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The PI3K/PDK1/PKB signaling
pathway plays essential roles in reg-

ulating neuronal survival, differentiation
and plasticity in response to neurotrophic
factors, neurotransmitters and ion chan-
nels. Both PDK1 and PKB can interact
at the plasma membrane with a phos-
phoinositide synthesized by PI3K, the
second messenger PtdIns(3,4,5)P3,
enabling PDK1 to phosphorylate and
activate PKB. In the PDK1 K465E
knock-in mice expressing a mutant form
of PDK1 incapable of phosphoinositide
binding, activation of PKB was markedly
affected, but not totally abolished. It has
been recently proposed that in the
absence of PtdIns(3,4,5)P3 binding,
PDK1 can still moderately activate PKB
due to a docking site-mediated interac-
tion of these 2 kinases. A recent report
has uncovered that in the PDK1 K465E
mice neurons, a PKB signal threshold
was sufficient to support neuronal sur-
vival responses, whereas neuritogenesis,
neuronal polarization and axon out-
growth were severely impaired. We pro-
pose here that the low-efficiency
mechanism of PKB activation observed
in the PDK1 K465E mice might repre-
sent the ancestral mechanism responsible
for the essential functions of this path-
way, while the phosphoinositide-depen-
dent activation should be considered an
evolutionary innovation that enabled the
acquisition of novel functions.

PDK1 is a master kinase that activates
203 different kinases of the AGC family
including PKB/Akt, RSK, S6K, SGK and
PKC isoforms, which in turn control cell
growth, survival, proliferation and metab-
olism responses to diverse extracellular

signals.1 Since PDK1 is constitutively
active in non-stimulated cells, regulating
the accessibility of PDK1 to the different
substrates becomes the critical control-
point of this signaling pathway. PKB/Akt
isoforms are activated downstream of
PI3K activation and PtdIns(3,4,5)P3 pro-
duction. This second messenger promotes
the translocation and co-localization of
both PDK1 and PKB at the plasma mem-
brane due to the ability of the pleckstrin
homology (PH) domains present in both
kinases to specifically interact with phos-
phoinositides.2-4 Moreover, the binding
of the PKB PH-domain to PtdIns(3,4,5)
P3 also induces a conformational change
that converts PKB onto a substrate that
can be readily phosphorylated by PDK1
at Thr308 within the activation loop,5,6

while mTORC2 phosphorylates Ser473 at
the hydrophobic motif,7 rendering PKB
fully active. Since the rest of PDK1 sub-
strates lack PH-domains to sense phos-
phoinositides levels, their mechanism of
activation rely instead on the prior activa-
tion of the kinase phosphorylating the res-
idue within the hydrophobic motif
equivalent to that of PKB Ser473. Phos-
phorylation of the hydrophobic motif cre-
ates a substrate docking site that can then
be specifically recognized by a small cavity
located within the PDK1 catalytic domain
termed the PIF binding pocket. Once
bound to the substrate, PDK1 gains access
to the phosphorylation of the activation
loop of these set of enzymes.8,9 While
PDK1 is the common upstream kinase
phosphorylating the activation loop, the
identity of the hydrophobic motif kinase
is different among the different AGC fam-
ily members, where mTORC1 phosphor-
ylates the hydrophobic motif of S6K10,11

and novel PKCs,12 RSK becomes
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phosphorylated downstream of ERK,13

while mTORC2 is the hydrophobic motif
kinase for PKB7 and SGK,14 allowing in
this way differential responses to particular
stimuli.15,16

The physiological functions of this sig-
naling pathway have been dissected in
vivo with the generation of 2 PDK1
knock-in mice expressing 2 mutant forms
of PDK1 specifically affecting either the
substrate binding pocket or the phosphoi-
nositide binding pocket.17 In the PDK1
L155E knock-in mice, which express a
mutant form of PDK1 in which Leucine
155 within the PIF-pocket was substi-
tuted by Glutamic acid, PDK1 cannot
recognize the phosphorylated hydropho-
bic motif in the substrate and, as a conse-
quence, activation of the different PDK1
targets with the exception of PKB was
severely damaged.18,19 Conversely, in the
PDK1 K465E mice, in which Lysine at
position 465 within the PH-domain was
mutated to Glutamic acid, PDK1 cannot
interact with phosphoinositides. While
the mechanism of activation of RSK,
S6K, PKC and SGK was intact, PKB
could surprisingly also be activated in
these second knock-in mice model, albeit
to a lesser extent when compared to con-
trol mice.20 Najafov and co-workers
recently proposed that the reduced activa-
tion of PKB that was still observed in
the PDK1 K465E cells was dependent
upon the binding of PDK1 to the hydro-
phobic motif of PKB when phosphory-
lated at Ser473.21 While characterizing
the GSK2334470 PDK1 inhibitor, the
authors found this compound more effi-
cient at inhibiting S6K or SGK than at
inhibiting PKB. Only under conditions
that moderately activated the PI3K sig-
naling, or in cells expressing mutant
forms of either PDK1 or PKB incapable
of PtdIns(3,4,5)P3 binding, the inhibitor
blocked PKB activation with the same
efficiency than that observed for S6K or
SGK.22 Moreover, pharmacological inhi-
bition of PKB Ser473 phosphorylation in
several cancer cell lines, or genetic inacti-
vation of different mTORC2 compo-
nents in MEF cells, sensitized PKB to the
PDK1 inhibitor. Also, the reduced activa-
tion levels of PKB observed in the PDK1
K465E cells were totally blocked by
mTOR inhibitors.21

