growth conditions
	Re-upstart of growth in nutrient-starved cells
	Transport assay with radioactively labeled L-citrulline
	Construction of BiFC strains
	Plasmid construction
	Confocal microscopy
	DAPI and FM4-64 staining
	GST pull-down
	E. coli protein expression
	Cell lysis and preparation of GST-tagged protein bound to beads
	Yeast protein expression and cell lysis
	Pull-down assays

	Western blot
	Quantification of Western blot bands

	Mapping with peptide microarrays and substitution scan
	Preparation of the PEPperCHIP® peptide microarrays
	Mapping procedure

	Measurement of trehalase activity
	Availability of data and materials

	Results
	Nutrient transceptors and Sch9 interact in vivo
	Sch9 and Gap1 interact in vitro
	Mapping with peptide microarray reveals a potential Gap1 domain for Sch9 interaction
	Effect of mutations in the putative Gap1–Sch9-binding site on in vitro binding of Gap1 with Sch9 and on Gap1-dependent upstart of cell proliferation

	Discussion
	Conclusions
	Competing Interests
	Funding
	CRediT Contribution
	References


