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Abstract: Intracellular signaling pathways mediate the rapid response of cells to environmental cues.
To control the fidelity of these responses, cells coordinate the activities of signaling enzymes with the
strength, timing, and localization of the upstream stimuli. Protein kinase Akt links the PI3K-coupled
receptors to cellular anabolic processes by phosphorylating multiple substrates. How the cells ensure
that Akt activity remains proportional to upstream signals and control its substrate specificity is
unclear. In this review, I examine how cell-autonomous and intrinsic allosteric mechanisms cooperate
to ensure localized, context-specific signaling in the PI3K/Akt axis.
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1. Introduction
Protein kinase B/Akt belongs to the AGC family of serine/threonine kinases, sharing common
structural organization and regulatory mechanisms [1]. In mammalian cells, Akt is expressed as
three isoforms, Akt1, -2, and -3 (also referred to as PKBα, −β, and −γ), which display high sequence
identity and overlapping substrate specificity [2]. Functionally, Akt links the cell surface receptors
coupled to phosphatidylinositol-3 kinase (PI3K) to the signaling pathways controlling cellular anabolic
processes [3] by phosphorylating ~300 various cellular substrates [4,5]. Akt therefore plays an essential
role in promoting glucose uptake and cell growth, survival, and proliferation in response to cytokines
and growth factors.
The main function of Akt—coordination between the cellular pathways regulating energy-costly
anabolic processes with the extracellular growth and survival cues—requires that its activity remains
proportional to the activating stimuli. In the case of Akt, these upstream signals converge on PI3K.
Uncoupling of extracellular cues from PI3K activation often leads to accumulation of the PI3K
product, the membrane lipid phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3 ) and results in
Akt hyperactivation and uncontrolled cell growth. Such dysregulation of the PI3K/Akt pathway is
observed in many human cancers (reviewed in [6]), indicating that in normal cells Akt activity is
tightly controlled.
In cells, the kinase activity of Akt is controlled by both intramolecular (“intrinsic”) and
cell-autonomous mechanisms. We will first consider how posttranslational modifications and lipids
control Akt activity, overview the several models of Akt regulation inside cells, and finally discuss the
physiological relevance of tight coupling between PI3K and Akt.
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2. Akt-Intrinsic Regulatory Mechanisms
2.1. Posttranslational Modifications
Of the many posttranslational modifications reported for Akt (reviewed in [7]) essential for its
kinase activity is phosphorylation of the two critical residues: T308 in the activation loop of the kinase
and S473 in the hydrophobic C-terminal extension. Phosphorylation of T308 by PDK1 positions the
residues involved in the catalysis [8,9] and is absolutely required for the activity. Phosphorylation of
S473 in the C-terminus by mTOR complex 2 (mTORC2) further increases the kinase activity four- to
10-fold in cells [10,11] and up to 18-fold (with a staggering 450-fold increase in catalytic efficiency)
in vitro [12]. Unlike other AGC kinases, such as PKC or SGK, which require phosphorylation of their
hydrophobic motifs to promote activation by PDK1, phosphorylation of S473 is not essential for the
Akt kinase activity [12–14]. Yet, docking of S473 on the N-lobe of the Akt kinase domain stabilized
the critical αC helix, thereby increasing the specific activity of the isolated kinase domain [8] and
enhancing its interaction with PDK1 [13]. Indeed, it appears that phosphorylated S473 (as well as S477
and T479) enhance the rate of PDK1-mediated phosphorylation of T308 [12], suggesting a priming role
for S473 in Akt activation. This so-called PIF pocket (PDK1-interacting fragment) mechanism, which
typically recruits other AGC kinases to PDK1 [15], was proposed to supply an alternative route for Akt
activation in the absence of PI3K signals, such as upon DNA damage in the nucleus [16]. However, in
which order Akt regulatory sites are phosphorylated and to what extent the PIF pocket mechanism
contributes to Akt activation in cells is currently unclear.
Two more sites in the Akt C-terminus have gained attention in the recent years. Phosphorylation
of S477 and T479, most likely by the Cdk2/cyclin A complex, further increased Akt catalytic efficiency
by two-fold [12,17]. Phosphorylated S477/T479 have been proposed to bind the Akt activation loop,
thereby displacing the PH domain and relieving the autoinhibitory conformation. While biochemical
evidence suggests the involvement of these residues in Akt regulation [12], further studies would be
required to test the relevance of their phosphorylation in the cellular context.
