Biochemical Journal (2022) 479 1917-1940

https://doi.org/10.1042/BCJ20220388 PY ’ PO RT LA N D
..

Review Article

PRESS

TOR complex 2 is a master regulator of plasma
membrane homeostasis

Jeremy Thorner

Division of Biochemistry, Biophysics and Structural Biology, Department of Molecular and Cell Biology, University of California, Berkeley, CA 94720-3202, U.S.A.

Correspondence: Jeremy Thorner (jthorner@berkeley.edu)

OPEN ACCESS

*Jeremy Thorner is the
recipient of the 2022
Centenary Award of The
Biochemical Society.

Received: 22 July 2022
Revised: 30 August 2022
Accepted: 1 September 2022

Version of Record published:
23 September 2022

As first demonstrated in budding yeast (Saccharomyces cerevisiae), all eukaryotic cells
contain two, distinct multi-component protein kinase complexes that each harbor the
TOR (Target Of Rapamycin) polypeptide as the catalytic subunit. These ensembles,
dubbed TORC1 and TORC2, function as universal, centrally important sensors, integra-
tors, and controllers of eukaryotic cell growth and homeostasis. TORC1, activated on the
cytosolic surface of the lysosome (or, in yeast, on the cytosolic surface of the vacuole),
has emerged as a primary nutrient sensor that promotes cellular biosynthesis and sup-
presses autophagy. TORC2, located primarily at the plasma membrane, plays a major
role in maintaining the proper levels and bilayer distribution of all plasma membrane com-
ponents (sphingolipids, glycerophospholipids, sterols, and integral membrane proteins).
This article surveys what we have learned about signaling via the TORC2 complex,
largely through studies conducted in S. cerevisiae. In this yeast, conditions that challenge
plasma membrane integrity can, depending on the nature of the stress, stimulate or
inhibit TORC2, resulting in, respectively, up-regulation or down-regulation of the phos-
phorylation and thus the activity of its essential downstream effector the AGC family
protein kinase Ypk1. Through the ensuing effect on the efficiency with which Ypk1 phos-
phorylates multiple substrates that control diverse processes, membrane homeostasis is
maintained. Thus, the major focus here is on TORC2, Ypk1, and the multifarious targets
of Ypk1 and how the functions of these substrates are regulated by their Ypk1-mediated
phosphorylation, with emphasis on recent advances in our understanding of these
processes.

Introduction

For a eukaryotic cell to proliferate, it must be able to grow, i.e. increase in mass—duplicating its
genome, augmenting its content of ribosomes and other cytoplasmic constituents, replicating its reper-
toire of membrane-bounded organelles, and increasing all of the components needed to expand and
maintain the function of its boundary with the outside world, the plasma membrane. The decision to
grow, often evoked in metazoans via the action of mitogenic growth factors, nonetheless requires that
the cell also have mechanisms to assess whether the supply of nutrients available is sufficient to
support all of the biosynthetic processes needed. Eukaryotic cells have also evolved additional regula-
tory circuitry that, on the one hand, impedes such a growth decision when other external and internal
cues or stresses indicate conditions for growth are suboptimal and, on the other hand, that elicits
compensatory response pathways that restore conditions that then permit growth. The pivotal nexuses
for controlling these events are the TOR-containing complexes, TORC1 and TORC2, whether in a
unicellular eukaryote, like yeast [1-3], or in mammalian cells [4,5] or in plants [6].

TORC2 core
In both TORCI and TORC2, the catalytic subunit is a large TOR polypeptide. Metazoan genomes
encode a single TOR protein (human mTOR, 2549 residues), whereas budding yeast [7], fission yeast
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[8], and other fungal species [9] encode two, paralogous TOR proteins, Torl and Tor2 (in Saccharomyces cere-
visiae, 2470 and 2474 residues, respectively; 70% identity). Tor2 is a plasma membrane-associated protein
[10,11]. Yeast cells lacking Tor2 are inviable [12,13] because only Tor2 can serve as the catalytic subunit in
TORC2, whereas TORC1 can accommodate either Torl or Tor2 as its catalytic subunit [14,15]. Thus, TOR2 is
an essential gene, whereas TORI is not.

The molecular basis of the preference for incorporation of Tor2 into (and exclusion of Torl from) yeast
TORC2 has been illuminated, first, by the determination of near-atomic resolution cryo-EM structures for
TORC2 from both yeast [16,17] and mammalian cells [18-20]. Second, the construction and analysis of an
extensive set of chimeric Torl-Tor2 proteins [21,22] indicates that Tor2 makes multiple non-contiguous con-
tacts with other constituent subunits of TORC2, but that a handful of single-residue differences between Tor2
and Torl within an ~500-residue segment of their N-terminal HEAT repeat region (425-930 in Tor2), dubbed
the ‘major assembly specificity’ (MAS) domain (corresponding, in the main, to the so-called Spiral and Bridge
structural elements formed by the HEAT repeats in this region [16]), are sufficient to dictate its
TORC2-specific assembly.

At the center of TORC2 is a head-to-tail dimer of Tor2 held together by extensive contacts between the fold
created by the N-HEAT repeats in one monomer interacting with the fold created by the M-HEAT repeats in
the other monomer. Tightly associated with each copy of Tor2 is the small (303 residues) B-propeller (‘WD40
repeat’) protein Lst8, which binds tightly to and stabilizes the a-helical lobe of the Tor2 kinase fold. Lst8 does
the same with Torl in yeast TORCI, and its mammalian ortholog (mLST8) does the same with mTOR in
mTORC1 and mTORC2 [16,20,23,24]. Unsurprisingly, given the role of Lst8 in maintaining the structure of
the Tor2 catalytic domain, LST8 is also an essential gene.

TORC2 structure and assembly

Aside from Lst8, all of the other known subunits in yeast TORC2 are separate and distinct from those in
TORCI [1,25,26]. Like Lst8, the other subunits are each present in two copies and are organized around the
Tor2 dimer in a rhombohedral shape with two-fold rotational symmetry [16,17]. Another key subunit of
TORC2 is also encoded by an essential gene, AVO3/TSCI1 (mammalian ortholog is RICTOR). Avo3 (1430 resi-
dues) comprises a predicted N-terminal antiparallel coiled-coil hairpin (residues 96-132 paired with 145-191)
followed by at least 20 Armadillo (ARM) repeats (residues 297-1244) that stack into a pronounced a-solenoid.
An apparent C-terminal segment of this o-solenoid is coiled within a cavity created by the junction between
the N- and M-HEAT repeats that conjoin each Tor2 molecule in the dimer; thus, two copies of Avo3 serve as
extra ‘mortar’ to further stabilize TORC2 [27,28]. Our own work has demonstrated that Avo3 is able to associ-
ate with the plasma membrane in the absence of either Tor2 or other TORC2 subunits, and that five or so of
its more N-terminal ARM repeats (residues 496-710) rich in basic residues is necessary for its plasma mem-
brane recruitment [29], indicating that this portion of Avo3 likely extends away from the body of TORC2.
Moreover, our results indicate that, during de novo assembly of TORC2, Avo3 is most likely the first subunit to
arrive at the plasma membrane and is responsible for anchoring Tor2 there, which, in turn, then recruits the
other associated subunits [29]. Thus, Avo3 is pivotal for TORC2 plasma membrane localization, assembly, and
stability in vivo.

The C-terminal-most portion of Avo3, which contains a predicted small 5-helix bundle (residues 1334-
1442), appears to interact with the FRB domain in Tor2, in a manner that would sterically block access of the
rapamycin-Fprl (yeast FKBP12) complex that is inhibitory to TORCI, thereby providing an explanation for
the relative resistance of TORC2 to rapamycin inhibition. In agreement with this conclusion, removal of just
the last 157 resides of the Avo3 C-terminus renders TORC2 sensitive to rapamycin [30]. Likewise, recent
cryo-EM structures unveil how RICTOR sterically occludes mTOR to block inhibition by FKBP12-rapamycin
and to prevent recognition of mTORCI substrates [31].

