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Analysis of the roles of phosphatidylinositol-4,5-
bisphosphate and individual subunits in assembly, 
localization, and function of Saccharomyces 
cerevisiae target of rapamycin complex 2

ABSTRACT  Eukaryotic cell survival requires maintenance of plasma membrane (PM) homeo-
stasis in response to environmental insults and changes in lipid metabolism. In yeast, a key 
regulator of PM homeostasis is target of rapamycin (TOR) complex 2 (TORC2), a multiprotein 
complex containing the evolutionarily conserved TOR protein kinase isoform Tor2. PM local-
ization is essential for TORC2 function. One core TORC2 subunit (Avo1) and two TORC2-
associated regulators (Slm1 and Slm2) contain pleckstrin homology (PH) domains that exhibit 
specificity for binding phosphatidylinositol-4,5-bisphosphate (PtdIns4,5P2). To investigate 
the roles of PtdIns4,5P2 and constituent subunits of TORC2, we used auxin-inducible degra-
dation to systematically eliminate these factors and then examined localization, association, 
and function of the remaining TORC2 components. We found that PtdIns4,5P2 depletion 
significantly reduced TORC2 activity, yet did not prevent PM localization or disassembly of 
TORC2. Moreover, truncated Avo1 (lacking its C-terminal PH domain) was still recruited to 
the PM and supported growth. Even when all three PH-containing proteins were absent, the 
remaining TORC2 subunits were PM-bound. Revealingly, Avo3 localized to the PM indepen-
dent of both Avo1 and Tor2, whereas both Tor2 and Avo1 required Avo3 for their PM anchor-
ing. Our findings provide new mechanistic information about TORC2 and pinpoint Avo3 as 
pivotal for TORC2 PM localization and assembly in vivo.
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INTRODUCTION
The plasma membrane (PM) of a cell separates its internal contents 
from the environment, contains proteins that act as channels, 
transporters, adhesion molecules, and sensors, and provides a 
platform for scaffolding many different signaling modules (Lodish 
et al., 2016). Hence, the ability to maintain proper PM lipid and 
protein content and to adjust PM composition appropriately in re-
sponse to changing extracellular and intracellular conditions is 
critical for cell survival. In budding yeast (Saccharomyces cerevi-
siae), it has been demonstrated that a multisubunit protein kinase, 
target of rapamycin (TOR) complex 2 (TORC2), is responsible for 
controlling PM homeostasis (Eltschinger and Loewith, 2016; 
Roelants et al., 2017). Cues from the external and internal milieu 
affect the efficiency with which TORC2 phosphorylates its primary 
downstream effector, the AGC-family protein kinase Ypk1 (and 
its paralogue Ypk2) (Kamada et al., 2005; Roelants et al., 2011; 
Berchtold et al., 2012; Niles et al., 2012; Sun et al., 2012). Ypk1 
(and Ypk2), in turn, phosphorylate targets that control various 
pathways responsible for PM homeostasis (Gaubitz et al., 2016; 
Roelants et al., 2017).

TORC2 contains a very large, evolutionarily conserved TOR poly-
peptide. Metazoans possess a single TOR-encoding gene (human 
mTOR, 2549 residues; González; Saxton and Sabatini, 2017; Tatebe 
and Shiozaki, 2017), whereas budding yeast (Heitman et al., 1991), 
fission yeast (Ikai et al., 2011), and other fungal genomes (Eltschinger 
and Loewith, 2016) encode two TOR proteins, Tor1 and Tor2 (2470 
and 2474 residues, respectively, in S. cerevisiae). In TORC2, Tor2 
alone suffices as the catalytic subunit (Helliwell et al., 1998a; Loewith 
et al., 2002, Wedaman et al., 2002; Hill et al., 2018). Tor2 assembles 
with Lst8, Avo1, Avo2, Avo3/Tsc11, and Bit61 (and/or its paralogue 
Bit2) to form a large (∼1.4-MDa) heterodimeric complex, in which 
each protomer contains two copies of each subunit (Wullschleger 
et al., 2005; Karuppasamy et al., 2017). TORC2 localizes to the PM 
(Kunz et al., 2000; Sturgill et al., 2008) at multiple, punctate foci that 
are dynamic (Berchtold and Walther, 2009; Leskoske et al., 2018).

As shown first by two-hybrid interaction (Uetz et al., 2000, Ito 
et al., 2001) and confirmed by coimmunoprecipitation (Audhya 
et al., 2004) and in vitro binding assays (Fadri et al., 2005), the Avo2 
subunit of TORC2 also associates with two paralogous proteins, 
Slm1 and Slm2, that are components of very static, furrow-like PM 
invaginations, called eisosomes (Douglas and Konopka, 2014). Slm1 
and Slm2 are required for TORC2-mediated phosphorylation of 
Ypk1, purportedly because stimuli that elevate TORC2-Ypk1 signal-
ing cause Slm1 and Slm2 to dissociate from eisosomes and associ-
ate, instead, with TORC2 (Berchtold et al., 2012; Niles et al., 2012). 
It was proposed that the role of Slm1/2 is to bind Ypk1 and deliver 
this substrate to TORC2 (Berchtold et al., 2012; Niles et al., 2012). 
However, other evidence shows that a conserved region in the 
middle of the Avo1 subunit of TORC2 is what binds and presents 
Ypk1 to the active site in Tor2 (Liao and Chen, 2012; Tatebe et al., 
2017; Tatebe and Shiozaki, 2017), leaving open the question of how, 
at the mechanistic level, Slm1 and Slm2 promote TORC2-mediated 
phosphorylation of Ypk1.

As one approach to investigating how TORC2 serves as a sensor 
of PM status, it is important to understand how TORC2 physically 
associates with the PM. Avo1 (1176 residues), one of the essential 
subunits of TORC2, contains a PH domain (residues 1065–1169) at 
its C-terminal end, and this isolated domain binds phosphatidylino-
sitol-4,5-bisphosphate (PtdIns4,5P2) in vitro and, when tagged with 
GFP, localizes at the PM in vivo (Berchtold and Walther, 2009). 
Similarly, Slm1 (686 residues) and Slm2 (656 residues) each contain 
a demonstrated ∼110-residue PtdIns4,5P2-binding PH domain 

toward the C-terminal end (Audhya et al., 2004; Tabuchi et al., 2006; 
Daquinag et al., 2007; Gallego et al., 2010).

The PM pool of PtdIns4,5P2 is generated by the essential enzyme 
Mss4, the sole type I PtdIns4P 5-kinase encoded in the S. cerevisiae 
genome (Boronenkov and Anderson, 1995; Desrivières et al., 1998; 
Homma et al., 1998; Audhya and Emr, 2003). In response to a vari-
ety of stimuli, local and transient changes in PtdIns4,5P2 level affect 
the efficiency with which critical PH domain–containing signaling 
proteins and regulators of the actin cytoskeleton associate with the 
PM (Di Paolo and De Camilli, 2006; Strahl and Thorner, 2007; 
Janmey et al., 2018). In this regard, it was reported that deletion of 
the C-terminal PH domain in Avo1 rendered cells inviable, but this 
inviability could be rescued by expression of an Avo1 construct in 
which another PM-targeted element (CaaX box) was substituted for 
its PH domain (Berchtold and Walther, 2009). On this basis, it was 
inferred, but never directly tested, that Avo1 was critical for mediat-
ing PM assembly of TORC2 via the interaction of its PH domain with 
PM PtdIns4,5P2.

Analysis of the physiological functions of TORC2 have relied on 
the use of temperature-sensitive (ts) mutations in essential subunits 
of TORC2 (Avo1, Avo3, Lst8 or Tor2; Helliwell et al., 1998b; Ho 
et al., 2005; Kamada et al., 2005; Aronova et al., 2008; Liao and 
Chen, 2012) because, normally, TORC2 is insensitive to inhibition by 
rapamycin (Gaubitz et al., 2015). However, in the case of TORC2, 
shifting a heat-sensitive mutant to the restrictive temperature makes 
the molecular mechanism underlying the ensuing phenotype hard 
to deconvolve because heat stress itself has been shown to alter 
PtdIns4,5P2 levels (Desrivières et al., 1998), perturb Slm1 and Slm2 
function (Daquinag et al., 2007), activate the yeast MAPKs Hog1 
(Winkler et al., 2002) and Slt2/Mpk1 (Kamada et al., 1995; Truman 
et al., 2007), and even stimulate TORC2-Ypk1 action (Sun et al., 
2012). Hence, as an alternative means of assessing the role of 
PtdIns4,5P2 and the PH domains in Avo1, Slm1, and Slm2, as well as 
the contributions of these and other TORC2 subunits, in the assem-
bly and PM localization of TORC2, we exploited the recently devel-
oped method for specific protein tagging that allows rapid and 
selective protein degradation induced upon addition of the plant 
hormone auxin (or a more cell permeable synthetic auxin mimic) 
(Nishimura et al., 2009; Morawska and Ulrich, 2013). In this way, we 
were able to obtain novel insights into the contributions that 
PtdIns4,5P2 and individual subunits make to TORC2 assembly and 
its anchoring and function at the PM.

RESULTS
Ablating PM PtdIns4,5P2 impairs TORC2 activity but 
not its PM localization
It has been reported that a C-terminal truncation of Avo1 that re-
moved only its PH domain prevented growth; that a GFP-labeled 
fragment containing only the PH domain of Avo1, when overex-
pressed from a GAL promoter, localized uniformly to the entire cell 
periphery; and that replacement of the PH domain in Avo1 with a 
different PM-targeting motif (CaaX box) restored viability (Berchtold 
and Walther, 2009). On these grounds, it was concluded that TORC2 
is recruited to the PM via the binding of the Avo1 PH domain to 
PtdIns4,5P2 in the PM and that TORC2 localization at the PM is suf-
ficient for its function. We had concerns about the first conclusion 
because, using a plasmid shuffle approach (Boeke et al., 1984) to 
assess the functionality of various Avo1 derivatives, we found that 
cells expressing C-terminally truncated Avo1 as the sole source of 
this TORC2 subunit were still viable, like cells expressing full-length 
Avo1 in the same manner (Supplemental Figure S1). In further sup-
port of our findings, more recent genomewide analysis of yeast 
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gene function by saturation transposon mutagenesis (Michel et al., 
2017) demonstrated that insertions within the PH domain sequence 
of Avo1 were tolerated in all strain backgrounds tested (Supplemen-
tal Figure S2).

Therefore, as an alternative approach to assessing the impor-
tance of PM PtdIns4,5P2 in TORC2 localization and function, we 
examined the effect of eliminating Mss4, the sole enzyme respon-
sible for converting PtdIns4P to PtdIns4,5P2 at the PM (Strahl and 
Thorner 2007). Prior work had shown that a shift of cells carrying an 
mss4ts allele to the nonpermissive temperature caused a ≤90% re-
duction in PM PtdIns4,5P2 (Desrivières et al., 1998, Stefan et al., 
2002). However, to avoid any other perturbations to the cells that 
might be elicited by a dramatic temperature shift, and because 
MSS4 is an essential gene, we fused an auxin-inducible degron 
(AID*) tag and a 6xHA epitope to the C-terminus of the MSS4 ORF 
at its endogenous locus on chromosome IV. AID* is the minimal se-
quence motif required for auxin-dependent recognition by the plant 
F-box protein TIR1 (Gray et al., 1999), which, when expressed in S. 
cerevisiae, is able to integrate readily into the yeast Skp1- and 
Cdc53/Cul1-containing ubiquitin ligase/E3 (SCF complex; Nishimura 
et al., 2009; Morawska and Ulrich, 2013). Addition of the cell-per-
meable synthetic auxin 1-naphthaleneacetic acid (1-NAA) to the 
yeast growth medium results in TIR1 binding to an AID*-containing 
target, rapid polyubiquitinylation of that protein, and its ensuing 
efficient degradation by the proteasome. Indeed, as confirmed by 
immunoblot analysis, addition of 1-NAA to cells expressing Mss4-
AID*-6HA and TIR1 led to dramatic loss of this enzyme within 30 min 
and to its nearly complete removal in less than one cell doubling 
(∼110 min in synthetic minimal medium; Figure 1A). The 1-NAA-
induced degradation of AID*-tagged Mss4 required expression of 
TIR1 in the same cells (Supplemental Figure S3A). Moreover, as 
expected for an essential gene, TIR1-containing cells expressing 
WT MSS4 were viable on plates containing 1-NAA, whereas TIR1-
containing cells expressing Mss4-AID*-6HA were unable to grow 
(Figure 1B).

