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Highlights
Newly synthesized protein kinase C
(PKC) becomes phosphorylated atmulti-
ple sites necessary to produce a mature
kinase in a signaling-competent and
'ready-to-go' conformation that can rap-
idly respond to second messengers.

The upstream kinase phosphoinositide-
dependent kinase 1 (PDK1) has long
been known to catalyze phosphorylation
of the activation loop to stabilize the
active site for catalysis, in turn triggering
autophosphorylation at a C-terminal site
known as the hydrophobic motif.
Protein kinase C (PKC) isozymes are maintained in a 'ready-to-go' but 'safe'
autoinhibited conformation until second messenger binding unleashes an
autoinhibitory pseudosubstrate to allow substrate phosphorylation. However,
to gain this 'ready-to-go' conformation, PKC must be processed by a series of
complex priming phosphorylations, the mechanism of which was enigmatic until
now. Recent findings snapped the pieces of the phosphorylation puzzle into
place to unveil a process that involves a newly described motif (TOR interaction
motif, TIM), a well-described kinase [mechanistic target of rapamycin complex 2
(mTORC2)], and an often-used mechanism (autophosphorylation) to prime PKC
to signal. This review highlights new insights into how phosphorylation controls
PKC and discusses them in the context of common mechanisms for AGC kinase
regulation by phosphorylation and autophosphorylation.
Why the kinase mechanistic target of
rapamycin complex 2 (mTORC2) is also
necessary for some PKC isozymes to
'mature' into this signaling-competent
species has remained elusive.

The identification of an evolutionarily con-
served phosphorylationmotif (F-X3-F-pT)
that is present in all mTORC2-regulated
AGC kinases – the TOR interaction
motif (TIM) – provided the key to unlock
the puzzle.

A new model has emerged in which
nascent PKC is a stable homodimer
mediated by the TIM; phosphorylation
by mTORC2 dissociates the dimer to
facilitate PDK1 binding, activation loop
phosphorylation, and ultimately hydro-
phobic motif autophosphorylation.
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Protein kinases as signaling switches
Reversible protein phosphorylation, discovered almost 70 years ago by Fischer and Krebs 1], is the
universal language of cell signaling, and the majority of proteins are regulated at [multiple sites by the
opposing functions of protein kinases and protein phosphatases [2,3]. Protein kinases are highly
regulated enzymes whose spatial and temporal activity is directed through various ON–OFF switch
mechanisms to ensure that they are activated in the proper cellular context [4–6]. Although kinases
catalyze the transfer of phosphate groups to their substrates, phosphorylation is also the primary
means by which kinases themselves are regulated and achieve catalytic competence. Phosphory-
lation dictates kinase function by affecting their structure, localization, stability, and affinity for other
proteins or second messengers that direct spatiotemporal activity [6,7]. The PKC family of Ser/Thr
kinases (Box 1) serves as a paradigm for how phosphorylation by both upstream kinases and
autophosphorylation coordinately controls kinase function. This review discusses the role of
two upstream kinases, mTORC2 (Box 2) and the phosphoinositide-dependent kinase 1
(PDK1; see Glossary), in converting newly synthesized PKC into an autophosphorylation-
competent species that modifies its own C-tail, the final step in producing the stable, signaling-
competent enzyme that accumulates in cells. This review also highlights the role of autophosphory-
lation in regulating kinase function.

PKC isozymes are primed to rapidly respond to signals that produce diacylglycerol, and Ca2+

for some family members, to 'message' their engagement with cell-surface receptors [8].
These Ser/Thr kinases are maintained in a 'ready-to-go' but autoinhibited conformation until
second-messenger binding releases an autoinhibitory pseudosubstrate segment from the kinase
active site to allow substrate binding and phosphorylation (Figure 1, right panel). To gain this
'ready-to-go' conformation, PKC must be processed by a series of priming phosphorylations
(Figure 1, left panel). Without these phosphorylations, PKC is in an open 'unsafe' conformation
and is degraded [9]. Similarly, if the mature form is locked in an open and active conformation,
it is dephosphorylated and degraded, a process referred to as downregulation. Thus,
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Glossary
Activation loop: a flexible segment
near the entrance to the active site that
regulates activity, often in a
phosphorylation-dependent manner.
The activation loop begins with a
conserved Asp-Phe-Gly (DFG) motif and
extends 20–30 residues to a conserved
Ala-Pro-Glu (APE) motif. Phosphorylation
of this segment is crucial for orientating
the DFG Asp that coordinates Mg2+ to
facilitate ATPbinding, aswell as for proper
alignment of a separate His-Arg-Asp
(HRD) motif in which the Asp acts a
catalytic base in the phosphorylation
reaction.
Downregulation: reduction in
steady-state levels of a protein that can
result from decreased transcription,
destabilizing mutations, or altered
post-translational modification leading to
increased protein degradation. With
reference to PKC, downregulation
signifies loss of protein following
prolonged treatment with activators
such as phorbol esters.
Gain-of-function (GOF) mutation: a
mutation that results in increased
function of a protein or the gain of a new
molecular activity. These mutations are
generally missense mutations that
eliminate mechanisms of inhibition,
resulting in constitutive activation of
the protein.
Germline mutation: inherited mutation
that occurs in germ cells and is present
in themajority of cells in the human body.
Hydrophobic motif: a conserved
phosphorylation site on the C-tail of AGC
kinases (named from the protein kinases
A, G, and C) such as PKC and Akt that is
flanked by hydrophobic residues.
Loss-of-function (LOF) mutation: a
mutation that results in decreased
protein expression or compromised
protein function. LOF mutations can be
missense mutations that result in a
change in a single amino acid but are
more commonly indels (insertions or
deletions) or nonsense mutations that
introduce a stop codon early in the gene.
Oncoprotein: the protein product of an
oncogene, a gene that harbors frequent
gain-of-function mutations or has
increased expression in cancer that
contribute to cancer-associated
phenotypes such as increased
proliferation or survival.
Phosphoinositide-dependent
kinase 1 (PDK1): an AGC family
member composed of an N-terminal
kinase domain and C-terminal pleckstrin
phosphorylation is crucial for the stability and function of PKC. Deregulation of the inputs that
control the activity or steady-state levels of PKC result in pathophysiologies (Box 3).