AVOI (mammalian ortholog is mSIN1) is also an essential gene that encodes another chief subunit of
TORC2. Avol (1176 residues) is a multi-domain protein (Figure 1) with (i) a predicted N-terminal helical
bundle fold, separated by an apparently unstructured segment from (ii) a so-called ‘conserved region in the
middle’ (CRIM), whose structure has been determined in its fission yeast counterpart [32,33] and whose func-
tion is now known to be binding and presentation of substrates to the catalytic center in Tor2 [34-39], (iii) a
Ras-binding domain (RBD) whose structure has been determined in mSIN1 [40,41], and (iv) a C-terminal
pleckstrin homology (PH) domain specific for binding phosphatidylinositol-4,5-bisphosphate (PtdIns4,5P2),
whose structure has been determined for both Avol and mSIN1 [42]. In the cryo-EM structure of yeast

1 91 8 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).


https://creativecommons.org/licenses/by-nc-nd/4.0/

Biochemical Journal (2022) 479 1917-1940
https://doi.org/10.1042/BCJ20220388

RIN RBD
| [ - ' [
200 300 600

f |
1 100 400 500 o 700 800” 900! 1000 / 1100 1176
Met1
wywy€wr
A9
- Y 5 GIu788
e f’(S Val656 "9842 \
T I ,?" -
\ (W) —;,\ -
GIu8o y ggw?x
r,r- £ ¥ N /',\\ !
‘ 7 " (_Q i\\ /
termina 5\J A CB
heli bundle -‘ Y /
\
CRIM Lys929
domain Ras-binding
domain »
Lys1176
Thr1086 "
PH
domain

Figure 1. S. cerevisiae Avo1.

Top, schematized primary structure, highlighting locations of the conserved region in the middle (CRIM, red), Ras-binding
domain (RBD, pink) and pleckstrin homology domain (PH, blue). Bottom, depiction of the three-dimensional structures of the
indicated sequence segments, as predicted by AlphaFold2 [43]. Actual crystal structures for the C-terminal PH domains of
Avo1 and mSIN1 have been determined [42], reflected in the dark blue coloring (the darker the shade of blue the higher the
confidence level of the AlphaFold2 prediction).

TORC2, density attributed to Avol is rather weak, presumably reflecting its mobility/flexibility, but it appears
that the CRIM domain of each Avol is situated alongside the rim of the active site cleft of each Tor2 monomer
[16,17], consistent with its role in substrate recruitment and presentation to the catalytic center. Likewise,
recent cryo-EM structures unveil how mSIN1 contributes contacts important for the selective recruitment of
mTORC2 substrates [31].

It was initially posited that the C-terminal PH domain of Avol was necessary for both the membrane local-
ization and function of TORC2 [44]. Contrary to that proposal, we demonstrated using three independent
genetic methods (including the viability of cells expressing Avol(A1059-1176) as the sole source of this
TORC2 subunit) that the PtdIns4,5P2-binding PH domain of Avol is not required for the in vivo function of
Avol, or for Avol recruitment to the plasma membrane, or for tethering any other components of TORC2 at
the plasma membrane [29]. Yet, efficient depletion of plasma membrane PtdIns4,5P2, achieved by chemoge-
netic degradation of the sole PtdIns4P 5-kinase in S. cerevisiae (Mss4), significantly decreased TORC2 activity,
but did so without displacement of any TORC2 component from the PM [29]. The simplest explanation for
why the loss of PtdIns4,5P2 markedly reduces yeast TORC2 activity, yet has no effect on the localization or
state of assembly of TORC?2, is that binding of the PH domain of Avol to PtdIns4,5P2 in the plasma mem-
brane induces a conformational change that alleviates a negative constraint that the PH domain exerts, likely
intramolecular steric occlusion of the CRIM domain [which would prevent substrate (Ypkl) binding]. In other
words, PtdIns4,5P2 serves as a positive allosteric effector of TORC2. This scenario readily explains why deletion
of the Avol PH domain is well tolerated. Similarly, in mTORC2, the binding of PtdIns3,4,5P3 to the PH
domain in mSinl (the Avol ortholog) alleviates an inhibitory constraint that the mSinl PH domain imposes
on mTORC2 activity [45].

However, more needs to be learned about how the dynamic localization, and relative accessibility versus
sequestration, of PtdIns4,5P2 influences TORC2 function. In this regard, despite the yeast cell wall, osmotic
stresses that change turgor pressure are accompanied by changes in plasma membrane tension (the force per
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unit length acting on a cross-section of membrane), with ensuing effects on lipid packing and fluidity, which
influences the diffusion coefficient of both the lipids and proteins in the membrane [46]. Indeed, it has been
reported that the plasma membrane distribution of PtdIns4,5P2 is affected by treatments of yeast cells that alter
membrane tension with resulting effects on TORC2 activity [47,48].

Ancillary TORC2 components

When vyeast cells are placed in a hypertonic medium, under which condition the cell loses water and the
plasma membrane shrinks and invaginates, TORC2 function is very rapidly inactivated [49-51]. Conversely,
when yeast cells are placed in a hypotonic medium, under which condition the influx of water subjects the
plasma membrane to a stretching force, TORC2 function is stimulated [52,53]. This observed activation was
initially attributed to the dynamic movement of two, paralogous, plasma membrane-associated proteins, Slml
and Slm2 (686 and 656 residues, respectively; 65% identity). Cells lacking both SIm1 and SIm2 are inviable [54].

In unstressed cells, Sim1 and Slm2 are components of eisosomes, furrow-like troughs in the plasma mem-
brane coated with antiparallel stacks of the F-BAR domain-containing proteins Pill and Lspl, which are
recruited to the plasma membrane by their binding of PtdIns4,5P2 [55]. Eisosomes, which are scattered around
the plasma membrane, also contain a half-dozen small tetraspanins in two families—Sur7 and three relatives
(Fmp45, Ynl194c, and Punl), and NcelO and its paralog Fhnl—as well as harbor certain nutrient transporters
[56,57]. TORC2 also localizes around the cell periphery in multiple plasma membrane-associated puncta
[29,44,51]; but, TORC2 does not co-localize with eisosomes and, unlike eisosomes, the TORC2 puncta are
quite mobile [29,44,58,59]. Both SIm1 and SIm2 contain an unstructured N-terminus, a central ~190-residue
predicted I-BAR (inverse BAR) domain required for their targeting to eisosomes [60] followed by a structurally
characterized ~110-residue PH domain [61] demonstrated to bind PtdIns4,5P2 specifically [54,62,63] and, at
the C-terminus, a high-affinity docking site (PxIXIT motif) for calcineurin (phosphoprotein phosphatase 2B)
[62,64,65].

Upon hypotonic stress (or drug-induced sphingolipid depletion), it was observed [50] that SIm1 and Slm2,
which can form a heterodimer [62,64,65], dissociate from eisosomes and then co-localize with TORC2.
Moreover, it was reported [53,66] that SIm1 and the protein kinase Ypkl, the essential downstream target of
TORC?2, interact physically, suggesting that the critical function of Slml is the delivery of Ypkl to the plasma
membrane for its phosphorylation by both TORC2 (which phosphorylates multiple C-terminal sites in Ypkl
[67]; see further below) and the eisosome-associated protein kinase Pkh1 (which is responsible for phosphoryl-
ating the activation loop at Thr504 in Ypkl [68]; see further below). Consistent with this proposal, targeting
Ypkl to the plasma membrane by fusing the Sim1 PH domain to the Ypkl N-terminus bypassed the lethality
of simlA slm2A cells [53,66]. At the time, however, the role of the Avol CRIM domain in presenting substrates
to the Tor2 active site was not firmly established. Indeed, using two different approaches, we have found that
the PHY™Ypkl construct is unable to support growth, even in otherwise wild-type cells, if Avol lacks its
CRIM domain (Figure 2).

Thus, even though tethered to the plasma membrane, PHY™!_Ypkl cannot be phosphorylated and activated
by TORC2 when the CRIM domain of Avol is missing, indicating that the essential function of Slm1 and Slm2
must be something different from simple delivery of Ypkl to the plasma membrane for encounter with
TORC2.

As first detected in global two-hybrid screens [71,72], and confirmed by both coimmunoprecipitation [54]
and in vitro binding assays [73], Sim1 and SIm2 also interact specifically with Avo2, another known component
of TORC2. Avo2 (426 residues) contains six predicted N-terminal ankyrin (ANK) repeats (residues 1-204)
with a ‘tail’ of low complexity sequence of about equal length. However, unlike TOR2, LST8, AVOI and AVO3,
AVO?2 is not an essential gene. In cryo-EM structures of TORC2, density attributable to the N-terminal ANK
domain of Avo2 is nestled between the N-HEAT repeats 18-21 and the FAT domain in Tor2, placing Avo2 in
a position to serve some regulatory role on the catalytic subunit. Indeed, we found [51] that Avo2 is a primary
target of the stress-activated MAPK SIt2/Mpkl (mammalian ortholog ERK5/MAPK7), the primary effector of
the so-called yeast cell wall integrity pathway [74,75]. Avo2 contains nine -SP- and -TP- sites, eight residing in
its C-terminal unstructured region of which five have been detected in global analyses of the S. cerevisiae phos-
phoproteome [76-80]. Conditions that activate Slt2 caused hyperphosphorylation of Avo2 at all these sites and
these modifications impeded the ability of TORC2 to phosphorylate and activate Ypkl [51]. Correspondingly, a
phosphomimetic Avo2°’" allele and an avo24 allele both render cells sensitive to two stresses (myriocin treat-
ment and elevated exogenous acetic acid) that the cell requires Ypkl activation by TORC2 to survive, indicating
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Figure 2. CRIM domain of Avo1 is necessary for TORC2-mediated Ypk1 activation.

