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Abstract

The kinase complex mTORC2 is widely accepted as controlling phosphorylation of the
hydrophobic motif, a key regulatory switch in the C-terminal tail of protein kinase C (PKC), Akt,
and other AGC kinases. Yet the biochemical mechanism by which it controls this site and whether
mTOR is the direct hydrophobic motif kinase remain controversial. Here we identify a distinct
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mTOR-mediated phosphorylation site we term the TOR-Interaction Motif (TIM; F-x3-F-pT),
which controls hydrophobic motif phosphorylation and activity of PKC and Akt. The TIM is
invariant in all mTOR-dependent kinases, is evolutionarily conserved, and co-evolved with
mTORC2 components. Mutation of this motif alone in Aktl (Thr#43) or together with the turn
motif in PKCII (Thr834/Thr641) abolishes cellular kinase activity by impairing activation loop
and hydrophobic motif phosphorylation. mMTORC?2 directly phosphorylates the PKC TIM in vitro,
and its phosphorylation is detected in mouse brain by mass spectrometry. Overexpression of PDK1
in cells lacking mTORC2 rescues hydrophobic motif phosphorylation of PKC and Akt by a
mechanism that depends on their intrinsic catalytic, revealing that mTORC2 facilitates the PDK1
phosphorylation step, which in turn permits autophosphorylation. Analysis of a previously
reported PKCRII crystal structure reveals a PKC homodimer driven by a helix containing the TIM.
Biophysical proximity assays show that unphosphorylated PKC, but not phosphorylated PKC,
dynamically dimerizes in cells. Furthermore, disruption of the dimer interface by stapled peptides
promotes hydrophobic motif phosphorylation. Our data support a model in which mTORC2
relieves nascent PKC dimerization through TIM phosphorylation, recruiting PDK1 to
phosphorylate the activation loop, and triggering intramolecular hydrophobic motif
autophosphorylation. Identification of TIM phosphorylation and its role in the regulation of PKC
provides the basis for AGC kinase regulation by mTORC2.

One Sentence Summary:

mTORC2 binds and phosphorylates a conserved TOR-Interaction Motif in the C-tail of PKC and
Akt to regulate hydrophobic motif autophosphorylation and kinase activation.

Main Text:

Activation of nearly all eukaryotic protein kinases involves the structuring of an activation
loop segment in the kinase domain, most commonly achieved by phosphorylation (1). The
activation loop of AGC kinase family members (2, 3), including protein kinase C (PKC) and
Akt, is phosphorylated directly by the phosphoinositide-dependent kinase-1, PDK1 (4-6).
AGC kinases additionally possess a C-terminal extension of the kinase domain (C-tail) that
harbors a conserved phosphorylation site, the hydrophobic motif (7, 8), which regulates their
activity (9, 10). The kinase complex mMTORC2 regulates the phosphorylation of the C-tail
sites for a subset of AGC kinases, including most (but not all) PKC isozymes and Akt, by
mechanism that has remained elusive. Given the prevalence of mTOR inhibitor development
for a variety of diseases (11), understanding the biochemical mechanisms of how mTORC2
controls AGC kinase function is of critical importance.

For PKC to become catalytically competent, newly-synthesized enzyme is matured by
constitutive phosphorylations at three conserved sites (7): the activation loop phosphorylated
by PDK1 (6, 12) and two phosphorylations in the C-tail, the turn motif and hydrophobic
motif, which are mTORC2-sensitive for all but 3 of the 9 PKC isozymes (13, 14). The
activation loop and hydrophobic motif phosphorylations are required for cellular PKC
activity (10, 15); whereas, turn motif phosphorylation is not necessary for catalysis, and
instead promotes protein stability (16). For Akt, turn motif phosphorylation occurs co-
translationally at the ribosome by direct mMTORC2 phosphorylation (17). In contrast,
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phosphorylation of the activation loop and hydrophobic motif sites is agonist-evoked (18),
dependent upon the generation of phosphatidylinositol (3,4)-bisphosphate (PI(3,4)P,) or
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) at cellular membranes (19-22). The Akt
hydrophobic motif phosphorylation, distinct from that of PKC, enhances Akt activity (23),
but is not required for catalysis (24); rather, activation loop phosphorylation is necessary and
sufficient for Akt activity (25). Thus, hydrophobic motif phosphorylation of PKC is
constitutive and controls the steady-state levels of PKC, whereas phosphorylation of the
corresponding site on Akt is agonist dependent and controls the acute activity, but not
stability, of Akt. Phosphorylation of the hydrophobic motif is opposed by the PH domain
Leucine rich repeat Protein Phosphatase (PHLPP), with dephosphorylation promoting the
down-regulation of PKC and the inactivation of Akt (26). The dysregulation of the
hydrophobic motif phosphorylation on both kinases in cancer highlights the importance of
understanding the mechanism of phosphorylation.

The current dogma proposes that the atypical kinase complex mTORC2 is the long-sought-
after “hydrophobic motif kinase” (27) that directly activates several AGC kinases by
phosphorylating the turn motif and hydrophobic motif sites (28, 29). However, cellular and
biochemical studies point to autophosphorylation controlling this site. First, the catalytic
competence of both PKC and Akt is required for hydrophobic motif phosphorylation in cells
(30, 31). Second, autophosphorylation at this site on the purified kinases is triggered /n vitro
by PDK1 phosphorylation of the activation loop (6, 32). Third, pure PKC selectively
dephosphorylated at the hydrophobic motif /n vitro re-autophosphorylates at this site by an
intramolecular mechanism (6). Additionally, we have previously reported that hydrophobic
motif phosphorylation of Akt, but not kinase-inactive Akt, is induced in the absence of
mTORC2 by any signal that disengages the PH domain of Akt from its kinase domain, as
occurs upon binding to the plasma membrane (33). These results suggest that phosphate
incorporation at the hydrophobic motif is governed by a kinase-intrinsic mechanism. The
related AGC kinases SGK, PKN, and RSK also depend upon mTORC2, (34-37), which is
evolutionarily conserved in yeast (38). Hydrophobic motif phosphorylation of the AGC
kinase member S6K depends, instead, upon mTORC1 (39-41). Contributing to the puzzle of
understanding mTORC2 regulation, three novel PKCs (8, 6, and n)) are mTOR-independent
and do not require mTOR kinase activity for phosphorylation (13). Thus, in the absence of a
mechanism for hydrophobic motif phosphorylation, the function of mMTORC2 in regulating
AGC kinases remains unclear.

Here we identify a distinct AGC kinase phosphorylation site regulated by mTORC2, which
we term the TOR-Interaction Motif (TIM), that controls the activation of PKC and Akt by
facilitating PDK1 phosphorylation of the activation loop. We find that phosphorylation of
the PKC and Akt hydrophobic motif is governed by autophosphorylation in an mTORC2-
and PDK1-dependent manner. We detect phosphorylation of the PKCBII TOR-interaction
motif (Thr834) by mass spectrometry in mouse brain and show that mTORC2 phosphorylates
the TIM site /n vitro. TIM phosphorylation is sensitive to mTOR inhibition and mTORC2-
deficiency in cells, and mutation of the TIM site abolishes PKC and Akt cellular kinase
activity by impairing activation loop and hydrophobic motif phosphorylation. Accordingly,
we show that the role of TIM phosphorylation in PKC activation involves conformational
rearrangements that promote PDK1 docking to the C-tail. Reanalysis of a PKCpII crystal
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structure reveals an unappreciated PKC homodimer that is regulated by TIM
phosphorylation and mTOR activity. Targeting the TOR-interaction motif dimer interface
with stapled peptides is sufficient to enhance PKC phosphorylation in cells. Thus, these data
are consistent with a model whereby mTORC2 phosphorylates nascent PKC at the TOR-
interaction motif and turn motif sites to relieve dimerization and expose the PDK1 binding
site in the C-tail, leading to transphosphorylation of the activation loop and intramolecular
autophosphorylation at the hydrophobic motif. Additionally, we show that the TOR-
interaction motif consensus sequence (F-x3-F-T) is evolutionarily conserved in AGC kinases
from major eukaryotic clades and co-evolved with TOR complex components, suggesting
ancient origins for mTORC2-dependent regulation of AGC kinases. In summary, our study
reveals the long-elusive role of mMTORC2 in PKC regulation: this kinase complex binds and
phosphorylates a previously unidentified TOR-interaction motif (TIM) to facilitate the
critical binding of PDK1 to the C-terminal tail of newly-synthesized PKC, thus initiating the
maturation of the enzyme to the fully-phosphorylated and catalytically competent state.

Defect in PKC Maturation Upon Loss of mTORC2

The phosphorylation of most PKC isozymes, including the conventional PKCs (a, 8, y), and
all Akt isozymes (Akt 1, 2, 3) (Fig. 1A) depends on mTORC2, which ultimately controls the
enzymatic activity and cellular stability of these kinases (13, 14). To assess the nature of the
mTORC2 requirement, we characterized PKC function in Sinl KO (S5/n177) and Rictor KO
(Ric™") mouse-embryonic fibroblasts (MEFs), which lack critical components of the
mMTORC2 complex and abolish mTORC2 function (42-45). Endogenous PKC
phosphorylation at the activation loop, turn motif, and hydrophobic motif sites was ablated
in Sinl KO and Rictor KO MEFs (Fig. 1B). Additionally, the steady-state levels of PKC
were reduced, consistent with the unphosphorylated species of PKC being unstable (46).
Accompanying the reduced PKC levels, the cellular activity of PKC was reduced in Sinl KO
MEFs compared to WT MEFs as assessed using the C Kinase Activity Reporter (CKAR (47,
48)) (Fig. 1C, S1A). Similarly, mTOR inhibition with the mTORC1/2 inhibitor Torin (49),
but not the mTORC1-specific inhibitor Rapamycin, also impaired PKC phosphorylation
(Fig. 1D), which could not be rescued by agonist stimulation, targeting to the plasma
membrane, or protecting PKC from dephosphorylation with active-site inhibitors (50) (Fig.
S1B-E). Thus, mTOR activity and mTORC2 complex integrity are necessary for PKC
function, the loss of which results in an unphosphorylated, inactive and unstable enzyme.

To further characterize the PKC defect in the absence of mMTORC2, we used a live-cell PKC
conformation reporter, Kinameleon, which detects intramolecular rearrangements of
functional PKC by increases in the FRET ratio between CFP and YFP flanking the N- and
C-termini of the enzyme (51). The PKCpII-Kinameleon reporter exhibits increasing FRET
ratios in each of the conformation transitions: 1) unprimed (unphosphorylated) has the
lowest FRET ratio, 2) primed (phosphorylated and autoinhibited) has an intermediate FRET
ratio, and 3) active (membrane-associated) has the highest FRET ratio. Consistent with a
role for mTORC2 in PKC priming, PKCpII-Kinameleon expressed in Sinl KO MEFs
displayed a reduced FRET ratio compared to that in Sin1 KO MEFs reconstituted with Sinl;
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this low FRET ratio was similar to that of kinase-dead PKCpBII (K371R (52), kdPKC), which
is incapable of priming because it cannot autophosphorylate (Fig. 1E). PKCpII-Kinameleon
expressed in Sinl KO MEFs also did not undergo a FRET change upon activation in
response to PDBu stimulation; likewise, unprimed kinase-dead PKC did not undergo a
conformational change because it is incapable of transition to the primed or active
conformations, which are predicated on autophosphorylation (46) (Fig. 1F). However,
reconstitution of Sinl into Sin1 KO MEFs rescued the phenotype and allowed PKC to
display a FRET change characteristic of primed PKC activation (Fig. 1F). These data reveal
that mMTORC2 promotes the mature, autoinhibited conformation of PKC.

