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he PH domain-containing proteins

Slml and Slm2 were originally
identified as substrates of the rapamycin-
insensitive TOR complex 2 (TORC2)
and as mediators of signaling by the lipid
second messenger phosphatidyl-inositol-
4,5-bisphosphate (PI4,5P2) in budding
yeast S. cerevisiae. More recently, these
proteins have been identified as critical
effectors that facilitate phosphorylation
and activation of the AGC kinases Ypkl
and Ypk2 by TORC2.! Here, we review
the molecular basis for this regulation
as well as place it within the context of
recent findings that have revealed SIm1/2
and TORC2-dependent phosphorylation
of Ypk1 is coupled to the biosynthesis of
complex sphingolipids and to their lev-
els within the plasma membrane (PM),
as well as other forms of PM stress.
Together, these studies reveal the exis-
tence of an intricate homeostatic feed-
back mechanism, whereby the activity of
these signaling components is linked to
the biosynthesis of PM lipids according
to cellular need.

Regulation of cell growth in eukaryotic
organisms is controlled in part by the evo-
lutionarily conserved target of rapamycin
(TOR) signaling network. TOR is a large
protein kinase within the PI3 kinase-like
family of protein kinases and functions
within two distinct complexes, termed
TORCI! and TORC2, whereby TORC1
is uniquely inhibited by the immunosup-
pressant rapamycin (recently reviewed in
ref. 2). Several studies have revealed that
an important function for these complexes
is the specific recognition and phosphory-
lation of distinct AGC kinases (named
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for their similarity to mammalian protein
kinases A, G and C).? In mammalian cells,
mTORCI has been shown to recognize
S6K1, while mTORC2 recognizes AKT
(PKB) and SGK.*¢ For AKT and SGK,
plasma membrane (PM) localization has
been found to be a crucial step in their
activation. This is accomplished in part by
the presence of lipid-targeting domains,
where AKT contains an N-terminal pleck-
strin homology (PH) domain and SGKI1,
which differs from other SGK isoforms at
the N terminus, contains a Phox homol-
ogy (PX)-like sequence that regulates its
PM localization.”® Both mTORCI and
mTORC2 phosphorylate residues within
so-called turn and hydrophobic motifs
(TM and HM, respectively).”® For many,
but not all, of these AGC kinases, phos-
phorylation at these sites is necessary for
subsequent phosphorylation at a con-
served serine within their activation loop
(A-loop) by the PDKI kinase.”’

This specificity of the TOR complexes
to recognize distinct AGC kinases extends
to budding yeast, where TORCI has been
shown to specifically phosphorylate Sch9,
the presumptive ortholog of S6K1, whereas
TORC?2 specifically phosphorylates Ypk2,
a presumptive ortholog of Akt and/or
SGK.""!"" We have demonstrated recently,'
as have others,"" that the closely related
Ypk1 kinase is also a specific target of
TORC2. For our studies, we developed a
phospho-specific antibody directed against
the HM site of Ypk1.! Using this antibody,
we observed a decrease in phosphorylation
at the HM site in a strain that harbors a
temperature-sensitive (ts) mutation in the
essential TORC2 component Avo3 fol-

lowing a shift of cells to non-permissive
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Figure 1. SGK rescue of sim1Aslm2A. (A) Strain PLY1357 (sim1AsIm2A pPL421) was transformed
with a control vector (pPL420), pADH-SGK (a generous gift of J. Thorner?®) or pPL422 (pRS-
315Met25-SIm1-3HA), described in reference 1. The resulting transformants were streaked out
onto SCD minus uracil and leucine or onto 5-Fluoroorotic acid (5-FOA) solid agar plates and grown

temperatures. Interestingly, under these
conditions we also observed reduced
A-loop phosphorylation by the Pkh1/2
kinases, orthologs of PKDI, using a phos-
pho-specific antibody directly against this
site. This latter result suggests that phos-
phorylation of Ypkl by TORC?2 increases
its efficiency as a target for Pkh1/2, in sup-
port of a two-step model for AGC kinase
activation.