To ensure that the observed degradation resulted in loss of Mss4 
function, we monitored the level of PM PtdIns4,5P2 using a fluores-
cent probe, a GFP-tagged derivative of the PH domain of human 
phospholipase Cδ1 (PLCδ1), which we and others have demon-
strated has a very high affinity and selectivity for PtdIns4,5P2 in both 
animal cells (Stauffer et al., 1998; Lemmon, 2008) and yeast (Stefan 
et al., 2002; Garrenton et al., 2010). Cells expressing Mss4-AID*-
6HA and TIR1 were treated with solvent (DMSO) or with 1-NAA in 
the same solvent for 30 min and then synthesis of GFP-PHPLCδ1  from 
the CUP1 promoter was induced by the addition of CuSO4. After 
90 min (120 min of total 1-NAA treatment), the cells were examined 
by fluorescence microscopy. In the control cells where Mss4-AID*-
6HA was not subjected to auxin-induced degradation, the GFP 
signal prominently decorated the PM, as expected, whereas in the 
1-NAA-treated cells, all of the GFP fluorescence was found in the 
cytosol (Figure 1C). Thus, degradation of Mss4-AID*-6HA led to 
very efficient depletion of PtdIns4,5P2 from the PM.

To determine whether depletion of PM PtdIns4,5P2 affected the 
function of TORC2, we analyzed the state of phosphorylation of its 
major downstream effector Ypk1 using a derivative, Ypk15A-myc, 
which we have previously demonstrated can be phosphorylated 
only at four C-terminal TORC2-specific sites (Leskoske et al., 2017). 
To assess its phosphorylation status, we used phosphate-affinity 
(Phos-tag™) SDS–PAGE, a technique in which the degree of retarda-
tion of a protein reflects the extent of its phosphorylation (Kinoshita 
et al., 2009, 2015). As expected, in the absence of Mss4-AID*-6HA 
degradation, prominent lower-mobility isoforms of Ypk5A-myc were 

observed, indicative of its TORC2-dependent phosphorylation, 
whereas after initiation of Mss4-AID*-6HA degradation, these phos-
phorylated species were substantially reduced (Figure 1D, right). To 
rule out the possibility, albeit unlikely, that 1-NAA itself is a nonspe-
cific inhibitor of TORC2 kinase activity, we treated cells expressing 
WT MSS4 with 1-NAA in the same manner and observed no diminu-
tion of TORC2-mediated Ypk1 phosphorylation (Figure 1D, left). 
Thus, depletion of PM PtdIns4,5P2 upon ablation of Mss4 caused a 
marked decrease in the TORC2-mediated phosphorylation of Ypk1, 
and a similar result was recently reported after shift of the tempera-
ture-sensitive mss4-103 mutant to the restrictive temperature (Riggi 
et al., 2018). The observed kinetics of loss of the TORC2-dependent 
Ypk1 phosphoisoforms presumably reflects the rate of turnover of 
PtdIns4,5P2, once synthesis of this phosphoinositide has been 
halted by destruction of Mss4, as well as the rate at which the 
TORC2 sites in Ypk1 are dephosphorylated, once its TORC2-
dependent phosphorylation has been compromised. In any event, 
our results show that the PM pool of PtdIns4,5P2 is needed to 
maintain optimal TORC2 activity.

One trivial explanation for the loss of TORC2 function upon deg-
radation of Mss4 and depletion of PM PtdIns4,5P2 is that this phos-
phoinositide is needed to stabilize Avo1 or one of the other TORC2 
subunits. However, immunoblot analysis demonstrated that in cells 
each expressing from its endogenous locus a functional fluorescent 
protein-tagged version of one of the core (essential) subunits (Avo1, 
Avo3, and Tor2) and one peripheral (nonessential) subunit that we 
tested (Avo2), degradation of Mss4-AID*-6HA did not significantly 
alter the steady-state level of any of these TORC2 constituents 
(Figure 1E). Avo1, Avo2, and Avo3 were each tagged at the C 
terminus with GFP(F64L S65T) (eGFP; hereafter GFP; Cormack et al., 
1996), as described in Materials and Methods. Tor2 was tagged 
within its N-terminal HEAT repeat region with mNeonGreen (mNG) 
and a 3xHA epitope (Shaner et al., 2013), as described in detail 
elsewhere (Leskoske et al., 2018).

Another possible explanation for the loss of TORC2 function 
upon Mss4 degradation is that the absence of PtdIns4,5P2 at the 
PM causes disassembly of TORC2. As described in Materials and 
Methods and documented elsewhere (Leskoske et al., 2017; Locke 
and Thorner, 2019), we have developed protocols for complete PM 
solubilization and immuno-isolation of TORC2. Therefore, we per-
formed coimmunoprecipitation experiments to examine the state of 
TORC2 assembly in the PtdIns4,5P2-depleted cells. Using a yeast 
strain expressing MSS4-AID*-6HA, Avo3-3C-3xFLAG, Tor2-mNG-
3xHA, and Avo1-6xHA from their endogenous chromosomal loci, 
we found that immunoprecipitation of Avo3 with anti-FLAG epitope 
antibodies coimmunoprecitated equivalent amounts of both Tor2 
and Avo1, even after Mss4 was degraded to a barely detectable 
level (Supplemental Figure S3B), a condition under which no detect-
able PtdIns4,5P2 remains at the PM (Figure 1C). Thus, disassembly 
of TORC2 was not responsible for the drastic reduction in TORC2-
mediated Ypk1 phosphorylation observed in the absence of 
PtdIns4,5P2.

Given the evidence that association of TORC2 with the PM is 
required for its function, and given our demonstration that all of the 
subunits remain intact, we thought that the most likely explanation 
for the observed loss of TORC2-mediated Ypk1 phosphorylation 
upon degradation of Mss4 and depletion of PM PtdIns4,5P2 would 
be dissociation of TORC2 from the PM. Unexpectedly, however, 
when we degraded Mss4-AID*-6HA in cells endogenously express-
ing either Avo1-GFP, Avo3-GFP, or Avo2-GFP, we observed no 
significant diminution of the PM-associated foci that are characteris-
tic of TORC2, even 120 min after 1-NAA treatment (Figure 1F 
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FIGURE 1:  PtdIns4,5P2 is required for TORC2 activity, but not for PM localization of TORC2 subunits. (A) A culture 
growing in exponential phase of a strain (yNM706) expressing TIR1 from the TDH3 promoter integrated at the LEU2 
locus and expressing MSS4-AID*-6HA from its native promoter at its endogenous locus was treated with 1-NAA (1 mM). 
At the indicated times, samples were withdrawn and analyzed by SDS–PAGE and immunoblotting with an anti-HA mAb 
to assess the level of Mss4-AID*-6HA (top panel) and with rabbit polyclonal anti-Pgk1 as a control for loading of 
equivalent amounts of total sample protein (bottom panel), as described in Materials and Methods. MSS4 TIR1 cells 
(yIZ082) (denoted “WT”) served as the negative control for antibody specificity. (B) Serial dilutions of cultures of an 
MSS4 TIR1 (yIZ082) strain and an otherwise isogenic MSS4-AID*-6HA TIR1 strain (yNM706) were spotted onto agar 
plates of SCD-T medium buffered with 50 mM K2HPO4/KH2PO4 (pH 6) and containing either DMSO alone (-) or 1-NAA 
(1 mM final concentration) dissolved in an equal volume of the same solvent (+ 1-NAA), incubated for 2 d at 30°C, and 
photographed. (C) MSS4-AID*-6HA TIR1 cells (yNM706) carrying a CEN plasmid (pGFP-PH-7) expressing GFP-PHPLCδ1 
under control of the CUP1 promoter were grown in SCD-T-U treated with either vehicle (DMSO) or 1 mM 1-NAA in the 
same solvent. After 30 min, GFP-PHPLCδ1 expression was induced by addition of CuSO4 (final concentration 100 μM) and, 
after further incubation for 90 min, the cells were examined using a conventional epifluorescence microscope, as 
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and Supplemental Figure S3C). Similarly, when we degraded 
Mss4-AID*-6HA in cells endogenously expressing Tor2-mNG-3HA, 
we did not observe any significant reduction in the overall number 
of PM-associated foci (Figure 1G and Supplemental Figure S3D). 
Likewise, in cells in which we degraded Mss4-AID*-6HA that endog-
enously expressed Bit61-GFP, there was no loss of the GFP-marked 
PM puncta (M. N. Martinez Marshall, unpublished observations). 
Most tellingly, we were able to use a fluorescence microscope 
equipped with a very fast scanner and optics that allowed simulta-
neous recording of two different fluorescent signals to examine cells 
coexpressing Mss4-AID*-6HA, Tor2-mNG, and Avo3-mKate2. De-
spite the fact that others (Berchtold et al., 2012) and we (Leskoske 
et al., 2018) have observed that the cortical TORC2 puncta are 
highly dynamic, and the fact that both Avo3 (∼700 molecules per 
cell) and Tor2 (∼1800 molecules per cell) are proteins of very low 
abundance (Ho et al, 2018), we were able to analyze the degree of 
colocalization for these two TORC2 subunits directly. In the confocal 
images obtained, we found that the majority of the cortical puncta 
detected were positive for Tor2 and Avo3, both before and after 
degradation of Mss4 and depletion of PtdIns4,5P2 (Supplemental 
Figure S3E). Thus, PM localization of the three essential subunits 
(Tor2, Avo1, and Avo3) and two ancillary subunits (Avo2 and Bit61) 
of TORC2 were all independent of the PM content of PtdIns4,5P2.

To monitor known PM-associated PtdIns4,5P2-binding proteins 
in the same cells, we examined Mss4-AID*-6HA TIR1 cells express-
ing Tor2-mNG-3HA from its endogenous locus and also expressing 
from their endogenous loci in the same cells both the diagnostic 
eisosome constituent Pil1, tagged at its C terminus with blue fluo-
rescent protein [BFP; GFP (Y66H Y145F)] (Wachter et al., 1997), and 
the eisosome-associated protein Slm1, tagged at its C terminus with 
the red fluorescent protein mKate2 (Shcherbo et al., 2009). In 
marked contrast to the behavior of Tor2-mNG-3HA, when PM 
PtdIns4,5P2 was depleted by degradation of Mss4-AID*-6HA, the 
cortical puncta containing Pil1 were clearly reduced in number and 
displayed a marked tendency to clump into distinctly larger aggre-
gates (Figure 1G and Supplemental Figure S3D), in agreement with 
mislocalization of Pil1 observed in a mss4ts mutant at the restrictive 
temperature (Karotki et al., 2011). Pil1 contains an F-BAR (FCH/Bin-
Amphiphysin-Rvs) domain that has been shown to be specific for 

binding to PtdIns4,5P2 (Karotki et al., 2011). Similarly, the eisosome-
associated protein Slm1 exhibited the same behavior as Pil1 (Figure 
1G), in agreement with mislocalization of Slm1 upon shift of mss4ts 
mutants to the nonpermissive temperature reported by others 
(Audhya et al., 2004; Yu et al., 2004; Fadri et al., 2005). Slm1 con-
tains a PH domain that also has been shown to be specific for 
binding to PtdIns4,5P2 (Audhya et al., 2004; Tabuchi et al., 2006; 
Daquinag et al., 2007; Gallego et al., 2010). Given that Slm1 and 
Slm2 are normally necessary for efficient TORC2-mediated phos-
phorylation of Ypk1 (Berchtold et al., 2012; Niles et al., 2012), 
although the mechanism by which they do so is unclear (Leskoske 
et al., 2018), the Slm1 aggregation observed when PM PtdIns4,5P2 
is depleted might be sufficient to explain the reduced activity of 
TORC2 toward Ypk1 under these conditions.