As an additional measure of the PKC folding deficiency in the absence of mMTORC2, we
used a FRET-based translocation assay to assess PKC ligand sensitivity in living cells. We
have previously shown that unprimed PKC translocates to plasma membrane more rapidly
than primed PKC upon agonist stimulation, owing to exposed ligand-binding C1 domains;
these domains become masked in primed (phosphorylated) and autoinhibited PKC.
Consistent with the characteristics of unprimed enzyme, WT PKCRI|I translocated more
rapidly from the cytosol to plasma membrane (Fig. 1G) in Sinl KO MEFs (Sin1™~ +PKC)
compared with WT MEFs (Sin1*/* +PKC) (Fig. 1H). Reconstitution of Sin1 KO MEFs with
Sinl (Sin1™~ +PKC+Sin1) slowed the translocation rate to that observed in WT MEFs. The
enhanced rate of PKC translocation in mTORC2-deficient cells was attributable to an
exposed C1A domain: impairing ligand binding of the domain by introduction of a W58A
mutation (53) reduced the rate of PKCBII translocation in Rictor KO MEFs (Ric™~ +PKC-
WH58A) (Fig. S1F). Furthermore, PKC with phosphomimetic Glu substitutions at the turn
and hydrophobic motif phospho-acceptor sites (T641E/S660E) translocated rapidly in Sinl
KO MEFs (Sin1™~ +PKC-EE), indicative of the unprimed conformation of PKC. This
suggests that mTORC2 regulates PKC conformation by a mechanism independent of
phosphorylation at the C-tail turn motif and hydrophobic motif sites (Fig. 1H). This rapid
translocation was not a result of the phosphomimetics not allowing the primed, autoinhibited
conformation because this same construct translocated slowly in WT MEFs, indicating
normal autoinhibition. Thus, mMTORC2 promotes the autoinhibited and ‘primed’
conformation of PKC by a mechanism that is independent of phosphorylation of the known
C-tail sites.

We next addressed whether mTOR activity regulates the initial phosphorylation of newly-
synthesized PKC or the steady-state phosphorylation of mature PKC. The stoichiometry of
PKC phosphorylation can be assessed by monitoring the electrophoretic mobility shift that
accompanies phosphorylation of the two C-terminal sites (7) :the slower mobility species
(asterisk, upper band) is phosphorylated at both the turn motif and hydrophobic motif sites
and the faster mobility species (dash, lower band) is unphosphorylated. Using
electrophoretic mobility to assess the phosphorylation state of PKC, we observed that Torin
treatment of WT MEFs overexpressing PKCPII resulted in a relatively slow accumulation of
unphosphorylated PKCpII (faster electrophoretic mobility). This slow rate of appearance of
unphosphorylated PKC contrasted with the rapid loss of phosphate on the mTORC1-
regulated S6K1 (Fig. 11, Fig. S1G). Treatment with the protein synthesis inhibitor
cycloheximide (CHX) prevented the Torin-dependent accumulation of unphosphorylated
PKC without affecting the amount of pre-existing phosphorylated PKC, revealing that
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mMTORC2 exclusively controlled PKC maturation (Fig. 1J). Thus, mTORC2 controls the
initial phosphorylation in the maturation of PKC and does not affect the phosphorylation of
primed PKC.

To examine the mechanism by which mTORC?2 controls the maturation of PKC, we took
advantage of pulse-chase experiments to interrogate the pool of newly-synthesized enzyme.
Cells were metabolically labeled with 35S-Cys/Met for 7 min, and then chased with
unlabeled amino acids for up to 90 min. PKC was immunoprecipitated and the
phosphorylation state of newly-synthesized PKC monitored by the electrophoretic mobility
shift accompanying C-tail phosphorylations. As reported previously, PKC matured with a
half-time of approximately 30 min (Fig. 1K) (54).The presence of the mTOR inhibitor
during the chase prevented PKC progression to the slower-mobility phosphorylated species,
similar to the inability of a kinase-deficient PKC mutant to progress to the phosphorylated
species (Fig. 1K). Phosphomimetic Glu substitutions at the turn (T641E) or hydrophobic
(S660E) motifs did not rescue PKC phosphorylation upon mTOR inhibition, revealing that
neither site can bypass the rate-limiting mTORC2 requirement in PKC processing (Fig. 1L,
S1H). Taken together, mMTORC2 regulates PKC activity, conformation, and the rate-limiting
step of PKC phosphorylation independently of the turn motif and hydrophobic motif sites.

The Hydrophobic Motif of PKC and Akt is Regulated by Autophosphorylation

Given that mTORC2 is the proposed hydrophobic motif kinase (55, 56), regulates PKC
independently of this site, we investigated the mechanism by which mTORC2 regulates the
hydrophobic motif phosphorylation. Accordingly, we examined whether mTORC2
facilitates the PDK1-catalyzed phosphorylation of the activation loop, which is necessary for
subsequent phosphorylation at the hydrophobic motif (6, 12). Pulse-chase analyses in the
presence of mTOR inhibitors revealed that co-expression of WT PDK1, but not kinase-dead
PDK1 (K110N; kdPDK1), rescued the phosphorylation of newly-synthesized PKC as
assessed by electrophoretic mobility shift (Fig. 2A). Further analysis with phospho-specific
antibodies indicated that PDK1 expression restored phosphorylation at the activation loop
and hydrophobic motif, but not the turn motif, both in WT MEFs treated with Torin and in
Sin1 KO MEFs (Fig. 2B). Consistent with previous reports that phosphorylation of the PKC
hydrophobic motif is governed by autophosphorylation, PDK1 did not rescue hydrophobic
motif phosphorylation of kinase-dead PKCpII (K371R; kdPKC) in either Torin-treated WT
MEFs or Sinl KO MEFs (Fig. 2B). Similar rescue of hydrophobic motif phosphorylation by
PDK1 overexpression was also observed in Torin-treated COS7 cells and Rictor KO MEFs
(Fig. S8A, S8B). Correlating with the rescue of hydrophobic motif phosphorylation,
overexpression of WT, but not kinase-dead (kd), PDK1 restored cellular PKC activity in
Torin-treated WT MEFs or Sinl KO MEFs (Fig. 2C). These results reveal that PDK1 can
bypass the requirement for mTORC2 by a mechanism that depends upon the intrinsic
catalytic activity of both PDK1 and PKC.

Given that Akt is also regulated by PDK1 and mTORC2 (5, 27), we addressed whether the
Akt hydrophobic motif in cells lacking mTORC2 could also be rescued by PDK1 by a
mechanisms depending on Akt autophosphorylation. The isolated catalytic domain of Aktl
expressed in Sinl KO cells was not appreciably phosphorylated at the activation loop
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(Thr398), turn motif (Thr439), or hydrophobic motif (Ser473), as reported previously (33).
Similar to our result above with PKC, co-expression of PDK1 rescued Akt phosphorylation
at the activation loop and hydrophobic motif, but not turn motif, sites (Fig. 2D). This
restoration of Akt hydrophobic motif phosphorylation required the catalytic activity of both
PDK1 and Akt: kinase-dead PDK1 (K110N; kdPDK1) or kinase-dead Aktl (K179M;
kdAkt) were ineffective in promoting hydrophobic motif phosphorylation in the absence of
mMTORC?2 (Fig. 2D). It has previously been shown that kinase-dead Akt becomes
phosphorylated at the turn motif in an mTORC2-dependent manner (14). Thus, mTORC2 is
only necessary for phosphorylation of the turn motif for both PKC and Akt. PDK1 can
effectively restore hydrophobic motif phosphorylation in cells lacking mTORC2 by a
mechanism that depends on the intrinsic catalytic activity of both PDK1 and the recipient
kinase (Fig. 2E). Taken together, these data establish that the hydrophobic motif is not a
direct mTORC2 target, but rather is modified by autophosphorylation following PDK1
phosphorylation of the activation loop. It is the latter event that is controlled by mTORC2.
Therefore, for both PKC and Akt, mMTORC2 facilitates, but is not required for,
phosphorylations that control the activity of each kinase.

MTORC2 Binds and Phosphorylates a Novel TOR-Interaction Motif

Having established that mTOR is not the physiological hydrophobic motif kinase, we
explored the mechanism by which mTORC2 facilitates hydrophobic motif phosphorylation
and kinase activation. To identify critical regions for mTOR-mediated PKC and Akt
phosphorylation, we pursued a structural approach to map the mTORC?2 binding site on
PKC. Using pulse-chase analysis to label newly-synthesized PKC, we found that mTOR and
Sinl co-immunoprecipitated exclusively the unphosphorylated, newly-synthesized PKC
(Fig. 3A). This association with newly-synthesized PKC was mediated by determinants
primarily in the catalytic domain (Fig. S2A, S2B). In order to identify the interaction
regions, we performed a peptide array of the PKCpII catalytic domain sequence and asked
which segments bound mTORC2 components. Specifically, 15-mer synthesized peptides
derived from the kinase + C-tail (a.a.296-673), at one residue intervals, were spotted onto a
membrane which was overlaid with lysate from cells expressing Sinl, Raptor, or the mTOR
kinase. Both components of mMTORC2 (mTOR and Sinl), but not the mTORCL1 subunit
Raptor, bound to peptides containing the active-site tether (57) and hydrophobic motif
regions in the C-tail (Fig. 3B, S2C). Alanine-scanning of the peptide displaying the greatest
binding to Sinl or mTOR identified Phe residues in the PKC active-site tether (PKCpII
Pheb29, Pheb32, Pheb33) and hydrophobic motif (PKCBII Pheb%6, Pheb59, Pheb61) as critical
for binding to Sinl and mTOR, respectively (Fig. 3B). Furthermore, substitution of the
hydrophobic motif phospho-acceptor Ser®80 with phospho-Ser (pS) abolished mTOR
binding (Fig. 3B), consistent with mTORC?2 specifically associating with unphosphorylated
PKC. To gain insight into the structural determinants mediating this interaction, we modeled
the mTORC2:PKC complex by docking the kinase domain of PKCpII (58) with the Sinl
CRIM domain (59), the known direct interaction partner that recruits AGC kinases to
mTORC2 (60). Corroborating our peptide arrays, unbiased docking positioned the CRIM
domain in contact with the PKC active-site tether (Fig. 3C, S4A). It has been previously
shown that an acidic loop region of the Sin1 CRIM domain is required for mTORC2-
mediated phosphorylation of PKC and Akt (60). Consistent with this finding, our model
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revealed that the acidic loop was anchored to the C-tail by hydrophobic interactions between
Phe residues in the active-site tether determined in our peptide arrays to be critical for Sinl
binding (Fig. 3C).