Several other posttranslational modifications have been proposed to regulate Akt activity. Several
serine/threonine (e.g., Tbk1, Ikkε) and tyrosine kinases (such as Ack1, Src and Ptk6) were reported
as alternative Akt activators (reviewed in [18]). Hydroxylation of prolines 135 and 313 by the
oxygen-dependent hydrolylase EglN1 [19] promoted interaction with von Hippel-Lindau protein
(pVHL) and inhibited Akt. A recent study demonstrated that in a number of melanoma cell lines,
dual inhibition of mTORC1/2 results in mTORC2-independent and PDK1- and PI3K-dependent Akt
reactivation via an as yet unidentified mechanism dependent on IGF1R and integrin signaling [20].
To what extent these modifications are relevant for Akt activity in cells and tissues remains to
be established.
2.2. Akt Allosteric Regulation by Lipid Binding
Binding to PI(3,4,5)P3 and PI(3,4)P2 via the N-terminal pleckstrin homology (PH) domain is
critically required for Akt kinase activity. First, accumulation of PI(3,4,5)P3 at the plasma membrane
following growth factor-induced PI3K activation recruits Akt to its activating kinases, PDK1, and
mTORC2. PDK1, which also has a PH domain, is both recruited to and directly activated by
PI(3,4,5)P3 binding at the plasma membrane, resulting in phosphorylation of Akt at T308 [21,22].
Unlike PDK1, mTORC2 activity at the plasma membrane is constitutive and PI3K-insensitive [23], so
that membrane recruitment is sufficient for Akt phosphorylation on the mTORC2 site, S473. In line
with the role of PI(3,4,5)P3 in Akt recruitment to its activating kinases at the membrane, PI3K inhibition
or mutations and posttranslational modifications in the PH domain interfering with its membrane
binding all potently reduce phosphorylation of Akt and its substrates [24–27]. Conversely, Akt
mutants displaying increased membrane association (myristoylated v-Akt, E17K, E40K, etc.) are both
hyperphosphorylated and oncogenic [28,29], indicating that membrane binding is both necessary and
sufficient for Akt activation.
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Besides its role in recruiting Akt to its activating kinases at the cellular membrane, PI(3,4,5)P3
binding to the PH domain also allosterically regulates Akt kinase activity. Thus, deletion of the PH
domain was shown to increase Akt phosphorylation on T308 by PDK1 and enhance the basal kinase
activity both in cells and in vitro [16,21]. Furthermore, it was recently shown that binding of PI(3,4,5)P3
and PI(3,4)P2 to the PH domain was required to stimulate kinase activity of phosphorylated Akt [14].
In agreement with previous reports [16,21], truncation of the PH domain or its substitution for the PH
domain of a non-related tyrosine kinase Btk resulted in constitutive, PI(3,4,5)P3 -independent kinase
activity, quantitatively identical to the kinase activity of the wild type Akt in presence of PI(3,4,5)P3 - or
PI(3,4)P2 -containing liposomes. This provided the first biochemical demonstration of the existence of
the PH domain-dependent allosteric switch in Akt.
This allosteric mechanism, originally proposed by Stokoe et al. [21] and later developed using
a conformational FRET reporter by Calleja et al. [30–32], was further substantiated by the crystal
structure of the full-length Akt in complex with the allosteric inhibitor VIII [33]. In this structure, the
inhibitor promoted tight packing of the PH domain against the kinase (Figure 1a), resembling the
hypothetical “PH-in” conformation, proposed by Calleja et al. as the opposite of the extended “PH-out”
conformation. The latter was originally defined as the conformation corresponding to the low-lifetime
population of the Akt FRET reporter, accumulating at the membrane and in the cell interior following
growth factor stimulation [30]. The crystal structure of the putative “PH-in” conformation prompted
an extensive investigation of the proposed allosteric interface [34]. Of the mutations examined, only
three were shown to be sufficient to induce cell transformation. An E17K mutation in the PH domain
was previously shown to result in stronger membrane association of Akt and sufficient to induce
cellular transformation [29,35]. The other transforming mutation at the proposed allosteric interface,
D323A, is located in an acidic patch on the C-lobe of the kinase, near the Akt active site. Notably,
in the Akt crystal structure stabilized by inhibitor VIII, D323 forms an ionic bridge with lysine K14,
which is absolutely required for PI(3,4,5)P3 binding (Figure 1a). In fact, in the full-length Akt crystal
structure stabilized by the inhibitor VIII [33], the PI(3,4,5)P3 binding surface of the PH domain is
almost entirely buried through extensive (>1500 Å2 ) interactions with the kinase domain, suggesting
that the PI(3,4,5)P3 -bound and the autoinhibited apo-conformations of Akt are mutually exclusive.