Both TORC2 and Pkhl1/2 are at, or
within, close proximity to the PM, where
they adopt distinct punctate patterns of
localization. A number of studies sug-
gest further that these kinases associate
with unique membrane environments,
whereby TORC2 associates with what
has been termed the MCT (membrane
compartment  specific for TORC2),
whereas Pkh1/2 associates with the MCC
(membrane compartment specific for the
Canl amino acid transporter).”*" The
MCC is also very closely associated with
eisosomes, large PM-associated protein
complexes that have been proposed to be
involved in PM organization." Thus, to
be phosphorylated and activated, Ypk1/2
must likely interact with these compo-
nents at these specific sites within the PM.
However, unlike AKT and SGKI, there
is no known lipid-targeting motif within
Ypk1/2, and, therefore, how they might
be recruited to these sites of activation
has remained mysterious. To address this
issue, we focused our efforts on two other
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previously identified TORC2 substrates,
namely, the PH domain-containing pro-
teins Slm1 and Slm2. These seemed to be
likely candidates to be involved in Ypk1/2
regulation, because previous findings have
suggested a close correlation between pro-
cesses regulated by Ypkl/2 and Slm1/2,
including maintenance of actin polariza-
tion and sphingolipid metabolism."”'
Moreover, by constructing and character-
izing ATP analog-sensitive (AS) alleles of
Ypkl and Ypk2, we determined that these
kinases negatively regulate a concise set of
stress responsive genes, including genes
regulated by the transcription factor Crzl,
whose activity is positively controlled by
the Ca?*-dependent phosphatase calcin-
ceurin.” This was an important observa-
tion, because previous studies have linked
TORC2 to the regulation of calcineurin
via Slm1/2 by an undetermined mecha-
nism.?* Based on our findings, we hypoth-
esized that SIm1/2 could play an essential
role in the function of Ypk1/2 and provide
a mechanism for negative regulation of
calcineurin.

To better understand the functional
relationship between Ypk1/2 and Slm1/2,
we examined the role of the SIm proteins
in regulating the activity of Ypkl, which
we monitored by measuring phosphory-
lation of the Ypkl target Fpkl. Because
loss of both SIm1 and Slm2 is lethal, we
constructed a strain that was also deleted

for SAC7, the gene encoding the Rhol
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GTPase activating protein (GAP), which
has been shown to suppress the lethality of
a slm1A slm2A strain.'® In this strain lack-
ing SIm1/2, we observed that phosphory-
lation of Fpkl was significantly reduced
compared with WT or slmlA sac7A
cells, suggesting that Ypkl activity is in
fact impaired in the absence of Slm1/2.
Additionally, we examined the phosphor-
ylation state of the A-loop and HM sites
in Ypkl in the absence of SIm1/2 using
the phosphospecific antibodies described
above. Here, we observed decreased phos-
phorylation at both sites, revealing that
Slm1/2 are important for Ypk1 activation.

To test whether the Slm proteins
are required specifically for TORC2-
dependent events, we constructed a
mutant allele of Ypkl, Ypk1P?4, based
on the identification of a similar muta-
tion in Ypk2 that allows cells to live in
the absence of proper TORC2 function
but still requires Pkh1/2 activity."! We
observed that this TORC2-independent
or “bypass” allele of Ypkl suppressed the
lethality of sim1A slm2A cells, suggesting
Slm1/2 is indeed required for TORC2-
dependent activation of Ypkl. We tested
this further by combining the D242A
allele with mutations at both the TM
and HM sites that prevent their phos-
phorylation and observed that this Ypkl
triple mutant also rescued the lethality of
aslm1A sIlm2A strain. Thus, the TORC2-
independent allele of Ypkl obviates a
requirement for both TORC2 and Slm1/2
activity. Importantly, the D242A allele
does not suppress a non-phosphorylatable
mutation within the A-loop of Ypkl, dem-
onstrating a continued requirement for
Pkh1/2. Taken together, these data indi-
cate that SIm1/2 is specifically required for
phosphorylation and activation of Ypk1 by
TORC2.

These findings raised the question as
to how the Slm1/2 proteins might con-
tribute, mechanistically, to Ypkl acti-
vation. All presently available evidence
supports a model wherein one important
role for SIm1/2 is to recruit Ypkl to the
PM membrane for phosphorylation by
TORC?2. This model is based on a number
of findings, including an altered localiza-
tion pattern of Ypkl in the absence of the
Slms. Thus, in agreement with previous
studies,”>* we observed that GFP-tagged
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Figure 2. Myriocin-induced TORC2 phosphorylation of Ypk1 requires SIm1/2. (A) Model for sphingolipid regulation of TORC2 activity. Scheme 1

refers to the model described in reference 13, which describes a regulation of TORC2 activity by level of sphingolipids, while Scheme 2 refers to the
model from reference 12 describing sphingolipid regulation of SIm1/2 localization as a major influence on the ability of TORC2 to phosphorylate
Ypk1. See text for details. (B) WT (SEY6210) and sim1AsIm2Asac7A (PLY1447) strains expressing empty vector (pPL420), Ypk1-HA (pPL433) or SImPH-
Ypk1-HA (pPL495) were grown at 30°C as described in reference 1. Protein extracts were prepared using the NaOH cell lysis method* and loaded onto
SDS-PAGE gels and transferred to nitrocellulose membrane. Membranes were probed with a-HA (Covance; 12CAS5, 1:5,000), a-phospho-Ypk1 (T662)
(1:20,000; described in ref. 1) and a-G6PDH (Sigma-Aldrich; 1:100,000) primary antibodies, and visualized using the appropriate secondary antibod-
ies conjugated to IRDye (LI-COR Biosciences; 1:5,000) on the Odyssey Infrared Imaging System (LI-COR Biosciences). Quantification below the blot
describes the difference relative to WT after normalizing to the a-HA signal.