(A) Cells (Strain yKL2) lacking the AVO1 gene at its normal chromosomal locus, but maintained by a copy of the AVO7 gene on
a URA3-marked plasmid (pRS316), were transformed with LEU2- and LYS2-marked vectors carrying the indicated genes,
10-fold serial dilutions of the resulting transformants were spotted in duplicate (fop and bottom panels) on plates lacking or
containing 5-fluoro-orotic acid, as indicated, to select for loss of the URA3-marked plasmid [69], and the plates were
photographed after incubation at 30°C for 2 days. This plasmid shuffle approach revealed that plasma membrane tethering of
Ypk1 is not sufficient to bypass the function of the CRIM domain in Avo1. (B) Cells (Strain yNM786) expressing from its
chromosomal locus an Avo1 derivative tagged with a degron (AID*) that permits auxin-inducible degradation mediated by the
plant Tir1 F-box protein expressed in the same cells [70], were transformed with LEU2- and LYS2-marked vectors carrying the
indicated genes, 10-fold serial dilutions of the resulting transformants were spotted in duplicate (fop and bottom panels) on
plates lacking or containing the synthetic auxin 1-NAA at the indicated concentrations to stimulate Avo1-AlD* degradation, and
the plates were photographed after incubation at 30°C for 2 days. This chemogenetic approach further confirmed that plasma
membrane tethering of Ypk1 is not sufficient to bypass the function of the CRIM domain in Avo1. Strains yKL2 and yNM786
(both derivatives of BY4742) and the LEU2-marked vectors expressing Avo1 and Avo1(ACRIM) were described previously [29].
The vectors expressing Ypk1-3xHA and PHS™'-Ypk1-3xHA are LYS2-marked derivatives of plasmids (pPL433 and pPL495)
generously provided by Prof. Ted Powers (Univ. of California, Davis). The results shown were obtained by Dr. Frangoise

M. Roelants.

that Avo2 promotes optimal TORC2 function and supporting the conclusion that Slt2-mediated phosphoryl-
ation of Avo2 down-regulates TORC2 signaling. Likewise, we found that activated Slt2 also phosphorylates
Avo3 [51], which contains eleven -SP- and -TP- sites, with seven lying within its first 235 residues of which six
have been detected in the yeast phosphoproteome. These Slt2-mediated phosphorylation events appear to dis-
sociate Avo2 from TORC2, but not displace TORC2 from the plasma membrane [51]. In this way, under condi-
tions not amenable to robust cell proliferation, the growth-promoting function of TORC2 is restrained. In
general, continued growth and response to stress are incompatible cellular states.

These findings place the role of SIm1 and SIm2 in promoting TORC2 function in a new light, given their
documented interaction with Avo2. It seems possible that, when Slml and Slm2 are released from eisosomes
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and encounter any free phosphorylated Avo2, the calcineurin bound to the Slm1 and Slm2 C-termini may act
to remove the inhibitory phosphorylations on Avo2 (and perhaps from Avo3 and possibly other TORC2 subu-
nits), thereby alleviating this negative regulation and allowing Avo2 to rejoin the complex. In agreement with
this model, when present as the sole source of these proteins, SIm1 or Slm2 mutants with mutated PxIXIT
motifs, which were shown to no longer bind calcineurin, displayed elevated sensitivity to the growth inhibitory
action of myriocin (a hallmark of impaired TORC2-YpKk1 signaling) [64]. Also consistent with this model, we
found that Avo2°", which mimics the phosphorylated state, but is immune to phosphatase action, is inhibitory
to TORC2 function in vivo and exhibited reduced association with TORC2 [51]. Moreover, at least one
Avo3-derived tryptic peptide containing two of its demonstrated N-terminal Slt2 sites (-LENSAPSPTSPLMAR-)
was identified in a phospho-proteomic analysis of calcineurin-deficient cells [81]. Furthermore, the
stress-induced release of Slml and Slm2 from eisosomes may also contribute to TORC2 function in another
way. It has been reported that the absence of SIm1 and Slm2 disrupts eisosome structure [82]. Thus, given that
eisosomes represent a protected reservoir of PtdIns,5P2 [83], stresses that cause displacement of Slm1 and Slm2
from eisosomes may result in a certain degree of eisosome disassembly, thereby releasing PtdIns4,5P2 that is
more accessible for binding to the PH domain of Avol, thereby freeing its CRIM domain for more ready
presentation of substrate to Tor2.

Two additional characterized components of TORC2 are Bit2 and its paralog Bit61 (545 and 543 residues,
respectively; 45% identity), with Bit61 being the more abundant of the two [84]. Unlike a simIA sim2A double
mutant, a bit2A bit61A double mutant is viable [85] and, thus, neither protein is essential for the function of
TORC2. In keeping with an accessory role for these proteins, in the available cryo-EM structures of TORC2,
the density attributed to Bit61 is small, quite weak and located at the solvent-facing periphery of the portion of
the Avo3 a-solenoid that is intimately associated with Tor2 [16,17]. Bit61 and Bit2 are considered, by some, to
be the equivalent of mammalian PRR5/Protor-1 and PRR5L/Protor-2 [16,25,26] because both sets of proteins
purportedly contain a domain (HbrB) found in an Aspergillus nidulans protein involved in filamentous growth
[86]; but, there is virtually no detectable sequence similarity between these yeast and mammalian proteins
(even in their purported HbrB sequences). Moreover, as generated by AlphaFold2 [43], structural predictions
for Bit2 and Bit61 do not well resemble those for Protor-1 and Protor-2. Nonetheless, as observed in yeast for
a bit2A bit61A double mutant, mouse protor-1 (prr5)™'~ protor-2 (prr5L)~~ nullizygous animals are viable
[87]. Thus, the functions of Bit2 and Bit61 (and of Protor-1 and Protor-2) remain somewhat obscure.

Control of TORC2 by small GTPases

There were reasons to suspect that RAS proteins may play some role in localization, stability and/or function of
TORC2 [88]. First, mSIN1 (Avol ortholog) was first identified as a partial human cDNA that, when expressed
in yeast, inhibited signaling by a constitutively active Ras2 allele, Ras2(G19V), most likely by physical inter-
action [89]. Second, full-length mSIN1 was shown to be a Ras-binding protein [90]. Third, the slime mold
Avol ortholog (RIP3) has a sequence similar to a canonical Raf-like RBD [91] and binds the Ras-related
protein Rapl, which promotes TORC2 signaling [92]. Likewise, as noted more than two decades ago [14], S.
cerevisiae Avol also has a predicted RBD (Figure 1). Also, purportedly, Avo3 possesses a RasGEFN-like motif
(residues 991 to 1047) [93], but this assignment is very likely a red herring because it is now appreciated that
this portion of the sequence of Avo3 is well buried in the stack of ARM repeats that make up its a-solenoid.

Most recently, in mammalian cells, using proximity-dependent biotin labeling (BioID) [94], mSIN1 was
identified as one of the targets of oncogenic RAS mutants and the RBD of mSIN1 was required for RAS
binding in pull-down assays [95,96]. Moreover, two groups have obtained crystal structures of the mSIN1 RBD
in complex with K-RAS (4A isoform) [40] and/or H-RAS [41]. Whereas the former group reported that, in
cells expressing as the sole source of mSIN1 a mutant unable to bind RAS, mTORC2 assembly or function
were unaffected, the latter group found that lack of Ras-SIN1 association prevents efficient mTORC2-mediated
phosphorylation of one of its direct substrates, the AGC family protein kinase SGK1 [97]. Revealingly, the
latter group also found that mSIN1 mutants lacking its C-terminal PH domain were able to bind RAS with
higher affinity, indicating that the PH domain exerts an inhibitory effect on RAS-mSIN1 binding. It should be
noted that the RBD is also immediately adjacent to the CRIM domain in both mSIN1 and Avol (Figure 1).
Other effects of various splice variants and isoforms of mSIN1 have also been noted [98].

