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Summary

Summary

Cell growth is a tightly regulated process, wherecaedl adapts its growth
according to nutrient availability and cellularests. Tor (Target Of Rapamycin) is an
evolutionary conserved protein kinase and centratroller of cell growth. It is found in
two functionally distinct protein complexes term&@DRC1 and TORC2. Rapamycin-
sensitive TORC1 mediates temporal control of celbwgh whereas rapamycin-
insensitive TORC2 mediates spatial control of agibwth. Although many cellular
processes regulated by TORC1 have been identifiednolecular mechanisms by which
TORCL1 signals to these diverse processes are iaingerstood. For example, only few
substrates of either TORC1 or its direct effect@H9 are known in the yeas
cerevisiae. To identify novel TORC1 targets in a global manna quantitative
phosphoproteomic strategy was established, whitbhwatl to reproducibly relative
guantify more than 2,500 phosphorylation sitesnireated and rapamycin-treated cells.
In parallel, a proteomic study was performed to naorchanges in protein abundances
induced by rapamycin treatment. In total 55 andpr@8eins were significantly less
respectively more phosphorylated upon rapamyciatirent in the phosphoproteomic
analysis. Among them there were many proteins djréiaked to the TORC1 signaling
pathway, which functioned as internal control. Mamggulated proteins were
transcription factors or kinases, which are ofteespnt at low copy number in the cell,
suggesting an in-depth analysis of the yeast plogpteome. Among the
hypophosphorylated phosphopeptides the PKA consemsiif was significantly over-
represented suggesting a cross-talk between theCICG#d PKA signaling pathways.
This hypothesis was further supported at the mddedavel for the protein Mafl, Kspl
and Ypk3. In addition, to validate and better chteaze the phosphoproteomic data,
more targeted experiments for some of the regulptexphoproteins were performed.
This revealed the involvement of novel proteinkeg(lHal5, Isw2, Kkg8, Ldb19, Mtcl,
Noc2 and Vic2) in TORC1 signaling. On these prateseveral rapamycin-regulated
phosphorylation sites were mapped and their alsgbsphorylation occupancy was

estimated. Interestingly, rapamycin-regulated phosgation sites usually exhibited low
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to moderate stoichiometries. Subsequent mutageregieriment will address the

involvement of those specific phosphorylation site3ORC1 signaling.
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Introduction

1. Introduction

1.1. Posttranslational Modifications Increase Proteme Complexity

The global complement of genes encoded by an ageans known as the
genome. Accordingly, in 1994 the term proteome wased by Marc Wilkins to
describe the global set of all proteins encodethlbygenome. Both genome size and the
number of genes encoded in the genome can varyatiaity from species to species.
For example, the human genome contains an estir2&t@00 to 30,000 genes while the
genome of the yeass cerevisae encodes approximately 6,100 genes. However, the
complexity of proteomes usually exceeds many tithescomplexity of genomes. This is
due to transcriptional, translational and postti@imal modifications. Posttranslational
modifications can be divided into three broad catieg. The first and probably most
common is the covalent attachment of chemical ggadopamino acid side chains. The
second is the hydrolytic cleavage of a precursdypaptide into two or more mature
proteins. The third category is protein splicing, [th which internal protein segments
(inteins) are excised from a precursor proteinjofeéd by ligation of the flanking
segments (exteins). The first two types of possii@tional modifications require specific
enzymes like kinases, acetylases, methylases, gygleses or proteases, while protein
splicing is an autocatalytic reaction and doesraqtiire external enzymes. Interestingly,
there are very stable posttranslational modificetibecause of thermodynamic reasons
or of lack of enzymes capable of reversing themd Arere are unstable modifications
which can be reverted very quickly. Among the kisdre are reversible modifications
such as phosphorylation, acetylation, glycosylaéind ubiquitination that allow a protein
to oscillate between two different states (e.givafihactive). For this reason, a cell
usually contains counteracting enzymes for the temdiemoval of phosphates
(kinases/phosphatases), acetyl groups (acetylaarsk/deacetylases), glycans

(glycosyltransferases/glycosidases) and ubiquitinquitin ligases/isopeptidases).
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The pervasiveness of posttranslational modificatios reflected by the high
number of enzymes necessary to catalyze these ioaiaihs. To date, more than 500
kinases have been estimated to be encoded by tharhgenome [2]. In the genome of
the yeast. cerevisie protein kinases represent the largest gene faniily approximately
130 genes [2] and similar proportions have beenddn the flyD. melanogaster (~240
kinase genes) and the woKn elegans (~450 kinase genes) genomes [2]. However, the
number of enzymes catalyzing posttranslational freadions is not the only factor
explaining the high complexity of proteomes. A satdmportant parameter is that
several different protein substrates can be tadgéte the same modifying enzyme.
Therefore, if one assumes that the 500 kinasesemres the human genome
phosphorylate on average five proteins at fiveeddht phosphorylation sites, 12,500
different proteomes might be produced in total sTikistill an underestimation of the real
impact of protein phosphorylation because thergeweins known to be phosphorylated
at dozens of sites. For example, more than 15rdiitephosphorylation sites have been
identified in the insulin receptor, which meanstthtleast 32,768 different variants of
the receptor could be generated just by differémgisphorylation! Finally, since a
protein is often multiply modified with differenypies of modifications, enormously high

numbers of variants of the same protein might exist

The functional consequences of posttranslationalifications vary from protein
to protein, but some common traits can be idewtifiEhe introduction of negatively
charged groups (e.g. by phosphorylation or sulfgtior the removal of positively
charged groups (e.g. by acetylation), for examglamatically influences the protein
microenvironment due to electrostatic interactid@sthe introduction of certain groups,
phosphates for instance, can promote protein/profeteractions. Finally, some
posttranslational modifications lead to changesufcellular localization. This is the
case for polyubiquitination that targets proteimshe proteasome or lipidation of serines

and glycines, which often cause proteins to astsoeidh membranes.
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1.2. Protein Phosphorylation

The most frequent and versatile posttranslatiomaddification is protein
phosphorylation. It occurs in eukaryotes and lesguently in prokaryotes. The residues
phosphorylated in eukaryotic cells are mostly sjrthreonines and tyrosines, whose
nucleophilic hydroxyl groups attack the electrojghiy-phosphate of ATP or, less
frequently, GTP. In prokaryotes the phosphorylaesidues are typically histidines and
aspartic acids. In the so called bacterial two-congmt system [3], signal transduction
occurs through the transfer of a phosphate grogm fATP to the sensor kinase, a
histidine kinase. The activated histidine kinastalyaes the subsequent transfer of the
phosphate group to an aspartic acid residue orepmnse regulator, which stimulates or

represses the expression of specific target genes.

It is estimated that a third of all eukaryotic @ios are phosphorylated at some
stage in their life cycle and that approximately 8%all genes in a eukaryotic genome
encode protein kinases [2, 4]. This clearly undedi the importance of protein
phosphorylation and suggests a tight crosstalk éetvwkinases and their substrates. To
fulfill the many complex tasks, a protein kinasesmbind to and recognize complex
specificity determinants in the substrate besidest pinding the phosphorylatable
residue. This is reflected by the high variationtha substrate binding site architecture of

the different protein kinases.

1.2.1. The Biological Rationale of Protein Phosphgtation

Phosphorylation is a versatile modification that sagnificantly alter the function
of a target protein. It can modulate the catalgdativity of enzymes, it can lead to
changes in subcellular localization, affect the f-hbd of proteins or promote
protein/protein interactions. The last case canillbstrated by the epidermal growth
factor (EGF) signaling. Binding of EGF to its cotmaeceptor triggers dimerization of

10
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the receptor to induce trans-phosphorylation attipial tyrosine residues. This in turn
generates specific phosphotyrosine motifs that urecadditional EGF signaling
components like the Grb2 adaptor protein throughhlimding of its SH2 domain to the
phosphorylated receptor. In addition to Grb2, phasplylinositol 3-kinases (PI3Ks)
bind to the phosphorylated EGF receptor via théi2 Slomains to locally induce the
production of PtdIins(3,4,5)Pwhich is necessary for the recruitment of Pdkd Akt to
the plasma membrane. Finally, phospholipagea3o binds to phosphorylated EGF
receptor via its SH2 domain leading to local pradurcof diacylglycerol and Ins(1,4,5P
(IP3). Again, the relevance of such phosphorylati@uced protein/protein interaction is
underlined by the number and types of domains @eltu specifically recognize certain
phosphorylation motifs [5]. The PTB domain alsodsipphosphotyrosine motifs, while
14-3-3 proteins and the WW and WD40 domains ar@ssy to bind specific motifs

within phosphoserine residues.

Besides affecting protein/protein interactions, ggtwrylation also induces
changes in subcellular localization. This is wélistrated by many yeast transcription
factors whose nucleo-cytoplasmic distribution idluenced by TORC1-dependent
phosphorylation (see below) [6]. For example, phosglated GIn3 is kept in the cytosol
by binding to its cytoplasmic repressor Ure2, dutapidly translocates to the nucleus
upon dephosphorylation [7]. Protein phosphorylatioan also promote ubiquitin-
mediated degradation of proteins. This is espgciaiportant for cell cycle proteins that
must be quickly synthesized and efficiently degchtte ensure that a cell traverses the
cell cycle in a regulated and unidirectional wapheTyeast proteins Sicl, Farl, Cdc6,
ClIn1, CIn2 and Swel are recognized by an E3 ubimgpibtein ligase called the Skp1l-
Cdc53-F-box complex (SCF) only after they have h@mmsphorylated by the CIn-Cdc28
kinase [8]. Phosphorylation primes these proteinséibsequent degradation and ensures
that the constitutively active SCF complex only @elgs a specific subset of proteins, i.e.

those that have been previously phosphorylateth&¥tn-Cdc28 kinase.

Another interesting consequence of protein phogpaton is the binding of

positively charged ions to store cations. Phosyvaim antioxidant protein that accounts

11
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for more than 50% of the total proteins of egg yotontains more than 120
phosphoserines, which chelate iron to prevent ieation of yolk lipids [9].

1.2.2. Regulation of Protein Phosphorylation

Considering the pervasiveness and physiologicalevegice of protein
phosphorylation it is expected that the biocatahgstponsible for this modification is
tightly controlled to prevent aberrant phosphoiglatdephosphorylation. Likewise, it is
not surprising that constitutively active proteimases are responsible for several
malignancies (e.g. Bcr-Abl kinase) and are exptbity some viruses to invade a host
cell (e.g. v-Src kinase).

Protein kinases are almost always constitutiveiciive and they are “switched
on” only in response to specific stimuli. They aen subjected to multiple control
mechanisms. A notable exception is the constitlytiaetive casein kinase 2 which
amazingly enough, phosphorylates more than 300trsiés [10]. There are multiple
synergistic modes for keeping protein kinases silenthe basal, un-stimulated state.
Some kinases have regulatory and catalytic domairgsgparate subunits. For example,
protein kinase A (PKA) is a tetramer formed by teatalytic (C) and two regulatory (R)
subunits. In its inactive state, all four suburfiem the inactive RC, complex while
binding of CAMP to the R subunits leads to disstamaof the regulatory subunits to
liberate the active C subunits [11]. A similar logs used by other kinases where
regulatory and catalytic subunits or domains arecis. In these kinases activation
typically leads to conformational rearrangementsltow access of ATP to the active
site. Also, regulatory subunits can act as actigatostead of repressors of the kinase
activity. This mechanism is used by cyclin-dependamases that, as the name implies,

are active only when the cyclin subunits are bawnkinase subunits [12].

The aforementioned processes are often insuffidierfully activate a protein

kinase. Frequently, protein kinases must be phogfated for full activity. This has

12
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been extensively documented for AGC kinases, whrehphosphorylated at three well-
conserved positions: the activation loop (T-logpg hydrophobic motif (HM) and the
turn motif (TM). The activation loop is a proteiegnent that connects the N- and C-
lobes of the kinase and is in close proximity te ¥tTP-binding pocket. This loop is
connected to the N-lobe through a#helix known asuC-helix. Phosphorylation of the
activation loop by an upstream kinase (Pdkl1 in matlrand Pkh1/2 in yeasts) leads to a
conformational change in theC-helix that allows the formation of hydrogen bond
interactions crucial for the catalytic activity [1B4]. Furthermore, phosphorylation of the
hydrophobic motif by kinases other than Pdkl (PRphlallows it to fold back in a
hydrophobic pocket in the N-lobe, which leads tdier stabilization of theC-helix in
the active conformation [14, 15]. Finally, turn nfig@hosphorylation helps stabilizing the
rearrangements of the hydrophobic motif and theeef@sults in an even increased
catalytic activity.

In summary, regulation of a protein kinase occursly ounder specific
circumstances. The many different requirements cdepr kinase has to meet before
becoming fully activated guarantee multiple-safechamisms to prevent aberrant

phosphorylation.

1.3. The Eukaryotic Kinome

In analogy to the proteome, the term kinome isrreteto the whole complement
of kinases encoded by an organism [2]. Sequencinipeo major eukaryotic genomes
allows to classify the kinome into groups, familezsd subfamilies. Based on sequence
similarities of the catalytic domains, the eukarygrotein kinases can be divided into 8
groups: AGC, CaMK, CK1, CMGC, RGC, STE, TK and TK2]. The human AGC
kinase group contains more then 60 different kinagdereas the yeast genome encodes
around 20 AGC kinases. The acronym “AGC” comes ftbnee important and closely

related kinase families: the protein kinase A, @irotkinase_G and protein kinase C.

13
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Interestingly, the activity of all three kinases a#losterically regulated by second
messengers [16]. PKC is usually activated by caicians and diacylglycerol (DAG)
[17], whereas PKA and PKG respond to intracellglaMP [11] and cGMP [18] levels,
respectively. PKB, another important member of #@&C group is regulated by
PtdIns(3,4,5)FP and Ptdins(3,4)P [19]. The hallmark of the second group, the
Cd"*/calmodulin-dependent protein kinase (CaMK) groim,the regulation of the
catalytic activity by calcium/calmodulin. The casekinase (CK1) and the receptor
guanylate cyclases (RGC) groups contain only alfetifundamental kinases. The RGC
group is an evolutionary recent group since yeast aether lower eukaryotes do not
encode RGC kinases. Interestingly both CK1 and R@Qps are enormously expanded
in the worm kinome, containing around 80 and 3@edént kinases, respectively [2]. The
CMGC group owes its name to cyclin-dependent kima€eDKs), mitogen-activated
protein kinases (MAP kinases), glycogen synthasadds (GSKs) and CDK-like kinases.
This rather large group contains several essekitiaes, whose aberrant expressions are
often associated with pathological conditions [Z0je STE kinase group owes its name
to the budding yeast Ste7, Stell and Ste20 kinvalsiet are important regulators of the
MAPK cascade. The tyrosine kinase (TK) group caorgt&inases that catalyze phosphate
transfer onto tyrosine residues, a function whiaesged only late in evolution. As a
result, fungi do not encode these enzymes, althéyrgisine phosphorylation exists due
to the presence of dual specificity kinases. Hnalie tyrosine kinase-like (TKL) group
comprises S/T kinases named so because of theasie dlequence similarity to tyrosine
kinases. Like their close relatives, they are nasent in fungi but they constitute the

largest group in the plant kinome.

1.4. TOR, an Atypical Protein Kinase

In the eukaryotic kinome there are four additiokimlase groups which do not

share clear sequence similarity with the kinaseuggointroduced before. They are

14
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therefore named atypical kinases. Among them isptiesphatidylinositolkinase-related
protein kinase (PIKK) group. It contains kinasesoa catalytic domain resembles the
catalytic domain of lipid kinases (PI3K and Pl4Kjhaugh they do not exhibit lipid

kinase activity. The founding members of the PIKidup are Torl and Tor2, two protein
kinases identified as target of the immunosuppvesdrug rapamycin (hence the name
Target Of Rapamycin). It is only thanks to rapamythat these two protein kinases
could be originally identified and characterizedap@mycin, a macrocyclic lactone
produced by the bacteriui®@ hygroscopicus, was initially classified as an antifungal
agent but due to its immunosuppressive effectsu#s as an antifungal drug was
abandoned. Remarkably, some years later rapamitcattad much attention due to the
discovery of its inhibitory activity on proliferatg tumor cells. This made rapamycin
very promising for clinical use but it was crudialidentify its cellular target and mode of
action before submitting the compound to clinicel$. Since both yeast and mammalian
cell growth was inhibited by rapamycin, yeast cooédexploited to identify the cellular

target of the drug. Therefore, a genetic scregharyeasst. cerevisiae was performed to

identify rapamycin resistant mutants [21]. Interggly, the screen identified three

different types of mutantsfprl, torl and tor2 mutants. After some additional

experiments it became finally clear that rapamyeas targeting and inhibiting Torl and

Tor2 kinase activity upon formation of a complestiwihe proline isomerase Fprl.

Biochemical purification of yeast Torl and Tor2 ealed that these proteins form
two structurally and functionally different multgtein complexes in the cell, TORC1
and TORC2 [22]. Both complexes are conserved ihdrigukaryotes and they perform
essential functions. Yeast TORC1 contains eithedl Tar Tor2 and the three proteins
Lst8, Kogl and Tco89 [22-24], whereas TORC2 costdior2 together with Lst8, Avol,
Avo2, Avo3 and Bit61 [22-24]. Interestingly, onlye function of TORCL1 is inhibited by
rapamycin, which is probably the consequence ofcstendrance between the TORC2-
specific components and the rapamycin/Fprl comer.what is the function of the

Tor kinases?
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1.4.1. TOR, a Central Controller of Cell Growth

In the late 90s it became clear that TOR (Torl Bm) is involved in the control
of cell growth [25]. This was a surprise as it vigsially thought that cell growth was a
passive process, in which a cell simply increasesass in response to the availability
of nutrients. Nowadays it is commonly accepted theth TORC1 and TORC2 are
activated by nutrients and promote the accumulatbrbiomass via stimulation of
anabolic processes and repression of cataboliepses. The anabolic processes favored
by TORC1 are ribosome biogenesis, translationaitiith, and nutrient import, whereas

autophagy and stress response are among the é¢afatoalesses inhibited by TORC1.

Arguably, ribosome biogenesis is the main analmlicess promoted by TORC1.
In terms of energy consumption, ribosome biogenesia very “expensive process”,
since actively growing yeast cells produce on ayer2,000 ribosomes per minute [26],
requiring the coordinate synthesis and assembly&fifferent ribosomal proteins (RPs)
and four rRNA molecules. This in turn necessitdles coordinate action of both RNA
Pol I and RNA Pol Il as well as additional factos®e-called ribosome biogenesis (RiBi)
factors, to process, assemble and export to thesalythe ribosomal subunits. RP and
RiBi gene expression is dependent on RNA Pol lhdcaiption. Therefore it is very
reasonable that this process is tightly regulatedesponse to nutrient cues and, for
instance, inhibited under unfavorable growth caodg. The regulation of ribosome
biogenesis mainly occurs at the transcriptionalellevia the action of different
transcription factors. Rrn3 is a RNA Pol | tranption factor and interestingly it was
found to be degraded upon rapamycin treatment [@&fefore reducing RNA Pol I-
mediated synthesis of rRNAs. TORC1 also controks élpression of RP genes via
regulation of Fhil activity [28-30]. When TORC1astive, the transcription factor Fhil
binds to Ithl and stimulates RP gene transcriptiwhile under unfavorable growth
conditions Fhll associates with the corepressot,@vhich blocks RP gene expression
[28] (Figure 1.1). The activity of Crfl is in tugontrolled by TORC1 via the PKA/Yakl
signaling pathway [28]. Besides Fhi1, TORC1 regdd®P and RiBi gene expression via

the transcription factor Sfpl, whose function igulated at the level of subcellular
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localization [31]. Active TORCL1 directly phosphaaggs Sfpl and promotes its nuclear
translocation, where Sfpl associates with RP aril ene promoters and stimulates
their transcription [32] (Figure 1.1). Interestipgt seems that the Rab escort protein
Mrs6 is further needed to allow Sfpl nuclear tracstion [32]. Finally TORC1 also
regulates RP and Ribi gene expression via the &iisah9, which phosphorylates the
transcription factors Dot6, Tod6 and Stb3 [33] (Fig 1.1). When TORCL1 is active,
Dot6, Tod6 and Stb3 are phosphorylated and inactiypgwn TORC1 inactivation they
become dephosphorylated and bind RP and RiBi gepnengiers to repress their
transcription [33]. Furthermore, Sch9 and thus TQR@sitively regulates RNA Pol 1lI-
dependent tRNA transcription by phosphorylating amattivating the Mafl repressor
[34, 35].

Besides promoting ribosome biogenesis, TORC1 pedjtiaffects translation
initiation. Upon nutrient starvation, the phospkataSit4 is no longer repressed by
TORC1 and it dephosphorylates and activates the Gorase (Figure 1.1). This in turn
promotes the phosphorylation of thesubunit of the translation initiation factor elF2,
which down-regulates general mMRNA translation anugdates the selective translation
of the transcription factor Gen4 [36, 37]. Gendnsfacation to the nucleus promotes the
transcription of a group of genes coding for amamd synthesis and amino acid
permeases (see below). In addition, it seems tf@RJL is also involved in the
regulation of Eapl [38], an elF4E-interacting pmotesembling the mammalian 4E-BPs
(Figure 1.1). All these processes also impinger@adiy on ribosome biogenesis, because
processing of the 35S rRNA precursor into 25S, B88,5.8S rRNAs requires ribosomal
proteins [39]. As a consequence, reduced ribosoingebesis is caused by both,

decreased general translation and decreased rRdb&gsing.

In accordance with the involvement of TORCL1 in pobimg cell growth, it is not
surprising that this complex also controls celluatrient uptake. This is accomplished
by the coordinate expression of more than 250 riffe membrane transporters and
permeases [40]. The involvement of TORC1 in theullagpn of permease gene
expression has been initially demonstrated by trgmtemic experiments [41, 42] and

further characterized by more targeted experimemitéch revealed that active TORC1
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promotes, via inhibition of Sit4, the cytoplasmitantion of the GATA transcription
factors GIn3, Gatl and Dal81 [6, 43-45] (Figure)1As soon as TORC1 senses nutrient
starvation, the GATA transcription factors transitgcto the nucleus where they stimulate
expression of the so-called nitrogen cataboliteaggion (NCR) genes (e.g. low-affinity
permeases, enzymes involved in allantoin and uretabolism, etc.). Moreover, active
TORCL1 also regulates the stability of amino acidrmases at the plasma membrane.
When TORCL is inhibited, the phosphatase Sit4 dgpinarylates and activates the Nprl
kinase which in turn stabilizes the general amiom permease Gapl at the plasma
membrane [46, 47] (Figure 1.1). Vice versa, manghtaffinity permeases like the
tryptophane-specific permease Tat2 are degradedbiyuitin-mediated endocytosis.
Furthermore, TORCL1 inactivation leads to the salectranslation of Gcnd mRNA, a
transcription factor involved in the expressionanfino acid biosynthesis and permease
genes [36].

TORC1, via the transcription factors Rtgl and R@i3p regulates the cellular
balance of glutamate and glutamine, two fundamemtatabolites necessary for the
synthesis of amino acids. Under favorable growtmddmns, Rtgl and Rtg2 are
sequestered in the cytosol upon binding to Mks1tardl4-3-3 proteins Bmh1/2 (Figure
1.1) [48-50]. When TORC1 is inactive, the proteitgRbinds to the Rtgl/Rtg3/Mksl
complex to liberate Rtg1/3 which subsequently etitemucleus, where they promote the
expression of the so-called retrograde respondevagt (RTG) genes. These genes are
particularly important when yeast cells grow in ghesence of glucose and nitrogen

compounds requiring-ketoglutarate for assimilation.

As already mentioned, TORC1 not only promotes alalpyocesses but also
prevents catabolic processes. Among the lattentisphagy that guarantees the recycling
of nutrients from degradation of non-essentialutatl components. This is vital for the
cell to endure and survive periods of nutrient fation and TORCL1 is an important
modulator of this process. Under favorable growghditions TORC1 promotes Atgl3
phosphorylation, which leads to its dissociatiammirthe Atgl kinase and to suppression

of autophagy (Figure 1.1) [51]. On the contrary, RCL inactivation leads to
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dephosphorylation of Atgl3 and its subsequent bodd Atgl, an essential requirement
for the induction of autophagy [52].

TORCL1 also negatively regulates stress responseitoient limitation. The stress
response is mainly regulated at the transcriptideakl via expression of proteins
required to survive periods of stress [53]. Thisacomplished by the transcription
factors Msn2 and Msn4, which are usually retainedhe cytoplasm when TORCL1 is
active [6]. They quickly translocate to the nucl@usesponse to nutrient starvation, via a
Sch9-dependent activation of the Rim15 kinase $54 (Figure 1.1).

In conclusion, there is ever-increasing evidencthefpositive effects of TORC1
on cell growth, which directly or indirectly contsothe activity of kinases and
phosphatases and the nucleo-cytoplasmic distribudfatranscription factors. However,
considering the central role of the TORCL1 pathwayeigulating cell growth, it is likely
that TORC1 signaling is connected to other majgnaling pathways. It integrates many

cellular inputs into a large network for the cohtvbcellular homeostasis (see below).
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1.4.2. TOR, a Signaling Pathway by its Own?

