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Abstract 
 

Molecular Mechanisms in Signaling by Target of Rapamycin Complex 2 

in Saccharomyces cerevisiae 

by 

Melissa Nicole Locke 

Doctor of Philosophy in Molecular and Cell Biology 

University of California, Berkeley 

Professor Jeremy W. Thorner, Chair 

 

Protein kinases are enzymes that transfer the γ-phosphate of ATP to acceptor residues, most 

often serine, threonine or tyrosine, in proteins. Phosphorylation by protein kinases are integral to 

the signaling processes that control virtually all aspects of cellular physiology and 

phosphorylation is the most abundant post-translational modification in signal transduction 

networks. Covalent attachment of a phosphate group to a protein can cause a conformational 

change, introduce a new epitope that enhances or prevents interaction with another protein, 

increase or decrease the rate of turnover, and/or affect subcellular localization. In these ways, 

phosphorylation-dependent events can influence cell metabolism, morphology, and 

differentiation.  

 

Target of rapamycin (TOR) complex 2 (TORC2) is an evolutionarily conserved multi-subunit 

protein kinase and indispensable regulator of plasma membrane homeostasis. Genetic studies in 

yeast have demonstrated that the sole essential downstream target and effector of TORC2 is the 

protein kinase Ypk1 (and its paralog Ypk2), whose mammalian ortholog is SGK1. In humans, 

mutations in the TORC2 signaling network have been implicated in inflammatory disorders, 

metabolic diseases, and multiple cancers.  

 

In this doctoral dissertation, I describe the studies I undertook to explore novel aspects of 

TORC2-Ypk1 signaling. Because a Rab5-specific guanine nucleotide exchange factor (GEF), 

Muk1, was identified in a prior global screen for candidate Ypk1 targets, I investigated the role 

of Rab5-type GTPases in the TORC2 signaling network. I confirmed first that Muk1 is a 

substrate of Ypk1 and demonstrated that Ypk1-mediated phosphorylation stimulates Muk1 

function in vivo. Second, and strikingly, I found that yeast lacking its two Rab5 GEFs (Muk1 and 

Vps9), or its three Rab5 paralogs (Vps21/Ypt51, Ypt52 and Ypt53), or overexpressing Msb3 (a 

Rab5-directed GTPase-activating protein), all exhibited pronounced reduction in TORC2-

mediated phosphorylation and activation of Ypk1. Finally, I showed that Vps21 co-

immunoprecipitates with TORC2, and furthermore, that purified GTP-bound Vps21 is able to 

stimulate in vitro the activity of TORC2 immuno-enriched from Rab5-deficient cells. My 

findings suggest that TORC2-dependent and Ypk1-mediated activation of Muk1 provides a 

control circuit for positive (self-reinforcing) up-regulation to sustain TORC2-Ypk1 signaling. 
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Chapter 1.  Introduction—  the TORC2-dependent signaling network in the  

  yeast Saccharomyces cerevisiae 
 

1. Background 

 

This chapter of my dissertation is based on a review of the current literature on yeast TORC2 

signaling that was published in the journal Biomolecules in 2017 (Roelants et al. 2017a). It was 

co-written by me with Françoise M. Roelants, Kristin L. Leskoske, Maria Nieves Martinez 

Marshall, and Jeremy Thorner. The citation is: Roelants FM, Leskoske KL, Martinez Marshall 

MN, Locke MN, Thorner J (2017) The TORC2-dependent signaling network in the yeast 

Saccharomyces cerevisiae. Biomolecules 7: E66. 

 

Growth and division of a eukaryotic cell are complex processes coupled to various stimuli, the 

availability of nutrients, and additional external and internal cues, all of which are tightly 

regulated at many levels, especially when challenged by suboptimal conditions and other 

stresses. When it was found that the antibiotic rapamycin was a potent inhibitor of the 

proliferation of virtually every eukaryotic cell type examined (e.g., fungi, T cells, and tumor 

cells) (Vezina et al. 1975; Martel et al. 1977; Eng et al. 1984), it became clear that the molecular 

target of rapamycin must be highly conserved and its function critical for cell survival. Indeed, 

ever since the authentic target of rapamycin (TOR) was first discovered using an elegant genetic 

approach in budding yeast (Saccharomyces cerevisiae) (Heitman et al. 1991; Loewith and Hall 

2011), TOR has emerged as a universal, centrally important sensor, integrator, and controller of 

eukaryotic cell growth (Gonzalez and Hall 2017; Saxton and Sabatini 2017).  

 

As first demonstrated in yeast (Kunz et al. 1993; Helliwell et al. 1994; Loewith et al. 2002; 

Wedaman et al. 2003), TOR is found in all eukaryotic cells in two distinct macromolecular 

complexes, TOR complex 1 (TORC1) and TOR complex 2 (TORC2). TORC1 is sensitive to 

inhibition by rapamycin, whereas TORC2 is normally insensitive (Jacinto et al. 2004; Huang and 

Manning 2009; Betz and Hall 2013; Gaubitz et al. 2015). The catalytic subunit in both TORC1 

and TORC2 is the very large TOR polypeptide; metazoans possess a single TOR-encoding gene 

(human mTOR, 2549 residues), whereas budding yeast (Heitman et al. 1991), fission yeast (Ikai 

et al. 2011), and other fungi (Eltschinger and Loewith 2016) encode two TOR proteins, Tor1 and 

Tor2 (2470 and 2474 residues, respectively, in S. cerevisiae). 

 

2. TORC2 Structure and Function 

 

Only Tor2 can serve as the catalytic subunit in yeast TORC2, whereas TORC1 is functional 

when its catalytic subunit is either Tor1 or Tor2 (Loewith et al. 2002; Wedaman et al. 2003). The 

small β-propeller (―WD40 repeat‖) protein Lst8 is present in both TORC1 and TORC2, 

presumably because, as shown for its mammalian ortholog (mLST8), it binds tightly to and 

greatly stabilizes the TOR kinase fold (Yang et al. 2013; Aylett et al. 2016; Baretic et al. 2016). 

Aside from Lst8, however, the other known subunits in yeast TORC2, namely Avo1 

(mammalian ortholog is mSIN1), Avo2 (appears to be fungal-specific), Avo3/Tsc11 (mammalian 

ortholog is Rictor), Bit2 and Bit61 (mammalian counterparts are Protor1/PRR5 and 

Protor2/PRR5L), and Slm1 and Slm2 (also fungal-specific), are all separate and distinct from 

those in TORC1 (Loewith and Hall 2011; Eltschinger and Loewith 2016; Gaubitz et al. 2016). 
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Structural, genetic, and biochemical analyses have revealed that TORC2 is only insensitive to 

rapamycin because the C-terminus of Avo3 blocks the ability of rapamycin-bound FKBP12 

(Fpr1 in S. cerevisiae) to bind to the FKBP12-rapamycin binding (FRB) domain of Tor2; 

deleting a portion of the Avo3 C-terminus renders TORC2 sensitive to rapamycin inhibition 

(Gaubitz et al. 2015). In a yeast cell where such an avo3 truncation (avo3∆C) is combined with a 

dominant point mutation (TOR1-1) in the FRB domain of Tor1 that blocks its association with 

rapamycin-Fpr1 (Heitman et al. 1991), TORC2 can be uniquely inhibited by addition of 

rapamycin (Gaubitz et al. 2015). 

 

Using budding yeast (S. cerevisiae) as the experimental organism, it has been shown by the 

Thorner lab (Roelants et al. 2010; Roelants et al. 2011; Muir et al. 2014; Muir et al. 2015; Alvaro 

et al. 2016; Roelants et al. 2017b) and others (Berchtold and Walther 2009; Berchtold et al. 

2012; Niles et al. 2012; Sun et al. 2012; Frohlich et al. 2016) that TORC2 plays an essential role 

in sensing the status of the plasma membrane (PM) and controlling the reactions that ensure PM 

homeostasis. In addition to influencing reactions that affect PM lipid and protein composition, 

TORC2 action also modulates assembly and function of the actin cytoskeleton and actin-driven 

endocytosis (deHart et al. 2002; Bartlett and Kim 2014; Rispal et al. 2015; Roelants et al. 

2017b). 

 

3. TORC2 Effectors  

 

Yeast TORC2 is localized at the PM (Kunz et al. 2000; Sturgill et al. 2008; Berchtold and 

Walther 2009; Niles et al. 2012; Leskoske et al 2018; Martinez Marshall et al 2019) and 

responds to certain perturbations and stresses by directly phosphorylating two distinct types of 

protein kinases: Ypk1 (and its paralog Ypk2/Ykr2) (Chen et al. 1993) (Figure 1.1); and, Pkc1 

(Levin et al. 1990), the yeast ortholog of mammalian PKN2/PKR2. 

 

TORC2 phosphorylates Ypk1 at multiple sites at its C-terminal end, thereby stimulating its 

activity (Roelants et al. 2011; Muir et al. 2015; Leskoske et al. 2017). Ypk1 is a member of the 

sub-family of eukaryotic protein kinases (AGC-family of protein kinases) first defined by the 

related protein kinases cyclic-3‘5‘-AMP-dependent protein kinase (PKA), cyclic-3‘5‘-GMP-

dependent protein kinase (PKG), and the conventional Ca
2+

-, DAG-, and PtdSer-activated 

protein kinases (PKC) (Pearce et al. 2010; Leroux et al. 2018). Several criteria indicate that the 

human orthologue of Ypk1 is SGK1. The catalytic domain of Ypk1 shares a greater degree of 

amino acid sequence identity (57%) with that of SGK1 than any other human protein kinase 

(Hunter and Plowman 1997; Manning et al. 2002; Rubenstein and Schmidt 2007). In addition, 

the optimal site for phosphorylation of substrates (phospho-acceptor site specificity) of Ypk1 and 

SGK1 are virtually identical (Casamayor et al. 1999). Moreover, expression of SGK1 (and no 

other, even closely related, mammalian protein kinase) rescues the inviability of a ypk1∆ ypk2∆ 

double mutant (Casamayor et al. 1999). Lastly, as a prerequisite for its TORC2 stimulation, basal 

Ypk1 activity requires phosphorylation of its activation loop (T-loop) by the PM-localized 

protein kinases Pkh1 and Pkh2 (Roelants et al. 2002; Roelants et al. 2004). Pkh1 and Pkh2 are 

the yeast sequence homologues of the mammalian, PM-associated, 3-phosphoinositide-

dependent protein kinase 1 (PDK1) and expression of PDK1 rescues the inviability of a pkh1∆ 

pkh2∆ double mutant (Casamayor et al. 1999). As for Ypk1, full SGK1 activity requires its 
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phosphorylation by both PDK1 (Mora et al. 2004) and mTORC2 (Garcia-Martinez and Alessi 

2008). 

 

4. Structure, Function, and Regulation of Ypk1  

 

Ypk1 is a 680-residue polypeptide with its catalytic domain located within its C-terminal portion, 

preceded by a long N-terminal segment and followed by a much shorter C-terminal extension 

(Figure 1.1). Ypk2 (677 residues) shows extensive homology to Ypk1 across its entire length and 

their catalytic domains share 90% sequence identity (Figure 1.1 legend). Aside from its 

homology to that in Ypk2, the N-terminal portion of Ypk1 does not exhibit detectable similarity 

to any characterized sequence motif or structural domain. By contrast, the C-terminal extension 

shares readily detectable relatedness (30% identity) to that in SGK1.  

 

 

 

Figure 1.1.  Schematic depiction of the primary structure of Ypk1. Catalytic domain (black) and 

N- (light blue) and C-terminal (dark blue) regulatory elements are indicated. Shading reflects percent 

sequence identity between Ypk1 (680 residues) and the corresponding segment in its paralogue Ypk2 

(677 residues): 1–98, 22% (faint blue); 99–341, 62% (medium blue); 342–602, 90% (black); and, 

603–680, 73% (dark blue). Abbreviations: LX, low-complexity sequences predicted by UnitProt 

(Consortium 2017) and/or SMART (Letunic et al. 2015) databases; AL, activation loop Thr (T504), 

phosphorylated by Pkh1 and, less efficiently, by Pkh2 (Roelants et al. 2002); TM, turn motif Ser 

(S644), phosphorylated by TORC2; and, HM, hydrophobic motif Thr (T662), phosphorylated by 

TORC2. Phosphorylation at both T504 and S644 are essential for Ypk1 function, whereas 

phosphorylation at T662 and additional conserved C-terminal sites (S653, S672 and S678) mediated 

by TORC2 only occurs under those stressful conditions that activate TORC2-Ypk1 signaling 

(Leskoske et al. 2017). Two N-terminal residues phosphorylated by Fpk1 and, less efficiently, by 

Fpk2 (Roelants et al. 2010) are also shown.  

 

4.1. Activation Loop Phosphorylation by Pkh1 and Pkh2 

As observed for other AGC family protein kinases (Pearce et al. 2010; Leroux et al. 2018), 

activation of Ypk1 is regulated by phosphorylation on residues situated within three conserved 

sequences. First, Ypk1 must be phosphorylated on its activation loop (T-loop) at Thr504 within a 

conserved T
504

FCGTPEY motif, a modification installed, as mentioned above, by Pkh1 and 

Pkh2 (Roelants et al. 2002; Roelants et al. 2004). Pkh1 and Pkh2 are tethered to the PM via their 

tight association with Pil1, a phosphatidylinositol-4,5-bisphosphate (PtdIns4,5P2)-binding 

protein (Karotki et al. 2011), containing an N-terminal region of homology to the human proteins 

BIN1 and Amphiphysin and the yeast protein Rvs167 (BAR domain) that is most similar to that 
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in human proteins FER and CIP4 (F-BAR domain) (McDonald and Gould 2016). Both Pil1 and 

its paralogue Lsp1 (Karotki et al. 2011), are primary subunits of peripherally PM-bound protein 

complexes, dubbed eisosomes (Walther et al. 2006; Douglas and Konopka 2014), that bear 

certain similarities to mammalian caveoli (Moreira et al. 2012). 

 

4.2. C-Terminal Phosphorylation by TORC2 

For cell survival in response to certain stresses (e.g., sphingolipid depletion, heat shock, 

hypotonic conditions, high exogenous acetic acid), Ypk1 activity must be upregulated further by 

phosphorylation at Thr662 within its conserved hydrophobic motif sequence near its C-terminus 

(Roelants et al. 2004; Kamada et al. 2005; Tanoue et al. 2005; Roelants et al. 2011; Berchtold et 

al. 2012; Niles et al. 2012; Sun et al. 2012; Guerreiro et al. 2016) (Figure 1.1). As first revealed 

by analysis of Ypk2 (Kamada et al. 2005), phosphorylation at the hydrophobic motif is mediated 

by TORC2, which also phosphorylates another C-terminal site (Ser644 in Ypk1) within another 

conserved sequence, dubbed the turn motif (Roelants et al. 2004; Kamada et al. 2005).  

 

A former Thorner lab graduate student, Kristin L. Leskoske, showed that several additional sites 

in Ypk1, aside from the turn and hydrophobic motif, are also phosphorylated by TORC2 and that 

these sites are as important for Ypk1 activity, stability, and biological function as Ser644 and 

Thr662 (Leskoske et al. 2017). Moreover, phosphorylation at these sites is a prerequisite for 

TORC2 phosphorylation of Thr662 in the hydrophobic motif (Leskoske et al. 2017). Similarly, 

the mammalian AGC kinase AKT1 is phosphorylated in an mTORC2-dependent manner at other 

C-terminal sites that are necessary for efficient phosphorylation of its hydrophobic motif (Liu et 

al. 2014). Furthermore, phosphorylation at the turn motif has been shown to be especially 

important for proper C-terminal folding and stability of mammalian AKT and PKC (Facchinetti 

et al. 2008; Ikenoue et al. 2008). On this basis, it seems likely that phosphorylation of the newly 

identified TORC2 sites in Ypk1 is also a prelude to phosphorylation of Ser644 in its turn motif 

because absence of phosphorylation at the new sites markedly reduces Ypk1 stability. These 

observations make it clear that TORC2 plays a key role in stimulating Ypk1 activity, up to the 

level needed by the cell to cope with the stresses of sphingolipid depletion, heat shock, 

hypotonicity, and other stressful conditions known to perturb PM structure and/or function. 

 

In both animal cells (Yang et al. 2006; Lu et al. 2011) and fission yeast (Ikeda et al. 2008; 

Shiozaki et al. 2013), there is compelling evidence that the Avo1 orthologues (mSIN1 and Sin1, 

respectively) in TORC2 bind and are required for phosphorylation of the Ypk1 orthologues in 

these organisms (SGK1 and Gad8, respectively). Likewise, others have shown that S. cerevisiae 

Ypk2 also seems to interact with TORC2 via binding to Avo1 (Liao and Chen 2012). Moreover, 

based on cryo-EM, cross-linking MS, and other approaches, the current model of yeast TORC2 

structure (Gaubitz et al. 2015; Gaubitz et al. 2016; Karuppasamy et al. 2017) suggests that Avo1 

is located in close proximity to the active site of the Tor2-Lst8 complex. Furthermore, 

convincing data show that a sequence shared by Avo1 with both S. pombe Sin1 and mammalian 

mSIN1, designated the ―conserved region in the middle‖ (CRIM), is a discrete domain that 

adopts a stable ubiquitin-like fold with a prominent acidic loop and is necessary and sufficient 

for binding of Gad8 and SGK1, respectively (Tatebe et al. 2017). For example, CRIM
Sin1

 fused 

to a different TORC2 subunit permits Gad8 hydrophobic motif phosphorylation in an S. pombe 

sin1∆ mutant. Therefore, it is likely that Ypk1 is recognized by TORC2 by binding to the CRIM 

element in Avo1. 
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Normally, two other proteins, Slm1 and Slm2 are required for TORC2 function, including Ypk1 

phosphorylation at its C-terminal sites (Berchtold et al. 2012; Niles et al. 2012; Roelants et al. 

2017b). However, Slm1 and Slm2 are peripheral subunits that dock quite far from the catalytic 

center of the complex (via their interaction with the non-essential subunits Bit61 and/or its 

paralogue Bit2, as well as Avo2 (Fadri et al. 2005; Wullschleger et al. 2005). So, another 

essential role, aside from substrate delivery, needs to be invoked to explain how these proteins 

contribute to Ypk1 stimulation. Aside from its CRIM domain, Avo1, which is tightly Tor2-

bound, has a C-terminal PtdIns4,5P2-specific PH domain (Gallego et al. 2010; Vonkova et al. 

2015) that is reportedly necessary for efficient PM localization of TORC2 (Berchtold and 

Walther 2009). Likewise, both Slm1 (and Slm2) have C-terminal PH domains (Yu et al. 2004; 

Daquinag et al. 2007), which have been shown to be specific for binding PtdIns4,5P2 (Yu et al. 

2004; Gallego et al. 2010; Vonkova et al. 2015). It is possible, therefore, that Slm1 and Slm2 

help reinforce stable PM recruitment of TORC2 and its positioning near Pkh1- and Pkh2-bound 

eisosomes, which, as discussed above, are located at PM sites enriched for PtdIns4,5P2. 

Alternatively, or in addition, Slm1 and Slm2 might help localize TORC2 nearby ER-PM 

junctions, which also control phosphoinositide metabolism and vice-versa (Omnus et al. 2016); 

in fact, several of the demonstrated substrates of Ypk1 are endoplasmic reticulum (ER)-localized 

proteins, as discussed below. The importance of these PH-domain containing proteins is 

highlighted by the finding that the level of PtdIns4,5P2 is important for TORC2 function; 

elevating PM PtdIns4,5P2 levels either by deleting the PM-localized synaptojanin Inp51 or 

overproducing the PM-localized PtdIns4P 5-kinase Mss4 rescues the temperature-sensitive 

lethality of the tor2-21
ts 

allele (Morales-Johansson et al. 2004).  

 

In this same regard, however, our laboratory has shown that truncated Avo1 (lacking its C-

terminal PH domain) is still recruited to the PM and supports growth and, moreover, that even in 

cells lacking Avo1, Slm1 and Slm2, all of the remaining TORC2 subunits are still recruited to 

the PM (Martinez Marshall et al. 2019). An interpretation of this recent findings is that the PH 

domain of Avo1 exerts a negative constraint on its CRIM domain that prevents efficient Ypk1 

recruitment and phosphorylation and, furthermore, that binding of PtdIns4,5P2 to the PH domain 

of Avo1 alleviates that inhibitory conformation, thereby promoting TORC2-mediated Ypk1 

phosphorylation (Martinez Marshall et al. 2019).  

 

4.3. N-Terminal Phosphorylation by Fpk1 and Fpk2 

When examined by standard SDS-PAGE, especially under conditions known to improve the 

resolution of phospho-isoforms (75:1 or 100:1 acrylamide: N,N'-methylene-bis-acrylamide), 

Ypk1 migrates as a set of three or four distinct bands; however, none of these species are 

attributable to its Pkh1- or TORC2-dependent modification, based on mutation of the 

corresponding sites or on inactivation of the cognate protein kinases (Roelants et al. 2010). A 

genome-wide screen of a protein kinase mutant collection revealed that the protein kinases 

responsible for these observed Ypk1 mobility shifts are Fpk1 and its paralogue Fpk2/Kin82 

(Roelants et al. 2010). Fpk1 phosphorylates Ser51 and Ser71 within a defined sequence context 

(-R-x-S>T-L/V/I/M/A-D/E-) (Mok et al. 2010; Roelants et al. 2010; Roelants et al. 2017b) in 

the N-terminal regulatory domain of Ypk1 (Figure 1.1). In contrast to the clear-cut experimental 

evidence both in vitro and in vivo that Ypk1-mediated phosphorylation of Fpk1 inhibits its 
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catalytic function, the effect of Fpk1-mediated phosphorylation on Ypk1 has been more difficult 

to discern.  

 

5. Substrates of Ypk1 

 

5.1. Control of Aminoglycerophospholipid Asymmetry in the Plasma Membrane Bilayer  

The first bona fide cellular targets of Ypk1 discovered were Fpk1 and Fpk2, protein kinases that 

phosphorylate and stimulate at least two PM-localized aminoglycerophospholipid flippases 

(Nakano et al. 2008). Flippases are P-type ATPases (class IV) that translocate lipid clients from 

the outer leaflet to the inner leaflet of the PM bilayer (Roland and Graham 2016). It was 

demonstrated that Fpk1 (and Fpk2) are phosphorylated robustly by Ypk1 in vitro and at the 

predicted sites and, likewise, that Fpk1 is phosphorylated in a Ypk1-dependent manner in vivo at 

the expected sites (Roelants et al. 2010), based on earlier studies of the phospho-acceptor site 

specificity of Ypk1 using selected synthetic peptide substrates (Casamayor et al 1999). The Ypk1 

sites in Fpk1 and Fpk2, and in the other well-documented substrates discussed below, are 

compiled in Figure 1.2. 

 

Moreover, it was shown that an Fpk1(S37A T244A S481A) mutant that is immune to Ypk1 

phosphorylation is hyperactive both in vitro and in vivo and, conversely, that the absence of Fpk1 

and Fpk2 suppresses the temperature-sensitive growth of ypk1
ts
 ypk2Δ cells (Roelants et al. 