In S. cerevisiae, there are two RAS paralogs, Rasl and Ras2 (the latter is 5-fold more abundant that the
former [84]) and a rasIA ras2A double mutant is inviable. The sole essential role previously attributed to Rasl
and Ras2 was in binding to and activating adenylate cyclase to generate the 3/,5'-cAMP necessary to stimulate
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three PKA isoforms (Tpkl, Tpk2, and Tpk3) [99,100]. However, deletion of a 4th kinase (Yakl) permits the
growth of otherwise inviable tpklA tpk2A tpk3A triple mutant cells [101]. Moreover, overexpression of two
Ras2 mutants deficient in their ability to stimulate adenylate cyclase, Ras(T42S) and Ras(T42A), were nearly as
effective as overexpression of wild-type Ras2 in extending yeast replicative lifespan (which takes prolonged cell
growth, it should be noted) [102]. Such findings suggested that essential functions of Rasl and Ras2 in yeast
cell physiology may include more than just the provision of 3,5’ -cAMP.

Given the close juxtaposition of the RBD to the CRIM domain in Avol, one could argue that the binding of
Ras2 may occlude substrate binding and serve to negatively regulate TORC2 function; alternatively, upon
exposure of both the RBD and the CRIM domain by binding of the Avol PH domain to PtdIns4,5P2 in the
membrane, the binding of Ras2 to the RBD may help stabilize the open state and enhance substrate association
with the CRIM domain. To distinguish between these possibilities, we constructed functional alleles of Ras2
containing the AID* degron expressed as the sole source of Ras in rasiA cells. We found, first, that upon
auxin-induced degradation of Ras2-AID*, phosphorylation of the TORC2 sites in Ypkl, the primary down-
stream substrate, was markedly diminished concomitant with the extent of Ras2-AID* depletion and TORC2
subunits were shunted to the vacuole (Roelants, E.M., Bonnar, J.L., Tiu, R.A.-Y., Thorner, J., unpublished data).
Conversely, overexpression of Ras2 stimulated phosphorylation of Ypkl at its TORC2 sites. These findings
suggest that, in yeast, Ras2 is a positive effector of TORC2 and may help stabilize its association with the
plasma membrane, given that Ras2 is plasma membrane-anchored via both S-farnesylation [103] and
S-palmitoylation [104] of its C-terminal -CCaaX box.

We also uncovered a previously uncharacterized interplay between the Rab5 GTPases and TORC2 signaling
through our analysis of Mukl, one of two Rab5-specific guanine nucleotide exchange factors in S. cerevisiae
[59]. We demonstrated, first, that Mukl is a direct physiologically relevant target of TORC2-activated Ypkl
and that Ypkl-mediated phosphorylation of Mukl activates its guanine nucleotide exchange activity. Second,
and unexpectedly, we found that the GTP-bound state of Vps21/Ypt51 (one of the three yeast Rab5 isoforms)
physically associates with Tor2 and acts as a direct positive effector required for full TORC2 activity. Our mod-
eling [105] suggests that Rab5 would be accommodated within the same pocket in Tor2 in TORC2 that the
small GTPase RHEB occupies in mTOR to activate mTORC1 [106]. This TORC2-Ypk1-Muk1-Rab5-TORC2
circuitry provides, on the one hand, a self-reinforcing mechanism for sustained up-regulation of TORC2-Ypkl
signaling. On the other hand, given the function of Rab5 in promoting the formation of early endosomes
[107-109], this regulatory loop also permits the mobilization of TORC2 via its internalization and hence its
broader dispersal in the cell and, ultimately, its trafficking to the vacuole and inactivation. Likewise, down-
regulation of TORC2 via endocytosis could also explain a report that two protein kinases (Arkl and Prkl)
involved in controlling the assembly and function of plasma membrane-associated so-called actin patches (sites
of clathrin-mediated endocytosis) appear to modulate TORC2 signaling [110], as discussed further below.

Quite recently, it has been reported that the RICTOR subunit of mTORC2 physically associates with ARF1
and that ARFI negatively regulates mTORC2 function [111]. In yeast, however, such an interaction seems
unlikely because the bulk of TORC2 in exponentially growing cells under normal nutrient conditions is at the
plasma membrane [29,51,59], whereas Arfl is localized to the Golgi body and never at the PM [112,113].
Moreover, given the dynamics of TORC2 internalization and uptake into the vacuole, any encounter with Arfl
could only be transit, at best.

Ypk1 is the essential downstream effector of TORC2

Stimuli that activate TORC2 include inhibition of sphingolipid biosynthesis [52,114], hypotonic conditions
[52,53], heat stress [115], and exposure to a high exogenous concentration of a weak organic acid [116]. The
primary direct substrates of TORC2 are the AGC family protein kinase Ypkl and its paralog Ypk2. Cells
lacking both Ypkl and Ypk2 are inviable under all conditions [68]. Within the human kinome, the kinase
domain of Ypkl shares the greatest homology with that of SGK1 (57% identity) and functional expression of
SGK1 cDNA in yeast rescues the lethality of ypklA ypk2A double mutant cells, whereas functional expression
of cDNAs for other closely related mammalian AGC kinase family members (e.g. AKT1) does not [117]. In
fact, the heterologous expression of AKT1 in S. cerevisiae is deleterious [118].

Under normal growth conditions, Ypkl is the major isoform [84] because YPK2 expression is controlled
mainly by three consensus binding sites (TTC(N),_3GAA) for heat shock transcription factor (Hsfl) at —497,
—404, and —104 from its ATG initiator codon [68] and is strongly induced by heat stress [119], whereas YPK1
expression appears to be controlled by the C2H2 zinc finger family transcription factor Com2 [120,121]. Thus,
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YPK1 ypk2A mutant cells manifest no detectably deleterious phenotypes, whereas ypkIA YPK2 mutant cells
exhibit a cold-sensitive phenotype [68] because YPK2 expression becomes more and more limited the lower the
temperature, due to the aforementioned means by which its expression is regulated. There is some indirect evi-
dence that another S. cerevisiae AGC family kinase, Pkcl (mammalian ortholog is PKN2/PRK2), may also be a
substrate for TORC2 [122,123]. However, unlike TORC2-deficient cells, pkclA cells are viable, albeit slow-
growing unless provided with an osmotic support in the medium [124]. Most significantly, the expression of a
constitutively-active allele of Ypkl, Ypk1(D242A) (see further below), rescues the inviability of tor2” mutant
cells at the restrictive temperature [114], is able to bypass the need for TORC2-mediated phosphorylation at its
TORC?2 sites [67], and is able to rescue the inviability of loss-of-function mutations in each of the otherwise
essential core subunits of TORC2 [29]. Similarly, a corresponding constitutively active allele of Ypk2, Ypk2
(D239A), rescues the inviability of avo3" mutant cells [125]. Collectively, these findings demonstrate that the
critical physiological target of TORC2 that is essential for maintaining yeast cell viability is Ypkl.

Structure and regulation of Ypk1

As a prerequisite for its basal activity, Ypkl requires phosphorylation of its activation loop (T-loop) on T504
(Figure 3A). This phosphorylation is installed by the eisosome-localized protein kinase Pkhl and, to a lesser
extent, by its paralog Pkh2 [68,126]. The kinase domain of Pkhl most resembles within the human kinome
that of 3-phosphoinositide-dependent protein kinase 1 (PDK1) and, correspondingly, the expression of a mam-
malian PDK1 cDNA rescues the inviability of a pkhIA pkh2A double mutant [117]. Under stress conditions
that activate TORC2, Ypkl activity is markedly stimulated via TORC2-mediated phosphorylation of five resi-
dues at its extreme C-terminal end (Figure 3A) [67,114,126], and this up-regulation is required for the main-
tenance of cell viability under those same stress conditions. Likewise, corresponding C-terminal residues in
Ypk2 are phosphorylated in a TORC2-dependent manner [67,127].

Ypkl is located both at the plasma membrane and in the cytosol [68,128]. Based on sequence gazing alone,
however, Ypkl and Ypk2 appeared to lack any identifiable lipid-binding fold that might mediate membrane
association. Moreover, it was difficult to explain how a single point mutation, Ypk1(D242A) [29,67,114], and
its equivalent (D239A) in Ypk2 [127], is able to confer apparently constitutive and TORC2-independent activ-
ity. Remarkably, in the absence of any crystal structure for these enzymes, the AlphaFold2 algorithm strongly
predicts in both proteins an elaborately folded domain (in Ypkl, residues G118-to-P341) located in the
N-terminal segment (Figure 3B). Most strikingly, comparison of this domain fold to experimentally determined
structures using the Dali server [129,130] reveals that its B-sandwich component very strongly resembles C2
domains, a well-characterized class of phospholipid-binding folds [131], with the addition of an a-helical insert
or outrigger whose primary sequence is interwoven with the B-strands of the C2-like portion. In contrast, the
Dali server was unable to align the o-helical portion with any other known structure; it may simply buttress
and stabilize the fold of the C2-like portion. Some C2 domains require Ca** for phospholipid head group rec-
ognition [131,134], but the residues located in the loops interconnecting the B-strands that are typical of that
Ca®*-dependent class appear to be absent from the Ypkl C2-like fold; however, there is a clear positively-
charged pocket, centered around Arg335, that could readily accommodate the head group of an anionic lipid
and whose occupancy by lipid would be incompatible with the packing of this N-terminal domain against the
kinase domain (Figure 3B).