To gain insight into how the binding of mMTORC2 could affect phosphorylation of the C-
terminal sites, we took advantage of the fact that the novel PKCS is not regulated by
MTORC2 yet also has a turn motif and hydrophobic motif that is phosphorylated during
maturation. We engineered PKC&/p chimeras containing the mTORC2-insensitive PKC&
kinase domain fused to PKCpII C-tail fragments (Fig. S3A). Substitution of the PKC8 C-
terminus with 45 amino acids of PKCpII sequence containing the turn motif and
hydrophobic motif phosphorylation sites (PKC8/p TM; PKC&1-631/811628-673) produced a
kinase that required mTORC?2 for phosphorylation of the turn motif, but not the hydrophobic
motif in cells (Fig. S3B). However, extending the junction eight residues further to include
the PKCBII active-site tether (PKC8/B AST; PKC81-622/p11620-673) resulted in a chimera that
was dependent upon mTORC?2 for turn motif and hydrophobic motif phosphorylation (Fig.
S3B). Thus, turn motif phosphorylation is controlled by the specific sequences of the
mTORC2-dependent and -independent PKCs, respectively, while phosphorylation of the
hydrophobic motif is regulated by the region preceding the turn motif in the active-site
tether. Comparative structural analysis of several AGC kinase C-tails revealed that the
critical active-site tether region that confers mTORC2-independence diverges in PKCpII to
form the “novel a-helix” (58) (Fig. S3C, S3D), perhaps providing a structural basis for the
differential regulation of PKCs by mTORC2. Therefore, the active-site tether functions as a
molecular switch to confer mTORC2-dependent hydrophobic motif phosphorylation,
independently of turn motif phosphorylation.

We next hypothesized that a distinct C-tail phosphorylation site in the active-site tether
region may account for the requirement of mMTORC2 activity in the regulation of a subset of
PKCs. Sequence alignment of the PKC active-site tether revealed a Thr preceding the turn
motif site (TM-7), which we have termed the “TOR-Interaction Motif” (TIM; PKCpII
Thr834), that is conserved, and exclusively present, in all nMTORC2-sensitive PKCs (Fig.
3D). Cellular phosphorylation of the TOR-interaction motif was effectively suppressed in
Sinl KO MEFs (Fig. 3E) or upon mTOR kinase inhibition (Fig. 3F), as detected by a
pThr634 antiserum (61). Incubation of PKCBII C-tail peptide (a.a.601-673) with
immunoprecipitated mTORC2 (Fig. S5A) resulted in phosphorylation of the TIM site /n
vitro (Fig. 3G, 3H). Furthermore, phosphorylation of this site in mouse brain was detected
by tandem mass spectrometry (Fig. 31, S5B), validating its presence /n vivo. Thus, the TOR-
interaction motif is a direct mTORC2 phosphorylation site that specifies the mTORC2-
dependence of PKC isozymes.

The TOR-interaction Motif Is Evolutionarily Conserved in Eukaryotes

Next, we investigated the conservation of the TOR-interaction motif phosphorylation site in
other AGC kinases. Human kinome analysis revealed that the TIM-Thr, located in an
invariant F-x3-F-T motif, was conserved in all known mTORC2 regulated kinases (Fig. 4A).
The TOR-interaction motif was also found in the mMTORC1-regulated p70S6K family, as
well as in p90RSK and MSK family kinases, which are not known to be regulated by mTOR

Sci Signal. Author manuscript; available in PMC 2021 June 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Baffi et al.

Page 9

(Fig. 4A, 4B). We note that while conservation of the TIM-Thr does not explicitly signify a
phosphorylation site, TIM phosphorylation is detected in several unbiased proteomics
studies (62), although to a lesser degree than either the turn motif or hydrophobic motif sites
(Fig. S6A).

In order to assess the evolutionary association of the TOR-interaction motif and the presence
of TORC2 components, we analyzed diverse species for the presence of kinases harboring
the TOR-interaction motif and for the TORC2 components Rictor and Sinl (Fig. 4C). The
vast majority of species possessing kinases with the TOR-interaction motif (52 of 55) also
contained TORC2 components (Fig. 4C, S7), supporting the role of the TOR-interaction
motif as a TORC2-regulated phosphorylation site throughout evolution. Comparative
sequence analyses show that the AGC C-terminal tail is well conserved across eukaryotes,
and the TIM-Thr consistently appeared in major eukaryotic clades within the F-x3-F-T motif
of the active-site tether (Fig. 4D, S6A). Patterns of conservation and variation in the C-
terminal motifs reveal that constraints on the TIM-Thr were lost within some families and
species. For example, the NDR family, which is present in most eukaryotes, consistently
lack the TIM-Thr. . Likewise, SGK family members in multicellular eukaryotes
(opisthokonta and viridiplantae) conserve the TIM-Thr, whereas SGKs in unicellular
eukaryotes (SAR, amoebozoa, and excavata) lack the TIM-Thr. (Fig. 4D, S6B). Conserved
within all five major eukaryotic clades, the TOR-interaction motif was likely present in the
last eukaryotic common ancestor (LECA). An evolutionary study characterizing the
widespread conservation of TOR signaling components in eukaryotes suggests that TOR
signaling was also conserved in the LECA and has remained vital in almost all eukaryotes
(63). While phylogenetic studies have traced the appearance of the TOR signaling pathways
to the earliest eukaryotes, TORC2 is not found in plants. Our data indicate a plant-specific
variation in the TOR-interaction motif in which the Phe preceding the TIM-Thr is replaced
by a Trp (Fig. 4D, S6A, S6B). Thus, the F-x3-W-T motif in plants may reflect a unique
variation on TOR signaling compared to eukaryotes which have retained the canonical F-x3-
F-T motif. Taken together, these observations suggest that the TOR-interaction motif is
evolutionarily conserved in eukaryotes and may have coevolved with mTORC?2 to regulate a
subset of AGC kinases.

TOR-Interaction Motif Phosphorylation is Critical for PKC and Akt Activity

Next, we assessed the effect of TOR-interaction motif phosphorylation on PKC and Akt
activity in cells using biosensors for each kinase (48, 64). Although mutation of the TIM
(T634A) or turn motif (T641A) alone had minimal effect on PKC activity stimulated by
either the natural agonist UTP (to transiently elevate diacylglycerol and Ca2*) or PDBu (for
long-term activation), the double mutation (AA; T634A/T641A) abolished PKC cellular
activity (Fig. 5A). Aktl TIM mutation (T443A) alone, however, abolished the constitutive
activity of the isolated catalytic domain: the drop of FRET ratio in cells expressing the WT
Aktl catalytic domain and treated with the Akt inhibitor treatment (GDC-0068) represent its
high constitutive activity, which was abrogated with the T443A mutation (Fig. 5B). In
contrast, mutation of the turn motif (T450A) had no effect on the inhibitor-sensitive activity
of Aktl (Fig. 5B). Western blot analysis revealed that mutation of both the TIM and turn
motif in PKC, and only the TIM in Akt, resulted in reduced activation loop and hydrophobic
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motif phosphorylation of the inactive PKC and Akt TIM mutants (Fig. 5C, 5D). The related
AGC kinase PKNZ2, in contrast, showed a greater dependence upon the turn motif than the
TIM for activation loop phosphorylation, and TIM mutation in PKN1 actually enhanced
activation loop phosphorylation (Fig. S8A).

Supporting a role for mTORC2 in promoting PKC activation loop phosphorylation, PDK1
bound the nascent, unphosphorylated PKC species two-fold better than the phosphorylated
form; this preference for unphosphorylated PKC was lost upon mTOR inhibition (Fig. S9C).
PDK1 binds AGC kinases through a polyvalent interaction with the active-site tether and
hydrophobic motif in the C-tail (65); however, the ability of PDK1 to bind PKC C-tail
peptides was independent of phosphorylation or phosphomimetics at the TIM (T634E) or
turn motif (T641E) sites as assessed by peptide array (Fig. S9D-F). Competition with PDK1-
interacting fragment (PIF) peptide, which binds the PDK1 hydrophobic docking site (PIF
pocket) with high affinity (66, 67), suppressed the fraction of phosphorylated PKC in the
presence or absence of mTOR inhibition as indicated by electrophoretic mobility (Fig. S9G).
This finding suggests that mTOR regulation of PDK1 binding is mediated through the
hydrophobic motif binding site and is regulated at the level of C-tail accessibility, rather than
by altered binding affinity upon phosphorylation. This result supports our previous finding
which shows that although PDKZ1 exhibits higher affinity for phosphorylated hydrophobic
motif peptide, PDK1 preferentially associates with unphosphorylated PKC in cells due to
increased accessibility of the C-tail in the unphosphorylated state (68).

We next assessed the role of TIM and turn motif phosphorylation on kinase domain
conformational dynamics with the live-cell reporter KinCon (Fig. S10A) (69, 70). This
bioluminescence-based reporter utilizes the protein-fragment complementation luciferase to
characterize kinase conformational states in response to various stimuli. TIM/turn motif
mutation in PKCBII (T634A/T641A) was sufficient to alter kinase dynamics (Fig. S10B), as
assessed by reduced complementation of the split luciferase at N- and C-termini of the
kinase. Mutation of the corresponding residues in S6K1 (T387A/T394A), an mTORC1
substrate, also resulted in a reduction in bioluminescence (Fig. S10C), indicating that these
residues may serve similar functions in each kinase despite regulation by different TOR
complexes. The reduced bioluminescence observed upon mutation of the C-tail
phosphorylation sites reflects reduced interaction between the unstructured PKC N- and C-
termini, suggesting that docking of the N-term pseudosubstrate in the active site cleft and
packing of the C-tail against the kinase domain, respectively, may be impaired. Acidic
residues (T387DT394D or T387E/T394E), however, restored complementation to that of
WT for S6K1 (Fig. S10C), indicating their ability to serve as phosphomimetics for this
kinase. Glu or Asp substitutions in PKC (T634D/T641D, T634E/T641E), conversely, did not
rescue bioluminescence to WT levels, reflecting the inability for acidic residues to
effectively recapitulate phosphorylations in some proteins and positions. For example, Glu at
the PKC activation loop phosphorylation site (TS500E) can produce an active PKC; whereas,
Asp (T500D) cannot (15). Thus, these findings provide evidence that phosphorylation of the
segment comprising the TOR-interaction motif and turn motif dominantly controls PKC
activity by altering accessibility of the C-tail to facilitate activation loop phosphorylation by
PDKL1.
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The TOR-interaction Motif Coordinates PKC Dimerization

To explore how TIM phosphorylation by mTORC?2 alters C-tail accessibility, we re-analyzed
a reported PKCBII structure of the isolated catalytic domain, removed of any intramolecular
contacts with the regulatory domain, in which the active-site tether is resolved (55).
Examination of the crystal packing revealed a symmetrical, head-to-head PKC homodimer,
forming a dimerization interface through hydrophobic interactions in the “novel a helix”
(58) that contains the TOR-interaction motif (TIM Helix) (Fig. 6A). To determine whether
mTOR regulates PKC dimerization in a cellular context, we performed co-
immunoprecipitation assays between differentially tagged PKC proteins. Whereas little
association of WT PKCpII proteins was observed in untreated cells in which the majority of
PKC is in the mature form, mTOR inhibition or TIM/turn mutation (PKCBII AA) greatly
enhanced PKC self-association, consistent with dimerization (Fig. 6B). The co-
immunoprecipitated PKC was devoid of phosphorylation at the hydrophobic motif (Fig. 6B),
indicating that association occurred only between unphosphorylated PKC molecules. Note
that Torin treatment resulted in decreased steady-state levels of WT PKC, but not PKCBII
AA, because the unphosphorylated species is unstable. Furthermore, the isolated PKC
catalytic domain showed enhanced self-association compared to full-length PKC (Fig. S11),
suggesting that the PKC regulatory domain impairs dimerization, perhaps by occluding the
dimerization interface in the mature form.