Therefore, in the absence of PtdIns
(3,4,5)P3 binding, PDK1 can still take
advantage of the docking site to bind and
activate PKB, albeit less efficiently. This
new uncovered ability of PDK1 to interact
also with the phosphorylated PKB Ser473
hydrophobic motif indicates that the sub-
strate docking site-mediated activation is
shared by all the PDK1-regulated kinases
and therefore should be considered as an
ancestral mechanism of PDK1 regulation,
which was conserved during eukaryotic
evolution.23 In contrast, the mutual co-
localization of PDK1 and PKB at PtdIns
(3,4,5)P3-rich surfaces might represent a
functional innovation relying on the con-
vergent acquisition of phosphoinositide
binding domains by these 2 kinases, which
in turn allowed faster and acute responses
to particular second messengers. Protein
sequence analysis indicates that the PKB
and PDK1 PH-domains are different in
origin.24 Also, the PDK1 PH-domain is
located C-terminal to the kinase domain,
whereas the PKB-PH domain is situated
at the N-terminus of the protein. More-
over, the lipid binding specificity is also
distinct between these 2 domains, with
the PKB PH-domain exhibiting a marked
selectivity for the PI3K product PtdIns
(3,4,5)P3, while the PDK1 PH-domain
binding a more broad range of phospholi-
pids as well as inositol phosphates. There-
fore, the hypothesis of a primitive AGC
kinase possessing a PH-domain giving ori-
gin to PDK1 and PKB is not favored.
Indeed, PH-domain-containing PDK1
orthologues have been identified in all the
major eukaryotic phyla and were only sec-
ondarily lost in particular groups such as
S. cerevisiae, but not S. pombe, and in
most non-photosynthetic plants.25 By
contrast, the presence of bona fide PKB
homologues containing PH-domains is
only reported in metazoans as well as in
Dictyostelium, thereby indicating that a
PH-domain-containing PKB ortholog was
originated before the divergence of amoe-
bozoans and metazoans.26 It is therefore
intriguing to speculate that the adoption
of this more efficient mechanism of acti-
vating PKB in response to PtdIns(3,4,5)
P3 raises allowed functional and morpho-
logical innovations that accompanied
the major transitions in the evolution
toward the multicellularity within the

animal kingdom and, among them, the
development of a complex nervous
system.

Actually, it is widely believed that the
PI3K/PKB signaling axis plays essential
roles in regulating neuronal survival by
inhibiting the apoptotic cell death
machinery in response to neurotrophic
factors and synaptic activity. The PI3K/
PKB pathway plays also fundamental
roles in regulating neuronal differentia-
tion by defining the axon-dendrite axis.
We recently characterized the neuronal
phenotype of the PDK1 K465E mice,27

which express a single-aminoacid mutant
form of PDK1 incapable of phosphoino-
sitide binding but with intact catalytic
activity and preserved substrate docking-
site binding abilities. In embryonic pri-
mary neurons derived from these mice,
the activation of PKB induced by BDNF
(Brain-Derived Neurotrophic Factor) was
markedly decreased due to reduced phos-
phorylation of PKB at the PDK1 site.
Unexpectedly, we found that the low lev-
els of PKB activation achieved in the
PDK1 K465E neurons were sufficient to
support cell survival and, in agreement
with that, no differences in the total
number of neurons were detected in dif-
ferent brain areas of the mutant mice
including the cortex and the hippocam-
pus. By contrast, the differentiation
capacity of primary cortical and hippo-
campal neuronal cultures was markedly
affected by the PDK1 K465E mutation,
resulting in deficient neuritogenesis,
abnormal cell polarization and reduced
axonal outgrowth. These phenotypes cor-
related with the fact that the low levels of
PKB activity observed in the mutant neu-
rons were rate-limiting for phosphoryla-
tion and inhibition of PRAS40 and
TSC2, two mTORC1 inhibitory pro-
teins, resulting in incomplete mTORC1
activity release and reduced synthesis of
particular proteins that are important for
neuronal morphogenesis, such as the
BRSK brain-specific kinases. By contrast,
phosphorylation of GSK3 and FOXO,
which are involved in the inhibition of
multiple pro-apoptotic proteins, pro-
ceeded normally. Analogous observations
were also made in the PDK1 K465E
mice immune system, where low levels of
PKB activity were sufficient for T-cell
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survival and proliferation but insufficient
to initiate the migratory program of
effector T cells.28