The first inkling that something in the N-terminal extension upstream of the kinase domain served as a
negative regulatory element was that an N-terminal truncation allele, Ypkl(A2-336), dubbed Ypkl-AN, when
overexpressed from the GALI promoter, killed cells, whereas full-length Ypkl overexpressed in the identical
fashion and to the same degree was innocuous [68]. These findings suggested that Ypkl-AN was hyperactive
and phosphorylating inappropriate substrates. In agreement with that conclusion, when a kinase-dead variant
(K376A) of Ypkl-AN was overexpressed, or Ypkl-AN was overexpressed in pkhIA cells (to prevent its efficient
activation loop phosphorylation and thus squelch its catalytic competence), it was no longer toxic, indicating
that indeed it was the hyperactivity of Ypkl-AN as a functional protein kinase that was responsible for killing
the cells. Similar behavior for Ypk2-AN was observed, with Pkh2 mainly responsible for its activation loop
phosphorylation [68,127].

The second piece of experimental evidence that defined the N-terminus of Ypkl as a negative regulatory
domain was our isolation of Ypk1(D242A) as an allele that totally bypassed the need for TORC2-mediated
phosphorylation [29,67,114]. The fact that Ypk1(D242A) is able to rescue even the inviability of cells deficient
in Mss4 [29], the sole PtdIns4P 5-kinase responsible for all PtdIns4,5P2 synthesis in S. cerevisiae [135], suggests
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Figure 3. Ypk1 structure and regulation.

(A) Schematic depiction of Ypk1 primary structure. N-terminal regulatory domain (light blue); catalytic domain (black); and,
C-terminal regulatory domain (dark blue). LX, low complexity sequence predicted by UniProt [132], SMART [133] and
AlphaFold2 [43] databases; AL, Pkh1 site (T504) in activation loop; TORC2 sites: TM, classical turn motif (S644); HM, classical
hydrophobic motif (T662); and additional positions (S653, S672, S678); S51 and S71, two, N-terminal sites phosphorylated by

Fpk1 and paralog Fpk2. (B) Predicted three-dimensional fold of Ypk1 in the presumed ‘closed’ conformation

(AF-P12688-F1-model_v2.pdb); features highlighted as in the color key shown beneath. See also Supplementary Movie S1 for

animation. (C) Close-up of predicted contacts made by Asp242.

that one anionic lipid normally recognized by the C2-like domain in Ypkl might be PtdIns4,5P2. It is espe-
cially noteworthy that D242 is located on a B-strand of the C2-like domain that is packed tightly against the
upper lobe of the kinase domain in Ypkl in a pocket situated between the phosphate anchor loop
(-G-x-G-x-x-G>*°-) and the conserved active-site Lys motif (-ALK®®.), where the oxygen atoms of D242 are

H-bonded to K366, Thr369, and Y373 (Figure 3C).
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Taken together, these observations raise the following speculative model for how TORC2-mediated phos-
phorylation stimulates Ypkl function. First, as in other protein kinases, phosphorylation at T504 stabilizes the
enzymically competent state if P-T504 is able to form a salt bridge with a conserved Arg in the catalytic loop
(-YR**DLKPEN-). However, association of the C2-like fold with the upper lobe of the kinase domain imposes
a conformational constraint that precludes the kinase fold from attaining its catalytically competent state. It is
also possible that the immediate N-terminus of Ypk1 sterically occludes its active site (Figure 3B), although the
prediction for that interaction is rather weak. If so, conformation changes accompanying the activation process
must swing the N-terminus out of the way. TORC2 action alleviates the conformational constraint imposed on
the kinase domain by the C2-like domain via phosphorylating several sites in the C-terminal tail of Ypkl
because one or more of those negatively charged phospho-sites competes with D242, thereby displacing it,
freeing the C2-like fold now to bind instead to the plasma and endoplasmic reticulum (ER) membranes (and
likely swinging the immediate N-terminus away, so it no longer blocks the active site). Moreover, release from
its previously imposed conformation constraint, concomitantly permits the kinase domain to assume its catalyt-
ically active state. Given that the predicted structure indicates that D242 is a linchpin of the interaction between
the C2-like fold and the upper lobe of the kinase domain (Figure 3B,C), this scenario provides a ready explan-
ation for how the D242A mutation ablates the inhibitory constraints and allows Ypkl to access its catalytically-
competent conformation without the need for TORC2-mediated phosphorylation.

Recently, based mainly on work analyzing the role of mTORC2 in promoting the function of mammalian
PKCBII, a previously uncharacterized mTORC2 phospho-acceptor Thr site located just distal to the kinase fold
and fitting the consensus -FD-x-x-FT-, dubbed the “TOR interaction motif (TIM), was identified [136]. It was
further proposed by these investigators that mTORC2-mediated phosphorylation of the TIM acts as the first
and rate-limiting step in PKC activation by facilitating subsequent PDK1-mediated activation loop phosphoryl-
ation, followed by hydrophobic motif (HM) modification via intramolecular autophosphorylation (rather than
by mTORC2 per se), resulting in fully active PKC [137,138]. As pointed out by others [39], this model raises at
least some red flags. First, the TIM sequence in the AKT and SGK members of the AGC family kinases is also
required for their binding to the CRIM domain of mSIN1 for their presentation to mTORC2. In light of the
available structural information about mTORC2 [17,18,20], it is difficult to envision how TIM could be phos-
phorylated by mTORC2 while remaining bound to mSINI1. In addition, the TIM sequence lies within an
o-helix, which, unless somehow unfolded, should not be able to fit into the catalytic cleft in mTOR.
Furthermore, it has been observed experimentally for PKC and AKT that the T-loop can still be phosphory-
lated by PDK1 in mTORC2-deficient cells and, conversely, that the HM can still be phosphorylated in cells
lacking PDK1, suggesting that T-loop and HM phosphorylation are independent, rather than sequential and
interdependent, events [139-142].

Indeed, in this same regard, a Thr residue in the equivalent location and in the same sequence context as the
proposed TIM is present in Ypkl (and Ypk2). Despite its conservation, however, we had no evidence from
either mass spectrometry or Phos-tag™ gel analysis [143] of native Ypkl and derived phospho-site mutants
that the corresponding residue is phosphorylated [67]. Moreover, the C-terminal 78 residues of Ypkl (603-
680) fused to the C-terminus of Escherichia coli maltose-binding protein (MBP), which obviously lacks the
catalytic domain of Ypkl, serves as an effective substrate for immuno-purified TORC2 and, thus, phosphoryl-
ation of the TM, HM, and other TORC?2 sites in Ypkl need not occur via autophosphorylation. Finally, all of
our prior work supports the conclusion that phosphorylation of T504 in Ypkl by Pkhl and TORC2-mediated
phosphorylation of the C-terminal sites in Ypkl are independent of each other [2]. Nonetheless, to be fair, the
role, if any, of the putative TIM Thr (T637) in Ypkl has not yet been directly interrogated by mutagenesis or
other means.

Functions of Ypk1
The phospho-acceptor site specificities of Ypkl and SGK1 are virtually identical and have been defined by the
use of the purified enzymes and, as in vitro substrates, peptides, unbiased random peptide libraries, protein
fragments and, in some cases, full-length proteins [2,59,117,144-146]. Based on those findings and character-
ization of authentic in vivo substrates, the optimal consensus is -R-x-R-x-x-S > T-(Hpo)-, where (Hpo) at the
+1 position indicates a distinct preference for a hydrophobic (or uncharged) residue, and the residues at the —2
and —4 positions are also often basic [2,147], but it is not essential that they be so.