To further interrogate PKC self-association in a cellular system, we employed a luciferase-
based protein-fragment complementation assay (PCA) that has been successfully used to
detect protein dimerization in intact cells (71) (Fig. 6C). Using this system, we observed a
robust association of PKC molecules by PCA indicative of steady-state PKC dimerization
(Fig. 6D), which was modestly enhanced by TIM/turn motif mutation (AA) (Fig 6E).
Dimerization of TIM/turn motif mutant PKC was more pronounced when protein synthesis
was inhibited for 6 h prior to the assay (Fig 6E, +CHX). When overexpressed, some
unphosphorylated WT PKC accumulates in cells, which may result in higher baseline
dimerization of unprocessed PKC. Thus, inhibiting protein synthesis presumably increases
the proportion of phosphorylated PKC in the WT condition by allowing sufficient time for
the unphosphorylated and unstable protein (46) to become phosphorylated or degraded.
Since mature (phosphorylated) PKC is monomeric as demonstrated by co-
immunoprecipitation (Fig 6B), reducing the amount of unprocessed WT PKC made the
impact of PKC AA mutation more pronounced. Therefore, the TIM/turn motif mutant PKC
(AA), which remains unphosphorylated, results in relatively enhanced dimerization
compared to phosphorylated WT PKC (Fig 6E). We next assessed whether PKC dimers
could dynamically assemble in cells. In a competition assay, increasing amounts of FLAG-
PKCBII was sufficient to displace the PCA protein-protein interaction in a dose-dependent
manner (Fig. 6F), indicating that PKC dimerization is a dynamic association. Furthermore,
the ability to dissociate the interaction by competition is consistent with protein dimerization
rather than aggregation accounting for the complementation of the split luciferase probes
(72). The TIM/turn motif mutant PKCBII (AA) more effectively competed with PCA
dimerization than did WT PKCBII, supporting the preferential dimerization of unprocessed
PKC. Furthermore, this finding shows that TIM/turn motif phosphorylation controls the
formation of PKC dimers. In summary, these data are consistent with nascent,
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unphosphorylated PKC forming a dimer which is disrupted by phosphorylation the TOR-
interaction motif and turn motif.

Since mTORC?2 phosphorylation of the TOR-interaction motif promotes hydrophobic motif
phosphorylation and also dissociates PKC dimers, we next addressed whether disrupting
PKC dimerization would be sufficient to enhance PKC phosphorylation at the hydrophobic
motif. To test this possibility, we designed cell-permeable a-helical stapled peptides (73, 74)
targeting the TOR-interaction motif to relieve dimerization (Fig. 6G). Treatment of cells
overexpressing PKCpII with either of two different PKC dimerization disruptor stapled
peptides (S1, S2) resulted in increased levels of PKC phosphorylation compared to DMSO-
treated controls (Fig. 6H). Thus, peptides targeting the TOR-interaction motif designed to
disrupt the dimer interface effectively promoted PKC processing. These data are consistent
with a model in which the TOR-interaction motif helix coordinates an immature PKC
homodimer, which is dissociated by mTORC2 phosphorylation to promote PKC maturation.
Moreover, the TIM dimerization interface, previously identified as a “novel a-helix” in the
original crystallization, is therapeutically actionable and can be targeted with stapled
peptides in cells to induce PKC processing.

Discussion

The requirement of mMTORC?2 for both PKC and Akt hydrophobic motif phosphorylation has
been firmly established, yet the mechanism of this regulation has remained elusive. In this
study, we present evidence that mTORC2 performs the first and rate-limiting step of PKC
maturation by phosphorylating the newly identified TOR-interaction motif (TIM) (Fig. 7A),
which ultimately facilitates hydrophobic motif autophosphorylation. This regulation by
mTORC2 is accomplished by recognition of determinants in the C-tail active-site tether and
hydrophobic motif that confer binding to the immature, unphosphorylated, and dimerized
PKC species (UNPRIMED). Dissociation of the PKC dimer upon TIM phosphorylation
(Fig. 7B) recruits PDK1 to the unphosphorylated hydrophobic motif to promote activation
loop phosphorylation (Fig. 7C). For Akt, activation loop phosphorylation is sufficient to
activate the kinase; whereas, for PKC, this site alone does not enable phosphorylation of
downstream substrates but may provide the low rate of catalytic activity required to
autophosphorylate at the hydrophobic motif (Fig. 7D). Following hydrophobic motif
phosphorylation, the final step of PKC maturation is autoinhibition by the pseudosubstrate to
yield the catalytically-competent and stable PKC species (46) (PRIMED) (Fig. 7E). This
process serves the interdependent functions of stabilizing the catalytically-competent and
phosphorylated PKC, as well as preventing self-association of the mature form. Moreover,
this study identifies the TOR-interaction motif as the physiological target of the mTOR
kinase and provides a mechanism for AGC kinase regulation by mTOR. Thus, our findings
establish that the PKC and Akt hydrophobic motif sites, similar to autoregulatory sites in the
C-terminal tail of receptor tyrosine kinases (75), are regulated by autophosphorylation (Fig.
8).

Characterization of TOR-interaction motif phosphorylation may have been hindered by the
potentially transient nature of phosphorylation at this site, as evidenced by the low rate of
identification in proteomic studies (62). First detected by mass spectrometry as a PKC
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phosphorylation in insect cell expression (76), TIM phosphorylation may be more sensitive
to phosphatases because of its outward orientation on an exposed segment of the C-tail. TIM
phosphorylation was previously detected as a “protected” PKC phosphorylation in neurons
during long-term potentiation. In this study, we detected PKC TIM phosphorylation by mass
spectrometry in mouse brain, suggesting that stable phosphorylation at the TIM site may
exist in certain phosphatase contexts. The critical role for TIM phosphorylation specifically
during PKC processing and compensation by the turn motif phosphorylation suggests that
this site may only be required in the recruitment of PDK1 and is dispensable thereafter.
Whether this phosphorylation plays a more dynamic role in kinases such as Akt that are
transiently activated by PDK1 merits further investigation.

The turn motif phosphorylation, which is the constitutive and stable mTOR phosphorylation,
may additionally confer the ability to autophosphorylate at the hydrophobic motif. In
support of this, mature PKC that is dephosphorylated at the activation loop and hydrophobic
motif /n vitro, but retains the turn motif phosphorylation, autophosphorylates at the
hydrophobic motif (7). Dephosphorylation of the turn motif site, however, abolishes PKC re-
autophosphorylation, which is rescued by incubation with catalytically-competent PDK1 (6).
Therefore, turn motif phosphorylation may lock into place the conformational changes
conferred by activation loop phosphorylation, facilitating PDK1-independent re-
autophosphorylation that extends the signaling lifetime of PKC (77). Furthermore, we have
shown here that TIM phosphorylation and turn motif phosphorylation can compensate for
one another in PKC, but the TIM site is dominant in Akt. Indeed, the turn motif does not
directly regulate the activity of PKC, Akt, or PKA Jin vitro, but instead anchors the C-tail to
the kinase domain to stabilize AGC kinases (65). Curiously, even in the case of PKA, which
has a divergent turn motif site that is mMTORC2-independent, phosphorylation of the turn
motif is a prerequisite for activation loop phosphorylation in cells (78). Thus,
phosphorylation of the TIM and/or turn motif sites may coordinately facilitate the initial
activation by PDK1 in a variety of AGC kinases and sustain a regulatory “memory” of
activation. That the TOR-interaction motif is more highly conserved than the turn motif in
eukaryotic kinases across evolution substantiates our findings that the TIM is the primary
target of mTOR and the basis of mMTORC2 regulation for a subset of AGC kinases.

Elucidating the hydrophobic motif as an mTORC2-facilitated and PDK1-dependent
autophosphorylation highlights the intricate regulation of AGC kinase activation. PKC
hydrophobic motif phosphorylation, which occurs during priming, is essential for its
catalytic activity in cells, whereas this acutely-regulated site in Akt tunes its activity. For
some AGC kinases, however, hydrophobic motif phosphorylation occurs first to create a
docking site for PDK1 (2). In all cases, activation loop phosphorylation is the critical event
for activation, and this process appears to be regulated principally by PDK1 recruitment,
which is achieved by a multitude of mechanisms (79). That PDK1-dependent activation is
regulated at the level of binding is not surprising, as PDK1 exists at low nanomolar
concentrations, while its substrates may outnumber that by as many as two orders of
magnitude in the cell (80). Additionally, PDK1 lacks a canonical AGC kinase C-tail and
requires the transinteracting C-tail of the recipient kinase for activation. In fact, the PDK1 C-
tail sequence diverges immediately preceding the TOR-interaction motif (57), suggesting
that binding this regulatory element, like the hydrophobic motif, directs PDK1 activity and
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specificity towards its substrates. Thus, recruitment of PDK1 to the C-tail is the rate-
determining step of PKC maturation, regulated by mTORC2 phosphorylation of the TIM,
and is likely the limiting factor in AGC kinase activation. The TOR-interaction motif is also
conserved in S6K1 and S6K2, which are well known to be regulated by mTORC1. A unique
C-terminal extension in S6K precludes regulation by mTORC?2 (81), and the hydrophobic
motif is instead mediated by mTORC1 through a distinct TOR-signaling (TOS) motif (82).
Early studies reporting the S6K hydrophobic motif as an autophosphorylation (83) raise the
interesting possibility that TIM phosphorylation by mTORC1 may serve a similar function
in S6K activation by recruiting PDK1 (84), but is subject to regulation by the multitude of
nutrient-sensing inputs that feed into mTORC1 (85). Furthermore, the TOR-interaction
motif is present in RSK family kinases, which has recently been identified as an mTORC2-
regulated kinases (37), and MSK family kinases, which are not known to be regulated by
mTOR (86). Establishing the specific role of TIM phosphorylation in distinct kinase families
awaits future studies.

The ability to regulate function by autophosphorylation is a prevalent theme in kinase
biology (87). In general, conformational switches convert kinases into a mode “prone-to-
autophosphorylation,” which allows stabilizing or activating autophosphorylation. /n vitro
studies with pure PKC first showed that the enzyme autophosphorylates by an
intramolecular reaction at sites later identified to be C-terminal sites including the
hydrophobic motif (76, 88). Furthermore, purified enzyme selectively dephosphorylated at
this site /n vitro could re-incorporate phosphate at that position in a concentration-
independent manner (7, 31, 89). The inability of kinase-inactive constructs to incorporate
phosphate at the hydrophobic motif in cells supported the physiological regulation of this
site as a cis-autophosphorylation (31, 46). This finding was refuted in a study showing that
active site inhibitors allowed phosphate accumulation of the hydrophobic motif on kinase-
inactive constructs (90). However, occupancy of the active site by inhibitors or peptide
substrates prevents PKC dephosphorylation, and mutants that have weak activity accumulate
phosphate at this site (46, 50). In the case of Akt, multiple mechanisms have been proposed
to control the phosphorylation of the hydrophobic motif (91). But, as for PKC, Akt
activation loop phosphorylation by PDK1 was shown to trigger hydrophobic motif
phosphorylation of active, but not inactive, Akt (30). Furthermore, several studies have
reported that phosphorylation of the hydrophobic motif is impaired in kinase-dead Akt (14,
30, 33). The discovery that the mTOR kinase promotes hydrophobic motif phosphorylation
for a number of AGC kinases has confounded a consensus on the mechanism of regulation at
this site. Our current study resolves this question by showing that mTORC2 “primes” PKC
for activation loop phosphorylation by the critical kinase, PDK1, with the immediate
consequence being autophosphorylation of the hydrophobic motif. Thus, mMTORC2
facilitates the PDKZ1 step which converts PKC into a “autophosphorylation-prone”
conformation.