Evidence supporting the view that the TORC1 is eated to other signaling pathways
stems from genetic studies showing a connectiowd®t TORC1 and PKA signaling.
For example, the Sch9 kinase, one of the few disetistrates of TORC1, has been
originally characterized as a multi-copy suppresahe PKA mutantsdc25-1, cyrl4,
raslaras24 andtpklAtpk24tpk34 [56]. In accordance with these findings, other giene
studies showed that cells with a hyperactive PK&way (e.g.iraldira24, bcyla or
RAS2'') are more resistant to rapamycin. Also, the regioesof RP genes induced by
rapamycin in such cells is less prominent than iid vype cells [57]. Conversely, cells
with impaired PKA signaling (e.dpkl4, tpklatpk24, tpkl4tpk34) are more susceptible
to rapamycin and have impaired RP gene expresSidn lh addition, deletion of1SN2
andMSN4 in combination or alone [58] and deletionRiM15 [59] rescues the growth
defect of yeast mutants with reduced PKA signa[Bg]. Similarly, the localization of
the transcription factors Msn2 and Msn4 is affedigdboth TORC1 and PKA signaling
[6, 58, 60] (Figure 1.1). Indeed, both rapamycieatment and impaired PKA activity
lead to their nuclear translocation with subseqeapression of stress-inducible (STRE)
genes. Furthermore, the interplay between TORC1 RIKA becomes more explicit
considering that rapamycin treatment causes a r@dmulation of the PKA catalytic

subunit Tpkl in the nucleus [61].

Additional support for the idea of a connectionweE#n TORC1 and PKA
signaling comes from the nucleo-cytoplasmic disititn of Sfpl and Crfl (Figure 1.1).
As mentioned above, Sfpl is mainly nuclear undeorable growth conditions but
quickly translocates to the cytosol when TORC1nkihited. Interestingly, irbcylA
cells, Sfpl remains in the nucleus even after rgpamtreatment [31]. Nevertheless,
Sfpl can still partially localize to the nucleuscrlls with down-regulated PKA signaling
and its localization is still sensitive to rapammyaivhich means that TORC1 and PKA act
on Sfpl in a different way [31]. Similarly, the epressor Crfl is mainly nuclear when
rapamycin is added to yeast cells but this is neertize case in both beyland RASZ
cells [28]. Finally, there is evidence showing thafl, Atgl3 and Riml15 are all
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common targets of TORC1 and PKA (Figure 1.1). littoh of either TORC1 or PKA
leads to Mafl dephosphorylation and its nuclearsiication and both TORC1 and PKA
independently modulate Atgl3 phosphorylation [6RIm15 is also targeted by both
TORC1 and PKA. TORC1 promotes the cytosolic retantof Rim15 and PKA
inactivates Rim15 by direct phosphorylation [59].63

1.4.3. DirectVersus Indirect TORC1 Targets

In spite of the many biological processes conttbblg TORC1, the identification
of direct TORC1 substrates has lacked behind. Toalaly three direct targets of TORC1
have been identified in yeast, while around terssakes have been found in mammalian
cells. The three direct TORCL1 targets in yeasfTargi2, Sch9 and Sfpl (Figure 1.1) [32,
64-67]. Tap42 is a regulator of PP2A and PP2A-fkesphatases and is responsible for
controlling the phosphorylation state of Nprl [4R}gl and Rtg3 [68], GIn3 [69], Gatl
[44], Msn2 and Msn4 [60], and Gcn2 [36]. Sch9 is AGC kinase that directly
phosphorylates Rim15 [63], Mafl [34] and the repieet of Sch9 targets has recently
been extended to Stb3, Dot6 and Tod6 [33]. Sf@ltrenscription factor involved in the
regulation of RP and RiBi genes [32]. Sch9 and Paa#e by far the best characterized
targets of TORC1 and genetic evidence suggestghbgtrepresent the major signaling
branches downstream of TORC1. Indeed, cells coessptg thetap42-11 and SCH9"®

alleles are hyperresistant to rapamycin [34].

The exact mechanism through which TORC1 phosphayland regulates the
activity of Tap42 is not well understood. The modeht fits the observations best
suggests that TORC1 phosphorylates Tap42 to enhenicgeraction with the catalytic
subunits of PP2A (i.e. Pph21 and Pph22) and PP@A(lie. Sit4) phosphatases, which
results in inhibition of the phosphatase activib4]l This model nevertheless, has its
caveats. Firstly, yeast cells contain ten timesenii?2A phosphatases than Tap42, which
means that Tap42 cannot be a stoichiometric irdnbdaf the PP2A phosphatases.
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Secondly, Tap42 dephosphorylation following rapamyceatment has a much slower
kinetic (50% reduction after 30 minutes) than plinaspse inactivation (< 10 minutes). A
possible answer to these conflicting findings iattfiap42 is a positive rather then a
negative regulator of PP2A and PP2A-like phosplestd€0]. In this model rapamycin
treatment induces a release of phosphorylated Tapa2 TORC1, which is then free to
bind and activate the phosphatases. The signabmesfs eventually terminated by slow
dephosphorylation of Tap42. This model is suppobtgthe fact that Tap42 associates at
the membrane with TORC1 and quickly (< 10 minutdissociates from the membrane
upon rapamycin treatment [70]. Furthermore, it basn shown that once in the cytosol,
dephosphorylation of Tap42 and Tap42-PP2A disassembcurs with comparable
kinetics (about 30 minutes) [70].

Regulation of phosphatases by TORC1 has been fudbmplicated by the
discovery of Tip4l [71]. Tip4l is a negative redataof TORCL1 signaling. Deletion of
TIP41 confers rapamycin resistance, suppresses the fyroefect of aTAP42 mutant
(tap42-11), prevents dissociation of Tap42 from Sit4, causpsl hyperphosphorylation
and promotes GIn3 retention in the cytoplasm [Hbwever, since deletion dilP41 has
no effect on cell growth it is unlikely that it &scentral regulator of TORC1 signaling. In
addition, active TORCL1 results in phosphorylatidnTgp41l and reduced binding of
Tip4l to Tap42, suggesting that Tip41l must firstdephosphorylated to interact with
Tap42. However, it has never been demonstratedi}iEip41 dephosphorylation occurs
with the same kinetics as activation of the phosses and (ii) that Tip41l becomes
directly phosphorylated by TORC1.

The regulation of the second TORC1 substrate, Ssh®uch better understood
[66]. There is evidence showing that TORC1 phosyghtes Sch9n vivo andin vitro on
at least six different positions (S711, T723, S7TPB37, S758 and S765) clustered in the
C-terminus of the protein [66]. These data show tiira sequence determinants leading to
substrate phosphorylation by TORC1 are less stingian those used by other kinases.
TORC1 seems to have a preference for serines aednihes surrounded by bulky
hydrophobic residues at the -4, +1 and +2 posit®milar to Tap42, Sch9 is an

important regulator of cell growth and ribosomegdainesis [66].
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1.5. The Search for Protein Kinase Substrates

Even though a number of direct TOR targets haven bieentified, it is
conceivable that the TOR proteins must have manyensubstrates to fulfill the
multitude of tasks associated with the control elludar growth and homeostasis. The
search for kinase substrates has proven to beutffiMany methods exist such as
genome-wide screening of kinase substrates spottedproteome arrays using
recombinant protein kinases [72] or the KESTRELn#&kie substrate tracking and
elucidation) method [73]. In a KESTREL assay a belate is fractionated, typically via
anion exchange chromatography, to reduce samplelegity and the resulting fractions
are incubated in presence radioactive ATP withetkegenously added kinase. The major
problem associated with the KESTREL assay is theglblysate contains endogenous
kinases which are able to phosphorylate severabtmaibs upon incubation with
radioactive ATP, which is causing a high backgroud interesting alternative to the
KESTREL is the “chemical genetic” approach devetbgey the Kevan Shokat's
laboratory [74]. Briefly the kinase of interestinmtated by substituting a conserved bulky
residue in the ATP-binding pocket with a smallesidae that allows the mutant kinase to
use a bulky radioactive ATP analogue for phosphedasfer. In this way only the
target(s) of the mutant kinase are phosphorylatedreby reducing background
phosphorylations. This technigque has been furthgraved by using ATP analogues that
lead to tiophosphorylation instead of phosphorglaif the target substrates. In this way
the tiophosphorylated proteins are digested andes@ting thiophosphorylated peptides
can be enriched using iodoacetyl-agarose beadsX¥aMS/MS analysis [75].

In spite of all these technological improvemerttsemains a cumbersome task to
screen and identify the physiological substrateprofein kinases. Recent developments
in mass spectrometry have shifted the focus towtirelsampling of phosphoproteomes
from cells treated with specific protein kinase ibitors to identify differentially
phosphorylated kinase effectors. Several elabosaidgflows exist for the quantitative
analysis of phosphoproteomes from untreated anitohtreated cells. They are often

relying on phosphoprotein or phosphopeptide enrafinstrategies coupled with high-
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resolution mass spectrometry. These large-scalespbioproteomic workflows have
caused a true data explosion over the past decadesgards to the analysis of
phosphorylation events in cells. Nevertheless, figetiecoming a robust and reliable

methodology, a number of obstacles needed to bedol

Analysis of protein phosphorylation by mass speo#&try remains a challenge for
at least three reasons. First of all the stoichtoynef protein phosphorylation is usually
low. Consequently, only a fraction of the total tein population in a cell carries the
modification. To make things worse, certain prageiespecially transcription factors and
signaling proteins, are only present in low copynbers. Moreover, proteins are usually
heterogeneously phosphorylated, which means thangtmoment in a cell multiple
isoforms of the same phosphoprotein coexist. Assallt, phosphorylation analysis of
complex samples usually leads to the identificatbronly major phosphorylation sites
from highly expressed proteins. To circumvent firisblem, several strategies have been
developed over the last two decades. In the follgwwo sections these strategies will be
reviewed. The first section centers on advancesewaeti in phosphoprotein and
phosphopeptide enrichment aimed at tracing lowcktometry phosphorylation sites.

The second section reviews mass spectrometric adgan analyzing phosphopeptides.

1.5.1. The Search for the Needle in the Haystack

Over the years many techniques have been devetopeaice low stoichiometry
phosphorylation sites in complex digests of prateirhese are either aimed at enriching
phosphoproteins or phosphopeptides. Although ttz gboth approaches is the same,
there are substantial differences between the leneat of phosphoproteins and
phosphopeptides. First of all, the enrichment afgpihopeptides generates less complex
mixtures than the digests of enriched phosphoprsteit first sight phosphopeptide
enrichment is preferred over phosphoprotein enreaitmOn the other hand, it implies

that the identification of the corresponding proseiafter phosphopeptide enrichment
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critically hinges on the identification of just tiposphopeptides and therefore requires
very stringent search criteria. Phosphoprotein cment has also some intrinsic
drawbacks. In the first place, the amount of phagplyroups per protein is much lower
than the amount of phosphate groups per peptidéchwimakes the enrichment of
phosphopeptides more selective. Moreover, in cehtmaphosphopeptides, working with
phosphoproteins is complicated by their instabgityhigh and low pH, high temperatures
and their susceptibility to organic solvents. Aesult, nowadays more alternatives exist
for phosphopeptide enrichment in comparison to phoprotein-based enrichment
strategies.

Enrichment of phosphoproteins is usually performedh phospho-specific
antibodies. The use of antibodies is usually retsti to the analysis of tyrosine
phosphorylation because anti-phosphoserine andphasphothreonine antibodies are
generally of low specificity, probably due to lowermunogenicity of the phosphoserine
and phosphothreonine epitopes compared to the hpitlogsphotyrosine antigen. This
problem can be circumvented using antibodies thebgnize phosphorylated serines or
threonines surrounded by specific residues, likibadies to phospho-SQ or phospho-
TQ [76]. Another alternative is the use of protadomains that reversibly bind
phosphorylated residues, like WW, FHA, SH2 and RitBhains. A third experimental
strategy enriches phosphoproteins fbglimination of the phosphate group to generate
dehydroalanine or dehydroaminobutyric acid whichtum reacts with biotin-labeled
ethanedithiol [77]. The main advantage of this apph is the ease with which
biotinylated phosphopeptides can be isolated vidimaffinity purification. The major
drawback is the production of protein degradatioodpcts due to the strong alkaline
conditions used fop-elimination as well as the occurrence of unwardiel® reactions
that further complicate MS/MS spectra identificatife.g. reaction of cysteines with

biotin, oxidation of methionines and tryptophanes).

As already mentioned above, a wider panel of methiedat hands to enrich
phosphopeptides. Analogous to phosphoproteins, phlopeptides can be enriched via
chemical derivatization and much effort has beesnspo supply the researcher with a

variety of methods [78, 79]. However, as with pHuggroteins, these techniques suffer
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from unwanted side reactions. The most widely uaed robust approach to enrich
phosphopeptides is based on the affinity of phagpg@oups for positively charged metal
ions (typically iron or gallium). Such ions can #ade immobilized on chelators
covalently coupled to a solid matrix. This appraaghich was used in the present study,
is called Immobilized Metal Affinity Chromatograpf$MAC) [80]. All IMAC resins
suffer from unspecific binding of peptides richaspartic and glutamic acid residues. To
avoid this problem, the acidic side chains in pigdi are sometimes esterified with
methanolic HCI to convert them to uncharged meésyers [81]. This reaction is, like all
chemical reactions, prone to side reactions likanddation of asparagines and
glutamines. Moreover, the low pH used to methyk#fstethe peptides and the
requirement to remove water from the sample cath tea very low peptide recovery. A
second very widespread technique to enrich phosgtmes makes use of metal oxides
like titanium dioxide or zirconium oxide and is leal metal oxide affinity
chromatography (MOAC). Similar to IMAC, unspecifiinding of acidic residues to
TiO2 and ZrQ occurs, but can be prevented by methylesteriboadir by using additives
during peptide binding [82]. Importantly, both IMACand MOAC produce
complementary results and are therefore often usquhrallel [83]. Alternatively, they
can be used sequentially, where IMAC is usuallyfquered as the first step of
enrichment and the flow-though is further enrichka MOAC [84]. Both enrichment
techniques, IMAC and MOAC, have been used in carjon with orthogonal
fractionation techniques like strong cation exclan@GCX) chromatography or
hydrophilic interaction chromatography (HILIC). Bottechniques already pre-
concentrate phosphopeptides and are very useiipgmve the selectivity of IMAC and
MOAC. Workflows with various combinations like SCEllowed by IMAC [85], SCX
followed by TiG [86] or HILIC followed by IMAC [87] have been dedeed that yield
comprehensive phosphoproteomes from cell cultunesceigans. Unfortunately a study
that systematically compares these different agpresdoes not exist nowadays and it is

therefore difficult to objectively conclude which@oach yields the best results.
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1.5.2. Phosphopeptide Analysis by Mass Spectrometry

Phosphopeptide analysis by mass spectrometrytistreoghtforward for several
reasons. The two main challenges are the sequdeaéfication of a phosphopeptide
and the precise localization of the phosphorylasda within the peptide sequence. In
fact phosphopeptides do not fragment as well as timhosphorylated counterparts
when they are subjected to collision-induced disdmn (CID).

During CID peptide ions are accelerated in the uvatdollowed by a collision
with inert gas molecules (usually helium or molecubitrogen), which transforms the
kinetic energy into vibrational energy necessarybteak the chemical bonds. Such a
fragmentation usually takes place at amide bonds moduces b- and y-ions [88],
although the exact fragmentation pattern can vagwificantly according to the peptide
sequence, the number of arginines and lysines eptide and the charge state [89].
Fragmentation at amide bonds can be explained dgdhcalled ,mobile proton” model
[90]. This model states that during excitation,tpns that were previously sequestered
by arginines and lysines become mobile and proésnsites that were energetically less
favored like amide oxigens and nitrogens. Theséopaiion events weaken these bonds
to induce dissociation and generation of b- andngi In reality, certain amino acids
affect the proton localization and favor cleavageecific sites [89]. This means that
fragmentation spectra are never a product of randeavages of the amide bonds. The
.,mobile proton” model also explains the atypicahgmentation observed for many
phosphopeptides, which is characterized by domipaaks corresponding to the neutral
loss of phosphoric acid @RQy) from the precursor ions and reduced backbone
fragmentation (Figure 1.2A). The reason of thiseobation lies in the energetically
favored reaction leading to phosphate loss compartdbackbone fragmentation at the

amide bond promoted by the “mobile proton”.
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Figure 1.2 CID MS/MS spectra of the yeast phosphopeptide SR&-K (derived from Bcyl). MS/MS
spectrum acquired with standard activation pararag@5% normalized collision energy for 30ms) (A)

without MSA and (B) with MSA.
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Interestingly, during fragmentation of different gaphopeptides there is
considerable variation in terms of neutral loss pegtide backbone fragmentation that
depends on the chemical composition of the phosgttate, its charge state and the
collision energy used to activate the precursor eor example, neutral loss ions are
almost entirely absent in phosphotyrosine-contgimpaptides because the aromatic ring
sterically hinders the chemical bond rearrangemesasired for the neutral loss product.
In addition, thee-O bond in phosphotytosine does not readily breakabse it is
stabilized by the resonance of the benzene ringthfar important parameter affecting
neutral loss is the charge state of the precuor Wsually the intensity with which
neutral loss occurs decreases with increasing enaggause more “mobile protons” are
available for backbone fragmentation at higher gbastates (Figure 1.3). Moreover,
since neutral loss formation is favored over backbfragmentation because it requires
less energy, it is conceivable that mild excitatoethods favor the formation of neutral
loss over high energy activation methods. Thiswdeed the case when phosphopeptides
are fragmented at lower collision energy and longetivation times in an ion trap
(Figure 1.2A).

In conclusion, phosphopeptide fragmentation diffeesn the fragmentation of
non-phosphorylated peptides. This is a consequeittes neutral loss of PO, from the
side chains of serines and threonines, which cagspeith backbone fragmentation.
Nevertheless, there are many factors influencimgetktent to which neutral loss occurs.
The chemical composition of the ion (phosphotyresiontaining peptides do not show a
neutral loss), the charge state and the collisivergy all determine the fragmentation
behavior of phosphopeptides. But which are the egmsnces of neutral loss on
phosphopeptide identification?
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Figure 1.3 Neutral loss intensity decreases with increapigtide charge state. MS/MS spectra of (A) the
tryptic Srfl phosphopeptide KSGSLEALQNAK and of (Bhe tryptic Rnr2 phosphopeptide
AAADALSDLEIKDSK.

The major problem is that neutral loss predominadesl thereby reduces
backbone fragmentation. The few available fragmens hamper peptide sequence
identification and consequently unambiguous phospteo localization. Indeed, the
localization of the site of phosphorylation regsihie presence of specific diagnostic
backbone fragments in a MS/MS spectrum. This iswshn Figure 1.4, where the
presence of a given set of ions (in red) allowgitgpoint the phosphorylation site to a
specific residue while excluding a different logzation. To circumvent the problem of

neutral loss, alternative fragmentation methods ehabeen developed for
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phosphopeptides. The most common is the use SfffM8§mentation [91, 92], multistage
activation (MSA) [93], electron capture dissociati(ECD) [94] and electron transfer
dissociation (ETD) [95]. M&fragmentation and MSA are very similar in the setimt
both methods require two steps of ion activatienthe case of MSfragmentation the
precursor ion that underwent neutral loss is isola&tnd subsequently fragmented. Since
neutral loss of EPO, can no longer occur, backbone fragmentation isrit. MS has
the disadvantage of increasing the duty cycle hatldsometimes contradictory sequences
are assigned to the same ¥8S® spectrum pair. To circumvent this problem MSA was
developed, where the ion that underwent neutral imactivated while the fragment ions
from the precursor are still present in the trdpisTesults in a composite spectrum that is
the product of the MSand MS spectra (Figure 1.2B). Since in MSA the fragmemisi
derived from the precursor ion are trapped togettitr those generated by the neutral
loss ion, MSA spectra have increased signal intiessiand a greater number of
structurally diagnostic ions compared to fagmentation. Interestingly, in a study
where normal M&fragmentation was compared with #&hd MSA fragmentation it was
found that all three produce redundant data, tbezafeducing the benefits of doing MS
and MSA [96]. This is probably a consequence ofitleeeased duty cycle of M%&nd
MSA over MS. In addition, even in a M3pectrum containing a dominant ion derived
from neutral loss, weak backbone fragmentatiortiilsgesent (Figure 1.2A), allowing
reliable sequence identification and reducing teeeliits of performing MSA or MS
fragmentations. This phenomenon will probably inygr@ven more over time with the

development of new ion traps with increased ioppiag capacities.

Finally, there are two more fragmentation methoaisl $0 reduce neutral loss
while preserving backbone fragmentation: ECD anddEThe main common feature
between the two methods is the use of electronsligsociate peptide ions. As a
consequence ECD and ETD MS/MS spectra differ digmtly from CID MS/MS
spectra with respect to the type of ions formegheeglly, ECD and ETD spectra contain
c- and z-ions instead of the usual b- and y-ioreepked in CID. A particular advantage
of ECD/ETD over CID is that much less neutral lo§phosphate occurs so that spectra
rich in diagnostic backbone ions are generateds Tii extremely helpful when a
phosphorylation site needs to be localized andetrss that ECD and ETD are designed
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to completely replace CID for phosphopeptide anslysowever, it has been shown that
ECD/ETD and CID produce complementary results. llarge-scale study comparing
ECD with CID [97] the results were more in favor@ID concerning the total number of
phosphopeptide identifications. This puzzling ollagon can be explained by the use of
trypsin for protein digestion, which tends to prodwdoubly charged peptide ions. Since
the cross-section of an ion that can capture atreleis proportional to the square of its
charge [98], the doubly charged peptides produgethyipsin cleavage tend to fragment
suboptimally during ECD/ETD. Another explanatiomcerning the poor performance of
ECD/ETD over CID is the fact that the major seagnlgines (e.g. Sequest, Mascot) have
been initially designed for CID MS/MS spectra ob& in ion traps or time-of-flight
mass spectrometers. Finally, 50 times more ionseaqeired for ECD than CID, which
increases the duty cycle and reduces the benefiGid for the analysis of complex
phosphopeptide samples [97]. Nevertheless, evargth&CD performed less efficiently
than CID, its potential for unambiguous phosphe-8itcalization is well appreciated in
the proteomic community [97]. It should be also sidered that ECD is typically
performed on a Fourier transform ion cyclotron resee (FTICR) mass spectrometer

which records spectra with much higher mass acgubamn ion trap mass spectrometers.

The fact that CID and ECD/ETD produces complemgntasults, prompted
researchers to use both fragmentation technolagiasiecision-tree-based MS approach
[99]. In this way the benefit of ETD for the fragmation of large peptides with high
charges is combined with the optimal performanc€I@f for the fragmentation of small
peptides with low charges. Another way to circunmvére reduced performance of
ECD/ETD for the fragmentation of ions with low cbes is the use of alternative
proteases, for instance endoproteinase Glu-C asdCL{100, 101]. However, the final
outcome of phosphopeptide identifications by thes wf alternative proteases in
conjunction with ETD was very modest [101]. As aulg the use of CID coupled with
MSA seems to be so far still the best choice ferahalysis of phosphopeptide samples,
which also explains its wide-spread use for largges phosphorylation studies. On the
other hand, ECD and ETD are being improved contislyoand it is foreseeable that
they will be used more and more as an alternabv€ID in future phosphoproteomic
studies.
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Figure 1.4 MS/MS spectra of three phospho-isoforms of thmesgpeptide (TSATREDTPLSQNESTR
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2. Materials and Methods

2.1. Yeast Strains, Media, and Genetic Manipulatios

The S cerevisiae strains used in this work are listed in Table 2l constructed
strains are isogenic to TB50. Yeast manipulatiomsluding cell cultures, sporulation,
tetrad dissections, and genetic techniques, weredaut essentially as described [102].
Cells were grown either in rich YPD medium (1% yeastract, 1% peptone, 2%
glucose, and 2% agar for solid media) or minimaitisgtic medium (6.7 g yeast nitrogen
base per liter, 2% glucose, relevant amino acidgplasmid maintenance, and 2% agar
for solid media). If not stated otherwise, the &wtic medium used for plasmid
maintenance contained all amino acids except urdeihst nitrogen base, yeast extract,

peptone and agar were purchased from BD Biosciewtde amino acids were from

Sigma.