There is also some experimental evidence [148] that Ypkl may select its highest-affinity substrates in a
manner similar to that first observed for PKA, wherein preferred sites bind in the catalytic pocket (via their

1 926 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).


https://creativecommons.org/licenses/by-nc-nd/4.0/

Biochemical Journal (2022) 479 1917-1940

L)
https://doi.org/10.1042/BCJ20220388 ...

phospho-acceptor motif) with the residues immediately upstream binding within a prominent groove that
extends from the active site across the lower lobe of the kinase domain [149,150] (as opposed, for example, to
utilizing for substrate association either joint binding of kinase and substrate to a scaffold protein [151,152], or
the presence in the kinase structure of a separate substrate ‘docking groove’ distant from the active site, as is
the case for recognition of substrates by their cognate MAPKs [153,154]).

At least for Ypkl, it is noteworthy that substrates for which their Ypkl-mediated phosphorylation has been
demonstrated to have a physiological impact are either integral plasma membrane proteins (e.g. aquaglycero-
porin Fpsl), or peripheral plasma membrane proteins (e.g. protein kinase Fpkl; protein kinase Akll;
o-arrestins Rodl/Art4 and Aly2/Art3), or integral membrane proteins of the cortical ER (e.g. tetraspanins
Orml and Orm2; ceramide synthase subunits Lacl and Lagl), or located at ER-plasma membrane contact sites
(e.g. retrograde sterol transporters Lam2/Ysp2 and Lam4) (Figure 4). This repertoire of substrates is consistent
with the posited role of the C2-like domain in targeting activated Ypkl to cell membranes by binding to an
anionic lipid.

Comprehensive reviews are available that describe the various experimental strategies that have been used to
identify physiologically relevant substrates of Ypkl and that discuss what information has been gleaned about
how Ypkl-mediated phosphorylation controls their function [2,155]. Hence, those findings will be summarized
only briefly here before turning to more recently uncovered and characterized targets of Ypk1.

Control of the leaflet lipid composition of the plasma membrane bilayer

The first bona fide targets of Ypkl discovered were Fpkl and Fpk2/Kin82 [156], two paralogous protein kinases
that exhibit cell cycle-dependent recruitment to the site of bud emergence and cytokinesis [157]. Fpkl and
Fpk2 phosphorylate and stimulate three, closely related, integral plasma membrane proteins (Dnfl, Dnf2, and
Dnf3) [158], which are P-type ATPases (class IV) that function as aminoglycerophospholipid flippases, translo-
cating lipid clients from the outer leaflet to the inner leaflet of the plasma membrane bilayer [159]. Ypkl phos-
phorylates three consensus sites within the N-terminal regulatory domain of Fpkl (893 residues) and one
consensus site in the N-terminal segment of the significantly shorter Fpk2 (720 residues) (also, Fpkl is five
times more abundant than Fpk2 [84]). This Ypkl-mediated phosphorylation markedly inhibits Fpkl (and
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Figure 4. Ypk1 is a master regulator of plasma membrane lipid and protein homeostasis.
Phosphorylation events (lines) that evoke a positive stimulatory effect on the indicated substrate(s) (green) and those that
impose a negative inhibitory effect on the indicated substrate(s) (red) are shown. See text for additional details.

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).

PORTLAND
PRESS

1927


https://creativecommons.org/licenses/by-nc-nd/4.0/

. PORTLAND Biochemical Journal (2022) 479 1917-1940
..‘ PRESS https://doi.org/10.1042/BCJ20220388

Fpk2) function [156]. Thus, stimuli that activate TORC2-Ypkl signaling negatively regulate flippase function,
down-regulating the rate of inward aminoglycerophospholipid movement (mainly PtdEth [160], but also
PtdCho [161,162] and PtdSer [163]) by inhibiting the ability of Fpkl (and Fpk2) to phosphorylate and thereby
stimulate the flippases.

However, there is an interesting reciprocal relationship between these two classes of protein kinases. Fpkl
phosphorylates Ypkl at two N-terminal sites (S51 and S71) [156] well upstream if its C2-like domain (118-
341) (Figure 3); it is less clear how such modification affects Ypkl function, but it is likely inhibitory. In
Schizosaccharomyces pombe, it has been reported that N-terminal phosphorylation of Gad8 (ortholog of S. cere-
visiae Ypkl) by another protein kinase prevents the physical association of Gad8 with TORC2, decreasing
TORC2-mediated phosphorylation of its HM (Ser546), thereby reducing TORC2-mediated activation of Gad8
[164]. Hence, it is tempting to speculate that, in the same way, Fpkl-mediated phosphorylation of Ypkl is a
negative feedback mechanism to dampen the TORC2-mediated activation of Ypkl. Alternatively, placing two
negative charges at its N-terminus could prevent efficient recruitment of Ypkl to the membrane, thereby
impeding its access to substrates. In any event, this interrelationship means that another outcome of stimuli
that evoke TORC2-Ypkl signaling is that not only will Ypkl-dependent phosphorylation of Fpkl increase, but,
given that Ypkl-mediated phosphorylation of Fpkl inhibits its function, Fpkl-mediated phosphorylation of
Ypkl will decrease. In this same regard, it is noteworthy that Fpkl activity in vivo depends, not only on escape
from Ypkl-mediated inhibition, but also on the presence of a complex sphingolipid, namely
mannosyl-inositolphosphoryl-ceramide (MIPC) [156,157], although whether MIPC is a direct allosteric activa-
tor of Fpkl or acts via a more indirect mechanism has not been elucidated.

Overall, as a logic circuit, the mutual inhibition exerted by Ypkl on Fpkl and, likely, by Fpkl on Ypkl,
makes physiological sense in two ways. First, because one of the primary functions of TORC2-Ypk1 signaling is
to up-regulate the production of complex sphingolipids (as discussed further below), when the supply of cellu-
lar sphingolipids is adequate, Ypkl action is no longer needed for that purpose. Given that MIPC promotes
optimal Fpkl function, its phosphorylation of Ypk1 likely serves as a rheostat to adjust the level of Ypkl activ-
ity to meet the demands of the cell for sphingolipids in a finely tuned manner. Second, the interplay between
Ypkl and Fpkl provides a mechanism to couple the rate of aminoglycerophospholipid removal from the outer
leaflet of the plasma membrane bilayer to the rate of synthesis of complex sphingolipids [165], another compo-
nent of the outer leaflet. The more MIPC available, the faster the internalization of outer leaflet PtdEth,
PtdCho and PtdSer. Maintaining this balance in 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 pro-
blems in the vesicle-mediated transport of proteins in both the endocytic and exocytic pathways [166], in the
non-vesicular trafficking of sterols [167], and in maintaining the axis of polarized growth through effects on
the efficiency with which the small GTPases Cdc42 [168,169] and Rhol [170] are recruited to the plasma
membrane [168,169]. Conversely, it has been claimed recently that PtdSer, Cdc42, and Plcl (a
PtdIns4,5P2-specific phospholipase C) are all involved, by molecular mechanisms not elucidated, in the activa-
tion of TORC2 activity upon treatment of cells with non-physiological concentrations of a toxic aldehyde,
methylglyoxal [171].

Regulation of integral plasma membrane protein endocytosis

Early observations had implicated Ypkl action in the control of endocytosis [172]. Indeed, another remarkable
consequence of Ypkl-mediated inhibition of Fpkl is that it affects Fpkl control of yet another protein kinase,
AKI1 (1108 residues). Akll phosphorylates and inhibits several proteins necessary for the assembly and function
of so-called actin patches [157,173], which are sites of clathrin-mediated endocytosis [174,175]. Fpkl-mediated
phosphorylation of two conserved C-terminal sites in Akll inhibits its function [157]. Thus, under normal
growth conditions, Fpkl-mediated inhibition of Akll prevents it from interfering with endocytosis. However,
stimuli that elicit TORC2-Ypkl signaling will down-regulate Fpkl-mediated inhibition of Akll, thereby pro-
moting Akll-mediated phosphorylation and inhibition of the actin patch proteins. In this way, under stressful
conditions that debilitate the plasma membrane and activate TORC2-Ypkl, endocytosis is impeded, a response
that presumably assists in preserving membrane function when its integrity is most at risk.

Strikingly, Ypkl also controls endocytosis in a manner independently from its regulation of Fpkl. Ypkl
phosphorylates and negatively regulates endocytic adaptors of the o-arrestin family, including well-established
Ypkl targets Rod1/Art4 and Aly2/Art3 [145,176]. The o-arrestins promote the internalization of nutrient per-
meases and other classes of integral plasma membrane proteins via the recruitment of the ubiquitin ligase (E3)
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Rsp5 (mammalian ortholog NEDDA4L) [177]. In fact, of the 14 recognized o-arrestins encoded in the S. cerevi-
siae genome, ten of them possess at least one consensus Ypkl site (Rodl has two and Aly2 has four).
Demonstrated clients of Rodl include the GPCR Ste2 [178], the lactate transporter Jenl [179], and glucose
transporters Hxtl, Hxt3, and Hxt6 [180,181]. TORC2 also controls glucose transporter endocytosis in fission
yeast [182,183]. For Aly2, documented clients include GPCR Ste3 [184], aspartate/glutamate transporter Dip5
[185], general amino acid permease Gapl [186,187], the proline transporter Put4 [188], the arsenite transporter
Acr3 [189], and the glycerophosphoinositol transporter Gitl [190].