An unexpected finding from this study is the ability of immature PKC to homodimerize.
Dimerization of mature PKC has previously been proposed /n vitroin the presence of Ca2*
and phosphatidylserine, or in cells upon activation (92, 93); however, these studies do not
take into account the reduction in dimensionality upon PKC engagement on a lipid
membrane or vesicle, and may have limited physiological basis. Instead, biophysical studies
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support mature (phosphorylated) PKC functioning as a monomer in cells (94). Additionally,
biochemical studies reveal that the purified mature PKC monomeric even when bound to
activating lipid surfaces (95), where it autophosphorylates in a concentration-independent
manner, indicative of monomeric function (88). Consistent with the activated form being
unlikely to dimerize, the C2-mediated translocation of PKCBII is a diffusion-driven process
(96) and relies upon intramolecular, rather than intermolecular, contacts with the kinase
domain (97). Thus, our finding in this study that newly-synthesized PKC exists as an
immature homodimer regulated by mTORC2-mediated TIM phosphorylation is likely to be
the only physiologically relevant dimer that is consistent with PKC biochemistry. Akt has
been proposed to dimerize (98, 99); however, whether mTORC2-mediated TIM
phosphorylation also regulates Akt dimerization or relieves PH domain autoinhibition to
facilitate its activation remains to be determined.

Strategies to manipulate hydrophobic motif phosphorylation may be applicable in cancer
therapies, where this site is frequently dysregulated. The AGC kinase hydrophobic motif is a
hotspot for cancer-associated mutations in sites of post-translational modifications (100).
Additionally, PKC quality control, which involves PHLPP-mediated hydrophobic motif
dephosphorylation and degradation, is exploited in cancer to suppress PKC protein levels
(46, 101). Thus, maintaining the integrity of the PKC processing machinery that permits
hydrophobic motif phosphorylation is critical for PKC’s tumor-suppressive function (102,
103). Akt hydrophobic motif phosphorylation, conversely, generally serves an oncogenic
role, and constitutively active or amplified Akt is prevalent in the wide variety of cancers
that frequently harbor PI13K pathway alterations (104). In these cancers, the mTOR kinase is
an attractive therapeutic target (105); however, this strategy should be approached with
caution as mTORCL/2 inhibitors would have the unwanted consequence of inhibiting PKC
processing, depleting the levels of an important tumor-suppressor. Therefore, utilizing 3™
generation mTOR inhibitors that selectively target mMTORC1 (106), or exploring methods to
promote mTOR-independent PKC processing by targeting PKC dimerization with stapled
peptides as we have done here, may potentiate the efficacy of mTOR therapies.

Our work detailing the molecular basis of PKC and Akt regulation by mTORC?2 provides
new lines of investigation into the mechanisms of AGC kinase activation. Understanding the
determinants for signal propagation through these kinases will facilitate the identification of
new therapeutic strategies to modulate diverse cellular processes and disease states.

Materials and Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Alexandra Newton (anewton@health.ucsd.edu).

Experimental Model and Subject Details

Cell Culture and Transfection—+/+, Ric™~, and Sin1™~ MEFs were previously
described (40) MEFs, COS7, and HEK-293t cells were cultured in DMEM (Corning)
containing 10% fetal bovine serum (Atlanta Biologicals) and 1% penicillin/streptomycin
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(Gibco) at 37°C in 5% CO,. Transient transfection was carried out using the Lipofectamine
3000 Transfection Reagent (Thermo Fisher Scientific). Cells used were periodically tested
for Mycoplasma contamination using a PCR-based protocol (107) and showed no evidence
of contamination.

Method Details

Compar ative Sequence Analysis. An alignment profile of the human AGC C-terminal tail
was created ranging from the PxxP motif to the hydrophobic motif. The profile was
expanded with iterative BLASTp (108) searches on UniprotKB until convergence, then
aligned using MAFFT v7.310 (109). Members of the AGC kinases group were identified
from Uniprot Proteomes (retrieved Oct 9, 2019) using MAPGAPS (110). From this filtered
set, we identified and aligned AGC tails with the aforementioned profile using MAPGAPS
(110). Kinase domains residing N-terminal to the AGC tails were classified according to
AGC families defined by the Manning classification (111) using MAPGAPS (110).
Sequence taxonomy was determined by mapping Uniprot OX values to NCBI taxdump
(retrieved March 23, 2019). Phosphorylation sites were mapped using PhosphoSitePlus (62).
Sequence logos were created using WebLogo3 (112).

FRET Imaging and Analysis—Cells were imaged as described previously (113). For
activity experiments MEFs and COS7 cells were co-transfected with the indicated mCherry-
tagged PKC construct and CKAR or CKAR2. For Kinameleon experiments, the indicated
Kinameleon construct containing mYFP and mCFP was transfected alone. For translocation
experiments, MEFs cells were co-transfected with the indicated mYFP-tagged construct and
plasma-membrane targeted mCFP. Baseline images were acquired every 15 s for 2 min prior
to drug addition. Forster resonance energy transfer (FRET) ratios represent the mean + SEM
from at least three independent experiments. FRET ratios (FRET/CFP or CFP/FRET) were
standardized such that greater values correspond to increased phosphorylation of the
reporter, indicative of increased kinase activity. All data were normalized to the baseline
FRET ratio of each individual cell unless noted that absolute FRET ratio was plotted or
traces were normalized to levels post-inhibitor addition. Area under the curve (AUC)
represents mean + SEM of individual cells from the time of the first drug addition (t = 2
min) until the indicated time point, integrated over the normalized initial value y = 1. When
comparing translocation kinetics, data were also normalized to the maximal amplitude of
translocation for each cell, as previously described (51), in order to compare translocation
rates. This normalization was performed because the maximal amplitude of translocation of
the mutants varied, possibly because of changes in the orientation or distance of the
fluorophores caused by differential folding of the mutant kinases.

Immunoblotting and antibodies—Cells were lysed in PPHB: 50 mM NaPO, (pH 7.5),
1% Triton X-100, 20 mM NaF, 1 mM Na4P,07, 100 mM NaCl, 2 mM EDTA, 2mM EGTA,
1 mM NagVOy, 1 mM PMSF, 40 mg/ml leupeptin, ImM DTT, and 1 mM microcystin.
Whole-cell lysates were sonicated and Triton-soluble lysates were centrifuged at 13,0009 x
g for three minutes and supernatant was isolated. Lysates were analyzed by SDS-PAGE,
transferred to PVDF membrane (Biorad), blocked in 5% non-fat dry milk for 1h at room
temperature, incubated with primary antibodies at 1:1000 dilutions overnight at 4°C,
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incubated with HRP-conjugated secondary antibody at 1:10,000 dilution for 1h at room
temperature, and detected using chemiluminescence SuperSignal West reagent (Thermo
Fisher) on a FluorChem Q imaging system (ProteinSimple). Blots were washed three times
with 1X TBS-T between incubations. The pan anti-phospho-PKC activation loop antibody
(PKC pT500) (114) and TOR-interaction motif antibody (PKC pT634) (61) were described
previously. The anti-phospho-PKCa/BlI turn motif (pT638/641; 9375S), anti-PKC6/6 turn
motif (9376S), anti-Myc (D84C12), anti-mTOR (7C10), anti-Rictor (53A2), anti-Raptor
(24C12), anti-S6K (9202S), anti-pS6K T389 (9205), anti-PDK1 (3062S), anti-phospho-
PKN1/PKN?2 activation loop antibody (2611), anti-Vinculin (4650S), anti-phospho-Akt
pT308 (244F9) / pT450 (D5G4) / pS473 (DIE), pan anti-phospho-PKC hydrophobic motif
(B!l pS660; 9371S), and anti-phospho-Thr (clone 42H4; 9386S) antibodies were purchased
from Cell Signaling Technologies. The anti-Sin1 antibody was from Abcam (ab71152).
Anti-PKCp antibody was purchased from BD Transduction Laboratories (610128). The anti-
dsRED antibody was purchased from Clonetech. The anti-GST (clone B-14; sc-138) and
rabbit (sc-2491) and mouse (H-270; sc-66931) 1gG antibodies were purchased from Santa
Cruz Biotechnology. The anti-HA antibody for immunoblot was purchased from Roche. The
anti-HA (clone 16B12; 901515) and anti-FLAG (Clone L5; 637301) antibodies used for
immunoprecipitation were purchased from BioLegend. The anti-a-tubulin (T6074) antibody,
anti-FLAG antibody for immunoblot (clone M2, F1804), and the anti-p-actin antibody
(A228) were from Sigma-Aldrich. Protein-fragment complementation assay lysates were
probed with mouse anti-Rluc antibody (Chemi-Con, #MAB4400) against Rluc-F[2]. HRP-
conjugated anti-mouse (7076), anti-rabbit (7074), and anti-rat (7077) secondary antibodies
were from Cell Signaling Technologies. G66976 (115), G66983 (116), PDBu, UTP, CHX,
Torinl, and Calyculin A were purchased from Calbiochem. GDC-0068 (117) (S2808) was
purchased from Selleck Chemicals.

In Vitro Kinase Assays—/n vitro kinase assays were performed similarly to mTOR
kinase assays described previously (27, 118). Briefly, for the mTORC2 kinase assays
experiments, due to poor stability of MTORC2 complex, kinase assays were performed on
the same day of the isolation of the complex. After 48 h transfection of HEK293t cells with
the HA-Sin1 plasmid, cells were lysed in CHAPS buffer (40 mM HEPES, pH 7.4, 120 mM
NaCl, 1 mM EDTA, 0.3% CHAPS, 50 mM NaF, 5 mM sodium pyrophosphate (NasP,07).
10 mM sodium glycerol phosphate (C3H7Na;OgP), 1 mM DTT, 1 mM NazgVQOy, 1 mM
PMSF, 50 pg/mL leupeptin, 1 uM microcystin, and 2 mM benzamidine). Lysates were
incubated for 30 min on ice and centrifuged at 13000 x g for 15 min at 4 °C. Supernatants
were collected and quantified by Bradford assay, and 5 mg of lysate were used per
condition. 5 mg of lysate were incubated with 15 pl of HA beads (Thermo Scientific, Cat.
Number #26181), previously washed three times with PBS, for 1h at 4 °C in a nutator.
Samples were centrifuged at 500 x g for 5 min at 4 °C, and pellets washed 6 times with
CHAPS buffer. Then, pellets were washed twice with kinase assay buffer (25 mM HEPES,
pH 7.4, 50 mM KCI). Beads were incubated with 0.5 ug of the GST-tagged C-tails of PKC
and kinase assay was performed for 30 min at 30 °C. The conditions of the kinase assay
were: 25 mM HEPES, pH 7.4, 50 mM KClI, 0.5 pg substrate protein, 10 mM MgCl and 250
UM ATP in a final reaction volume of 25 pl. After the 30 min incubation at 30 °C, reactions
were stopped by adding 5 pl of sample buffer 4X and boiled at 100 °C for 5 min (for western
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blot analysis) or by 500 x g for 5 min to separate the mTORC2 complex from the PKC C-
tails (for mass spectrometry analysis). Reactions were analyzed by SDS-PAGE and
immunoblotting as described.