Name Genotype Ref.
TB50a MATa leu2 ura3 rmel trpl his34 GAL+ HMLa Lab strain
TB50a/@ MATa/@ leu2/leu2 ura3/ura3 rmel/rmel trpl/trpl his34/ his34 GAL+/GAL+ Lab strain

HMLa/HMLa
TB105-1c MATa leu2 ura3 rmel trpl his34 GAL+ HMLa gIn3::kanMX4 gatl::HISSMX6 Lab strain

AN9-2a MATa leu2 ura3 rmel trpl his34 GAL+ HMLatorl::kanMX4 Lab strain
YPJ2 MATa leu2 ura3 rmel trpl his34 + HMLa arg4::His3MX6 lysl ::KanMX4 This study
YAC1 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa hal5::KanMX4 This study
YAC2 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa isw2::KanMX4 This study
YAC3 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa kkg8::KanMX4 This study
YAC4 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa 1db19::KanMX4 This study
YAC5 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa mtcl:: KanMX4 This study
YAC6 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa napl::KanMX4 This study
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YACY7 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa regl::KanMX4 This study
YAC8 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa ubx7:: KanMX4 This study
YAC9 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa vtc2::KanMX4 This study
YAC10 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa vtc3::KanMX4 This study
YAC11 MG{Z/?&T?%(:ZZU?%%% rmel/rmel trpl/trpl his34/ his34 GAL+/GAL+ This study
YAC12 MGIZ%I\IIIT:/@Z? uI(asr/]K;;i rmel/rmel trpl/trpl his34/ his34 GAL+/GAL+ This study
YAC13 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa HAL5-3HA::KanMX4 This study
YAC14 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa |1SW2-3HA::KanMX4 This study
YAC15 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa KKQ8-3HA::KanMX4 This study
YAC16 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa LDB19-3HA::KanMX4 This study
YAC17 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa MTC1-3HA::KanMX4 This study
YAC18 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa NAP1-3HA::KanMX4 This study
YAC19 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa REG1-3HA::KanMX4 This study
YAC20 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa RTS3-3MYC::KanMX4 This study
YAC21 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa UBX7-3HA::KanMX4 This study
YAC22 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa VTC2-3HA::KanMX4 This study
YAC23 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa VTC3-3HA::KanMX4 This study
YAC24 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa NOC2-3HA::KanMX4 This study
YAC25 MATa leu2 ura3 rmel trpl his34 GAL+ HMLa SEC7-3HA::KanMX4 This study

Table 2.1 Yeast strains used in this study

Yeast strains carrying a plasmid were preculturedelective synthetic medium
lacking the corresponding amino acids for plasmaintenance. They were then diluted
into YPD medium and grown for 5 hours to an gf»f 0.8. Metabolic labeling of yeast
proteins was done by growing cells in synthetic imedsupplemented with eithéfCq-
arginine and“’Ce-lysine (“light” culture) or**Ce-arginine and"*Cs-"*N.-lysine (“heavy”
culture) (Cambridge Isotope Laboratories, Andows), each at 30 mg/l. Treatment

with rapamycin (LC Laboratories, Woburn, MA) was2fi0 ng/ml final concentration

36



Material and Methods

(added from a 1 mg/ml stock solution in 90% eth&r@8t Tween20) for 20 min.
Transformation of yeast cells was performed with thAc/SS-DNA/PEG method [103].
All deletions and genomically tagged strains wewsastructed by PCR targeting [104].

The resulting transformants were checked for pragegration by colony PCR.

2.2. Molecular Biology Techniques

The plasmids used in this work are listed in TaBl2. All plasmids were
constructed by cloning into the pHAC plasmids pHARG&hd pHAC195. DNA inserts
were generated by PCR amplification of the targetegwith two primers each containing
a restriction site. The resulting PCR products wgeé purified with the NucleoSpin
Extract 1l Kit (Macherey-Nagel, Oensingen, Switaed) according to the
manufacturer’s protocol. Both insert and plasmidevdigested with the appropriate
restriction endonucleases. The digested plasmidsearated on a 2% agarose gel. DNA
ligation was done with the T4 DNA ligase kit (PrayaeAG, Dibendorf, Switzerland)
according to the manufacturer's recommendations. [ifation mixture was transformed
into Topl0 E. coli cells (Invitrogen, Lucerne, Switzerland) accorditm standard
procedures. Transformants were selected on LB latataining ampicillin and the
plasmids were isolated with the GenElute Minipreg KSigma) according to the
manufacturer’s instructions. The plasmids wereestan 50ul water at -20°C. Point
mutations were constructed using a modified versibthe QuikChange Site-Directed
Mutagenesis System [105]. The PCR reaction wasstiigeover-night with the restriction
enzyme Dpnl (New England Biolabs, Allschwil, Switzmd) and the PCR product was
subsequently precipitated with 5M potassium acetateg washed with ethanol. After
drying the PCR product in a Speedvac, it was resudgd in 10ul dH20. 5 ul of the
PCR product were transformed into Tod.Ccoli cells according to standard procedures.
Transformants were selected on LB plates contaimngicillin and plasmids were

isolated with the GenElute Miniprep Kit.
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Name Description Ref.

pHAC33 CEN, URA3, MCS-3x HA-CYC1 terminator, Amp  Lab plasmid
pHAC195  2u, URA3, MCS-3x HA-CYCL terminator, Amp Lab plasmid

pAC1 PHAC195;: : HAL5-3HA (24, URA3) This study
pAC2 pHAC195::1SW2-3HA (24, URA3) This study
pAC3 pHAC195::KKQ8-3HA (24, URA3) This study
pAC4 PHAC195::L DB19-3HA (24, URA3) This study
pAC5 PHAC195:: MTC1-3HA (24, URA3) This study
pAC6 pHAC195::NAP1-3HA (24, URA3) This study
pAC7 PHAC195::NOC2-3HA (244, URA3) This study
pAC8 pHAC195::REG1-3HA (24, URA3) This study
pAC9 PHAC195:: VTC2-3HA (24, URA3) This study
pAC10 pHAC195::VTC3-3HA (24, URA3) This study
pAC11 PHAC33::ISW2-3HA (24, URA3) This study
pAC12 pHAC33::1SW2 A 3HA This study
pAC13 PHAC33::ISW2™79E.3HA This study
pAC14 pHAC33::1SW2"P_3HA This study

Table 2.2 Plasmids used in this study

2.3. Phosphoproteome Analysis

2.3.1. Protein Extraction, Protein Fractionation ard In-gel Digestion

200 mL YPJ2 were grown at 30°C in SD medium suppleted with either light
or heavy arginine and lysine to an ggof 0.8. To the “heavy” culture 40 pL 1 mg/ml
rapamycin were added and the culture was inculatt@®°C for 20 min. Both cultures
were then centrifuged at 4,500 g ari@ 4or 10 min. Cell pellets were washed once with
50 ml cold HO and resuspended in 2 mL cold lysis buffer (100 iid-HCI, pH 7.5,
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2.5% SDS, 10% glycerol, 1x Roche protease inhibdocktail (Roche Diagnostics,
Basel, Switzerland), 1x phosphatase inhibitor caitkt (Sigma) and 1 mM PMSF
(AppliChem, Baden-Dattwil, Switzerland)). The cslispensions from either light or
heavy cultures were distributed into 2 mL screw tdges and glass beads were added
until the liquid reached the top of the tube. Thedlscwere broken in a bead beater
(FastPrep Homogenizer FP120, Thermo Savant) wikh38i sec bursts at maximum
speed. Between each burst the lysates were cooledecfor 2 min. The lysates were
centrifuged at 12,000 rpm and 4°C for 10 min areldhpernatants were transferred into
new tubes and the individual protein concentratiaese measured with the bicinchonic
acid assay (Sigma). 2.5mg of each protein extracewnixed to obtain a 1:1 light:heavy
protein mixture. After adding SDS-PAGE sample buftee protein mixture was
incubated at 98°C for 5 min.

A total of 5 mg proteins (2.5 mg protein from thght and heavy cultures) were
separated on a preparative 10% SDS slab gel (13 x @.15cm). The proteins were
electrophoresed at 10 mA constant current overtnigitier electrophoresis, the gel was
washed three times for 5 min withy®l, stained with SimplyBlue SafeStain (Invitrogen,
Lucerne, Switzerland) for 1 hr and distained withiOHwater. The gel was then cut
horizontally into 16 slices, which were further eficinto 1 mm cubes. The gel pieces
were distained over-night in 1 mL 50% acetoniti@®MmM NHHCO;, dehydrated for 10
min with 500 pL 100% acetonitrile and dried in @&eg-vac. The proteins were in-gel
reduced at 55°C for 60 min by adding to each dgeldplug 1 mL 10 mM DTT (in 50
mM NH4HCQO;). The remaining solution was discarded from thé pgeces and
alkylation was performed in the dark for 30 mindgding 1 mL 50 mM iodoacetamide
(in 50mM NHHCGO;). To remove unreacted iodoacetamide, the gel piaege washed
three times with 1 mL 50% acetonitrile/50 mM MHCOs. After the last wash they were
dehydrated with 500 puL 100% acetonitrile, driecaispeed-vac and then rehydrated on
ice for 1 hin 1 mL 50 mM NEHCO;s, pH 8.0 containing 15 ngl trypsin (Sigma).
Digestion was performed over-night at 37°C. Suptamta were collected into fresh tubes
and tryptic peptides were extracted three time$ Wwld% acetonitrile/5% formic acid,
followed by a final extraction with 100% acetorl@riThe liquid volume was reduced in

a speed-vac to approximately {L0to which 290ul 1% acetic acid were added. A small
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drop was spotted onto pH paper and if necessarplh&as adjusted to 2.0-2.5 with
100% acetic acid.

2.3.2. Phosphoproteome Analysis: Peptide Desaltimgnd Phosphopeptide

Enrichment

Before enriching phosphopeptides by Immobilized d&Wetion Affinity
Chromatography (IMAC) the digests were desalted disposable C18 MacroSpin
columns (500ul packed resin, The Nest Group, Southborough, Mégoeding to the
manufacturer’s instructions. The peptides wereeelditom the cartridge with 600 60%
acetonitrile/1% acetic acid. The eluates were ddiean to 1Qul final volume in a speed-
vac and 9Qul IMAC-buffer (30% acetonitrile/250 mM acetic acidlere added. 1l of
each digest was diluted 200-fold with 2% acetdefdi1% acetic acid and 10 were
analysed by LC/MS/MS for expression analysis.

For phosphopeptide selection, 40 IMAC slurry (PHOS-Select, Sigma) were
washed five times with 1 mL IMAC-buffer to remové/gerol from the beads and then
loaded into a constricted GELoader tip [106]. Tlesalted digests were applied to the
GELoader IMAC columns and the flow-throughs werdlexbed and re-applied five
times. The columns were washed three times with [13MAC-buffer and the bound
phosphopeptides were eluted with threeyV@esorption steps of 50 mM KRQO, (pH
adjusted to 10.0 with ammonium hydroxide) into b tubes containing 3@l 10%
formic acid. The IMAC eluates were desalted on atsyble C18 MicroSpin columns
(100 wl packed resin, The Nest Group, Southborough, MAfroeding to the
manufacturer’s instructions. After elution with 20060% acetonitrile/1% acetic acid,
the volume was reduced in a speed-vac to abouytl Hhd the phosphopeptides were
diluted with 40ul 2% acetonitrile/0.1% formic acid for LC-MS/MS dysis.
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2.3.2. Phosphoproteome Analysis: LC-MS/MS Analysis

LC-MS/MS analysis was performed on an LTQ-Orbitragbrid instrument
(Thermo Scientific, San José, CA). The IMAC eluates separated by capillary liquid
chromatography using a trapping 300SB C-18 colur@r8 (x 50 mm) (Agilent
Technologies, Basel, Switzerland) and a separathgmn (0.1 mm x 10 cm) that had
been packed with Magic 300A C18 reverse-phase rah{&rum particle size, Michrom
Bioresources, Auburn, CA). A linear 80-min gradiémm 2 to 50% solvent B (80%
acetonitrile/0.1% acetic acid and) in solvent A (2etonitrile/0.1% acetic acid) was
delivered with a Rheos 2200 pump (Flux InstrumeBesel, Switzerland) at a flow rate
of 100 pl/min. A pre-column split was used to reduce thewflto approximately 100
nl/min. 10l of peptide digest were injected with an autosanphermostatted to 4°C
(CTC Analytics, Agilent Technologies, Basel, Switaad). The eluting peptides were
ionized at 1.7 kV.

The LTQ-Orbitrap was operated in a data-dependentlern A survey scan
between m/z 375-1600 was acquired in profile modiaé Orbitrap at 60,000 resolution,
followed by 10 MS/MS scans in centroid mode in &) of the 10 most abundant ions.
Singly charged ions were omitted from fragmentaaod previously selected ions were
dynamically excluded for 25 sec. The normalizedisioh energy was set to 35% and for
phosphopeptide analysis multistage activation waablked. Automatic gain control
(AGC) was set to 500,000 and 10,000 for Orbitrag BRQ, respectively. Scan-to-scan
calibration was allowed by setting the lock massnia 445.120025 (Olsen JV, 2005,
Mol Cell Proteomics).

2.3.3 Phosphoproteome Analysis: Databank Search ai@@uantitation of SILAC-
Ratios

The raw data from the mass spectrometer were wedesvith MaxQuant
(1.0.12.31) [107] and searched with the Mascotcbeangine (version 2.2.04, Matrix
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Science, London, UK) [108] against a databank ¢oimg 31,426 protein sequences. The
databank contained forward and reverse (Swiss-Brafrevisiae sequences as well as
common protein contaminants. Precursor ion andrfeag ion mass tolerances were set
to 7 ppm and 0.6 Da, respectively. Maximally twosseid cleavages with three labeled
amino acids were allowed. Methionine oxidation phdsphorylation of serine, threonine
and tyrosine were set as variable modifications|emarbamidomethylation of cysteine
residues was set to fixed modification. To incredbe confidence in protein
identification only peptides with a Mascot scor@e 20 were accepted. In addition, the
posterior error probability (PEP) for each MS/M&&pum was set to below 0.1 [109].

To further simplify the MaxQuant output data, oxill methionines were
replaced with unmodified methionines and gene petedaf the Ty retrotransposons and
the S cerevisiae virus L-A were removed from the output list. Wheeppdes or
phosphopeptides matched several proteins, all ipsoteere joined together in a unique
protein hit, except if one of the proteins contdiredditional peptides that were not
shared by the other proteins. In this case, ordgdiproteins were reported that had the
highest number of matching peptides. Phosphopeptidth the same phosphorylation
site(s) but different sequences due to incomplétavage were grouped together to
calculate a unique SILAC ratio. In addition, an rage protein SILAC ratio was
calculated by combining all SILAC ratios for themphosphorylated peptides belonging

to the same protein.

2.4. Radioactive Labeling of Yeast Proteins

Yeast extracts were prepared as described abovigie®wyeast GST-Nprl kinase was
provided by Simon Hauri (Simon K. Hauri, Molecuéard Functional Characterization of
the Yeast Nprl Kinase, Master Thesis, 2007-200@ul ®f yeast proteins (~10 mg/ml)
were incubated in 20l 5x kinase buffer (500 mM Tris-HCI pH 8.0, 2.5% &@n-20, 5
mM DTT, 50 mM MgC}, 50% glycerol), 2ul [y-**P]-ATP (150 kBg/assay) (Hartmann
Analytic, Braunschweig, Germany),.i2 1 mM ATP, 40ul of GST-Nprl (~2ug) and 6
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ul H2O. The reaction mixture was incubated at 37°C fon8n in a thermoshaker. The
kinase reaction was stopped by addingil6x SDS-PAGE sample buffer and boiling at
95°C for 5 min. The kinase assay was separatedd&-FAGE. The gel was washed
three times for 5 min with ¥ and stained with SimplyBlue SafeStain (Invitrogen
Lucerne, Switzerland) for 1 hr, followed by destagh with H,O. The gel was

autoradiographed, and radioactively labeled pretevere in-gel digested essentially as

described above and desalted on disposable C18Bjpicr columns.

2.5. Western Blotting, Phosphatase Treatment ankh vitro Kinase

Assays

200 ml cells were grown in either YPD or SD meditoman ORg, of 0.8. If
necessary, at this stage yeasts were treated aptmrycin or vehicle for 20 min. After
that, cells were harvested by centrifugation adD@,5pm and 4°C for 10 min, washed
with cold water and centrifuged again. Cell pelletye resuspended in 1 ml lysis buffer
(PBS containing 0.5% Tween 20 and 10% glycerol)taamg 1x Roche protease
inhibitor cocktail, 1 mM PMSF and phosphatase iitbils (10 mM NaF, 10 mM Nag\

10 mM p-nitrophenylphosphate, 10 mM sodium pyrophase and 10 mMp-
glycerophosphate) and transferred to a 2 ml sciegtgbe. Glass beads were added till
the liquid reached the top of the tube and thesaeéire lysed in a bead beater with six 30
sec bursts. In between the bursts, the cells waked on ice for 2 min. Cell debris were
pelleted at 12,000 rpm and 4°C for 5 min. The prot®ncentration of the supernatant
was determined by the Bradford assay and the samoerd of protein for each sample
(between 5-15 mg) was transferred to a 1.5 ml tdbe. final volume in the tube was
adjusted to 80@l. HA or MYC-tagged proteins were immunoprecipitht@ver-night on
an end-over-end rotator with 25 pL of proteinA-Sapise beads (50% suspension in
PBS, pH 7.3/0.01% thiomerosal) covalently crosglthko anti-HA antibody (Santa Cruz
Biotechnology, 12CA5) or anti-MYC antibody (Amernctalype Culture Collection,
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CRL-1729). After over-night incubation at 40C, tBepharose beads were washed five
times with 1 ml washing buffer (PBS, pH 7.3 contagn10% glycerol and 0.5% Tween-
20) at 500 g for 1 min at 4°C. After the last wasép, the wash buffer was completely
removed with a Hamilton syringe. For SDS-PAGE, tdgged proteins were eluted from
the beads with 25l 2x SDS-PAGE sample buffer by boiling at 95°C fomin and
electrophoresed on mini-gels (Bio-Rad, Reinach, t&sland). The proteins were
transferred onto nitrocellulose. For western bhgftianti-HA (mouse monoclonal, Cell
Signaling) and anti-MYC (mouse monoclonal, Ameridape Culture Collection, CRL-
1729) antibodies were used.

For A phosphatase treatment, the pull-downs were waBhedimes with 1 ml
washing buffer as described above, followed by tmashes with 0.8 ml phosphatase
buffer (50 mM Tris-Cl pH 7.5, 0.1 mM EDTA, 5 mM DT10.01% BRIJ35, 2 mM
MnCl,). After the last wash step, the phosphatase buféey completely removed from
the beads with a Hamilton syringe and the beads wesuspended in either 20 pL
phosphatase buffer or in 20 uL phosphatase butfeplemented with 25 W protein
phosphatase (Sigma). The tubes were incubatedimrmoshaker for 30min at 30°C. To
stop the reaction 4 pL 6x SDS-PAGE sample buffereveelded to each sample and the
tubes were boiled at 95°C for 5 min. SDS-PAGE, girotransfer and western blotting

were done essentially as described above.

2.6.1n vitro Kinase Assay

Forin vitro kinase assays, pull-downs from 800 ml yeast cetuvere prepared.
After over-night immunoprecipitation of the taggeateins, the beads were washed five
times with 1 ml washing buffer (PBS, pH 7.3 contagn10% glycerol and 0.5% Tween-
20), followed by two washes with 0.8 ml kinase buff50 mM HEPES, pH 7.5, 10 mM
MnCl,, 1 mM EGTA, 0.01% Tween-20 and freshly added 2\d BT T). After that, the
beads were resuspended inl®x kinase buffer, 11.81 H,O, 0.7ul 190 uM PP242 (or
0.7 Wl DMSO), 0.2 ul 100 pM ATP, 0.4 ul [y-**P]-ATP (150 kBg/assay), 2.4l
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recombinant mTOR (Invitrogen, Lucerne, Switzerlarkr the kinase assays, the mTOR
stock solution was diluted ten fold into 20 mM HERPpH 7.5, 0.02% Tween-20, 2 mM
DTT, 0.1 mg/ml BSA so that 100 ng mTOR was usedgssay. The kinase assays were
incubated on a thermoshaker at 30°C for 30 min stopgped with 41 6x SDS-PAGE
sample buffer and boiling at 98°C for 5 min. Thbds were then briefly spun and 24

of the supernatant was loaded on minigels (Bio-RReipach, Switzerland). The gels
were washed three times for 5 min witbHand stained with SimplyBlue SafeStain for 1
hr. The gel was then destained withGy wrapped in Saran foil and exposed on a
Phosphor Screen for 18 hours (GE Healthcare). Tosghor Screen was developed on a
Typhoon FLA 9000 (GE Healthcare).

2.7. LC-MS/MS Analysis of Protein Immunoprecipitates

For LC-MS/MS analysis immunoprecipitates from 800 ywast cultures were
prepared. The tagged proteins were immunoprecagoitaver-night with 25l antiHA-
Sepharose beads essentially as described abovéealle were subsequently washed 10
times with 1 ml washing buffer (PBS, pH 7.3 contagn10% glycerol and 0.5% Tween-
20) and, after the last wash, the residual liquak wemoved with a Hamilton syringe.
Bound proteins were eluted by incubating the beatth 50 pl 0.2% SDS on a
thermoshaker for 20 min. After a short spin, thpesnatant was transferred to a new
tube. The proteins were precipitated by adding 12H0% TCA and incubation on ice
for 2 hours. The proteins were pelleted at 12,@00 and 4°C for 20 min. The precipitate
was washed with 1 ml 20% TCA and 1 ml acetone E20The protein precipitate was
dried in a speed-vac for 10 min and dissolved inull6f the appropriate resuspension
buffer (Table 2.3). The proteins were reduced 4C3with 10 mM TCEP for 30 min and
alkylated in the dark with 50 mM iodoacetamide & min. Before digestion, the urea
concentration was reduced to 0.8 M with the appatpdilution buffer (Table 2.3). The
proteins were digested over-night with 0.2§ of the appropriate protease. Protein

digestion was performed at 37°C, except for the-Gldigestion that was carried out at
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25°C. The next day, the digests were acidified dgirag 5.3ul 100% formic acid (final
concentration of 5%) and they were desalted on StEe Tips (Thermo Scientific,
Reinach, Switzerland) according to manufacturen'structions. Peptides were eluted
with 30 ul 80% acetonitrile/5% formic acid. The digests wdreed in a speed-vac and
dissolved in 3Qul 0.1% TFA for LC-MS/MS analysis.

Liquid chromatography was performed using a Protéa@p C18 column (0.15
x 10 mm, 3um particle size, 300A) (SGE Analytical Science, tdi@a, Australia) and a
separating column (0.1 x 100 mm) that had beekguhwith Magic 300A C18 reverse-
phase material (5 pm particle size, Swiss BioarytBirsfelden, Switzerland). The
columns were connected on line to an Orbitrap Hiridyinstrument (Thermo Finnigan,
San Jose, CA). The solvents used for peptide sepanaere 0.1% acetic acid (solvent
A) and 80% acetonitrile/0.1% acetic acid and inevgsolvent B). Peptides were injected
via a 2pl loop onto the trap column with the capillary pumipan Agilent 1200 system
(Agilent Technologies, Basel, Switzerland) set td/fin. After 15 min, the trap column
was switched into the flow path of the separatiofumn. A linear gradient from 2 to
35% solvent B in 60 min was delivered with an Agil&200 nano pump at a flow rate of
500 nl/min. After 60 min the percentage of solvénhtwas increased to 60% in ten
minutes and further increased to 80% within 2 niiime eluting peptides were ionized at
1.7 kV. The mass spectrometer was operated as opdyi described for the
phosphoproteome analysis. Briefly, full scans warquired between m/z 375-1600 in
profile mode in the Orbitrap at 60,000 FWHM nomimakolution, followed by the
fragmentation of the 10 most intense ions in theQLBingly-charged ions were not
fragmentated and dynamically exclusion was sebatez.

Mass spectral data were searched with Mascot re&sP.04) against a databank
containing 31,426 protein sequences from forwadiranerse (Swiss-Pro§ cerevisiae
sequences as well as common protein contaminatis. sEarch parameters were as
described above except that arginines and lysirere wept unmodified. The data were
filtered using an expectation value below 0.05 andascot score higher than 20. The
searches were exported in Excel sheets and oxidiettlionines were replaced with

normal methionines.
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Enzyme Resuspension buffer Dilution buffer

Trypsin,
P : 500mM Tris-HCI, pH8.6, 8M urea 50mM Tris-HCI, pH 7.4, 5mM Cagl
Endoproteinase Lys-C

. 250mM sodium phosphate, pH 8.0, 8M .
Endoproteinase Asp-N 50mM sodium phosphate, pH 8.0
urea

: 250mM ammonium carbonate, pH 8. :
Endoproteinase Glu-C aM 25mM ammonium carbonate, pH 8.0
urea

Table 2.3: List of the appropriate resuspension and dilubaffers for each protease.

2.8. Phosphomapping of HA-Nap1

2.8.1.In vitro Phosphorylation of HA-Napl

HA-Napl immunoprecipitates were obtained from 4&st cultures as described
above. The immunoprecipitates were washed fivedimigh 1 ml washing buffer (PBS
containing 0.5% Tween 20 and 10% glycerol). For Nagephosphorylation, the
immunoprecipitates were further washed twice wit tl 1x phosphatase buffer (50
mM Tris-Cl pH 7.5, 0.1 mM EDTA, 5 mM DTT, 0.01% BH5, 2 mM MnCj). The
dephosphorylation reaction was as previously desdri After dephosphorylation, the
beads were washed five times with washing buff&Jontaining 0.5% Tween 20 and
10% glycerol), followed by two washes with 0.8 mlKinase buffer (50 mM HEPES, pH
7.5, 10 mM MnC4, 1 mM EGTA, 0.01% Tween-20 and freshly added 2N DiTT).
Thein vitro kinase reaction was performed as described abbwecessary half of the
immunoprecipitates were treated with DMSO (contesill the second half with PP242.
After in vitro phosphorylation of Napl withy{?P]-ATP, the beads were washed

extensively until no radioactivity was detectedhme wash. At this stage Napl was eluted

47



Material and Methods

from the beads by adding p00.2% SDS and incubation on a thermoshaker fomizQ
Proteins were precipitated with TCA, digestion gqetide desalting were as described
above, except that the peptides were desalted sposhable C18 MicroSpin columns.
Radioactively labeled peptides were isolated by @1@rse-phase chromatography.