The PH domain of Avo1 is dispensable for its PM 
localization
We constructed a TIR1 strain expressing Avo1-AID*-6HA and dem-
onstrated, first, that it was rapidly and efficiently degraded in a 
1-NAA-induced manner (Figure 2A) and fully able to support growth 
when present as the sole source of Avo1 (Figure 2B), unless 
degraded in a TIR1- and 1-NAA-dependent manner (Figure 2B), as 
expected for an essential gene. To ensure that the observed degra-
dation had the physiological consequence of disrupting TORC2 
function, we monitored one of the known diagnostic phenotypes of 
normal TORC2 activity, proper polarization of cortical actin patches 
to the bud (Schmidt et al., 1996; Loewith et al., 2002; Kamada et al., 
2005). Gratifyingly, we found that within 60 min after Avo1-AID*-
6HA degradation was initiated, the actin patches had become 
almost completely depolarized (Figure 2C). Likewise, ablation of 
Avo1-AID*-6HA also compromised TORC2-mediated phosphoryla-
tion of Ypk15A (Figure 2D).

Reexpression of any Avo1 mutant of interest after removal of the 
endogenously expressed Avo1-AID*-6HA by 1-NAA treatment 
allowed us to investigate the function and PM association of that 
Avo1 derivative. Given that we found that Avo1-GFP still localized 
to the PM in cells depleted of PtdIns4,5P2 (Figure 1F), we used the 
reexpression approach to ascertain directly the role of its C-terminal 
PH domain in Avo1 PM localization, which had not heretofore been 

described in Materials and Methods. Representative cells are shown. Scale bar, 2 μm. (D) An MSS4 TIR1 strain (yIZ082) 
and an MSS4-AID*-6HA TIR1 strain (yNM706), each carrying a plasmid (pAEA419) expressing Ypk15A-myc from the YPK1 
promoter in the vector pRS316, were grown to midexponential phase in SCD-T-U and at time 0 exposed to 1-NAA (final 
concentration 1 mM) in DMSO. Aliquots of these cultures were withdrawn at the indicated times and lysed, and samples 
of these extracts containing equivalent amounts of protein were resolved by phosphate-affinity SDS–PAGE and 
analyzed by immunoblotting (top panel), as described in Materials and Methods. In parallel, the same samples also were 
resolved by standard SDS–PAGE and analyzed by immunoblotting with appropriate antibodies to confirm depletion of 
Mss4-AID*-6HA (anti-HA mAb), equivalent Ypk15A expression (anti-myc mAb), and equal sample loading (polyclonal 
anti-Pgk1 antibody) (bottom panels). MSS4 TIR1 cells (yIZ082) carrying empty vector pRS316 (denoted as -) served as 
the negative control for antibody specificity. Values below each of the lanes on the right are the relative level of Ypk1 
phospho-isoforms (boxed in red), normalized to the Pgk1 loading control, where the value at time 0 before 1-NAA 
addition was set to 1.00 (one of two independent experiments is shown). (E) Derivatives of an MSS4-AID*-6HA TIR1 
strain (yNM706) expressing from their native promoters at their endogenous loci either Tor2-mNG-3HA (yNM986), 
Avo1-GFP (yNM1073), Avo3-GFP (yNM1065), or Avo2-GFP (yNM1066), as indicated, were grown, treated, and lysed 
and samples of the resulting extracts were analyzed by immunoblotting, using the same control (“WT”) as in A, except 
that, where appropriate, anti-GFP antibodies were used to detect GFP-tagged proteins. (F) Three of the same MSS4-
AID*-6HA TIR1 strains described in E, namely expressing either Avo1-GFP (yNM1073), Avo3-GFP (yNM1065), or 
Avo2-GFP (yNM1066), were examined immediately before (0 min) and then 60 and 120 min after their exposure to 
1 mM 1-NAA using HiLo fluorescence microscopy, as described in Materials and Methods. Representative cells are 
shown. Scale bar, 2 μm. (G) An MSS4-AID*-6HA TIR1 strain (yNM1090) simultaneously expressing from their native 
promoters at their endogenous loci Tor2-mNG-3HA, Slm1-mKate2, and Pil1-BFP were treated and examined as in F. 
Representative cells are shown. Scale bar, 2 μm.
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FIGURE 2:  The PH domain of Avo1 is dispensable for its PM association and its function. (A) A culture growing in 
exponential phase of a strain (yNM718) expressing TIR1 from the TDH3 promoter integrated at the LEU2 locus and 
expressing Avo1-AID*-6HA from its native promoter at its endogenous locus was treated with 1-NAA (1 mM). At the 
indicated times, samples were withdrawn and analyzed by SDS–PAGE and immunoblotting with an anti-HA mAb to 
assess the level of Avo1-AID*-6HA (top panel) and with rabbit polyclonal anti-Pgk1 as a control for loading of equivalent 
amounts of total sample protein (bottom panel), as described in Materials and Methods. AVO1 TIR1 cells (yIZ082) 
(denoted “WT”) served as the negative control for antibody specificity. (B) Serial dilutions of cultures of an AVO1 TIR1 
strain (yIZ082), an AVO1-6HA strain (yNM928), an AVO1-6HA TIR1 strain (yNM927), an AVO1-AID*-6HA strain 
(yNM784), and an AVO1-AID*-6HA TIR1 strain (yNM718), as indicated, were spotted onto agar plates of SCD-T medium 
buffered with 50 mM K2HPO4/KH2PO4 (pH 6) and containing either DMSO alone (-) or 1-NAA (1 mM final concentration) 
dissolved in an equal volume of the same solvent (+ 1-NAA), incubated for 2 d at 30˚C, and photographed. (C) Cells of 
an AVO1-AID*-6HA TIR1 strain (yNM718) were grown to midexponential phase in SCD-T and treated with 1 mM 1-NAA, 
and at the indicated times samples were withdrawn, fixed, stained with an F-actin-binding probe, rhodamine-labeled 
phalloidin, and examined using a conventional epifluorescence microscope, as described in Materials and Methods. 
Representative cells are shown. Scale bar, 2 μm. (D) An AVO1-AID*-6HA TIR1 strain (yNM718) carrying a plasmid 
(pAEA419) expressing Ypk15A-myc from the YPK1 promoter in the vector pRS316 was grown to mid-exponential phase 
in SCD-T-U and at time 0 exposed to 1-NAA (1 mM final concentration) in DMSO. Aliquots of these cultures were 
withdrawn at the indicated times, lysed, and samples of these extracts containing equivalent amounts of protein were 
resolved by phosphate-affinity SDS–PAGE and analyzed by immunoblotting (top panel), as described in Materials and 
Methods. In parallel, the same samples also were resolved by standard SDS–PAGE and analyzed by immunoblotting 
with appropriate antibodies to confirm depletion of Avo1-AID*-6HA (anti-HA mAb) and equal sample loading 
(polyclonal anti-Pgk1 antibody) (bottom panels). AVO1 TIR1 cells (yIZ082) carrying empty vector pRS316 (denoted WT) 
served as the negative control for antibody specificity. Values below each of the lanes on the right are the relative level 
of Ypk1 phospho-isoforms (boxed in red), normalized to the Pgk1 loading control, where the value at time 0 before 
1-NAA addition was set to 1.00 (one of three independent experiments is shown). (E) Cultures of AVO1-AID*-6HA TIR1 
cells (yNM718) expressing from the GALS promoter in the vector pRS416, as indicated, either full-length Avo1-mKate2-
FLAG (pAEA399) or a truncated version lacking the C-terminal residues 1059–1176 of Avo1, which removes its PH 
domain (residues 1065–1169), Avo1ΔPH-mKate2-FLAG (pNM160), growing exponentially in SC-T-U medium containing 
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examined. To this end, we constructed CEN plasmids that expressed 
from the galactose-inducible GALS promoter (Mumberg et al., 
1994) either full-length Avo1 tagged at its C terminus with mKate2 
and a FLAG epitope, or an otherwise identical construct from which 
the last 117 residues (1059–1176) of the AVO1 ORF had been 
deleted, thereby removing its 105-residue PH domain (1065–1169). 
We elected to use the GALS promoter (a partially crippled deriva-
tive of the GAL1 promoter) because, although nicely galactose-
inducible, it drives a significantly lower level of gene expression than 
any native GAL promoter (Mumberg et al., 1994). Indeed, using this 
strategy, we were able to reexpress these Avo1 derivatives in cells 
after complete depletion of Avo1-AID*-6HA (Figure 2E). Revealingly, 
when these same cells were examined by fluorescence microscopy, 
Avo1(∆PH)-mKate2-FLAG mutant decorated the PM in the charac-
teristic puncta to an extent equivalent to that observed for full-
length Avo1-mKate2-FLAG (Figure 2F). As noted by others (Higuchi-
Sanabria et al., 2016), at the extended exposure times necessary to 
image mKate2-tagged proteins of low abundance, background 
autofluorescence from the vacuole becomes detectable.

Moreover, in agreement with our plasmid shuffle results (Supple-
mental Figure S1) and the data obtained by saturation transposon 
mutagenesis (Supplemental Figure S2), we found that both full-
length Avo1-9myc and its PH domain–less derivative Avo1(∆PH)-
9myc, each expressed from the native AVO1 promoter, were able to 
support cell growth when present as the sole source of Avo1 after 
removal of Avo1-AID*-6HA (Figure 2G). Hence, the conclusions of a 
prior report (Berchtold and Walther, 2009) that the PH domain is 
required for the essential function of Avo1 and that the PH domain 
is necessary for PM recruitment of Avo1 (and, by inference, for PM 
recruitment and function of TORC2) are incorrect.

Avo1 is dispensable for PM localization of other TORC2 
subunits
To assess the role of Avo1 in PM recruitment of other TORC2 con-
stituents, we induced the TIR1- and 1-NAA-dependent degradation 
of Avo1-AID*-6HA in cells in which functional fluorescent protein-
tagged derivatives of other TORC2 subunits were each expressed 
from their respective endogenous chromosomal locus. We found 
that both of the other two essential TORC2 components (Tor2-
mNG-3HA and Avo3-GFP), as well as two more peripheral 
(nonessential) TORC2 components (Avo2-GFP and Bit61-GFP), all 
remained associated with the PM at a normal level (Figure 3A) and 
remained stable in the cells even when the amount of Avo1-AID*-
6HA was reduced to a barely detectable level (Figure 3B). Further-
more, coimmunoprecipitation analysis demonstrated that the other 
two core TORC2 components (Tor2 and Avo3) remained associated, 

even after Avo1 was degraded to a barely detectable level 
(Figure 3C). Thus, Avo1 is not required for the other subunits of 
TORC2 to assemble and associate with the PM.

However, in addition to Avo1, two proteins (Slm1 and Slm2) that 
reportedly associate transiently with TORC2 (Berchtold et al., 2012; 
Niles et al., 2012), mainly through their interaction with the Avo2 
and Bit61 subunits of TORC2 (Fadri et al., 2005; Karuppasamy et al., 
2017), also possess PH domains that have been shown to localize 
these molecules to the PM via binding to PtdIns4,5P2 (Audhya et al., 
2004; Tabuchi et al., 2006; Daquinag et al., 2007; Gallego et al., 
2010). Thus, we considered the possibility that Slm1 and/or Slm2 
might contribute to tethering the other TORC2 components to the 
PM even in the absence of Avo1. To examine this issue, we gener-
ated TIR1 cells expressing both Avo1-AID*-6HA and Slm1-AID*-
9myc endogenously and carrying a slm2∆ mutation, as well as 
expressing tagged versions of other TORC2 components of inter-
est. Here too, we observed that a core TORC2 subunit (Avo3-GFP) 
and an ancillary subunit (Avo2-mKate2), each of which we examined 
in this genetic background, still remained associated with the PM 
(Figure 3D), even though both AID*-tagged PH domain–containing 
proteins were reduced to barely detectable levels, as judged by 
immunoblotting with the appropriate antibodies (Figure 3E). Hence, 
neither Avo1 nor the Slm proteins are necessary for localization of 
other TORC2 subunits to the PM.