Careful biochemical examination of Akt regulation allowed us to propose a model (Figure 1b)
where binding of PI(3,4,5)P3 or PI(3,4)P2 to the PH domain of Akt relieves the autoinhibitory allosteric
communication between the PH and kinase domain, inducing a nearly 40-fold increase in the affinity
of the kinase to peptide substrates [14]. Notably, this allosteric mechanism appears to operate
even in the presence of T308 and S473 phosphorylation, indicating that the latter is necessary,
but not sufficient for full Akt activity. This conclusion, however, was recently challenged by a
detailed biochemical study, which reported no effect of lipids on the activity or substrate binding
of stoichiometrically phosphorylated Akt in vitro [12]. A possible explanation for these conflicting
data could be that Akt activity assays used by Chu et al. [12] were done in the presence of saturating
Mg2+ concentration, which, as we found, chelates PI(3,4,5)P3 and could mask the allosteric effect of
the lipids on the kinase [14]. An exciting alternative would be that lipid binding differentially affects
Akt phosphorylation by PDK1 and mTORC2. A plausible scenario would be S473 phosphorylation
priming Akt activation and/or helping it bypass the requirement for PI(3,4,5)P3 binding, as was
proposed earlier [16]. Currently, there is no strong biochemical evidence to support or refute this
hypothetical mechanism.
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Figure 1.
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3. Cell-Autonomous Akt Control Mechanisms
The most relevant experiments for Akt’s regulation and its role in cellular physiology are
those conducted inside cells. However, even after three decades of active research, many questions
remain unanswered.
3.1. Classical, or Diffusive, Model
In quiescent cells, both endogenous and GFP-tagged Akt localize to the nucleus and the cytosol,
as can be seen using conventional imaging. Treatment with cytokines or growth factors coupled to
PI3K activation results in transient accumulation of Akt at the plasma membrane and intracellular
vesicles [14,30,42,43]. This accumulation peaks between 2 and 5 min after stimulation. After ~15 min,
very little, if any, Akt can be detected at the plasma membrane.
Unlike transient membrane accumulation, phosphorylation of Akt and its substrates in response to
growth factors, such as insulin or IGF, is typically sustained up to 1–2 hours after stimulation [14,44–46].
Combined, these two observations gave rise to a classical model of Akt activation. According to
this model, following its transient accumulation and phosphorylation at the plasma membrane,
Akt dissociates from the membrane and freely diffuses throughout the cell interior in its active,
phosphorylated form (Figure 2a).
Several lines of evidence are usually presented to support this model. It was postulated that
phosphorylated Akt corresponds to the active, “PH-out” conformation, which could then be monitored
using a conformational FRET probe [30]. Indeed, despite a very low (<9%) FRET efficiency, treatment
with PDGF triggered slow accumulation of the “PH-out” conformation of the Akt FRET reporter
at the plasma membrane and in the cell interior [30]. These data nicely complemented an earlier
study on phosphorylation dynamics of another FRET probe by the endogenous Akt [47]. Both studies
demonstrated gradual accumulation of active Akt in the cell interior and in the nucleus, which
is consistent with the classical model and have been extensively cited in its support. The crystal
structure of the full-length Akt in complex with the inhibitor VIII [33], reminiscent of the postulated
“PH-in” conformation, provided further credence to the results of the FRET study. Furthermore,
follow-up studies using ATP analog inhibitors have proposed that the active form of Akt is stabilized by
interactions of phosphorylated T308 with residues in the Akt active site and the hydrophobic C-terminal
extension [48–50]. These observations gave rise to the “phosphatase shielding cage” model [48], where
a network of interactions protected phosphorylated Akt from cytosolic phosphatases.
3.2. “ATP On/Off Switch” Model
An extension of the diffusive model was an elegant hypothesis proposed by Lin et al. [49]. It is
based on the fact that, while ATP-competitive inhibitors induce paradoxical hyperphosphorylation
of Akt in cells [48,51,52], ADP analogs fail to do so [49]. In line with the “phosphatase shielding
cage” model, Lin et al. [49] concluded that ATP and ATP analogs protect T308 and S473 from
dephosphorylation both in vitro and in cells. They proposed that exchange of ATP for ADP in
the active site upon catalysis promotes Akt inactivation by interfering with the “phosphatase shielding
cage” mechanism, making ADP-bound Akt a better substrate for cellular phosphatases (Figure 2B).
This elegant and appealing model suggesting that Akt is likely inactivated following a single
round of substrate phosphorylation was recently challenged. We showed that both wild-type and
kinase-inactive Akt mutant displayed similar rates of dephosphorylation upon PI3K inhibition.
This simple result demonstrated that exchange of ATP for ADP in Akt catalytic cycle has no effect on
the rate of Akt dephosphorylation. Rather, membrane dissociation appears to be the dominant
mechanism triggering Akt inactivation in cells [14]. It is, however, possible that ATP binding
could stabilize phosphorylated Akt when it is membrane-bound. Notably, in previous studies,
ATP analogs only induced hyperphosphorylation of membrane-bound Akt, either myristoylated
or in the presence of growth factors [48,49,52], suggesting that ATP-competitive inhibitors trap Akt
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in its active, PI(3,4,5)P3 -bound conformation. Supporting this hypothesis, an ATP analog induces
membrane accumulation of the endogenous Akt [52], supporting the argument that active Akt is
membrane accumulation of the endogenous Akt [52], supporting the argument that active Akt is
indeed membrane-bound.
indeed membrane-bound.