Activation loop phosphorylation
A nearly universal requirement for eukaryotic protein kinases is the structuring of a labile loop
that connects the N- and C-lobes of the kinases, termed the activation loop (also T-loop).
This segment near the entrance to the active site exists in a dynamic equilibrium between a
conformation in which the Asp-Phe-Gly (DFG) motif in the C-lobe is in the 'DFG-IN’ conforma-
tion, in which a hydrophobic 'regulatory spine' found in all kinases is aligned to poise the kinase
for catalysis, and a 'DFG-OUT' conformation in which the spine is not assembled and the
kinase is inactive [4,10]. Although kinases such as Aurora A can adopt the DFG-IN conforma-
tion in response to binding of protein partners [11], alignment of the regulatory spine is most
commonly achieved by phosphorylation, which, either alone or in combination with other stabilizing
factors [12–14], favors the DFG-IN conformation [4,10]. Thus, activation loop phosphorylation
is intrinsically linked to kinase activation and represents a central control step to achieve the
active state. Illustrating the importance of structuring the activation segment for catalysis,
protein pseudokinases, which possess a protein kinase fold but lack catalytic activity, are
frequently rendered inactive as a result of mutations in prominent catalytic motifs such as the
activation loop [15,16]. In addition, the activation loop is the most frequently mutated region
in cancer kinomes [17]; modifications in its phosphorylation sites may mimic phosphorylation
to hyperactivate oncoprotein kinases or prevent phosphorylation to inactivate tumor-
suppressor kinases [18].

PDK1: activation loop kinase
PDK1 is the 'activation loop kinase' for PKC, and many kinases of the AGC family (named from
protein kinases A, G, and C) including protein kinase A (PKA), Akt, S6K, RSK, and SGK [19].
This single gene product, which is present in limiting quantities in cells (approximately 10 nM in
HeLa cells [20]) is responsible for the phosphorylation of a disproportionate number of substrates
(the PKC isozymes alone account for on the order of 100 nM of substrate [20]). Although the
phosphorylation of all the client kinases occurs on the activation loop to promote alignment of
residues for catalysis, different kinases take advantage of this step in various ways. In the case
of PKC and PKA, phosphorylation by PDK1 occurs shortly after biosynthesis and is part of a
conversion to a species that is poised to signal as soon as the appropriate second messengers
are present [8]. However, for kinases such as Akt, the PDK1-catalyzed phosphorylation is
agonist-induced and transient [19].

Gateway to the activation loop
Although activation loop phosphorylation is necessary for PKC activity, it is not sufficient. PKC
isozymes and many other AGC kinases, including Akt and S6K, require phosphorylation of a
site termed the hydrophobic motif, a conserved feature in the C-terminal tail of nearly all
AGC kinases [21]. Phosphorylation of this site is generally required for full kinase activation,
however some AGC kinases, such as PKA, share the flanking hydrophobic sequence, but
lack the phospho-acceptor Ser or Thr, and thus do not require hydrophobic motif phosphory-
lation for activity [4]. The identity of the direct hydrophobic motif kinase remained contentious
for a long time, and the evidence initially supported an autophosphorylation mechanism but
later revealed a requirement for the mTOR kinase [22,23]. The resolution of this mechanism,
described for PKC family kinases, linked the function of mTOR with both activation loop phos-
phorylation and hydrophobic motif autophosphorylation, thereby providing an elegant example
of how synergistic regulation of phosphorylation sites improves the fidelity of kinase maturation
and activation [9].
Trends in Biochemical Sciences, June 2022, Vol. 47, No. 6 519