2.8.2. Reverse-Phase Chromatography

Reverse-phase chromatography was done on a ZorBa&18 reverse-phase
HPLC column (0.5 x 150 mm, 5.0m particle size, Agilent Technologies, Basel,
Switzerland) connected to an Agilent 1260 InfinBapillary LC System (Agilent
Technologies, Basel, Switzerland) at a flow rate 1&f ul/min. The column was
equilibrated with 98% solvent A (0.1% TFA) and ttligest was injected via a micro-
autosampler. After 10 min, the peptides were elut@éd a linear 60 min gradient from
2% to 80% solvent B (80% acetonitrile, 0.09% TFAhe effluent was monitored at 220
nm and 280 nm and fractions were collected evemjir2with a microtiter plate fraction
collector. Each fraction was dried in a speed-vatt @esuspended in 30 0.1% TFA. 5
ul were used for liquid scintillation counting angetremaining part was used for LC-
MS/MS as described.

2.10 Quantitative Real-time PCR Analysis

Cells were grown in SD medium to an gpof 0.8. Cultures were treated with
drug vehicle or rapamycin (200 ng/ml) for 30 mirsuteefore total RNA was isolated
using the RNeasy Mini Kit (Quiagen, Magden, Switzed) according to the
manufacturer’s instructions. Additionally, to reneogenomic DNA DNase | (Quiagen,
Magden, Switzerland) treatment was performed direct the RNeasy column. RNA

purity and quantity were assessed spectrophotarablyti CDNA was generated from 3
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ug of RNA using SuperScript Il reverse transcriptédseitrogen, Lucerne, Switzerland)
and random nonamers (Sigma) according to the metué’s instructions. Each cDNA
sample was diluted ten fold with nuclease-free w@anbion, Rotkreuz, Switzerland).
The cDNA was then analyzed by gPCR in a StepOneRdaktime PCR machine
(Applied Biosystems, Zug, Switzerland) using theBRYGreen method. Gene-specific
primers (Table 2.4) were designed with the Beacesigher software. The reaction was
set up by mixing 2u cDNA template with 7.5u 2x Power SYBR Green PCR Master
Mix (Applied Biosystems, Zug, Switzerland) pbnuclease-free water and QuBof each
forward and reverse primer (200 nM each). All reaxgt were run in duplicate. The
gPCR conditions were 95°C for 10 minutes, folloviyd40 cycles with denaturation at
95°C for 15 seconds and annealing/elongation af 66f 1 minute. Expression for each
target gene was normalized to actin and the referemample (TB50a untreated) was

normalized to 1.

Name Sequence

INO1 fwd TTAATGGTTCACCGCAGAATAC

INO1_rev GCCAGAACAGACTTCAACTTG
SIP4_fwd GCTCCTCTAACGCAATCACTG
SIP4_rev AGGGAAGTCAATTTTCGCACAG
ACT1_fwd ATGGATTCTGAGGTTGCTG
ACT1_rev CCTTGGTGTCTTGGTCTAC

Table 2.4 Primers used for gPCR analysis

2.9. Glycogen Staining

Staining of intracellular glycogen was performedhwodine vapor as previously
described [25].
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3. Results

3.1. Establishing a Workflow for the Qualitative Analysis of the

Rapamycin-Sensitive Yeast Phosphoproteome

Although it is known that TORC1 regulates many wall processes, the
molecular mechanisms by which TORC1 signals to rdeveprocesses are not well
understood. To date, only Tap42 [65], Sch9 [66] &fpll [32] have been identified as
direct TORC1 substrates. For a global understanadihghe phosphorylation sites
regulated by TORC1 and for the identification of vab TORC1 targets,
phosphoproteomes obtained from untreated or rapadArgated yeast cells were
compared. In particular, those phosphorylation &vehat are decreased following
rapamycin treatment can in principal, be regardediect substrates of TORCL1.

In a first comparison of the phosphoproteomes, gmet from untreated or
rapamycin-treated yeast cells were digested wybstn in solution, and phosphopeptides
were enriched via IMAC. The resulting phosphopegtiavere analysed by LC-MS/MS
and the proteins were identified by databank s@agchSurprisingly, except for
phosphopeptides of highly expressed proteins, tb&l tnumber of identified
phosphopeptides was disappointingly low (resultssi@wn). This is attributable to the
high complexity and the extremely large dynamicgeof the peptides present in the
digest that leads to the fragmentation of only riest abundant phosphopeptides in the
mass spectrometer. Therefore, it was obvious that yteast extract needed to be
fractionated in some way to reduce sample compleaitd to increase proteome
coverage. To date several separation techniqueaditonate entire proteomes have been
used independently or in combination, such as gtaation exchange chromatography
(SCX [91]), hydrophilic interaction liquid chromagaphy (HILIC [87]), and SDS-
PAGE [110]. SCX and HILIC fractionations are dorettze peptide level and involve
separations according to peptide charge and hydi@ph respectively. Therefore they

are very useful to further concentrate the negbtigharged and hydrophilic
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phosphopeptides. On the other side, SDS-PAGE dnaation is a convenient method
because it allows to directly lyse the cells in Sm#fer. Due to the strong denaturing
effect of SDS, inadvertent dephosphorylation oft@res by phosphatases can be
effectively suppressed. For this reason and for ihieerent simplicity of gel
electrophoresis, the proteomes from control ancamgEin-treated yeast cells were
separated by SDS-PAGE. Two preparative SDS-gel® wean in parallel, one for the
separation of an extract from untreated and therdtr the separation of an extract from
rapamycin-treated cells. The two gels were slicetividually into horizontal bands and
the gels slices were digested with trypsin. Befph®sphopeptide enrichment, tryptic
peptides were desalted on C18 reverse-phase colufaveral column formats were
tested to make sure that the maximal binding capadithe packing material was not
exceeded. The use of MacroSpin columns containdgi2bed volume of C18 material
was optimal for the desalting of the tryptic pepsidgenerated from a single gel slice
(~400 pug), since no peptide losses were observed in thencoflow-through (data not
shown).

After desalting, the phosphopeptides were enrichiadimmobilized metal ion
affinity chromatography (IMAC [80]). At this stage/o types of enrichment procedures
were tested. In one case, Fe(lll)IMAC resin wasealddirectly to one half of the peptide
pool and phosphopeptide enrichment was done byatmg the solution on a shaker for
one hour (“In-solution IMAC” [110]). The other hatf the peptide pool was loaded onto
a micro-column packed into a constricted GeLoage("tMAC column” [106]). The
phosphopeptide enrichment on the micro-column was Hetter than in-solution
enrichment, since the number of identified phosgiptides was two times higher (Figure
3.1A). The effect of the peptide to resin ratiotba selectivity of the IMAC enrichment
was also evaluated. Tryptic digests from individgs®l slices were spiked with
radioactively labeled yeast phosphopeptides andligteibution of the radioactivity in
the flow-through and the eluate of the IMAC micmitonn was measured. The
radioactive phosphopeptides were obtained afteestiigg a mixture of yeast proteins
previously phosphorylated by the Nprl kinase. Sacheterogeneous mixture of
radiolabelled phosphopeptides was favored over atumei of a few standard

phosphopeptides because it more closely resentiesamplex mixture obtained from
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yeast cells. The radiolabeled phosphopeptide pootained about 60,000 cpm in total
from which 2,000 cpm were used for each tracer exy@®t. The highest recovery of
radiolabelled phosphopeptides in the eluate wasrebd when a ratio between 0.1 to 1
mg peptide per 3@l packed IMAC resin was used (Figure 3.1B). Notalalyconstant
amount of radioactivity was always present in fbevithrough, even at very low peptide
to IMAC ratios. This is perhaps due to extremelgibgphosphopeptides that are unable
to bind to the F& of the IMAC resin. However, no significant raditiaity was detected
in the washing steps once the phosphopeptides twaatito IMAC, which indicates that
most of the phosphopeptide losses occur duringbthding step. In addition, at all
peptide to IMAC resin ratios a discrete amountaafioactivity corresponding to 20% of
the total loaded radioactivity was lost in the flthwvough and the eluate. These
phosphopeptides most likely bind irreversibly toARNI.

The IMAC eluates from the gel slices were analyretividually by LC-MS/MS
on an LTQ-Orbitrap hybrid mass spectrometer. Tgrfrant as many different peptides
as possible, after each survey scan, ten precimssmwere subjected to fragmentation in
the LTQ part of the instrument (Topl10 strategy [L1Also, to reduce peptide co-elution,
a shallow LC-gradient of less than 0.3 % solventhi&nge per minute was applied.
Moreover, phosphopeptides are known to undergmseteneutral-loss of {0, upon
collision induced dissociation. As a consequenga,edominant signal corresponding to
the dephosphorylated peptide and reduced backlvagméntation is observed [111]. To
obtain richer fragmentation spectra that yield ub@wous identifications during
databank searching, multistage activation [111] pe$ormed on the selected precursor
ions. Figure 3.2A summarizes the overall procedtoequalitatively analyze the

phosphoproteomes from both control and rapamyeiatéd cells.
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Figure 3.1 (A) Comparison between on-column and in-solupbiwsphopeptide enrichment. (B) Influence
of the peptide to resin ratio on the selectivitytiof IMAC enrichment. The phosphopeptide distritnuti
between flow-through and eluate was monitored byasueng the radioactivity of’P-labeled
phosphopeptides.

In total 850 unique phosphoproteins (1,683 unigum®sphopeptides) from
vehicle-treated cells versus 803 phosphoproteifB6{1unique phosphopeptides) from
rapamycin treated cells were identified (FigureB3ahd Appendix I-II). The ratio of
pSer:.pThr:pTyr was 61:8:1 and 65:10:1 for untreated rapamycin treated cells,
respectively (Figure 3.2B). This compares well teyously reported pSer:pThr:pTyr
ratios in mammalian cells (79:17:4) [112]. The sin@ phosphorylation detected in this
study probably is caused by dual-specificity kisase yeast [113]. Interestingly, a

relationship was observed between incompletelyvel@goeptides and phosphorylated
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peptides identified in the phosphoproteome. In tikreated and rapamycin-treated
samples there were 35% and 33% incompletely cleabhedphopeptides, respectively,
while these values were much lower for the non phosylated peptides (15% and 12%,
respectively). This is very likely due to inhibiticof the protease cleavage site by the
neighboring phosphorylated residue (Figure 3.2@Jleéd, most of the incompletely
cleaved phosphopeptides had phosphorylation sitedose proximity to arginine and
lysine residues when compared to fully cleaved phopeptides. The average peptide
length in the untreated and rapamycin-treated ghaspteomes was 14 and 13 amino
acids, respectively. These values do not diffenifiantly from previously published
phosphoproteomes, where SCX instead of SDS-PAGEused for fractionation [92].
This is surprising as one would assume that indigéstion tends to release small
peptides from the gel matrix, while large peptidds not diffuse out of the
polyacrylamide matrix. However, the fact that inttbstudies a comparable average
peptide length was observed could be attributabl&éée reverse-phase desalting step that
tends to bind very long peptides irreversibly.

In the phosphoproteomes from both untreated andmgpin-treated cells, the
majority of the phosphopeptides (80%) carried ohesphate, while 17% were doubly
phosphorylated peptides (Figure 3.2B). This distidn agrees well with the findings of
Bodenmilleret al. (84% singly and 15% doubly phosphorylated pep}id88]. This
distribution is specific to IMAC selection, sincewas reported that other enrichment
procedures like titanium dioxide (T#D enrich almost only singly phosphorylated
peptides [83]. Another interesting observation isatt the highest number of
phosphopeptides was detected in the high mass Hrtge gel and it decreased steadily
towards the low mass range. In both phosphoprote@b® of all phosphopeptides were
contained in gel slices above 40 kDa. A possiblplaxation is the exceedingly high
concentration of ribosomal proteins in the lowert pathe gel. The high concentration of
peptides derived from ribosomal proteins can eiffetyt compete and eventually displace

phosphopeptides from low-abundance phosphopropeesent in these bands.
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Figure 3.2 (A) Schematic overview for the qualitative TOR@hosphoproteome d&. cerevisiae. (B)
Summary of the results from a single phosphoprote@xperiment. The numbers in the white and black
boxes represent phosphoproteins/phosphopeptideg/pbrylation sites from untreated or rapamycin
treated cells, respectively. The pie charts (whitdreated; black: rapamycin-treated) illustrate mumber

of phosphorylation sites per phosphopeptide (C)oracids between phosphorylation and cleavage sites
1 means that the phosphorylation site is adjacettte cleavage site.
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Interestingly, the qualitative phosphoproteome taimed several known
components of the TORC1 signaling pathway (Figur@ &d Appendix I-1l). For
example, several transcription factors involve® P and RiBi gene expression like Fhl1,
Ifhl, Tod6, Dot6 and Stb3 could be identified [28-33]. Several phosphatase subunits
(Cdch5, Rtsl, Tpd3, Sapl55, Sapl190) and the kiBak® were also present [64-66].
Moreover, a number of transcription factors indiecontrolled by TORC1 could also
be identified in the present phosphoproteomic aistlyGatl, Gisl, Mafl, Mks1, Msn2/4
and Rtgl/3. Many phosphorylation sites of the raggamactivated protein kinase Nprl,
which plays a crucial role in the trafficking of @ato the plasma membrane [46, 47]
were detected. The permease Gapl itself along etlibr nutrient permeases (Agp1l,
Bap2, Canl, Dal4, Dip5, Fuil, Gnpl, Put4 and Tad¥ found phosphorylated in the
phosphoproteome. Also heavily phosphorylated wagtbtein Atgl3, a key regulator of
autophagy [51]. Several phosphorylation sites ntappo various proteins functioning in
translation initiation were also identified, forstance Gcn2, el Eapl and several
subunits of the elF2B and elF2 complexes. Fingdhgsphorylation sites on Tco89 and
Bit61, two subunits of TORC1 and TORC2, were alsonfd in the phosphoproteomic
analysis [22-24]. Interestingly, components of otsignaling pathways known to interact
with the TORC1 pathway were also well representedhie phosphoproteome. For
example, several phospho-sites from the PKA subuBdyl and Tpk3 and from the
upstream PKA regulators Gprl, Gpa2, Ira2 and Cyndlccbe mapped. Likewise, the
phosphoproteome contained phosphopeptides fronstifie kinase, its effectors Adrl,
Sip4 and Migl as well as its upstream regulatorglR&akl and ElIm1. Considering all
these findings, the phosphoproteomic workflow dgthbd in the present work allows
the tracking of rapamycin-sensitive phosphorylatiements associated with many

components of the TORCL1 signaling pathway.
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Figure 3.3 Schematic overview of the TORC1 signaling netwoR¢oteins in orange are found
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3.2. The Quantitative Rapamycin-Sensitive Phosphopteomeof S.

cerevisiae

In the first section a qualitative phosphoproteostrategy was presented, which
enables the detection of several physiologicallguant phosphorylation sites known to
be regulated by TORCL1. Interestingly, for somehefse proteins a qualitative difference
in phosphorylation following rapamycin treatmenultbalready be seen. For example,
T273 phosphorylation on Sch9 and S232/S233 phoglattimn of the Sch9 substrate
Rps6 were detected only in untreated cells (Appeidl), which agrees well with the
fact that TORC1 directly phosphorylates and actiseé8ch9 (the activating phospho-sites
are S711, T723, S726, T737, S758 and S765 [66]5hwh turn phosphorylates Rps6 at
S232 and S233 [66]. Likewise, many phosphorylasibes on Atgl3 (S355, T379, S382,
S461, S644 and S646) and Gatl (S291 and S399) wesent only in untreated cells
(Appendix I-1l) [51]. However, for other TORC1-relgted proteins the effect of
rapamycin treatment was not evident. For examgie, ame phosphorylation sites
between control and rapamycin-treated cells wewendoin Mafl, Msn2/4, Nprl and
Rim15 (Appendix I-II). This, however, does not exd® regulation on these sites.
Previous studies revealed down-regulation of a rermob phosphorylation sites on Nprl
following rapamycin treatment [114]. Thereforeisitmportant to be able tquantitate in
relative terms the effect of rapamycin on the gsiecupancy of all observable
phosphorylation sites.

In a first attempt to quantitate relative changégphosphorylation, the tryptic
peptides obtained from each gel slice were chelyiairivatized with the isobaric
iTRAQ reagent [115]. Even though quantitative datization of all peptides was
achieved with the iTRAQ reagent (Appendix IlIl), thetal number of peptides and
phosphopeptides was much lower than in the unldijgd@sphoproteome (164 vs. 1,683
unique phosphopeptides). The low yield of peptiddserved also by other laboratories,
is probably a consequence of the higher charge staiTRAQ-modified peptides in
comparison to the unlabeled counterparts. Thissledadvery complex fragmentation
spectra that are difficult to identify by data bas&arching [116]. A similar trend,
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although much less pronounced, was also observetheinpresent study, where the
percentage of doubly, triply and higher chargedsioras 88%, 11%, 1% versus 83%,
15%, 2% for the unlabeled and iTRAQ-labeled phoggeptides, respectively. Since the
iTRAQ approach was unsatisfactory, it was decideperform relative quantification by
stable isotope labeling with amino acids in celtue (SILAC [117]).

In contrast to iITRAQ, SILAC has the distinct advage that the protein extracts
from control and rapamycin-treated cells are mixed equal amounts before
fractionation, thus reducing experimental variatiitme and number of samples to be
processed. Similar to the original qualitative pitesproteomic workflow,
phosphopeptides from in-gel digested proteins weareched by IMAC, and the resulting
phosphopeptide pools were sequentially analyzed ®yMS/MS (Figure 3.4A). To
increase the phosphoproteome coverage and, equgllgrtant, to obtain statistically
sound results, four independent biological replisaivere processed. The advantage of
performing different experiments to increase phogpbteome coverage is illustrated in
Figure 3.4C. Essentially, only 50% of the total ghicopeptides have been identified and
guantified in three or more experiments and 20%meftotal hits have been found in just
one out of four experiments.

Even though a complete set of phosphopeptides conlg be obtained with
repeated runs, the reproducibility of the SILAGoatwas very high. The SILAC ratios
of each phosphopeptide from each individual expeninwere compared to the average
ratio of all other combined experiments and if@lir cases high correlation values were
obtained (Figure 3.4D). In total 2,487 unique phageptides and 2,607 unique
phosphorylation sites mapping to 972 phosphoprsteiere quantified (Figure 3.4B and
Appendix V). These values agree well with previguspublished yeast
phosphoproteomes: Gruhlet al. quantified 729 phosphorylation sites (from 583
cerevisiae phosphoproteins), while in more recent studiestap2,887 quantitative
phosphorylation sites had been reported [92, 100, 118].

The abundance of the quantified phosphoproteins agagpared to the protein
abundance of all yeast open reading frames (ORF8Eh were estimated in a previous
study from genome-wide protein affinity purificatieexperiments [119]. For this, the

cumulative percentages of all yeast ORFs and of gheteins quantified in the
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phosphoproteome were plotted. The two curves weréegqtly superimposable (Figure
3.4E), indicating that the dynamic range of the/AIklabeled phosphoproteins closely
follows the previously determined expression lewelgeast. Equally important, the data
suggest that there is no bias in the phosphopradowards highly expressed proteins so
that low abundant phosphoproteins are equally \geHntified than high abundance
phosphoproteins. This is important when considetivegmany effects TORC1 exerts on
signaling proteins such as transcription factorstgin kinases and phosphatases, which

are typically present in low copy numbers in yezdls.
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Figure 3.4 (A) Overview of the experimental approach for tlggantitative TORC1-regulated
phosphoproteome @. cerevisiae. (B) Summary of the unique phosphoproteins/phogeptides that were
quantified from four biological replicates. (C) fediagram for the overlap of quantitated phosphigine
from the four biological replicates. (D) Evaluatiohthe biological reproducibility. The SILAC raidrom
each single experiment were compared to the avesdigs of all combined experiments. (E) Comparison
between the protein abundances of 8&ll cerevisiae open reading frames (blue line) and the
phosphoproteins quantified in this study (red liff&ptein abundance data were retrieved from argeno
wide protein affinity purification study [119].

To identify those proteins whose changes in phaogétmon were significantly
affected by rapamycin, four biological replicates $ound statistical significance were
performed. For estimating the experimental variamceontrol experiment was devised
by mixing a light and a heavy cell culture withotgpamycin treatment so that
theoretically all SILAC ratios should be equal toAhy deviation from a ratio of 1.0 is
caused by experimental variation so that a prdpeshold for the rapamycin-treated cell
cultures can be set. Since the SILAC ratios obthinem MaxQuant range from 0 to 1
for down- and from 1 to infinite for up-regulatioall ratios were log2-transformed to
obtain a symmetrical distribution. For the conegperiment, an average SILAC ratio of
0.02 with a standard deviation of 0.28 was obtailB=ted on these values, the threshold
for a significant up- or down-regulation of the fobiological replicas following
rapamycin treatment was set to twice the standeavéation of the control experiment (x
0.56). However, some phosphopeptides were obsernvedly one experiment (Figure
3.4C) but had a large change in the extent of pghagtation. For such potentially
interesting phosphorylation sites, the thresholds wat to four times the standard
deviation of the control experiment (+ 1.12). Witie above filters 78 proteins had up-,
and 55 proteins had down-regulated phosphorylataflowing rapamycin treatment
(Table 3.1 and 3.2).

In the present phosphoproteome many significanity ar down-regulated
phosphoproteins have previously been linked to TORignaling (Table 3.1 and 3.2).
Consistent with the first qualitative phosphoproteoand previously published data, a
clear decrease in phosphorylation of Atgl3 and Se&a¥ observed [51, 66]. In contrast

to the qualitative phosphoproteome, the effectaplamycin on the phosphorylation of
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other TORC1-regulated proteins, like Mafl, Nprl aRdnl5 became now clearly
apparent (Table 3.1 and 3.2) [34, 47, 59].