2010). These results and other more recent findings (Roelants et al. 2017b) support the 

conclusion that TORC2-Ypk1 signaling down regulates the rate of inward 

aminoglycerophospholipid translocation (mainly PtdEth) by inhibiting the ability of Fpk1 (and 

Fpk2) to phosphorylate and thereby stimulate the flippases. 

 

In addition to its negative regulation by Ypk1-mediated phosphorylation, Fpk1 activity in vivo 

depends on the presence of mannosyl-inositolphosphoryl-ceramide (MIPC), one of the major, 

endogenous complex sphingolipids that S. cerevisiae produces (although it is still not clear 

whether MIPC is a direct allosteric activator of Fpk1 or promotes Fpk1 activity via a more 

indirect mechanism) (Roelants et al. 2010). Overall, this regulatory circuit, with its interplay 

between Ypk1 and Fpk1, provides a mechanism to couple the rate of aminophospholipid flipping 

within the PM to the rate of synthesis of a complex sphingolipid. The more MIPC available, the 

faster the internalization of outer leaflet PtdEth. Maintaining this balance in PM lipid 

composition and leaflet distribution appears to be crucial for many aspects of membrane function 

because defects in flippase activity have been reported to cause problems in the vesicle-mediated 

transport of proteins in both the endocytic and exocytic pathways (Sebastian et al. 2012), in the 

non-vesicular trafficking of sterols (Muthusamy et al. 2009), and in maintaining the axis of 

polarized growth through effects on PM recruitment of Cdc42 (Saito et al. 2007; Das et al. 

2012).  
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Figure 1.2. Selected sites of Ypk1 phosphorylation. The phospho-acceptor sites in the indicated 

gene products (position of first residue in the sequence shown indicated on the left) were validated as 

authentic Ypk1 phosphorylation sites both in vitro and in vivo. Documentation for these assignments 

can be found in the following publications: Fpk1 and Fpk2 (Roelants et al. 2010); Orm1 and Orm2 

(Roelants et al. 2011); Lac1 and Lag1 (Muir et al. 2014); Gpd1 (Lee et al. 2012); Fps1 (Muir et al. 

2015); Rod1 (Alvaro et al. 2016); and, Ysp2 and Lam4 (Roelants et al. 2018). These data illustrate 

the strict dependence on Arg residues at the -5 and -3 positions, the marked preference for Ser over 

Thr at the phospho-acceptor residue, and some preference for a hydrophobic (in bold) or an 

uncharged residue at the +1 position. 

 

5.2. Control of Sphingolipid Biosynthesis  

The first clue that Ypk1 action was centrally involved in regulating sphingolipid production 

came from the fact that SLI2, one of the genes isolated in a screen for dosage suppressors of 

Fpk1(a)   32 RTRSISF 

Fpk1(b)  239 RERAGTV  

Fpk1(c)  476 RLRTKSF 

Fpk2   304 RLRTKSF 

Orm1(a)   48 RRRSSSI 

Orm1(b)   47 RRRRSSS 
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Orm2(b)   42 RRRRSSS 

Lac1(a)   18 RPRRKSS 

Lag1(a)   19 RRRNSSV 

Gpd1    19 RKRSSSS  

Fps1(a)  176 RRRSRSR 
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―SphingoLipid inhibition by ISP-1‖, was isogenic to YPK1 (Sun et al. 2000). It had been 

established previously that the antibiotic ISP-1, more commonly known as myriocin (Myr) 

(Miyake et al. 1995; Ikushiro et al. 2004; Yeung 2011), inhibits eukaryotic cell growth because it 

is a transition state mimic that potently blocks L-serine:palmitoyl-CoA C-palmitoyltransferase 

(decarboxylating) (SPT; Lcb1-Lcb2-Tsc3 heterotrimer in yeast), the first enzyme unique to the 

sphingolipid biosynthetic pathway in all eukaryotes (Dunn et al. 2004; Dickson et al. 2006; 

Megyeri et al. 2016; Olson et al. 2016). Overproduction of a Ypk1 mutant lacking catalytic 

activity did not suppress growth inhibition by Myr. These findings suggested that elevating the 

amount of Ypk1 activity was able to somehow overcome the limitation for sphingolipids caused 

by reducing the rate of their synthesis with the inhibitor; however, no targets of Ypk1 were 

identified. The next evidence that a protein kinase downstream of TORC2 was important for 

controlling the rate of sphingolipid production came from the observations, first, that an avo3-

30
ts
 mutation, which cripples TORC2 function at the non-permissive temperature, also greatly 

diminished the amount of ceramides in the cell under the same conditions and, second, that 

expression of the hyperactive D239A allele of the Ypk1 paralogue Ypk2 was able to suppress the 

growth defect of avo3-30
ts
 cells at the restrictive temperature (Aronova et al. 2008). It had 

already been established that Ypk2 was a downstream target of TORC2 (Kamada et al. 2005). 

These findings suggested that sphingolipid depletion stimulated TORC2-dependent 

phosphorylation of Ypk2, which, in turn, somehow promoted more sphingolipid production; 

however, no direct substrate of Ypk2 was pinpointed. 

 

In 2002, the Thorner lab carried out a comprehensive screen for both dosage (gain-of-function) 

suppressors and transposon insertion (loss-of-function) suppressors of the temperature-sensitive 

lethality of a ypk1
ts
 ypk2∆ strain (Roelants et al. 2002). The former potentially represents 

substrates whose function requires stimulation by Ypk1-mediated phosphorylation and the latter 

potentially represents substrates whose function requires inhibition by Ypk1-mediated 

phosphorylation. One of the best suppressors was a transposon insertion in open-reading-frame 

YLR350w (now designated ORM2). Orm2 and its paralogue Orm1 are small, ER-localized 

tetraspanins that physically associate with and act as negative regulators of SPT and, upon 

sphingolipid depletion, both Orm1 and Orm2 become heavily phosphorylated, which alleviates 

their inhibitory effect on SPT (Breslow et al. 2010). In 2011, the Thorner lab established that 

Ypk1 is the protein kinase responsible for phosphorylating Orm1 and Orm2 when sphingolipids 

become limiting, and the primary physiological role of Ypk1-mediated phosphorylation is to 

negatively regulate their function (Roelants et al. 2011); and, these conclusions were 

corroborated by others (Berchtold et al. 2012). Further support for the conclusion that regulation 

of sphingolipid biosynthesis is one of the most physiological important functions under TORC2 

control were the findings that:  (i) Ypk1 activation upon sphingolipid depletion required TORC2-

mediated phosphorylation of Thr662 in its hydrophobic motif (Roelants et al. 2011); and, (ii) 

otherwise inviable tor2∆ spores could be recovered if they also carried orm1∆ orm2∆ mutations 

(Rispal et al. 2015). Thus, when under the stress of sphingolipid limitation, the cell responds by 

increasing metabolic flux into the sphingolipid biosynthetic pathway through the increase in SPT 

activity that is brought about via the TORC2-Ypk1-mediated phosphorylation and inhibition of 

the SPT inhibitors, Orm1 and Orm2. 

 

In a subsequent global screen for additional candidate Ypk1 substrates using a combined 

bioinformatic, genetic, and biochemical screening procedure (Muir et al. 2014), the two catalytic 
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subunits (Lac1 and its paralogue Lag1) of the ceramide synthase complex (Lac1-Lag1-Lip1 

heterotrimer in yeast), another ER-localized pacemaker enzyme in sphingolipid synthesis, were 

identified as direct substrates of Ypk1. In this instance, however, phosphorylation by Ypk1 

stimulates the function of this enzyme. Furthermore, Muir et al. (2014) showed that the TORC2-

Ypk1-driven increase in ceramide synthase activity ensures that the long-chain base precursors 

made by the TORC2-Ypk1-driven increase in SPT activity are efficiently channeled into the 

production of complex sphingolipid end-products of the yeast sphingolipid biosynthetic pathway 

(Muir et al. 2014). Exerting control at this step of the pathway also prevents accumulation of 

pathway intermediates that would otherwise compromise cell growth by stimulating autophagy 

(Zimmermann et al. 2013).  

 

5.3. Control of Intracellular Glycerol Concentration  

Generation of high internal glycerol is the strategy yeast has evolved to provide a sufficient 

concentration of an innocuous intracellular osmolyte to combat the loss of water (Hohmann 

2015). Gpd1, found in the cytosol and inside peroxisomes, is a dehydrogenase that catalyzes the 

reduction of dihydroxyacetone-phosphate (DHAP) to sn-glycerol-3-phosphate (Glo3P). Gpd1 is 

kept inactive via phosphorylation by Ypk1; however, TORC2-Ypk1 signaling is dramatically 

and rapidly decreased when cells are subjected to hyperosmotic shock (Lee et al. 2012). Thus, 

under conditions were Glo3P is needed for glycerol production, Ypk1-mediated inhibition of 

Gpd1 function is rapidly alleviated. The effector of a signaling pathway, the HOG (high 

osmolarity glycerol) response, that controls the processes needed to cope with hyperosmotic 

stress, including induction of the expression of appropriate genes, is the MAPK Hog1 (Saito and 

Posas 2012). Under hyperosmotic stress, GPD1 mRNA and protein expression are markedly 

upregulated in a Hog1-dependent manner (Albertyn et al. 1994), allowing the level of Glo3P for 

glycerol production to ramp up quickly.  Glycerol is produced from Glo3P by the action of two 

dedicated phosphatases, Gpp1/Rhr2 and Gpp2/Hor2 (Hohmann 2015). 

 

However, glycerol will only accumulate inside the cell if a PM-localized channel, the 

aquaglyceroporin Fps1, closes. Strikingly, in a proteome-wide screen (Muir et al. 2014), Fps1 

was identified as a likely target of Ypk1. Subsequent characterization (Muir et al. 2015) found 

that Fps1 is an authentic Ypk1 substrate in vitro and in vivo, and that the open channel state of 

Fps1 requires its phosphorylation by Ypk1 at three sites (Muir et al. 2015). Under hyperosmotic 

conditions, where TORC2-Ypk1 signaling is rapidly decreased, Fps1 phosphorylation is lost, 

causing channel closure, glycerol accumulation, and enhanced survival under hyperosmotic 

stress (Muir et al. 2015). Thus, inactivation of TORC2-Ypk1 signaling upon hyperosmotic shock 

has two coordinated consequences that work synergistically to cause glycerol accumulation and 

promote cell survival, outcomes that work in conjunction with, but in a much more rapid and 

mechanistically distinct manner from, the processes evoked by activated Hog1. First, in less than 

one minute, loss of TORC2-Ypk1 signaling alleviates inhibition of Gpd1— which, combined 

with transcriptional induction of the genes for GPD1 and the phosphatases GPP1 and GPP2  —

greatly increases the rate of glycerol production. Second, loss of TORC2-Ypk1 signaling also 

rapidly closes the Fps1 channel, thereby allowing the glycerol produced to be retained. These 

findings defined the underlying molecular basis of a previously uncharacterized mechanism for 

responding to hypertonic conditions (Muir et al. 2015).  
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Gpd1 has a closely related paralogue, Gpd2, which is located in the cytosol and inside the 

mitochondrion. Gpd2 is phosphorylated at the analogous site as that which Ypk1 phosphorylates 

in Gpd1 (Lee et al. 2012); however, a minor sequence change found in Gpd2 converts this 

sequence motif into one that is the target for Snf1, the yeast orthologue of mammalian 5'-AMP-

activated protein kinase (Lee et al. 2012), and not Ypk1. Thus, phosphorylation site divergence 

places two closely-related metabolic enzymes, Gpd1 and Gpd2, under the control of two distinct 

classes of stress-activated protein kinases (Ypk1 and Snf1, respectively), demonstrating how 

even a minor sequence change can be a contributory driving force for functional specialization of 

the products of paralogous genes during evolution. 

 

5.4. Control of Integral Plasma Membrane Protein Endocytosis 

In addition to modulating the levels and leaflet distribution of glycerophospholipids and the rate 

of sphingolipid biosynthesis, Ypk1 also influences PM homeostasis by down regulating the rate 

of endocytosis of integral membrane proteins in at least two ways. Using the α-factor pheromone 

receptor Ste2 as a model polytypic membrane protein, which is internalized in response to both 

its constitutive and agonist-induced ubiquitylation (Alvaro et al. 2014), the Thorner lab found 

that Ypk1-mediated phosphorylation at two sites blocked the ability of the endocytic adaptor (α-

arrestin) Rod1/Art4 to mediate ligand-induced internalization of Ste2 (Alvaro et al. 2016). The α-

arrestins promote ubiquitylation of their respective cargo molecules and their engagement by the 

clathrin-dependent endocytic machinery because these adaptors recruit the membrane-associated 

HECT-domain ubiquitin ligase Rsp5. The S. cerevisiae genome encodes 14 recognized -

arrestins, most of which have been implicated in endocytosis and trafficking of a wide variety of 

nutrient permeases (Lin et al. 2008; Nikko and Pelham 2009; Becuwe et al. 2012). In addition to 

Rod1/Art4, the majority of these adaptors, including Ldb19/Art1 (1), Ecm21/Art2 (4), Aly2/Art3 

(3), Ygr068/Art5 (1), Aly1/Art6 (1), Rog3/Art7 (2), Csr2/Art8 (3), Rim8/Art9 (1), and 

Ylr392c/Art10 (1), contain consensus Ypk1 phospho-acceptor motifs (number indicated in 

parentheses) that are highly conserved among the sensu stricto species or have been detected as 

phosphorylated in phospho-proteomic studies, or both and, thus, may be substrates of Ypk1. 

 

The second mechanism by which Ypk1-mediated phosphorylation impedes endocytosis is via 

inhibition of Fpk1 and Fpk2. Fpk1 phosphorylates the actin patch protein Akl1 at two conserved 

C-terminal sites, and these modifications inhibit Akl1 (Roelants et al. 2017b). Under normal 

growth conditions, Fpk1-mediated inhibition of Akl1 prevents it from interfering with 

endocytosis. However, under conditions that upregulate TORC2-Ypk1 signaling, Fpk1 is 

inhibited by Ypk1-dependent phosphorylation, alleviating the Fpk1-mediated inhibition of Akl1, 

allowing Akl1 to phosphorylate and block the action of proteins needed for endocytic patch 

function (Roelants et al. 2017b).  

 

So, overall, under stressful conditions that threaten PM integrity and activate TORC2-Ypk1 

signaling (including sphingolipid limitation, heat shock, hypotonic conditions), the cell will 

decrease the rate of endocytic removal of some PM proteins because Ypk1 action blocks α-

arrestin function and prevents Fpk1 from inhibiting Akl1. Conversely, upon hypertonic shock, 

where TORC2-Ypk1 signaling is shut off rapidly, PM proteins can be removed as part of the 

clearance of the ―excess‖ membrane created by cell shrinkage because α-arrestins remain fully 

functional and Fpk1 is able to prevent Akl1 from acting. Thus, by these mechanisms, TORC2-

Ypk1 signaling adjusts the rate of endocytosis to meet the needs of the cell.  
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5.5. Control of Plasma Membrane Sterol Level 

In the same proteome-wide screen for Ypk1 substrates conducted in our laboratory by Muir et al. 

(2014), Ysp2 (also known as Lam2/Ltc4) was identified as another likely physiologically 

relevant target of Ypk1. Ysp2 was subsequently shown to be one of a new family of sterol-

binding proteins located at plasma membrane (PM)–endoplasmic reticulum (ER) contact sites 

(Gatta et al. 2015). Our laboratory then documented that Ysp2 and its paralogue Lam4/Ltc3 are 

authentic Ypk1 substrates in vivo and showed using genetic and biochemical criteria that Ypk1- 

mediated phosphorylation inhibits the ability of these proteins to promote retrograde transport of 

ergosterol (the major sterol in S. cerevisiae) from the PM to the ER (Roelants et al. 2018). 

Furthermore, the results obtained also indicated that retention of ergosterol in the PM promotes 

cell survival under membrane-perturbing conditions known to activate TORC2-Ypk1 signaling 

(Roelants et al. 2018). These observations thus defined the underlying molecular basis of a new 

regulatory mechanism for cellular response to plasma membrane stress. 

 

9. Rationale and Prospectus  

 

For the reasons summarized above, I surmised that further investigation of the network of 

biochemical processes under the control of TORC2 and its effector protein kinase Ypk1 would 

continue to serve as an informative avenue for understanding molecular mechanisms in signal 

transduction and in the cell biology of stimulus-induced metabolic regulation.  

 

Hence, in this dissertation, I first pursued the question of whether a suspected Ypk1 substrate the 

emerged from the global screen conducted in our laboratory (Muir et al. 2014), but that was not 

characterized any further, is an authentic target of Ypk1. This candidate substrate was Muk1, a 

guanine nucleotide exchange factor for the Rab5 class of small Ras-related GTPases. As I 

document here and have published (Locke and Thorner 2019a), I used various approaches and 

appropriate reagents (Chapter 2) to validate both in vitro and in vivo that Muk1 is indeed a 

physiologically relevant substrate of Ypk1 (Chapter 3). Moreover, my studies (Locke and 

Thorner 2019a) also demonstrated that Ypk1-mediated phosphorylation stimulates Muk1 

function in vivo (Chapter 3). Unexpectedly, but importantly, I found further (Locke and Thorner  

2019a) that yeast defective in generating active Rab5 have markedly reduced TORC2 activity, as 

judged by the decrease in TORC2-mediated phosphorylation of Ypk1 and other criteria (Chapter 

4). Thus, my dissertation research uncovered a previously unappreciated role of Rab5 in a 

control circuit for positive regulation of TORC2-Ypk1 signaling (Chapter 4). While the 

importance of small GTPases (RAGs and RHEB) for the activity of TORC1 had been 

documented previously (Gonzalez and Hall 2017; Saxton and Sabatini 2017; Tatebe and 

Shiozaki 2017), my finding that Rab5 GTPases are important for TORC2 function provided an 

unanticipated and novel insight about the control of TORC2 activity. In the last section (Chapter 

5), I discuss the implications of my findings and the additional mechanistic questions raised by 

my discovery that still remain to be addressed, which have also been published (Locke and 

Thorner, 2019b). 

 

Finally, I provide two Appendices that describe other research that I accomplished.  Appendix A 

presents studies I performed to delineate whether the determinants that dictate Ypk1 substrate 

selectivity are confined solely to its consensus phospho-acceptor site motif or may also involve 
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additional recognition of a more extended sequence element or even a completely different high-

affinity binding site ("docking site"). Appendix B presents the results of a study I performed in 

animal cells in the laboratory of Prof. Michael Rape. 
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Chapter 2.  Materials and Methods 
 

Strains and Plasmids 

Saccharomyces cerevisiae strains (Table 1) were constructed using standard genetic methods 

(Amberg et al. 2005). For integrations into the genome, proper insertion was confirmed by PCR 

amplification and sequencing. Plasmids (Table 2) were constructed using standard molecular 

biology techniques (Green and Sambrook 2012) and verified by sequencing. Strains yMLT78, 

yMLT80, and yMLT85 were constructed using CRISPR-Cas9 (Finnigan and Thorner 2016) to 

integrate the coding sequence for 3xHA in-frame in place of the fourth and fifth amino acids 

(Tyr4 and Ile5) of the TOR2 open reading frame on chromosome XI using plasmid template 

pRS314-3xHA-TOR2 obtained from y2470 (Jiang and Broach 1999). 

 

Table 1.  S. cerevisiae strains used in this study 

Strain Genotype Source 

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Research Genetics  

yAM123A BY4741 Ypk1(L424A)::URA3 ypk2Δ::KanMX4 (Muir et al. 2014)  

JTY6142 BY4741 ypk1Δ::KanMX4 Research Genetics 

yMLT42 BY4741 vps21Δ::NatMX ypt52Δ::KanMX 

ypt53Δ::HphMX 

This study 

yMLT60 BY4741 ypt7Δ::KanMX This study  

yMLT9 BY4741 vps9Δ::HphMX muk1Δ::NatMX This study 

yMLT3 BY4741 vps9Δ::HphMX This study 

yMLT5 BY4741 muk1Δ::NatMX This study 

yMLT78 BY4741 3xHA-TOR2 This study 

yMLT86 BY4741 mup1Δ::HisMX MET15 This study 

yMLT87 BY4741 MET15 This study 

yAEA343 BY4741 vps9Δ::HphMX muk1Δ::NatMX MET15 This study 

yAEA344 BY4741 vps9Δ::HphMX MET15 This study 

yMLT64 BY4741 AVO3-GFP::KAN This study 

yMLT66 BY4741 AVO3-GFP::KAN vps9Δ::HphMX 

muk1Δ::NatMX 

This study 

y2470 BY4741 tor1::HIS3 tor2::LEU2 [pRS314(CEN4 

TRP1)-3xHA-TOR2] 

(Jiang and Broach 

1999)  

yMLT80 BY4741 AVO3-3xFLAG::KanMX 3xHA-TOR2 This study 

yMLT85 BY4741 AVO3-3xFLAG::KanMX 3xHA-TOR2 

vps21Δ::HphMX ypt52Δ::NatMX  

This study 
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yMLT69 BY4741 AVO1-6xHA::HIS3MX6 This study 

yKL7 BY4741 AVO3-3xFLAG::KanMX 

TOR2(L2178A)::Hyg 

K. Leskoske, this lab 

yMLT70 BY4741 AVO1-6xHA::HIS3MX6 vps9Δ::HphMX 

muk1Δ::NatMX  

This study 

CGA84 MATa leu2Δ1::GEV::NatMX pep4∆:HIS3 prb1∆1.6R 

ura3-52 trp1-1 lys2-801a leu2∆1 his3∆200 can1 GAL 

met15Δ0 ura3Δ0 

(Alvaro et al. 2014)  

 

Table 2.  Plasmids used in this study 

Plasmid Description  Source/reference  

BG1805 2 μm, URA3, GAL1prom, C-terminal tandem affinity 

(TAP) tag vector 

Open Biosystems 

pMAL-c5X Bacterial expression vector for production of MBP 

(MalE) fusion proteins 

New England 

BioLabs  

pESC-Leu 2 μm, GAL1/10prom, LEU2 Agilent 

YCpLG CEN, LEU2, GAL1/10prom vector (Bardwell et al. 