CellPress logo


Trends in Biochemical Sciences

homology (PH) domain that
phosphorylates the activation loop of
other members of this family, such as
PKA, PKC and Akt, to structure the
active site for catalysis.
Somatic mutation: a mutation
acquired in a cell from damage to DNA
that is then passed on through cell
division.
TOR interaction motif (TIM): a newly
identified sequence (F-X3-F-pT)
preceding the turn motif that is present
on all known AGC kinases regulated by
mTOR, where the Thr is directly
phosphorylated by mTOR.
Turn motif: a conserved
phosphorylation site on the C-tail of AGC
kinases such as PKC and Akt.
Tumor suppressor: a gene that
harbors frequent LOF mutations or
deletions in cancer; it generally acts to
suppress cell proliferation and growth or
promotes cell death under physiological
conditions.
mTORC2: gatekeeper of the activation loop phosphorylation
The secondmTOR-containing complex, mTORC2 (Box 2), was first characterized as a prerequisite
for Akt phosphorylation and activity, as was later shown to be the case for several AGC kinases
including PKC [23–25]. mTORC2 has been proposed to phosphorylate multiple sites on the C-tail
including the turn motif, hydrophobic motif, and extreme C-tail sites on Akt [26], thus garnering
the moniker of 'hydrophobic motif kinase'. Strong biochemical evidence for a direct mTORC2
phosphorylation, however, exists only for cotranslational phosphorylation of the Akt turn motif [27].
Phosphorylation of the turn motif on Akt is not required for its activity or for its phosphorylation at
the activation loop or hydrophobic motif [27], suggesting that mTORC2 regulates Akt by a distinct
mechanism. For PKC, the turn-motif site is also dispensable for its activity, whereas the hydrophobic
motif is required for in vitro and cellular activity [28]. Curiously, PKC dephosphorylated exclusively
at the activation loop and hydrophobic motif, but retaining the turn motif, is capable of re-
autophosphorylation at the hydrophobic motif, whereas fully dephosphorylated PKC requires
PDK1 phosphorylation of the activation loop in order to re-autophosphorylate and become active
towards substrates [22,29]. Therefore, the role of both mTORC2 and turn-motif phosphorylation in
PKC activation remained unclear for the 15 years following the discovery that mTORC2 promotes
the maturation of PKC [23].

TOR interaction motif
The identification of an invariant phosphorylation motif in the C-tail of every known mTORC2 client
kinase, but not other AGC kinases, provided a breakthrough in solving the puzzle of howmTORC2
regulates PKC [9] (Figure 2A). This motif F-X3-F-pT is present in all mTORC2-regulated PKC
isozymes, but not in the mTORC2-independent PKC isozymes. Indeed, AGC kinases can be
divided into those that have the motif (e.g., most, but not all, PKC isozymes and Akt) and those
that do not (e.g., PKA) (Figure 2B). The motif, termed the TOR interaction motif (TIM), is the
most conserved phosphorylation element in the C-tail of AGC kinases, and is evolutionarily con-
served to amoeba (Figure 2C). The motif is present in yeast PKN1, from which the PKC family
evolved [30], but was later lost in mTORC2-independent PKCs, raising the question of whether a
new function and new regulatory mechanism may have evolved for these isozymes. The newly
identified phosphorylation site is positioned seven amino acids before the known turn-motif
site, on a segment of the kinase referred to as the 'active site tether' [21]. The solvent-exposed
positioning of this Thr, unlike the kinase domain-facing turn-motif Thr, likely accounts for why
phosphate occupancy of the TIM site in mature PKC is low and its importance had therefore not
been previously appreciated.

Unveiling the functional relevance of the newly identified TIM involved a key biochemical finding:
overexpression of PDK1 completely bypassed the requirement for mTORC2 in allowing hydro-
phobic motif phosphorylation not only of PKC but also of Akt [9]. Whereas PKC and Akt have
no phosphate at the activation loop, turn motif, or hydrophobic motif in cells lacking functional
mTORC2, overexpression of PDK1 promotes phosphorylation of the activation loop (the direct
PDK1 site) and the hydrophobic motif (autophosphorylation). PDK1 does not, however, restore
phosphorylation of the turn motif, consistent with this site being a bona fide mTORC2 site [27].
The PDK1-promoted phosphorylation of the hydrophobic motif of both PKC and Akt requires
the intrinsic catalytic activity of each client kinase, thus validating previous studies identifying auto-
phosphorylation as the mechanism of hydrophobic motif phosphorylation [22,31,32]. These
studies revealed that mTORC2 facilitates the phosphorylation of the activation loop by PDK1,
an event that promotes catalysis to allow autophosphorylation of the hydrophobic motif.

The final piece of the puzzle involved a structural insight: a crystal structure of the cleaved kinase
domain of PKC revealed a previously ignored head-to-head dimer mediated by the newly
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Box 1. Architecture of protein kinase C family members