It should be noted that not all changes observethénphosphoproteome are
caused by specific phosphorylation events. Previepsrts have shown that a very short
treatment with rapamycin (<20 min) already indusabstantial transcriptional changes
of specific sets of genes [41, 42]. As a resuthange in the extent of phosphorylation of
a given protein could be just as well the conseqgeiasf the altered mRNA level. To
discriminate between changes in gene expressiorphasphorylation induced by
rapamycin, the present phosphoproteomic data wergared with previously published
microarray data obtained from rapamycin-treatedstyealls [42]. A comparison of the
two data sets showed that in 25% of all proteing thgulation was probably a
consequence of altered transcriptional levels ratien altered phosphorylations (third
column in Table 3.1 and 3.2). However, for 13% lod proteins an inverse correlation
between the change in phosphorylation and mRNAIdewas observed (third column in
Table 3.1 and 3.2). This clearly rules out thaséhehanges in phosphorylation were an
indirect effect of a change in gene expression.i@lsly altered mRNA levels do not
necessarily correspond to changes in protein leviiss is because not only protein
synthesis but also protein stability and degradatice important determinants affecting
the overall protein abundance. Furthermore, the ARNeds to be processed and
translated before alterations on protein expressi@eome evident. Therefore, a
comparison between phosphoproteomic and transoriptdata does not always allow
deciding whether a phosphorylation change is dua ¢hange in protein abundance or
not. To see if a change in the extent of phosphtion is a consequence of altered
translation/degradation or phosphorylation, anualtgof each sample was analyzed by
LC-MS/MS before IMAC selection to quantitate thetains in relative terms. In theory,
based on the intensity of the ensemble of peptidsnging to the same protein, it
should be possible to see if the expression ofgfotein is altered or not. Unfortunately,
because of the enormous peptide complexity, onB6 3# the proteins which were
identified in the phosphoproteome could be tracethe LC-MS/MS runs of the digests
prior to IMAC enrichment (Appendix V). In spite dfe low proteome coverage, it was

possible to monitor the relative expression lewd#l4,328 yeast proteins (fourth column
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in Table 3.1 and 3.2 and Appendix V). Interestinglgly 1.2% of the observed proteins
had up- or down-regulated protein expression irparse to rapamycin (Table 3.3),
which means that the transcriptional effects exieloye rapamycin usually take more than
20 minutes to alter protein expression. Among #wulated proteins, 12 had higher, and
4 lower expression levels following rapamycin treaht (Table 3.3). Consistent with
published microarray data [42], among the up-regdlgoroteins there were several
permeases (Agpl, Canl, Dip5, Gapl, and Ptr2) dsawéhe enzyme Durl,2 responsible
for urea catabolism. Moreover, in accordance with megative control of TORC1 on
glycogen synthesis, the expression of the glycayerthase enzymes Gsyl1/2 was found

to be significantly increased after rapamycin tresit.
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Hyperphosphorylated proteins (part 1)

Phospho Site

(Av. Ratio * SD) mRNA  Protein

CDC33 S30(12.90) * >

CLA4 T 447 (1.74 +0.08) >

DBF2, .
DRr2n T5%4(268)

$535,5539(21.480) *
DED1  S535(5.90 +1.69) N
$539(6.93 £3.14)

EAF1  T971(1.84£0.18)
EFR3  S735(1.94 +0.43)

+0. N
GCS1  $157(2.08 £0.39) >
GIN4  S666(2.14 +0.21) >
GPH1 T31(2.33+0.59) 0 ™

$17(1.80+0.22)
HAL
$17,519(3.95) *

s .
$332,5344(6.77) *
HOM3 EN
T333,5344(4.82) *

ISW2  T1079(1.83 £0.29)

KEL1 ~ S613,5621(4.08) * >

KKQ8 $21(1.98+0.05)
S$75(2.96) *

Phospho Site
(Av. Ratio + SD)
T 298, S 303(3.00) *

LSB3 ™
5300, 5303 (2.35) *

$287(9.00) *
MDG1 $288(3.37+1.87) ™
$291(6.17) *

mRNA Protein

NUS1  S60(4.55) *

T352(2.56 +0.54)

$209 (2.08 +0.33)
$246(3.11 +0.88)

PAR32 $36,S39(4.90) * 1
$39(2.50 +0.89)

OSH3

PDR12 $56(2.93+1.49) >

PSP2 $340(2.03+0.26)

PUT4  S47(4.30) * 1
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Hyperphosphorylated proteins (part I1)
(P::s::gosr:m mRNA  Protein :)A[‘\:S::t?oS::D) mRNA  Protein
T243(3.29 £ 1.06) T75,577(10.10) *
RSC2 $682(2.36+0.7) s S77(1.72£0.32) T
S47,550 (5.68) * S 228 (5.74 +2.58)
S47(3.03) * YBR287W S 231,S234(2.96 +0.06)
RTS3 S238(8.84) * T $231(7.09) *
S 241 (8.06 +3.81) YBT1 $936(8.98+1.7) * >
RTT107 T532(2.45+0.74) YGR125W S 149 (2.40) *
ScP160  T50(1.51+0.03) & EN YGR237C T638(2.55+0.71) N S
SEC7 $772(7.08 +0.28) > S 287 (4.78) *
$200,S 201 (1.79 £ 0.2) L R2E $273 (1.64 £ 0.05) T
SMi $202,S 203 (2.21) * S7(6.42) *
SPN1 T15(1.89+0.19) S YLR257W T 44 (10.680 £ 5.29) N
$480(3.03+0.2) $137(2.92 +1.89)
Ssbl T 482 (2.90+0.39) = S$30,533(2.86) *
SSK2 $39(2.18 £ 0.01) YOR0S1C $30,T 34 (3.04 £0.67) v
1340,T 1 2.46) *
TEAL T 755 (1.82 £ 0.16) $99,T 103 (2.45 +0.18)
TIF4632 T196(1.91+0.31) > YPR172W T101(2.57)* N
TIFS T191(3.90 £ 1.1) J > T103 (3.14) *
TPS3 S 148 (1.68 £ 0.22) N BN $301, S 311 (1.86 + 0.09)
$147 (3.84 +1.11) Yscaa S 274 (2.71 £ 0.36) =
TS $73,577(5.24+1.11) * T ZEO1 S 25 (1.85 £0.24) N

Table 3.1 Rapamycin-induced increase of phosphorylatiom.daeh protein the regulated phosphorylation
site(s) and the fold-increase (Av. Ratio + SD)iieg. Significantly increased) or decreased|] mRNA
levels after rapamycin treatment [42] are indicafBige fourth column shows increased ¢r unchanged
(—) protein expression measured in the proteomicyaigal An asterisk (*) marks phosphopeptides
identified only in one experiment.
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Hypophosphorylated proteins
Protein :)::S::t?:::n) mRNA  Protein Protein :)::S:::;OS::D) mRNA Protein
T 136 (0.38 £0.09) NAP1 T 24 (0.59 + 0.00) >
AMDL ¢ 135 (0.31+0.09) 2 S 255,'S 260 (0.30) *
$554 (0.09) * NPR1 $353,5356(0.33+0.16) 4
$649(0.29 +0.19) $257,5 260 (0.10) *
ATGI3 <346 5348 (0.08 +0.01) ORC2 $188 (0.54 + 0.05) J
$379(0.28 +0.12) S 16,5 19 (0.31 + 0.04)
BNI4 S 43 (0.43) * PCT1 $ 19 (0.52 + 0.02) 2
*
BOI1 $147 (0.46) * img $272(0.37)
BUL1 S 195 (0.47 £0.11) PTR2 S$594 (0.35) * N N
CCR4 S 281, T 285 (0.63 + 0.03) RCN2 $198 (0.41) *
CLB3 $33(0.37) * REG1 S$570(0.41 £ 0.04)
DNF3 $908 (0.27) * RIM15 $1047 (0.52 £ 0.00)
S 245 (0.33 £ 0.04) $392 (0.47 £ 0.12)
DOT6 547 (0.44) * RPC82 S 394 (0.46 + 0.10) v
$281(0.51 +0.07) RPH1 $587(0.33) *
EAP1 $282(0.57 +0.15) RPL12A $38(0.57 +0.08) J >
ESF1 $223(0.65+0.02) & EN SCH9 $726(0.22 £0.11) N2
FIN1 $36(0.51 +0.09) N $20(0.28 +0.05)
FRA1 S 56 (0.48 £0.16) SER33 S$22,529(0.08 +0.04) =
GAT1  $270(0.34+0.16) N $22(0.33+0.10)
$577(0.18 + 0.02) SKY1 S 445 (0.55 + 0.05)
GENZ <569, 5572 (0.07 £0.02) SLA2 $308 (0.55 + 0.08) N
GIN4 $502(0.30) * > $155(0.37) *
S 111 (0.35 + 0.09) SSb1 S 164 (0.56 + 0.07)
GNP ¢ q13 (0.27 +£0.05) v STB3 $337(0.43 +0.12)
IRA2 $631(0.02) * STM1 $55(0.29) * N EN
S 581 (0.37 +0.05) SWIS T 490, S 492 (0.37) *
= $537(0.42) * ToL1 T 460 (0.44) *
T 526, 529 (0.35 + 0.05) UBR1 T 291, S 296 (0.62 + 0.04)
$827(0.27 +0.01) UBX7 5388 (0.53 + 0.08)
KSP1 $883,5 884 (0.11) * S14,517 (0.14) *
S 884 (0.40) * il S 14 (0.12 £ 0.04) v
LHP1 $19 (0.51 +0.13) J > S 196 (0.40) *
$90 (0.25 +0.08) $583(0.24 +0.03)
MAFL 5209 (0.29) * viez $182,5 187 (0.07) * >
MET2  T272(0.31)* $182(0.37 £ 0.02)
MKS1 $518(0.43 £0.18) VTC3 S$592 (0.54 £ 0.15) EN
MOB2 $38(0.61 £0.04) YBR0O28C T82(0.23) *
T20,T 24,527 (0.10) * vJLol6w S350 (0.50+0.02) >
NAP1 T20,T24(0.47 £0.10) N ymL11ow S72(0.39) *
T20(0.42) * 7U01 $50(0.58 +0.14) J >
Table 3.2 Rapamycin-induced decreased of phosphorylatioor Each protein the regulated

phosphorylation site(s) and the fold-decrease [Ratio + SD) are given. Significantly increaseqg 6r
decreased |)] mRNA levels after rapamycin treatment [42] areidated. The fourth column shows
increased 1) or unchanged—¢) protein expression measured in the proteomicyaigal An asterisk (*)
marks phosphopeptides identified only in one expeni.
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Increased abundance
Av. Ratio £ SD mRNA

AGP1 239 * T
CAN1 3.47 * 0
CIS3, HSP150, PIR1, PIR3, YJL160C ~ 2.27 +0.43 40
DIP5 2.86 £1.20 0
DUR1,2 3.14+1.20 ™
GAP1 5.66 + 1.80 0
GSY1, GSY2 1.61+0.10 ™
INO1 3.01* ™
MSC1 2.15+0.56 ™
OoMm45 1.73 £0.10 0
PTR2 2.13+0.37 ™
REP1 2.50 +0.43

Decreased abundance

Av. Ratio + SD mRNA

PHO84 0.55 +0.08 N2
UFD2 0.31*

YLLO54C 0.26 £0.26
YNRO21W 0.35*

Table 3.3 Rapamycin-induced increase or decrease in pratsimdance. For each protein the fold-change
in protein quantity (Av. Ratio + SD) is shown. lrassed {) or decreased ] mMRNA levels after rapamycin
treatment [42] are indicated. An asterisk (*) mgpksteins identified in only one experiment.

To determine if TORCL1 controls phosphorylation péafic sequence motifs, the
sequences surrounding the rapamycin-regulated pbesiges were analysed with the
Motif-X algorithm (Figure 3.5 [120]). For sites wém extent of phosphorylation did not
change, no clear kinase consensus was found eaciglit sites (data not shown), which
is a consequence of preferential binding of acghosphopeptides to the IMAC resin.
For the peptides whose extent of phosphorylatioa d@vn-regulated upon rapamycin
treatment, the top scoring motif was RRxS (the phosylated residue is underlined).
The same motif was underrepresented in the phosgpltides whose phosphorylation
was up-regulated (Figure 3.5). In addition, thetedd motif RxxS appeared in both the
up- and down-regulated phosphopeptides (Figures Bibally, the two motifs SP and
SxxS were also present, but only in the up-regdiai@osphopeptides. The same result

was obtained when the rapamycin-sensitive phospiepme from Hubeet al. was
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analysed by Motif-X [34]. From this analysis, itpgars that the RRxS consensus site is a
primary target motif for TORC1-dependent phosphatigh.

Notably, the RRxS/T consensus becomes specifipddbsphorylated by protein
kinase A (PKA [121, 122]). Out of the 55 proteinsase phosphorylation was decreased
upon rapamycin-treatment, 10 had decreased phogption at PKA sites (Fral, Gcn2,
Kcsl, Kspl, Lhpl, Mafl, Mksl, Ssdl, Vtc2, and YBOQ). Interestingly, Fral, Kspl,
Lhpl, Mafl, and Ssd1 have been shown to be PKAetangvitro [72, 121] and Mafl is
phosphorylated and negatively regulated by PKABA&RC1in vivo [34, 35, 123, 124].
Moreover, the localization of the serine/threorpnetein kinase Kspl is affected by PKA
[125], and Gcn2, Kesl, Kspl, Lhpl, Mksl, and Ssdtehbeen linked to TORC1 and
PKA signaling either genetically or biochemicallywfw.yeastgenome.org). These
observations suggest that the PKA and TORC1 pathveag interconnected and that
TORC1 may modulate PKA activity. It is importantriote that not all PKA target motifs
in our phosphoproteome were affected by rapamyemtrment, like the PKA sites in the
two well-known PKA targets Msn2 and Nth1.

To confirm these findings, targeted analyses werdopmed for some PKA
substrates, with particular emphasis on the efféctpamycin treatment on the vivo
phosphorylation of the known or suspected PKA sabss Kspl, Mafl and Ypk3 (also
known as Ybr028c and Kbn8). The regulated phospatoy sites on these three
proteins that were identified in the phosphoproteoare listed in Table 3.4 (the
phosphorylation sites in bold conform to the PKAsensus site).
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Down-regulated Up-regulated
phosphopeptides phosphopeptides

TYYTYYYTTOFOY Y OYORPORPYR
| S S S B T S

Figure 3.5 Motif analysis of the peptide sequences surraupdle rapamycin down- (left panel) and up-
regulated (right panel) phosphorylation sites. #ar Motif-X algorithm, the phosphorylation sites ree
extended by 7 residues on each side. The heighhefresidues is proportional to their binomial
probabilities based on the background database JSGie red lines represent a p-value of 0.01 (after
multiple hypothesis correction) and the blue linegresent the significance threshold used in th&fMo
analysis. Motifs are ranked from top to bottom.

Protein Description (SGD) Regulated phospho-site (Av. Ratit SD) Direction
T526, S592 (0.35 + 0.05)

Ser/Thr protein kinase required for S$827(0.27 £0.01)

NS haploid filamentous growth. S883, S884 (0.11) B
S884 (0.40)
; 90 (0.25 £ 0.08)
Negative regulator of RNA polymeras§
Mafl Il in response to nutrients and stressS 209 (0.29) Decreased
: T 82 (0.23
Ypk3  AGC kinase phosphorylated by PKA. ( ) Decreased

S 207 (0.67 +0.05)

Table 3.4 Proteins chosen to investigate thevivo effect of rapamycin on the PKA consensus sitek. Al
three proteins were found to be regulated in thesphoproteome at sites with a perfect PKA consensus
motif (phospho-sites in bold). The average foldrgjein phosphorylation and the corresponding stahda
deviation (SD) was calculated from all four phogmtmbeomic experiments (Appendix V).
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To investigate the effect of rapamycin treatmenttain vivo phosphorylation of
Mafl, Kspl and Ypk3, phosphorylation of these pnstevas probed with an antibody
specific for the phosphorylated consensus PKA tamgaif (anti-RRxS/T). As reported
previously [123], PKA-dependent Mafl phosphorylatiwas reduced after rapamycin
treatment (Figure 3.6A), which agrees well with gffe@sphoproteome data (Table 3.4).
Other reports, however, show activation of Maf1RI¢A via the TORC1 effector Sch9.
Since Sch9 is a member of the AGC kinase familyait directly phosphorylate the PKA
consensus sites in Mafl [34, 35]. To demonstratg TTORC1 activates PKA to
phosphorylate Mafl, the cell permeable, phosphtetiase resistant cCAMP analogue 8-
Bromo-cAMP [126] was used to activate PKA in rapamstreated yeast cells, in which
TORC1 and Sch9 are inactive (Figure 3.6B). As etqgubcTORC1 inactivation upon
rapamycin treatment resulted in a strong reduatioklafl phosphorylation at PKA sites
and addition of 8-Br-cAMP to the cells restored Mahosphorylation at the same sites
(Figure 3.6B). Likewise, phosphorylation of bothpdsand Ypk3 at PKA consensus
site(s) decreased upon rapamycin treatment (Figu@&), which again agrees with the
phosphoproteomic data (Table 3.4). Moreover, likaflM but to a lesser extent,
activation of PKA with 8-Br-cAMP counteracted thehibitory effect of rapamycin on
the phosphorylation of Ypk3 at PKA sites (Figur&B). Similar experiments were
performed for the PKA substrates Cdc25, Ckil, Msnf] Yakl. For Cdc25, Yakl, and
Ckil no phosphorylation by LC/MS/MS was detectedhair PKA sites and for Msn2,
no change in phosphorylation was found at the s#®ding in the PKA motif.
Accordingly, no change in phosphorylation upon rapein treatment was detectable
using the anti-RRxS/T antibody (Figure 3.6C). Thbsth large scale and targeted
analyses suggest that TORC1 activates PKA towagjeaific subset of substrates (e.g.
Kspl, Mafl and Ypk3).
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A

- v X
3 g 3
Maf1-HA g £  Ypk3-HA £ Kspl-HA
Rapamycin - + - - = + - - 4
@ RRXﬂ —_— -— —
B Maf1-HA Ypk3-HA
8-Br-cAMP - - - + + = o © d q¢
Rapamycin - - + - + - -+ -+
@ HA — — — - -
@ RRXiT - - p— - -
C 4 4 X 4
v 19 |9} (9]
g Cdc25-HA 2 Msn2-MYC Yak1-MYC 2 2  Ckil-HA
Rapamycin - S + - - + - + = = - +
@HA — — - e | | — -— -

Figure 3.6 Influence of TORCL1 inhibition omn vivo PKA substrate phosphorylation. (A) Rapamycin
negatively affects the phosphorylation state at P#tAs of Mafl, Ypk3 and Kspl. The blots were ptbbe
with an antibody against the HA tag (@ HA) or agaitihe phosphorylated PKA consensus sequence (@
RRxS/T). (B) Constitutive PKA activation with 8-BAMP compensates the rapamycin-induced
dephosphorylation at PKA sites of Mafl and Ypk3.eThlots were probed as in (A). (C) Effect of

rapamycin treatment on PKA substrates whose cousesequence phosphorylation was not altered. The
blots were probed as in (A).

3.3. Validation of the Phosphoproteomic Data

In 2009 another yeast rapamycin-regulated phospie@me was published [34].
A comparison of the two studies revealed surprlgitiggle overlap. Although the total

number of rapamycin-regulated phosphoproteins weag similar in the two studies (133
vs. 129), only 29 phosphoproteins (13 down- andid-8egulated) were common (Figure
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3.7). Among the phosphoproteins identified exclebivin this study, there are many
which have already been shown to be clearly invbimeTORC1 signaling (Gcn2, Nprl,
Rim15 and Ssdl). Other phosphoproteins representéds study were shown to have
altered sensitivity to rapamycin, caffeine or waatmin resistance upon gene deletion
(Figure 3.7). This clearly shows that dependingtlom approach and conditions used,
complementary phosphoroteomes are obtained. Nelest) this also means that a
thorough validation of the phosphoproteomic dateegiired, especially regarding those
proteins that were found in just one of the twalsts. Moreover, the observation that a
protein contains rapamycin-sensitive sites is diefy an important indicator of its
involvement in TORC1 signaling, but it needs furthealidation by additional
experiments. Indeed, even a significantly regulgtiedspho-site may have no functional
consequence. This is because the phosphorylatioangels measured in the
phosphoproteome are relative rather than absoloémges. In addition, the protein
coverage in the phosphoproteome is typically low tuthe high dynamic range and the
complexity of the sample. As a consequence, adhditicegulated phospho-sites could be
missing for each phosphoprotein identified in thegphoproteome. For these reasons, it
was important to further investigate some of thentdied rapamycin-sensitive

phosphoproteins to check whether they were real CO&ffectors.
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Phosphorylation Down-regulated

Atg13 (rap +) Bul1 (rap +)
Ccr4 (rap -) Eap1 (rap -)
Dot6 (rap +) gin41(zap +))

np1 (rap +
Eaﬂ (rap +) This study Kes1 (rap -)
G Lhp1 (rap +)
P P
Maf1 (rap +) Nap1 (rap -)
Mks1 (rap +) Npr1 (rap +)
Reg1 (rap -) Ren2 (rap +)
Sky1 (rap +) Rim15 (rap -)
Stb3 (rap +) Rph1 (rap +)
Ssd1 (rap -)
Stm1 (rap +)
Huber et al. Zuo1 (rag-)
Phosphorylation Up-regulated
Efr3 (rap -) Cdc33 (rap +)
Gin4 (rap +) Cla4 (rap -)
Hal5 (rap -) Dbf2, Dbf20 (rap -)
Hom3 (rap -) This study Dcs2 (rap +)
Ldb19 (rap -) Eaf1 (rap -)
MIf3 (rap +) Elp4 (rap +)
Orm1 (rap +) Gph1 (rap-)
Par32 (rap +) Ncl1 (rap -)
Ras2 (rap +) Osh3 (rap -)
Tcb3 (rap +) Pdr16 (rap +)
Ygr125w (rap -) Psp2 (rap +)
Ygr237c (rap +) Huber et al. Put4 (rap -)
YIr257w (rap +) Rsc2 (rap -)
Rts3 (rap -)
SmiT (rap -)
Ssd1 (rap -)
Teal (rap +)
Ylr152c (rap -)
Yor051c (rap +)

Figure 3.7 Overlap between the present and a previouslyighad rapamycin-sensitive phosphoproteome
[34]. The regulated phosphoproteins common to kgitidies are listed on the left while regulated
phosphoproteins unique in the present study aexlian the right of the Venn diagrams. (rap +) @ag -)
indicate increased or decreased resistance tonsagin the corresponding null mutants.
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Twelve proteins that were found to be significamtfiected in phosphorylation by
rapamycin were chosen for further investigationisTdinoice was based on the following
criteria: firstly, we focused only on phosphoprotiidentified in the present study.
Secondly, priority was given to those phosphopnsté¢hat were found to be regulated in
at least three out of four independent experimehisrdly, proteins whose biological
functions could be linked to TORC1 downstream diggavere preferred over less well-
characterized proteins.

Twelve proteins were chosen for additional investan, eight of them (Hal5,
Isw2, Kkq8, Ldb19, Mtcl, Noc2, Rts3, and Sec7) wa@e phosphorylated following
rapamycin treatment, and four had decreased phogption upon rapamycin treatment
(Nap1, Regl, Vtc2, and Vtc3) (Table 3.5). Hal5 &idj8 are members of a class of
serine/threonine kinases involved in regulatingioues plasma membrane transporters.
They are homologous to the Nprl kinase, which hrasady been shown to be a target of
TORCL1 signaling [47]. Noc2 is a plausible targeTGfRC1 signaling since it is involved
in the intranuclear transport of ribosomal prectsg®27], an important step in ribosome
biogenesis. Ldb19 is implicated in the regulatmnstability of plasma membrane
permeases [128], which may explain its involvemennutrient uptake and TORC1
signaling. Napl was particularly interesting dudtsophysical interaction with TORC1
[129] and because its deletion affects the locttimaof the kinase Gin4 [130], another
protein found to be significantly affected by rapamm (Table 3.1 and Table 3.2). Vtc2
and Vtc3 are subunits of the vacuolar transpott@perone complex. They are attractive
candidates because TORC1 has been shown to lotalthe vacuolar membrane [131].
Isw2 is interesting because it represgd®1 expression [132] and its protein product is
also increased upon rapamycin treatment in theepnoic analysis (Table 3.3). The
regulatory subunit Regl of the Glc7 phosphatasedsired for the dephosphorylation
and inactivation of the kinase Snfl, which had beshown to become more
phosphorylated at T210 upon rapamycin treatmenB,[1B34]. Rts3 is a putative
component of the protein phosphatase type 2A (PR#A) it is interesting because
TORC1 controls the activity of PP2A and PP2A-likeopphatases [64]. Finally, the

proteins Mtcl and Sec7, even though unrelated tB@Dat a first glance, were included
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for validation as they had reproducibly large cremgn phosphorylation following
rapamycin treatment (Mtcl: 4.24 + 0.93; Sec7: 2@828).

Regulated phospho-site
(Av. Ratio + SD)

Protein  Description (SGD) Direction

ATP-dependent DNA translocase involved in T1079 (1.83 + 0.29) Increased

Isw2 - .
s chromatin remodeling.

Protein involved in regulating the endocytosis of
Ldb1l9 plasma membrane proteins by recruiting the ubiguiti T795 (6.64 + 0.58) Increased
ligase Rspb5 to its target.

T20 (0.42)
Involved in the transport of H2A and H2B histones t T20, T24 (0.47 +0.10)
Napl  the nucleus. Involved in regulating mictotubule
dynamics during mitosis. Controls bud morphogenes

Decreased
igzo, T24, S27 (0.10)

T24 (0.59 + 0.00)

Regl Regulgtory subunit of the protein phqsphatase Glc7. S570 (0.41 + 0.04) Decreased
Negatively regulates glucose-repressible genes.

GEF factor for ARF proteins involved in proliferat + Increased
Ses? of the Golgi. Regulates ER-to-Golgi transport. S772(7.08 £0.28)

Subunit of the vacuolar transporter chaperone (VTC)
Vic3 complex involved in membrane trafficking, S592 (0.54 +0.15) Decreased
microautophagy and non-autophagic vacuolar fusion.

Table 3.5 Phosphoproteins whose extent of phosphorylati@s wsignificantly altered by rapamycin
treatment selected for further studies. Protein cfions were retrieved from SGD
(http://www.yeastgenome.org/).

76



Results

To check the role of the above proteins in TORG@Mhalng, (1) the rapamycin
sensitivity and (2) the glycogen accumulation & torresponding deletion mutants were
investigated; (3) their SDS-PAGE mobility was mongd to check if rapamycin
treatment was able to induce a shift in migratemg (4) an in-depth LC-MS/MS analysis
was performed to confirm the regulated phosphdoratsites identified in the

phosphoproteome and to check for the presenceditiathl rapamycin-sensitive sites.

3.3.1. Rapamycin Sensitivity, Glycogen Accumulatioand Electrophoretic Mobility
Shift

The rapamycin sensitivity of the null mutants wasnpared with the one of the
wild-type strain TB5@ (Figure 3.8A). This is an important indicator,chase many
known TORCL1 effectors cause sensitivity or resistato rapamycin when deleted (e.qg.
0ln34, kogl4, Ist84, msndA, nprlA, riml54, sch94, sfpla, tco894, tor14). Similarly, the
strainsisw24, regl4, hals54 andldb194 are more sensitive to rapamycin because they
mimic the torl4 phenotype. Interestingly, whileegla, hal54 and|db194 have been
shown to be less sensitive to rapamycin in straiite a different background, it has
never been shown thaBW2 deletion confers sensitivity to rapamycin. Moreqvier
contrast to the published rapamycin sensitivity5]180 change in rapamycin resistance
of thenapl4 mutant was observed. The rapamycin sensitivitgeof4 andnoc24 could

not be investigated, because both null mutants wetreiable (Figure 3.8B).
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Rapamycin 0nM 1.5 nM 2.5nM 35nM
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reg1A

WT (TB50a)
naplA
mtclA
kkq8A

vtc2A
vtc3A N

B

sec/7/A noc2A

Figure 3.8 (A) Sensitivity of the null mutants against in@séng concentrations of rapamycin. The null
mutants were compared to the rapamycin sensitofithe wild-type strain TB50a and the hypersensitiv
torla mutant. (B) Tetrad dissection of heterozygoses74/sec7 and noc24/ noc2 mutants. The
homozygous deletion strains are not viable.