1998)  

pRS425 2 μm, LEU2 vector (Sikorski and Hieter 

1989) 

pRS426 2 μm, URA3 vector (Sikorski and Hieter 

1989) 

pRS315 CEN, LEU2 vector  (Sikorski and Hieter 

1989) 

pET30a Bacterial expression vector  Novagen 

pMLT35 pMAL-c5X MBP-Muk1-(His)6 This study 

pMLT74 pMAL-c5X MBP-Muk1(S171A S172A S173A S183A 

S184A S185A)-(His)6 

This study 

pMLT22 pESC-LEU GAL1prom -Muk1-myc This study 

pMLT56 pESC-LEU GAL1prom -Muk1(1-220)-myc This study 

pMLT57 pESC-LEU GAL1prom -Muk1(1-220; S171A S172A 

S173A S183A S184A S185A)-myc 

This study 

pAX50 BG1805 Ypk1(L424A)-TAP (Muir et al., 2014) 

pFR252 pRS315 Ypk1(S51A T57A S71A T504A S644A 

S653A T662A)-myc 

(Muir et al., 2015)  
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pAM20 pRS315 YPK1-myc (Roelants et al., 

2011)  

pMLT101 pRS426 GAL1prom -FLAG-Vps21 This study 

pMLT102 pRS426 GAL1 prom -FLAG-Vps21(S21L) This study 

pMLT103 pRS426 GAL1 prom -FLAG-vps21(Q66L) This study 

pMLT110 pRS426 GAL1 prom -FLAG-Ypt7 This study 

pMLT114 pRS426 GAL1 prom -FLAG-mNeonGreen This study 

pMLT111 pRS426 Msb3-FLAG This study 

pMLT83 pRS315 Muk1-3xFLAG This study 

pMLT84 pRS315 Muk1(S171A S172A S173A S183A S184A 

S185A)-3xFLAG 

This study 

pMLT85 pRS315 Muk1(D353A)-3xFLAG This study 

pMLT92 pRS315 Muk1(S171E S172E S173E S183E S184E 

S185E)-3xFLAG 

This study 

pMLT132 pET30a Ypk1(D242 D470A)-(His)6 This study 

pMLT135 pMAL-c5X MBP-Ypk1(603-680) [MBP-Ypk1
CT

] This study 

pMLT138 pMAL-c5X MBP-Ypk1(603-680; S644 S653A T662A 

S671A S672A S678) [MBP-Ypk1
CT 

(6A)] 

This study 

pMLT88 pET30a Vps21-(His)6 This study 

pMLT141 pET30a Ypt7-(His)6 This study 

pPL495 pRS315 PH
Slm1

-Ypk1-3xHA (Niles et al., 2012) 

pMLT115 pRS425 GAL1prom-GST This study 

pMLT116 pRS425 GAL1 prom -GST-Ypk1  This study  

pMLT19 PET30a (His)6-MBP This study 

pMLT2 pMAL-c5X MBP-Fps1(1-255)-(His)6 This study 

pMLT3 pMAL-c5X MBP-Fps1(531-669)-(His)6 This study 

pMLT37 pMAL-c5X MBP-Fps1(531-559)-(His)6 This study 

pMLT38 pMAL-c5X MBP-Fps1(531-586)-(His)6 This study 

pMLT40 pMAL-c5X MBP-Fps1(607-669)-(His)6 This study 

pMLT48 pMAL-c5X MBP-Fps1(531-573)-(His)6 This study 
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pMLT60 pMAL-c5X MBP-Fps1(531-573; K561A, K562A, 

R563A, R565A)-(His)6 

This study 

pMLT61 pMAL-c5X MBP-Fps1(554-573)-(His)6 This study 

pMLT53 pMAL-c5X MBP-Fps1(531-586; R565K R567K 

S570T)-(His)6 

This study 

pMLT23 BG1805 YPK1(D242A, D470A)-TAP This study 

 

 

Cell Culture Conditions 
Yeast strains were propagated in either standard rich medium (YP) containing 2% 

dextrose/glucose or a defined synthetic medium (SC) (Sherman, 2002) with the same carbon 

source and supplemented with appropriate nutrients to maintain selection for plasmids. For 

galactose induction of gene expression, cells were pre-grown in SC medium containing 2% 

raffinose-0.2% sucrose, and induced by addition of galactose (2% final concentration) for 3 h. To 

inhibit complex sphingolipid synthesis, a stock of AbA (Cat. # 630466; Takara Bio USA, Inc., 

Mountain View, CA) dissolved in ethanol was added at the indicated final concentrations and an 

equivalent volume of the same solvent was added to control cultures. Stocks of the amino acid 

analogs L-canavanine (Cat.# C1625; Sigma-Aldrich Chemical Company, St. Louis, MO) and L-

ethionine (Cat.# E1260;Sigma) dissolved in water were added to plates of SD-containing agar 

medium at the indicated concentrations. For inhibition of analog- sensitive Ypk1(L424A), a 

stock of the adenine analog 1-(tert-butyl)-3-(3-methylbenzyl)-1H- pyrazolo[3,4-d]pyrimidin-4-

amine (3MB-PP1; Cat.# 17860, Cayman Chemical Inc., Ann Arbor, MI) dissolved in dimethyl 

sulfoxide (DMSO) was added at the indicated final concentration and an equivalent volume of 

the same solvent was added to control cultures.  

 

Protein Purification from Escherichia coli 

Expression from the corresponding plasmids (Table 2) of MBP-Muk1-(His)6, MBP-Muk1(6A)-

(His)6, Vps21-(His)6, Ypt7-(His)6, and MBP-Fps1-(His)6 fragments in the E. coli derivative 

LOBSTR-BL21(DE3) (Andersen et al., 2013) was induced by addition of IPTG (0.75 mM final 

concentration). After incubation of the cultures at 16˚C for 16 h, the cells were harvested by 

centrifugation, lysed by sonication, and the corresponding proteins purified by immobilized 

metal ion affinity chromatography using Ni
2+

- charged nitrilotriacetate-derivatized agarose beads 

(Qiagen, Inc., Germantown, MD) following standard procedures. After elution with 200 mM 

imidazole, pooled eluates were dialyzed into PBS containing 2 mM DTT. For Vps21-(His)6, the 

dialyzed protein was further purified by ion exchange chromatography on a MonoQ 10/100GL 

column (Sigma-Aldrich) using a AKTA Fast Protein Liquid Chromatography system (GE 

Healthcare Life Science, Inc., Chicago, IL). To load purified Vps21-(His)6 or purified Ypt7-

(His)6 with the desired guanine nucleotide, samples were incubated for 10 min in 5 mM EDTA 

to strip any bound Mg
2+

-nucleotide complexes, then incubated for 30 min with 2 mM GTP S 

(Roche Diagnostics, Inc, Indianapolis, IN), followed by addition of MgCl2 (20 mM final 

concentration) and incubation for an additional 30 min. MBP-Ypk1(603-680) [denoted MBP-

Ypk1
CT

] and MBP-Ypk1
CT

(6A) were purified by affinity chromatography on amylose resin 

(New England BioLabs, Inc., Ipswich, MA), following the manufacturer's protocol.  
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Ypk1 Protein Purification from S. cerevisiae 

Yeast cells expressing the analog-sensitive Ypk1-as [pAX50 Ypk1(L424A)-TAP] were grown to 

mid-exponential phase, harvested, lysed and the Ypk1(L424A)-TAP protein purified by affinity 

purification using IgG-Sepharose
TM

 and elution by cleavage with Pre-Scission
TM

 protease (GE 

Healthcare), as described previously (Muir et al., 2014) and in a more recent, highly detailed 

procedure (Locke et al. 2019). To purify Ypk1
KD

, pMLT23 (2 µm DNA, GAL1prom-

Ypk1(D242A,D470)-TAP) was introduced into yeast strain CGA84 by DNA-mediated 

transformation. Transformed cells were grown in 3L of SD-Leu + 2% dextrose medium and 

expression induced by addition of 1 µM β-estradiol (dissolved in ethanol) for 16 h. Cells were 

harvested by centrifugation, washed once in buffer containing 50 mM Tris-Cl pH 7.4, 125 mM 

KOAc, 0.5 mM EDTA, and frozen in liquid N2 in small pellets. Cells were lysed cryogenically 

using a Mixer Mill MM400 (Retsch). The resulting frozen yeast powder (typically, 5 g) was 

thawed in 10 mL TAP lysis buffer [50 mM Tris-Cl pH 7.4, 200 mM NaCl, 1.5 mM MgOAc, 1 

mM DTT, 2 mM NaVO4, 10 mM NaF, 10 mM Na-PPi, 10 mM β-glycerol phosphate, 1x 

cOmplete protease inhibitors
TM

 (Roche), 0.15% Triton X-100]. The thawed lysate was first 

clarified by centrifugation at 15,000xg for 20 min at 4˚C. The resulting supernatant fraction was 

subjected to centrifugation at 100,000xg at 4˚C for 1 h. The resulting clarified extract was then 

filtered through a 0.45 µM polyethersulfone (PES) filter. The Ypk1-TAP fusion was affinity 

purified from the final filtered extract by incubation for 1 h with 300 µl IgG Sepharose (GE 

Healthcare) at 4˚C. Resin was washed extensively 5 times with TAP lysis buffer, and 1 time with 

Rhinovirus protease 3C (P3C) cleavage buffer [50 mM Tris-Cl pH 7.4, 200 mM NaCl, 1.5 mM 

MgOAc, 1 mM DTT, 10 mM NaF, 10 mM Na-PPi, 10 mM β-glycerol phosphate, 0.01% Triton 

X-100]. To elute proteins, resin was resuspended in 300 µl P3C cleavage buffer containing 8 

units Prescission Protease
TM

 [commercially-produced glutathione S-transferase (GST)-human 

rhinovirus 3C protease fusion protein] (GE Healthcare) for 5 h at 4˚C. The GST-protease 3C 

fusion protein was removed by the addition of 15 µl glutathione-sepharose beads (GE 

Healthcare), followed by centrifugation, and the supernatant fraction containing the purified 

Ypk1 was frozen as aliquots in liquid N2. 

 

Ypk1 Protein Kinase Assays  

A detailed protocol for measurement of Ypk1 activity in vitro is available elsewhere (Locke et al. 

2019). In brief, to monitor the protein kinase activity of Ypk1, samples of purified Ypk1-as (0.15 

μg) were mixed with, typically, 1 μg of the purified substrate of interest in kinase assay buffer 

[125 mM potassium acetate, 12 mM MgCl2, 0.5 mM EDTA, 2 mM DTT, 1% glycerol, 0.2 

mg/mL BSA, 12.5 mM β-glycerol phosphate, 1 mM NaVO4, 50 mM HEPES (pH 7.4) 

containing cOmplete
TM

 EDTA-free protease inhibitor cocktail (1 mini-tablet per 10 ml; Roche)] 

in the absence or presence of 1-(tert-butyl)-3-(3-methylbenzyl)-1H-pyrazolo[3,4-d]pyrimidin-4-

amine (3MB-PP1; 10 μM final concentration), and reaction was initiated by addition of ATP (10 

μM final concentration) containing 2 μCi [ -
32

P]ATP. After incubation at 30˚C for 30 min, 

reactions were terminated by the addition of an equal volume of 6x SDS gel sample buffer 

followed by boiling for 5 min and the resulting products resolved by SDS-PAGE and analyzed 

by both protein staining (0.05% Coomassie Blue R-250, 10% acetic acid, 25% isopropanol) and 

by autoradiography of the same fixed and stained gel performed using a Phosphorimager screen 

(Molecular Dynamics, Sunnyvale, CA) and a Typhoon
TM 

imaging system (GE Healthcare).  
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Immuno-isolation of TORC2 and other FLAG-tagged Proteins  

For immunoprecipitation of FLAG-tagged proteins expressed in yeast, included TORC2 marked 

with Avo3-3xFLAG, frozen cell pellets were resuspended in 16 µl / A600 nm ice-cold lysis buffer 

[200 mM KCl, 10 mM magnesium acetate, 10 mM β-glycerol-phosphate, 10 mM NaF, 10% 

glycerol, 0.1 mM EDTA, 50 mM HEPES (pH 7.4) containing 2 mM 4-(2-aminoethyl) 

benzenesulfonyl fluoride (AEBSF) and cOmpleteTM EDTA-free protease inhibitor cocktail (1 

mini-tablet per 10 ml; Roche)], mixed with an equivalent volume of chilled glass beads, and 

lysed by vigorous vortexing for 10 min at 4˚C. The resulting lysate was separated from the beads 

by draining after puncturing the conical tip of the plastic centrifuge tube with a 25-gauge 

hypodermic needle. The recovered liquid was diluted with 0.5 volume of lysis buffer containing 

2% n-dodecyl β-D-maltoside (DDM; Cat.# D4641, Sigma) and incubated with gentle agitation 

on a rollerdrum for 20 min at 4˚C. The detergent-treated extract was clarified by centrifugation at 

maximum rpm in a microfuge (Model 5424, Eppendorf AG, Hamburg, Germany) and the 

resulting supernatant fraction was withdrawn and mixed with 15 µl of a slurry of magnetic 

affinity resin decorated with anti-FLAG M2 antibodies (Cat.# M8823, Sigma) that had been pre-

equilibrated in lysis buffer containing 0.5% DDM. After incubation with resin for 2 h with gentle 

agitation on a rollerdrum at 4˚C, the resin was removed from the bulk solution and moved to the 

side of the tube using a magnet tube rack (Dynal, Thermo Fisher Scientific Inc., Waltham, MA), 

resuspended in and washed six times with 1 ml lysis buffer containing 0.5% DDM. For TORC2 

purification, the remaining bound protein was eluted with 3xFLAG peptide (Sigma) in 1x kinase 

assay buffer and samples of the resulting eluate used immediately thereafter for in vitro kinase 

assays. For other FLAG-tagged proteins, the remaining bound protein was eluted with urea-SDS 

gel sample buffer [6 M urea, 6% SDS, 25% glycerol, 0.1% bromophenol blue, 150 mM Tris-HCl 

(pH 6.8)]. 

TORC2 Protein Kinase Assays  

A detailed protocol for measurement of TORC2 activity in vitro is available elsewhere (Locke 

and Thorner 2019c). In brief, to monitor the protein kinase activity of TORC2, samples of 

TORC2 (each derived by immuno-isolation from the equivalent of 50 µg of clarified lysate, as 

described above) were incubated with purified MBP-Ypk1
CT

 or MBP-Ypk1
CT

(6A), in kinase 

assay buffer in the absence or presence of the indicated amounts of purified recombinant GTP S-

loaded Vps21 or Ypt7, and reaction initiated by the addition of ATP (10 μM final concentration) 

containing 2 μCi [ -
32

P]ATP. Reactions were incubated at 30˚C for 30 min, unless otherwise 

noted, and the products analyzed in the same manner as for the Ypk1 protein kinase assays (see 

above), except SYPRO Ruby (ThermoFisher Scientific Inc.) was used for protein staining. For 

specific inhibition of WT TORC2, the enzyme was incubated with QL-IX-55 (gift of Nathanael 

Gray, Harvard Med. Sch.) dissolved in DMSO or, as a control, with an equivalent volume of the 

same solvent at 30˚C for 5 min prior to addition of the other reaction components. For specific 

inhibition of TORC2 containing Tor2(L2178A) (Kliegman et al. 2013), the enzyme was 

incubated with NVP- BEZ235 (Cayman Chemical) dissolved in DMF or, as a control, with an 

equivalent volume of the same solvent.  

 

 

Preparation of Cell Extracts and Immunoblotting  

Whole-cell lysates of yeast were prepared by alkaline lysis with 1.85 M NaOH and 7.4% 2- 

mercaptoethanol followed by trichloroacetic acid (TCA) precipitation, as described in detail 
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previously (Westfall et al., 2008). For samples treated with calf-intestinal phosphatase (CIP), the 

TCA precipitates of whole-cell lysates were washed with ice-cold acetone, resuspended in 100 μl 

CIP resuspension buffer (126 mM sorbitol, 42 mM NaCl, 10.5 mM MgCl2, 0.24 mM EDTA, 2% 

2-mercaptoethanol, 180 mM Tris Base), diluted with 900 μl 50 mM Tris-HCl (pH 8.0) and 

incubated with 45 units of CIP (New England Biolabs) for 2 h at 30˚C. Reactions were 

terminated by addition of TCA (25% final concentration) and the precipitated protein was 

resuspended in a buffer containing 0.1 M Tris Base and 5% SDS prior to addition of an 

appropriate volume of 5X SDS sample buffer.  

 

In most cases, protein samples were separated by standard SDS-PAGE in gels containing the 

appropriate concentration of acrylamide to resolve the species of interest, transferred 

electrophoretically to nitrocellulose filter paper, and analyzed by immunoblotting. To resolve the 

spectrum of phospho-isoforms of particular phosphorylated proteins (such as Muk1 and Ypk1), 

resuspended whole-cell lysates were separated using Phos-tag
TM

 SDS-PAGE (Kinoshita et al. 

2009) in 8% acrylamide gels containing 35 μM Phos-Tag reagent (Fujifilm Wako Chemicals 

USA, Corp., Richmond, VA), according to manufacturer‘s instructions, and, after transfer to 

nitrocellulose, analyzed by immunoblotting.  

 

Primary antibodies used in this study (at the dilution indicated) were:  mouse anti-FLAG 

(1:5,000; Sigma, Product No. F1804); rabbit anti-DYKDDDDK (1:2,500; Cell Signaling 

Technologies, Inc. Danvers, MA, Product No. 2368); mouse anti-c-myc mAb 9E10 (1:100; 

Monoclonal Antibody Facility, Cancer Research Laboratory, University of California, Berkeley); 

mouse anti-HA 6E2 (1:5,000; Cell Signaling Technologies, Product No, 2367); rabbit anti-GST 

(1:10,000; Santa Cruz Biotechnology, Dallas, TX, Product No. SC-459); rabbit anti-Pgk1 

(1:200,000) (Baum et al., 1978); rabbit anti-SGK1(pT256) (1:1,000; Santa Cruz Biotechnology, 

Product No. SC-16744); mouse anti-Pma1 (1:5,000; Abcam, Cambridge, UK, Product No. 

ab4645); and, rabbit anti-Ypk1(pT662) (1:20,000; gift from Ted Powers, Univ. of California, 

Davis, CA). Infrared dye-labeled secondary antibodies were: CF770-derivatized goat anti- mouse 

IgG (1:20,000; Biotium, Fremont, CA, Product No. 20077) and CF680-derivatized goat anti-

rabbit IgG (1:20,000; Biotium, Product No. 20067). The resulting filter-bound immune 

complexes were visualized using an infrared imaging system (Model OdysseyTM CLx, LI-COR 

Biosciences, Inc., Lincoln, NE).  

 

GST Pull-down Analysis  

Lysates were prepared in the same manner as for immunoprecipitation of FLAG-tagged proteins 

(see above). The resulting extracts were mixed with a slurry (10 μl) of glutathione-Sepharose
TM

 

4B beads (GE Healthcare) pre-equilibrated in lysis buffer containing 0.5% DDM. After 

incubation for 2 h at 4˚C, the beads were separated from the protein solution by centrifugation, 

washed 6X with 1 ml lysis buffer, and the bound proteins eluted with urea-SDS gel sample 

buffer and analyzed.  

 

Fluorescence Microscopy  

Yeast cells expressing Avo3-GFP (excitation max 489 nm; emission max 508) were grown to 

mid-exponential phase in synthetic medium lacking Trp and mounted onto 1% agarose pads and 

viewed immediately at 23˚C using a confocal microscope (Zeiss, Model LSM 710) equipped 

with a 100x oil immersion objective (1.40 NA) and excited with an argon laser at 488 nm at 25% 
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power and emission monitored using a bandpass filter (495-550 nm window). Images were 

acquired with an iXon3 EM-CCD camera (Andor, Belfast, UK) using Metamorph software 

(Molecular Devices, Sunnyvale, CA) and processed using ImageJ (Collins 2007).  

 

MBP Pull-down Analysis 

MBP-Fps1-(His)6 proteins, purified by immobilized metal ion affinity chromatography using 

Ni
2+

-charged nitrilotriacetate-derivatized agarose resin, were adsorbed onto 30 µl amylose beads 

(New England Biolabs) by incubation in 300 µl binding buffer [150 mM NaCl, 5 mM KCl, 1.5 

mM MgCl2, 20 mM HEPES pH 7.4, 0.1% Triton X-100, 0.1 µg/ml BSA] for 2 h rotating at 4˚C. 

The protein-decorated amylose beads were washed 2 times with 600 µl binding buffer without 

BSA. For pull-downs, 20 ng purified Ypk1
KD

 was added to the protein-decorated beads in 300 µl 

binding buffer. After incubation with the beads for 2 h with gentle agitation on a rollerdrum at 

4˚C, samples were washed 5 times with 400 µl binding buffer without BSA. Bound proteins 

were eluted by addition of 40 µl 2x urea-SDS gel sample buffer and analyzed by SDS-PAGE 

followed by immunoblotting.  
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Chapter 3.  Rab5 GEF Muk1 is a physiologically important substrate of   

  TORC2-activated protein kinase Ypk1  
 

Background 

This chapter of my thesis is based on a primary research article that was published in Journal of 

Cell Biology in 2019 (Locke and Thorner, 2019a), for which I designed, executed, and analyzed 

all the experiments under the guidance of my mentor, Prof. Jeremy Thorner. 

 

Among presumptive, but as yet uncharacterized, targets of Ypk1 that were identified by our 

group was Muk1 (Muir et al. 2014). Muk1 and its paralog Vps9 are guanine nucleotide exchange 

factors (GEFs) that catalyze GDP-GTP exchange in the Rab5 class of GTPases in S. cerevisiae, 

namely Vps21/Ypt51 and its paralogs Ypt52 and Ypt53 (Burd et al. 1996; Hama et al. 1999; 

Paulsel et al. 2013; Bean et al. 2015). As in other eukaryotes, the function of Rab5 GTPases was 

thought to be confined to promoting vesicle formation, trafficking and sorting in the early stages 

of the endocytic pathway (Singer-Kruger et al. 1994; Singer-Kruger et al. 1995; Cabrera and 

Ungermann 2013) and disruption of Rab5 function in yeast leads to accumulation of cargo in 

endosomes and disruption of their delivery to the vacuole (Horazdovsky et al. 1994; Gerrard et 

al. 2000). Muk1 and Vps9 have overlapping roles as Rab5 GEFs because a muk1∆ vps9∆ double 

mutant has a more severe phenotype than either single mutant and, tellingly, exhibits a 

phenotype closely resembling a vps21∆ ypt52∆ ypt53∆ triple mutant (Cabrera and Ungermann 

2013; Paulsel et al. 2013). Although Muk1 and Vps9 both act on Rab5 GTPases, the presence of 

two distinct proteins suggests that they may be differentially regulated. Hence, I sought to 

determine whether Muk1 is indeed an authentic and physiologically relevant target of Ypk1 and, 

if so, the consequences of its Ypk1-mediated phosphorylation.  