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of evidence support that conclusion. First, dissociation from PI(3,4,5)P3 and PI(3,4)P2 at the cellular
membranes led to rapid Akt dephosphorylation, while interference with the Akt allosteric switch
significantly slowed down its dephosphorylation in cells [14]. These results indicate that dissociation
from the membranes and formation of the autoinhibitory interface between the PH and kinase domains
exposes phosphorylated T308 and S473 to cellular phosphatases. Second, our biochemical data
imply that upon dissociation from the membrane and re-establishment of the autoinhibitory “PH-in”
conformation, Akt affinity for its peptide substrates decreases at least 8-fold [14]. Finally, using a
short peptide derived from a classical Akt substrate FoxO3a, which was shown to specifically interact
with the phosphorylated, ATP-loaded Akt [48,58], we have shown that active Akt displays diffusive
behavior of a membrane-bound protein. Taken together, these observations demonstrate that the
kinase-intrinsic allosteric and cell-autonomous mechanisms cooperate to couple Akt to PI3K activity
and restrict it to cellular PI(3,4,5)P3 - and PI(3,4)P2 -containing membranes.
4. Physiological Relevance of PI3K/Akt Coupling
Partitioning of active Akt to PI(3,4,5)P3 - or PI(3,4)P2 -containing membranes may have important
implications for regulation and fidelity of Akt-controlled signaling processes in cells. First and foremost,
coupling of Akt activity to lipid binding ensures that its activity remains proportional to the upstream
signals, which converge on PI3K. Conversely, uncoupling between lipid binding and Akt activity could
induce cellular transformation. Indeed, an activating E17K mutation resulting in increased membrane
association of Akt was identified in human colorectal, ovarian, and breast cancers [29] and in patients
with megalencephaly and Proteus syndrome [59,60]. Similarly, myristoylated Akt of murine leukemia
virus is constitutively hyperactive and induces leukemia and cancer in peripheral organs [61]. A D323H
mutation at the allosteric interface results in cellular transformation and was identified in urinary
carcinoma [34,62]. In all these cases, pathological Akt hyperactivation is likely due to the uncoupling
of Akt membrane binding and activity from PI3K, strongly suggesting that in untransformed cells the
allosteric switch mechanism safeguards Akt against disproportionate activation.
Secondly, biochemical coupling with PI(3,4,5)P3 and PI(3,4)P2 allows cells to control the kinetics
of Akt activation and quenching by modulating the rates of synthesis and degradation of PI(3,4,5)P3
and PI(3,4)P2 and their precursors. Thus, accumulation of PI(3,4,5)P3 at the plasma membrane
following growth factor stimulation accounts for a transient Akt activity burst [63]. SHIP2-catalyzed
dephosphorylation of PI(3,4,5)P3 at the plasma membrane and accumulation of the longer-lived
PI(3,4)P2 at the plasma membrane and early endosomes [63] was associated with the long-term
Akt activation. Similarly, the sustained level of PI(3,4)P2 in mouse embryonic fibroblasts lacking
inositol-polyphosphate 4-phosphatase 1 resulted in prolonged phosphorylation of Akt in response
to EGF, which typically induces only transient Akt activation [64]. Consistently, knockout of class
II PI3K-C2γ, which is recruited to Rab5/Appl1-positive early endosomes in response to insulin, led
to weaker and shorter insulin-induced Akt phosphorylation in liver and primary hepatocytes [65],
providing further evidence that the sustained Akt activation on the plasma membrane and endosomes
is defined primarily by PI(3,4)P2 dynamics.
Clathrin-mediated endocytosis of PI3K-coupled surface receptors also serves the dual function
of sustaining Akt-activating phosphoinositides in the cell interior and ensuring the efficient signal
termination. Thus, a small GTPase Rab5 was shown to be required for the recruitment of the PI3K
regulatory subunit to insulin receptor substrate 1 and Akt phosphorylation on early endosomes [66],
demonstrating that endosomes help sustain Akt activity. Endosomes were shown to display activities
capable of producing PI(3,4)P2 , either from phosphorylation of PI(4)P by class II PI3K [67–69] or upon
dephosphorylation of PI(3,4,5)P3 by SHIP phosphatases [63]. Consistent with this notion are multiple
reports linking endocytosis with phosphorylation of Akt and its substrates [70–72]. Conversely,
dissociation of Appl1 and recruitment of the lipid 3-phosphatase PTEN to endosomes lead to Akt
dephosphorylation [73–75], indicating that in addition to sustaining Akt phosphorylation, endosomal
maturation and trafficking lead to eventual quenching of PI3K/Akt signaling.