Liquid Chromatography/Mass Spectrometry (LC/MS) Analysis—/n vitro kinase
assays were analyzed by LC/MS as follows. Samples were dried then resuspended in digest
buffer (1 M urea, 50 mM HEPES, pH 8.5) for digestion with sequencing grade trypsin
(Promega — 6h, 37 °C). Digested peptides were desalted with Sep-Paks (Waters), dried, then
resuspended in 5% formic acid/5% acetonitrile for LC/MS analysis. LC/MS analysis was
conducted as previously described (119) with the following modifications. Peptides were
eluted on a gradient of 85 mins and only MS1 and MS2 scans were taken. Raw files were
searched against the human Uniprot database (downloaded: 03/2019) using the Sequest
algorithm with a decoy search conducted on sequences in reverse order to filter matches to
an FDR < 1%. Mass tolerances were set to 50 ppm for MS1 and 0.6 Da for MS2. Oxidation
of methionine and phosphorylation of serine, threonine and tyrosine were specified as
variable modifications. Quantification of phospho-peptides and proteins was based on MS1
area under the curve. The representative spectrum of PKCBII T634 phosphorylation from
mouse brains was derived from an unpublished phospho-proteomic dataset. All procedures
involving animals were approved by The Scripps Research Institute’s Institutional Animal
Care and Usage Committee (IACUC) and met the guidelines of the National Institute of
Health detailed in the Guide for the Care and Use of Laboratory Animals (120).

Luciferase PCA Analyses—HEK?293 cells were grown in DMEM supplemented with
10% FBS. We transiently overexpressed indicated versions of the Rluc-PCA-based reporter
in 24-well plate formats. Transient transfections were performed with TransFectin reagent
(Bio-Rad, #1703352) according to manufacturer’s instructions. Experiments were performed
48 h post transfection. For the luciferase-PCA measurements, the growth medium was
carefully removed and the cells were washed with phosphate-buffered saline (PBS). Cell
suspensions were transferred to 96-well plates and subjected to luminescence analysis using
the PHERAstar FSX (BMG Labtech). Luciferase luminescence signals were integrated for
10s following addition of the Rluc substrate benzyl-coelenterazine (NanoLight, #301).

Molecular Modeling—Molecular docking of the Sinl CRIM domain (PDB ID: 2RVK)
(59) and PKCpII (PDB ID: 210E) (58) was performed using ClusPro (121) without any
restrictions and using the default settings. Structure diagrams were generated with PyMOL
(122). Kinome tree (111) plots were generated using CORAL (123).

Peptide Arrays—~Peptide arrays were generated by the INTAVIS MultiPep RS peptide
synthesizer (INTAVIS Bioanalytical Instruments AG, Koeln, Germany) using standard Fmoc
(9-fluorenylmethoxycarbonyl) protection-based solid phase peptide synthesis to produce
short, overlapping 15-mer or 18-mer peptides directly conjugated onto amino-PEG modified
cellulose membranes (ACSO01, Intavis AG). Each peptide spot sequence corresponds to a
segment of the rat PKCPII kinase domain and C-terminal tail (296-673) by shifting in
increments of one or three amino acids. Arrays were vacuum dried, sealed in plastic, frozen
at =20 °C, rehydrated in 100% ethanol for 30 min, and washed three times with TBS-T
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before use. Array strips were blocked with 5% non-fat dry milk in TBS-T (0.0005% Tween
20) for 1 h at room temperature, overlaid with cell lysate from WT MEFs or HEK293t cells
over-expressing Sinl, mTOR, Raptor, or PDK1 for 1 h, incubated with 1:1000 HA, Myc, or
mTOR primary antibody for 1 h at room temperature, incubated with 1:5000 HRP-
conjugated secondary antibody for 1h at room temperature, and developed by immunoblot
protocol described above. Arrays were washed three times for 5 min each with TBS-T
between each incubation.

Plasmids and Constructs—The C Kinase Activity Reporter (CKAR) (47) and CKAR2
(48), and B Kinase Activity Reporter (BKAR) (64) were previously described. mCherry-
tagged constructs were cloned into pcDNA3 with mCherry at the N-terminus at the BamHI
and Xbal sites. mYFP-tagged constructs were cloned into pcDNA3 with mYFP at the N-
terminus at the Xhol and Xbal sites. HA-tagged constructs were cloned into pcDNA3 with
HA at the N-terminus at the Notl and Xbal sites. FLAG-tagged constructs were cloned into
pCMYV at the N-terminus at the Notl and Xbal sites. Kinameleon was cloned into pcDNA3
as mYFP-PKCpBII-mCFP. Point mutations were generated by site-directed mutagenesis. GST
constructs of the C-terminal tail of PKCpII (601-673) with specified mutations (T634A,
T641A, S660A, T634E, T634E/S660A), and GST-PIF, were generated as described
previously (68). MyrPalm constructs contain N-terminal Lyn kinase (MGCIKSK) sequence.
Myr constructs contain the N-terminal src sequence (MGSSKSKPK). The Rluc-PCA-based
hybrid proteins were designed as previously described (72). In brief, the coding regions of
Rla (NP_037313.1) and PKCPBII (NP_002729.2); cDNA template was kindly provided by
Gottfried Baier) were PCR amplified and cloned into an eukaryotic expression vector and
fused either N- or C-terminally with -F[1] or -F[2] of the Rluc-PCA. PKC chimera fusion
proteins were generated by cloning the N-terminus of mMTORC2-independent PKCS,
including the regulatory domains, kinase domain, and various fragments of the C-tail as
indicated, to C-terminal fragments of the PKCPII C-tail to create a full-length chimera at
various C-tail junctions. Chimeras were cloned pcDNAS3 vectors with mCherry tags. An
identical approach was used for the PKC6/p chimera. A site-directed mutagenesis approach
was used to generate the T634A/T641A double-mutant of PKCBII. The Rluc-PCA-based
hybrid proteins F[1]-PKCpII-F[2] and F[1]-S6Kinase-1-F[2] (NP_003152.1) were generated
using an identical cloning approach as described previously (70). A site-directed
mutagenesis approach was used to generate the T634A/T641A, T634D/T641D, and T634E/
T641E double-mutants of PKCpII as well as the T387A/S394A, T387D/S394D, and T387E/
S394E double-mutants of S6Kinase. Catalytic domains of murine PKN2 (UniProtID
Q8BWWH9, 645-983) and PKN1 (UniProtID P70268, 607-946) were cloned into
pcDNA™3.1/Zeo vector (Thermo Fisher) with N-terminal FLAG tag. Cloning and
mutagenesis were performed using In-Fusion HD Cloning Kit (Clontech) and verified by
sequencing.

Pulse-chase & Immunoprecipitation Experiments—~For Pulse-Chase experiments,
COS7 cells were incubated with Met/Cys-deficient DMEM (Corning) with 10% FBS for 30
min at 37 °C. The cells were then pulse-labeled with 0.5 mCi/ml [3°S]Met/Cys (Perkin
Elmer) in Met/Cys-deficient DMEM for 7 min at 37 °C, media was removed, cells were
washed with dPBS (Corning), and cells were chased with DMEM culture media (Corning)
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containing 200 mM unlabeled methionine and 200 mM unlabeled cysteine and 10% FBS. At
the indicated times, cells were lysed in PPHB and centrifuged at 13,000 x g for three min at
22 °C, supernatants were pre-cleared for 30 min at 4 °C with Protein A/G Beads (Santa
Cruz), and protein complexes were immunoprecipitated from the supernatant with 1:100
dilution of either an anti-HA or anti-FLAG monoclonal antibody (BioLegend, 16B12;
BioLegend L5) overnight at 4°C. The immune complexes were collected with Protein A/G
Beads (Santa Cruz) for 2 h at 4 °C, washed 4 times with PPHB, separated by SDS-PAGE,
transferred to PVDF membrane (Biorad), and analyzed by autoradiography and western blot.
GST pull-down experiments utilized a similar approach with Glutathione Resin (Pierce;
16101) for purification.

Purification of GST-tagged C-tails of PKC for in Vitro Kinase Assays—After 48
h transfection of HEK293t cells with effectene with the GST-PKCp C-tail (601-673) WT or
T634A plasmids, cells were lysed in lysis buffer (20 mM Tri, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate (NazP,07), 1 mM
B-glycerol phosphate, 1 mM DTT, 1 mM NazVOy4, 1 mM PMSF, 50 pg/mL leupeptin, 1 uM
microcystin, and 2 mM benzamidine). Lysates were incubated for 10 min on ice and
centrifuged at 13000 x g for 10 min at 4 °C. Supernatants were incubated with 65 pl of GST
beads (Pierce; 16101) previously washed three times with PBS, for 1 h at 4 °C in a nutator.
Samples were centrifuged at 500 x g for 2 min at 4 °C, and pellets washed 2 times with lysis
buffer and 2 times with elution buffer (50 mM Hepes, pH 7.5, 100 mM NaCl, 5 mM B-
glycerol phosphate, 1 mM DTT, 0.01% NP-40 and 10% glycerol). Beads were incubated
with glutathione 10 mM in elution times at 4 °C for 15 min, centrifuged at 500 x g for 2 min
at 4 °C and supernatants collected. This step was repeated three more times to increase the
yield. Purified protein was exchanged into 20 mM Hepes, pH 7.5, 1 mM EDTA, 1 mM
EGTA, and 1 mM DTT using 10-kDa Amicon centrifugal filter unit (EMD Millipore).
Protein concentration was determined using BSA standards on an SDS/PAGE gel stained
with Coomassie Brilliant Blue stain.

Stapled Peptide Experiments—~Peptide synthesis: peptides used in this study were
synthesized using Fmoc (fluorenylmethoxycarbonyl)-protected solid phase peptide synthesis
on Rink Amide MBHA resin. Synthesis was performed in NMP (1-methyl-2-pyrrolidinone).
Deprotections were performed using 25% v/v solution of piperidine in NMP for30 minutes.
Amino acid coupling was carried out by adding 10 equivalents of Fmoc-protected amino
acid (0.25 M final concentration) along with HCTU [O-(1H-6-Chlorobenzotriazole-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphate] in NMP (0.24 M final concentration)
followed by 8% v/v DIEA (N, N-Diisopropylethylamine) for 45 min. The olefinic amino
acid S 5 [Fmoc-(S)-2-(4-pentenyl)alanine] was incorporated as denoted in the sequences
below using standard coupling conditions at i, i+4 positions. Ring closing metathesis was
carried out on protected and resin bound peptides using 0.4 equivalents of Grubb’s 1st
Generation catalyst [Benzylidene-bis(tricyclohexylphosphine)dichlororuthenium] in 1,2-
dichloroethane for 1 hour. Olefin metathesis was performed twice to ensure completion of
staple formation. N-terminal addition of PEG three (Fmoc-11-amino-3,6,9-trioxaundecanoic
acid, denoted as asterisks in sequences below) was conducted with 4 molar equivalents
under standard coupling conditions. Peptides were biotin labeled at the N-terminus using 10
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equivalents of D-biotin, 0.14 M HCTU and 4% v/v DIEA in a 1:1 mixture of DMF and
DMSO (dimethyl sulfoxide) overnight at room temperature. Peptides were cleaved from
resin using 95% TFA (trifluoroacetic acid), 2.5% water and 2.5% TIS (triisopropylsilane) for
4 h. Products were then precipitated in ice cold MTBE (methyl-tert-butyl ether) and air
dried. Crude products were dissolved in methanol and purified using high performance
liquid chromatography over a 10-100% acetonitrile gradient. Products were verified by mass
spectroscopy and quantified by measuring diminished absorbance of HABA[2-(4’-
hydroxybenzeneazo)benzoic acid]-avidin complex at 500 nm. Molecular weights of the
purified products are as follows: S1: Biotin-PEG3-KRNA*NFD*FFTRHK, actual mass
2345.4 (expected mass: 2345.8); and S2: Biotin-PEG3-KRNAENFD*FFT*HK; actual mass
2318.2 (expected mass= 2318.7).