 

Results 

 

Muk1 is a substrate of protein kinase Ypk1  

A ~260-residue segment of Vps9 (451 residues) is necessary and sufficient for its Rab5 GEF 

activity (Carney et al. 2006; Barr and Lambright 2010; Bean et al. 2015). Compared to Vps9 

itself (Gough et al. 2001), the catalytic (Vps9 homology) domain of Muk1 (612 residues) is split 

by an 83-residue insert that contains, in tandem, two matches (
168

RSRSSSG
174

 and 
179

RPRRSSS
185

) to the consensus phospho-acceptor site motif of Ypk1 (Mok et al. 2010; Muir et 

al. 2014) (Fig. 3.1A). These same sites are completely conserved among S. cerevisiae and all its 

sensu stricto relatives, as well as in more divergent yeast species (e.g. Candida glabrata, 

Kluyveromyces lactis and Ashbya gossypii) [see:  portals.broadinstitute.org/cgi-bin/regev/ 

orthogroups/show_orthogroup.cgi?orf=YPL070W] and phosphorylation at these same sites in 

vivo has been detected in several global phosphoproteomic analyses of S. cerevisiae 

(Albuquerque et al. 2008; Holt et al. 2009; Swaney et al. 2013). 
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Figure 3.1.  Muk1 is phosphorylated by Ypk1 in vivo.  (A) Schematic depiction of Muk1. Dark 

purple, split catalytic (Vps9 homology) domain; yellow and underlined, consensus Ypk1 phospho-

acceptor site; red, phosphorylated residues. (B) WT cells (BY4741) expressing Muk1-myc from the 

GAL promoter on a multi-copy (2 μm DNA) vector (pMLT22) were grown to mid-exponential 

phase, harvested, and lysed, and equivalent samples of the resulting extract protein were incubated in 

the absence (−) or presence (+) of CIP and, after treatment, resolved by SDS-PAGE in an 8% 

acrylamide gel and analyzed by immunoblotting (IB), all as described in Materials and methods. (C) 

WT (BY4741) or otherwise isogenic ypk1-as ypk2Δ (yAM123-A) cells expressing Muk1-myc as in 

B were grown to mid-exponential phase, treated with vehicle (DMSO) or 3MB-PP1 (10 μM final 

concentration) in the same solvent for 90 min, harvested, lysed, and examined as in B, except SDS-

PAGE was conducted using a 7% acrylamide gel. 

 

I confirmed that Muk1 is a phosphoprotein, first, by showing that an epitope-tagged derivative 

(Muk1-myc) migrates even in standard SDS-PAGE as a series of multiple, slower mobility 

isoforms that are collapsed to a faster mobility species by treatment with calf intestinal 

phosphatase (CIP) (Fig. 3.1B). To determine whether any isoforms were attributable to 

phosphorylation by Ypk1, I expressed Muk1-myc in either WT or otherwise isogenic cells 

lacking Ypk2 and carrying an allele of Ypk1, Ypk1(L424A) [hereafter Ypk1-as], sensitive to 

acute inhibition by the adenine analog 3MB-PP1 (Lopez et al. 2014; Muir et al. 2014). I found 

that only in the analog-sensitive cells and only in the presence of inhibitor were the slowest 

mobility species greatly reduced and the most hypophosphorylated species markedly increased 

(Fig. 3.1C), demonstrating that Muk1 is indeed phosphorylated in a Ypk1-dependent manner in 

the cell. 

 

The Thorner lab has shown previously that in other Ypk1 substrates containing Ser residues 

juxtaposed (immediately upstream, immediately downstream, or both) to the primary phospho-

acceptor Ser, such residues can also be phosphorylated by Ypk1 both in vivo and in vitro 

(Roelants et al. 2011; Muir et al. 2014). Hence, to test whether Ypk1-mediated phosphorylation 

of Muk1 was occurring at the expected sites, I examined the mobility pattern of WT Muk1 

tagged with a 3xFLAG epitope or a derivative in which all six potential Ser residues at the Ypk1 

consensus motifs were mutated to Ala. For this purpose, I used Phos-tag SDS-PAGE, a 

technique which enhances retardation of a protein depending on the extent of its phosphorylation 

(Kinoshita et al. 2009). I found that lack of the six Ser residues resulted in a marked reduction in 
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the slowest mobility isoforms and a pronounced increase in the fastest mobility 

(hypophosphorylated) isoform (Fig. 3.2), indicating that these sites are indeed phosphorylated in 

vivo. 

 
 

Figure 3.2.  Muk1 is phosphorylated at its Ypk1 consensus phospho-acceptor site motifs. WT 

(BY4741) cells expressing from the native MUK1 promoter on a low-copy (CEN) vector either 

Muk1-3xFLAG (pMLT83) or Muk1(6A)-3xFLAG (pMLT84) were grown to mid-exponential phase, 

harvested, and lysed, and equivalent amounts of protein from the resulting extracts were resolved by 

Phos-tag SDS-PAGE and analyzed by immunoblotting (IB; top) and by staining with Ponceau S dye 

(bottom) to confirm equal sample loading, all as described in Materials and Methods. 

  

To more readily visualize Ypk1-specific phosphorylation of Muk1, I expressed a smaller 

fragment (residues 1-220) of WT Muk1-myc or an otherwise identical fragment in which the six 

potential Ser residues at the Ypk1 consensus motifs were mutated to Ala. I also took advantage 

of the fact that TORC2-dependent activation of Ypk1 is stimulated in response to inhibition of 

sphingolipid biosynthesis by antibiotics such as myriocin (Myr; which inactivates L-

Ser:palmitoyl-CoA acyltransferase) (Miyake et al. 1995) or aureobasidin A (AbA; which 

inactivates inositolphosphate-ceramide synthase) (Sugimoto et al. 2004), as the Thorner lab and 

others have shown (Roelants et al. 2011; Berchtold et al. 2012; Khakhina et al. 2015). Indeed, 

when cells were treated with AbA, I found that the Muk1(1-220) fragment displayed a readily 

detectable slower mobility isoform that was eliminated by the 6A mutations or by absence of just 

Ypk1 itself (Fig. 3.3A) because under normal growth conditions very little Ypk2 is expressed 

(Gasch et al. 2000; Roelants et al. 2002).  Moreover, as expected, this species appeared when 

cells were treated with aureobasidin, but not in its absence (Fig. 3.3B).  
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Figure 3.3.  Ypk1-dependent phosphorylation of Muk1 is stimulated by sphingolipid depletion.  

(A) WT (BY4741) or otherwise isogenic ypk1Δ (JTY6142) cells expressing from the GAL 

expression vector pMLT22 either Muk1(1–220; pMLT56) or Muk1(1–220 6A; pMLT57) were 

grown to mid-exponential phase, treated with AbA (1.8 µM concentration) for 2 h, harvested, and 

lysed, and the resulting extracts were resolved by SDS-PAGE using a 13.5% acrylamide gel and 

analyzed by immunoblotting. Pgk1 served as a loading control. (B) WT (BY4741) cells expressing 

either Muk1(1– 220; pMLT56) or Muk1(1–220 6A; pMLT57) were grown to mid-exponential phase, 

treated with 1.8 μM AbA or vehicle for 2 h, harvested, and lysed, and the resulting extracts were 

analyzed by SDS-PAGE on a 75:1 12% acrylamide gel. Pgk1 served as a loading control. Asterisk 

(red) indicates phosphorylated species. 

 

Finally, purified recombinant Muk1, but not Muk1(6A), was robustly phosphorylated in vitro by 

purified Ypk1-as in the absence of 3-MB-PP1, but not in its presence (Fig. 3.4). Thus, Muk1 is a 

bona fide substrate of Ypk1.  

 

 
Figure 3.4.  Muk1 is phosphorylated by Ypk1 in vitro.   Equivalent amounts (∼0.5 μg) of MBP-

Muk1-(His)6 or MBP- Muk1(6A)-(His)6, expressed in and purified from E. coli, were incubated with 

Locke and Thorner 
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Figure S1. Muk1 is phosphorylated at its Ypk1 consensus phospho-acceptor site motifs. (A) WT (BY4741) cells expressing from the native MUK1 pro-

moter on a low-copy (CEN) vector either Muk1-3xFLAG (pMLT83) or Muk1(6A)-3xFLAG (pMLT84) were grown to mid-exponential phase, harvested, and lysed, 

and equivalent amounts of protein from the resulting extracts were resolved by Phos-tag SDS-PAGE and analyzed by immunoblotting (IB; top) and by staining 

with Ponceau S dye (bottom) to conf rm equal sample loading, all as described in Materials and methods. (B) WT (BY4741) cells expressing either Muk1(1–

220; pMLT56) or Muk1(1–220 6A; pMLT57) were grown to mid-exponential phase, treated with 1.8 µM AbA or vehicle for 2 h, harvested, and lysed, and the 

resulting extracts were analyzed by SDS-PAGE on a 75:1 12% acrylamide gel. Pgk1 served as a loading control. Asterisk (red) indicates phosphorylated spe-

cies. (C) Ypk1-mediated phosphorylation stimulates the ability of Muk1 to support growth under heat stress. Samples of exponentially growing cultures of 

otherwise isogenic strains of the indicated genotype were plated in f vefold serial dilutions on appropriate selective growth medium and incubated at either 

30° (lef ) or 37°C (right) for 3 d and then imaged.

A 
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[γ-
32

P]ATP and Ypk1-as purified from S. cerevisiae in the absence (–) or presence (+) of 3MB-PP1, 

as described in Materials and Methods, and the resulting products were analyzed by both 

autoradiography (top) and staining with Coomassie Blue dye (bottom).  

 

Muk1 function is stimulated by Ypk1-mediated phosphorylation 

The three yeast Rab5 isoforms (Vps21/Ypt51, Ypt52 and Ypt53) are involved in the early stages 

of the endocytic pathway, which is responsible for clearing integral PM membrane proteins, 

including amino acid permeases (Singer-Kruger et al. 1994; Cabrera and Ungermann 2013; 

Paulsel et al. 2013). Hence, defects in that process will increase the steady-state level of such 

permeases, enhancing uptake of cognate amino acid analogs, thus conferring on the cell greater 

sensitivity to the toxic effect of such compounds (Grenson et al. 1966; Lin et al. 2008) (Fig. 

3.5A). Indeed, I found that compared to otherwise isogenic WT cells, cells lacking both Rab5 

GEFs or all three Rab5 isoforms were markedly more sensitive to the growth-inhibitory action of 

canavanine, an Arg analog taken up by the Arg permease (Can1), whereas cells lacking Ypt7, the 

sole yeast ortholog of Rab7, which acts later in the endocytic pathway (Schimmoller and 

Riezman 1993; Rink et al. 2005) were not (Fig. 3.5B), indicating that the observed defect was 

specific for Rab5. 

 

 
 

Figure 3.5.  Ypk1-dependent phosphorylation of Muk1 promotes endocytosis of permeases. (A) 

Schematic depiction of how inefficient internalization of amino acid permeases that reside in the PM 
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results in increased sensitivity to the growth-inhibitory effect of a toxic amino acid analogue (small 

green circle). (B) Samples of exponentially growing cultures of otherwise isogenic strains of the 

indicated genotype were plated in five-fold serial dilutions on growth medium lacking Arg in the 

absence (–) or presence (+) of canavanine (5.7 μM final concentration). (C) Strains of the indicated 

genotype carrying an empty vector (EV; pRS315) or expressing from the same vector either Muk1-

3xFLAG (pMLT83) or the indicated Muk1 variants Muk1(6A)-3xFLAG (pMLT84), Muk1(6E)-

3xFLAG (pMLT92), or catalytically inactive Muk1(D353A)-3xFLAG (pMLT85), were grown and 

plated as in B. (D) Strains of the indicated genotype, as in C, were plated in five-fold serial dilutions 

on growth medium lacking Met in the absence (−) or presence (+) of ethionine (10 μM final 

concentration). (E) To confirm equivalent levels of expression, WT cells (BY4741) expressing the 

indicated Muk1-3xFLAG constructs, as in C and D, were grown to mid-exponential phase, 

harvested, and lysed, and proteins in the resulting extracts were treated with CIP, as in Materials and 

methods, resolved by SDS-PAGE on an 8% acrylamide gel, and analyzed by immunoblotting (IB).  

  

This phenotype provided a means to assess the effect of Ypk1-mediated phosphorylation on 

Muk1 function. Indeed, I found that a muk1∆ vps9∆ double mutant conferred a greater degree of 

canavanine sensitivity than a vps9∆ mutation alone and that re-expression of Muk1 from its 

endogenous promoter on a CEN plasmid reproducibly restored readily detectable canavanine 

resistance to the muk1∆ vps9∆ cells (Fig. 3.5C). Moreover, a site-directed Muk1 mutant 

(D353A) that substituted a residue in its Vps9 homology domain known to be essential for 

catalytic function (Bean et al. 2015) was unable to confer canavanine resistance to the muk1∆ 

vps9∆ cells, demonstrating that the GEF function of Muk1 is required (Fig. 3.5C). Most telling, 

Muk1(6A), which cannot be phosphorylated on any of its Ypk1 sites was also unable to confer 

canavanine resistance to muk1∆ vps9∆ cells, whereas the phosphomimetic mutant Muk1(6E), 

which simulates full Ypk1-dependent phosphorylation at these same sites, was at least as potent 

as WT Muk1 at restoring canavanine resistance to the muk1∆ vps9∆ cells (Fig. 3.5C). I found the 

same trends when I examined the sensitivity of the same set of strains to the growth-inhibitory 

action of ethionine, a Met analog taken up by the Met permease (Mup1) (Isnard et al. 1996; 

Guiney et al. 2016) (Fig. 3.5D). In addition, I found exactly the same trends monitoring rescue of 

a completely independent phenotype, namely the poor growth of muk1∆ vps9∆ cells at an 

elevated temperature (37˚C) (Paulsel et al. 2013; Shideler et al. 2015) (Fig. 3.6). Furthermore, I 

confirmed that the difference in behavior between Muk1(6A) and Muk1(6E) could not be 

attributed to any difference in their relative level of expression, compared to each other or WT 

Muk1 (Fig. 3.5E). Taken together, these findings indicated that Ypk1-mediated phosphorylation 

of Muk1 is required for the function of this Rab5 GEF. 
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Figure 3.6.  Ypk1-mediated phosphorylation stimulates the ability of Muk1 to support growth 

under heat stress. Samples of exponentially-growing cultures of otherwise isogenic strains of the 

indicated genotype were plated in five-fold serial dilutions on appropriate selective growth medium 

and incubated at either 30° (left) or 37°C (right) for 3 d and then imaged.  

 

Discussion 

This study was initiated to determine whether I could extend our understanding of TORC2- 

Ypk1 signaling by establishing whether a candidate substrate for Ypk1 that emerged in a global 

screen (Muir et al., 2014) was authentic and physiologically relevant. As I have documented 

here, the Rab5-specific GEF Muk1 is indeed a target of Ypk1. Even though Muk1 is clearly 

phosphorylated by other protein kinases, which may influence other aspects of Muk1 function, 

our genetic evidence demonstrates that Ypk1-mediated phosphorylation is required for the GEF 

activity of Muk1 in vivo. S. cerevisiae contains just two, functional Rab5-specific GEFs that 

possess the Vps9 homology domain, Vps9 itself and Muk1 (Paulsel et al., 2013; Bean et al., 

2015). The human genome encodes nine proteins with readily discernible Vps9 homology 

domains (Carney et al., 2006; Barr and Lambright, 2010); however, none of them are the obvious 

ortholog of either Vps9 or Muk1. It has been reported that SGK1, the mammalian homolog of 

Ypk1 (Casamayor et al., 1999), facilitates plasma membrane recycling of KCNQ1 channels in a 

Rab5-dependent manner, but whether that behavior was dependent on SGK1-mediated 

phosphorylation of any Rab5 GEF was not explored (Seebohm et al., 2008). Likewise, it has 

been reported that SGK1 function promotes association of a Rho- and Rac-specific GEF 

(ARHGEF2/GEF-H1) with a component (Sec5/EXOC2) of the mammalian exocyst complex, but 

again whether that behavior was dependent on SGK1-mediated phosphorylation of the GEF was 

not determined (Wang et al., 2015).  

 

My finding that Muk1, an activator of Rab5 GTPases, is a substrate of the TORC2-Ypk1 

pathway raises intriguing possibilities about the role of Muk1 phosphorylation. Cells lacking all 

three of this class of GTPases (Vps21/Ypt51, Ypt52 and Ypt53) are characterized by the 

accumulation of transport vesicles, defects in endosome maturation, and enlarged vacuoles 

(Horazdovsky et al. 1994; Singer-Kruger et al. 1994; Singer-Kruger et al. 1995; Gerrard et al. 

2000; Cabrera and Ungermann 2013). Ypk1-mediated activation of the Rab5 GTPases via Muk1 

phosphorylation may be a mechanism to adjust the flow of intracellular lipids and proteins to 

respond to cellular needs. As discussed in the next chapter, small GTPases have been identified 

as essential positive regulators of mTORC1. If the GTPases under Muk1 control are activators of 

TORC2, then an alternative, but not mutually exclusive, role for Muk1 phosphorylation by Ypk1 

may be to act as a self-reinforcing positive feedback mechanism to sustain the level of TORC2 

activity. As described in Chapter 4, I obtained compelling evidence that Vps21 serves as a direct 

positive effector that stimulates TORC2 activity. 
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Chapter 4.  Rab5 GTPases are necessary for efficient TORC2-mediated Ypk1 

activation 
 

Background 

This chapter of my thesis is based on the primary research article that was published in Journal 

of Cell Biology in 2019 (Locke and Thorner, 2019a). 

 

TORC1 function requires its interaction with both the Rheb (Avruch et al. 2009; Yang et al. 

2017) and Rag (Sancak and Sabatini 2009; Nicastro et al. 2017) classes of small GTPases. In 

addition, Ryh1, a Schizosaccharomyces pombe GTPase that most closely resembles human Rab6 

and its S. cerevisiae ortholog (Ypt6), was reported to stimulate TORC2 in fission yeast (Tatebe 

et al. 2010). Based on these precedents, my finding that Muk1, a guanine nucleotide exchange 

factor for the Rab5 small GTPases, is a substrate of TORC2-Ypk1 signaling pathway raised the 

intriguing possibility that Rab5 might have a role in modulating TORC2 activity in yeast. As 

demonstrated by the evidence presented in this chapter, I found that GTP-bound Vps21 is indeed 

required for optimal TORC2 function because it physically associates with TORC2 and directly 

activate its kinase activity. 

 

Results 

 

Rab5 GTPases are necessary for efficient TORC2-mediated Ypk1 activation 

I first sought to examine whether Rab5 function influenced TORC2 activity by monitoring its 

phosphorylation and activation of Ypk1. For that purpose, I utilized, first, a version of Ypk1 

(Ypk1
7A

) that contains only TORC2-dependent phosphorylation sites, which when examined by 

Phos-tag SDS-PAGE allows for convenient and reliable detection of the isoforms produced by 

its TORC2-mediated phosphorylation, as the Thorner lab has extensively documented elsewhere 

(Muir et al. 2015; Leskoske et al. 2017). Hence, I analyzed the phosphorylation pattern of the 

Ypk1
7A 

reporter in cells before and after treatment with AbA. TORC2-dependent 

phosphorylation of Ypk1
7A

 could be readily visualized in WT cells as a series of isoforms well 

resolved by Phos-tag SDS-PAGE, and inhibition of complex sphingolipid biosynthesis with AbA 

stimulated the appearance of the slowest-mobility (most highly phosphorylated) isoform (Fig. 

4.1A, left), in accord with our prior observations with Myr (Muir et al. 2015; Leskoske et al. 

2017). Strikingly, however, in the absence of both Rab5 GEFs, basal and AbA-induced TORC2 

phosphorylation of Ypk1
7A

 were both markedly reduced, and loss of Vps9 (the major Rab5 GEF) 

alone had a stronger effect than loss of Muk1 (Fig. 4.1A). Likewise, compared to WT control 

cells, basal and AbA-induced TORC2 phosphorylation of Ypk1
7A

 was dramatically decreased in 

cells lacking all three Rab5 paralogs (Fig. 4.1B). Thus, in cells that cannot generate active Rab5, 

TORC2-mediated phosphorylation of Ypk1 was very inefficient. 
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Figure 4.1 Rab5 GTPases and their GTP loading are necessary for efficient phosphorylation 

and activation of Ypk1 by TORC2. (A) WT (BY4741) or otherwise isogenic yMLT9 (muk1Δ 

vps9Δ), yMLT3 (vps9Δ), or yMLT5 (muk1Δ) cells, all expressing Ypk1
7A

-myc from its native 

promoter on a CEN plasmid (pFR252), were grown to mid-exponential phase and treated with 

ethanol or an equivalent volume of the same solvent containing AbA (1.8 µM final concentration). 

After incubation for 2 h, the cells were harvested, and extracts were prepared, resolved by Phos-tag 

SDS-PAGE, transferred to a nitrocellulose filter, stained with Ponceau S, and then analyzed by 

immunoblotting (IB), as in Materials and methods. (B) As in A, except WT (BY4741) and yMLT42 

(vps21Δ ypt52Δ ypt53Δ) cells were compared. (C) Cultures of WT (BY4741) and JTY6142 (ypk1Δ) 

cells were plated in fivefold serial dilutions on growth medium in the absence (–) or presence (+) of 

AbA (40 nM final concentration). (D) As in C, for WT (BY4741), yMLT9 (muk1Δ vps9Δ), yMLT42 

(vps21Δ ypt52Δ ypt53Δ), and yMLT42 (ypt7Δ) cells. (E) As in C, for WT (BY4741) cells 

transformed with either empty multicopy vector (EV; pRS426) or the same vector expressing from 

its native promoter Msb3-FLAG (pMLT111). 

 

 

 

Phosphorylation by TORC2-activated Ypk1 of multiple targets upregulates flux through the 

sphingolipid biosynthetic pathway and is required for the cell to survive inhibition of ceramide 

synthesis caused by the presence of Myr (Roelants et al. 2011; Berchtold et al. 2012; Muir et al. 

2014; Leskoske et al. 2017). Similarly, as expected, I also found that Ypk1 function is required 

for the cell to survive the challenge of the depletion of complex sphingolipids caused by AbA 

treatment (Fig. 4.1C). Thus, the degree of resistance that cells display to agents like Myr and 

AbA provides a convenient phenotypic read-out for the efficiency of Ypk1 activation by 



 30 

TORC2. By this criterion, and in agreement with our biochemical analysis (Fig. 4.1A and B), 

cells lacking both Rab5 GEFs and cells lacking all three Rab5 paralogs were much more 

sensitive to the growth-inhibitory action of AbA than otherwise isogenic WT control cells (Fig. 

4.1D), whereas cells devoid of Ypt7 (as an additional control for specificity) were not. Thus, 

cells that cannot generate active Rab5 exhibit physiological behavior consistent with inefficient 

TORC2-mediated phosphorylation of Ypk1. As a further test of this conclusion, I examined cells 

overexpressing Msb3, one of two, apparent Rab5-specific GAPs encoded in the S. cerevisiae 

genome. Although Msb3 has a paralog (Msb4), only Msb3 had demonstrable Rab5 GAP activity 

in vivo and in vitro in two independent studies (Lachmann et al. 2012; Nickerson et al. 2012). I 

reasoned, therefore, that overexpressed Msb3 should lower the steady-state pool of activated 

(GTP-bound) Rab5 in the cell. Indeed, I found that such cells grew significantly less robustly on 

AbA than the control cells harboring the empty vector (Fig. 4.1E). Collectively, these data 

indicate that Rab5 in its GTP-bound state is necessary to support TORC2 phosphorylation and 

activation of Ypk1. 

 

Active Rab5 stimulates TORC2 phosphorylation of Ypk1 

As a further test of the conclusion that activated Rab5 promotes TORC2 phosphorylation of 

Ypk1, I examined the effect of re-expressing in the Rab5-deficient vps21∆ ypt52∆ ypt53∆ triple 

mutant either WT Vps21, or Vps21(Q66L) [a GTP hydrolysis-defective mutant (so-called "GTP-

locked" variant)], or Vps21(S21L) [a mutant that preferentially binds GDP (so-called "GDP-

locked" variant)] (Tall et al. 1999; Plemel et al. 2011; Lo et al. 2012). I focused on Vps21 

because it is constitutively expressed and the most abundant yeast Rab5 isoform (Schmidt et al. 