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Restriction of Akt activity to subcellular membrane compartments could help define the specificity
of
Akt
signaling by targeting the kinase to a particular set of substrates (Figure 3). Thus, knockdown
of
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[82]. Another report showed that, while Akt phosphorylation on T308 was sufficient for inducing
Glut4-mediated glucose uptake in fat and muscle cells in response to insulin, additional
phosphorylation by mTORC2 was required for recruiting the ubiquitous Glut1 transporter in other
cell types [83]. This findings suggests that intracellular mTORC2 pools [23] may contribute to
defining the functional outcomes of Akt signaling. Further, local activation of Akt on lysosomal
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pre-adipocytes [82]. Another report showed that, while Akt phosphorylation on T308 was sufficient
for inducing Glut4-mediated glucose uptake in fat and muscle cells in response to insulin, additional
phosphorylation by mTORC2 was required for recruiting the ubiquitous Glut1 transporter in other cell
types [83]. This findings suggests that intracellular mTORC2 pools [23] may contribute to defining the
functional outcomes of Akt signaling. Further, local activation of Akt on lysosomal membranes was
shown to inhibit the chaperone-mediated autophagy (CMA) by phosphorylating the lysosomal Akt
substrate GFAP [84]. In this case, inactivation of Akt through recruitment of the phosphatase PHLPP1
and the corresponding decrease of phospho-GFAP resulted in CMA. Although the authors did not
address whether CMA-inducing conditions correlated with a global decrease in phosphorylation of
Akt substrates, it is tempting to speculate that different subcellular pools of Akt, each with a specific
complement of the activating lipids, kinases, and inactivating phosphatases, could drive distinct
functional outcomes.
5. Open Questions
Recent biochemical and cell-based studies, together with radically improved methods to monitor
lipid dynamics with high temporal and spatial resolution, have offered a better framework for
understanding Akt regulation and signaling in cells. Kinase-intrinsic allosteric activation of Akt by PI3K
lipid products combined with its rapid inactivation by cellular phosphatases upon dissociation from the
cellular membranes ensure tight coupling between Akt and the upstream PI3Ks. This coupling restricts
Akt activity to PI(3,4,5)P3 /PI(3,4)P2 -containing cellular membrane compartments, determines the
kinetics of Akt activation and quenching, and drives distinct functional responses by recruiting specific
isoforms to a particular set of substrates. Dysregulation of the coupling, either through mutations at
the Akt allosteric surface or overproduction of PI3K products, results in Akt hyperactivation and is
often transforming.
Despite the progress in understanding the mechanisms of signaling fidelity through the PI3K/Akt
axis, many important questions remain unanswered. Thus, it is not yet clear whether binding to
PI3K products differentially affects the efficiency of Akt activation by upstream kinases. The interplay
between Akt-specific and lipid phosphatases and their regulation by PI3K are currently not well
understood. Furthermore, the ultimate test for the allosteric switch model will be the direct
demonstration of the distinct kinetics of phosphorylation of Akt cytosolic and membrane-bound
substrates. It is tempting to speculate that restriction of Akt activity to cellular membrane
compartments may help define Akt substrate specificity and increase the processivity of substrate
phosphorylation; detailed biochemical studies will be required to test this intriguing possibility. Finally,
more studies will be needed to examine the alternative activation routes bypassing the PI3K-dependent
allosteric switch, especially in conditions of pathologic Akt hyperactivation. Examining these questions
from both biochemical and cell biological perspectives will further improve our understanding of how
the organization of the PI3K/Akt axis in space and time determines fidelity of cellular signaling.
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Andjelković, M.; Alessi, D.R.; Meier, R.; Fernandez, A.; Lamb, N.J.; Frech, M.; Cron, P.; Cohen, P.; Lucocq, J.M.;
Hemmings, B.A. Role of translocation in the activation and function of protein kinase B. J. Biol. Chem. 1997,
272, 31515–31524. [CrossRef] [PubMed]
Sundaresan, N.R.; Pillai, V.B.; Wolfgeher, D.; Samant, S.; Vasudevan, P.; Parekh, V.; Raghuraman, H.;
Cunningham, J.M.; Gupta, M.; Gupta, M.P. The Deacetylase SIRT1 Promotes Membrane Localization and
Activation of Akt and PDK1 During Tumorigenesis and Cardiac Hypertrophy. Sci. Signal. 2011, 4, ra46.
[CrossRef]
Yang, W.-L.; Jin, G.; Li, C.-F.; Jeong, Y.S.; Moten, A.; Xu, D.; Feng, Z.; Chen, W.; Cai, Z.; Darnay, B.; et al.