Since the activation of PKB in the
PDK1 K465E tissues most likely arises
from the ability of the PDK1 PIF-pocket
to recognize and bind to the PKB hydro-
phobic motif when phosphorylated at
Ser473, we propose that the cellular
responses elicited by the low levels of PKB
activity uncovered by the PDK1 K465E
mutation might reflect the ancient func-
tions of this signaling branch (Fig. 1). In
basal conditions, or under stimuli that
does not induce strong activation of the
PI3K signaling pathway, PKB can still
become phosphorylated to some extent at
Ser473 within the hydrophobic motif, cre-
ating a substrate binding site for PDK1
that will gain access in this manner for
phosphorylation of the Thr308 residue
within the PKB activation loop. This
entails the sequential rather than simulta-
neous phosphorylation of PKB at the 2

activation sites, and is therefore in essence
less rapid and inefficient. This might repre-
sent the ancestral mechanism by which the
first PKB-like orthologues lacking PH-
domains were activated. In this scenario,
regulation of the phosphorylation levels of
PKB at Ser473 should be the critical con-
trol point in regulating PKB activity. It is
worthy to mention that both the Sin1 sub-
unit of mTORC2 complex as well as
PHLPP, the kinase and the phosphatase
regulating PKB Ser473 phosphorylation
respectively, possess PH-domains able to
interact with phospholipids. In the PDK1
K465E mice, the PIF-pocket dependent
activation of PKB was proved to be suffi-
cient to guarantee essential functions such
as cell survival and proliferation through
the phosphorylation of certain cellular sub-
strates such as GSK3 or FOXO1. Mutual
binding of both PDK1 and PKB to PtdIns
(3,4,5)P3 dramatically increases the rate of
PKB activation, exceeding in this way a
threshold of signal that enables efficient

phosphorylation of other cellular sub-
strates, namely PRAS40 or TSC2, control-
ling particular physiological responses such
as neuronal morphogenesis27 or T-cell
migration.28

In order to test this model, we explored
whether pharmacological inhibition of
PKB Ser 473 phosphorylation affected the
biochemical and cellular responses of the
PDK1 K465E knock-in mice neurons.
We employed the AZD8055 compound,
a novel ATP-competitive mTORC1 and
mTORC2 inhibitor, with at least 1,000-
fold differential in potency against class I
and class III PI3Ks as well as PIKK family
members ATM and DNA-PK.29 Treat-
ment of cortical primary cultures with the
AZD8055 compound reduced the
BDNF-induced phosphorylation of PKB
at Ser473 to basal levels in both PDK1
wild type and PDK1 K465E cortical neu-
rons in a dose-dependent manner, while
totally inhibited the phosphorylation of
PKB at Thr308 in the PDK1 K465E

Figure 1. A model for the evolution of the PKB activating mechanisms. In ancestral eukaryotes lacking PH domain-containing PKB-like orthologues, inter-
action of PDK1 with PKB relied on the PIF-pocket mechanism. This promoted limited PKB activation that was responsible for essential functions such as
supporting cell survival, a situation that is reproduced in the PDK1 K465E knock-in mice neurons. At the amoebozoans-metazoans origin, the acquisition
of a PH domain allowed PKB to co-localize with PDK1 in response to PtdIns(3,4,5)P3 raises. This enabled activating PKB with high efficiency, which
allowed the recruitment of additional cellular substrates regulating novel functions, such as complex neuronal morphogenesis.
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mutant neurons at doses that did not
affect PKB Thr308 phosphorylation in
the control cells. The differential inhibi-
tion of PKB resulted in impaired phos-
phorylation of the PKB substrates
PRAS40, TSC2, as well as GSK3 and
FOXO, in the mutant cells (Fig. 2B). As a
consequence, the BDNF-elicited survival
responses of the PDK1 K465E cortical
neurons were further decreased when

compared to the control neurons
(Fig. 2A). We also observed that the
AZD8055 inhibitor modestly compro-
mised the viability of the PDK1 wild type
neurons at doses that did not affected
PKB activation. Since the mTORC1 spe-
cific inhibitor rapamycin has not effect on
neuronal viability,27 and the contribution
of other PI3K classes poorly targeted by
the inhibitor to neuronal viability is highly

unlikely, while the mTORC2 complex
acts also as the hydrophobic motif kinase
for the SGK isoforms, these genotype-
independent effects of the AZD8055
compound on cell viability point out to a
role of SGK in promoting neuronal sur-
vival. Indeed, we and other members of
the group have observed that in the PDK1
L155E mice expressing a mutant form of
PDK1 incapable of activating SGK, a syn-
ergistic role of both PKB and SGK in con-
trolling neuronal survival can be envisaged
(Lluis Cordon-Barris and Jose R Bayascas,
unpublished data). Altogether, these
results further support the notion of low
levels of PKB activity attained by means
of the PIF-pocket mechanism being suffi-
cient to guarantee essential functions such
as neuronal viability, whereas more spe-
cialized functions necessitate the acute and
rapid activation of PKB that is achieved
upon phosphoinositide dependent co-
localization with PDK1 in response to var-
iations in the levels of the PtdIns(3,4,5)P3
second messenger.
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