Avo3 localizes to the PM independent of Tor2
The N-terminal half of Tor2 comprises dozens of HEAT repeats in 
two blocks (Perry and Kleckner, 2003) that form two α-helical sole-
noid superstructures (Karuppasamy et al., 2017), which have been 
implicated in TORC2 association with the PM (Kunz et al., 2000). 
Hence, it seemed reasonable that, as the largest subunit in TORC2, 
Tor2 is the protein that serves as the PM anchor for the other sub-
units. To test this hypothesis, we expressed from the endogenous 
TOR2 locus in TIR1-containing cells a functional Tor2 derivative, in 
which an AID* tag and a mNG-3HA cassette were inserted between 
residues N321 and T322 of the TOR2 ORF, constructed by the same 
approach we used to generate Tor2-mNG-3HA (lacking the AID* 
tag), which is described in detail elsewhere (Leskoske et al., 2018). 
As observed for all of the other AID*-containing proteins we con-
structed for this study, Tor2-AID*-mNG-3HA was rapidly degraded 
after addition of 1-NAA (Figure 4A) and, concomitantly, TORC2-
mediated Ypk1 phosphorylation was markedly reduced (Figure 4A).

If Tor2 is the essential PM anchor for all other TORC2 compo-
nents, we expected that, after degradation of Tor2-AID*-mNG-3HA, 
each subunit would no longer exhibit the cortical foci characteristic 
of TORC2. Indeed, this was the case for Avo2-mKate2 expressed in 

2% raffinose-0.2% sucrose as the carbon source and buffered with 50 mM K2HPO4/KH2PO4 (pH 6), were treated with 
1 mM 1-NAA. After 1 h, galactose was added (2% final concentration) to induce expression of the plasmid-borne Avo1 
variants. After 3 h, the cells were harvested and lysed, and samples of the resulting extracts were resolved by SDS–
PAGE and analyzed by immunoblotting with anti-HA to confirm removal of Avo1-AID*-6HA, with anti-FLAG to confirm 
production of the mKate2-FLAG-tagged Avo1 variants, and with anti-Pgk1 to confirm equal sample loading. AVO1 TIR1 
cells (yIZ082) carrying empty vector pRS416 (denoted WT) was the negative control for antibody specificity. (F) Samples 
of the same AVO1-AID*-6HA TIR1 cells expressing the indicated mKate2-FLAG-tagged Avo1 variants, as in E, from the 
final (4 h) time point were examined by HiLo fluorescence microscopy. Representative cells are shown. Scale bar, 2 μm. 
(G) Serial dilutions of cultures of an AVO1 TIR1 strain (in this case, TIR1 was inserted at the HIS3 locus; yNM793) carrying 
an empty LEU2-marked vector (pRS315; denoted -) and an AVO1-AID*-6HA TIR1 strain (yNM786) (also with TIR1 
inserted at the HIS3 locus) carrying, as indicated, either the same empty vector (-) or the same plasmid expressing from 
the native AVO1 promoter either full-length Avo1-9myc (pLZ3) or Avo1(ΔPH)-9myc (pLZ11), were spotted onto agar 
plates of SCD-T-L medium buffered with 50 mM K2HPO4/KH2PO4 (pH 6) and containing either DMSO alone (-) or 1-NAA 
(1 mM final concentration) dissolved in an equal volume of the same solvent (+ 1-NAA), incubated for 2 d at 30°C, and 
photographed.
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FIGURE 3:  PH domain–containing proteins Avo1, Slm1, and Slm2 are dispensable for PM localization of TORC2 
subunits. (A) Exponentially growing cultures of AVO1-AID*-6HA TIR1 cells also expressing from their native promoter at 
their endogenous locus either Tor2-mNG-3HA (yNM977), Avo3-GFP (yNM888), Avo2-GFP (yNM847), or Bit61-GFP 
(yNM886), as indicated, were examined by HiLo fluorescence microscopy immediately before (0 min) or at the indicated 
times after treatment of the cultures with 1 mM 1-NAA. Representative cells are shown. Scale bar, 2 μm. (B) Extracts 
from the same cells as in A were resolved by SDS–PAGE and analyzed by immunoblotting with anti-HA antibodies to 
confirm removal of Avo1-AID*-6HA and level of expression of Tor2-mNG-3HA, with anti-GFP antibodies to assess the 
level of expression of Avo3-GFP, Avo2-GFP, and Bit61-GFP, and with anti-Pgk1 to confirm equal sample loading. 
AVO1 TIR1 cells (yIZ082) (denoted WT) were used as the negative control for specificity of the immunoblots. (C) An 
Avo1-AID*-6HA TIR1 strain expressing Tor2-mNG-3HA from its native promoter at its endogenous locus (yNM992), an 
otherwise isogenic strain also expressing Avo3-3C-3FLAG from its endogenous locus (yNM994), and an AVO1 AVO3 
TOR2 TIR1 control strain (yIZ082), were grown on phosphate-buffered SCD-T to mid-exponential phase and then treated 
with either solvent (DMSO) alone (0) or 1 mM 1-NAA in the same solvent for 60 min, as indicated. Cells were then 
harvested and lysed, and FLAG-tagged proteins were immuno-isolated from the extracts using agarose beads coated 
with anti-FLAG antibodies as described in Materials and Methods. Samples of the bound proteins were solubilized, 
resolved by SDS–PAGE on an 8% gel, and analyzed by immunoblotting with anti-HA and anti-FLAG antibodies (as well 
as with anti-Pgk1 antibodies to confirm equal protein loading). (D) Exponentially growing cultures of Avo1-AID*-6HA 
Slm1-AID*-9myc slm2Δ TIR1 cells expressing from their native promoter at their endogenous locus either Avo3-GFP 
(yNM1026) or Avo2-mKate2 (yNM862) were examined by HiLo fluorescence microscopy immediately before (0 min) or 
at the indicated times after treatment of the cultures with 1 mM 1-NAA. Representative cells are shown. Scale bar, 2 μm. 
(E) Extracts from the same cells as in C, and the same control for antibody specificity as in B, were resolved by SDS–
PAGE and analyzed by immunoblotting with anti-HA antibodies to confirm removal of Avo1-AID*-6HA, with anti-myc 
antibodies to confirm removal of Slm1-AID*-9myc, and with anti-Pgk1 to confirm equal sample loading.
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the same cells (Figure 4B). Strikingly, however, when Avo3-mKate2 
was expressed in the same cells, it remained as PM-associated 
puncta, even when the amount of Tor2-AID*-mNG-3HA in the cells 
was undetectable by either immunoblotting (Figure 4A) or imaging 
of the mNG signal (Figure 4B). This result was surprising because 
Avo3 is an essential subunit, binds tightly to Tor2, and is required for 
the overall integrity of TORC2 (Wullschleger et al., 2005; Ho et al., 
2008). Nevertheless, Tor2 is not required for the PM localization of 
Avo3.

Avo3 is required for PM localization of all other TORC2 
subunits
To examine the converse relationship, we expressed from the en-
dogenous AVO3 locus in TIR1-containing cells a functional Avo3 
derivative carrying in-frame at its C-terminus an AID* tag and a 6HA 
epitope. As expected, Avo3-AID*-6HA was rapidly degraded after 
addition of 1-NAA (Figure 4C) and, concomitantly, TORC2-mediated 
Ypk1 phosphorylation was decreased (Figure 4C).

Most importantly, upon degradation of Avo3-AID*-6HA, Tor2-
mNG-3HA expressed in the same cells was completely displaced 
from the PM within 60 min after treatment of the cells with 1-NAA, 
as judged by fluorescence microscopy (Figure 4D), yet the Tor2-
mNG-3HA remained stable in the cytosol, as judged by immunob-
lotting (Figure 4E). The same was observed for Avo1, the other 
essential core subunit of TORC2; when Avo1-GFP was expressed in 
the same cells, it was completely displaced from the PM after Avo3-
AID*-6HA degradation (Figure 4D), yet it remained stable in the 
cytosol (Figure 4E). Likewise, both Avo2-GFP and Bit61-GFP 
expressed in the same cells also were displaced from the PM (Figure 
4D) and remained readily detectably in the cytosol (Figure 4E). Thus, 
Avo3 is the TORC2 subunit responsible for PM retention of all the 
other TORC2 components.

Order of assembly of TORC2 components at the PM
As documented in this study, Avo1 is dispensable for localization of 
all other TORC2 components at the PM (Figure 3, A and B), Tor2 is 
not required for localization of Avo3 at the PM (Figure 4A), whereas 
Avo3 is required for retention of Tor2 at the PM (Figure 4D). These 
interrelationships suggest an order of dependency in which Avo3 
associates with the PM first and is critical for recruitment of Tor2, 
which is then, in turn, necessary for the association of Avo1 and the 
other TORC2 components.

To test this scenario directly, we first degraded Avo1-AID*-6HA in 
TIR1-expressing cells in which we could simultaneously degrade 
Tor2-AID*-mNG-3HA, Avo3-AID*-9myc, or both, and then reex-
pressed Avo1-mKate2-FLAG to determine whether it was capable of 
associating with the PM under each of these conditions. In addition, 
in these same cells, we coexpressed Ypk1D242A, a variant that by-
passes the need for its TORC2 phosphorylation (Roelants et al., 
2011), to avoid any detrimental effects of depleting essential TORC2 
subunits (i.e., growth arrest, aberrant morphology) during the longer 
incubation time required for galactose-induced gene expression. We 
found, as before (Figure 2, E and F), that Avo1-mKate2-FLAG ex-
pressed after degradation of Avo1-AID*-6HA in otherwise WT cells 
(Figure 5A) was fully capable of forming the PM-associated puncta 
diagnostic of TORC2, which was revealed best using the image anal-
ysis software Fiji (Schindelin et al., 2012) to subtract the nonspecific 
cellular background signal (Figure 5B). In marked contrast, and con-
sistent with the order of assembly that our other data suggested, in 
the absence of either Tor2 or Avo3 (or both), no Avo1-mKate2-FLAG 
was capable of associating with the PM (Figure 5B), even though it 
was stably expressed at a readily detectable level (Figure 5A).

To further test our model, we degraded Avo3-AID*-9myc in 
TIR1- and Ypk1D242A-expressing cells in which we could simulta-
neously degrade either Avo1-AID*-6HA or Tor2-AID*-mNG-
3HA, or both, and then reexpressed Avo3-mKate2-FLAG to 
determine whether it was capable of associating with the PM 
under each of these conditions. Revealingly, we found that 
Avo3-mKate2-FLAG expressed after degradation of Avo3-AID*-
9myc (Figure 6A) was fully capable of reforming the PM-associ-
ated puncta diagnostic of TORC2 in otherwise WT cells, in cells 
lacking Avo1, in cells lacking Tor2, or in cells lacking both Avo1 
and Tor2 (Figure 6B). These observations demonstrate unequiv-
ocally that Avo3 is the subunit responsible for the PM anchoring 
of TORC2.