2017), has been shown to play the major role in endocytic vesicle trafficking (Horazdovsky et al. 

1994), and, when absent, causes more pronounced phenotypes compared to loss of the other two 

Rab5 GTPases (Singer-Kruger et al. 1994; Nickerson et al. 2012; Nakatsukasa et al. 2014). I 

found that, when present as the sole Rab5, WT Vps21 was able to rescue AbA-induced TORC2-

phosphorylation of Ypk1
7A

 (Fig. 4.2). This rescue was reproducibly more efficacious in cells 

expressing GTP-locked Vps21, but undetectable in cells expressing GDP-locked Vps21 (Fig. 

4.2), consistent with the need for a Rab5 GTPase to be in its GTP-bound state to promote 

TORC2 phosphorylation of Ypk1. The weaker rescue conferred by WT Vps21 in the vps21∆ 

ypt52∆ ypt53∆ mutant cells may be attributable to its reduced expression relative to GTP-locked 

Vps21. Alternatively, the high level of GAL promoter-driven expression could overwhelm the 

capacity of the Rab5 GEFs, thereby lowering the fraction of total WT Vps21 in the GTP-bound 

state. By contrast, once loaded, GTP-locked Vps21 persists in its active state. In any event, 

because GTP-locked Vps21 cannot cycle and is defective in endocytic trafficking (Tall et al. 

1999; Lachmann et al. 2012), its ability to stimulate TORC2 phosphorylation of Ypk1 appears to 

be a direct effect of Vps21-GTP and not some secondary consequence of its roles in vesicle 

trafficking per se. Nonetheless, I explored whether the reduction in TORC2 phosphorylation of 

Ypk1 in cells deficient in GTP-Rab5 might be attributable to such indirect effects. 
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Fig. 4.2. GTP-bound Vps21 stimulates TORC2 phosphorylation of Ypk1.  

Equivalent samples of cultures of WT (BY4741) or yMLT42 (vps21∆ ypt52∆ ypt53∆) cells 

expressing Ypk1
7A

-myc from its native promoter on a CEN plasmid (pFR252), and carrying either 

empty vector ( - ; pRS426) or co-expressing FLAG-Vps21 (pMLT101), FLAG-Vps21Q66L 

(pMLT103), or FLAG-Vps21S21L (pMLT102) from the GAL promoter on the same vector, were 

grown to mid-exponential phase in 2% raffinose-0.2% sucrose medium, shifted for 1 h to galactose 

medium (2% final concentration), then treated for 2 h with ethanol (-) or an equivalent volume of the 

same solvent containing AbA (1.8 μM final concentration; +), harvested, lysed, resolved by Phos-tag 

SDS-PAGE and analyzed by immunoblotting (IB).  

  

Lack of GTP-Rab5 does not cause mislocalization of either TORC2 or Ypk1 

Deletion of the C-terminal PH domain in Avo1, an essential subunit of TORC2, reportedly 

rendered cells inviable, but they could be rescued by expression of an Avo1 construct in which a 

CaaX box was substituted for its PH domain (Berchtold and Walther 2009), suggesting that 

association with the PM is crucial for TORC2 function. A more recent study from our laboratory 

has shown that Avo3, not Avo1, is pivotal for TORC2 assembly and its association with the PM 

(Martinez Marshall et al. 2019). Nonetheless, the conclusion that TORC2 must associate with the 

PM to be functional is still valid. Given that Rab5 GTPases are important in endocytic vesicle 

internalization, and also have been implicated in recycling of endosomes back to the PM (Jovic 

et al. 2010; Feyder et al. 2015; MacDonald and Piper 2016), it seemed possible that cells 

deficient in GTP-bound Rab5 might have decreased TORC2 activity simply owing to lack of a 

sufficient pool of TORC2 at the PM. However, when I analyzed the subcellular distribution of 

TORC2, monitored by fluorescence microscopy in cells marked with Avo3-GFP, an essential 

TORC2 subunit very tightly bound to the catalytic subunit Tor2 (Wullschleger et al. 2005; 

Karuppasamy et al. 2017; Martinez Marshall et al. 2019), I saw no difference in PM localization 

of TORC2 between WT and muk1Δ vps9Δ mutant cells (Fig. 4.3A). Thus, TORC2 does not 

appear to be mislocalized in the absence of active Rab5.  
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Figure 4.3. Absence of Rab5 GEFs does not alter TORC2 localization at the cell cortex.  Avo3 

is an essential and very tightly bound subunit of TORC2. Hence, to visualize TORC2, either WT 

cells (yMLT64) or an otherwise isogenic strain lacking both Muk1 and Vps9 (yMLT66), as 

indicated, expressing Avo3-GFP from its native promoter at its endogenous locus on chromosome V, 

were examined. After growing the cultures to mid-exponential phase, samples were mounted on 

agarose pads and imaged using a confocal fluorescence microscope, as described in Materials and 

methods. Scale bar, 2 μm.  

 

Alternatively, it seemed possible that the decrease in TORC2 phosphorylation of Ypk1 observed 

in cells deficient in GTP-bound Rab5 might be due to diminished accessibility of Ypk1 at the 

PM. For its proper folding and function, Ypk1 is obligatorily phosphorylated on T504 in its 

activation loop by Pkh1 (and Pkh2); (Roelants et al. 2002; Roelants et al. 2004), which are 

protein kinases very tightly bound to PM structures called eisosomes (Walther et al. 2007; 

Douglas and Konopka 2014). However, I saw no difference in Ypk1 activation loop 

phosphorylation between WT and muk1Δ vps9Δ mutant cells (Fig. 4.4A), suggesting that there is 

no impairment in Ypk1 availability at the PM. Similarly, substantial data support the conclusion 

that interaction with the CRIM element in the Avo1 subunit of TORC2 is responsible for 

substrate presentation to the active site in the Tor2 catalytic subunit of TORC2 (Liao and Chen 

2012; Tatebe et al. 2017; Yao et al. 2017), and I saw no significant difference in Ypk1 
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association with Avo1 between WT and muk1Δ vps9Δ mutant cells in GST pull-down 

experiments (Fig. 4.4B). Thus, lack of efficient phosphorylation by TORC2 in cells deficient in 

GTP-Rab5 cannot be explained by the inability of Ypk1 to encounter TORC2 at the PM. As a 

further test, I expressed PH
Slm1

-Ypk1-3xHA, which others have demonstrated is efficiently 

targeted to the PM via its PtdIns4,5P2-binding PH domain and serves as an effective substrate of 

TORC2 (Niles et al. 2012). I found, however, that TORC2-dependent phosphorylation of the C-

terminal regulatory tail in PH
Slm1

-Ypk1-3xHA was still poor in cells deficient in GTP-Rab5 (Fig. 

4.4C). Therefore, I explored whether there might be a more direct, physical interaction between 

Vps21 and TORC2, or between Vps21 and Ypk1.  

 

 

 

 

 

 
 

 
Figure 4.4.  Absence of Rab5 GEFs does not alter Ypk1 accessibility to either Pkh1 or TORC2.  

(A) Absence of Rab5 GEFs does not impair activation loop phosphorylation of Ypk1 by eisosome-

associated Pkh1/2. Either WT (BY4741) cells or otherwise isogenic muk1Δ vps9Δ (yMLT9) cells 

were transformed with Ypk1-myc (pAM20; Roelants et al. 2011), grown to mid-exponential phase, 

harvested, and lysed, and equivalent amounts of protein in the resulting extracts were resolved by 

SDS-PAGE and analyzed by immunoblotting (IB) with the indicated antibodies. Our lab has 

documented before (Roelants et al., 2010) that commercial antibodies raised against the activation 

loop residue in mammalian SGK1 (anti-pT256 SGK1, sc-16744; Santa Cruz Biotechnology) 

phosphorylated by PDK1 specifically detect the homologous site (pT504) in the activation loop of 

Ypk1 phosphorylated by Pkh1 (or Pkh2; Roelants et al. 2002). (B) Absence of Rab5 GEFs does not 
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impair Ypk1-Avo1 association. Otherwise WT (yMLT69) or isogenic muk1Δ vps9Δ (yMLT70) cells 

expressing Avo1-6xHA expressed from its endogenous locus and coexpressing from the GAL 

promoter on a plasmid either GST alone (pMLT115) or GST- Ypk1 (pMLT116) were grown to mid-

exponential phase, induced with galactose (2% final concentration) for 3 h, harvested, and lysed; the 

GST proteins in the extracts were isolated by adsorption to glutathione-agarose (see Materials and 

methods); and the bound proteins were resolved by SDS-PAGE and analyzed by immunoblotting. 

(C) Forced PM association mediated by a PtdIns4,5P2-specifc PH domain does not restore TORC2-

dependent phosphorylation of the Ypk1 C-terminal regulatory tail in cells deficient in Rab5 GEFs. 

As in A, except the cells were transformed with a plasmid (pPL495) expressing PH
Slm1

-Ypk1-3xHA 

(pPL495; Niles et al., 2012), treated with AbA (1.8 μM), and blotted with an antiserum that detects 

phosphorylation at one of the primary C-terminal sites (T662) in Ypk1 that is phosphorylated 

specifically by TORC2 (Niles et al. 2012; Leskoske et al. 2017).  

 

 

Vps21 associates with Tor2 in TORC2  
As one means to test whether Vps21 and TORC2 are able to physically associate, I examined 

whether they were able to coimmunoprecipitate. For this purpose, I first expressed either FLAG-

Vps21 or FLAG-mNeonGreen (Shaner et al. 2013), in cells coexpressing a 3xHA epitope-tagged 

version of the Tor2 catalytic subunit of TORC2, either from a CEN plasmid in tor1Δ tor2Δ cells 

(Fig. 4.5A) or integrated at the TOR2 locus on chromosome XI (Fig. 4.5B). I chose mNeonGreen 

as an initial control because mNeonGreen (237 residues) is quite comparable in size to Vps21 

(210 residues), as well as quite similar in overall surface charge (pI = 5.7 for mNeonGreen 

versus pI = 5.0 for Vps21]. In multiple trials, when extracts of the cells were immunoprecipitated 

with anti-FLAG antibodies, I reproducibly found readily detectable coimmunoprecipitation of 

3xHA-tagged Tor2 from the cells expressing FLAG-Vps21, but not from the cells expressing 

FLAG-mNeonGreen (Fig. 4.5A and B). I conducted similar immunoprecipitation experiments 

using cells expressing either FLAG-Vps21 or FLAG-mNeonGreen and coexpressing Ypk1-myc, 

because phosphorylation and activation of certain other AGC family protein kinases requires 

association of their regulatory domains with other classes of small GTPases (Pearce et al. 2010; 

Leroux et al. 2018). However, only an equivalent level of nonspecific background interaction 

was observed for both FLAG-Vps21 and FLAG- mNeonGreen with Ypk1-myc (Fig. 4.5C). 

Thus, these initial experiments indicated that Vps21 associates with TORC2, not Ypk1. I found 

that both WT and GTP-locked Vps21 were efficacious in pulling down Tor2, but I also observed 

detectable association with GDP-locked Vps21 (Fig. 4.5D), similar to prior reports showing that 

both GTP-locked Rheb and GDP-locked Rheb bound to mTORC1 (Long et al. 2005). 
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Figure 4.5.  Vps21 physically interacts with TORC2, but not Ypk1.  (A) Strain y2470 (tor1Δ 

tor2Δ) expressing 3xHA-Tor2 from a CEN plasmid was transformed with plasmids expressing either 

FLAG-mNG (pMLT114) or FLAG-Vps21 (pMLT101). The resulting transformants were grown to 

mid-exponential phase, and expression of the FLAG-tagged proteins was induced with 2% galactose 

for 4 h. The induced cells were harvested and lysed, and FLAG-tagged proteins were immuno-

isolated from the extracts using anti-FLAG resin as described in Materials and methods. Samples of 

the bound proteins were resolved by SDS-PAGE on 8% gels and analyzed by immunoblotting (IB) 

with anti-HA antibodies and on 13% gels and analyzed by immunoblotting with anti-FLAG 

antibodies. IP, immunoprecipitation. (B) Strain yMLT78 expressing 3xHA-Tor2 from its 

endogenous locus was transformed with the same plasmids and treated as in A, except that proteins 

bound to the anti-FLAG resin were resolved by SDS-PAGE on a 4–20% gradient gel. (C) WT cells 

(BY4741) expressing Ypk1-myc (pAM20) from a LEU2-marked CEN plasmid and coexpressing 

either FLAG-Vps21 (pMLT101) or FLAG-mNEON (pMLT114) from a URA3-marked 2 μm vector 

were examined as in A. (D) Strain yMLT78 was transformed with plasmids expressing either FLAG-

Vps21 (pMLT101), FLAG-Vps21(S21L; pMLT102), or FLAG-Vps21(Q66L; pMLT103), and 

proteins were immunoprecipitated, resolved, and analyzed as in B.   
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Finally, as a critical control for specificity, I repeated these same experiments using both FLAG-

Vps21 and FLAG-Ypt7, and found again that only Vps21 exhibited a readily detectable 

association with Tor2 (Fig. 4.6A), indicating that the observed interaction does not occur with an 

unrelated small GTPase. Because both Vps21 and Ypt7 are membrane-anchored proteins, this 

specificity made it highly unlikely that Vps21-TORC2 interaction resulted from the fact that both 

Vps21 and TORC2 are membrane associated. To rule out this possibility, I directly documented 

that the level of detergent present in the cell lysis and immunoprecipitation buffers, as described 

in Materials and Methods, was sufficient to fully solubilize both proteins (Fig. 4.6B).   

 

 

 

 

 
 

 
Figure 4.6.  Interaction of Vps21 with Tor2 in TORC2 is specific.  (A) Strain yMLT78 expressing 

3xHA-Tor2 from its endogenous locus was transformed with plasmids expressing either FLAG-Ypt7 

(pMLT110) or FLAG-Vps21 (pMLT101). The resulting transformants were grown to mid-

exponential phase, and expression of the FLAG-tagged proteins was induced with 2% galactose for 4 

h. The induced cells were harvested and lysed, and FLAG-tagged proteins were immuno-isolated 

from the extracts using anti-FLAG resin as described in Materials and methods. Samples of the 

bound proteins were resolved by SDS-PAGE on a 4–20% gradient gel analyzed by immunoblotting 

(IB) with anti-HA and anti-FLAG antibodies. (B) Strain yMLT78 expressing 3xHA-Tor2 from its 

endogenous locus was transformed with a plasmid expressing FLAG-Vps21 (pMLT101). The 

resulting transformants were cultured and harvested as in A. Cells were lysed without detergent. 

Samples were split and treated with buffer containing 0.67% DDM or no detergent to solubilize 

proteins for 30 min before clarifying lysates by centrifugation, as described in Materials and 

methods. IP, immunoprecipitation; T, total lysate; P, pellet fraction; S, supernatant fraction. Protein 

extracts were resolved and analyzed as in A, with the indicated antibodies.  

  

 

 

Rab5 GTPase stimulates TORC2 activity  

Given the interaction between Vps21 and Tor2 that I detected by coimmunoprecipitation, I 

explored the possibility that this association, whether stable or transient, is able to stimulate the 

catalytic function of TORC2, analogous to the stimulation of mTORC1 activity by Rheb in 

mammalian cells (Avruch et al. 2009; Yang et al. 2017). In vegetatively growing and unstressed 
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cells, Ypt53 expression is repressed (Schmidt et al. 2017). Therefore, to obtain TORC2 from 

cells depleted of Rab5 GTPases, I used anti-FLAG antibodies to immuno-isolate TORC2 from 

extracts of vps21Δ ypt52Δ mutant cells expressing Avo3-3xFLAG, which I was able to 

demonstrate also successfully enriched for the Tor2 catalytic subunit of TORC2 (Fig. 4.7A). I 

used the identical approach to isolate TORC2 from otherwise isogenic WT cells (Fig. 4.7A). 

Regardless of the strain background, our procedure using FLAG-tagged Avo3 for immuno-

isolation recovered TORC2 complexes that contain equivalent amounts of HA-tagged Tor2. As 

the substrate, I used a purified recombinant protein in which the 78 C-terminal residues of Ypk1 

(680 residues), containing all of its TORC2 phosphorylation sites (Leskoske et al. 2017), was 

fused to the C-terminus of maltose-binding protein (MBP) (Duplay et al. 1984), hereafter 

referred to as MBP-Ypk1
CT

.  

 

I first incubated TORC2 from WT cells with MBP-Ypk1
CT

 and [γ-
32

P]ATP and found robust 

incorporation, as expected. I found that this incorporation was almost completely eliminated 

when I used the mutant substrate MBP-Ypk1
CT

(6A), in which all six of the TORC2-specific 

phospho-acceptor residues were mutated to Ala, confirming that the observed phosphorylation 

was occurring at the previously defined TORC2-specific sites in Ypk1 (Fig. 4.7B). TORC2 

itself, and not some other protein kinase present in the preparation, was responsible for the 

observed phosphorylation because incubation with a compound (QL-IX- 55) specifically 

designed and demonstrated by others to selectively inhibit yeast TORC2 (Liu et al. 2012) 

markedly reduced the incorporation into MBP-Ypk1
CT

 (Fig. 4.7C). Likewise, when I prepared 

TORC2 in the same way from cells expressing a Tor2 allele (Tor2(L2178A)) designed 

(Kliegman et al. 2013) to be specifically sensitive to an orthogonal inhibitor (NVP-BEZ235), 

incorporation into MBP-Ypk1CT was almost completely eliminated (Fig. 4.7D). These controls 

established that the observed phosphorylation of MBP-Ypk1
CT

 was occurring in a strictly 

TORC2-dependent manner. I further established that, under our assay conditions, incorporation 

was roughly linear with time of incubation (Fig. 4.7E and F).  
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Figure 4.7.  Establishment of a reliable in vitro assay for TORC2-mediated phosphorylation of 

a Ypk1-derived substrate.   (A) WT (yMLT80) and yMLT85 (vps21Δ ypt52Δ) strains expressing 

both Avo3-3xFLAG and 3xHA-Tor2 from their endogenous loci were grown to mid-exponential 

phase, harvested, and lysed, and TORC2 was immuno-enriched from the resulting extracts as 

described in Materials and methods. The immuno-isolated TORC2 was analyzed by SDS-PAGE and 

immunoblotting (IB). (B) TORC2 isolated from WT cells was incubated with [γ-
32

P]ATP and 

recombinant MBP-Ypk1
CT

(603–680) containing its TORC2 phosphorylation sites or MBP-

Ypk1
CT

(6A) with the TORC2 sites mutated to Ala. Products were separated on SDS-PAGE and 

analyzed by Coomassie blue staining and autoradiography. (C) TORC2 isolated from WT cells was 
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incubated with [γ-
32

P]ATP and recombinant MBP-Ypk1
CT

 in the presence or absence of the TORC2 

inhibitor QL-IX-55 (500 μM) or vehicle (DMSO). (D) TORC2 isolated from TORC2-as (yKL7) 

cells was incubated with [γ-
32

P]ATP and recombinant MBP-Ypk1
CT

 in the presence or absence of the 

NVP-BEZ235 (500 μM) or vehicle (DMF). (E) Equivalent amounts of TORC2 immunopurified 

from WT (yMLT80) or yMLT85 (vps21Δ ypt52Δ) strains were incubated with [γ-
32

P]ATP and 

recombinant MBP-Ypk1
CT

. Reactions were terminated at the indicated time points. (F) Quantitation 

of the 
32

P autoradiogram in E.  
 

Having thoroughly validated the specificity of this in vitro reaction, I then compared TORC2 

isolated from WT cells to TORC2 isolated from the vps21Δ ypt52Δ cells and found, in multiple 

trials, that the specific activity of the WT TORC2 was reproducibly higher (Fig. 4.8A and B). 

Moreover, addition of GTP-loaded Vps21 to the TORC2 isolated from vps21Δ ypt52Δ mutant 

cells reproducibly stimulated incorporation into MBP-Ypk1
CT

 (Fig. 4.8C), whereas under the 

exact same assay conditions, GTP-loaded Ypt7 did not (Fig. 4.8D). The most parsimonious 

model to explain these in vitro results is that GTP-bound Rab5 associates with Tor2 and causes a 

conformational change in TORC2 that allows it to access the C-terminal end of Ypk1 more 

efficiently, fully consistent with all of the in vivo evidence presented in this study that active 

(GTP-bound) Rab5 GTPases promote TORC2 activity toward its substrate Ypk1 (Fig. 4.5). 

 

 

 
 

Figure 4.8.  Vps21 stimulates TORC2 activity in vitro. (A) Equivalent amounts of TORC2 

immunopurified from WT (yMLT80) or yMLT85 (vps21Δ ypt52Δ) strains (see Fig. 4.7 A) were 

added in increasing amounts and incubated with [γ-
32

P]ATP and MBP-Ypk1
CT

. The reaction 

products were resolved by SDS-PAGE and analyzed by autoradiography and staining with SYPRO 

Ruby, as described in Materials and methods. Results of one representative experiment are 

shown. (B) The results of multiple experiments (n = 3) as in A are plotted as the mean 
32

P 
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incorporation into MBP-Ypk1
CT

 versus the amount of TORC2 complex present. Error bars, SEM. 
32

P 

incorporation was measured by quantifying the corresponding autoradiograms using ImageJ and 

estimating the amount of TORC2 present from the staining intensity of the SYPRO Ruby-stained gel 

and accompanying standards (not depicted). The values were then normalized to the mean 
32

P 

incorporation into MBP-Ypk1
CT

catalyzed by the lowest amount of TORC2 from the vps21Δ 

ypt52Δ cells, which was set at [1]. (C) TORC2 immunopurified from yMLT85 (vps21Δ ypt52), 

denoted TORC2
ΔΔ

, was incubated with [γ-
32

P]ATP and MBP-Ypk1
CT

 in the absence or presence of 

Vps21-GTPγS (0.2 µg and 0.4 µg). (D) Equivalent amounts of TORC2 immunopurified from 

yMLT85 (vps21Δ ypt52Δ) as in A, denoted TORC2
ΔΔ

, were incubated with [γ-
32

P]ATP, MBP-

Ypk1
CT

, and either Vps21-GTPγS (2 µg) or Ypt7-GTPγS (4 µg), as indicated. Reactions were 

terminated at the indicated time points. 

 

Discussion 

Having established TORC2-Ypk1–mediated activation of the Rab5-specific GEF Muk1, I 

explored what the role of that pathway might be. It is now well established that TORC1 

localization and activity are influenced by small GTPases of the Rag and Rheb classes, 

respectively. The Rag GTPases tether TORC1 at the surface of the lysosome/vacuole through 

interaction with the RAPTOR (yeast counterpart Kog1/Las24) subunit (Sancak and Sabatini 

2009; Nicastro et al. 2017). By contrast, recent structural work (Yang et al. 2017) has shown that 

TORC2 activation by Rheb (Avruch et al. 2009) is mediated by its direct interaction with a 

pocket constituted by the M- and N-HEAT repeats and FAT domain of mTOR. Whether small 

GTPases modulate TORC2 in any similar fashion has been more elusive. It has been reported 

that mammalian Rab35 affects TORC2 signaling to the AGC kinase AKT, but only indirectly 

through the effect of Rab35 on intracellular trafficking of PtdIns 3-kinase (Wheeler et al. 2015). 