To cope with stress, such as nitrogen starvayieast cells typically increase the
synthesis of the storage carbohydrates glycogentrahalose [136]. Because nitrogen
starvation causes inactivation of TOR@dr, 141 mutants accumulate more glycogen than
wild type cells [25]. Therefore, altered accumwatdf glycogen upon deletion of a gene
is a good indication whether a protein is invoMaedTORC1 signaling or not. For
example, deletion ofKOG1, TCO89, and NPRl leads to increased glycogen
accumulation, and individual deletionsATG1, ATG13, ATG17, andRIM15 accumulate
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less glycogen than wild type cells [137]. Howevers also known that pathways other
than TORC1 impinge on glycogen synthesis, sucthasPKA and Snfl pathways. For
example, bottbcyla cells with constitutively active PKA signaling asdf14 cells have
reduced glycogen accumulation [138, 139]. Therefateered glycogen accumulation
and rapamycin sensitivity are indicators (but bynmeans certain) that a gene is part of
the TORCL1 signaling pathway.

Concerning the mutants selected for the phosphepmé validation)db194,
hal54, regl1 andisw24 deletions clearly increased glycogen accumulatiamch was
even more pronounced after rapamycin treatmentu(€i®.9).regl4 was expected to
cause increased glycogen accumulation due to lgsimaargeting the Glc7 phosphatase
to the Snfl kinase. Dephosphorylation inactivateskinase activity of Snfl arshf14
cells accumulate less glycogen than the wild typ®&]. As a resultREG1 deletion
should lead to an increase in phosphorylation acttd/adion of Snfl and therefore
increase glycogen levels.

The observation that deletion ¢6W2, a chromatin remodeling factor, has
increased glycogen accumulation is more difficalekplain. This mutation is probably
only indirectly related to glycogen metabolism, #nege glycogen levels are also affected
by cellular stress, which may be caused by pertiobaof chromatin structure.
Nevertheless, it has also been shown i@t/ cells accumulate less glycogen dhdD1
transcription is repressed by Isw2. This has bdearly observed in the proteomic
analysis as well, where the Inol protein level sigsificantly increased upon rapamycin
treatment (Table 3.3). ConsequentldN2 deletion should relieve the repression on
INO1 expression and as a result lead to increased ggycaccumulation.

Ldb19 is a protein involved in endocytosis of plasmembrane permeases and,
as such, abnormal glycogen accumulatioldbi94 could be a consequence of decreased
nutrient uptake impinging on TORCL1. Less clearhis phenotype ohal54, a protein
involved in the regulation of Trk1/2 potassium sparters. Maybe the abnormal
phenotype observed Idb194 is a consequence of cellular stress becauséiioian that
hal54 mutants are more susceptible to various typesressts (e.g. hyperosmotic, ionic,

doxorubicin and cisplatin hypersensitivity).
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Figure 3.9 Glycogen accumulation of rapamycin- or vehickeated yeast cells. Glycogen accumulation of
the individual deletion mutants was compared toité-type TB50a strain and ther14 strain.

Next, the gel migration of the selected candidates checked since protein
phosphorylation often induces a shift in electraptio mobility [140]. For the majority
of the tested proteins, no shift in electrophoratigration following rapamycin treatment
was seen. This can in part be explained by the hmglkecular weight of the proteins
tested. Also, a migration shift is unlikely to ocdfi the change of phosphorylation
induced by rapamycin is small or if the overallesitccupancy is low (see 3.2.2).
Nevertheless, rapamycin treatment of Ldb19-HA akd8HA led to shifts in migration,
and interestingly, an increase in protein abundammen rapamycin treatment (Figure
3.10A). The expression of Rts3-MYC was also up-tatgd probably by an increase in
the mRNA level (Fig. 3.9A, Table 3.1) [41, 42]. &nfor Ldb19 and Kkg8 no change in
MRNA abundance was reported [41, 42], the obsemeckase in protein abundance
could be due to increased protein stability perlapsght about by phosphorylation. The
mobility shift of Ldb19-HA and Kkg8-HA was reversesiith A protein phosphatase
treatment (Figure 3.10B). Notably, for Ldb19-HA twsmforms approximately 7-8 kDa
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apart were detected (Figure 3.10A-B). The masdg shififorms to a modification of

Ldb19 by ubiquitin. This protein was reported to Ud@quitinated at K486 by the E3
ubiquitin ligase Rsp5 [128]. Interestingly, it seemmat both isoforms are affected by
treatment with rapamycin. Similar to Ldb19-HA, tlobange in the electrophoretic
mobility of Kkg8-HA induced by rapamycin could better appreciated when the protein
was treated withh protein phosphatase (Figure 3.10B). In conclugamall proteins

except Ldb19-HA and Kkg8-HA, no clear change inmaign was observed. In the case
of Ldb19-HA, Kkg8-HA and Rts3-MYC a change in prioteabundance was also
apparent. Finally, for Sec7-HA a slight change iigration was observable, but it was

evident only for a degradation product of Sec7-HW aot for the intact protein.

A R o, Mw S, Mw
apamycin (kDa) (kDa)
Hal5-HA | 49 S| 95 Regl-HA | e &8 | 113
lsw2-HA | guee @ | 130 Rts3-MYC |wweee | 29
Ldb19-HA | My M| 90 Sec7-HA | g @B | 227
Kkg8-HA | o M| 83
MIC1-HA | g | 53 Ubx7-HA | e @ | 50
Nap1-HA .. 48 VIC2-HA (e @ | o5
Noc2-HA | 9| s> VIC3-HA | | 07
B Rapamycin = = + +
APPase - + - +
Ldb19-HA

KKAB-HA | wn w0

Figure 3.1Q (A) Comparison of the electrophoretic migratioh HA-/MYC-tagged candidate proteins
isolated from untreated (-) or rapamycin-treatell ¢ells. (B) In addition to rapamycin treatmerite t
immunoprecipitates of Ldb19 and Kkq8 were furtlreated with (+) or without (-} protein phosphatase.
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3.3.2. In-depth LC-MS/MS Analysis of Selected Regaled Phosphoproteins

Mapping phosphorylation sites on a system-wide escaklds a wealth of
information that can be used to better define diggacascades. Nevertheless, often a
discrepancy exists between the data obtained fromepth LC-MS/MS analysis of
isolated proteins and those found in large-scal@ping projects inasmuch as more
phosphorylation sites are usually found in isolagstems. Therefore, for each candidate
protein, the presence of additional phosphorylasites was investigated by in-depth LC-
MS/MS analysis. This type of analysis also addresssecond question namely the lack
of mobility shift of the proteins selected for \ddtion.

The in-depth LC-MS/MS analysis consisted in thdaison of each protein by
immunoprecipitation from untreated and rapamyocaated cells, protein digestion using
different proteases to increase protein coveragd, subsequent LC-MS/MS analysis.
Typically, the immunoprecipitates were first chetkby data-dependent MS/MS to
confirm the presence of the phosphorylation siteminfl in the quantitative
phosphoproteome and to search for additional plwgfation sites. This was then
followed by a targeted LC-MS/MS experiment to bettmalize the phosphorylation
site(s) in the peptides. Inclusion lists allow acgg many more MS/MS spectra per
phosphospeptide so that many MS/MS scans can leslddd a much safer localization
of the site of phosphorylation. Finally, single-c#an monitoring of specific precursor
ion/fragment ion transitions was sometimes perfa@nt® be able to quantify
phosphorylation changes of coeluting phosphopep8déorms. Notably, in all these
experiments no phosphopeptide enrichment was peeidiso that an estimate of the site
occupancy of a given phosphorylation site coulditee.

To quantify the occupancy of a phosphorylation,sitee ion intensity of the
phosphopeptide was normalized to the sum of tharntensities of the phosphopeptide
and the corresponding non-phosphorylated peptidesuming equal efficiency of
ionization of the unphosphorylated and its phosplated counterpart, this ratio should
reflect the absolute occupancy of a given phosyteo-s.e. its phosphorylation
stoichiometry. To determine site occupancy, theaein and identification of two ion

signals, one for the phosphorylated and the othiethie non-phosphorylated peptide, is
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required. This is in contrast to SILAC quantitatithat compares the signal intensities of
only the phosphopeptides from treated and untrezghtsl To estimate the fold change in
phosphorylation at a given site, the normalizedueslfor each phosphopeptide from
control and rapamycin treated samples were theideativby each other. Since the value
from the rapamycin treated sample was divided keytidue from the untreated sample, a
ratio greater than 1 indicates increased phospéiboyl in the presence of rapamycin, and
vice versa (Figure 3.11).

In-depth analysis of the proteins selected for dadlon yielded the same
phosphorylation sites as identified in the phospbmme (Figure 3.11 [phospho-sites in
red] and Table 3.6). Not surprisingly, the in-dedt€-MS/MS analysis revealed
additional phosphorylation sites that escaped tletein the phosphoproteome (Figure
3.11 [phospho-sites in black] and Table 3.6). Tikiparticularly evident for Kkg8-HA,
where nine additional phospho-sites were quantifieable 3.6). It is remarkable that the
majority of the phosphorylation sites respondingrapamycin treatment have low to
moderate site occupancy (Figure 3.11). Two differfactors might account for this
observation. First of all, as already mentioned: ttalculation of the phospho-site
stoichiometry assumed that the phosphorylated amhasphorylated peptides ionize
equally well. It is, however, not known for all tagces if, and how much, the presence
of a negatively charged phosphate affects the @&bioiz of peptide. Obviously, in case the
phosphorylated peptide ionizes less efficientlyntitiae unphosphorylated cognate, the
stoichiometry of phosphorylation can be grossly aredtimated. A second reason
explains why the rapamycin-regulated sites do agthigh site occupancy, which is due
to technical issues related to the presence ofiplailphosphorylations in the same
peptide. This can be well illustrated by the catioh of the stoichiometry of T619 in
Ldb19-HA, which was assessed using the ion tracofg the phosphopeptide
GHVLT4PHSTR and the peptide GHVLTPHSTR. However, in tame sample the
incompletely cleaved phosphopeptides GHY1dPHSTs2:RDIR and GHVLTPHSE,R-
DIR could be identified as well. Since the stoicheiry of T619 was calculated
comparing only the completely cleaved phosphopefi&ptide pair, it was probably
underestimated because part of the peptides comgainis phosphorylation was present

as incompletely cleaved phosphopeptide GH¥EHHST5,aRDIR.
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Figure 3.11 Phospho site occupancy as a function of rapantyeatment of selected HA-tagged proteins.
The site occupancy is expressed as the percenfate d.C/MS signal of the phosphorylated peptide
versus the sum of the signals of the phosphopeptidéts unphosphorylated counterpart. The sitakeda

in red were found in the quantitative phosphopnateo
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) Only in the ) )
Protein Only in the in-depth LC-MS/MS Common
phosphoproteome
Isw2-HA S19,S1073 S1082 S831, T1079
Ldb19-HA T93,T619 T795
S336, S337, S339, S340,
Mtcl-HA S75*%, T266, S273 S72*
S342, S436
Noc2-HA S70

S63o0r S66 S81 or S83, S111, S131, S21
Kkg8-HA S21, S75 S37
S232, S238 or S241, S304, S348

Table 3.6 Comparison of the phosphorylation sites founthim quantitative phosphoproteome and in the
in-depth LC-MS/MS analysis. Residues in bold amsgi/e to rapamycin treatment. An asterisk indésat
conflicting site assignment between the phosphepraot (italic bold) and the in-depth analysis (@l

As can be seen from Table 3.6, for Mtc1 and Kkg@e@hospho-sites previously found
in the phosphoproteome were missing in the in-de@MS/MS analysis. For Mtcl, six
phospho-sites (S336, S337, S339, S340, S342 artt) §43e been exclusively identified
in  phosphoproteomic  analysis and are localized irhe t peptides
EADATPDDDR $36S3371S3393340NS342NK and QKESEDEDEDDEIIDPGEWVK. Both
peptides are exceptionally acidic and are partiulaell enriched by IMAC because of
the clustered glutamic and aspartic acids. It erdfore possible that these missing
phospho-sites were not identified in this approbebause the phosphorylated peptides
are not abundant enough and can only be detected gfosphopeptide selection. The
missing phospho-sites S75 and S21 of Kkg8 couldiéetified but not quantified in the
in-depth LC-MS/MS analysis. This is due to the pmauky of these phosphorylation sites
to lysines and arginines, which prevent cleavagdrygysin. As a result, incompletely
cleaved phosphopeptides are generated, whose segudiifer from the completely
cleaved unphosphorylated peptides. As a consequeheeion tracing between the
phosphopeptide and its unphosphorylated counterpamnot be compared. This is
particularly obvious for S75 in Kkg8, which is Ided one residue down-stream of the
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trypsin cleavage site. However it was rather pmzgthat S21 blocks the trypsin cleavage
site located three residues down-stream of theepset cleavage site (R18). Indeed, as
shown in Figure 3.2C, the phosphorylation site bander the cleavage by the protease
when it is less than three residues apart fronclib@vage site, which was not the case for
S21 in Kkg8. However, a careful inspection of tH@-MS/MS raw data revealed that the
serine immediately following the trypsin cleavagte £S19) was also phosphorylated

(Figure 3.12), which is located exactly after R18.

VRS;oFSESFK S1oFSESFK SF5xESFK

Rel intensity
Rel intensity
Rel. intensity

] lI.L\‘M el L

m/z m/z . m/z

|

Relative intensity

|
m/z

Figure 3.12 Effect of positional phospho-site isomers on pithassite quantitation. The tryptic peptide
containing the phosphorylation sites for S19 and 82Kkqg8 occur in different forms depending on the
site of phosphorylation. For site-specific quaniita the signal of phosphorylated S19 splits into tion
tracings,_$FSESFK (middle panel) and VRESESFK (left panel) generated by incomplete cleauag
trypsin. lon signals in blue could be assigned tmtby-ions, while signals in red are those allogvihe
localization of the phosphorylation site.
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Recently, the phosphorylation stoichiometrySncerevisiae was assessed on a
system wide level [141]. A comparison of the preéserd the system wide study revealed
striking similarities at least for the few commates (Table 3.7). The stoichiometries for
the in-depth LC-MS/MS analysis were slightly lowesuggesting that the
phosphopeptides are probably ionized with a slyglotiver efficiency in comparison with
the non-phosphorylated peptides. However, this mifiscrepancy in the two data sets
could be also a consequence of the phosphopepiedphorylation performed by Wu
et al. which, in case of multiple phosphorylated peptidesads to a sum of all
stoichiometries and therefore to an overestimatbrihe stoichiometry of the singly
phosphorylated peptide.

Stoichiometry (%)

In-depth LC-MS/MS
Protein Phospho-Site Wu et al.
(no rapamycin)

S72 0.1 7
Mtcl-HA

S75 54 7
Noc2-HA S70 0.4 2

Table 3.7 Comparison of the phosphorylation stoichiometr@stained in the in-depth LC-MS/MS
analysis and in the published large-scale studyl][1#ote that in the large-scale analysis precise
localization of the sites of phosphorylation is possible. * For the in-depth LC-MS/MS analysisNzp1
see section 3.3.3.
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Having established that the phosphorylation stoici@try in our study is correct
in a first approximation, the lack of a shift of SBIPAGE migration of some candidate
proteins can be easily explained (Figure 3.10).example, S831 of Isw2 is the site with
the highest phosphorylation occupancy but its ex@éphosphorylation does not change
upon rapamycin treatment (Figure 3.11). On the rothend, the phosphorylation of
T1079 of Isw2 changes dramatically by rapamycimttreent, but its site occupancy is
quite low. Dephosphorylation, even though extengivebably does not translate into an
observable band shift. If this is the case, dephosgpation of the major site of
phosphorylation by, protein phosphatase treatment of Isw2 should i@duaenobility
shift during SDS-PAGE. For this, Isw2-HA was immpnecipitated from control and
rapamycin-treated cells and one half of the immuecpitates was subjected to
dephosphorylation by protein phosphatase while the other half was mockbated
(Figure 3.13). After complete dephosphorylatiorissf2-HA by protein phosphatase a
pronounced mobility shift was seen during SDS PA@#Spite its high molecular weight
of 130 kDa. In contrast, both the phosphoproteoamalysis and in-depth LC-MS/MS
analysis revealed the presence of a single lovetsitmmetry phospho-site in Noc2-HA
that was unable to induce a band shift followingaraycin treatment (Figure 3.10). This
supports the hypothesis that band shifts only oeduen high stoichiometry phospho-

sites become altered by rapamycin treatment.

Rapamycin - - + +
APPase - + - +

Isw2-HA | g eamp 9 oup

Figure 3.13: Band shift assay of Isw2-HA. Rapamycin treatmeatls to a decrease of the phosphorylation
of low-stoichiometry sites while phosphatase treatthremoves the phosphate from all, including high

stoichiometry sites\PPase indicates phosphatase treatment.
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Even though the phosphorylation stoichiometries suead in the in-depth LC-
MS/MS analysis were relatively low, T1079 in Isw2wsed quite a remarkable change
upon rapamycin treatment (from 9% to 29% phosplatioth occupancy). Since ISW2
deletion has been shown to confer higher sensittaitrapamycin, it was interesting to
mutate T1079 into alaninéNV2™°?*-HA), aspartic acidIGW2™%°P-HA), or glutamic
acid (andlSW2™"E.HA) and check the rapamycin sensitivity of such paintants. As
shown in Figure 3.14A the strains expressing theéantuprotein from a centromeric
plasmid were all functional but, surprisingly, ttewamycin sensitivity of the three point
mutant strains was comparable to the one of thes#éin (Figure 3.14B). It should be
noted that a slightly higher sensitivity to rapammywas observed in the ISW®"*AHA
strain. These data suggests that T1079 may nohd®deptimary site, which TORC1
impinges on. In this context it should be noted 8% of the Isw2 protein could not me
covered in the in-depth LC-MS/MS analysis and thissing part contains 32% of the
total serine and threonine residues. It is theeefissible that a dominant site regulated
by TORCL1 of Isw2 escaped the in-depth LC-MS/MS ysial

Next, to gain some more information about the ragoh of Isw2 activity by
TORC1, the gene expressionldblO1 andS P4 has been investigated by quantitative real
time PCR. Both genes were chosen as reporters setheir expression is up-regulated
in presence of rapamycin [42] as well agan24 mutants [142]. As expected, treatment
with rapamycin of the WT strain as well as deletadiSA2 led to an increase in both
MRNAs (Figure 3.14C). However the combined effdct\2 deletion and rapamycin
treatment led to an even more pronounced incregaseoil and Sip4 mRNAs (Figure
3.14C). Thus, it seems that the effect of TORC1 lam@ on INO1 and SIP4 expression

occurs via two distinct pathways.
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Figure 3.14 Functional analysis of Isw2. (A) Evaluation oktfunctionality of thd SA2 mutant strains

and (B) evaluation of their rapamycin sensitivif¢) Gene expression dNO1 and SIP4 in response to
rapamycin treatment an®\2 deletion.
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3.3.3.In Vitro Kinase Assay of Selected Regulated Phosphoproteins

Because rapamycin acutely inhibits the activityT@RC1 [21], proteins whose
extent of phosphorylation decrease following rapeimyreatment, qualify, in theory, as
direct substrates for TORC1. Among the regulateasphoproteins that were chosen for
validation, four had a decreased extent of phogpétorn upon rapamycin treatment
(Nap1, Regl, Vtc2 and Vtc3, Table 3.5 and 3.8).sTltuwvas important to check whether
these proteins can become directly phosphorylaged®RC1. Among the candidate
proteins, Napl qualifies particularly well as aedir TORC1 substrate since it contains
two rapamycin-sensitive TP sites, a motif that b@sn shown to be often phosphorylated
by (m)TORCL1 [66, 143].

To examine whether TORC1 can directly phosphorylate candidate proteins,
they were immunoprecipitated from yeast cells araibatedn vitro with recombinant
MTOR in presence of radioactive ATP. For an agtitest, the canonicah vivo substrate
4E-BP was incubated with recombinant mTOR. 4E-BR vadustly phosphorylated by
mTOR (Figure 3.15A, left panel) and phosphorylatiE-BP was abolished with the
mMTOR-specific inhibitor PP242 (Figure 3.15A, lefanel). Similarly, the direct yeast
TORC1 substrate Sch9-HA isolated from rapamyciataeé cells was also efficiently
phosphorylated by mTOR (Figure 3.15A, right pandbxt, the candidate proteins Napl-
HA, Regl-HA, Vtc2-HA and Vtc3-HA weren vitro phosphorylated with mTOR.
Recombinant mTOR specifically phosphorylated Nagl-&hd Vtc2-HA, while Regl-
HA and Vtc3-HA became also phosphorylated when mM@#8 completely inhibited
with PP242 (Figure 3.15B). This is most likely diseco-precipitating PP242-resistant
protein kinases. The presence of additional prdiiases in the immunoprecipitates was
suspected because peptides from casein kinaserél fmend in the immunoprecipitates
of Regl-HA (data not shown). Since Regl containgersé phosphorylation sites
conforming to the casein kinase Il motif (e.g. S49614 and S485) it can be assumed
that the mTOR-independent phosphorylation is caubgdcasein kinase Il. Also
interesting was that Vtc2-HA was apparently stabdi by mTOR phosphorylation
(Figure 3.15B). Indeed, when Vtc2-HA was incubaae@0°C in absence of mTOR for

different time points, protein aggregates were plesk at the boundary between the
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stacking and the running gels (Figure 3.15C). Tée af protease inhibitor did not have

any effect on the stabilization of the protein (Fig3.15C).

Protein  Phosphopeptide sequence Av. Ratio + SD
SSMQIDNAPT;;PHNTPASVLNPSYLK 0.42
SSMQIDNAPTPHNT ,,PASVLNPSYLK 0.59 £ 0.00

Nap1 SSMQIDNAPT 50PHNT sPASVLNPSYLK 0.47 £0.10
SSMQIDNAPT,0PHNT,,PAS,-VLNPSYLK  0.10
LGS;sLVGQDSGYVGGLPK 0.88 £0.10
11S140GQEQPKPEQIAK 1.41 £ 0.52
S;sMGLLDEYIDPTK 1.02+£0.10
S70DSGVHSPITDNSSVASSTTSR 0.41+£0.04
RTLS;6d.GK 0.80
S778GSTNSLYDLAQPSLSSATPQQK 1.04+£0.15

Regl S;78GSTNS 78l YDLAQPSLSSATPQQK 0.97
S778GSTNSLY75)DLAQPSLSSATPQQK 0.97
SGS75T77eNSLYDLAQPSLSSATPQQK 0.77 £ 0.06
SGS75TNSLY75)DLAQPSLSSATPQQK 0.71
SGST7eNSLYDLAQPSLSSATPQQK 0.93
SGST7eNS;7sL YDLAQPSLSSATPQQK 0.97
SNFNTAS,g,EPLASASK 0.37 £0.02
SNFNTAS, g, EPLAS 15/ASK 0.07

Vic2 FSSIVS,NDIDMNFR 0.40
RLSsgNLK 0.24 £0.03
ITSQGDLEADGS$:5516DEETEQEPHSK 0.91 £ 0.06
LMGVDSss;EEEEIELPPGVK 0.96 + 0.06
SSVDS3;WSER 0.82 £0.05
LS1gsHFSNLEDASFK 1.13
LSHFS ggNLEDASFK 0.74£0.22

Vtc3 SNSLSSDGNSNQDVEIGK 0.96
SNSLSS;,DGNSNQDVEIGK 0.99
LSKIS59VPDGK 0.54 £0.15
HVIADLEDHESg,:S5,,DEEGTALPK 1.00+£0.29

Table 3.8 List of selected candidate proteins that becoigeificantly dephosphorylated upon rapamycin
treatment. Phosphopeptides in bold are signifigdatls phosphorylated in presence of rapamycin. TRo
sites are present in Napl (T20 and T24) whereaPk#e consensus site is clearly evident in Vtc2 (§58
For additional information see also Table 3.5.
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Figure 3.15 Invitro kinase assay of selected candidate proteins wédsat of phosphorylation decrease
following rapamycin treatment. Kinase assay wa$ wiicombinant mTOR. (A) The physiological mMTOR
substrates 4E-BP and Sch9 are robustly phosphedyjiatitro by mTOR. PP242 indicates treatment with
the mTOR-specific inhibitor. The panels labeledhwi® indicate autoradiographies and those labeled just
with the protein name designate the Coomassieestasmbstrates. TSP indicates autophosphorylation
of the mTOR kinase. (B)n vitro phosphorylation of HA-tagged Napl, Vtc3, Regl &ftcR. The labeling

of the panels is as in (A). (C) Vic2 is prone tgmgation at 30°C. The migration of the proteimiicated

by Vtc2, while the arrow shows the appearance offgon aggregates.
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Napl-HA was robustly and specifically phosphorydatey mTORIn vitro. The
specificity was given by the fact that no phosphairgn of Napl occurred when mTOR
was completely inhibited with PP242 or when mTORsvamitted from then vitro
kinase assay (Figure 3.16A). Furthermore, highesphorylation by mTOR was seen
when Napl-HA was either isolated from rapamyciatied cells or when the
immunoprecipitate was dephopshorylatedibprotein phosphatase (Figure 3.16B). At
this point, it was fundamental to knowiif vitro phosphorylation of Nap1-HA by mTOR

occurs at the same sites as those observed iftspipoproteome.