PKC isozymes are encoded by nine genes that are grouped into three subclasses: conventional (α, β, γ), novel (δ, ε, η, θ), and atypical (ζ/λ, ι) (Figure IA) [8]. They share a
common architecture of an N-terminal regulatory moiety that constrains the catalytic activity of a C-terminal kinase domain. All PKC isozymes have an autoinhibitory
pseudosubstrate segment (red) that reversibly binds to the kinase domain (cyan). In the absence of appropriate second messengers, it occupies the substrate-binding
cavity to inhibit the kinase and is released following engagement of regulatory modules by appropriate second messengers or scaffolds, thus permitting substrate
phosphorylation and downstream signaling. However, all regulatory domains participate in a network of interactions to maintain autoinhibition (Figure IB,C) [56,57]. The
C1A domain (light orange) directly follows the pseudosubstrate in all PKC isozymes and functions with the pseudosubstrate tomediate autoinhibition [58]. The C1B domain
(dark orange) serves as a diacylglycerol sensor in conventional and novel PKC isozymes, but not in atypical PKC isozymes because their C1 domain (striped) precludes
ligand binding. The C2 domain (yellow) in conventional PKC isozymes is a Ca2+ sensor which targets these PKC isozymes to the plasma membrane via a recognition motif
for the plasmamembrane-localized lipid phosphatidylinositol-4,5-bisphosphate (PIP2) [59]. Novel PKC isozymes also have a C2domain, but it is a topological variant (type II)
that allows it to occupy the same predicted position in the tertiary structure of PKC despite preceding the pseudosubstrate in the primary structure [57]. The novel C2
domain lacks key Asp residues that coordinate Ca2+ and thus is not a Ca2+ sensor. The PB1 (Phox and Bem1) domain (purple) in atypical PKC isozymes, which respond
to neither Ca2+ nor diacylglycerol, mediates binding to protein scaffolds, interactions that promote release of the pseudosubstrate to allow localized signaling [60,61]. The
kinase domain of PKC (cyan) is regulated by four constitutive post-translational phosphorylations that 'process' PKC into a mature, autoinhibited, and stable species.
mTORC2 phosphorylates the newly identified TOR interaction motif (TIM) (olive; Thr 634 in PKCβII) and turn motif (orange; Thr 641 in PKCβII) in the C-tail of some PKC
isozymes (α, β, γ, ε, ι, and ζ), PDK1 catalyzes the phosphorylation on the activation loop (magenta; Thr 500 in PKCβII) in the kinase domain, and PKC autophosphorylates
at the hydrophobic motif (green; Ser 600 in PKCβII). These phosphorylations are necessary for PKC to adopt the autoinhibited conformation, and aberrant PKC
enzymes that cannot become autoinhibited are degraded by a quality-control mechanism [28].
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Figure I. Architecture of protein kinase C. (A) Domain composition of PKC isozymes showing the autoinhibitory pseudosubstrate (red), diacylglycerol- and phorbol
ester-binding (solid orange) or non-ligand-binding (stippled orange) C1 domains, the Ca2+-sensing (solid yellow) or non-Ca2+-sensing (yellow stippled) C2 domain, the
kinase domain (cyan), and the C-terminal tail (C-tail; grey). Also shown are the conserved phosphorylation sites: activation loop (fuchsia) by PDK1, the TIM (olive) and turn
motif (orange) by mTORC2, and the hydrophobicmotif (green) by cis-autophosphorylation. Atypical PKCs are not phosphorylated at their hydrophobicmotif and instead
have a Glu (E) at the phospho-acceptor position. Three novel PKCs (δ, η, θ) do not have the TIM Thr phosphorylation site and are not regulated by mTORC2. (B) Cartoon
depiction of mature PKC in the autoinhibited conformation. In the absence of secondmessengers, PKC is cytosolically localized and the pseudosubstrate restrains PKC
activity. (C) Molecular modeling of full-length, autoinhibited PKCβII showing the general packing architecture proposed for all PKC isozymes based on structures of
individual domains [57]. The pseudosubstrate (red) is held in place by the C2 domain (yellow), and the C1 domains (orange) pack against the kinase domain, with
the C-tail (grey) wrapping around the top of the upper N-lobe. Phosphorylation sites are shown as spheres: activation loop (fuchsia) and C-tail (grey) sites at the TIM
(olive), turn motif (orange), and hydrophobic motif (green).
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identified TIM [9,33] present on the Asn-Phe-Asp (NFD) helix of the C-tail (Figure 3). This dimer, that
is not observed in other structures of the isolated PKC kinase domain, may have been fortuitously
observed because the kinase domain was uniquely generated from full-length (and thus normally
matured) PKCβII by limited proteolysis at the hinge (see Figure I in Box 1). Although phosphorylated
Trends in Biochemical Sciences, June 2022, Vol. 47, No. 6 521
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Box 2. Architecture of mTORC2

mTOR is a large (289 kDa) multidomain Ser/Thr kinase that assembles into two distinct multi-subunit signaling complexes
in the cell, mTORC1 andmTORC2 [62]. WhereasmTORC1 plays key roles in energy sensing andmetabolism, the less well
understood mTORC2 regulates AGC kinases and survival signaling [63]. mTORC2 shares the core components mLST8
and the mTOR kinase with mTORC1; however, mTORC2 contains the adaptor Rictor instead of mTORC1 component
Raptor, and additionally harbors the unique component Sin1 [64] (Figure IA). mTORC1 activity is allosterically inhibited
by rapamycin and its derivatives; however, the Sin1–Rictor interaction occludes the rapamycin binding site on mTOR–
FKBP12, rendering mTORC2 insensitive to acute rapamycin treatment [65].