Ypk1 localizes throughout the cell, with
an enriched pool at the PM. In slmlA
sIm2A sac7A cells, however, Ypkl is local-
ized exclusively within the cytoplasm, and
no detectable PM enrichment is observed.
Because Slml and Slm2 associate with
the PM, we also tested whether SIm1 and
Ypkl1 interact physically. For this, we per-
formed co-precipitation experiments from
whole-cell extracts, where we observed
that a portion of Ypk1 and SIm1 do indeed
associate, consistent with the notion that
physical interactions between these pro-
teins is necessary for proper PM targeting
of Ypk1.!

As these findings suggested that
SIm-mediated recruitment to the PM is
essential for TORC2 phosphorylation of
Ypkl, we tested whether independently
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targeting Ypkl to the PM would result
in phosphorylation by TORC2. First, we
fused the PH domain of Slm1 alone onto
GFP- and HA-tagged versions of Ypkl,
where we observed that in slmIA slm2A
sac7A cells, the fusion protein localizes
uniformly at the PM. Moreover, unlike
WT Ypkl, this fusion protein is phos-
phorylated at both the HM and A-loop
sites in these cells. We also fused the entire
Slm1 protein to Ypkl, which we observed
localizes in a punctate pattern at the PM,
very similar to WT Slm1. This fusion is
also phosphorylated at both the HM and
A-loop sites in slm1A sIm2A sac7A cells.
Importantly, both of the fusion proteins
tested are completely functional, based on
their ability to replace WT Ypkl in a plas-
mid shuffle assay. Taken together, these
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findings reveal that SIm1/2 play an essen-
tial role in the activation of Ypkl, in part
by facilitating its localization at the PM,
allowing for phosphorylation by TORC2
and, subsequently, by Pkh1/2.!

To extend these findings, we were
intrigued by results of a previous study
demonstrating that SGK1, a mamma-
lian ortholog of Ypk1/2 and a target of
mTORC2, can rescue the lethalicy of
ypk1A ypk2A cells, indicating it can sub-
stitute functionally for these kinases.
Importantly, SGK1 has a lipid-targeting
domain that facilitates its interaction
with the PM in mammalian cells, where
no orthologs of SIm1/2 have been iden-
tified to date. Accordingly, we tested
whether SGK1 could also rescue the
lethality of sIml1A slm2A cells. Here,
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we used a plasmid shuffle approach and
observed that expression of SGKI1 can
indeed support growth of cells lacking
Slm1/2 (Fig. 1). These findings reinforce
the idea that targeting to the membrane
is an important step in the activation of
AGC kinases that are targets of TORC2/
mTORC2.

While our findings demonstrate the
importance of the Slm proteins for PM
recruitment and activation of Ypkl (and
presumably for Ypk2 as well), an outstand-
ing question concerns the nature of the
upstream signals and molecular events that
regulate interactions between TORC2,
SIm1/2 and Ypkl/2. In this regard, two
recently published papers provide evi-
dence that levels of complex sphingolip-
ids within the PM provide an important
link to Ypkl1 regulation.'*'? Sphingolipids
play an essential cellular role as a struc-
tural component of the PM, and we have
shown previously that their biosynthesis is
regulated by TORC2 signaling.** Thorner
and colleagues have now shown that
TORC2-dependent  phosphorylation of
Ypkl is negatively regulated by sphingo-
lipids. In particular, these authors found
that treating cells with myriocin, which
inhibits the first step of sphingolipid bio-
synthesis, results in a significant increase
in phosphorylation of Ypkl at position
T662." Tt was proposed that this increase
in Ypkl activity is part of a homeostatic
response to a decrease in sphingolipid bio-
synthesis. Specifically, Ypkl phosphory-
lates and represses the activity of two
proteins, Orm1 and Orm2, which are, in
turn, negative regulators of the first step in
sphingolipid biosynthesis.* Thus, Ypkl-
dependent phosphorylation and inhibi-
tion of Orm1/2 is proposed to enable cells
to respond to sphingolipid depletion. The
molecular target for sphingolipids was not
identified in this study, although it was
speculated that they may directly inhibit
TORC2 activity®” (Fig. 2A, scheme 1).