Cycles of Ubiquitination and Deubiquitination Critically Regulate Growth Factor-Mediated Activation of
Akt Signaling. Sci. Signal. 2013, 6, ra3. [CrossRef] [PubMed]
Malstrom, S.; Tili, E.; Kappes, D.; Ceci, J.D.; Tsichlis, P.N. Tumor induction by an Lck-MyrAkt transgene is
delayed by mechanisms controlling the size of the thymus. Proc. Natl. Acad. Sci. USA 2001, 98, 14967–14972.
[CrossRef]
Carpten, J.D.; Faber, A.L.; Horn, C.; Donoho, G.P.; Briggs, S.L.; Robbins, C.M.; Hostetter, G.; Boguslawski, S.;
Moses, T.Y.; Savage, S.; et al. A transforming mutation in the pleckstrin homology domain of AKT1 in cancer.
Nature 2007, 448, 439–444. [CrossRef]
Calleja, V.; Alcor, D.; Laguerre, M.; Park, J.; Vojnovic, B.; Hemmings, B.A.; Downward, J.; Parker, P.J.;
Larijani, B. Intramolecular and intermolecular interactions of protein kinase B define its activation in vivo.
PLoS Biol. 2007, 5, e95. [CrossRef]
Calleja, V.; Laguerre, M.; Larijani, B. 3-D structure and dynamics of protein kinase B-new mechanism for the
allosteric regulation of an AGC kinase. J. Chem. Biol. 2009, 2, 11–25. [CrossRef] [PubMed]
Calleja, V.; Laguerre, M.; Parker, P.J.; Larijani, B. Role of a novel PH-kinase domain interface in PKB/Akt
regulation: Structural mechanism for allosteric inhibition. PLoS Biol. 2009, 7, e17. [CrossRef] [PubMed]
Wu, W.-I.; Voegtli, W.C.; Sturgis, H.L.; Dizon, F.P.; Vigers, G.P.A.; Brandhuber, B.J. Crystal structure of
human AKT1 with an allosteric inhibitor reveals a new mode of kinase inhibition. PLoS ONE 2010, 5, e12913.
[CrossRef] [PubMed]
Parikh, C.; Janakiraman, V.; Wu, W.-I.; Foo, C.K.; Kljavin, N.M.; Chaudhuri, S.; Stawiski, E.; Lee, B.; Lin, J.;
Li, H.; et al. Disruption of PH-kinase domain interactions leads to oncogenic activation of AKT in human
cancers. Proc. Natl. Acad. Sci. USA 2012, 109, 19368–19373. [CrossRef] [PubMed]
Landgraf, K.E.; Pilling, C.; Falke, J.J. Molecular mechanism of an oncogenic mutation that alters membrane
targeting: Glu17Lys modifies the PIP lipid specificity of the AKT1 PH domain. Biochemistry 2008, 47,
12260–12269. [CrossRef] [PubMed]
Sato, S.; Fujita, N.; Tsuruo, T. Modulation of Akt kinase activity by binding to Hsp90. Proc. Natl. Acad.
Sci. USA 2000, 97, 10832–10837. [CrossRef] [PubMed]
Theodoraki, M.A.; Kunjappu, M.; Sternberg, D.W.; Caplan, A.J. Akt shows variable sensitivity to an Hsp90
inhibitor depending on cell context. Exp. Cell Res. 2007, 313, 3851–3858. [CrossRef]
Taipale, M.; Krykbaeva, I.; Whitesell, L.; Santagata, S.; Zhang, J.; Liu, Q.; Gray, N.S.; Lindquist, S. Chaperones
as thermodynamic sensors of drug-target interactions reveal kinase inhibitor specificities in living cells.
Nat. Biotechnol. 2013, 31, 630–637. [CrossRef]
Noguchi, M.; Ropars, V.; Roumestand, C.; Suizu, F. Proto-oncogene TCL1: More than just a coactivator for
Akt. FASEB J. 2007, 21, 2273–2284. [CrossRef]
Auguin, D.; Barthe, P.; Royer, C.; Stern, M.-H.; Noguchi, M.; Arold, S.T.; Roumestand, C. Structural basis for
the co-activation of protein kinase B by T-cell leukemia-1 (TCL1) family proto-oncoproteins. J. Biol. Chem.
2004, 279, 35890–35902. [CrossRef]
Lin, A.; Hu, Q.; Li, C.; Xing, Z.; Ma, G.; Wang, C.; Li, J.; Ye, Y.; Yao, J.; Liang, K.; et al. The LINK-A lncRNA
interacts with PtdIns(3,4,5)P3 to hyperactivate AKT and confer resistance to AKT inhibitors. Nat. Cell Biol.