N-terminal Armadillo repeats of Avo3 are responsible for its 
membrane anchoring
To discern whether any specific sequence elements in Avo3 medi-
ate its PM association, we constructed plasmids that expressed 
from the GALS promoter a series of N-terminal truncations of 
Avo3-mKate2-FLAG in which successive regions of Avo3 were sys-
tematically removed, as well as an internal deletion and a corre-
sponding fragment (Figure 7A). We then introduced this set of 
plasmids into AVO3-AID*-9myc TIR1 cells. To examine which of 
these constructs was able to form the PM-associated puncta diag-
nostic of TORC2, we first degraded Avo3-AID*-9myc in the TIR1-
expressing cells by addition of 1-NAA and then, after 1 h, we in-
duced expression of each Avo3-mKate2-FLAG construct and, after 
an additional 2 h, examined the cells by fluorescence microscopy 
to determine whether it was capable of associating with the PM. 
Revealingly, we found that full-length Avo3-mKate2-FLAG, 
Avo3(∆2-300)-mKate2-FLAG and Avo3(∆2-500)-mKate2-FLAG 
were capable of reforming the PM-associated puncta diagnostic of 
TORC2 in these cells (Figure 7B), whereas the next largest trunca-
tion, Avo3(∆2-700)-mKate2-FLAG, and all the others were not 
(Figure 7B), even though all of the constructs were expressed, as 
judged by immunoblotting (Supplemental Figure S4). In this re-
gard, we found consistently that Avo3(∆2-500)-mKate2-FLAG was 
expressed at a significantly lower level than the other constructs, 
likely explaining its apparently weaker PM localization. The internal 
deletion Avo3(∆300-500)-mKate2-FLAG was also unable to associ-
ate with the PM (Figure 7B), indicating that this region is necessary 
either for PM binding and/or the proper folding of the remainder 
of Avo3. Indeed, the corresponding fragment Avo3(300-500)-
Kate2-FLAG did not localize to the PM, suggesting that, by itself, 
this segment of Avo3 is not sufficient for PM binding (Figure 3B). 
Taken together, these results suggest that sequence elements ly-
ing within the N-terminal portion (especially residues 500–700) of 
the Armadillo repeat region of Avo3 (Supplemental Figure S5) 
mediate its PM tethering. However, neither an Avo3(300–500) 
fragment nor a larger Avo3(300–700) fragment tagged with a 
different fluorescent marker (mNG) was able to localize to the PM 
(Supplemental Figure S6, B and C), evidence again that this region 
of Avo3 is not sufficient for PM binding and/or is unable to fold 
properly in the absence of the rest of Avo3.

Consistent with all of the other data presented in this study to 
show that Avo3 is the subunit responsible for PM anchoring of 
TORC2 (and that TORC2 must be associated with the PM to be 
functional), only full-length Avo3-mKate2-FLAG and Avo3(∆2-300)-
mKate2-FLAG were capable of maintaining cell viability when pres-
ent as the sole source of Avo3 (Figure 7, C and D; Supplemental 
Figure S6D) and able to colocalize Tor2 to the PM (Supplemental 
Figure S6, E and F).
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FIGURE 4:  PM localization of Avo3 does not require Tor2, but PM localization of Tor2 and other TORC2 subunits 
requires Avo3. (A) A culture of a strain (yAEA346) expressing TIR1 from the TDH3 promoter integrated at the LEU2 
locus, TOR2-AID*-mNG-3HA from its native promoter at its endogenous locus, and Ypk15A-myc from plasmid pAEA419, 
was grown in SCD-T-U at 30°C to midexponential phase and then treated with 1-NAA (1 mM). At the indicated times, 
aliquots of these cultures were withdrawn and lysed, and samples of these extracts containing equivalent amounts of 
protein were resolved by phosphate-affinity SDS–PAGE and analyzed by immunoblotting (top panel), as described in 
Materials and Methods. In parallel, the same samples were also resolved by standard SDS–PAGE and analyzed by 
immunoblotting with appropriate antibodies to confirm depletion of Tor2-AID*-3HA (anti-HA mAb) and equal sample 
loading (polyclonal anti-Pgk1 antibody; bottom panels). TOR2 TIR1 cells (yIZ082) carrying empty vector pRS316 
(denoted WT) were used as the negative control for specificity of the immunoblots. (B) Exponentially growing cultures 
of TOR2-AID*-mNG-3HA TIR1 cells also expressing from their native promoter at their endogenous locus either 
Avo3-mKate2 (yNM1035) (top panels) or Avo2-mKate2 (yNM1034) (bottom panels) were examined by HiLo fluorescence 
microscopy immediately before (0 min) or at the indicated times after treatment of the cultures with 1 mM 1-NAA. 
Representative cells are shown. Scale bar, 2 μm. (C) A culture of a strain (yNM858) expressing TIR1 from the TDH3 
promoter integrated at the LEU2 locus, AVO3-AID*-6HA from its native promoter at its endogenous locus, and 
Ypk15A-myc from plasmid pAEA419 was grown in SCD-T-U at 30°C to midexponential phase and then treated with 
1-NAA (1 mM). At the indicated times, aliquots of these cultures were withdrawn and lysed, and samples of these 
extracts containing equivalent amounts of protein were resolved by phosphate-affinity SDS–PAGE and analyzed by 
immunoblotting (top panel), as described in Materials and Methods. In parallel, the same samples also were resolved by 
standard SDS–PAGE and analyzed by immunoblotting with appropriate antibodies to confirm depletion of Avo3-AID*-
3HA (anti-HA mAb) and equal sample loading (polyclonal anti-Pgk1 antibody; bottom panels). TOR2 TIR1 cells 
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FIGURE 5:  Absence of either Avo3 or Tor2 prevents recruitment of Avo1 to the PM. 
(A) Cultures of AVO1-AID*-6HA TIR1 cells (yNM718) expressing from the GALS promoter 
Avo1-mKate2-FLAG (pAEA399) in the vector pRS416, AVO1-AID*-6HA TOR2-AID*-mNG-3HA 
TIR1 cells (yNM1040) carrying pAEA399, AVO1-AID*-6HA AVO3-AID*-9MYC TIR1 cells 
(yNM1064) carrying pAEA399, and AVO1-AID*-6HA TOR2-AID*-mNG-3HA AVO3-AID*-9MYC 
TIR1 cells (yNM1056) carrying pAEA399, as indicated, grown to midexponential phase in SC-T-U 
medium containing 2% raffinose–0.2% sucrose as the carbon source and buffered with 50 mM 
K2HPO4/KH2PO4 (pH 6), were treated with 1 mM 1-NAA. After 1 h, galactose was added (2% 
final concentration) to induce expression of the plasmid-borne Avo1-mKate2-FLAG. After 3 h, 
the cells were harvested and lysed, and samples of the resulting extracts were resolved by 
SDS–PAGE and analyzed by immunoblotting with anti-HA to confirm removal of Avo1-AID*-6HA 
and Tor2-AID*-mNG-3HA, with anti-myc to confirm removal of Avo3-AID*-9myc, with anti-FLAG 
to confirm production of the mKate2-FLAG-tagged Avo1, and with anti-Pgk1 to confirm equal 
sample loading. AVO1 TIR1 cells (yIZ082) carrying empty vector pRS416 (denoted WT) served as 
the negative control for antibody specificity. (B) Samples of the same cells as in A from the final 
(4 h) time point were examined by HiLo fluorescence microscopy with (top panels) and without 
(bottom panels) subtraction of the nonspecific cellular background signal. Representative cells 
are shown. Scale bar, 2 μm.

(yIZ082) carrying empty vector pRS316 (denoted WT) were used as the negative control for antibody specificity. 
(D) Exponentially growing cultures of AVO3-AID*-6HA TIR1 cells also expressing from their native promoter at their 
endogenous locus either Tor2-mNG-3HA (yNM975), Avo1-GFP (yNM998), Avo2-GFP (yNM1031), or Bit61-GFP 
(yNM884), as indicated, were examined by HiLo fluorescence microscopy immediately before (0 min) or at the indicated 
times after treatment of the cultures with 1 mM 1-NAA. Representative cells are shown. Scale bar, 2 μm. (E) Extracts 
from the same cells as in D were resolved by SDS–PAGE and analyzed by immunoblotting with anti-HA antibodies to 
confirm removal of Avo3-AID*-6HA and level of expression of Tor2-mNG-3HA, with anti-GFP antibodies to assess the 
level of expression of Avo1-GFP, Avo2-GFP and Bit61-GFP, and with anti-Pgk1 to confirm equal sample loading. AVO1 
TIR1 cells (yIZ082) (denoted WT) were used as the negative control for antibody specificity.

DISCUSSION
In this study, we used chemogenetically induced protein degrada-
tion under otherwise unperturbed conditions and fluorescence 

microscopy, immunoblotting, and immuno-
precipitation as approaches for understand-
ing the interrelationships that govern the 
membrane targeting, assembly, and func-
tion of the multiprotein complex TORC2 in 
vivo. Imaging was challenging because the 
current best estimates for the abundance of 
the core (essential) TORC2 subunits are 
remarkably low (in molecules per cell) (Tor2 
[∼1800]; Avo1 [∼1000]; Avo3 [∼700]; and 
Lst8 [∼3000]), in comparison to, for exam-
ple, core eisosome components, which 
have an abundance that is at least an order 
of magnitude higher (Pil1 [∼40,000] and 
Lsp1 [∼30,000]) (Ho et al., 2018). Lst8, a to-
roidal β-propeller protein, is about twice as 
abundant as Tor2 because it has the role of 
binding tightly to and stabilizing the kinase 
domain fold of any TOR (Yang et al., 2013; 
Baretić et al., 2016), and therefore it associ-
ates with both Tor1 (∼1,500 molecules per 
cell; Ho et al., 2018) and Tor2 and is found in 
both TORC1 and TORC2 (Loewith et al., 
2002; Wedaman et al., 2002). Despite their 
low abundance, we were able to label each 
of these subunits and other TORC2 compo-
nents with fluorescent protein and epitope 
tags (without or with an AID* degron) in a 
manner that preserved their biological func-
tion when each was expressed from its 
native promoter at its endogenous chromo-
somal locus and to visualize their subcellular 
location at this level of expression using, in 
most experiments, a microscope outfitted 
to perform highly inclined and laminated 
optical sheet (HiLo) fluorescence micros-
copy (Tokunaga et al., 2008). In this regard, 
we noted that the bulk of Tor2-mNG-3HA 
was found in discrete foci at the cell periph-
ery, although a readily detectable fluores-
cent signal was also associated with the 
vacuolar membrane. Thus, even in cells ex-
pressing Tor1, which can only populate 
TORC1 (Loewith et al., 2002; Wedaman 
et al., 2002; Hill et al., 2018), the complex 
that localizes to the vacuole membrane 
(Péli-Gulli et al., 2015; Noda, 2017), some 
fraction of TORC1 contains Tor2, in agree-
ment with prior evidence that Tor2, and not 

Tor1, is essential for yeast cell viability (Heitman et al., 1991; Kunz 
et al., 1993; Helliwell et al., 1994). Most importantly, cells expressing 
each core TORC2 subunit and essential gene product tagged with 
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FIGURE 6:  PM recruitment of Avo3 is independent of both Avo1 and Tor2. (A) Cultures of 
AVO3-AID*-9MYC TIR1 cells (yNM1057) expressing from the GALS promoter Avo3-mKate2-
FLAG (pAEA400) in the vector pRS416, AVO3-AID*-9MYC AVO1-AID*-6HA TIR1 cells 
(yNM1064) carrying pAEA400, AVO3-AID*-9MYC TOR2-AID*-mNG-3HA TIR1 cells (yNM1062) 
carrying pAEA400, and AVO3-AID*-9MYC AVO1-AID*-6HA TOR2-AID*-mNG-3HA TIR1 cells 
(yNM1056) carrying pAEA400, as indicated, grown to midexponential phase in SC-T-U medium 
containing 2% raffinose–0.2% sucrose as the carbon source and buffered with 50 mM K2HPO4/
KH2PO4 (pH 6), were treated with 1 mM 1-NAA. After 1 h, galactose was added (2% final 
concentration) to induce expression of the plasmid-borne Avo1-mKate2-FLAG. After 2 h, the 
cells were harvested and lysed, and samples of the resulting extracts resolved by SDS–PAGE 
and analyzed by immunoblotting with anti-myc to confirm removal of Avo3-AID*-9myc, with 
anti-HA to confirm removal of Avo1-AID*-6HA and Tor2-AID*-mNG-3HA, with anti-FLAG to 
confirm production of the mKate2-FLAG-tagged Avo3, and with anti-Pgk1 to confirm equal 
sample loading. AVO3 TIR1 cells (yIZ082) carrying empty vector pRS416 (denoted WT) served as 
the negative control for antibody specificity. (B) Samples of the same cells as in A from the final 
(3 h) time point were examined by HiLo fluorescence microscopy with (top panels) and without 
(bottom panels) subtraction of the nonspecific cellular background signal. Representative cells 
are shown. Scale bar, 2 μm.

the AID* degron were unable to grow on plates containing 1-NAA 
and, reassuringly, this inviability on 1-NAA–containing medium was 
rescued in all of these strains when they expressed the constitutively 
active Ypk1D242A allele (Supplemental Figure S7), which is able to 
bypass the need for functional TORC2 (Roelants et al., 2011; 
Leskoske et al., 2017).