The closest S. cerevisiae orthologue of mammalian Rab35 is Ypt1, which clearly functions in the 

ER-to-Golgi step of the yeast secretory pathway (Novick 2016), not at the PM. Evidence for a 

more direct involvement of a small GTPase in TORC2 regulation was provided for fission yeast 

Ryh1 (Tatebe et al. 2010). However, the closest S. cerevisiae orthologue of Ryh1 is Ypt6 

(mammalian counterpart Rab6), which functions in cis- to trans-Golgi vesicle trafficking (Suda 

et al. 2013), not at the PM. I was quite surprised, therefore, when I observed that deficiencies of 

active GTP-bound Rab5—  due to absence of the Vps9 and Muk1 GEFs, to absence of all three 

Rab5 isoforms (Vps21, Ypt52, and Ypt53), or to elevation of the Rab5-specific GAP Msb3  —all 

lowered both basal and stress-induced TORC2-mediated phosphorylation of Ypk1, as assessed 

biochemically, genetically, or both. Thus, in S. cerevisiae, Rab5 GTPases are an important 

positive effector of TORC2 function.  

 

Yeast TORC2 components are located at the cell cortex in close apposition to the PM, but are 

highly dynamic (Berchtold and Walther 2009; Leskoske et al. 2018; Martinez Marshall et al 

2019). Muk1 and its target Vps21 have both been localized to endosomes (Cabrera and 

Ungermann 2013; Paulsel et al. 2013; Bean et al. 2015; Shideler et al. 2015). My findings that 

Muk1 is a substrate of the TORC2-Ypk1 kinase cascade and that Vps21 is required for full 

TORC2 activity raise the possibilities that the observed dynamic behavior of yeast TORC2 

reflects, first, that a fraction of the population of active TORC2 is on endosomes and, second, 

that a fraction of the GTP- bound Vps21 is at the PM. Similarly, by monitoring a fluorescent 

mSIN1 reporter (S. cerevisiae counterpart Avo1), it was observed in mammalian cells that active 

mTORC2 could be found at both the PM and on endosomes (Ebner et al. 2017). 
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On the other hand, despite the fact that Rab5 function is involved in endosome internalization, 

trafficking, and recycling, I could find no impairment in TORC2 localization in cells deficient in 

active Rab5. So, unlike Rag GTPases, Rab5 does not seem to have a role in tethering TORC2 to 

the PM per se. Rather, our data, especially the ability of Vps21 to co-immunoprecipitate with 

Tor2, even in the presence of detergent, and the ability of GTP-loaded Vps21 to stimulate 

TORC2-mediated phosphorylation of Ypk1 in vitro, indicate a more direct role for GTP-bound 

Rab5 in TORC2 function, as suggested for Ryh1 in fission yeast (Tatebe et al. 2010). Even 

though S. pombe Ryh1 has greater overall relatedness to S. cerevisiae Ypt6 (63% identity; 76% 

similarity) than to S. cerevisiae Vps21 (37% identity; 61% similarity), it is the case that 

mammalian Rab5B, Vps21, and Ryh1 all share with each other greater resemblance in their 

Switch I, Switch II, and hypervariable loop regions than they do with other classes of Ras 

superfamily GTPases (Fig. 4.9). In the case of Rheb, it is residues mainly in its Switch I and 

Switch II regions that make the main contacts with the M- and N-heat repeat regions and FAT 

domain in mTOR (Yang et al. 2017). Thus, it is possible that Rab5 binds to the Tor2 subunit of 

yeast TORC2 in the same binding pocket as that occupied by Rheb in the mTOR subunit in 

mTORC1. In both yeast and mammals, aside from Lst8, the ancillary subunits in TORC2 are all 

completely different from those in TORC1 (Eltschinger and Loewith 2016; Tatebe and Shiozaki 

2017), and interaction of these other components with the catalytic subunit likely modifies the 

geometry of the binding pocket, so that it accommodates the right GTPase effector and excludes 

spurious ones. Furthermore, yeast and other fungi encode two highly related, but not identical, 

TOR isoforms; Tor2 is the primary catalytic subunit in TORC2, whereas Tor1 is the primary 

catalytic subunit in TORC1 (Helliwell et al. 1994; Roelants et al. 2017a). Hence, subtle sequence 

differences between Tor2 and Tor1 in their M- and N-heat repeat regions and FAT domain (Hill 

et al. 2018) may further fine-tune the pocket in Tor2 to be selective for Rab5.  
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Figure 4.9.   Sequence alignment of the indicated small GTPases.  Sequence identities shared 

among related classes of GTPase are indicated by a white letter on a black box, and standard 

conservative substitutions are indicated by a bold letter on a gray box. Hs, Homo sapiens; Sc, S. 

cerevisiae; Sp, S. pombe. The similarities in the Switch I, Switch II, and hypervariable loop regions 

of SpRyh1 and ScVps21 and HsRab5B are indicated by green boxes.  

 

 

Regardless of the detailed molecular mechanism by which Rab5 stimulates the function of 

TORC2, Muk1 is activated in a TORC2-dependent and Ypk1-mediated manner, presumably 

generating more GTP-bound Rab5 (Fig. 4.10). Given that I found that active Rab5 promotes 

TORC2 function, this control circuit provides self-reinforcing positive feedback that would lead 

to sustained TORC2-Ypk1 signaling, once it has been initiated. In this same regard, using the 

split-YFP (Venus) system to tag Vps21 and Msb3 for bimolecular fluorescence 

complementation, which traps protein–protein complexes (Sung and Huh 2007; Kerppola 2009), 

a substantial fraction of this Rab5-GAP complex was found at the PM, not on endosomes 

(Lachmann et al. 2012), indicating that Msb3 may be responsible for deactivation of the PM-

associated pool of GTP-bound Vps21, thus providing a mechanism for down-regulation of Rab5-

mediated stimulation of TORC2.   

 

 
 

 
Figure 4.10.  Muk1-dependent Rab5-mediated mechanism for sustained activation of TORC2-

Ypk1 signaling.  Basal Ypk1 (orange) activity requires phosphorylation of T504 in its activation 

loop (indicated by the left-most P) and TORC2-mediated phosphorylation at S644 near its C-

terminus. However, under many stress conditions, TORC2 (aqua) up-regulates Ypk1 by 
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phosphorylating T662 and additional multiple sites at its C-terminal end (indicated by the cluster of 

Ps to the right). As documented in this study, activated Ypk1 phosphorylates the Rab5-specific GEF 

Muk1 (purple), which in turn is activated by its Ypk1-mediated phosphorylation. Activated Muk1 

will generate more GTP-bound Rab5 (pink), and as I also have demonstrated here, activated Rab5 

promotes the ability of TORC2 to phosphorylate Ypk1. Based on the observed 

coimmunoprecipitation of the Rab5 Vps21 with the Tor2 catalytic subunit of TORC2, the 

stimulation of TORC by Rab5 may be direct. 
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Chapter 5.  Perspective—  Regulation of TORC2 function and localization  

  by Rab5 GTPases in Saccharomyces cerevisiae 
 

Background  

This chapter of my dissertation is based on a review article that has been accepted for publication 

in the journal Cell Cycle (Locke and Thorner, 2019b), for which I designed, executed, and 

analyzed all the experiments under the guidance of my mentor, Prof. Jeremy Thorner.   

 

In brief, the evolutionarily conserved Target of Rapamycin (TOR) complex-2 (TORC2) is an 

essential regulator of plasma membrane homeostasis in budding yeast (Saccharomyces 

cerevisiae). In this yeast, TORC2 phosphorylates and activates the effector protein kinase Ypk1 

and its paralog Ypk2. These protein kinases, in turn, carry out all the crucial functions of TORC2 

by phosphorylating and thereby controlling the activity of at least a dozen downstream 

substrates. A previously uncharacterized interplay between the Rab5 GTPases and TORC2 

signaling was uncovered through my analysis of a new suspected Ypk1 target. I found that 

Muk1, one of two guanine nucleotide exchange factors for the Rab5 GTPases, is a 

physiologically relevant Ypk1 substrate; and, my genetic analysis indicated that Ypk1-mediated 

phosphorylation activates the guanine nucleotide exchange activity of Muk1. Second, I was able 

to demonstrate both in vivo and in vitro that the GTP-bound state of the Rab5 GTPase 

Vps21/Ypt51 physically associates with TORC2 and acts as a direct positive effector required 

for full TORC2 activity. These interrelationships provide a self-reinforcing control circuit for 

sustained up-regulation of TORC2-Ypk1 signaling. In this chapter, I summarize the experimental 

basis of these findings, their implications, and speculate as to the molecular basis for Rab5-

mediated TORC2 activation.      

 

Overview 

 In organisms from yeasts to humans, essential aspects of cellular physiology are coordinated by 

the actions of two, evolutionarily conserved, multi-component protein kinase complexes in 

which the catalytic subunit is the large Target of Rapamycin (TOR) polypeptide (Eltschinger and 

Loewith 2016; Gonzalez and Hall 2017; Saxton and Sabatini 2017; Tatebe and Shiozaki 2017). 

These two TOR-containing complexes— TOR complex 1 (TORC1) and TOR complex 2 

(TORC2)—  are spatially and functionally distinct.  Active TORC1 resides on the cytosolic 

surface of the lysosome in animal cells and on the surface of its counterpart, the vacuole, in yeast 

(Saccharomyces cerevisiae), whereas active TORC2 resides mainly on the plasma membrane 

(PM).  Animal cells express a single TOR protein that populates both complexes; in yeast, 

however, there are two TOR paralogs, Tor1 and Tor2. TORC1 is functional when it contains 

either Tor1 or Tor2 as its catalytic subunit; but to be functional, TORC2 must contain Tor2 as its 

catalytic subunit (Loewith et al. 2002; Wedaman et al. 2003). Hence, a tor1∆ mutant is viable, 

but a tor2∆ mutant is not (Kunz et al. 1993; Helliwell et al. 1994). The activity of TORC1 can be 

acutely inhibited by rapamycin and related compounds (Dowling et al. 2010), whereas TORC2 is 

largely immune to these inhibitors (Gaubitz et al. 2015), which has made analysis of TORC1 

function more readily accessible than analysis of TORC2 function. However, the demonstration 

that the primary essential function of TORC2 is to phosphorylate two, paralogous, AGC-family 

protein kinases, Ypk1 and Ypk2, which then execute all of the critical downstream functions, has 
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dramatically increased our understanding of the physiological roles of TORC2 (Roelants et al. 

2017a). 

 

As with other AGC kinases, the basal activity of Ypk1 requires phosphorylation of a conserved 

Thr residue (T504) in its activation loop within its catalytic domain.  This modification is 

installed by two paralogous protein kinases, Pkh1 and Pkh2 (Roelants et al. 2002; Roelants et al. 

2004), which are stably associated components of the protein coats of PM invaginations called 

eisosomes (Walther et al. 2006; Foderaro et al. 2017). Basal activity and stability of Ypk1 also 

requires its phosphorylation at S644, which lies within a conserved sequence (turn motif) located 

downstream of its kinase homology domain within a C-terminal regulatory domain. This 

modification is installed by TORC2, which is also largely PM-associated (Kunz et al. 2000; 

Sturgill et al. 2008; Berchtold and Walther 2009; Leskoske et al. 2018). Under certain stressful 

conditions that stimulate TORC2-mediated phosphorylation of Ypk1, such as sphingolipid 

limitation (Roelants et al. 2011), heat stress (Sun et al. 2012), hypertonic conditions (Niles et al. 

2012), and acetic acid stress (Guerreiro et al. 2016), TORC2 further elevates Ypk1 activity by 

phosphorylating four additional sites in its C-terminal regulatory domain, paramount among 

them is T662, which lies within another conserved sequence (hydrophobic motif) in the C-

terminal domain (Roelants et al. 2004; Leskoske et al. 2017). Phosphorylation of Ypk1 at these 

locations further enhances both its activity and stability. Under other stressful conditions, such as 

hypertonic shock (Lee et al. 2012; Muir et al. 2015), treatments that damage the cell wall 

(Leskoske et al. 2018), and treatments that decrease "membrane tension" (Riggi et al. 2018), 

TORC2-mediated phosphorylation of Ypk1 is dramatically reduced. 

 

S. cerevisiae TORC2 comprises four essential core subunits (Avo1, Avo3, Lst8 and Tor2) 

(Loewith and Hall 2011), two classes of non-essential peripherally-associated subunits (Avo2 

and Bit61 and its paralog Bit2) (Eltschinger and Loewith 2016; Gaubitz et al. 2016; 

Karuppasamy et al. 2017), and two, essential ancillary subunits (Slm1 and Slm2) that undergo 

dynamic shuttling between the eisosomes and TORC2 (Berchtold et al. 2012; Niles et al. 2012). 

The tertiary fold of the kinase domain of the catalytic subunit Tor2 is stabilized by its tight 

association with the β-propeller protein Lst8 (which also binds to Tor1). Tor2 is also intimately 

entwined with Avo1 and Avo3 (Wullschleger et al. 2005; Karuppasamy et al. 2017), to form a 

dimeric rhombohedral complex (Wullschleger et al. 2005; Karuppasamy et al. 2017), creating 

the scaffold onto which the other TORC2 components dock.  

 

Based on a cryo-EM-derived structure of S. cerevisiae TORC2 (Karuppasamy et al. 2017), Avo1 

appears to be located in close proximity to the active site of the Tor2-Lst8 complex. 

Furthermore, convincing biochemical evidence shows that a sequence in Avo1 shared with its 

Schizosaccharomyces pombe ortholog Sin1 and its mammalian counterpart (mSIN1), designated 

the ―conserved region in the middle‖ (CRIM), is the sequence element that binds the 

corresponding Ypk1 orthologs in these organisms, Gad8 (Tatebe et al. 2017) and both SGK1 

(Casamayor et al. 1999) and AKT1 (Yang et al. 2006), and presents them to the TOR kinase for 

phosphorylation. Therefore, by analogy, Ypk1 is likely to be recognized as a substrate for 

TORC2 by its binding to the CRIM element in Avo1. In this regard, although slm1∆ slm2∆ cells 

are inviable, fusion of the PtdIns4,5P2-binding PH domain of Slm1 (Fadri et al. 2005; Tabuchi et 

al. 2006) to Ypk1 restores viability to slm1∆ slm2∆ cells (Niles et al. 2012), suggesting that, 
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normally, one function of the Slm1 proteins is to promote, somehow, the Avo1-mediated 

recognition of Ypk1 by TORC2 at the PM. 

 

Muk1 emerges as a substrate for Ypk1 

Various approaches have been used to identify physiologically relevant substrates of the 

TORC2-Ypk1 signaling axis, including genetic methods (Roelants et al. 2002), biochemical 

analysis (Roelants et al. 2010; Roelants et al. 2011), chemogenetic strategies (Kliegman et al. 

2013; Rispal et al. 2015; Bourgoint et al. 2018), a genome-wide candidate screen (Muir et al. 

2014), and global phosphoproteomics (Frohlich et al. 2016). As summarized in a recent 

comprehensive review (Roelants et al. 2017a), among the thoroughly validated direct substrates 

of Ypk1 identified from these studies are:  (a) two protein kinases (Fpk1 and Fpk2) whose role is 

to phosphorylate and thereby stimulate both PM- (Dnf1 and Dnf2) and trans-Golgi- (Dnf3) 

localized aminoglycerophospholipid flippases; Ypk1-mediated phosphorylation inhibits Fpk1 

and Fpk2; (b) one of the two glycerol-3P dehydrogenase isoforms (Gpd1) whose role is to supply 

sn-glycerol-3P for both glycerophospholipid synthesis and glycerol production; Ypk1-mediated 

phosphorylation inhibits Gpd1; (c) the major aquaglycerolporin (Fps1), which is a channel 

required for glycerol efflux; Ypk1-mediated phosphorylation of Fps1 is required to keep this 

channel in its open state; (d) two, endoplasmic reticulum (ER)-localized tetraspanins (Orm1 and 

Orm2) whose role is to inhibit the enzyme that catalyzes the first committed step in sphingolipid 

biosynthesis; Ypk1-mediated phosphorylation blocks the inhibitory functions of Orm1 and 

Orm2, thereby stimulating metabolic flux into the sphingolipid pathway; (e) the heterodimeric 

ceramide synthase (Lac1-Lag1) required for generation of sphingolipids; Ypk1-mediated 

phosphorylation stimulates the activity of Lac1-Lag1, thereby further promoting production of 

sphingolipids; (f) at least two α-arrestins (Art3/Aly2 and Art4/Rod1), which are adaptors 

necessary to target the HECT domain ubiquitin ligase Rsp3 to specific integral membrane 

protein clients to promote their endocytosis; Ypk1-mediated phosphorylation inhibits the 

function of these proteins; and (g) two paralogous StARkin domain–containing proteins 

(Ysp2/Lam2/Ltc4 and its paralog Lam4/Ltc3) located at PM-endoplasmic reticulum (ER) contact 

sites, which participate in the retrograde movement of ergosterol from the PM to the ER; Ypk1-

mediated phosphorylation inhibits the ability of these proteins to promote this retrograde sterol 

transport. 

 

This cohort of substrates demonstrates that TORC2-Ypk1 signaling is essential for growth and 

viability because it controls virtually every aspect of PM homeostasis— sphingolipid and 

glycerolipid production, PM lipid asymmetry, the concentration of an intracellular osmolyte 

(glycerol), PM protein composition, and sterol content. In a global screen for candidate Ypk1 

targets (Muir et al. 2014), Muk1, one of two Rab5-specific guanine nucleotide exchange factors 

(GEFs) encoded in the S. cerevisiae genome (the other is Vps9), was identified among potential 

targets of Ypk1. I confirmed that Muk1 is indeed a bona fide substrate of Ypk1 (Locke and 

Thorner 2019a). I demonstrated that Muk1 is phosphorylated in a Ypk1-dependent manner both 

in vivo and in vitro and, under either condition, is phosphorylated by Ypk1 at its two consensus 

Ypk1 phospho-acceptor motifs (RSRSSSG and RPRRSSS).  Moreover, using three different 

phenotypic screens in vivo, I found that a corresponding Muk1(6A) mutant was a total loss-of-

function allele, whereas the cognate phosphomimetic allele, Muk1(6E), was somewhat 

hyperactive compared to wild-type Muk1.  
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These results predicted that stimulation of TORC2-Ypk1 signaling should result in a Muk1-

dependent increase in the pool of active (GTP-bound) Rab5 in the cells. In this regard, I was 

intrigued by the possibility that one or more of the three Rab5 GTPases encoded in S. cerevisiae 

genome (Ypt51/Vps21, Ypt52 and Ypt53) might serve as a direct modulator of TORC2 function, 

based on two precedents. First, the function of the other TOR-containing complex, TORC1, 

requires its interaction with two other classes of small GTPases, both RHEB (Avruch et al. 2009; 

Yang et al. 2017) and RAGs (Sancak and Sabatini 2009; Nicastro et al. 2017). Second, it was 

reported, largely on the basis of genetic findings, that GTP-bound Ryh1 (a small GTPase that 

most closely resembles human Rab6 and its S. cerevisiae ortholog Ypt6) stimulates TORC2 in 

fission yeast (Tatebe et al. 2010). 

 

Rab5 GTPases emerge as regulators of TORC2 

For the reasons above, I examined whether Rab5 function influenced TORC2 activity, as 

assessed by monitoring the TORC2-mediated phosphorylation and activation of Ypk1. 

Strikingly, I found, first, that yeast lacking its two Rab5 GEFs (Muk1 and Vps9) or its three 

Rab5 paralogs (Vps21/Ypt51, Ypt52 and Ypt53) or overexpressing Msb3, a Rab5-directed 

GTPase-activating protein (GAP), all exhibited pronounced reduction in TORC2-mediated 

phosphorylation and activation of Ypk1 (Locke and Thorner 2019a). Second, I found that cells 

lacking both Rab5 GEFs and cells lacking all three Rab5 paralogs were much more sensitive 

than otherwise isogenic WT control cells to the growth-inhibitory action of aureobasidin A 

(AbA), an antibiotic that blocks sphingolipid biosynthesis (Locke and Thorner 2019a). It was 

demonstrated previously that upregulation of Ypk1 activity via its TORC2-dependent 

phosphorylation is required for cells to survive inhibition of sphingolipid biosynthesis by another 

antibiotic (myriocin) (Roelants et al. 2011; Leskoske et al. 2017). Collectively, these results 

demonstrated that cells that cannot generate active Rab5 exhibit both biochemical and 

physiological behavior consistent with inefficient TORC2-mediated phosphorylation of Ypk1.  

 

In further support of the conclusion that active Rab5 stimulates TORC2 phosphorylation of 

Ypk1, I found that expression of Vps21(Q66L), a GTP hydrolysis-defective ( ―GTP-locked‖) 

variant, restored readily detectable TORC2-mediated phosphorylation of Ypk1 in vps21∆ ypt52∆ 

ypt53∆ triple mutant cells, whereas expression of Vps21(S21L), a variant ( ―GDP-locked‖) that 

preferentially binds GDP, did not (Locke and Thorner 2019a). I focused on Vps21 because it is 

constitutively expressed, is the most abundant yeast Rab5 isoform, has been shown to play the 

major role in endocytic vesicle trafficking, and, when absent, causes more pronounced 

phenotypes as compared to loss of either of the other two Rab5 GTPases. Once loaded with GTP, 

Vps21(Q66L) persists in its active state and has been shown to block endocytosis in yeast cells 

(Plemel et al. 2011; Lo et al. 2012), suggesting that the ability of Vps21(Q66L) to promote 

TORC2-dependent phosphorylation of Ypk1 is distinct from its role in promoting early 

endosome formation and recycling.  

 

To begin to explore the mechanism by which GTP-bound Rab5 supports robust TORC2-

mediated phosphorylation of Ypk1, I first examined whether there might be some more indirect 

reason for the observed impairment in TORC2-Ypk1 signaling in cells that cannot generate 

active Rab5. 
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Given that Rab5 GTPases are important in endocytic vesicle internalization, and have also been 

implicated in recycling of endosomes back to the PM, it seemed possible that cells deficient in 

GTP-bound Rab5 might have decreased TORC2 activity simply due to altered TORC2 

localization. However, when I analyzed the subcellular distribution of TORC2 by fluorescence 

microscopy, I saw no marked change in the amount of TORC2 located at the cell cortex between 

wild-type cells and muk1Δ vps9Δ double mutant cells. Thus, TORC2 did not appear to be grossly 

mislocalized in the absence of active Rab5. It also seemed possible that, in cells deficient in 

GTP-bound Rab5, Ypk1 might not be accessible to the cell cortex at all.  However, in contrast to 

its poor phosphorylation by TORC2, there was no difference in activation loop phosphorylation 

of Ypk1 by eisosome-associated Pkh1 in WT and muk1Δ vps9Δ double mutant cells. Also, using 

pull-down assays, there was no difference in the amount of Ypk1 associated with Avo1 between 

wild-type and muk1Δ vps9Δ double mutant cells, indicating that the lack of efficient 

phosphorylation by TORC2 in cells deficient in GTP-Rab5 could not be attributed to lack of 

encounter between TORC2 and Ypk1. Another possibility, given that phosphorylation and 

activation of certain other AGC family protein kinases requires association of their regulatory 

domains with other classes of small GTPases (Pearce et al. 2010; Leroux et al. 2018), it seemed 

possible that a conformation change induced in Ypk1 by its binding of GTP-loaded Rab5 might 

be necessary for it to be competent for phosphorylation by TORC2. However, as judged by co-

immunoprecipitation, I could detect no interaction between Ypk1 and GTP-bound Vps21. Taken 

together, these findings led us to test whether there is a direct physical interaction between 

Vps21 and TORC2. 