2017, 19, 238–251. [CrossRef] [PubMed]
Meyer, R.; D’Alessandro, L.A.; Kar, S.; Kramer, B.; She, B.; Kaschek, D.; Hahn, B.; Wrangborg, D.; Karlsson, J.;
Kvarnström, M.; et al. Heterogeneous kinetics of AKT signaling in individual cells are accounted for by
variable protein concentration. Front. Physiol. 2012, 3, 451. [CrossRef] [PubMed]

Biomolecules 2019, 9, 67

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.
54.
55.
56.

57.

58.

59.

60.

61.

12 of 14

Norris, D.M.; Yang, P.; Krycer, J.R.; Fazakerley, D.J.; James, D.E.; Burchfield, J.G. An improved Akt reporter
reveals intra- and inter-cellular heterogeneity and oscillations in signal transduction. J. Cell Sci. 2017, 130,
2757–2766. [CrossRef] [PubMed]
Bruss, M.D.; Arias, E.B.; Lienhard, G.E.; Cartee, G.D. Increased phosphorylation of Akt substrate of 160
kDa (AS160) in rat skeletal muscle in response to insulin or contractile activity. Diabetes 2005, 54, 41–50.
[CrossRef] [PubMed]
Galbaugh, T.; Cerrito, M.G.; Jose, C.C.; Cutler, M.L. EGF-induced activation of Akt results in
mTOR-dependent p70S6 kinase phosphorylation and inhibition of HC11 cell lactogenic differentiation.
BMC Cell Biol. 2006, 7, 34. [CrossRef] [PubMed]
Kubota, H.; Noguchi, R.; Toyoshima, Y.; Ozaki, Y.-I.; Uda, S.; Watanabe, K.; Ogawa, W.; Kuroda, S. Temporal
coding of insulin action through multiplexing of the AKT pathway. Mol. Cell 2012, 46, 820–832. [CrossRef]
[PubMed]
Kunkel, M.T.; Ni, Q.; Tsien, R.Y.; Zhang, J.; Newton, A.C. Spatio-temporal dynamics of protein kinase
B/Akt signaling revealed by a genetically encoded fluorescent reporter. J. Biol. Chem. 2005, 280, 5581–5587.
[CrossRef] [PubMed]
Chan, T.O.; Zhang, J.; Rodeck, U.; Pascal, J.M.; Armen, R.S.; Spring, M.; Dumitru, C.D.; Myers, V.; Li, X.;
Cheung, J.Y.; et al. Resistance of Akt kinases to dephosphorylation through ATP-dependent conformational
plasticity. Proc. Natl. Acad. Sci. USA 2011, 108, E1120–E1127. [CrossRef]
Lin, K.; Lin, J.; Wu, W.-I.; Ballard, J.; Lee, B.B.; Gloor, S.L.; Vigers, G.P.A.; Morales, T.H.; Friedman, L.S.;
Skelton, N.; et al. An ATP-site on-off switch that restricts phosphatase accessibility of Akt. Sci. Signal. 2012,
5, ra37. [CrossRef]
Chan, T.O.; Zhang, J.; Tiegs, B.C.; Blumhof, B.; Yan, L.; Keny, N.; Penny, M.; Li, X.; Pascal, J.M.; Armen, R.S.;
et al. Akt kinase C-terminal modifications control activation loop dephosphorylation and enhance insulin
response. Biochem. J. 2015, 471, 37–51. [CrossRef]
Han, E.K.-H.; Leverson, J.D.; McGonigal, T.; Shah, O.J.; Woods, K.W.; Hunter, T.; Giranda, V.L.; Luo, Y. Akt
inhibitor A-443654 induces rapid Akt Ser-473 phosphorylation independent of mTORC1 inhibition. Oncogene
2007, 26, 5655–5661. [CrossRef] [PubMed]
Okuzumi, T.; Fiedler, D.; Zhang, C.; Gray, D.C.; Aizenstein, B.; Hoffman, R.; Shokat, K.M. Inhibitor hijacking
of Akt activation. Nat. Methods 2009, 5, 484–493. [CrossRef] [PubMed]
Gao, T.; Furnari, F.; Newton, A.C. PHLPP: A Phosphatase that Directly Dephosphorylates Akt, Promotes
Apoptosis, and Suppresses Tumor Growth. Mol. Cell 2005, 18, 13–24. [CrossRef] [PubMed]
Li, X.; Yang, H.; Liu, J.; Schmidt, M.D.; Gao, T. Scribble-mediated membrane targeting of PHLPP1 is required
for its negative regulation of Akt. EMBO Rep. 2011, 12, 818–824. [CrossRef] [PubMed]
Newton, A.C.; Trotman, L.C. Turning off AKT: PHLPP as a drug target. Annu. Rev. Pharmacol. Toxicol. 2014,
54, 537–558. [CrossRef] [PubMed]
Zhande, R.; Zhang, W.; Zheng, Y.; Pendleton, E.; Li, Y.; Polakiewicz, R.D.; Sun, X.J. Dephosphorylation
by default, a potential mechanism for regulation of insulin receptor substrate-1/2, Akt, and ERK1/2.