The first and unexpected conclusion we reached using these 
methods was that, contrary to a prior report (Berchtold and Walther, 
2009), the PtdIns4,5P2-binding PH domain of Avo1 is not required 
for the in vivo function of Avo1, or for Avo1 recruitment to the PM, 
or for tethering the other components of TORC2 at the PM. That the 
PH domain of Avo1 is dispensable for cell viability, and thus for 
TORC2 function, was revealed by three independent methods 

(plasmid shuffle, saturation transposon mu-
tagenesis, and rescue of the growth of cells 
in which Avo1-AID*-6HA was continuously 
degraded). In the prior study, the criterion 
used to assess the essentiality of the Avo1 
PH domain was inviability of the spores de-
duced to carry a mutant avo1(∆PH) locus 
that these investigators generated. Al-
though difficult, it is possible to reconcile 
our results with the prior work, if the PH do-
main of Avo1 has some unique function in 
the germination process that it does not 
have in mitotically growing cells. Alterna-
tively, the PH domain in Avo1 may play a 
strictly regulatory role. For example, it has 
been reported recently that under condi-
tions of hyperosmotic shock, TORC2 
becomes sequestered at PM invaginations 
enriched in PtdIns4,5P2 (Riggi et al., 2018); 
however, the role of the PH domain of Avo1 
in that process per se was not directly exam-
ined by these researchers.

We also explored the role of PtdIns4,5P2 
in TORC2 function and localization by 
degrading Mss4, the sole PtdIns4P 5-kinase 
in S. cerevisiae, which very effectively de-
pleted the PM pool of PtdIns4,5P2 within 
one cell-doubling time, indicating that the 
PtdIns4,5P2 5-phosphatases responsible for 
turnover of this phosphoinositide are very 
active (Srinivasan et al., 1997; Stolz et al., 
1998). Consistent with our results with Avo1 
and its PH domain, the precipitous loss of 
Ptdns4,5P2 did not result in displacement of 
any TORC2 component from the PM, and, 
likewise, removal of Avo1 and both of the 
other two PH domain–containing proteins 
(Slm1 and Slm2) that associate more 
transiently with TORC2 did not prevent 
localization of the other TORC2 compo-
nents to the PM. Nonetheless, depletion of 
PM PtdIns4,5P2 significantly decreased 
TORC2 activity, monitored by the state of 
phosphorylation of TORC2 sites in its sub-
strate Ypk1. Unlike TORC2, we found that 
Pil1, a core component of eisosomes 
(Karotki et al., 2011), and Slm1, which is 
primarily an eisosome-associated protein 
(Kamble et al., 2011; Olivera-Couto et al., 

2011), formed large cortical aggregates when the PM PtdIns4,5P2 
was depleted by Mss4 degradation. Because Slm1 and Slm2 are 
normally necessary for efficient TORC2-mediated phosphorylation 
of Ypk1 (Berchtold et al., 2012, Niles et al., 2012), this aggregation 
might be sufficient to explain the reduction in TORC2-mediated 
phosphorylation of Ypk1 under these conditions. However, our data 
suggest an alternative explanation, based on analogy to an obser-
vation made about mTORC2. It has been reported that binding of 
PtdIns3,4,5P3 to the PH domain of mSin1 (the Avo1 orthologue) in 
mTORC2 alleviates an inhibitory constraint that the mSin1 PH 
domain imposes on mTORC2 activity (Liu et al., 2015). Thus, an-
other possible explanation for why the loss of PtdIns4,5P2 markedly 
reduced yeast TORC2 activity, yet had no effect on the localization 



Volume 30  June 1, 2019	 Avo3 anchors TORC2 at the cell membrane  |  1567 

or state of assembly of TORC2, is that the role of PtdIns4,5P2 bind-
ing to the PH domain of Avo1 is to alleviate a negative (perhaps 
steric) constraint that the PH domain exerts (perhaps intramolecular 
occlusion of the CRIM domain in Avo1, which would prevent 
efficient binding of Ypk1). In other words, the role of PtdIns4,5P2 is 
as a positive allosteric effector. This scenario readily explains why 
deletion of the Avo1 PH domain is well tolerated.

In the same way, Avo2 (∼1000 molecules per cell), Slm1 (∼4000 
molecules per cell), and Slm2 (∼1000 molecules per cell) (Ho et al., 
2018) reportedly associate (Uetz et al., 2000, Ito et al., 2001, Audhya 
et al., 2004, Fadri et al., 2005), and we (Leskoske et al., 2018) and 
others (Bartlett et al., 2015) have observed that a fraction of the 
cellular Avo2 pool colocalizes with eisosomes. However, in the 
studies described here, when either Tor2 or Avo3 was degraded, 

FIGURE 7:  N-terminal ARM repeats in Avo3 are required for its PM association. (A) Schematic depiction of full-length 
Avo3 and the set of N-terminal truncations, one internal deletion, and one internal fragment, all tagged at their 
C-terminus with mKate2-FLAG (not shown), that were examined in this study. Dark gray, ARM repeat domain. (B) An 
AVO3-AID*-9MYC TIR1 strain (yNM1057) was transformed with empty vector pRS416, or plasmids expressing from the 
GALS promoter either full-length Avo3-mKate2-FLAG (pAEA400), Avo3(Δ2-300)-mKate2-FLAG (pNM166), Avo(3Δ2-
500)-mKate2-FLAG (pNM165), Avo3(Δ2-700)-mKate2-FLAG (pNM164), Avo3(Δ2-810)-mKate2-FLAG (pNM167), 
Avo3(Δ2-910)-mKate2-FLAG (pNM163), Avo3(Δ2-1100)-mKate2-FLAG (pNM162), Avo3(Δ300-500)-mKate2-FLAG 
(pNM170), or Avo3(300-500)-mKate2-FLAG (pNM168), as indicated. The cultures were grown in phosphate-buffered 
SCRS-T-U to mid-exponential phase and treated with 1 mM 1-NAA to induce Avo3-AID*-9myc degradation. After 1 h, 
induction of each plasmid-borne mKate2-FLAG construct was induced by addition of galactose (2% final concentration). 
After incubation for 2 h, the cells were examined by HiLo fluorescence microscopy, as described in Materials and 
Methods. Scale bars, 2 μm. (C) Samples of the same cells as in B expressing either empty vector, full-length Avo3, or the 
set of N-terminal truncations depicted in A were spotted on phosphate-buffered SCRS-T-U plates containing DMSO 
alone (-) (left) or 1 mM 1-NAA in same volume of DMSO (+ 1-NAA) (right). After 2 d, the plates were photographed. 
(D) As in C, for the same cells as in B expressing either empty vector, full-length Avo3, the internal deletion, or the 
fragment depicted in A.



1568  |  M. N. M. Marshall et al.	 Molecular Biology of the Cell

PM-localized Avo2-containing puncta were reduced to an undetect-
able level, even though Avo2 was readily detectable in extracts of 
the same cells. Hence, it appears that cortical localization of Avo2 is 
primarily through its association with TORC2 and not eisosomes.

The most striking new conclusions drawn from our studies are 
that Avo3 is able to associate with the PM in the absence of either 
Tor2 or Avo1, that the N-terminal portion of the long conserved 
ARM repeat region in Avo3 is necessary for its PM recruitment, and 
that during de novo assembly of TORC2, Avo3 is most likely the first 
subunit to arrive at the PM and is responsible for anchoring Tor2, 
which, in turn, then recruits Avo1. Indeed, when Avo3-AID*-9myc 
was degraded to undetectable levels, the amounts of both Tor2 and 
Avo1 remained stable in the cytosol, whereas the peripherally 
associated TORC2 subunits Avo2 and Bit61 gradually decreased, 
indicating that in the absence of core TORC2 assembly these 
ancillary subunits are less stable. Thus, our findings provide new 
mechanistic insight about TORC2 and pinpoint Avo3 as pivotal for 
TORC2 PM localization and assembly in vivo.

Avo3 contains about 20 ARM repeats (Supplemental Figure S5; 
∼each ∼40 residues long and each comprising a small three-helix 
bundle); in other proteins with multiple tandem ARM motifs, the 
repeats pack against each other in a superhelical manner to form an 
alpha-solenoid (Peifer et al., 1994; Groves and Barford, 1999; 
Reichen et al., 2014). Our observations about the essential role of 
Avo3 in PM anchoring of Tor2 and all other TORC2 components are 
compatible with a recently obtained cryo-EM structure of yeast 
TORC2 (Karuppasamy et al., 2017). In this model, the deduced loca-
tion of the N-terminal portion of the Avo3 alpha-solenoid structure, 
corresponding to the N-terminal part of its entire ARM repeat array 
(residues 285-1250), is prominently solvent-exposed. By contrast, 
available evidence indicates that the C-terminal end of Avo3 is in 
close association with the FRB domain of Tor2 (Gaubitz et al., 2015, 
Karuppasamy et al., 2017), an element in Tor2 that overhangs its 
active site (Yang et al., 2013, Baretić et al., 2016). Among the first 
proteins in which the remarkable alpha-solenoid fold was observed 
at atomic resolution was mammalian β-catenin/Drosophila Arma-
dillo (Huber et al., 1997). As judged using the structure prediction 
program Phyre2 (Kelley et al., 2015), overall, and as in β-catenin, the 
cylindrical alpha-solenoid structure in Avo3 contains a long groove 
lined with many positively charged residues. Whether this feature 
permits Avo3 to associate with the negatively charged head groups 
of PM phospholipids directly, or whether Avo3 associates with the 
acidic surface of an as yet unidentified integral PM membrane pro-
tein that acts as a dock for Avo3, is not yet known, but provides a 
fruitful avenue for further study.