So, overall, under stressful conditions (such as sphingolipid limitation, heat shock, or hypotonic conditions)
that threaten plasma membrane integrity and activate TORC2-Ypk1 signaling, plasma membrane function will
not be further compromised by endocytic removal of integral membrane proteins because Ypkl action both
blocks a-arrestin function and prevents Fpkl from inhibiting Akll. Conversely, upon hypertonic shock, where
TORC2-Ypkl signaling is shut off rapidly [49-51], plasma membrane proteins can be removed as part of the
clearance of the ‘excess’ membrane created by cell shrinkage because o-arrestins remain fully functional and
Fpkl is able to prevent Akll from acting. Thus, by these mechanisms, TORC2-Ypk1 signaling adjusts the rate
of endocytosis to meet the needs of the cell.

Control of sphingolipid biosynthesis

Ypkl also phosphorylates and negatively regulates Orm1 and Orm2 [114,191], which are ER-localized tetraspa-
nins [192,193] that inhibit the heterotrimeric enzyme (Lcb1-Lcb2-Tsc3) that catalyzes the first step unique to
sphingolipid biosynthesis, namely L-serine:palmitoyl-CoA acyltransferase [194,195], thereby generally increas-
ing flux into this metabolic pathway. It appears that Ypkl-mediated phosphorylation down-regulates Orm?2
(and presumably Orml) primarily by promoting Orm2 export from the ER, followed by its subsequent
endosome- and Golgi-associated degradation [196].

In addition, and equally as important, Ypkl phosphorylates and stimulates the catalytic subunits of the
ER-localized heterotrimeric ceramide synthase (Lacl-Lagl-Lipl) [145,197], thereby ensuring that pathway
up-regulation results in the efficient production of its complex sphingolipid end products. In fact, one of the
most potent means to stimulate TORC2-mediated phosphorylation and activation of Ypkl is to treat yeast cells
with antibiotics that inactivate enzymes in the sphingolipid biosynthetic pathway, in particular myriocin (a
transition state analog that potently blocks L-serine:palmitoyl-CoA acyltransferase [198]) [114] or Aureobasidin
A (a compound that efficiently inhibits phosphatidylinositol:ceramide phosphoinositol transferase/IPC synthase
[199]) [59].

Recently, a high-content microscopy screen identified Cvm1 as a protein located at sites where the mem-
brane of the yeast vacuole (which, it should be recalled is the equivalent of a mammalian lysosome [200,201])
contacts three other organelles: mitochondria; peroxisomes; and, the ER emanating from the nuclear envelope
[202]. Changes in the level of Cvml alters the levels of multiple sphingolipid classes, which can reduce the tol-
erance of yeast cells to various environmental stresses [203], and the contact sites containing Cvml are elevated
when sphingolipid production is compromised [202]. The central segment of Cvml (residues 244-558) has a
strongly predicted homology to the o—B hydrolase fold. Members of this protein superfamily include lipases
and esterases [204], possibly explaining how Cvml influences the spectrum of sphingolipid species [205]. It
was also claimed, on the basis of the effect of Cvml loss and overproduction on Orml phosphorylation
assessed by very modest gel mobility shifts [202], that this protein is necessary to elicit the sphingolipid-sensing
TORC2-Ypkl signaling pathway. However, it was not directly tested whether, for example, the absence of
Cvml prevents the myriocin-induced and Ypkl-dependent phosphorylation of Orml or any other well-
characterized Ypk1 substrate.

In this same regard, it has also been reported recently that, using a Tet " strategy to deplete cells of the cer-
amide synthase regulatory subunit Lipl by addition of doxycyclin and thereby eventually cripple sphingolipid
production, TORC2-Ypkl signaling was activated. leading to hyperphosphorylation of Lagl, but without con-
comitant hyperphosphorylation of Orm1, despite the fact that both proteins are integral membrane proteins of
the ER membrane [206]. A mechanistic explanation for this differential effect was not provided; however, Lip1l
depletion requires a protracted period of time and, in the absence of Lipl, the structure of the complex will be
disrupted and, once phosphorylated, perhaps Lagl phospho-sites are more resistant to counteracting phosphat-
ase action than those in Orml. In fact, Lagl seems to be dephosphorylated by calcineurin/PP2B [125,145,197],
whereas Orm1 appears to be dephosphorylated by both PP2A [115] and calcineurin [196].

OFF
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Regulation of intracellular glycerol concentration

Ypkl phosphorylates and negatively regulates Gpdl [49], one of two NADH-dependent dehydrogenases that
reduce dihydroxyacetone-phosphate to sn-glycerol-3-phosphate (glycerol-3P). Under normal growth conditions,
glycerol-3P serves [via its fatty acylation at the sn-1 and sun-2 positions to generate phosphatidic acid (PtdOH)]
as the essential precursor to all glycerophospholipids. PtdOH is converted into the various glycerophospholipid
species via two main routes, the CDP-diacylglycerol (DAG) pathway and an alternative DAG-dependent route
(Kennedy pathway), as described in detail elsewhere [207,208]. Alternatively, DAG can be esterified with a
third fatty acyl group on its sn-3 hydroxyl to generate triacylglycerol that is stored in lipid droplets [209,210].

However, when a yeast cell is subjected to the stress of being placed in hypertonic conditions, glycerol-3P
has a totally different fate—it is dephosphorylated to glycerol by two phosphatases (Gppl/Rhr2 and Gpp2/
Horl) whose cognate genes are also up-regulated upon hyperosmotic stress [211]. Generation of high internal
glycerol is the strategy S. cerevisiae has evolved to provide a sufficient concentration of an innocuous intracellu-
lar osmolyte to combat the loss of water [212,213]. This response is dubbed the HOG (high osmolarity gly-
cerol) pathway and its primary downstream effector is the MAPK Hogl, whose action controls many of the
processes needed to cope with hyperosmotic stress, including induction of the expression of appropriate genes
[212,213]. The main route for efflux of the accumulated glycerol is through the aquaglyceroporin channel Fpsl
[214] and Ypkl phosphorylation of Fpsl at three sites is necessary to maintain this channel in its open state [50].

The logic of how Ypkl-mediated phosphorylation regulates Gpdl and Fpsl makes clear physiological sense
in light of the need to respond immediately when a yeast cell is suddenly switched from isotonic to hypertonic
conditions. Gpdl, which is found in the cytosol and inside peroxisomes, is kept inactive via phosphorylation
by Ypkl at a site just upstream of its catalytic domain. When cells are subjected to hyperosmotic shock,
however, TORC2-Ypkl signaling is dramatically and very rapidly decreased (in less than 1 min) [49-51]. Thus,
under conditions were glycerol-3P is needed for glycerol production, Ypkl-mediated inhibition of Gpdl func-
tion is quickly alleviated. This effect is subsequently further potentiated by the fact that, upon hyperosmotic
stress, GPDI mRNA and protein expression are markedly up-regulated in a Hogl-dependent manner [215],
allowing the level of glycerol-3P for glycerol production to ramp up. Yet, glycerol will only accumulate inside
the cell if the aquaglyceroporin Fpsl closes. Indeed, upon hyperosmotic shock, where TORC2-Ypk1 signaling
is rapidly decreased, Ypkl-mediated phosphorylation of Fpsl is rapidly lost, causing channel closure and gly-
cerol accumulation, enhancing survival under hypertonic stress [50]. Another mechanism for channel closure
has also been uncovered that involves Hogl-mediated phosphorylation and displacement of two positive
channel regulators, the BAR domain- and PH domain-containing proteins Rgcl and Rgc2/Askl10 [216].
However, given that full Hogl activation takes significantly longer (at least 5 min) and given that the Fpsl
channel still closes in response to hyperosmotic shock even in hoglA cells [217,218], the loss of its
Ypkl-mediated phosphorylation appears to be the predominant mechanism for blocking Fpsl-mediated gly-
cerol efflux.