 

Indeed, in marked contrast to the lack of interaction between Vps21 and Ypk1, association of 

Vps21 with Tor2 was readily detectable by co-immunoprecipitation under a variety of different 

expression conditions and strain backgrounds. Moreover, consistent with our in vivo results, in in 

vitro kinase assays using a purified recombinant substrate [E. coli MalE (maltose-binding 

protein)-Ypk1(603-680)] that contains all of the TORC2 sites in Ypk1, I found that the specific 

activity of TORC2 isolated from vsp21∆ ypt52∆ double mutant cells was reproducibly lower 

than that of an equivalent amount of TORC2 purified from wild-type cells. Most strikingly, the 

ability of TORC2 isolated from vsp21∆ ypt52∆ cells to phosphorylate MalE-Ypk1(603-680) 

could be markedly stimulated by the addition of purified recombinant Vps21 loaded with 

GTPγS, but not by yeast Rab7 (Ypt7) loaded with GTPγS. Thus, a GTP-bound Rab5 appears to 

be a direct activator of TORC2 kinase function.  

 

Given the evidence that GTP-bound Rab5 stimulates TORC2 function, and given that I showed 

that the Rab5-specific GEF Muk1 is activated in a TORC2-dependent and Ypk1-mediated 

manner, one expected outcome of these interrelationships is that, once TORC2-Ypk1 signaling 

has been initiated, more GTP-bound Rab5 should be generated. In essence, this control circuit 

imposes self-reinforcing positive feedback to sustain TORC2-Ypk1 signaling. Our unexpected 

discovery that Rab5 function is necessary to support maximal TORC2 function reveals a 

previously unappreciated new connection between the vesicle trafficking machinery and the 

control of PM homeostasis by TORC2-Ypk1 signaling.  

 

Implications of Rab5-dependent regulation of TORC2 

The demonstration of the link between Rab5 GTPases and TORC2 raises numerous important 

mechanistic questions about how and where Rab5 GTPases influence TORC2 function. 
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How? 

One intriguing possibility for how Vps21 GTPase could serve as a direct positive activator of the 

kinase activity of Tor2 in yeast TORC2 is that it could act in a manner analogous to how the 

RHEB GTPase activates mTOR in mTORC1 (Avruch et al. 2009). Structural analysis (Yang et 

al. 2017) has revealed that, in its GTP-bound state, RHEB occupies a pocket constituted by the 

M- and N-HEAT repeats and FAT domain of mTOR, thereby inducing rearrangements of key 

elements important for stabilizing the catalytically-competent state of mTOR.  As one means to 

assess whether yeast Tor2 in TORC2 might contain a similar binding pocket, we used SWISS-

MODEL (Waterhouse et al. 2018) to build a homology map (Fig. 5.1) in which we threaded the 

sequence of yeast Tor2 onto that of mTOR in the structure of RHEB-activated mTORC1 (PDB: 

6BCU). Superimposition of the homology model of Tor2 onto mTOR in RHEB-bound mTORC1 

structure reveals a very similar cavity that could readily accommodate a small GTPase. 

Additionally, many of the residues in mTOR that make contact with RHEB are conserved in 

Tor2 and adopt a similar orientation in the binding pocket in the model (Fig. 5.1). 

 

 
Figure 5.1. Saccharomyces cerevisiae Tor2 modeled onto human mTOR in the RHEB-binding 

pocket in mTORC1. A homology model of ScTor2 (tan) built with SWISS-MODEL (Waterhouse 

et al., 2018) based on the conformation of mTOR (blue) in the cryo-EM-derived structure of 
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mTORC1 occupied by GTPγS-bound RHEB (faint fuschia) (PDB: 6BCU) (Yang et al., 2017). Side 

chains in human mTOR that make intermolecular contacts with RHEB (blue) and the corresponding 

side chains in yeast Tor2 (tan) are shown in stick representation. 

 

 

To further explore this possibility, we compared the crystal structure of GTP-bound Vps21 to the 

structure of GTP-bound RHEB. Despite the divergence in the amino acid sequences between 

these two Ras super-family members, I found that their GTPase folds adopt a nearly identical 

shape (Fig. 5.2). Hence, GTP-bound Vps21 is clearly sufficiently compact that it could occupy 

the analogous pocket in Tor2 in TORC2 as GTP-bound RHEB occupies in mTOR in mTORC1. 

However, how could Tor2 in TORC2 distinguish GTP-bound Rab5 from any other small 

GTPase? In this regard, and as with other effectors modulated by small GTPases, it is primarily 

residues in the Switch I and Switch II loops of RHEB that make contact with the RHEB-binding 

pocket in mTOR in mTORC1. Notably, the superimposition of Vps21 and RHEB reveals that the 

most major structural differences between these two GTPases lie in their respective Switch II 

regions (Fig. 5.2). It is not hard to imagine, therefore, that the distinct subunits that define 

TORC2 force Tor2 into a conformation that is optimal for making specific contacts with the 

unique geometry of the Switch II residues in Vps21, thereby stabilizing Tor2 in its most 

catalytically-competent state.  

 

 
Figure 5.2.  Comparison of Saccharomyces cerevisiae Vps21 to Homo sapiens RHEB.  Crystal 

structure (1.48 Å resolution) of yeast Vps21 (green) bound to the non-hydrolyzable GTP analog 

GppNHp (PDB: 1EK0) (Esters et al., 2000) was aligned with the crystal structure (2.65 Å resolution) 

of GppNHp-bound RHEB (fuschia) (PDB: 1XTR) (Yu et al., 2005) by superimposing the GTP-

binding fold in each of these two GTPase, revealing the distinct conformation of the Switch II 

regions (top) in these proteins. Side chains in the Switch I and Switch II loops in both GTPases are 

shown in stick representation.  

 

 

In this same regard, in a screen of Drosophila small GTPases (Li et al. 2010), it was found that 

overexpression of activated Rab5 strongly inhibited amino acid- or Rag GTPase-stimulated 

mTORC1 activity, a process that requires RHEB (Bar-Peled and Sabatini 2014), but did not 

inhibit mTORC1 stimulation by activated RHEB itself (Li et al. 2010). At the time, it was not 

known how to interpret these observations. In light of our findings, however, a likely explanation 

for these prior results is that Rab5, if overexpressed, can associate with the RHEB-binding 
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pocket in mTOR in mTORC1, but does so non-productively (i.e. it cannot stimulate mTOR in 

this context), and thus under these conditions Rab5 serves, in essence, as a simple competitive 

inhibitor of RHEB-mediated mTORC1 activation. By contrast, when activated RHEB is 

overexpressed, it is able to out-compete Rab5.  

 

Where?  

Localization of TORC2 in S. cerevisiae to discrete puncta residing at the cell cortex has been 

well documented, based on analysis of fixed cells by indirect immunofluorescence (Kunz et al. 

2000) or immuno-gold EM (Wedaman et al. 2003), or examination of live cells expressing 

fluorescently-tagged derivatives of Tor2 (Sturgill et al. 2008; Leskoske et al. 2018) or TORC2-

specific subunits that associate tightly with Tor2 (Berchtold and Walther 2009; Leskoske et al. 

2018). In addition, the effector protein kinases (Ypk1 and Ypk2) directly phosphorylated by 

TORC2 are, as mentioned earlier, also obligatorily phosphorylated by other protein kinases 

(Pkh1 and Pkh2) that are tightly associated with the PM-anchored eisosomes. Moreover, the PM 

in yeast is highly enriched in PtdIns4,5P2 compared to any other cellular membrane (Garrenton 

et al. 2010; Riggi et al. 2018) and both the core TORC2 subunit Avo1 (Berchtold and Walther 

2009; Gallego et al. 2010; Vonkova et al. 2015) and the more dynamically associated TORC2 

subunits Slm1 and Slm2 (Fadri et al. 2005; Tabuchi et al. 2006; Niles et al. 2012) contain 

PtdIns4,5P2-binding PH domains. Furthermore, maintenance of an adequate PtdIns4,5P2 level is 

necessary for TORC2 activity (Morales-Johansson et al. 2004). These observations are consistent 

with the conclusion that, to a large extent, the TORC2 cortical puncta are docked on the PM. 

 

The three yeast Rab5 GTPases (Vps21/Ypt51, Ypt52 and Ypt53) (Schmidt et al. 2017) are 

involved at an early stage of the endocytic pathway and, akin to their mammalian Rab5 

counterparts (Barr 2013; Wandinger-Ness and Zerial 2014), are therefore located primarily on 

intracellular endosomal vesicles prior to their fusion and delivery to the multivesicular body 

(Horazdovsky et al. 1994; Gerrard et al. 2000; Toshima et al. 2014). Correspondingly, 

fluorescently-tagged derivatives of the three yeast Rab5 members exhibit punctate staining on 

vesicular structures within the cell that co-localize with well-documented endocytic cargo 

(Peplowska et al. 2007; Cabrera and Ungermann 2013). Interestingly, however, for GFP-Vps21, 

a significant fraction of the fluorescent structures are found at the cell periphery on, or in very 

close apposition to, the PM, whereas GFP-Ypt52 and GFP-Ypt53 generally occupy more interior 

locations (Buvelot Frei et al. 2006). 

 

There is additional evidence that Rab5 GTPases can be associated with the PM. For example, 

experiments to localize Rab5 in mammalian cells also exhibited some staining on the PM 

(Chavrier et al. 1990). When heterologously expressed in animal cells, Vps21 colocalizes with 

the endogenous Rab5 and can stimulate Rab5-specific endocytic events (Singer-Kruger et al. 

1995), indicating that, in addition to their C-terminal prenylation (Pfeffer and Aivazian 2004), 

the yeast and vertebrate proteins must share other conserved localization determinants. In 

addition, using a bimolecular fluorescence complementation assay, interaction between Vps21 

and its specific GAP Msb3 was detected only at patches on the PM (Lachmann et al. 2012), 

indicating again that at least a fraction of the GTP-bound pool of Vps21 resides at the PM. In this 

context, it is important to note that the phenotypes of cells devoid of each of the three yeast Rab5 

isoforms differ significantly. In addition to severe defects in endocytic vesicle trafficking, cells 

lacking Vps21 also exhibit an obvious defect in growth rate, whereas cells lacking either Ypt52 
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or Ypt53 (or both) have much milder phenotypes. Although the relative levels of each of these 

proteins may contribute to the differential effects observed in their absence (Schmidt et al. 2017), 

these results are also consistent with Vps21 having a role in promoting the function of TORC2, a 

central growth regulator, distinct from its function in vesicle trafficking. In agreement with that 

proposal, in my study (Locke and Thorner 2019a), I observed that in cells devoid of all three 

Rab5 paralogs TORC2-mediated phosphorylation of Ypk1 could be stimulated by expression of 

a GTP-locked Vps21 mutant, which (as already mentioned above) is unable to support vesicle 

trafficking. It will be important to test GTP-locked variants of Ypt52 and Ypt53 in the same way 

to determine whether it is exclusively Vps21 that associates with and acts to activate TORC2. 

 

It is also possible that TORC2 association with and activation by Vps21 might occur on 

endosomes. In subcellular fractionation studies showing that TORC2 is a protein complex 

peripherally associated with membranes, Tor2 co-fractionated with PM markers, but also with a 

second fraction that appeared to represent vesicular structures (Kunz et al. 2000). Similarly, 

localization of endogenous Tor2 at the ultrastructural level using immuno-gold EM labeling 

revealed gold particle clusters at the PM, but also gold particles associated with internal 

membranous structures that resembled vesicles of the endocytic pathway and were distinct from 

the vacuole (Wedaman et al. 2003). In this regard, I found that in cells lacking the two Rab5 

GEFs (Vps9 and Muk1) that the amount of TORC2 localized at the PM, as judged by monitoring 

a core TORC2 subunit (Avo3-GFP), is not reduced compared to otherwise isogenic wild-type 

cells. A similar conclusion was reached using Tor2-mNeonGreen in cells lacking all three Rab5 

GTPases (F.M. Roelants, this laboratory, unpubished data). These observations indicate that PM 

association of TORC2 does not require Rab5 function. However, I have not carefully analyzed 

whether the absence of the Rab5 GEFs or the Rab5 GTPases themselves markedly diminishes 

the minor pool of TORC2 that appears to be associated with internal vesicles. In this regard, 

there is other evidence that TORC2 may be distributed among spatially distinct populations. 

 

It has been inferred from recent studies in mammalian cells of mTORC2-mediated 

phosphorylation of one of its effector protein kinases, AKT/PKB, in mammalian cells that 

mTORC2 can act at discrete subcellular locations. AKT has a PH domain specific for binding 

PtdIns(3,4,5)P3 generated by growth factor-activated PtdIns 3-kinase (PI3K); however, there is 

some controversey about where and whether lipid binding is necessary to induce a 

conformational change in AKT that makes it competent to be phosphorylated on its activation 

loop by the upstream activating kinase PDK1 before it is competent to be subject to further 

stimulation via its mTORC2-mediated phosphorylation (Vanhaesebroeck and Alessi 2000; 

Agarwala 2018; Lučić et al. 2018). In any event, using a chemically-inducible dimerization 

system to recruit AKT to endosomes, it was observed that AKT becomes phosphorylated at its 

mTORC2 sites when tethered in this fashion, arguing that there must be mTORC present on the 

same endosomes (Ebner et al. 2017). Further, it was purported that mTORC2-dependent 

activation of AKT at the PM can be uncoupled from the need for PI3K-generated 

PtdIns(3,4,5)P3, whereas the endosomally-associated mTORC2, it is claimed, requires PI3K 

generation of PtdIns(3,4,5)P3 (Jethwa et al. 2015), suggesting, if true, that these spatially distinct 

pools may be differentially regulated. The role of Rab5 in this putative endosomal pool of 

mTORC2 was not examined in these studies. However, in a recent study of mouse hippocampal 

pyramidal neurons, AKT was found in association with Rab5-positive endosomes, but whether 

TORC2 was also present was not addressed (Goto-Silva et al. 2019). To further complicate 
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matters as to which GTPase(s) may regulate TORC2, and where, it was recently reported that in 

mammalian cells, oncogenic variants of RAS, a PM-anchored GTPase (Simanshu et al. 2017), 

associates with mTORC2, as assessed by proximity-dependent biotin labeling (Kovalski et al. 

2019). 

 

Hypothetically, if there are distinct pools of TORC2 with differing requirements for activation, 

such a scenario could provide a means to adjust the level of TORC2 activity to meet the 

physiological needs of the cell in the most effective manner. In yeast, for Ypk1 that has been 

phosphorylated by Pkh1 on its activation loop, all that is required for cell survival under steady-

state growth conditions in rich medium with glucose as the carbon source is TORC2-dependent 

phosphorylation of Ypk1 on a single site (S644 in the turn motif). However, if the cells are 

subjected to any significant stress, especially limitation for sphingolipids, TORC2-mediated 

phosphorylation of T662 and additional residues in the C-terminal tail of Ypk1 occurs and 

modification of these residues is essential for yeast cell survival under these stressful conditions 

(Roelants et al. 2004; Roelants et al. 2011; Leskoske et al. 2017). That phosphorylation at these 

additional resides is not required under basal conditions, suggests that TORC2 activity provides a 

graded mechanism to fine-tune the level of Ypk1 activation. Furthermore, C-terminal 

phosphorylation of Ypk1 by TORC2 not only enhances its specific activity (Roelants et al. 

2011), but also stabilizes Ypk1 against degradation (Leskoske et al., 2017), thereby maintaining 

both its active conformation and prolonging the duration of its activated state. Thus, the 

demonstration (Locke and Thorner 2019a) that TORC2-Ypk1 signaling also stimulates the 

generation of GTP-bound Vps21 and that this Rab5 is, in turn, a positive effector of TORC2, 

provides a feed forward mechanism to further sustain TORC2-Ypk1 signaling, once initiated. 

This control circuit also provides a means for TORC2 to serve as both a sensor and a regulator of 

the rate of endocytic vesicle trafficking. Moreover, this Rab5-mediated stimulation could exist to 

up-regulate TORC2 activity and hence Ypk1 signaling at the PM or, potentially, to provide the 

means for localized TORC2-dependent Ypk1-mediated phosphorylation of specific substrates 

located on or nearby early endosomes. 
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Appendix A  

 

Interrogating substrate recognition by Ypk1—  Does Ypk1 bind to a specific 

docking motif distinct from its consensus phospho-acceptor site? 
 

Background 

Ypk1 is an evolutionarily conserved protein kinase and a member of the AGC sub-family of 

protein kinases (Pearce et al. 2010), which make up over 10% of the 518 enzymes that comprise 

the total human kinome (Manning et al. 2002b). Strikingly, the AGC kinases have been highly 

conserved throughout eukaryotic evolution, and SGK1 (the human homolog of Ypk1) rescues 

the inviability of ypk1∆ ypk2∆ cells (Casamayor et al. 1999). Thus, discerning the molecular 

basis by which Ypk1 selects its substrates, and how Ypk1 interacts with its substrates in a 

regulated fashion, is important to our understanding of how this vital signaling pathway works. 

Understanding the molecular logic of these interactions will provide invaluable insight into how 

to directly target these signaling cascades, many of which are dysregulated in human cancers and 

disease (Saxton and Sabatini 2017). A biochemical means to manipulate the spatial and temporal 

regulation of the TORC2-Ypk1 signaling network could lay groundwork for small-molecule 

screens aimed at enhancing the specificity and effectiveness against therapeutic targets.  

 

To fully understand how the TORC2-Ypk1 signaling network acts to maintain plasma membrane 

homeostasis, it is necessary to characterize at the molecular level how substrate specificity is 

achieved to ensure proper signaling outputs. The Thorner lab was the first to show that a 

mitogen-activated protein kinase (MAPK) achieves exquisite substrate specificity by utilizing 

evolutionarily conserved high-affinity docking sites distal to the target phosphorylation sites 

composed of cognate linear sequences with a complementary molecular signatures present on 

both the kinase and substrate (Bardwell and Thorner 1996; Chen and Thorner 2007). This 

docking paradigm has since been discovered in a diverse range of other kinases (Tanoue and 

Nishida 2003; Bardwell  2006; Remenyi et al. 2006; Ubersax and Ferrell 2007) 

 

I hypothesized that there is a molecular signature common to all Ypk1 substrates that enables the 

kinase to achieve high specificity and prevents aberrant targeting of incorrect substrates. 

Although the consensus phosphorylation motif RxRxxS/T (where x denotes any amino acid) is 

found in hundreds of the approximately 6,000 protein encoded in the S. cerevisiae genome to 

date, our laboratory and others have found that only a select cohort of proteins is actually 

phosphorylated by Ypk1. Studies of other classes of eukaryotic protein kinases have revealed 

that distal docking sites provide a high level of specificity by increasing affinity for certain 

substrates, thereby enhancing precise phosphorylation (Holland and Cooper 1999; Biondi and 

Nebreda 2003; Goldsmith et al. 2007; Bardwell and Bardwell 2015). 

 

There was preliminary evidence that, in addition to its specific phospho-acceptor site sequence 

specificity, Ypk1 may interact with prospective substrates via a docking interaction between a 

region of the kinase different from its active site and a sequence in the substrate different from its 

phospho-acceptor site. In vivo the aquaglyceroporin Fps1 is a transmembrane protein (Beese-

Sims et al. 2011) and it is phosphorylated equivalently on Ypk1 consensus sites in both its 

cytosolic N- and cytosolic C-termini; in vitro, however, a recombinant C-terminal fragment was 

reported to be a much more efficient substrate for purified Ypk1 than an amino-terminal 
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fragment (Muir et al. 2015). These results suggested that, in the cell, Ypk1 may dock at the C-

terminus of intact Fps1 and, once tethered there, be able to more effectively phosphorylate its 

own amino-terminus [on the same or neighboring subunits, if Fps1 is a tetrameric protein, like its 

mammalian counterpart AQP9 (Viadiu et al. 2007)]. 

 

By dissecting the sequence determinants necessary and sufficient for the high-affinity binding of 

Ypk1 to several of its most efficient known substrates, I sought to characterize the molecular 

requirements for the substrate selectivity of Ypk1, which may aid identification of additional 

novel substrates in this pathway. To elucidate whether Ypk1 recognizes a docking site in its 

substrates, I devised and implemented an in vitro MBP-based pull-down assay to assess Ypk1-

substrate interaction. As a test substrate, I chose the plasma membrane-localized 

aquaglyceroporin Fps1 because it is a well characterized direct substrate of Ypk1 (Muir et al. 

2015). 

 

Results 

 

The carboxy-terminus of Fps1 is sufficient for Ypk1 binding in vitro  

To uncover substrate sequence determinants necessary for interaction with Ypk1, I sought first to 

develop a binding assay to detect a direct interaction in vitro. For this approach, I used purified 

recombinant MBP-fusions of Fps1 immobilized on amylose resin and incubated with purified 

Ypk1
D242A D470A 

(hereafter Ypk1C
KD

). Genetic and biochemical evidence suggests that the D242A 

mutation alleviates inhibition of the kinase domain by its N-terminal negative regulatory domain 

(Aronova et al. 2008) and, thus, makes the kinase "constitutively" (C) active, thereby ensuring 

that the kinase is in a conformation accessible to bind substrates. I also included the D470A 

mutation, which eliminates a residue essential for catalysis ("kinase dead" or KD), to prevent any 

phosphorylation-induced substrate dissociation. I reasoned that the kinase-dead version of Ypk1 

would enable me to specifically assess the contribution of sequence determinants on the ability 

of Ypk1 to bind without the additional input of increased off-rate induced by phosphorylation.  

 

In multiple trials, there was robust interaction between Ypk1C
KD

 and the Fps1 C-terminus (MBP-

Fps1
531-669

), but not with MBP or the N-terminus of Fps1 (MBP-Fps1
1-225

) (Fig. A1).  
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Figure A1. Recombinant Fps1 interacts with Ypk1 in vitro.  Binding assay of MBP and MBP-

Fps1 fragments purified from E. coli immobilized on amylose resin and incubated with purified 

Ypk1
D242A D470A

-HA (Ypk1C
KD

-HA) from S. cerevisiae. After stringent washes, bound proteins were 

resolved by SDS-PAGE and specific binding was determined by immunoblotting with anti-HA 

antibodies to detect Ypk1 and Ponceau S to visualize recombinant MBP proteins.  