MATERIALS AND METHODS
Yeast strains and growth conditions
All S. cerevisiae strains used in this study are listed in Table 1. All 
plasmids used in this study are listed in Table 2. Unless noted other-
wise, yeast cells were grown at 30°C in synthetic complete (SC) 
medium (Sherman, 2002) lacking tryptophan and containing 2% 
glucose/dextrose as the carbon source (SCD-T). When necessary, 
SC medium also lacked the nutrients necessary to maintain selection 
for plasmids and/or was supplemented with appropriate nutrients to 
satisfy the growth requirements of auxotrophic mutations. Auxin-in-
duced degradation of AID*-tagged proteins was initiated in TIR1-
expressing cells (Nishimura et al., 2009, Morawska and Ulrich, 2013) 
growing in SCD-T buffered with 50 mM K2HPO4/KH2PO4 (pH 6) by 
addition of 1-NAA (1 mM final concentration), a cell-permeable 
synthetic auxin (Robert et al., 2010), dissolved in DMSO. Standard 
PCR-based methods (Janke et al., 2004) and conventional yeast 

transformation and recombinational insertion (Sherman, 2002) were 
used to generate AID*- and epitope-tagged fusion proteins, chro-
mosomal integrations, and gene deletions. The template used for 
the AID* sequence was a plasmid described by Morawska and 
Ulrich (2013). TIR1-expressing strains were created by integration of 
TIR1 from plasmid pTIR4 (encoding OsTIR1 under control of the 
TDH3 promoter) into the LEU2 locus, as described by Eng et al. 
(2014). The C-termini of the chromosomal AVO1, AVO2, AVO3, 
BIT61, and SLM1 ORFs were tagged by in-frame integration of the 
coding sequences for eGFP (Janke et al., 2004) or mKate2 (Lee 
et al., 2013); the C-terminus of the chromosomal PIL1 ORF was 
tagged in the same way with mTagBFP (Malcova et al., 2016). The 
endogenous TOR2 locus was tagged internally by in-frame insertion 
between N321 and T322 (Sturgill et al., 2008) with either a cassette 
encoding mNG (Shaner et al., 2013) followed by a 3HA epitope or 
with an AID*-mNG-3HA cassette, as described in detail elsewhere 
(Leskoske et al., 2018). To create an eGFP-tagged version of Avo1 
that retained function, the coding sequence for eGFP was fused in-
frame to a modified AVO1 ORF that had been extended by ap-
pending in-frame the sequence encoding a 111-residue segment 
(residues P321 to L431) of the cytosolic C-terminal tail of the Ste2 in 
which 7 Lys was mutated to Arg (Ballon et al., 2006) and an Sla1 
recognition site (GPFSD) was mutated to GPAAD. Proper construc-
tion of all tagged TORC2 subunits was verified by direct DNA se-
quence analysis, expression of the corresponding protein confirmed 
by immunoblotting, and retention of biological functional validated 
by the ability of each integrated construct (expressed from its en-
dogenous promoter at its normal chromosomal locus) to support 
viability and Tor2-dependent phosphorylation of Ypk1.

To express genes under control of the galactose-inducible 
promoter GALS, derived by truncation of the GAL1 promoter 
(Mumberg et al., 1994), cells were pregrown in SC-T medium con-
taining 2% raffinose–0.2% sucrose (SCRS-T), and then galactose was 
added (final concentration 2%) and the cells were incubated for an 
additional 2–3 h, depending on the experiment. For spot assays to 
assess cell growth and viability, cell cultures were pregrown over-
night to saturation in SCD-T buffered with 50 mM K2HPO4/KH2PO4 
(pH 6) and diluted to A600 nm = 0.125 in a 96-well microtiter plate, 
and then those wells were subjected to serial fivefold dilutions. 
Samples of each dilution then were spotted, using a Steers-type 
multipronged inoculator, onto agar plates containing phosphate-
buffered SCD-T medium (supplemented with appropriate nutrients 
to select for plasmids, when necessary) and containing either 1 mM 
1-NAA in DMSO or an equivalent volume of DMSO alone (control 
plates). Plates were incubated at 30°C and photographed after 2 d. 
In the case of cells carrying plasmids expressing GALS-driven genes, 
cultures were pregrown overnight in SCRS-T and plated on 
agar plates of phosphate-buffered SCRS-T also containing 2% 
galactose.

Preparation of cell extracts and immunoblotting
Samples (2 ml) of exponentially growing cultures (generally A600 nm 
= 0.8) were harvested by brief centrifugation in a microfuge (Eppen-
dorf Model 5415D) at maximum rpm and the resulting cell pellets 
stored at –80°C. For analysis, the pellets were thawed on ice and 
lysed in 150 μl 1.85 M NaOH containing 7.4% β-mercaptoethanol, 
and proteins in the resulting lysate were precipitated by addition of 
150 μl 50% trichloroacetic acid on ice for 10 min. Precipitated pro-
teins were collected by centrifugation for 2 min in the microfuge at 
maximum rpm and washed twice with ice-cold acetone to remove 
excess trichloroacetic acid. The precipitated protein was solubilized 
in a volume (typically, 83 μl) of 5% SDS–0.1 M Tris base to yield a 
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Strain Genotype Source

BY4742 MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 Research 
Genetics

yKL2 BY4742 avo1∆::kanMX This study

yIZ082 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 Ibarlucea-
Benitez et al., 
2018

yNM706 yIZ082 TIR1::LEU2 MSS4-AID*-6HA::hphNT1 This study

yNM986 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 MSS4-AID*-6HA::hphNT1 TOR2-N321-mNG-3HA 
AVO3-mKate2::SpHis5

This study

yNM1065 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 MSS4-AID*-6HA::hphNT1 AVO3-GFP::kanMX4 AVO2-
mKate2::SpHis5

This study

yNM1066 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 MSS4-AID*-6HA::hphNT1 AVO2-GFP::kanMX4 AVO3-
mKate2::SpHis5

This study

yNM1073 MATa his3∆200 leu2-3,112 ura3-52 lys2-801 TIR1::LEU2 MSS4-AID*-6HA::hphNT1 AVO1-GFP This study

yNM1090 MATa his3∆200 leu2-3,112 ura3-52 lys2-801 TIR1::LEU2 MSS4-AID*-6HA::hphNT TOR2-N321-mNG-
3HA PIL1-BFP::kanMX4 SLM1-mKate2::SpHis5

This study

yNM788 MATα his3∆200 leu2-3,112 ura3-52 MSS4-AID*-6HA::hphNT1 This study

yNM1119 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 MSS4-AID*-6HA::hphNT1 Avo1-6HA::hphNT1 This study

yNM1122 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 MSS4-AID*-6HA::hphNT1 Avo3-3C-3FLAG:: kanMX4 This study

yNM718 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO1-AID*-6HA::hphNT1 This study

yNM927 MATa his3∆200 leu2-3,112 ura3-52 lys2-801 TIR1::LEU2 AVO1-6HA::hphNT1 This study

yNM928 MATα his3∆200 leu2-3,112 ura3-52 lys2-801 AVO1-6HA::hphNT1 This study

yNM784 MATα his3∆200 leu2-3,112 ura3-52 lys2-801 AVO1-AID*-6HA::hphNT1 This study

yNM847 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO1-AID*-6HA::hphNT1 AVO2-GFP::kanMX4 This study

yNM886 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO1-AID*-6HA::hphNT1 BIT61-GFP::kanMX4 AVO2-
mKate2::SpHis5

This study

yNM888 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO1-AID*-6HA::hphNT1 AVO3-GFP::kanMX4 AVO2-
mKate2::SpHis5

This study

yNM977 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO1-AID*-6HA::hphNT1 TOR2-N321-mNG-3HA 
AVO2-mKate2::SpHis5

This study

yNM992 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 Avo1-AID*-6HA::hphNT1 Tor2-N321-mNeonGreen-3HA This study

yNM994 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 Avo1-AID*-6HA:: hphNT1 Tor2-N321-mNeonGreen-
3HA Avo3-3C-3FLAG:: kanMX4

This study

yNM1026 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO1-AID*-6HA::hphNT1 SLM1-AID*-9MYC::kanMX4 
slm2∆::CaURA3AVO3-GFP::kanMX4

This study

yNM862 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO1-AID*-6HA::hphNT1 SLM1-AID*-9MYC::kanMX4 
slm2∆::CaURA3AVO2-mKate2::SpHis5

This study

yNM786 MATα TIR1::HIS3 AVO1-AID*-6HA::hphNT1 This study

yNM793 MATα TIR1::HIS3 This study

yNM884 MATα his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO3-AID*-6HA::hphNT1 BIT61-GFP::kanMX4 AVO2-
mKate2::SpHis5

This study

yNM975 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO3-AID*-6HA::hphNT1 TOR2-N321-mNG-3HA 
AVO2-mKate2::SpHis5

This study

yNM998 MATα his3∆200 leu2-3,112 ura3-52, TIR1::LEU2 AVO3-AID*-6HA::hphNT1 AVO1-GFP This study

yNM1031 MATα his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO3-AID*-6HA::hphNT1 AVO2-GFP::kanMX4 This study

yNM858 MATα his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO3-AID*-6HA::hphNT1 This study

yAEA346 MATa TIR1::LEU2 his3∆200 leu2-3,112 ura3-52 TOR2-N321-AID*-mNG-3HA This study

yNM1035 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 TOR2-N321-AID*-mNG-3HA AVO3-mKate2::SpHis5 This study

TABLE 1:  Yeast strains used in this study. 
� (Continues)
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final concentration representing an amount of the initial cell culture 
of 0.02 A600 nm units per μl, and then 6× SDS–PAGE sample buffer 
(typically 17 μl) was added.

The resulting solubilized protein was heated at 65°C for 15 min 
and samples (typically 10 μl) were resolved by SDS–PAGE at 160 V 
on 8% gels with a 29:1::acrylamide:bis-acrylamide ratio. For phos-
phate-affinity SDS–PAGE, samples of the same solubilized protein 
also were resolved in 8% gels containing 35 μM Phos-tag reagent 
(Kinoshita et al., 2015; Wako Chemicals USA, Richmond, VA). 
Resolved proteins were transferred electrophoretically to a nitrocel-
lulose membrane and the resulting protein blots incubated for 1 h in 
Odyssey blocking buffer (LI-COR, Lincoln, NE) that was diluted 1:1 
with PBS containing 0.1% Tween-20 (PBS+Tw). After blocking, the 
membranes were incubated overnight in the same blocking buffer 
with an appropriate primary antibody (at the indicated dilution): 
mouse anti-c-myc mAb 9E10 (Evan et al., 1985) (1:100; Monoclonal 
Antibody Facility, Cancer Research Laboratory, University of Califor-
nia, Berkeley); rabbit anti-DYKDDDDK (FLAG) tag antibody (1:1000; 
Cell Signalling, binds to same epitope as Sigma’s Anti-FLAG M2 
antibody); mouse anti-HA.11 (1:1000; BioLegend); or rabbit poly-
clonal anti-Pgk1 antiserum (1:20,000; Baum et al., 1978). After wash-
ing with PBS+Tx (three times with ≥10 ml), filter-bound immune-
complexes were detected by incubation with an appropriate infrared 
dye–labeled secondary antibody—CF770-conjugated goat anti-
mouse IgG (Biotium), IRDye800CW-conjugated goat anti-rabbit IgG 
(Li-Cor), or IRDye680RD-conjugated goat anti-mouse IgG (Li-Cor)—
that was diluted 1:10,000 in 1:1::Odyssey blocking buffer:PBS+Tw. 
After final washing, the resulting immunoblots were analyzed using 
an infrared imaging system (Odyssey, LI-COR).