A B

TOR + + - - Rapamycin - - +
PP242 - + - + NP -+ -
Nap1-3?P I - Nap1-32P

Nap1-HA

Nap1-HA

Figure 3.18 (A) In vitro phosphorylation of HA-Napl by mTOR. (B) Prior tre&nt of HA-Napl by
rapamycin of. protein phosphatase increasesritgitro phosphorylation by mTOR.

For this, Napl-HA was isolated from a 4 | culturemunoprecipitated, and
dephosphorylated by protein phosphatase for maximal phosphorylatiomiiyOR. To
enable the tracing of both unlabelled phosphatethe mass spectrometer and
radioactively labeled phosphate during liquid chatography, the ratio of cold ATP to
¥p_labelled ATP was titrated and optimal incorpanatiof *P into Napl-HA was
achieved with 30 uM cold ATP (data not shown). Efficient phosphorylation of Nap1-
HA, BSA was required to stabilize mTOR during thedse assay (data not showir).
vitro phosphorylated Napl-HA was digested with trypsid the digest was fractionated
by RP-HPLC. The radioactively labeled phosphop@&gtiere located in the fractions by
liquid scintillation counting and the peak of thadioactivity was analyzed by LC-
MS/MS (Figure 3.17).
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HPLC peptide mapping of Napl phosphorylateditro by mTOR revealed one
major peak of radioactivity that was preceded bpread, less intense peak (Figure
3.17B). Overall recovery of the radioactivity wagppeoximately 80%. The two
radioactive fractions (a, b in Figure 3.17B) weralgsed by LC-MS/MS. In the first
peak of radioactivity (peak a) the phosphopeptid8:.dGQEQPKPEQIAK was
identified, whereas the second fraction (peak b)ntaioed the peptides
LGS/ sLVGQDSGYVGGLPK and LGSLVGQD&GYVGGLPK. The same results were
obtained when the Napl digest was subjected to RECH fractionation after
phosphopeptide enrichment via IMAC (data not shown)the PP242-treated kinase
assay, virtually no radioactivity was eluted frommetcolumn (Figure 3.17A/B). In
accordance, the ion intensities of the individuhbgphopeptides were also strongly
reduced in the sample treated with PP242 (whileidheintensities of other Napl-HA
peptides did not show a comparably significant céida) (Figure 3.17C). Figure 3.17D
summarized the results from the vitro phosphomapping and the phosphoproteomic

analysis.
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Figure 3.17 Identification of the phosphorylation sites onpdeHA afterin vitro phosphorylation by
MTOR. (A) Recovery of radioactivity along the pig#tion steps used to isolate radiolabeled pepti@s
RP-HPLC elution of radioalabeled peptides fromvitro phosphorylated HA-Napl digested with trypsin.
The fractions a, b1l and b2 were subjected to LCN¥ESANalysis (C) LC-MS/MS analysis of fractions bl
and b2. The same protein amount for both untreateldPP242-treated Napl-HA was measured as shown
by two non-phosphorylated Nap1-HA peptides. Thepshat shows the elution peaks of the twawitro
phosphorylated Nap1-HA peptides. (D) Schematic vieer of the phosphorylation sites identified in Nap

in the phosphoproteomic analysis (full and openws) and aftein vitro phosphorylation (open arrows).
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These findings are surprising because in the pluspteome the N-terminal
phospho-sites (T20, T24, and S27) were those degulated upon rapamycin treatment,
while S76 and S140 were not affected by the treatrfleable 3.8). Consequently, it was
essential to investigate thevivo phosphorylation of S76, S82 and S140 to be resailig
that no change was occurring at these positionsthian in-depth LC-MS/MS analysis
was performed, where Napl-HA was first isolated itoynunoprecipitation and then
digested with different proteases to map in a Ioiiavay S76, S82 and S140 (Figure
3.18A). Moreover, such experiment would have beelpfbl to map the N-terminal
phospho-sites and confirm their regulation uporanaycin treatment. Unfortunately the
N-terminal part of Napl-HA could be only detected the unphosphorylated form,
making impossible to confirm the regulation of TAR4 and S27. The same result was
obtained using a genomically-tagged Napl-HA st(data not shown), thus the absence
of these phospho-sites was very likely not due terexpression problems. The
possibility that those sites were erroneously ifiedlt in the phosphoproteome could be
also ruled out because, manual investigation offtheMS spectra and MS/MS spectra
obtained in phosphoproteomic analysis clearly slibtat these sites are phosphorylated
and that they are more phosphorylated in the utlesamples. This was further
supported by other phosphoproteomes where thosemiral sites were found in Nap1.
On the other hand, S76, S82 and S140 could bestensy mapped but, as shown in the
phosphoproteome, their phosphorylation remainedffectad over three different
rapamycin treatment times (Figure 3.18B). Furtheanan agreement with the large-
scale phosphorylation stoichiometry analysis phields by Wu et al. [141], the
phosphorylation occupancy at S76, S82 and S14Qowas than 1% (Figure 3.18C and
Table 3.7), suggesting that they probably play momphysiological role.

In conclusion, even though Nap1-HA could be phosghtedin vitro by mTOR,
the in vitro phosphorylation sites do not correspond to thasend regulated in the
phosphoproteomic analysis. On the other hand, @apamycin-sensitive phospho-sites
found in the phosphoproteome do not seem to bettirehosphorylated by mTOR and,
for technical reason, could not be identified ire tm-depth LC-MS/MS analysis.
Nevertheless, then vitro phosphorylation sites on Napl conform rather weth the
known (m)TOR consensus motif. Especially S76 and0Sihe two main mTOR
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phosphorylation sitem vitro, are surrounded by hydrophobic residues (I/G/LiM)jch
agrees with the (m)TOR preference to phosphorydteer S/TP sites or hydrophobic
motifs [66, 143].

A
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Figure 3.18 In-depth LC-MS/MS analysis dh vivo phosphorylated Napl-HA. (A) By using different
proteases, about 80% of Napl could be sequencadues in red). The expected phosphorylation sites
marked in blue. Time course of the phosphorylafad change (B) and the site occupancy (C) of Napl-
HA following rapamycin treatment.
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4. Discussion

Yeast cells grown under favorable conditions acdateucellular mass, whereas
cells grown under unfavorable growth conditionsesirrthe cell cycle and become
guiescent. This means that yeasts, like other lulae or multicellular organisms, are
able to sense nutrient cues and to adapt cell grestordingly. The highly-conserved
kinase TORC1 plays a central role in nutrient sggmsind in transducing these signals to
downstream effectors to eventually regulate cethwgh. Active TORC1 promotes
anabolic processes like ribosome biogenesis, aaaslinitiation and nutrient uptake and
represses catabolic processes like autophagy eess$ sesponse. Given its central role in
the regulation of cell growth and the many readoegailated by TORCL, it is surprising
that up to date only three well characterized sabst of TORC1 have been identified in
the yeast. cerevisiae, i.e. Tap42, Sch9 and Sfpl [32, 65, 66]. Furtheemthe signaling
pathways linking TORCL1 to its known readouts aib isicompletely understood. To
shed some light on the signaling cascades regulgt&d&dRC1 and to get some insights
in novel TORCL1 targets, a phosphoproteomic approseah established to globally
analyze the phosphorylation changes induced bymgpia, a specific inhibitor of
TORC1.

4.1. Production of a Rapamycin-sensitive Yeast Pholsoproteome

The strategy used in the present study to quantdpamycin-induced
phosphorylation changes was based on stable isdéfyeding with amino acid in cell
culture (SILAC) [117]. To increase the statisticsignificance of each quantified
phosphopeptide hit, four biological replicates wpegformed and in total 2,607 unique
phosphorylation sites from 972 phosphoproteins &dd quantified (Figure 3.4B and
Appendix 1V). In each of the four experiments, serage, 1,145 phosphopeptides could
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be identified, a significantly lower number tharetbne obtained in the qualitative
phosphoproteomic analysis (1,672 phosphopeptidesxygeriment) (Figure 3.2B and
Appendix I-11). Since the two procedures were almadgntical, the higher number of
identified phosphopeptides in the qualitative plhagpoteome must be due to the SILAC
labeling. This is very likely a consequence of tigher sample complexity generated by
SILAC labeling, where for each peptide two sigrais recorded in the survey scan. As a
result, the higher complexity of the SILAC sampbesbably led to undersampling of the
phosphoproteome.

An alternative to SILAC is the chemical labeling méptides with the iTRAQ
reagents [115]. In contrast to SILAC the derivdia of the same peptide with two
different iTRAQ tags does not change the overallecdar mass of the peptide. In the
present study, iTRAQ labeling was initially chostm quantify rapamycin-induced
changes in phosphorylation. Due to the disappaihtifow number of phosphopeptides
identified, the ITRAQ method was not pursued furtffgppendix Ill). A possible reason
for the low yield of phosphopeptides is the incee@s the charge states of ITRAQ-
labeled peptides in comparison to the unlabeledige=fy which severely complicates the
analysis of the fragmentation spectra [116]. A secexplanation relates to the
unfavorable conditions used during the iTRAQ labglrocedure. For derivatization, the
peptides are incubated with the iTRAQ reagent i8%Gthanol, which can reasonably
lead to severe losses of the hydrophilic phosphigesp

An alternative technique to SILAC is label-free gti@ation. This technique is
based on the comparison of precursor ion intessageoss multiple LC-MS/MS runs and
it can be used for the simultaneous comparison arffynconditions. Because label-free
guantitation requires that every biological sampte measured separately, inter-
experimental variation can become relatively hijforeover, label-free quantitation
works best when the same sample is measured sdueed by LC-MS/MS, which
obviously puts a high demand on the instrument'asueement time. Another label-free
guantitation can be done by spectral counting. Tieshod uses the number of MS/MS
spectra assigned to a protein/peptide as an esiimait protein/peptide abundance [144].

However, since spectral counting relies on peptdntification, it is unsuitable for
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large-scale phosphoproteomic analysis because dérsampling of such complex
peptide mixtures.

Recently another quantitative rapamycin-sensitieasy phosphoproteome was
published [34], which was based on the label-femfihology rather than SILAC labeling
of cells. In that study 2,260 phosphopeptides fith phosphoproteins were quantified.
This compares very well to the quantitative phogpbteome in the present study (2,382
phosphopeptides from 972 phosphoproteins). Althouge two methods gave
comparable phosphoproteome coverages, the overlepveén the regulated
phosphoproteins of the two studies was marginaguié 3.7). Only 12% of the down-
regulated and 13% of the up-regulated phosphomotgere common to the two studies.
The poor overlap can, in part, be explained by difeerent growth conditions and
technical approaches employed in the two studhes:duration of rapamycin treatment
(30 versus 20 minutes), the protein digestion regin{in-solution versus in-gel
digestion), the different phosphopeptide enrichmeahniques (Ti@versus IMAC), and
the bioinformatics pipeline employed to analyze doantitative mass spectrometric data

(SuperHirn versus MaxQuant).

4.2. Dissection of Rapamycin-induced Changes in Ergssion and

Rapamycin-induced Changes in Phosphorylation

Of the total 972 phosphoproteins quantified in tbigdy, the phosphorylation
states of 130 phosphoproteins were significantigratl by rapamycin treatment. Among
them, 78 were more (i.e. up-regulated) and 55 péssphorylated (i.e. down-regulated)
upon rapamycin treatment (Table 3.1 and 3.2). TBepvoteins whose extent of
phosphorylation was increased upon rapamycin teatncannot be direct TORC1
substrates, since inhibition of TORC1 by rapamysimould cause a decrease in
phosphorylation of direct targets. On the contrathe 55 down-regulated

phosphoproteins are potential direct TORC1 sulesrat
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However, before concluding that a change in phogpéion is due to a
difference in the activity of the upstream protkinase/phosphatase, it should be noted
that TORC1 not only modulates the activity of phusases and kinases but it also
controls the activity of several transcription fast (e.g. Fhll, GIn3, Mafl, Msn2/4,
Rtgl/3, and Sfpl). Thus, rapamycin treatment alisitsechanges in protein expression.
The impact on transcription obviously depends an dhration of the treatment: short
treatments leave distal TORC1 readouts, like gemestription, unaffected. Early
transcriptomic studies in yeast treated with rapamyevealed that the effect of
rapamycin on the mRNA levels are very fast (<20utes) [41, 42, 145]. As a result, one
must be aware that every rapamycin-sensitive plaggpkteome is a snapshot of two
effects, i.e. proteins whose expression or phospdioon is affected by rapamycin
treatment.

There are several solutions to distinguish betwbertwo effects. The first is the
measurement of a sample before and after phosptidpegrichment to measure both
expression and phosphorylation changes (Appendi¥)lVUnfortunately the overlap
between the proteome and phosphoproteome can peswall and, in the present study,
only 34% of the proteins could be observed in kanthalyses (Table 3.1 and 3.2). The
second solution relies on the identification of emahan one phosphopeptide per
phosphoprotein. If all phosphopeptides derived fittw same protein change the same
way, for example all are up-regulated, this is adjevidence for an expressional rather
than phosphorylation change. This cannot be usexl/émy instance, because there are
proteins which are affected at several sites bwmamin treatment (e.g. Atgl3, Mafil,
and Sch9). In addition, in the present study or®®e50f the phosphoproteins were
identified with multiple phosphopeptides (Appendi®/). For all the other
phosphoproteins identified with only a single pHagpeptide it is impossible to knoav
priori whether the measured change is a consequencéecédakexpression or altered
phosphorylation. Finally, the phosphoproteomic datan be compared with
transcriptomic data to check whether rapamycinttneat affects the mRNA level of a
specific gene. In the present study, 25% of theuledgd phosphoproteins displayed
similar changes at their mRNA levels upon rapamyogatment (Table 3.1 and 3.2),

suggesting that the phosphorylation changes mehgardhese proteins were probably

102



Discussion

caused by changes in their gene expressions riaduerin their phosphorylations. Some
examples are described in more detail below.

Among the up-regulated phosphoproteins there agepdrmeases Canl, Dip5,
Mep2, Ptr2, and Put4, which have also up-regulatd&®NA levels upon rapamycin
treatment [41, 42] (Table 3.1). Similarly but iretbpposite direction, Gnpl was found
down-regulated both in the present phosphoproteamé in previously published
transcriptomes [41, 42] (Table 3.2). These obsematare probably a consequence of
the transcriptional changes caused by rapamycitro@én starvation, via TORC1
inhibition, triggers the expression of several Ispecificity permeases, like Put4 (Pro
permease), Mep2 (NA permease) and Ptr2 (di/tripeptide transporter)ereds high-
affinity permeases like Gnpl are internalized fritve plasma membrane and degraded.
Interestingly, the rapamycin effect on Canl, Dipd &tr2 seen in the phosphoproteome
and transcriptome could be also seen in the pratgavhere their protein levels were
increased after rapamycin treatment (Table 3.3o0Ailp-regulated in the proteome were
the permeases Agpl and Gapl, two low-affinity amdath-specificity amino acid
permeases able to import almost all 20 amino afldble 3.3). These observations
suggests that the phosphorylation changes measuré€thnl, Dip5, Ptr2 and probably
Mep2 and Put4, are due to altered gene expresatberrthan to a difference in the
activity of the upstream protein kinases/phospleataSurprisingly, this was not the case
for Gnpl, because its protein level was unaffeciteér 20 minutes of rapamycin
treatment (Appendix V). This is clearly in contrasth the decreased Gnpl mRNA level
measured in transcriptomic studies and suggestd tha decrease in Gnpl
phosphorylation is not an indirect consequencedg@ease iGNP1 gene expression. It
should be however noted that a decrease in GnplAn®N probably results, at a later
time point, in a decrease in Gnpl protein leveisTHypothesis is further supported by a
global analysis showing that there is a delayedetation between mRNA and protein
level changes after rapamycin treatment [146]. H@rea rapamycin treatment of only
20 minutes is most likely too short to elicit arsfgcant change in protein expression.
Combining all information from transcriptome, protee and phosphoproteome the
decrease in Gnpl phosphorylation is perhaps alsigraigger its endocytosis. This is
also evidenced by the fact that the regulated pgimsyie in Gnpl is predicted to face the
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cytosol, where it could act as signal to modulatgpGstability at the plasma membrane.
These examples underline the importance of anayzmmotein expression and

phosphorylation simultaneously, to rule out thatchange observed in protein

phosphorylation is brought about by increased mR&A&Is.

The two enzymes Tps3 and Tsll are up-regulated ibothe phosphoproteome
and in previously published transcriptomes [41, éPdble 3.1). However, similar to
Gnpl, these changes are not caused by expressiogesbecause the protein levels of
Tps3 and Tsl1 are not affected by rapamycin treatrf®@ppendix V), probably because
20 minutes rapamycin treatment are not enough tseca significant change in the
proteins levels of Tps2 and Tsl1. Interestingly,irerease in the abundance of the two
enzymes would make fits with their involvement rehalose biosynthesis which, like
glycogen, is a storage carbohydrate needed to emduirient starvation periods [147].

The proteins Gdh2 and Dcs2 were hyperphosphorylatpdn rapamycin
treatment (Table 3.1). This is very likely to bausad by increased mRNA levels since
their expression is under the control of the trapson factors GIn3 [148-150] and
Msn2/4 [151], respectively, which are both actidaly rapamycin treatment. This can be
partially confirmed at the protein level for theomin Dcs2, where a slight increase in
expression (1.60 £+ 0.04) was observed upon rapantggatment (Appendix V).

Finally, the proteins Esfl, Lhpl and Zuol were deoegulated in the
phosphoproteome and in previously published trapsenes [41, 42] (Table 3.2). These
proteins influence processes (pre-rRNA processksgfl), tRNA maturation (Lhpl),
ribosome biogenesis (Zuol)) that are positivelylagd by TORC1. At a first glance it
would be logical to conclude that the change insphorylation observed for these
proteins is a consequence of the change in thelAMRvels. However within the time
frame of the experiment (20 minutes rapamycin tneat) their protein levels remain
unaffected (Appendix V). As a result the dephospladion of the three proteins upon
rapamycin treatment could very well play a rolanindulating their functions. Similarly
to Gnpl, prolonging the treatment with rapamyciti aimost certainly decrease Tps3
and Tsl1 protein levels as a consequence of aaleeia their mMRNA levels.

Interestingly, for some proteins an inverse coti@tabetween phosphorylation

and mMRNA change was observed (Table 3.1 and TabJeT3vo prominent examples are
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Kin2 and Tif5. Kin2 is a serine/threonine proteimdse involved in exocytosis. In a
recent interactomic study, Kin2 was shown to phaisrcassociate with Kogl, a TORC1
subunit. Kin2 also interacts with Kspl and Kdx1,ieththemselves associate physically
with Torl, Kogl, Lst8, and Tco89 [129]. Whether Kiis part of TORCL1 signaling is
very likely but it does not seem to be a directssrtate of TORCI, since an increase
rather than a decrease in phosphorylation at S&8olserved in the phosphoproteomic
analysis. The second protein with an opposite abangphosphorylation and mRNA
abundance is Tif5 (also know as elF5). Tif5 is B&P activating protein for elF2
necessary for joining the 40S and 60S ribosomalusitdh This is a particularly
interesting observation because TORCL1 regulateslaton initiation at multiple steps
and could therefore very well signal to Tif5. Treetf that altered phosphorylation was
found on Tif4632 (also known as elF4G) and EapXutative yeast orthologue of
mammalian 4E-BPs, supports this idea (Table 3.13a2)d

4.3. Targeted Analysis of Selected Candidate Protes Reveals their
Involvement in TORC1 Signaling

At this point it was interesting to validate sometlee proteins found in the
present phosphoproteomic analysis. For this, seyenegulated (Hal5, Isw2, Kkg8,
Ldb19, Mtcl, Noc2, and Sec7) and four down-regdigtéapl, Regl, Vtc2, and Vic3)
phosphoproteins were chosen. For validation sinliglietions were generated and the
rapamycin sensitivity and glycogen accumulationtied null mutants were checked.
These two criteria were chosen because many TOREdt@s have altered rapamycin
sensitivity [6, 43, 66, 147] when deleted.

The two assays revealed that some of the protdiesen for validation are
involved in TORCL1 signaling. For instance the mtg&al54, isw24, kkg84, 1db194, and
regl4 had increased rapamycin sensitivity (Figure 3.8)ilevthe mutantsntcl4, napla,
vtc24, andvtc34 were equally sensitive as the wild type. Similatlye mutantdal 54,
isw24, 1db194, andregl41 accumulated more glycogen than wild type cells yFeg3.9).
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Since for some deletion strains only wild type batlawas observed, a third experiment
was performed to reveal the effect of rapamycintlom phosphorylation state of the
candidate proteins. The change in phosphorylatidcheotagged proteins was monitored
by a shift in migration during SDS-PAGE (Figure @.1Surprisingly, the majority of the
proteins did not show any alteration in electrogiior mobility following rapamycin
treatment. This can be, in part, explained by tigh Imolecular weight of the analyzed
proteins but could also be a consequence of srhaghorylation changes induced by
the rapamycin treatment, which are not able tatedienobility shift of the intact protein
(see below). Nevertheless for the proteins LdblRg&and to some extent Sec7, a
migration shift upon rapamycin treatment was obs@r¥hosphatase treatment abolished
their mobility shift, demonstrating that it was ead by a change in protein
phosphorylation.

In summary, the three assays used show that tivefoeleven phosphoproteins
are probably part of TORC1 signaling, i.e. Hal%y2s Kkg8, Ldb19, and Regl. But are
the phosphorylation sites identified in the phogpbteome involved in the signaling
process? Are there additional regulated phosphooylaites in these proteins to the one
found in the phosphoproteome? To answer theseigasstive proteins were chosen for
in-depth phosphomapping: three proteins that fatfilall validation criteria (i.e. Isw2,
Kkg8, and Ldb19) and two proteins that did not. (Méc1 and Noc?2). It should be noted
that the phosphoproteomic analysis already revedlet these proteins contain
rapamycin-sensitive sites but an in-depth phospippmg was required to check whether
additional and maybe more relevant sites were ptedSéhis concern arises because
several TORC1 effectors were found to be regulaedultiple rather than at single
phosphorylation sites: six rapamycin-sensitivessiteSch9 [66], seven in Mafl [34] and
eight sites in Atgl3 [152]. Furthermore, since I tphosphoproteomic analysis very
complex samples were subjected to LC-MS/MS analgsil/ a few MS/MS spectra per
phosphopeptide were acquired, thereby increasiegrigk of mislocalization of the
phosphorylation site.

In-depth LC-MS/MS analysis allowed extensive segeenoverage of all five
phosphoproteins. Starting from immunoprecipitates @ifferent proteases were used to

cover from 50% to 80% of the entire protein seqesndhis is a striking improvement
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over the phosphoproteomic analyses, where onlywa gkosphopeptides per protein
could be identified. This is also an important prprisite to reduce the risk that major
regulated phospho-sites escape phosphomappingalBaiighlights one of the caveats
of nowadays phosphoproteomics. The vast majoritgllophosphoproteomic workflows

are based on protein digestion with trypsin. Thigiously precludes the identification of
certain phospho-sites because the phosphopeptidas@d by trypsinolysis are either
too short or too long to be retained by reversespltaromatography.

For all five phosphoproteins except Noc2, seveatas<ould be identified in the
in-depth LC-MS/MS analysis in addition to those eably mapped in the
phosphoproteome (Figure 3.11). With twelve phosphton sites, Kkg8 was
particularly highly phosphorylated. Out of twelvies, ten could be quantified. The
remaining two phospho-sites could not be quantified to the high numbers of lysine
and arginine residues which, upon trypsin cleavagmerates many partially cleaved
peptides that hamper label-free quantitation. Thesphorylation sites affected most by
rapamycin treatment were S1079 of Isw2, T795 of 19155266 of Mtcl, S70 of Noc2
and S63/S66 of Kkg8 (Figure 3.11). In addition, soptmospho-sites that were weakly
regulated were identified at position S1073 of IsWwB19 of Ldb19, S72 of Mtcl and
S37 of Kkg8 (Figure 3.11). Surprisingly, the sitecopancy of the rapamycin-sensitive
sites rarely exceeded 50%. Nevertheless, for bathl® and Kkg8 the change in
phosphorylation following rapamycin treatment wasegh to elicit a gel migration shift
(Figure 3.10). This observation raised two différgoestions. Are the phosphorylation
stoichiometries measured in the in-depth LC-MS/M@lgsis a good estimation of the
true phospho-site occupancy? Can these phosphorykites play a biological role even
though they have low to moderate occupancies? Tiesaspects will be considered in

the next section.
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4.3.1. Identification of Physiologically Relevant Rosphorylation Sites

It is a common belief that the functional significe of a phosphorylation site
depends on its fractional stoichiometry. This iprasumption that lacks experimental
evidence. There are however, some reasons in tdubis idea. For example, there is a
bioenergetic argument: it is reasonable to assinaieat highly phosphorylated site has a
biological function because just keeping a siteupead is a mere waste of ATP. The
contrary is not necessarily true, since a low sioimetry site could well be non-
functional but, since it is not very abundant, ¢her little to no evolutionary pressure to
eliminate it.