J. Biol. Chem. 2006, 281, 39071–39080. [CrossRef] [PubMed]
Kleiman, L.B.; Maiwald, T.; Conzelmann, H.; Lauffenburger, D.A.; Sorger, P.K. Rapid phospho-turnover
by receptor tyrosine kinases impacts downstream signaling and drug binding. Mol. Cell 2011, 43, 723–737.
[CrossRef]
Luo, Y.; Smith, R.A.; Guan, R.; Liu, X.; Klinghofer, V.; Shen, J.; Hutchins, C.; Richardson, P.; Holzman, T.;
Rosenberg, S.H.; et al. Pseudosubstrate peptides inhibit Akt and induce cell growth inhibition. Biochemistry
2004, 43, 1254–1263. [CrossRef]
Lindhurst, M.J.; Sapp, J.C.; Teer, J.K.; Johnston, J.J.; Finn, E.M.; Peters, K.; Turner, J.; Cannons, J.L.; Bick, D.;
Blakemore, L.; et al. A mosaic activating mutation in AKT1 associated with the Proteus syndrome. N. Engl.
J. Med. 2011, 365, 611–619. [CrossRef]
Jansen, L.A.; Mirzaa, G.M.; Ishak, G.E.; O’Roak, B.J.; Hiatt, J.B.; Roden, W.H.; Gunter, S.A.; Christian, S.L.;
Collins, S.; Adams, C.; et al. PI3K/AKT pathway mutations cause a spectrum of brain malformations from
megalencephaly to focal cortical dysplasia. Brain 2015, 138, 1613–1628. [CrossRef]
Bellacosa, A.; Testa, J.R.; Staal, S.P.; Tsichlis, P.N. A retroviral oncogene, akt, encoding a serine-threonine
kinase containing an SH2-like region. Science 1991, 254, 274–277. [CrossRef] [PubMed]

Biomolecules 2019, 9, 67

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

13 of 14

Yi, K.H.; Lauring, J. Recurrent AKT mutations in human cancers: Functional consequences and effects on
drug sensitivity. Oncotarget 2015, 7, 4241–4251. [CrossRef] [PubMed]
Liu, S.-L.; Wang, Z.-G.; Hu, Y.; Xin, Y.; Singaram, I.; Gorai, S.; Zhou, X.; Shim, Y.; Min, J.-H.; Gong, L.-W.; et al.
Quantitative Lipid Imaging Reveals a New Signaling Function of Phosphatidylinositol-3,4-Bisphophate:
Isoform- and Site-Specific Activation of Akt. Mol. Cell 2018, 71, 1092–1104.e5. [CrossRef] [PubMed]
Ivetac, I.; Gurung, R.; Hakim, S.; Horan, K.A.; Sheffield, D.A.; Binge, L.C.; Majerus, P.W.; Tiganis, T.;
Mitchell, C.A. Regulation of PI(3)K/Akt signalling and cellular transformation by inositol polyphosphate
4-phosphatase-1. EMBO Rep. 2009, 10, 487–493. [CrossRef] [PubMed]
Braccini, L.; Ciraolo, E.; Campa, C.C.; Perino, A.; Longo, D.L.; Tibolla, G.; Pregnolato, M.; Cao, Y.; Tassone, B.;
Damilano, F.; et al. PI3K-C2γ is a Rab5 effector selectively controlling endosomal Akt2 activation downstream
of insulin signalling. Nat. Commun. 2015, 6, 7400. [CrossRef] [PubMed]
Su, X.; Lodhi, I.J.; Saltiel, A.R.; Stahl, P.D. Insulin-stimulated Interaction between insulin receptor substrate 1
and p85alpha and activation of protein kinase B/Akt require Rab5. J. Biol. Chem. 2006, 281, 27982–27990.
[CrossRef] [PubMed]
Posor, Y.; Eichhorn-Gruenig, M.; Puchkov, D.; Schöneberg, J.; Ullrich, A.; Lampe, A.; Müller, R.; Zarbakhsh, S.;
Gulluni, F.; Hirsch, E.; et al. Spatiotemporal control of endocytosis by phosphatidylinositol-3,4-bisphosphate.
Nature 2013, 499, 233–237. [CrossRef] [PubMed]
Marat, A.L.; Wallroth, A.; Lo, W.-T.; Müller, R.; Norata, G.D.; Falasca, M.; Schultz, C.; Haucke, V. mTORC1
activity repression by late endosomal phosphatidylinositol 3,4-bisphosphate. Science 2017, 356, 968–972.
[CrossRef]
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