Originally characterized as a modulator of hydrophobic motif phosphorylation on Akt [66], mTORC2 also regulates the
phosphorylation and activity of other AGC kinases including SGK, PKN, and six of the nine PKC family members [23] (main text).
The hydrophobic motif of S6K, by contrast, is regulated by mTORC1. mTORC2 has been shown to directly phosphorylate two
conserved sites – the TOR interaction motif (TIM, Thr634 in PKCβII) and the turn motif (PKCβII Thr641) – on the C-tail of these
AGC kinases [9,27,67,68]. Recruitment of its AGC kinase substrates is achieved by binding of the Sin1 CRIM domain to the
kinase C-tail [9,69,70] (Figure IB). For PKC and Akt, phosphorylation of the TIM and turn-motif Thr facilitates phosphorylation
of the activation loop by PDK1, which then triggers autophosphorylation of the hydrophobic motif to fully activate the kinase.
Thus, one role of mTORC2 is to indirectly regulate hydrophobic motif phosphorylation by priming AGC kinases for activation.
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Figure I. Architecture of mTORC2. (A) Cryo-electronmicroscopy structure (PDB ID: 6ZWM) of themTORC2 homodimer
showing the mTOR kinase (lavender), Rictor (pink), mLST8 (green), and Sin1 (gold). Note: the Sin1 CRIM domain, which
recruits mTORC2 to its substrates, is not resolved [75]. (B) Docking of the Sin1 CRIM domain (gold; nuclear magnetic
resonance structure, PDB ID: 2RVK) to the PKCβII catalytic domain (teal with C-tail in red; X-ray structure, PDB ID: 2I0E).
(Inset) Interactions of the CRIM domain acidic loop (gold) with the PKCβII TIM helix (red) are shown. The TOR interaction
motif (TIM) phosphorylation site (Thr634) is indicated as well as key residues in the binding interface.
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(mature) PKC is a monomer [34], this structure of the isolated kinase introduced the idea that
newly synthesized PKC could be a dimer mediated by the TIM helix and the substrate-binding
CRIM ('conserved region in the middle') domain of mTORC2 (Box 2). Whether this dimer is stabi-
lized by protein scaffolds that potentially assist in recruiting mTORC2 remains to be elucidated. The
observation of this dimer interface led to the model that phosphorylation of the TIM and adjacent
turn motif by mTORC2 would break apart the dimer, exposing the C-tail for PDK1 binding, and
thus initiating the chain of priming phosphorylations. Indeed, biochemical studies revealed that
mutation of the TIM and turn-motif sites to Ala promoted dimerization of PKC and prevented
processing by phosphorylation [9]. Furthermore, stapled peptides that compete with the dimer
interface promoted the phosphorylation of PKC. Thus, the role of mTORC2 in the maturation of
PKC was unveiled: TIM phosphorylation by mTORC2 dissociates an inactive PKC homodimer
following synthesis, thus allowing PDK1 to phosphorylate the activation loop and triggering intra-
molecular autophosphorylation of the hydrophobic motif [9] (Figure 1, left panel). This mTORC2-
522 Trends in Biochemical Sciences, June 2022, Vol. 47, No. 6
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Figure 1. Life cycle of protein kinase C (PKC). PKC signaling involves constitutive priming phosphorylations and agonist-evoked activity. PKC is matured by
phosphorylation following synthesis that confers catalytic competence and protein stability. PKC is synthesized as a symmetrical homodimer (i). PKC is recruited to the
kinase complex mTORC2 by Sin1 and the protein chaperone Hsp90 (ii). mTORC2 phosphorylation of the TOR interaction motif (TIM) and turn-motif sites dissociates
the dimer and exposes the C-tail for docking by PDK1 (iii). PDK1 phosphorylates the activation loop of PKC, which triggers intramolecular hydrophobic motif
autophosphorylation. This phosphorylation confers full catalytic competence to PKC and simultaneously induces conformational changes that result in autoinhibition via
the pseudosubstrate. PHLPP phosphatases survey the conformation of newly synthesized PKC, dephosphorylating the hydrophobic motif of PKC enzymes which do
not adopt the autoinhibited conformation. The fully phosphorylated, autoinhibited, and stable PKC is monomeric in the cytosol (iv). PKC is allosterically activated upon
the generation of Ca2+, which recruits PKC to the plasma membrane via the C2 domain (v). C1B domain binding to diacylglycerol expels the pseudosubstrate and
initiates downstream signaling. The active PKC conformation (vi) is sensitive to dephosphorylation by PHLPP and PP2A phosphatases, and the dephosphorylated
species is downregulated by Hsp70-mediated proteasomal degradation (vii). Abbreviations: DG, diacylglycerol; PIP2, phosphatidylinositol-4,5-bisphosphate.

Box 3. PKC dysregulation in disease

The signaling output of PKC in cells is exquisitely controlled by diversemechanisms tomaintain cellular homeostasis (Figure I).
In addition to acute activation by second messengers, the steady-state levels of PKC are finely tuned. Mechanisms that
promote phosphorylation (discussed in the main text) increase the steady-state levels of PKC, whereas mechanisms that
promote dephosphorylation reduce the steady-state levels of PKC by triggering its downregulation. Indeed, an analysis of
>5000 tumor cell lines revealed a 1:1 correlation between phosphorylation of the hydrophobic motif of PKCα and PKCβII
and total PKCα and PKCβII levels, underscoring the crucial importance of hydrophobic motif phosphorylation in governing
the stability of PKC [28]. Low PKC protein is associatedwith worsened survival in several cancers including pancreatic, colon,
and lung cancer [71]. In addition, cancer-associated somatic mutations in PKC are generally loss-of-function (LOF)
mutations. These findings have recently reframed PKC as a tumor suppressor. By contrast, gain-of-function (GOF)
mutations in PKC are associated with neurodegenerative disease. Notably, activity-enhancing germline mutations in
PKCα are associated with Alzheimer's disease and mutations that enhance PKCγ activity are associate with spinocerebellar
ataxia type 14 [72].
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Figure I. Dysregulation of PKC signaling in disease. Deregulation of PKC results in pathophysiologies; GOF
mutations are generally associated with degenerative diseases whereas LOF mutations are associated with cancer.
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Figure 2. Conservation of the TOR interaction motif (TIM). (A) Protein sequence alignment showing the TIM and turn-
motif phosphorylation sites. mTOR-regulated AGC kinases exclusively conserve the TIM Thr. The TIM comprises an F-X3-F-pT
motif in the C-terminal tail preceding the turn motif. Three protein kinase C (PKC) isozymes (δ, η, θ) do not conserve a phospho-
acceptor at the TIM, and these are not regulated bymTORC2 (note, for δ, Gan et al. reported that PRR5Ldegradation promotes
a mTORC2-dependent increase in the hydrophobic motif phosphorylation of PKCδ [73], but this may arise from the reported
PRR5L suppression of the activity of the hydrophobic motif phosphatase PHLPP [74]; the PKCδ hydrophobic motif is
unaffected by Sin1 or Rictor knockdown in mouse embryonic fibroblasts [67]). PKC isozymes are boxed in yellow. (B) X-ray
structure (PDB ID: 2I0E [33]) of the symmetrical PKCβII homodimer showing the PKC kinase domain (teal) and C-tail (red)
with dimer partner (PKC') kinase (tan) and C-tail (blue). The TIM helix forms a hydrophobic interface through conserved
Phe resides; the inset indicates F629-X2-F