Transient transfection of 3XFlag-rPKCpII was carried out using Effectene® transfection
reagent (Qiagen) for 24 h. At the same time of transfection, HEK293t cells were treated with
vehicle (DMSO) or one of the two stapled peptides (S1 or S2) (10 uM) designed to bind
PKC and disrupt its dimerization. Cells were incubated at 37°C in 5% CO» for 24 h and then
lysed in 50 mM Tris, pH 7.4, 1% Triton X-100, 50 mM NaF, 10 mM Na4P,07, 100mM
NaCl, 5mM EDTA, 1 mM Na3zVOy,, 1 mM PMSF, 50 ug/mL leupeptin, 1 pM microcystin,
and 2 mM benzamidine. Homogenates were sonicated and protein was quantified using a
BCA protein assay kit (Thermo Fisher Scientific). Thirty micrograms of protein were
separated by standard SDS/PAGE and transferred to PVDF membranes (BioRad).
Membranes were blocked with 5% BSA or 5% milk for 1 h at room temperature and
analyzed by immunaoblotting with specific antibodies. Detection of immunoreactive bands
was performed using chemiluminescence on a FluorChemQ imaging system (Alpha
Innotech).

Quantification and Statistical Analysis—Statistical significance was determined using
Repeated Measures One-Way ANOVA and Brown-Forsythe Test or Student’s #test
performed in GraphPad Prism 6.0a (GraphPad Software). The half-time of translocation was
calculated by fitting the data to a non-linear regression using a one-phase exponential
association equation with Graph Pad Prism 6.0a (GraphPad Software). Area under the curve
(AUC) calculations were performed in GraphPad Prism 6.0a (GraphPad Software). Western
blots and Autoradiographs were quantified by densitometry using the AlphaView (Protein
Simple) and ImageJ software, respectively. PKC phosphorylation (%) was determined by
measuring the proportion of phosphorylated PKC (slower mobility band) over total PKC by
densitometry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Defect in PKC Maturation Upon Loss of mMTORC2.
(A) Schematic of conventional PKC (cPKC) and Akt domain structures. cPKCs (a, B, )

have an autoinhibitory pseudosubstrate (PS, red), tandem diacylglycerol sensing C1 domains
(orange), and a Ca?*-dependent plasma membrane sensing C2 domain (yellow) in their N-
terminal regulatory moiety and a kinase domain (cyan) and C-terminal tail (C-tail, grey) in
the catalytic moiety. Akt has a PIP3-sensing PH domain and and a kinase domain (cyan) and
C-terminal tail (C-tail, grey) in the catalytic moiety. Both kinases have three conserved
phosphorylations at the activation loop (magenta) of the kinase domain and the turn motif
(orange) and hydrophobic motif (green) in the C-tail, indicated with circles (PKCBII and
Aktl numbering). For PKC, these phosphorylations are constitutive whereas for Akt only
the turn motif is constitutive, with the activation loop and hydrophobic motif phosphorylated
in an agonist-dependent manner. The C-tail sites are mMTORC2-sensitive.

(B) Western blot of Triton-solubilized lysates from WT (+/+), Rictor KO (Ric™"), or Sinl
KO (Sin17") MEFs probed with the indicated total and phospho-specific antibodies. The
double asterisk (**) denotes the position of mature, fully-phosphorylated PKC and the dash
(-) indicates the position of unphosphorylated PKC. Note the activation loop does not cause
a mobility shift and is modified in C-terminally phosphorylated species. Blots are
representative of three independent experiments.

(C) PKC activity in WT (+/+) or Sinl KO (SinZ1™") cells expressing the PKC activity
reporter, CKAR, and treated with PDBu (200 nM) to maximally activate PKC. Data
represent the normalized FRET ratio changes (mean + SEM) from three independent
experiments.

(D) Western blot of Triton-solubilized lysates from WT (+/+), Rictor KO (Ric™"), or Sinl
KO (Sin17") MEFs, expressing YFP-PKCBII and HA-Sin1, treated with Rapamycin (10
nM; 24 h) or Torin (200 nM; 24 h), and probed with the indicated antibodies. Mobility shifts
as described in B. Blots are representative of three independent experiments.
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(E) Basal conformation of PKC analyzed using the conformational reporter Kinameleon
which comprises a donor:acceptor pair flanking the N and C termini of PKC. Autoinhibited
PKC has a low FRET ratio and the open conformation has high FRET ratio. Indicated are
the FRET ratio (mean £ SEM) of PKCBII Kinameleon wild-type (WT) or kinase-dead
K371R (KD) expressed without or with HA-Sin1 in WT (+/+) or Sinl KO (Sin1™~) MEFs.
Each data point represents the FRET ratio from an individual cell relative to the average
maximum signal in three independent experiments. ****p < 0.0001 by Student’s t-test.

(F) Agonist-induced conformational changes of PKCpII assessed using the reporter
Kinameleon. Wild-type (WT) or kinase-dead K371R (KD) Kinameleon was expressed
without or with HA-Sin1 in WT (SinZ**) or Sin1 KO (Sin1™~) MEFs and treated with
PDBu (200 nM) at the indicated time. Data represent the normalized FRET ratio changes
(mean £ SEM) from three independent experiments.

(G) Fluorescence images of WT (+/+) or Sinl KO (Sin1™~) MEFs expressing PKCpII
Kinameleon alone or with coexpression of HA-Sin1, before (0) or after treatment with PDBu
(200 nM) for the indicated timepoints. Images are representative of three independent
experiments.

(H) Analysis of plasma membrane translocation of mYFP-PKCBII WT or T641E/S660E
(EE) in WT (+/+) or Sin1 KO (=/-) MEFs co-expressing myristoylated-palmitoylated mCFP
with or without HA-Sin1, and treated with PDBuU (100 nM). Data represent the FRET ratio
signal from the CFP to YFP and are normalized to the maximum FRET ratio signal
determined by fitting the data to a single phase logarithmic nonlinear regression (solid lines).
Data represent the normalized FRET ratio changes (mean + SEM) from three independent
experiments.

(1) Western blot of Triton-solubilized lysates from WT (+/+) MEFs overexpressing PKCBII
and treated with Torin (250 nM) for 24 h prior to lysis. Mobility shifts as described in B.
Blots are representative of three independent experiments.

(J) Western blot of Triton-solubilized lysates from COS7 cells transfected with cDNA for
PKCBII for 24 h prior to treatment with Torin (250 nM) and Cycloheximide (250 uM) for
the indicated times. Mobility shifts as described in B. Blots are representative of three
independent experiments.

(K) Autoradiogram (detecting 3°S-labeled newly-synthesized PKC) and Western blot
(detecting total pool of PKC) of HA immunoprecipitates from a pulse-chase analysis of
COST7 cells expressing HA-PKCBII WT or K371R (Kinase-Dead) and treated with Torin
(250 nM) during the chase. Mobility shifts as described in B. Blots are representative of
three independent experiments.

(L) Autoradiogram (detecting 3°S-labeled newly-synthesized PKC) and Western blot
(detecting total pool of PKC) HA immunoprecipitates from a pulse-chase analysis of WT
MEFs expressing the indicated HA-PKCpII constructs and treated with Torin (250 nM)
during the chase. The double asterisk (**) denotes the position of mature, fully-
phosphorylated PKC; the single asterisk (*) denotes the position of PKC phosphorylated at
either the turn motif or hydrophobic motif; and the dash (=) indicates the position of
unphosphorylated PKC. Blots are representative of three independent experiments.
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Fig. 2. The Hydrophobic Motif of PKC and Akt is Regulated by Autophosphorylation.
(A) Pulse-chase experiment monitoring newly-synthesized FLAG-PKCBII (%S;

autoradiograph) immunoprecipitated (IP) from COS7 cells co-expressing FLAG-PDK1 WT
or kinase-dead K110N (kd) and treated without or with Torin (250 nM) during the chase.
Blots are representative of three independent experiments.

(B) Western blot analysis of Triton-solubilized lysates (Input) or FLAG immunoprecipitates
(IP:FLAG) from WT (+/+) or Sinl KO (Sin1™") MEFs expressing FLAG-PKCBII WT or
kinase-dead K371R (kd), and FLAG-PDK1 WT, kinase-dead K110N (kd), or HA-Sin1.
Non-transfected cells (NT) also shown. Cells were treated with or without Torin (200 nM)
during transfection and lysed 24 h later. (right) Quantification of % PKC phosphorylation
obtained from the ratio of the slower mobility species (phosphorylated on hydrophobic
motif, indicated by asterisks) over total PKC from 4 independent experiments.

(C) PKC activity in WT (+/+) or Sinl KO (S/n1™") MEFs expressing CKAR?2 (48) and
mCherry-PKCpII, and treated with PDBu (200 nM). Data represent the normalized FRET
ratio changes (mean = SEM) from three independent experiments. (right) Quantification of
PKC activity reflects the normalized area under the curve from baseline of 1.0 (AUC; mean
+ SEM) 10 min after PDBu treatment. Each point represents data from one cell.
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(D) Western blot analysis of Triton-solubilized lysates (Input) or FLAG immunoprecipitates
(IP:FLAG) from Sinl KO (SinZ™~) MEFs expressing FLAG-mAKkt1 catalytic domain
(141-480) WT or kinase-dead K179M (kd), and FLAG-PDK1 WT, kinase-dead K110N (kd),
or HA-Sin1. (right) Quantification of Akt phosphorylation reflects the normalized phospho-
signal relative to total Akt for the activation loop (pThr38), turn motif (pThr4%0), or
hydrophobic motif (pSer4’3) from 4 independent experiments.

(E) The hydrophobic motif of PKC and Akt is regulated by autophosphorylation in a PDK1-
dependent and mTORC2-sensitive manner. Schematic of mMTORC2 and PDK1 function in
the phosphorylation of PKC and Akt: (left) mTORC2-containing cells produce kinase that is
phosphorylated at the activation loop (AL), Turn Motif (TM), and Hydrophobic Motif (HM);
(middle) mTORC2-deficient cells produce kinase with impaired phosphorylation at all three
sites; (right) PDK1 overexpression in mTORC2-deficient cells rescues phosphorylation at
the AL and HM, but not the TM. This rescue depends on the intrinsic catalytic activity of
PKC and Akt, indicating that the hydrophobic motif of both kinases is regulated by
autophosphorylation (green arrow) in a reaction that is promoted by PDK1 phosphorylation
of the activation loop. mTORC2 facilitates the PDK1 step and can by bypassed with PDK1
overexpression.

In Western blots, the double asterisk (**) denotes the position of mature, phosphorylated
PKC; the single asterisk (*) denotes the position of PKC phosphorylated at the hydrophobic
motif, and the dash (=) indicates the position of unphosphorylated PKC.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by One-way ANOVA and Tukey HSD
Test. Western blot quantifications represent the mean + SEM from at least three independent
experiments.
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Fig. 3. mTORC2 Binds and Phosphorylates a Novel TOR-Interaction M otif.
(A) Autoradiograph (3°S) and Western blot of HA or Myc immunoprecipitates from a pulse-

chase experiment of COS7 cells co-expressing HA-PKCgII and Myc-mTOR. The double
asterisk (**) denotes the position of mature, fully phosphorylated PKC and the dash (=)
indicates the position of unphosphorylated PKC. Blots are representative of three
independent experiments.