Thus, overall, inactivation of TORC2-Ypkl signaling upon hyperosmotic shock has two co-ordinated conse-
quences that work synergistically to facilitate 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 Hogl. First, loss of TORC2-Ypkl signaling alleviates inhibition of Gpdl [49], which com-
bined with eventual Hogl-stimulated transcriptional induction of GPDI, GPP1, and GPP2, greatly increases the
rate of glycerol production. Second, and concomitantly, the loss of TORC2-Ypkl1 signaling rapidly closes the
Fpsl1 channel [50], thereby allowing the glycerol produced to be retained by the cell.

Control of retrograde sterol transport

In our combined bioinformatic-genetic-biochemical approach for conducting a proteome-wide screen for
potential new high-confidence substrates of Ypkl [2,145], Ysp2 (also known as Lam2/Ltc4) was identified as a
likely physiologically relevant target. Shortly thereafter, Lam2/Ysp2 was shown to be one of a new family of
sterol-binding StART-like (also called StARkin) domain-containing proteins located at plasma membrane-ER
contact sites [219]. We then documented that Lam2/Ysp2 and its paralog Lam4/Ltc3 are authentic Ypkl sub-
strates in vivo and demonstrated using both genetic and biochemical criteria that Ypkl-mediated phosphoryl-
ation inhibits the ability of Lam2 and Lam4 to promote retrograde transport of sterols (specifically, ergosterol,
which performs the equivalent role in fungal membranes that cholesterol does in animal cell membranes [220])
from the PM back to the ER [221]. We further found that, under the membrane-perturbing conditions known
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to activate TORC2-Ypkl signaling, retention of sterol in the plasma membrane promotes cell survival, thus
defining the underlying molecular basis of a new regulatory mechanism for cellular response to plasma mem-
brane stress [221].

All six of the membrane-tethered sterol-binding Lam/Ltc proteins localize at junctions between the ER mem-
brane and other cellular organelles; however, only Lam2/Ysp2 and Lam4 localize to ER-plasma membrane
contact sites. Given our findings [211] that Ypkl-mediated phosphorylation of Lam2 and Lam4 inhibits their
function in retrograde sterol transport, we sought to understand the mechanism of this negative regulation. We
found [222], in agreement with a prior study [58] that, at ER-plasma membrane contact sites, Lam2 and Lam4
associate with two paralogous B-propeller (WD40 repeat) proteins Lafl/Ymr102c¢ and Dgr2/Ykl121w, one of
which was detected as a sterol-binding protein [223]. Using fluorescent tags, we showed that Lam2 and Lam4
remain at ER-plasma membrane contact sites when Lafl and Dgr2 are absent, whereas neither Lafl nor Dgr2
remain at ER-plasma membrane contact sites when Lam2 and Lam4 are absent [222]. Furthermore, loss of
Lafl (but not Dgr2) impeded retrograde ergosterol transport, and a lafIA mutation did not exacerbate the
transport defect of lam2A lam4A cells, indicating a shared function. We demonstrated that Lam2 and Lam4
bind Lafl and Dgr2 in vitro in a pull-down assays, and that the PH-like domain in Lam2 hinders its interaction
with Lafl [222]. Most tellingly, Lam2 phosphorylated by Ypkl, or Lam2 with phosphomimetic (Glu) replace-
ments at its Ypkl phospho-acceptor sites, exhibited a marked reduction in Lafl binding [222]. Thus, at least
one mechanism by which Ypkl-mediated phosphorylation impedes Lam2 function and inhibits retrograde
sterol transport is via blocking its interaction with Lafl at ER-plasma membrane contact sites.

Regulation of stability and localization of mRNAs encoding integral membrane

proteins

In our unbiased proteome-wide screen for targets of the TORC2-stimulated protein kinase Ypkl, we also iden-
tified the paralogs Pufl/Jsnl and Puf2 as high-confidence substrates [2,145]. Pufl and Puf2 are members of the
Puf family of RNA-binding proteins, which typically associate via their Pumilio homology domain with specific
short motifs in the 3’-UTR of an mRNA and thereby influence the stability, localization and/or efficiency of
translation of the bound transcript [224,225]. Remarkably, consistent with all of the studies discussed above
documenting that a primary physiological role of TORC2-Ypkl signaling in yeast is homeostatic maintenance
of the components of the plasma membrane, prior work by others had demonstrated that Pufl and Puf2
exhibit a marked preference for interaction with mRNAs encoding plasma membrane-associated proteins,
including integral membrane proteins [226,227]. Indeed, we were able to show, first, that both Pufl and Puf2
are authentic Ypkl substrates both in vitro and in vivo [228]. Second, we found that fluorescently tagged Pufl
localizes constitutively in cortical puncta closely apposed to the plasma membrane, whereas Puf2 does so in the
absence of its Ypkl phosphorylation, but is dispersed in the cytosol when phosphorylated [228]. We further
demonstrated that Ypkl-mediated phosphorylation of Pufl and Puf2 up-regulates the production of the
protein products of the transcripts to which they bind, with a concomitant increase in the level of the cognate
mRNAs [228]. Thus, Ypkl phosphorylation relieves Pufl- and Puf2-mediated post-transcriptional repression
mainly by counteracting their negative effect on transcript stability. Moreover, using a heterologous protein-
RNA tethering and fluorescent protein reporter assay, the consequence of Ypkl phosphorylation in vivo was
recapitulated for full-length Pufl and even for N-terminal fragments (residues 1-340 and 143-295) corre-
sponding to the region upstream of its dimerization domain (an RNA-recognition motif fold) encompassing its
two Ypkl phosphorylation sites (both also conserved in Puf2) [228]. This latter result suggests that alleviation
of Pufl-imposed transcript destabilization does not obligatorily require dissociation of Ypkl-phosphorylated
Pufl from a transcript. Overall, these findings have added new insight about yet another level by which the
TORC2-Ypkl signaling axis regulates the content of plasma membrane-associated proteins to promote the
maintenance of the integrity of the cell envelope.

Other potential Ypk1 targets

Additional candidate substrates for Ypkl (and Ypk2) have been discussed previously [2,145], but are less well
characterized, in that they have not been shown to be directly phosphorylated by Ypkl either in vitro or in
vivo, and/or the sites of phosphorylation have not been mapped, and/or the phenotypic consequences of pre-
venting phosphorylation at demonstrated Ypkl1 sites have not been examined. Since that time, Ypkl action has
been implicated in other processes [155], but by what specific mechanism is less clear, including preventing
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chromosome fragmentation in response to insults that cause double-stranded DNA breaks [229], suggesting
that lipids other than PtdIns4,5P2 may regulate TORC2 signaling [197], influencing the expression of the gene
encoding Atg8 (mammalian orthologs are GABARAPs) by the transcription factors Msn2 and Msn4 [230],
and affecting the function of the transcription factor Swi4 [231]. It has also been noted that Ypkl is able to
phosphorylate a site (S232) very near the C-terminus of the ribosomal 40S subunit protein Rps6, but its
physiological impact is unclear [232]. Similarly, it has been claimed that Ypkl (as well as Pkcl) phosphorylate
a site (S223) very near the C-terminus of ribosomal 40S subunit protein Rps5 [233]; however, the context of
that site does not match at all the consensus Ypkl phospho-acceptor site. It has also been reported [234] that
TORC2-Ypkl signaling modulates cell size and growth rate through a rather baroque circuitry, perhaps involv-
ing promoting the accumulation of the G1 cyclin Cln3 [235], rather than via all of the other Ypkl-controlled
processes that were explicated in the preceding sections and which, collectively, are all necessary for allowing
the plasma membrane to expand and to maintain its integrity, thereby permitting cell growth and survival.

Thus, in conclusion, it has emerged from studies in S. cerevisiae that TORC2 plays an crucial role in sensing
the status of the plasma membrane and controlling via Ypkl a multitude of reactions and processes that regu-
late plasma membrane lipid and protein composition (Figure 4), thereby ensuring maintenance of plasma
membrane homeostasis under both balanced growth conditions and in response to stresses that might damage
plasma membrane integrity and/or plasma membrane function.

Perspective

 Protein kinases controlled by TOR have emerged as universal, centrally important sensors, integrators, and
controllers of eukaryotic cell growth.

o In human cells, TORC2 dysfunction has been linked to many pathologies, including type 2 diabetes melli-
tus, hepatic steatosis, obesity, many types of cancer, pulmonary fibrosis, systemic lupus erythematosus, and
lifespan.

o Analysis of the TORC2-YpKkl1 signaling axis in yeast has proven to be a valuable model to extract general
principles about the biochemical features and physiological logic of TORC2 signaling.

o In S. cerevisiae, there are many potential Ypkl targets still unexplored and the challenge going forward is to
continue to dissect the complexities of the processes and the extent of the networks through which
TORC2-Ypkl signaling affects cell function and viability.
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