The concept that a cell contains non-functionaly taccupancy phosphorylation
sites is in contrast to the observation that séy#raspho-sites are well conserved among
different organisms, and many of them have low todemate stoichiometries. For
example, a comparison of human and mouse orthadogereecaled that 88% of the
phosphoserine and 85% of the phosphothreonine aigesonserved [153]. Moreover, a
recent study comparing the evolutionary consermatid high, moderate and low
occupancy phospho-sites in different yeast spestesyed that low occupancy sites are
on average more conserved than high stoichiomaey H41].

Concerning the phosphorylation stoichiometries iolet in the present in-depth
LC-MS/MS analysis, it seems that the rapamycin-i@ggd phospho-sites have generally
low to moderate occupancies. This is particulathkimg for S1073 of Isw2, S70 of
Noc2, S72 of Mtcl, T619 of Ldb19 and S37 of Kkq8&.aAfirst glance this would argue
against their physiological relevance but thereadreast four arguments suggesting that
they may play a role in modulating protein functigh) The yeast cells used for these
experiments were not synchronized. Therefore, teasured phosphorylation state of
each protein corresponds to an average of allrdiftephosphorylation states observable
throughout the cell cycle. This issue has beenesded in some phosphoproteomic
analysis that showed dramatic changes in the ploogiation throughout the cell cycle
when synchronized cells were used [154]. (2) THhecebf rapamycin could be restricted
to a certain fraction of the total protein molesupgesent in the cell, which are however

averaged during cell lysis. This is the case whepraein is present in different
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subcellular compartments but only one of them palisi interacts with the TORCL1
network. This sounds plausible because many potai@ found at different locations in
the cell: TORC?2 itself has been reported to loeahr the plasma membrane [131], in
intracellular membrane compartments [24], in thepghasm [155] and to associate with
ribosomes [156]. The Snfl kinase localizes to thaeus, the cytoplasm and the vacuole
depending on the associatifgsubunits [157]. (3) The five phosphoproteins vaitétl
were all more phosphorylated when yeast cells werated with rapamycin for 15
minutes. It is possible (and interesting to purgha@} a prolonged rapamycin treatment
could lead to increased phosphorylation at thows.si(4) The method used to calculate
the phosphorylation stoichiometries in this studglymunderestimate the true vivo
occupancy because it assumes that no differenst exithe ionization and detection
efficiencies of phosphorylated and unphosphorylaegatides.

The impact of a phosphate group on the ionizatfboiency of a phosphopeptide
has long been debated and contradictory resulte baen reported. There are three
approaches to circumvent this problem. The firsprapch relies on the empirical
determination of so-called response ratios of asphopeptide and its unphosphorylated
cognate using synthetic peptide standards spikéaomn quantities [158]. These ratios
are subsequently used to correct the phosphomglatmchiometries obtained by dividing
the phosphopeptide intensity by the sum of thensitees of the phosphopeptide and its
non-phosphorylated counterpart. This approach hasdisadvantage that the response
ratios vary according to the experimental set-ug aged to be determined for each
phosphopeptide. This limits its applicability fardge-scale studies. The second strategy
is based on absolute quantification (AQUA) of pees, which are synthesized with
incorporated stable isotopes and can be spikedairg@mple in known quantities [159].
The spiked peptides and phosphopeptides can thesditto quantify in absolute terms
the phosphorylation stoichiometry. Again, the uBAQUA peptides is limited to known
phosphorylations and cannot be used for large-staldies. The third method requires
that a sample is split in two fractions, which #ren differentially labeled with isotopic-
coded tags. One of the two fractions is then depihmylated before being pooled with
the untreated fraction [160-163]. This method igdito calculate the phospho-site
occupancy simply by subtracting the intensity of tion-phosphorylated peptide from

109



Discussion

the sum of the intensity of the dephosphorylatecbsphopeptide and the non-
phosphorylated peptide. In this way all calculasiomre done using the non-
phosphorylated ion species so that the problemceadsd with different ionization
efficiencies is circumvented.

In a recent study, where this last method was eyeplmn a large-scale [141],
similar results to those obtained in the presentlepth LC-MS/MS analysis were
reported (Table 3.7). This suggests that the lowsphorylation stoichiometries
measured for S1073 of Isw2, S70 of Noc2, S72 ofiMi&19 of Ldb19 and S37 of Kkg8
are not a consequence of differences in the idoizafficiencies between a peptide and
its cognate phosphopeptide. In more general telnmsatso demonstrates that, under the
LC-MS/MS conditions used in present in-depth LC-MS/ analysis, ionization
efficiency differences do not significantly affette calculation of phosphorylation
stoichiometries. As a result the direct comparigbthe ion tracings of a phosphopeptide
and its unphosphorylated cognate seems to be ableelway to estimate phospho-site
occupancy levels. Interestingly, even though veiynilar, the phosphorylation
stoichiometries obtained in the present study veeraverage slightly lower than those
obtained by Wuet al. This can be explained by the fact that in thatdgtthe
phosphopeptides were dephosphorylated, which mésahdor multiply phosphorylated
peptides the phosphorylation stoichiometries coblkl overestimated because the
contribution of each phospho-isoform is summed g @annot be distinguished in the

final stoichiometry value.

4.4. Biological Relevance of the Selected Candida®eoteins

In the two previous sections four assays, namepamgcin sensitivity and
glycogen accumulation of the single deletion ssalBDS-PAGE migration shift upon
rapamycin treatment, and in depth-LC-MS/MS phospigoing were applied to
establish a link between the candidate proteind Halwv2, Kkg8, Ldb19, Regl, Sec7,
Mtcl and Noc2 and TORC1. Furthermore, it has bdwws that the phosphorylation
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stoichiometries obtained in the in-depth LC-MS/M®algsis are a very good
approximation of the realn vivo phospho-site occupancies. The question that
immediately arises is which roles these proteiay pi the TORC1 signaling network? In
the next sections, the implications of some ofvhkdated phosphoproteins in TORC1

signaling will be presented.

4.4.1. Isw2 and Inol Link TORC1 Signaling to Inosibl Metabolism

Among the validated candidates, Isw2 is very irgéng. Isw2 is an ATP-
dependent chromatin remodeling factor [164]. Itnigolved in repressingNO1 [132],
early meiotic genes [165] amMdATa-specific genes [166] in haploid aiiATa cells. To
perform these functions, Isw2 associates with ttcform the so-called ISW2 complex
[167]. Several lines of evidence suggest that TOR®@irectly controls Isw2, which in
turn regulatesINO1 expression.ISAV2 deletion, as shown in this study, results in
rapamycin sensitivity and glycogen accumulatiorg@fe 3.8 and 3.9). Deletion &¥O1
causes, in turn, a decrease in glycogen accumnlgli87]. The proteomic analysis
revealed thatiNO1 expression is controlled by TORC1, since rapamycgatment
resulted in an elevated Inol protein level (Tah®).3Elevated mRNA levels have also
been reported for Inol upon rapamycin treatmerguffeéi 3.14C) [42]. At the molecular
level, both the phosphoproteomic analysis andrkdepth phosphomapping showed that
TORCL1 inhibition stimulates Isw2 phosphorylationS4i079 (Figure 3.11). Interestingly,
LC-MS/MS analysis of Isw2 showed that Itc1, theasetsubunit of the ISW2 complex,
was exclusively present in Isw2 immunoprecipitatesm untreated cells (data not
shown). These data suggest that TORCL1 indirecgiylages Isw2 phosphorylation and by
this also the association of Isw2 and Itcl. In eneg of rapamycin the Isw2/ltcl
complex dissociates and is no longer able to repM31 transcription. A possible model
fitting these observations is illustrated in Figdré.

If TORC1 would regulatéNO1 expression exclusively through Isw2, the Inol

MRNA levels inisw24 cells treated with rapamycin should be the samehase
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measured in untreatadw24 cells. Surprisingly this was not the case and ragam
treatedisw24 cells displayed a stronger derepressiohN§D1 expression in comparison
with the untreatedsw24 cells (Figure 3.14C). The fact th&8W\2 deletion and rapamycin
treatment are additive oNO1 expression could be due to two independent siggali
branches impinging ofMNOL, i.e. TORC1 and Isw2. Alternatively, TORC1 couidral
to INO1 both in an Isw2-dependent and independent manner.

It is interesting to note that besides Isw2 andlitite phosphorylation of the
inositol transporter Itrl and the inositol pyroppbate synthase Kcsl were significantly
affected by rapamycin treatment. The phosphorylabibltrl was increased, while Kcsl
phosphorylation was decreased upon rapamycin tegdt(iable 3.1 and 3.2). Thus there
is evidence that TORCL1 regulates inositol metahulis

To shed additional light on the regulation IBfO1 by Isw2 and TORC1], it is
important to investigate whethéNO1 deletion can compensate th&A2 deletion in
regards to glycogen accumulation. Equally importaould be to determine whether
INO1 deletion causes resistance to rapamycin and whethie phenotype can
compensate the increased sensitivitysaf241 cells. Finally, to get a complete picture of
the link between TORC1 and the ISW2 complex, thage or phosphatase connecting
TORC1 to Isw2 must be identified. This could be eohy monitoring T1079
phosphorylation of Isw2-HA expressed in differeetagt strains carrying single kinase
and phosphatase deletions. Particular attractieetla® null mutants of kinases and
phosphatases which are active and inactive, ragpctwhen TORCL is inhibited.
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Figure 4.1 Model of TORC1-dependent INO1 expression throtinghcontrol of Isw2/Itcl association.

4.4.2. Ldb19 and Aly2 are Involved in the Regulatio of Amino Acid Permeases by
TORC1

Among the phosphoproteins analyzed in more detdhg, arrestin-related
ubiquitin-ligase adaptor Ldb19 is an interestingdidate. Ldb19 (also known as Artl)
has two PY domains that target the E3 ubiquitiadiy Rsp5 to its substrates (e.g. Canl)
for subsequent degradation [128]. Ldb19 is monauitinated, as seen by the presence
of two bands in SDS PAGE that are 7-8 kDa aparyuifé 3.10). Both isoforms are
phosphorylated in a rapamycin-dependent fashioggesting that ubiquitination of
Ldb19 is independent of TORCL1. The link between 19land TORC1 signaling was
revealed in a recent report showing that anoth@isain-related ubiquitin-ligase adaptor,
Aly2 (also known as Art3), is directly phosphorgdtby the TORC1 target Nprl [168].
Aly2 is necessary to mediate the recycling of Gaadk from the endosome to the Trans
Golgi Network [168]. Therefore it is conceivableatha similar mechanism exists linking
TORC1 and Ldb19 to regulate the trafficking of Canl

In the present phosphoproteomic analysis, S155 phiooglation in Aly2 was

moderately increased upon rapamycin treatment @ ®&28). This change was however
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not statistically significant based on the strirtgetatistical criteria chosen for this study.
It would be intriguing to confirmin vitro phosphorylation of Aly2 by Nprl and to check
whether S155 is the regulated phospho-site. It Ishobe noted that S155
(...RTLS:5sDNE...) is not located within the known Nprl consensuwtif (K/RSxxK/R)
[169]. However, since the Nprl consensus sequersederived with a set of synthetic
peptides, it remains possible that Nprl is ablg@hosphorylate S15& vivo. Similar
considerations apply to Ldb19. Like Aly2, the twegulated phospho-sites in Ldb19
(...EDITs1PVN... and ...HVLT;9sPHS...) do not conform to the known Nprl consensus
site but this should be confirmed in amvitro phosphorylation assay. Figure 4.2 depicts
a model explaining the TORC1-dependent regulatibapl and Canl ubiquitination
via Aly2 and Ldb19, respectively.

Other observations linking Ldb19 to TORC1 came frmalization studies of
GFP-tagged Ldb19. The protein perfectly co-localizeith Sec7 [128], the guanine
nucleotide exchange factor (GEF) for ARF proteifisis is intriguing for two reasons.
Firstly, in the phosphoproteomic analysis a stgkyrincrease in Sec?7 phosphorylation at
S772 was measured after rapamycin treatment (Tal)e This phosphorylation site is
closely located to the so-called Sec7 domain (vesd824-1010) [170], which is
responsible for the ARF GEF catalytic activity c#c3. Secondly, Sec7 contains a C-
terminal domain responsible for the interactionhvtite E3 ubiquitin-ligase Rsp5 [171].
The fact that so many proteins involved in membraa#ficking and permease sorting
(i.e. Ldb19, Aly2, Nprl, Sec7 and Bull) were foutitferentially phosphorylated in the
phosphoproteomic analysis upon rapamycin treatnerdstonishing and should be
further investigated (Table 3.1 and 3.2). In paltc, the two rapamycin-sensitive sites in
Ldb19 should be mutated and the rapamycin sertgitand glycogen accumulation of
such mutants should be investigated. Furthermoi iittriguing to see if these Ldb19

phospho-mutants can still co-localize with Satvivo.
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Figure 4.2 Model of TORC1-dependent Gapl and Canl ubigditinavia (A) Aly2 and (B) Ldb19.

4.4.3. TORCL1 Indirectly Regulates Napl and Gin4 Phephorylations

Among the phosphoproteins chosen for further vébdahere were Napl, Regl,
Vtc2 and Vtc3. The corresponding deletion mutarggcept regl4, had normal
rapamycin sensitivity and glycogen accumulationg@fé 3.8 and 3.9). Since these
proteins are less phosphorylated in rapamycingceatells, they qualify foin vitro
kinase assays to check whether they become dingatigphorylated by recombinant Tor.

Napl, a pleiotropic protein involved in microtubulelynamics, bud
morphogenesis and histones transport [172, 173,specifically phosphorylated by Tor
invitro (Figure 3.15B and 3.16). Several lines of evidengggest that TORC1 signals to
Napl. (1) In the phosphoproteome, Napl phosphasylabn T20, T24 and S27
decreased in response to rapamycin treatment (BaB)e(2) T20 and T24 are TP sites
that are typically phosphorylated by (m)TORC1 cosses motifs [66, 143]. (3) In a
recent yeast interactomic study, Napl was showphigically interact with Torl and
other Torl-associated proteins [129]. (4) Tapl4 strain is more sensitive to rapamycin
[135] and it has abnormal cellular localizationtloé Gin4 kinase. (5) Thgind4 strain in

turn is more resistant to rapamycin and accumulates glycogen than wild-type [137].
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(6) In the present phosphoproteomic analysis Gitdsphorylation responded to
rapamycin treatment: S502 became less, and S666 pimsphorylated (Table 3.1 and
Table 3.2). All these data, and the fact that rdgaant Tor phosphorylates Napi
vitro, suggest that TORCL1 signals to Napl (and Gin4).

To confirm the phosphorylation sites found in thegent phosphoproteome, in-
depth phosphomapping of Napl was carried out. Wmnfately, even though the region
of the protein that contains T20, T24 and/or S2Uladtobe easily recovered by
trypsinolysis, phosphorylation at these sites coufever be detected in
immunoprecipitates of Napl (Figure 3.18). ldenticsdults were obtained when Napl
was expressed from a multi-copy plasmid or froneaagnically tagged strain (data not
shown). Also, in the case of very low-level phosptation, phosphopeptide enrichment
did not indicate any phosphorylation at these Miteal sites (data not shown). A
possible explanation of these conflicting findingsthat the N-terminal phospho-sites
identified in the phosphoproteome are incorrecis T§, however, very unlikely because
the same phospho-sites were found in several pifn@sphoproteomic studies [92, 110,
174, 175]. Moreover, manual inspection of the phogpoteomic data confirmed the
presence of the three phosphorylation sites and tapamycin regulation. Correct
identification was supported by the high Mascotresq~50-60) of the MS/MS spectra.
Another possibility to explain the lack of the ppberylated residues is inadvertent
dephosphorylation during the immunoprecipitation. dlleviate the problem, Nap1-HA
could be immunoprecipitated for a shorter time alternatively, cell lysis could be
carried out in a strongly denaturing SDS buffesttap unwanted dephosphorylation.

Nevertheless, even though the regulated phospés-sitentified in the
phosphoproteome could not be identified in the sgbent in-depth LC-MS/MS analysis,
the fact that Tor phosphorylates Naplvitro left the possibility open whether Napl is a
true TORC1 substrate. One way out of the dilemma wa identify the sites
phosphorylatedn vitro by recombinant Tor. For thign vitro phosphorylated Napl was
digested and analyzed by LC-MS/MS. Surprisinglenidfication of the fractions by LC-
MS/MS that contained radioactively-labeled Nap1l gptmpeptides revealed that time
vitro phosphorylation sites are S76, S82 and S140 (&igur7). This rules the possibility
out that T20, T24 and S27 become phosphorylatettro. Moreover, this data suggests
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thatin vitro phosphorylation of Napl by recombinant Tor is ploysiologically relevant,
as both the phosphoproteomic and the subsequelgpitin LC-MS/MS analysis showed
that the sites S76, S82 and S140 are not affegteddamycin treatment (Table 3.8 and
Figure 3.18).

These results suggest that, even though physicédlyacting, Nap1l is not a direct
substrate of TORC1. Nevertheless, genetic and broatal evidences support the view
that Napl is part of the TORC1 network and thatkihase Gin4 is also involved in this
signaling branch. In addition, even though theyld¢mot be identified in the in-depth
LC-MS/MS analysis, T20, T24 and S27 remain vergliikrapamycin-sensitive sites,
since they were consistently and significantly fdusgulated in the phosphoproteomic
analysis (Figure 3.2). In a recent global phosplatign stoichiometry survey [141], the
occupancy of these sites has been estimated ah#id which makes them attractive
physiological sites for a regulation by TORC1. Hyahe observation that Napl is
phosphorylatedn vitro at S76, S82 and S140, a non-physiological evemtfircns the

preference of Tor toward the phosphorylation ofrbypthobic motifs.

4.4.4. TORC1 Impinges on Snfl Signaling via Regl

Similar to Napl, Regl was also found hypophosphated upon rapamycin
treatment in the phosphoproteomic analysis, whichlifled Regl forin vitro kinase
assays with recombinant Tor. Interestingly, Regs wabustly phosphorylateish vitro
even when Tor was incubated with its specific intbibPP242 (Figure 3.15B). This is
probably due to a kinase co-immunoprecipitatindhviRegl. Since Regl contains in its
C-terminus several residues conforming to the camabrcasein kinase Il (CK II)
consensus site, it is likely that thevitro phosphorylation of Regl is caused by active
CK I stably associating with Regl during immunapp&ation. This was further
supported by the identification by LC-MS/MS of pept from all four CK Il subunits in
Regl immunoprecipitates (data not shown).
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Regl remains an interesting candidate despite dbe that it is not a direct
TORC1 substrate. Its deletion influenced both rapmam sensitivity and glycogen
accumulation (Figure 3.8 and 3.9). Furthermorerals in activating the Snfl kinase
makes Regl a likely TORC1 effector. Regl is necgsfar Snfl inactivation by
dephosphorylation of the essential T210 [133]. redéngly, even though TORC1
primarily senses the level of amino acids and $mfiecessary for growth in the absence
of glucose, it was shown that TORC1 signals to $i&#¢ause T210 is phosphorylated in
a rapamycin-dependent manner [134]. Thereforegirs that both glucose depletion and
TORCL1 inhibition up-regulate Snfl activity and, asesult, it is likely that Regl is
inhibited under such conditions. This renders Spii@sphorylation an activating event.
To demonstrate this hypothesis all rapamycin-sieesiphosphorylation sites in Regl
should be mapped and the activity of Snfl shouldnlbestigated in cells lacking those
phosphorylation sites. This could be addressedgxXample, by measuring the expression
of Snfl-sensitive genes (like Adrl, Migl, and Sipda Regl S/T-to-A mutant.

4.4.5. The VTC Proteins Link TORC1 and Microautophayy

Similar to Napl, the vacuolar protein Vtc2 was apecifically phosphorylated
by Torin vitro (Figure 3.15B). Vtc2 is unusual because its protevel was dependent
on its phosphorylation state. Phosphorylation of2Vstabilizes the protein. This is a
common feature among protein kinases that have fmerd to be thermally unstable
when certain residues are not phosphorylated [176]. This also agrees with the
observation that Vtc2 is prone to aggregation wihésn alone incubated at 30°C (Figure
3.15C). The effect of TORC1 on Vtc2 is intriguindh@n considering the sub-cellular
localization and physiological function of Vtc2.02 together with Vtcl, Vtc3 and Vtc4
forms the so-called vacuolar transporter chaper®iC) complex [178]. The VTC
complex is involved in microautophagy, a processlicéct invagination of the vacuolar
membrane into the vacuolar lumen. This process eosgies for the massive influx of

membranes caused by macroautophagy. In the phosgbome, both Vic2 and Vic3

118



Discussion

were less phosphorylated upon rapamycin treatmeatlé 3.2), while Vtcl and Vic4
could not be detected. This agrees with their mamiirtopology, since Vtcl and Vtc4
are integral membrane proteins, whereas the majofiv/tc2 and Vtc3 proteins do not
span the vacuolar membrane [179]. As a resuls likely that Vtcl and Vtc4, but not
Vtc2 and Vtc3, are lost by aggregation when theepdract is heated to 95°C prior to gel
electrophoresis. In the phosphoproteome, Vtc2 wasnd to be differentially
phosphorylated at S182, S187, S196 and S583 (TaB)e These residues are located
within the cytosolic part of Vtc2 (residues 1-628)d are therefore physically accessible
to TORC1 all the more that TORC1 was found to bmalieed to the outer vacuolar
membrane [131, 155, 180]. Furthermore, the invokenof the VTC proteins in TORC1
signaling is also highlighted by the finding thheir sub-cellular localization is affected
by rapamycin treatment or nitrogen starvation [18I¢ shed more light into the
regulation of the VTC proteins, and more specificaftc2, by TORC1, exhaustive
phosphomapping of alh vivo phosphorylation sites should be done. In pardfielin
vitro phosphorylated sites on Vtc2 should be mappedt Nexould be intriguing to
check whether the mutation of those regulated ghmsges is impairing
microautophagy and affecting the subcellular I@zdion change induced by rapamycin

treatment.

4.5. Novel Less Characterized TORCL1 Targets Identéd in the

Quantitative Phosphoproteomic Analysis

Recently a global protein kinase and phosphatdseartion network in yeast has
been published [129]. In this study it was foundttfORC1 physically interacts with
Cdc14, Fmp48, Kdx1, Kspl, Mksl, Napl, Nnkl, NprtkR Rtg3, Skyl, and Tax4.
Interestingly six of these proteins (Kspl, Mks1pllaNprl, Rtg3, and Skyl) were also
found in the present phosphoproteome to be affeatetthe phosphorylation level by

rapamycin treatment (Table 3.1 and Table 3.2). dilithem except Rtg3 were less
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phosphorylated in presence of rapamycin, suggestiagthey may be direct TORC1
substrates.

Kspl is a serine/threonine protein kinase requioedhaploid filamentous growth
(Bharuca 2008). In the present study Kspl was fdaruak phosphorylated by PKA in a
TORC1-specific manner (Figure 3.6), which was inreagent with the
phosphoproteomic experiments that revealed a dewgulation in phosphorylation at
S827 and S884 (RRIEMEQ and RRS&ANE) upon rapamycin treatment (Table 3.2)
[122]. However, Kspl was found regulated at two i@wmithl sites in the
phosphoproteomic analysis, for instance T525 an85®9 (DFFE,sPPS20VQH) (Table
3.2). The first of them is surrounded by hydroplotdsidues and is a TP site, which
would agree with the hypothetical (m)TORCL1 conssnsotif [66, 143]. To verify this
hypothesis, amn vitro kinase assay using recombinant Tor should be pee® and, in
case of a positive outcome, timevitro phosphorylated sites should be mapped to confirm
that phosphorylation is really occurring at thepec#ic residues. Interestingly, if Kspl
will be eventually shown to be a direct TORC1 stdist it will be one of the many
proteins targeted by both TORC1 and PKA. Furtheepaince yeast filamentation
requires Snfl phosphorylation, Kspl could be ingdlin its regulation.

Mksl was already shown to be involved in TORC1 gliggg as a negative
regulator of RTG gene expression [49, 182] andai$ Yound less phosphorylated at S518
in the phosphoproteomic analysis (Table 3.2). Hitis (RRQ$:gVIDI) conforms very
well to the know PKA consensus motif [122], whickshbeen however never shown to be
directly targeted by TORCL1 [66, 143].

Skyl is a mRNA splicing factor and, consideringttB0% of mRNA splicing is
devoted to process RP mRNAs [26], it would be reabte that TORC1 directly
impinges on this protein as an alternative wayegulate ribosome biogenesis. However
the regulated phospho-sites identified in the phoppoteome (S445/S449) do not
conform to the known TORC1 consensus motif (Tab® $6, 143]. Interestingly, a
second protein involved in MRNA processing, Ccrdsviound less phosphorylated upon
rapamycin treatment (Table 3.2). Ccr4 is a compboéthe CCR4-NOT transcriptional
complex, responsible for deadenylation-dependeniNARIecay, which may explain
how TORC1 regulates mRNA stability.
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