631-F632-T of the F-X3-F-pT motif. Phosphorylation of the TIM Thr may dissociate
the dimer by perturbing this interaction. Adapted, with permission, from [9]. (C) Evolutionary conservation of the TIM Thr in
the AGCC-terminal tail in fivemajor taxonomic groups. Sequence logos showmajor features stratified by kinases that conserve
(top) or do not conserve (bottom) the TIM Thr in the active-site tether for each group. Adapted, with permission, from [9].
(D) AGC branch of the human kinome tree showing the kinases conserving the TIM Thr (red).
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catalyzed phosphorylation of the TIM is the first and rate-limiting step that allows PKC to become
catalytically competent, stable, and poised to respond to second messengers (Figure 1 right
panel). Taken together, mTORC2 acts as the gatekeeper for PDK1 to phosphorylate the activation
loop and prepare PKC to adopt its primed state.

Determining the precise order, function, and consequence of individual phosphorylations was
perhaps best suited to PKC whose phosphorylations are ordered and constitutive; however,
other AGC kinases with inducible phosphorylations dependent on multiple inputs may be more
difficult to decipher. For example, the structural implications of TIM phosphorylation on Akt are
not as well understood beyond the shared function of recruiting PDK1 to phosphorylate the
activation loop to facilitate hydrophobic motif autophosphorylation. Given that the other
mTORC2 phosphorylation site, the turn motif, is phosphorylated cotranslationally [27], and that
the phosphorylations of the activation loop and hydrophobic motif of Akt are agonist-evoked
[19], there is an important biology to be worked out surrounding the timing, localization, and
structural requirements of these events. A general role of mTORC2 in facilitating the PDK1 step
524 Trends in Biochemical Sciences, June 2022, Vol. 47, No. 6
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ultimately resulting in degradation of the unmasked PKC. Abbreviations: DG, diacylglycerol; PHLPP, pleckstrin homology (PH) domain leucine-repeat protein phosphatase.
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is supported by a recent study showing that a Lys to Cys mutation in the PIF (PDK1-interacting
fragment) pocket (discussed in the hydrophobic motif section) of yeast Gad8, an ortholog of
human Akt and SGK1, also bypasses the mTORC2 requirement for activity of this AGC kinase
[35]. This mutation likely unlatches the C-tail to render it more accessible for PDK1 binding. In
addition, other AGC kinases such as S6 kinases depend instead upon mTORC1 for phosphoryla-
tion of their hydrophobic motifs because they have a C-terminus that blocks mTORC2 binding and
an N-terminal TOR signaling motif that recruits mTORC1 [36]. Of note, a recent study revealed that
specificmTOR complex-dependence (1 versus 2) influences the upstream signals that regulate the
activation of distinct AGC kinases. Thus, investigating the precise function of TIM phosphorylation
in other AGC kinases that depend upon mTOR will be of great interest for future studies.

Autophosphorylation: how kinases self-activate
Activation of a growing number of protein kinases is recognized to involve autophosphorylation. The
process of autophosphorylation presents an apparent paradox because an inactive kinase must
phosphorylate itself to become active [37]. This model invokes a 'prone-to-autophosphorylate'
conformation in which an inactive kinase is allosterically stabilized via dimerization or chaperone
proteins to overcome the energy barrier for autophosphorylation, resulting in full activation [38].
The phenomenon of autophosphorylation is an evolutionarily ancient signaling mechanism: the His
two-component system found in bacteria involves autophosphorylation of a histidine kinase,
which then transfers the phosphate group to a substrate effector to elicit a cellular response [39].
A recent analysis quantifying the extent of autophosphorylation in the eukaryotic protein kinome
found that ~45% of the kinome is capable of autophosphorylation at the activation loop [38].
However, the extent and function of autophosphorylation at sites outside the activation loop has
been less extensively characterized.