 

 

 

 

To narrow down the region in the C-terminus of Fps1 important for the observed interaction, I 

generated a nested set of truncation mutants (Fig. A2A) and tested them for binding of Ypk1C
KD 

(Figs. A1 and A2B).  
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Figure A2. A minimal Fps1 peptide is sufficient for binding Ypk1 in vitro. (A) Schematic of full-

length Fps1 protein and truncated constructs cloned as MBP fusions that were tested and the results 

of binding experiments. Red asterisk (*) indicates phosphorylated residue. (B) Binding assay of 

MBP and MBP-Fps1 fragments purified from E. coli  immobilized on amylose resin and incubated 

with purified Ypk1
D242A D470A

-HA (Ypk1C
KD

-HA) from S. cerevisiae. After stringent washes, bound 

proteins were resolved by SDS-PAGE and specific binding was determined by immunoblotting with 

anti-HA antibodies to detect Ypk1 and Ponceau S to detect recombinant MBP proteins. Residues 

mutated in Fps1(531-573; K561A K562A R563A R565A) are indicated as AAANA. (C) Sequence 

of the minimal Fps1 peptide tested that bound Ypk1, residues 554-573. Consensus Ypk1 phospho-

acceptor site bold; red, phosphorylated residue.   

 

A"

B"
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One conclusion of these binding data is that the minimal epitope in Fps1 required for interaction 

with Ypk1C
KD 

is confined to a linear sequence element. The minimal region that was sufficient 

for this interaction was a 20-residue segment of Fps1 encompassing amino acids 554-573 (Fig. 

A2C). The fragments I tested that lacked the phospho-acceptor motif did not bind to Ypk1, 

indicating that its presence is required for interaction. Immediately upstream of the C-terminal 

phospho-acceptor sequence in Fps1 is a striking stretch of positively charged residues (KKRNR 

residues 561-565). To test whether these positions are important for interaction with Ypk1, I 

generated a corresponding site-directed mutant, Fps1(531-573; K561A K562A R563A R565A).  

Unfortunately, this protein did not express well in E. coli and I was unable to recover a sufficient 

amount of this construct to definitively determine whether its apparently poor binding of 

Ypk1C
KD 

was due to loss of binding affinity or simply due to the very low level of Fps1(531-573; 

K561A K562A R563A R565A) present
 
(Fig. A2B). Further optimization will be needed to 

recover more of this construct to resolve this issue. 

 

Based on previously characterized Ypk1 substrates (Fpk1, Fpk2, Orm1, Orm2, and Gpd1) and 

the in vitro sequence preference identified for Ypk1 phosphorylation of synthetic peptides 

(Casamayor et al. 1999; Mok et al. 2010), former Thorner lab graduate student Alex Muir 

developed a position-weighted consensus sequence logo for Ypk1 substrates (Muir et al. 2014): 

RxRxxS/T. As I found in an additional validated substrate Muk1 (see Chapter 3), the presence of 

Arg at positions -5 and -3 is invariant with respect to the phosphorylated residue. To query the 

stringency of the consensus sequence, I made Arg to Lys mutations in the phospho-motif of Fps1 

and, additionally, mutated the Ser to Thr (Fig. A3A), as the consensus logo revealed a preference 

for phosphorylation on a Ser residue.  Unexpectedly, I found that Ypk1C
KD 

bound to the mutant 

KxKxxT Fps1 construct just as well or perhaps better than it did to the Fps1 construct with the 

wild-type consensus sequence (Fig. A3B). Thus, as far as binding goes, Lys at these positions is 

tolerated (as is Thr at the phospho-acceptor site). However, as far as phosphorylation goes, I 

have not tested whether this construct is a substrate for active Ypk1. In any event, I speculate 

that even though the Lys (and Thr) changes might promote tighter binding to Ypk1, stronger 

association might be detrimental for a kinase that requires a high turnover rate. Finally, to 

determine if this assay approach could be extended to other Ypk1 substrates, I also tested an 

MBP fusion to full-length Muk1 and found that, like the Fps1 C-terminal fragment, full-length 

Muk1 associated with Ypk1 in vitro (Fig. A3B).  
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Fig A3.  Conservative mutation of the consensus Ypk1 phospho-acceptor site on Fps1 does not 

diminish interaction with Ypk1. (A) Sequence of the consensus Ypk1 phospho-acceptor site on the 

C-terminus of Fps1 (wild-type) and resides mutated (phospho-site mutant) to test sequence 

stringency. Invariant residues, bold blue; phosphorylated residue, red; mutated residues italicized 

and underlined. (B) Binding assay of MBP and MBP-Fps1 fragments purified from E. coli 

immobilized on amylose resin and incubated with purified Ypk1
D242A D470A

-HA (Ypk1C
KD

-HA) from 

S. cerevisiae. After stringent washes, bound proteins were resolved by SDS-PAGE and specific 

binding was determined by immunoblotting with anti-HA antibodies to detect Ypk1 and Ponceau S 

to detect recombinant MBP proteins. Asterisks indicates co-purifying, non-specific species. Residues 

mutated in Fps1(531-669; R565K R567K S570T) are indicated as KxKxxT. 
 

 

Discussion 

These experiments were initiated to elucidate the interaction motifs on substrates that were 

important for their interaction with Ypk1. I established a robust MBP-based in vitro pull-down 

assay that reproducibly detected a specific interaction between Ypk1 and its substrates Fps1 and 

Muk1. Using this assay, I found that the C-terminal cytosolic tail of the known Ypk1 substrate 
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Fps1 binds Ypk1 with high affinity. Moreover, a nested set of truncation mutants suggests that 

the minimal binding epitopes are confined to a linear sequence that includes the phospho-

acceptor motif.  

 

A founding member of the AGC protein kinase sub-family is 3',5'-cyclic-AMP-dependent 

protein kinase (PKA). High-affinity substrates and inhibitors of PKA bind both in the catalytic 

pocket (via their phospho-acceptor motif) and within a prominent groove that extends from the 

active site across the lower lobe of the kinase domain (via residues upstream of the phospho-

acceptor motif) (Knighton et al. 1991) (Fig. A4). Based on my finding that a linear segment of  

 

 

 
 
Fig. A4.  PKA in the absence (left) and presence (right) of a PKI-derived peptide.  Surface 

rendering of crystal structures of PKA alone or bound to a 20-residue segment (residues 6-25) of the 

76-residue human PKA inhibitor peptide PKIα (product of the PKIA gene) determined by Knighton 

et al. (1991). 

 

Fps1 extending 11-residues upstream from the phospho-acceptor motif (Fig. A2C) exhibited 

high-affinity binding to Ypk1C
KD

, Ypk1 likely selects its substrates in a manner similar to PKA, 

rather than utilizing a separate and more distantly located docking site, as do MAPKs. To 

determine if this element is sufficient for Ypk1 recruitment, it would be informative to install it 

on a carrier protein with which Ypk1 normally does not interact and test the ability of these 

fusion proteins to associate with Ypk1.  

  

PKA PKA + PKI (red) 

Occupancy of active site and extended docking groove  

Active Site 

Docking Groove 
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Appendix B 

 

Identification of ubiquitylation enzymes that regulate cell cycle progression 
 

Background 

Ubiquitylation, the covalent attachment of ubiquitin to a protein, is an essential signaling 

process. The attachment of a single ubiquitin, monoubiquitylation, regulates nonproteolytic 

protein-protein interactions (Husnjak and Dikic 2012). Polyubiquitylation, the formation of 

ubiquitin chains on substrates, can mediate protein interactions, alter protein conformation, or act 

as a destruction signal for proteasomal degradation (Komander and Rape 2012). Thus, 

modification with ubiquitin can provide exquisite spatial and temporal regulation of protein 

localization, interaction, and degradation. Ubiquitylation of a given substrate in human cells is 

catalyzed successively by a cascade of either of two ubiquitin activating enzymes (E1), one of 

nearly 40 ubiquitin conjugating enzymes (E2), and one of more than 600 ubiquitin ligases (E3) 

(Ye and Rape 2009). Of the multitude of E3s identified, fewer than 10% have been well 

characterized and fewer still have identified substrates (Peng et al. 2003; Yen and Elledge 2008; 

Harper and Tan 2012).   

 

Like phosphorylation, ubiquitylation plays important roles in virtually all cellular processes. The 

execution of an accurate cell division program is essential for all living cells, and dynamic 

signaling by ubiquitin ligases has been shown to regulate cell cycle checkpoints to ensure precise 

progression through the cell cycle. The Skp1-Cul1-F-box protein (SCF) type and the Anaphase 

Promoting Complex/Cyclosome (APC/C) type ligases are the best characterized E3 complexes 

involved in the cell cycle, regulating cell cycle checkpoints, thereby creating controlled, 

unidirectional progression through the division program (Vodermaier 2004; Teixeira and Reed 

2013). 

 

The goal of this study was to uncover previously unrecognized ubiquitylation networks that 

might influence cell cycle progression by using a high-throughput screening approach in human 

cells. To identify ubiquitin-mediated regulatory mechanisms that control the cell cycle, I first 

designed a cell line containing a fluorescent reporter. I based this reporter on the previously 

published FUCCI (Fluorescent, ubiquitination-based cell cycle indicator) system (Sakaue-

Sawano et al. 2008); in this dissertation, this optimized system is referred to as FUCCI*. This 

cell line expresses fluorescently tagged derivatives of the cell cycle regulated proteins Cdt1 and 

Geminin. As a result, early G1, late G1, the G1/S transition, and S/G2/M cell cycle stages can be 

distinguished by fluorescence microscopy or flow cytometry, the duration of time individual 

cells spend during each stage can be monitored, and defects at specific stages can be identified 

(Fig. B1).  
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Figure B1.  Two-color cell cycle progression reporter.  Diagram adapted from Sakaue-Sawano et 

al. (2008). 

 

Below I describe the high-throughput knock-down screen I performed in this cell line, using a 

library of short hairpin RNAs (shRNAs) targeting the transcripts of ubiquitin-related genes to 

identify genes that, when knocked down, alter cell cycle progression. 

 

Results 

 

Construction of cell cycle reporter strain 

I sought to create a cell line expressing a reporter that could accurately report the cell cycle stage 

of individual cells in an asynchronous population and enable the visualization of progression 

through the cell cycle. For this purpose, I created a modified version of the FUCCI-based system 

(Sakaue-Sawano et al. 2008) utilizing the two cell cycle regulated proteins Cdt1 and Geminin 

fused to the fluorescent proteins monomeric Azami Green (mAG1) and monomeric Kusabira 

Orange (mKO2) (Fig. B2A).  
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Figure B2. How FUCCI fluorescent reporter system enables visualization of cell cycle 

progression.  (A) Two cell cycle reporters, Cdt1(30-120) fused to the red fluorescent protein mKO2 

and Geminin(1-110) fused to the green fluorescent protein mAG1 (Sakaue-Sawano et al. 2008). (B) 

Diagram of cell labeling by FUCCI fluorescent reporters during progression through the cell cycle. 

(C) Schematic view of the strategy used to target integration of my FUCCI* construct to the adeno-

associated virus integration site AAVS1 in the human genome (a bi-cistronic reporter driven by the 

EF-1α promoter and flanked by 5‘ and 3‘ arms of homology to the AAVS1 locus). The two reporters 

are split by a self-cleaving P2A peptide derived from the picornavirus leading to two separate 

peptides after translation (de Felipe et al. 2006; Kim et al. 2011) 

 

Because these proteins regulate licensing of DNA replication, their abundance is tightly 

regulated and oscillates inversely during the cell cycle (Nishitani et al. 2000) (Figs. B1 and 

B2B). Cdt1 accumulates during G1 and is ubiquitylated and targeted for degradation at the start 

of S phase through mitosis (Nishitani et al. 2006; Tada 2007). Geminin, which inhibits Cdt1 

function, accumulates during S phase through mitosis, and is ubiquitylated throughout G1 when 

Cdt1 levels increase (Ballabeni et al. 2013). The FUCCI system takes advantage of the 

ubiquitylation of these proteins; truncations of fluorescent mKO2-Cdt1(30-120) and mAG1-

Geminin(1-110) are constitutively expressed, and protein abundance is regulated by their 

ubiquitylation and degradation. Thus, in G1, cells are red as they have a high level of mKO2-

Cdt1(30-120) expression while mAG1-Geminin(1-110) levels are low, at G1/S transition cells 

appear yellow as mKO2-Cdt1(30-120) and mAG1-Geminin(1-110) are both expressed, and 

during S/G2/M phases cells increase in green fluorescence as mKO2-Cdt1(30-120) is 

ubiquitylated and mAG1-Geminin(1-110) accumulates (Figs. B1 and B2B). Mitosis can be 

distinguished from G2 in these cells by fluorescence microscopy, as the mAG1-Geminin(1-110) 

reporter resides in the nucleus until nuclear envelope breakdown at the start of mitosis (Figs. 

B2B and B3). 
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Figure B3. Characterization of K562-FUCCI* cell lines. (A) Whole-cell lysates from untargeted 

(K562-wild type) and FUCCI* targeted clonal lines were separated on SDS-PAGE followed by 

immunoblot to detect Geminin isoforms (rabbit anti-Geminin, Cell Signaling Technology). The 

expected molecular weight of each isoform is indicated on the right. (B) FACS plot of K562-

FUCCI* clonal cell line (#5). Cells were excited by an argon laser line 488nm and fluorescence 

detected by PE (for mKO2) and FITC (for mAG1) channels. Cells were gated for G1 

(mKO2
+
/mAG1

-
), G1/S (mKO2

+
/mAG1

+
), and S/G2/M (mKO2

-
/mAG1

+
). (C) Still images from 

timelapse fluorescence imaging of K562-FUCCI* cells progressing through the cell cycle. Images 

were acquired every 3 min using a confocal microscope. Cells were excited with an argon laser at 

488 nm and 561 nm. Time was set to 0:00 (h:min) for initial nuclear envelope breakdown. 
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In the first publication of their FUCCI system, Sakaue-Sawano et al. (2008) integrated the 

reporter probes mAG1-Geminin(1-110) and mKO2-Cdt1(30-120) by separate lentiviral vectors 

using distinct promoters (Sakaue-Sawano et al. 2008). Because these viruses randomly integrate 

the reporters into the genome separately, this method has the potential drawback that one 

reporter might be silenced over time, leading to inaccurate reporting of the cell cycle stage. To 

address this issue, I cloned these reporter genes behind a single promoter separated by a self-

cleaving P2A sequence (de Felipe et al. 2006; Kim et al. 2011; Liu et al. 2017), into a gene-

targeting vector (Fig. B2C). I refer to this bi-cistronic system as FUCCI*. The benefit of this 

system is these genes are transcribed as a single RNA transcript, and thus cells produce 

equimolar amounts of the genes products, avoiding uneven expression due to silencing.  

 

To generate a derivative of the human cell line K562 that can grow in suspension culture and 

expresses this reporter, I used TALEN-mediated double-strand break formation to stimulate 

homologous recombination (Hockemeyer et al. 2011) to integrate my reporter construct into the 

safe harbor AAVS1 locus located on chromosome 19 in the first intron of the PPP1R12C gene. 

This locus is often targeted because the PPP1R12C gene is ubiquitously expressed in multiple 

cell types and supports the long-term expression of transgenes (Smith et al. 2008). K562 cells are 

poorly differentiated erythroblast-like leukemia cells (Koeffler and Golde 1980) that are an ideal 

cell line to use for screening because they are easily sorted in a flow cytometer. To verify that the 

P2A cleavage was acting as expected, I used immunoblot analysis to determine if mAG1-

Geminin(1-110) migrated at the expected 41 kDa size on SDS-PAGE. If the two reporters 

remained as a fused protein, it would be expected to run at 78 kDa. Of the 6 clones tested, all 

correctly showed mAG1-Geminin(1-110) migrating at the expected size (Fig. B3A). I then used 

Fluorescence Activated Cell Sorting (FACS) to sort and obtain single cells that were both 

mKO2
+
 and mAG1

+
, reasoning that these would likely be correctly targeted (Fig. B3B).  Next, I 

performed live-cell fluorescence microscopy to visualize the progression of these cells through 

the cell cycle. As expected, these cells show dynamic color changes as they progress through the 

cell division program (Fig. B3C).  From the clones isolated, I chose to use clone #5 for the 

screen, hereafter referred to as FUCCI*-K562 cells.  

 

Pooled shRNA screen to identify genes involved in cell cycle progression 

To identify ubiquitin-related genes that are involved in cell cycle progression, I collaborated with 

Eugene Oh and Martin Kampmann in the lab of Jonathan Weissman at UCSF to perform a 

FACS-based pooled shRNA screen using a library of barcoded shRNAs that targets genes related 

to ubiquitin signaling pathways.  
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Figure B4. Schematic of cell cycle screen. K562-FUCCI* cells were infected in bulk with barcoded 

shRNA lentiviral particles. Cells were cultured with blasticidin to select for shRNA integration. 

Vectors expressing shRNAs also express blue fluorescent protein (BFP). Flow cytometry was used 

to determine infection rate.  After 6 days, FACS was used to sort cells based on cell cycle stage.  

 

This library consisted of 4 sub-libraries:  (i) Sub-library 1 contained F-box proteins, SOCS-box 

proteins, disease-related genes, and those that have specific localization annotations; (ii) Sub-

library 2 contained BTB proteins, DCAF proteins, signaling-specific genes, and chromatin-

associated genes; (iii) Sub-library 3 contained HECT, U-box, RING-finger, TRIM, and Zn-finger 

E3s; and, (iv) Sub-library 4 contained general ubiquitin enzymes, including all of the E2s, APC-

related components, proteasome-related genes, and most proteases. The total library consisted of 

~25 shRNAs per gene targeting 222 genes in each library with ~1000 control non-targeting 

shRNAs. Each shRNA was expressed from an individual lentiviral plasmid with a Spleen Focus 

Forming Virus (SFFV) promoter (Demaison et al. 2002) driving a blasticidin-resistance gene and 

blue fluorescent protein (BFP) for selection and the shRNA in a minimal miR-30 context 

(Stegmeier et al. 2005). 

 

The purpose of this screen was to identify genes that, when knocked down by shRNA, caused a 

change in the cell cycle progression of that particular cell. A phenotypic effect in promoting or 

preventing cell propagation could be read out, respectively, as either an over- or under-

representation of that shRNA species compared to control non-targeting shRNAs in a particular 

cell cycle stage determined after sorting. I performed the screen essentially as described in 

(Kampmann et al. 2014). The shRNA sub-libraries were first packaged as lentiviruses and viral 

supernatant was collected and concentrated. To ensure each reporter cell had a single shRNA 

integrated, I infected FUCCI* K562 cells in bulk with enough lentivirus so that 50% of cells had 

virus integration, as verified by a BFP positive signal. On the 6th day post infection, cells were 

sorted by FACS into two pools: early G1 (mKO2
+
 mAG1

-
) and S/G2/M (mKO

-
 mAG1

+
. After 

genomic extraction and sequencing of the barcoded shRNAs, sequences were counted for an 

enrichment or depletion of bar-coded shRNAs in the two pools. Analysis was performed using 

the ‗analyze_primary_screen.py‘ script (Kampmann et al. 2014). The Mann-Whitney U (MW) 

statistical test was used to derive a P value for the genes targeted in the screen because it has 

previously been shown to be able to deal with noisy datasets and has been used successfully in 

other pooled shRNA screens (Kampmann et al. 2013). The Mann-Whitney U test is a rank sum 

test that is based on the null hypothesis that all values come from the same population (Mann and 

Whitney 1947; Fay and Proschan 2010). Pooled analysis of the individual genes that were over-

represented in the G1 group compared to the S/G2/M group with a P-value less than 0.05 (Fig. 

B5) identified multiple genes known to regulate cell cycle progression (i.e. BTRC, MAD2L1BP, 

SKP2) among other hits with poorly or unannotated functions (Busino et al. 2003; Frescas and 

Pagano 2008; Date et al. 2013). Similarly, when looking at genes that were over-represented in 

the S/G2/M group compared to the G1 group with a P-value less than 0.05 (Fig. B6), the screen 

identified well-characterized cell cycle regulators (i.e., FBXW7, CDC26, LMO7) (Nakayama 

and Nakayama 2005; Wang et al. 2009; Tzeng et al. 2018). 
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Figure B5. Genes targeted by shRNAs that were enriched in G1 compared to S/G2/M in the 

cell cycle screen. Genes targeted with a p-value <0.05 by Mann-Whitney U test are colored in red 

with gene names listed.  
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Figure B6. Genes targeted by shRNAs that were enriched in S/G2/M compared to G1 in the 

cell cycle screen. Genes targeted with a p-value <0.05 by Mann-Whitney U test are colored in green 

with gene names listed. 
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Discussion 

This screen performed in K562-FUCCI* cells identified multiple genes with well characterized 

roles in regulating cell cycle progression among the top hits. The ability of this screen to 

successfully pull out these hits verified the underlying rationale of this approach and thus 

provides high confidence that many of the other genes identified have a previously 

uncharacterized role in regulating the cell cycle program. Many of the top hits have poorly 

understood cellular roles, but altered expression is implicated in some cancers. FBXW8 was one 

of the top hits in the screen that, when knocked down, caused cells to increase in the G1 pool 

compared to the S/G2/M pool. Fbxw8 is a substrate adapter and assembles a ubiquitin ligase 

complex with Skp1, Cul7, and Rbx1 (Wang et al. 2014a). While the specific substrates of Fbxw8 

are only beginning to emerge, there is already a wealth of data linking Fbxw8 and Cul7 to cell 

proliferation and tumorigenesis (Okabe et al. 2006; Kim et al. 2007; Wang et al. 2014b). Another 

validation of my screening strategy. 

 

The identification of multiple known cell cycle regulators arising from my screen provides 

reassurance that my method was an effective a tool to identify candidate genes that are involved 

in cell cycle progression.  In one case, however, the significance of a particular gene in the G1 vs 

the S/G2/M pool seems confounding. MAD2L1BP, the gene encoding the MAD2L1-binding 

protein (also known as p31 or Comet) (Xia et al. 2004), is thought to positively regulate mitotic 

metaphase and the anaphase transition and thus be important for progression through mitosis 

(Yang et al. 2007; Jia et al. 2011). Indeed, in prior studies, knockdown of MAD2L1BP by RNAi 

led to activation of the spindle assembly checkpoint and arrest of cells in mitosis (Habu et al. 

2002; Hagan et al. 2011) Therefore, it was surprising that, in my screen, the shRNA for 

MAD2L1BP was over-represented in the pool of G1-arrested cells. 

 

From the list of candidate genes identified as hits from my screen, the next step would be to 

focus on specific candidates and attempt to validate them individually. This corroboration should 

be performed by first cloning the shRNAs that showed a significant deviation from the non-

targeting control shRNAs, assessing knock-down efficiency by qRT-PCR, and visualizing the 

FUCCI* cell cycle profile by flow cytometry. To determine the specific cell cycle stage that is 

affected by gene knock-down, live-cell fluorescence microscopy would be useful to determine if 

a particular gene knock-down causes an extended delay in any particular stage of the cell cycle. 

To complement this validation procedure, it would be additionally useful to use siRNA to knock-

down the candidate genes, using sequences distinct from those used in the initial screening 

library.  

 

 

 

 