Analysis of TORC2 complexes by coimmunoprecipitation
To analyze the state of assembly of TORC2 complexes before and 
after 1-NAA-induced degradation of a component of interest, pro-
teins coimmunoprecipitating with Avo3-3C-3xFLAG were examined 
in two different strains. In one case, the cells coexpressed from their 
endogenous loci Mss4-AID*-6HA, Avo3-3C-3xFLAG, Tor2-mNG-
3HA, and Avo1-6HA (the HA-tagged proteins were readily resolved 
from each other by their distinct differences in molecular mass: Tor2, 
∼290,000; Avo1, ∼132,000; Mss4, ∼90,000). In the other case, the 
cells coexpressed from their endogenous loci Avo1-AID*-6HA, 
Avo3-3C-3xFLAG, and Tor2-mNG-3HA. In each case, cultures 
(50 ml) were grown in phosphate-buffered SCD-T medium to midex-

ponential phase, incubated with solvent (DMSO) alone or 1 mM 
1-NAA in the same solvent for 60–120 min, harvested by centrifuga-
tion, and frozen in liquid N2. Frozen cell pellets (equivalent to an 
initial cell culture density of 50 A600 nm units) were resuspended in 
300 μl ice-cold 2× TNEGT buffer (300 mM NaCl, 20% glycerol, 
0.24% Tergitol [Type NP-40, Sigma NP40S], 2 mM EDTA, 1 mM 
phenylmethanesulfonyl fluoride [PMSF], 100 mM Tris, pH 7.6, 
adjusted to contain 1× Sigma fungal and yeast protease inhibitor 
cocktail [Sigma-Aldrich, P8215] and 2× Roche cOmplete protease 
inhibitor tablet [Roche, Basel, Switzerland]). An equivalent volume 
of dry chilled glass beads was added and cells were lysed with six 
30-s pulses of rapid agitation using a high-speed Fast Prep FP120 
cell-disrupting homogenizer (BIO101/Savant) with 1-min cooling 
periods on ice in between pulses. After lysis, 300 μl of 1× TNEGT 
buffer (150 mM NaCl, 10% glycerol, 0.12% Tergitol, 1 mM EDTA, 
1 mM phenylmethanesulfonyl fluoride [PMSF], 50 mM Tris pH 7.6 
containing 1× Sigma fungal and yeast protease inhibitor cocktail) 
was added. The resulting diluted lysate was separated from the 
glass beads through the conical tip of a plastic microfuge tube 
punctured with a 25-gauge hypodermic needle by centrifugation in 
a microfuge (Model 5424; Eppendorf) at 500 × g for 1 min into a 
fresh tube. To ensure complete membrane solubilization, the recov-
ered liquid was incubated for 30 min at 4°C on a roller drum. The 
resulting solubilized extract was clarified by centrifugation at 10,000 
× g in a microfuge and the resulting supernatant fraction was with-
drawn and mixed with 20 μl of a slurry of agarose beads covalently 
coated with anti-DYKDDDDK (FLAG epitope) antibody (Biotool, 
B23101) previously equilibrated in 1× TNEGT. After incubation for 
2 h at 4°C on a roller drum, the beads were rinsed six times with 1 ml 
of 1× TNEGT buffer and the remaining bound proteins were eluted 
with 30 μl of 1× SDS–PAGE sample buffer, resolved by SDS–PAGE 
on 8% gels, analyzed by immunoblotting with the appropriate anti-
bodies, and visualized using our infrared imaging system (Odyssey 
CLx; Li-Cor).

Fluorescence microscopy and image analysis
For live-cell imaging, cells were grown to midexponential phase 
(A600 nm ∼ 0.8) at 30°C in SCD-T, unless otherwise noted, and 
samples of the cultures deposited onto the surface of concanavalin 
A-coated (0.1 μg/ml) coverslips. In most instances, fluorescence 
microscopy was performed at room temperature using a Carl Zeiss 
Elyra PS.1 structured illumination fluorescence microscope (Carl 

Strain Genotype Source

yNM1034 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 TOR2-N321-AID*-mNG-3HA AVO2-mKate2::SpHis5 This study

yNM1056 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO1-AID*-6HA::hphNT1 AVO3-AID*-9myc::kanMX4 
TOR2-N321-AID*-mNG-3HA

This study

yNM1057 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 Avo3-AID*-9myc::kanMX4 This study

yNM1062 MATα his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO3-AID*-9myc::kanMX4 TOR2-N321-AID*-mNG-3HA This study

yNM1064 MATα his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO1-AID*-6HA::hphNT1 AVO3-AID*-9myc::kanMX4 This study

yNM1040 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO1-AID*-6HA::hphNT1 TOR2-N321-AID*-mNG-3HA This study

yNM721 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 AVO1-AID*-6HA::hphNT1 SLM1-AID*-GFP:: hphNT1 
slm2∆::kanMX

This study

yNM739 MATα his3∆200 leu2-3,112 ura3-52 lys2-801 TIR1::LEU2 LST8-AID*-6HA::hphNT1 AVO2-
mRuby2::SpHis5

This study

yNM983 MATa his3∆200 leu2-3,112 ura3-52 TIR1::LEU2 Avo3-AID*-6HA::hphNT1 Tor2-N321-mNeonGreen-3HA This study

TABLE 1:  Yeast strains used in this study. Continued
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Plasmid Description Source

pRS313 ARS-CEN, HIS3 vector Sikorski and Hieter, 1989

pRS315 ARS-CEN, LEU2 vector Sikorski and Hieter, 1989

pRS316 ARS-CEN, URA3 vector Sikorski and Hieter, 1989

pRS416 ARS-CEN, URA3 vector Sikorski and Hieter, 1989

pGFP-PH-7 pRS316 CUP1prom::GFP-PH PLCδ1 Stauffer et al., 1998; Stolz, 2001

pAEA399 pRS416 GALSprom::AVO1-mKate2-FLAG This study

pAEA400 pRS416 GALSprom::AVO3-mKate2-FLAG This study

pAEA403 pRS313 GALSprom::YPK1D242A This study

pAEA419 pRS316 GALSprom::YPK1S51A S71A T504A S644A T662A-myc [Ypk15A] This study

pNM160 pRS416 GALSprom::AVO1Δ1059-1176-mKate2-FLAG [AVO1(ΔPH)] This study

pAM66 pRS316 YPK1prom::YPK1 Roelants et al., 2004

pFR273 pRS316 YPK1prom::YPK1D242A Roelants et al., 2011

pLZ1 pRS316 AVO1prom::AVO1 This study

pLZ2 pRS316 AVO1prom::9myc This study

pLZ3 pRS315 AVO1prom::AVO1-9myc This study

pLZ4 pRS315 AVO1prom::AVO1(Δ2-200)-9myc This study

pLZ5 pRS315 AVO1prom::AVO1(Δ2-400)-9myc This study

pLZ6 pRS315 AVO1prom::AVO1(Δ2-600)-9myc This study

pLZ7 pRS315 AVO1prom::AVO1(Δ200-400)-9myc This study

pLZ8 pRS315 AVO1prom::AVO1(Δ400-600)-9myc This study

pLZ9 pRS315 AVO1prom::AVO1(Δ600-830)-9myc [AVO1(ΔCRIM)] This study

pLZ10 pRS315 AVO1prom::AVO1(Δ831-920)-9myc [AVO1(ΔRBD)] This study

pLZ11 pRS315 AVO1prom::AVO1(Δ1059-1176)-9myc [AVO1(ΔPH)] This study

pNM162 pRS416 GALSprom::AVO3(Δ2-1100)-mKate2-FLAG This study

pNM163 pRS416 GALSprom::AVO3(Δ2-910)-mKate2-FLAG This study

pNM164 pRS416 GALSprom::AVO3(Δ2-700)-mKate2-FLAG This study

pNM165 pRS416 GALSprom::AVO3(Δ2-500)-mKate2-FLAG This study

pNM166 pRS416 GALSprom::AVO3(Δ2-300)-mKate2-FLAG This study

pNM167 pRS416 GALSprom::AVO3(Δ2-810)-mKate2-FLAG This study

pNM168 pRS416 GALSprom::AVO3(300-500)-mKate2-FLAG This study

pNM169 pRS416 GALSprom::AVO3(300-500)-mNeonGreen-FLAG This study

pNM170 pRS416 GALSprom::AVO3(∆300-500)-mKate2-FLAG This study

pNM173 pRS416 GALSprom::AVO3(300-700)-mNeonGreen-FLAG This study

pNM174 pRS416 GALSprom::AVO3-mNeonGreen-FLAG This study

TABLE 2:  Plasmids used in this study.

Zeiss, Jena, Germany) operating in HiLo mode (Tokunaga et al., 
2008), equipped with a Zeiss 100× PlanApo 1.46NA TIRF objective, 
a main focus drive of the AxioObserver Z1 Stand, a WSB PiezoDrive 
08 for superresolution, and an Andor 512 × 512 EM-CCD camera 
(100 × 100 nm pixel size; Andor Technology, South Windsor, CT). In 
HiLo mode, the cells are examined using the laser source set at near 
the TIRF angle to illuminate only a section of the sample (so the 
excitation is as bright as possible), but with an illumination plane not 
limited to the surface close to the coverslip, which, together, give a 
wide-field image in which out-of-focus fluorescence is decreased 
(thereby reducing the background), resulting in better signal-to-
noise contrast. To visualize TORC2 subunits tagged with either 

mNG (excitation λmax 506 nm; emission λmax 517) or eGFP (excita-
tion λmax 488 nm; emission λmax 507), cell samples were excited with 
an argon laser at 488 nm at 2.3% power (100 mW) and emission was 
captured in a 495- to 550-nm window using a bandpass filter. For 
TORC2 subunits tagged with mKate2 (excitation λmax 588 nm; emis-
sion λmax 633), excitation was at 561 nm at 2.3% power (100 mW) 
and emission was monitored in a 570- to 620-nm window using a 
different bandpass filter; and for proteins tagged with mTagBFP (ex-
citation λmax 399 nm; emission λmax 456), excitation was at 405 nm 
at 2.3% power (100 mW) and emission was monitored in a 420- to 
480-nm window using another bandpass filter. Images (average of 
eight scans; 400 ms/scan for mNG, eGFP, or BFP, and 600 ms/scan 
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for mKate2) were processed using ZE software (Zeiss) and analyzed 
using Fiji (National Institutes of Health, Bethesda, MD; Schindelin 
et al., 2012). To avoid changes in image quality due to occasional 
fluctuations in laser intensity, all panels shown in any given figure 
represent experiments performed on the same day, and scaled and 
adjusted identically for brightness using Fiji (Schindelin et al., 2012).

Alternatively, where indicated, cells were viewed under a con-
ventional epifluorescence microscope (Olympus, Model BH-2; 
Olympus America, Center Valley, PA) equipped with a 100× objec-
tive, Solalight source (Lumencor, Beaverton, OR), and appropriate 
bandpass filters (Chroma Technology, Rockingham, VT). Images 
were collected using an EM-CCD camera (Photometrics, Tucson, 
AZ) and processed with μManager (Edelstein et al., 2010) and Pho-
toshop (Adobe Systems, San Jose, CA).

Cells of a strain (yNM986) coexpressing Tor2-mNeonGreen-3HA, 
Avo3-mKate2, and Mss4-AID*-6xHA, before and after 1-NAA-
induced degradation of Mss4, were examined under an inverted 
Carl Zeiss LSM 880 confocal laser-scanning microscope using an 
Airyscan detector equipped with a Gallium Arsenide Phosphide 
(GaAsP) photomultiplier tube, a Zeiss Plan-Aprochromat 63×/1.4 oil 
NA objective, and an Axio Observer 7 stand. For visualization, a 
small volume (0.5 μl) of the cell samples, which were grown in phos-
phate-buffered synthetic medium, was spotted directly on the sur-
face of a fresh Swiss Glass slide (Fisherfinest Premium), covered with 
a 22 × 22 mm coverslip (VMR), and viewed immediately. Images 
were processed using ZEN software (Zeiss) and analyzed using Fiji 
(NIH, Bethesda, MD; Schindelin et al., 2012).

Labeling of F-actin with rhodamine-phalloidin
Decoration of filamentous actin with rhodamine–phalloidin was per-
formed by minor modifications of a previously described protocol 
(Pringle et al., 1989). Briefly, the cells to be examined were fixed in 
3.7% formaldehyde for 30 min at room temperature. The resulting 
fixed cells were then washed twice with PBS containing 0.1% Triton 
X-100 and stained with gentle agitation in the dark with a final con-
centration of 1.5 µM rhodamine–phalloidin (Molecular Probes/
Thermo Fisher Scientific, Eugene, OR) from a stock dissolved in 
methanol. After 30 min, the cells were washed three times in PBS, 
resuspended in PBS containing 60% glycerol, and visualized using a 
conventional epifluorescence microscope, as above, using an FITC 
bandpass filter (Chroma).

Reproducibility
All results reported reflect findings made repeatedly in at least three 
independent trials of each experiment shown.
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