Prior studies established several mechanisms of kinase autophosphorylation, which can be
described by three main criteria: (i) cis or trans autophosphorylation, referring to whether the
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reaction occurs intramolecularly or intermolecularly, respectively, (ii) dimerization-dependent
or -independent autophosphorylation, and (iii) symmetric or asymmetric dimerization, indicating
whether one or bothmolecules in a dimer becomes phosphorylated [38]. For example, a prominent
mechanism of kinase activation involves symmetrical trans-autophosphorylation, as is the case
with Chk2, where swapping of activation loop segments between dimerized kinases was
determined structurally [40]. By contrast, EGF receptor family kinases engage in ligand-induced
dimerization and asymmetrical trans-autophosphorylation in which a head-to-head dimer containing
an 'activator' kinase phosphorylates and activates a 'receiver' kinase by phosphorylating multiple Tyr
residues on its C-tail [41]. Dimerization can also induce kinase autophosphorylation in cis; that is,
dimerization stabilizes a prone-to-autophosphorylate state that facilitates an intramolecular autophos-
phorylation reaction. Allosteric activation of kinases in this manner is the basis for pseudokinases to
participate in autophosphorylation reactions despite possessing no inherent catalytic activity towards
substrates [42]. Kinase autophosphorylation can also be promoted allosterically by non-kinase
proteins, as is the case for TPX2 activation of Aurora A trans-autophosphorylation at the mitotic
spindle [43]. Finally, kinases may cis-autophosphorylate as a monomer, exemplified by the Hsp90-
dependent autophosphorylation of GSK3β [44].

Which of these autophosphorylation mechanisms does PKC utilize to phosphorylate its own
hydrophobic motif? It was previously determined that in vitro dephosphorylated PKC could re-
autophosphorylate at the hydrophobic motif in a concentration-independent manner, indicative
of dimerization-independent cis-autophosphorylation [31]. However, this mechanism was
deduced from mature PKC, which had already undergone processing by mTORC2 and PDK1,
and was subsequently dephosphorylated at the hydrophobic motif. The recent finding that
newly synthesized PKC is a symmetrical PKC homodimer that dissociates upon mTORC2 phos-
phorylation of the TIM adds a new twist to the tale: PKC displays a unique autophosphorylation
mechanism in which dimerization inhibits rather than facilitates autophosphorylation. Dissociation
of the dimer by mTORC2 exposes the PDK1 binding site in the C-tail, allowing phosphorylation
of the activation loop, which triggers dimerization-independent cis-autophosphorylation. Phos-
phorylation of the PKC hydrophobic motif (but not of the turn motif) is additionally dependent on
Hsp90 binding to a PXXPmotif in the C-terminal tail, suggesting that, once the dimer is dissociated,
Hsp90 protects PKC from downregulation until it is fully phosphorylated [45].

If the hydrophobic motif is a conserved autophosphorylation site amongst AGC kinases, one
might question how such a highly conserved motif can be phosphorylated by many AGC kinases
with diverse substrate sequence preferences. Indeed, the PKC hydrophobic motif lacks the
positively charged Arg or Lys residues preceding the phosphorylation site at the P-4 through
P-2 positions in the PKC substrate consensus sequence [46]. Furthermore, the Akt hydrophobic
motif lacks the highly selected Arg at the P-3 position of its substrates [47]. However, sequence
motifs are only one determinant by which kinases select their substrates, secondary to prior re-
cruitment of the substrate and proper docking in an orientation amenable to phospho-transfer
[48]. It is relatively common that kinase autophosphorylation sites differ substantially from their se-
quence preferences [38]. Underscoring the degenerate nature of autophosphorylation sites, the
Ser/Thr kinase HIPK2 autophosphorylates in cis at adjacent Tyr and Ser residues in its activation
loop [49]. Thus, the strict sequences preferences of Ser/Thr versus Tyr kinases can be broken in the
case of cis-autophosphorylation. One explanation of this is that the prone-to-autophosphorylate
state displays a different consensus motif than the fully activated form. This is certainly the case
for DYRK kinases, which cis-autophosphorylate at the activation loop as a translational intermediate
form in a one-time initiation event [50]. This is reminiscent of the nascent PKC protein that briefly
exists as a dimer before an mTORC2 maturation event that yields a primed monomeric species.
Another explanation, especially in the case of cis-autophosphorylation, is that the high effective
526 Trends in Biochemical Sciences, June 2022, Vol. 47, No. 6
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concentration of the autophosphorylation site owing to proximity on the same polypeptide increases
the probability that a one-time phosphorylation event will occur if the reaction is sterically feasible.
Thus, it may be that the ability to autophosphorylate is largely sequence-independent. In support,
PKC appears to autophosphorylate so rapidly during maturation that a partially phosphorylated
species containing turn-motif and activation loop phosphorylation, but not hydrophobic motif
phosphorylation, cannot be isolated biochemically [51]. Instead, the first and rate-limiting step of
PKC processing is mTORC2 phosphorylation of the TIM which dissociates the inactive dimer.
Elucidating the mechanisms by which kinases autophosphorylate will contribute to the identification
of new sites and functions, as well as to the development of strategies to target these various kinase
states and activation mechanisms.

Hydrophobic motif
During the maturation of newly synthesized PKC, phosphorylation of the hydrophobic motif
performs two important functions by (i) rendering the kinase catalytically competent, and
(ii) stabilizing PKC in the autoinhibited state. Thus, although hydrophobic motif phosphorylation
confers activity, it simultaneously induces conformational changes that produce an autoinhibited
state that is inactive but protected from degradation [28]. This process ensures that all catalyti-
cally competent PKCs are autoinhibited and stabilized, but also means that all PKCs which do
not become autoinhibited are degraded. In this way, mature PKC signals only in the presence
of second messengers.