More recently, Loewith and colleagues
have demonstrated that Slm1/2 provides
an important link to sphingolipid-medi-
ated regulation of Ypkl."? In agreement
with our findings described above, these
authors confirm that the Slm proteins

TORC2-dependent

are required for
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phosphorylation of Ypkl. Moreover, they
observe that Slm1/2 are also required
for myriocin-induced hyper-phosphory-
lation of T662, suggesting the Slm pro-
teins are part of the regulatory scheme
proposed by Thorner and coworkers
(Fig. 2A, scheme 2). Furthermore, it
was observed that inhibition of sphingo-
lipid biosynthesis results in a significant
movement of Slml from a location that
is predominantly at eisosomes to a loca-
tion that is predominantly at the MCT
compartment associated with TORC2.
The authors propose a model wherein
depletion of sphingolipids leads to PM
stress that causes Slml to relocalize to
facilitate Ypkl activation. According to
our findings, we would argue that this
re-localization of Slml/2 is important
primarily because it directly mediates
physical interactions between Ypkl/2
and TORC2. More recently, it has been
demonstrated that heat stress-induced
sphingolipid biosynthesis is also medi-
ated in part by Ypkl-dependent phos-
phorylation of Orm1/2.2° We predict
this step will also turn out to require the
activity of the Slm proteins, in particu-
lar given that the phosphorylation state
of these proteins have previously been
shown to be regulated by heat stress.*’”
An important question raised by the
above findings is whether Ypkl associa-
tion with the PM is sufficient for myrio-
cin-induced hyper-phosphorylation by
TORC?2, or whether the Slm proteins pos-
sess an additional function that is influ-
enced by myriocin. We reasoned we could
address this question using the SIm1-Ypk1
fusion proteins described above, where
the SIm1PH-Ypkl is uniformly distrib-
uted within the PM and the Slm1-Ypkl
fusion adopts an eisosome-like punc-
tate localization pattern at the PM." We
first confirmed that WT Ypkl is depen-
dent on the Slm proteins for myriocin-
induced phosphorylation via TORC2,
in that we observe robust phosphoryla-
tion of T662 following drug treatment in
WT cells but not in slmIA sIm2A sac7A
cells (Fig. 2B, compare lanes 3 and 5).
We next examined the phosphorylation
state of the SImPH-Ypkl and Slm1-Ypkl
fusion proteins, where, in contrast to WT
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Ypkl, both fusions remain phosphory-
lated at T662 in slm1A sIlm2A sac7A cells
(Fig. 2B, compare lanes 4, 8 and 12).
We observed that myriocin treatment
stimulated T662 phosphorylation of both
fusions in WT cells, but, remarkably, the
drug only stimulated phosphorylation of
the Slm1-Ypkl fusion in slmlA slm2A
sac7A cells (Fig. 2B, compare lanes 8 and
9, 12 and 13). We conclude from these
results that myriocin-induced hyperphos-
phorylation of Ypkl requires an intact
Slm1 protein that is capable of associating
with eisosomes. This latter finding may
provide an explanation for our observa-
tion that while both of the Slml1-Ypkl
fusion proteins are fully functional as
Ypkl kinases, only the complete Slm1-
Ypkl fusion complements the lethality
of a slm1A slm2A double mutant (our
unpublished results). Thus, one possibil-
ity is that the ability to stimulate Ypkl
phosphorylation in response to PM stress
represents an essential function for the
Slm proteins and may involve direct inter-
actions with TORC2.

Our understanding of how TORC2
signaling is modulated is still at an early
stage. Thus, the identification of a role for
SIm1/2 in mediating TORC2-dependent
phosphorylation of Ypkl represents an
important advance in the field. Moreover,
the fact that this regulation is responsive
to PM stress, including the levels of com-
plex sphingolipids, provides an important
clue as to the physiological relevance of
interactions between these components. A
number of outstanding questions remain,
however, regarding the function and regu-
lation of SIm1/2. For example, the Slms
are themselves targets of TORC2, and
their phosphorylation state is known to be
regulated by levels of the phosphoinositide
PI(3,4)P,."**® Interestingly, TORC2 is also
partially required for Slml localization.'
Thus, how other PM lipids and TORC2
phosphorylation affect SIm1/2 mobiliza-
tion and recruitment of Ypkl to TORC2
remains to be determined. In addition,
how these events might be linked to other
upstream regulatory interactions, includ-
ing the proposed role of ribosomes in
modulating TORC2 activity,” is another
important area for future study.
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