(B) (top) Immunoblot analysis of 1-step, 15-mer peptide arrays spanning residues 615-643
(left) and residues 642-669 (right) of the PKCpII C-tail overlaid with Triton-solubilized
lysate from WT MEFs expressing HA-Sinl or Myc-mTOR and probed with antibodies for
Sinl (HA) or mTOR (Myc). The positions of the turn motif Thr841 and hydrophobic motif
Serb60 are indicated. (far right) Peptide arrays of the indicated hydrophobic motif sequences
were generated with phospho-Ser (pS) or unphosphorylated Ser (S) at the hydrophobic motif
site and probed for mTOR as in panels on left. (bottom) Ala-scans of the indicated C-tail
peptides were probed for Sinl (HA) and mTOR; first spot is the wild-type peptide (WT).
Blots are representative of three independent experiments.

(C) Docking of the Sin1 CRIM domain (NMR structure, PDB ID: 2RVK) to the PKCpII
catalytic domain (X-ray structure, PDB ID: 2I0E). (inset) Interactions of the CRIM domain
acidic loop with the PKCBII TOR-interaction motif helix are shown.

(D) Sequence alignment of the active-site tether and turn motif regions in the PKC C-tail,
indicating the novel TOR-interaction motif Thr conserved in mTORC2-dependent PKC
isozymes.

(E) Western blot of FLAG immunoprecipitates (IP:FLAG) from WT (+/+) or Sinl KO
(Sin1™7) MEFs expressing FLAG-PKCpII alone or with HA-Sinl and probed with an
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antibody to pThr834 or FLAG. Tubulin blot represents 10% whole-cell lysate input prior to
immunoprecipitation.

(F) Western blot of whole-cell lysates (WCL) from HEK-293t cells expressing FLAG-
PKCBII, treated with Torin (250 nM) for 36 h co-transfection, and probed with the indicated
antibodies. (right) Quantification reflects the TIM phospho-signal (pThr®34) relative to total
PKC.

(G) Western blot from /in vitro mTORC2 kinase assay, performed by incubation of HA-Sinl
or HA empty vector control (Vec) immunoprecipitated from HEK-293t cells transfected with
these HA constructs, and GST-tagged PKCpII C-tail (a.a.601-673) WT or T634A purified
by GST pulldown, in the presence or absence of Torin (200 nM) and probed with antibodies
to mTORC2 components, GST, or an antibody to phospho-Thr. The asterisk (*) represents
phosphorylated GST-PKCBII C-tail peptide and the dash () represents unphosphorylated
peptide.

(H) Relative abundance of PKCBII C-tail peptide or phosphorylation at Thr834 for the in
vitrokinase assay shown in (H) as determined by LC-MS. Data were obtained from two
independent kinase assays.

(1) Representative spectrum of in vivo PKCPII Thr834 phosphorylation from analysis of a
mouse brain phospho-proteomic dataset. Blue color denotes y ions and red color denotes b
ions. (ppm-parts per million, Xcorr- spectral match correlation score).

**p < 0.01 by One-way ANOVA and Tukey HSD Test or Student’s t-test. Error bars
represent SEM from at least three independent experiments.
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Fig. 4. The TOR-Interaction Motif |s Evolutionarily Conserved in Eukaryotes.
(A) Sequence alignment of the active-site tether region of AGC kinases indicating TOR-

interaction motif (red) and turn motif (blue) phosphorylation sites for selected AGC kinases.
(B) AGC kinase branch of the human Kinome tree (111) indicating conservation of the
TOR-interaction motif Thr in the highlighted kinases.

(C) Co-conservation of the TOR-interaction motif with TORC2 components SIN1 and
RICTOR in various species (detailed in Fig. S7). Conservation of the TOR-interaction motif
was defined by species that showed at least one AGC kinase conserving the TIM Thr.

(D) Conservation of the TOR-interaction motif Thr (TIM-Thr) in the AGC C-terminal tail
across 5 major taxonomic groups. Sequence logos are shown for four distinct regions of the
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AGC tail: PxxP motif (124), active-site tether (57), turn motif, and hydrophobic motif.
Sequences are stratified by taxonomic clades across the Y-axis: opisthokonta (animals,
fungi, yeast), viridiplantae (terrestrial & aquatic plants), SAR (protozoa), amoebozoa
(protozoa), and excavata (protozoa). Within each clade, sequences are further stratified by
conservation of the TIM-Thr (top row). Pie charts (right) show the composition of AGC
families within strata. AGC families accounting for less than 10% of each strata are not
shown.
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PKC Activity (FRET/CFP)

Fig. 5. TOR-Interaction Motif Phosphorylation is Critical for PKC and Akt Activity.
(A) PKC activity in COS7 cells expressing CKAR2 (48) alone or with mCherry-PKCpII

WT, T634A, T641A, or T634A/T641A (AA) and treated with UTP (100 uM) and then
PDBu (200 nM) at the times noted. Data represent the normalized FRET ratio changes
(mean = SEM) from three independent experiments. (right) Quantification of PKC activity
represents the normalized area under the curve from baseline of 1.0 (AUC; mean + SEM) for
the 20 min following UTP addition. Each data point reflects AUC of single cells from three
independent experiments.

(B) Akt activity in COS7 cells expressing BKAR and mCherry-mAktl kinase domain
(a.a.141-480) WT, T450A, or T443A and treated with the Akt inhibitor GDC-0068 (20 UM).
The drop in FRET upon inhibitor addition indicates the degree of basal activity of the
isolated kinase domain. Data represent the normalized FRET ratio changes (mean = SEM)
from three independent experiments. (right) Quantification of basal Akt activity measured
by magnitude of the FRET change (mean £ SEM) 12 min after inhibitor addition. Each data
point reflects AUC of a single cells from three independent experiments.

(C) Western blot of FLAG immunoprecipitates from Triton-solubilized lysates of HEK-293t
cells expressing FLAG-PKCBII WT, T634A, T641A, or T634A/T641A (AA) and probed
with the indicated antibodies. (right) Quantification of PKC phosphorylation (mean + SEM)
from three independent experiments represents the percent of the slower-mobility,
phosphorylated species (**) over total PKC. Blots are representative of three independent
experiments.

(D) Western blot of FLAG immunoprecipitates from Triton-solubilized lysates of HEK-293t
cells expressing FLAG-Akt1 catalytic domain (a.a.141-480) WT, T443A, or T450A
constructs and probed with the indicated antibodies. (right) Quantification of Akt
phosphorylation (mean = SEM) from three independent experiments reflects the normalized
phospho-signal relative to total Akt for the activation loop (pThr3%8) or hydrophobic motif
(pSer#73). Blots are representative of three independent experiments.
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**p < 0.01; ****p < 0.0001; n.s., not significant by One-way ANOVA and Tukey HSD Test
or Student’s t-test. Western blot quantifications represent the mean + SEM from at least
three independent experiments.
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Fig. 6. The TOR-Interaction Motif Coordinates PKC Dimerization.
(A) PKC dimer from PKCpII X-ray structure (PDB ID: 2I0E) showing the PKC kinase (teal)

and C-tail (red) with dimer partner (PKC") kinase (tan) and C-tail (blue). The dimerization
interface at the TOR-interaction helix (TIM Helix) is shown with interacting Phe residues.
(B) Western blot of Triton-solubilized lysates (Input) and HA or IgG control
immunoprecipitates from HEK-293t cells expressing HA- and mCherry-PKCBII WT or
T634A/T641A (AA), and probed with the indicated antibodies. s.e., short exposure; l.e.,
long exposure. (right) Quantification of immunoprecipitated mCherry-PKC normalized to
the input mCherry-PKC (mean + SEM) from three independent experiments.

(C) Domain organization of PKCpII constructs tagged with the Renilla luciferase (Rluc)
based protein-fragment complementation assay (PCA) fragments Rluc-F[1] and Rluc-F[2].
Scheme illustrates an involvement of the PKC TOR-interaction motif (T1M) in PKC dimer
formation analyzed using the PCA system. PKC dimerization induces the complementation
of Rluc fragments and bioluminescent signal reflects the indicated protein-protein
interactions (PPI).

(D) Indicated C-terminally tagged Rluc PCA reporter constructs were transiently co-
expressed in HEK293 cells (the exception is the N terminally tagged F[1]-PKCp). Data are
presented as the fold change of bioluminescent signals (relative light units (RLU)) relative to
PKCBII homodimer formation. Each point represents the mean value of an individual
experiment performed at least in triplicate; bars indicate the mean £ SEM from four
independent experiments. The PKA subunit Rla was used as a dimerization positive control.
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(E) PKC dimer formation of PKCBII WT and T634A/T641A (AA), measured in the
presence or absence of cycloheximide (CHX; 250 uM for 6 h), assessed by the RLuc PCA
reporter assay as in (D). Data are presented as the fold change of the PPI signal relative to
the WT PKCBII dimer signal. Each point represents the mean value of an individual
experiment performed at least in triplicate; bars indicate the mean £ SEM from five
independent experiments. *p< 0.05; **p<0.01; ***p<0.001; n.s., not significant by paired
Student's t-test.

(F) Effect of increasing expression of FLAG-PKCBII WT or T634A/T641A (AA) on dimer
formation of PKCbII-Rluc-F[1] and PKCblI-Rluc-F[2]. Data are presented as the fold
change of the PPI signal in relation to the mock control. Each point represents the mean
value of an individual experiment performed at least in triplicate; bars indicate the mean *
SEM from three independent experiments. *p< 0.05; **p<0.01; ***p<0.001; n.s., not
significant by One-way ANOVA.

(G) Dimerization interface of the TIM helix showing hydrophobic interactions and TIM
phosphorylation site (T634). Kekulé structures of two PKC Dimerization Disruptor (PKC-
DD) stapled peptides targeting the TOR-interaction motif.

(H) Western blot of HEK293t cells expressing FLAG-PKCBI|, treated with 10 uM of the
indicated PKC-DD stapled peptides for 24 h prior to lysis, and probed with the indicated
antibodies. (right) Quantification represents the amount of PKC phosphorylated at Thré41 or
Ser660 normalized to total PKC from three independent experiments.

*p < 0.05; **p<0.01; ***p<0.001; n.s., not significant by Student’s t-test or One-way
ANOVA. Error bars represent SEM from at least n=3 experiments.
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Fig. 7. Model of PKC maturation by phosphorylation.
(A) Newly-synthesized PKC exists as a homodimer mediated by the TOR-interaction motif

(TIM) helix, with membrane targeting domains exposed, and is neither phosphorylated nor
catalytically active (UNPRIMED).

(B) mTORC2 binds to disrupt the dimer interface, phosphorylates TIM and turn motif
phosphorylation to relieve the PKC dimer, exposing the C-terminal tail to recruit PDK1.
(C) Bound PDK1 phosphorylates PKC at the activation loop.

(D) Activation loop phosphorylation triggers intramolecular autophosphorylation at the
hydrophobic motif.

(E) Phosphorylation at the hydrophobic motif triggers binding of the pseudosubstrate to the
substrate binding cavity to effect autoinhibition (PRIMED). This species of PKC, which is
stable and catalytically competent, is maintained in an inactive state by the pseudosubstrate,
poised for activation by the second-messengers diacylglycerol and Ca2*.
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Fig. 8. Model for Phosphorylation of mTOR-Regulated AGC Kinases.
mTOR-regulated kinases are phosphorylated at the activation loop, turn motif, hydrophobic

motif, and the newly-identified TOR-interaction motif. The TOR-interaction motif and turn
motif are phosphorylated by mTOR, which facilitates activation loop phosphorylation by
PDKZ1, and triggers hydrophobic motif autophosphorylation to activate the kinase.
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