Hydrophobic motif phosphorylation activates AGC kinases by binding to the conserved PIF pocket
on the N-lobe of the kinases, which works synergistically with the activation loop phosphorylation
to produce an active conformation [52]. The role of the C-tail in activating AGC kinases is elegantly
illustrated by the master activation loop kinase, PDK1, an AGC kinase that lacks the portion of the
C-tail that contains the TIM, turn, and hydrophobic motif sites [19]. To become activated and phos-
phorylate the activation loop, PDK1 must dock onto the hydrophobic motif sequence of its
substrate kinase via its own PIF pocket. Thus, the unique C-tail of AGC kinases may have
coevolved with the kinase domain residues on the interaction surface, such that it could recruit
the upstream activation loop kinase by the same mechanism that promotes its own activation. In
the case of PKC, hydrophobic motif phosphorylation also induces conformational changes outside
the kinase domain. When the phosphorylated hydrophobic motif binds to the PIF pocket [19], PKC
rapidly autoinhibits – the ligand-binding regulatory domains pack against the kinase domain and
the pseudosubstrate segment occludes the active site. This autoinhibited or 'closed' conformation
protects PKC from degradation by masking proteolytically labile regions in the linker region
between the catalytic and regulatory domains [53]. Autoinhibition furthermore masks the C-tail
sites from phosphatases to protect the enzyme from dephosphorylation and subsequent down-
regulation [22]. Although TIM phosphorylation initially dissociates the dimer during PKC process-
ing, the adjacent turn motif (also phosphorylated by mTORC2) stabilizes conformational changes
conferred by activation loop phosphorylation. Indeed, the activation loop phosphorylation of
PKC is dispensable once the kinase is fully phosphorylated and matured. If only the hydrophobic
motif is dephosphorylated, PKC retains activity and can independently re-autophosphorylate
[31,54]. However, if all sites are dephosphorylated, PKC cannot re-autophosphorylate and requires
PDK1 to re-phosphorylate the activation loop before it can re-autophosphorylate at the hydrophobic
motif and regain activity [22,29,54].

The autoinhibited conformation relies upon both autophosphorylation of the hydrophobic motif
and the autoinhibitory pseudosubstrate. Mutation of the hydrophobicmotif, residues in the kinase
domain that disrupt catalysis, or of the positively charged residues in the pseudosubstrate results
in an 'open' and unstable PKC conformation [28]. Althoughmutation of the pseudosubstrate itself
Trends in Biochemical Sciences, June 2022, Vol. 47, No. 6 527
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Outstanding questions
Is head-to-head dimerization a general
mechanism to protect nascent kinases
from degradation until appropriate
phosphorylation/conformational
changes take place?

Does mTORC2-catalyzed phosphory-
lation of the TIM serve as a general
mechanism to facilitate activation loop
phosphorylation?

What is the role of the TIM on kinases
whose phosphorylation is agonist-
evoked, such as Akt?

Is disruption of the TIM dimer interface
a potential therapeutic strategy to
promote the processing of PKC and
increase its steady-state levels?

Is there a so far unidentified kinase,
and potentially an unidentified
phosphorylation site, that promote
the processing of PKC isozymes that
are insensitive to mTORC2 and lack
the TIM?
does not impair hydrophobic motif autophosphorylation, impaired autoinhibition renders PKC
sensitive to quality-control degradation mediated by the pleckstrin homology (PH) domain
leucine-repeat protein phosphatase PHLPP [28]. PHLPP detects the open conformation of PKC
and dephosphorylates the hydrophobic motif, thus priming PKC for further dephosphorylation
and proteasomal degradation [28,55]. Whether transient activation of PKC results in dephosphory-
lation of the hydrophobic motif followed by rapid re-autophosphorylation (before re-autoinhibition)
remains to be elucidated, but prolonged activation results in dephosphorylation and degradation.

Taken together, the PKC C-tail acts as a multifunctional scaffold that not only activates the kinase
when phosphorylated but also recruits processing adaptors such asmTORC2, Hsp90, and PDK1,
as well as recruiting quality-control degradation machinery such as PHLPP enzymes. The PKC
dimer also relies upon the C-tail where the dimerization interface comprising the TIM helix in partner
kinases masks the C-tail from PDK1. Thus, PKC first needs to be phosphorylated by mTORC2 at
the TIM to relieve dimerization and allow the recruitment of PDK1 which phosphorylates the activa-
tion loop to promote autophosphorylation of the hydrophobic motif. Following the priming phos-
phorylation cascade, aberrantly active PKC that does not become autoinhibited presents an
exposed C-tail, which can be dephosphorylated by PHLPP and targeted for degradation.

Concluding remarks
Why does PKC undergo such complex regulation by phosphorylation? One possibility is that the
newly synthesized enzyme is kept in a safe 'quarantine' zone by forming a homodimer mediated
by the TIM segment (Figure 3). This would protect the unphosphorylated enzyme fromdegradation
until PDK1 is available to initiate activation loop phosphorylation, in turn allowing the stability-
inducing hydrophobic motif phosphorylation. Thus, binding of mTORC2 would essentially release
PKC from the safe quarantine zone by promoting the chain of phosphorylation events that
ultimately result in a socially distanced monomer that adopts the autoinhibited (masked) conforma-
tion and is now stable. Transient activation does not threaten the enzyme, but prolonged activation
(as occurs with phorbol esters) results in dephosphorylation of the hydrophobic motif by PHLPP,
thus preventing the pseudosubstrate from engaging in the active site (the mask cannot go back
on), and resulting in the ultimate degradation of PKC. Thus, mTORC2 serves to release
newly synthesized PKC from quarantine. Whether mTORC2 generally functions to release its
client kinases from a stabilizing dimer following their biosynthesis is an open question (see
Outstanding questions).
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