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The protein kinase Akt is one of the primary effectors of growth
factor signaling in the cell. Akt responds specifically to the lipid
second messengers phosphatidylinositol-3,4,5-trisphosphate [PI(3,4,5)
P3] and phosphatidylinositol-3,4-bisphosphate [PI(3,4)P2] via its PH do-
main, leading to phosphorylation of its activation loop and the hy-
drophobic motif of its kinase domain, which are critical for activity.
We have now determined the crystal structure of Akt1, revealing an
autoinhibitory interface between the PH and kinase domains that is
often mutated in cancer and overgrowth disorders. This interface per-
sists even after stoichiometric phosphorylation, thereby restricting
maximum Akt activity to PI(3,4,5)P3- or PI(3,4)P2-containing mem-
branes. Our work helps to resolve the roles of lipids and phosphory-
lation in the activation of Akt and has wide implications for the
spatiotemporal control of Akt and potentially lipid-activated kinase
signaling in general.
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Akt is a serine/threonine protein kinase essential for cell
growth, proliferation, and metabolism (1, 2). Growth factor

and insulin signaling via receptor tyrosine kinases activate class I
phosphoinositide 3-kinase (PI3K), which generates the lipid sec-
ond messenger phosphatidylinositol-3,4,5-trisphosphate [PI(3,4,5)
P3]. Akt is activated by PIP3 in the membrane and phosphorylates
up to 100 substrates in diverse physiological processes (3).
Hyperactivation of the PI3K-Akt pathway is frequently observed
in human cancers and overgrowth disorders (4), while autosomal
dominant inactivation of Akt2 leads to insulin resistance and
diabetes (5).
Akt comprises an N-terminal lipid-binding PH domain with

specificity for PI(3,4,5)P3 and phosphatidylinositol-3,4-bisphos-
phate [PI(3,4)P2] (6–8) and a C-terminal AGC kinase domain
characterized by the presence of a regulatory tail at its C terminus
(9). The C-tail of human Akt1 contains two phosphorylation sites,
one in the turn motif (T450) and one in the hydrophobic motif
(S473). Phosphorylation of the turn motif occurs cotranslationally
(10), protects Akt from ubiquitin-mediated degradation (10, 11),
and is unaffected by growth factor signaling (11). Recruitment of
Akt to PI(3,4,5)P3 in the plasma membrane promotes its phos-
phorylation by phosphoinositide-dependent kinase 1 (PDK1) in its
activation loop (T308) (12, 13) and by mTORC2 in its hydro-
phobic motif (14), rendering it active against substrates. S473
phosphorylation promotes a disorder-to-order transition of the
hydrophobic motif (15) that, in synergy with activation loop
phosphorylation and ATP, stabilizes a phosphatase-resistant active
conformation (16–20) that exhibits catalytic activity orders of
magnitude higher than unphosphorylated Akt (21, 22). Akt lack-
ing phosphorylation of these sites is catalytically inactive (23).
Akt exists in an autoinhibited conformation in the cytosol of

unstimulated cells, characterized by an intramolecular interac-
tion between its PH domain and the substrate-binding cleft of its
kinase domain (20, 23–26). Crystal structures of C-terminally
truncated Akt1 in complex with various allosteric inhibitors

reveal an interface of ∼1,500 Å2 of buried surface area (27–29).
Stoichiometric phosphorylation of the activation loop in combi-
nation with a phosphomimetic aspartate substitution in the hy-
drophobic motif is insufficient to overcome the requirement for
PI(3,4,5)P3 or PI(3,4)P2 for full activity (20). Accordingly, im-
aging of the Akt-substrate complex in live cells revealed that Akt
is active only in its membrane-bound state (23). Within the cell
interior, PI(3,4)P2 has been shown to control Akt signaling on
endosomal membranes (23, 30, 31).
Whether PIP3 or PI(3,4)P2 is necessary for sustained Akt ac-

tivity in the cell, however, is still controversial. It was recently
reported that Akt could not be activated by PI(3,4,5)P3 in vitro
but that it could be activated independently of lipids by phos-
phorylation of its hydrophobic motif (21). The authors proposed
that phosphorylation of S473 activates Akt through the formation
of an electrostatic interaction with a conserved basic residue (R144)
in the PH-kinase domain linker, thereby relieving PH domain-
mediated autoinhibition. More recently, the mechanism by which
S473 phosphorylation induces PH domain displacement and,
thereby, Akt activation was reported to rely on a conformational
change in the PH domain (32). In this model, Akt can be activated
by phosphorylation, independent of its binding to PI(3,4,5)P3 or
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PI(3,4)P2. The respective roles of PIP3 and phosphorylation in the
control of Akt activity are therefore an open question.
In order to resolve the molecular mechanisms of Akt activation,

we have determined the high-resolution structure of Akt1 in com-
plex with a nanobody, detailing the autoinhibitory interface between
the PH and kinase domains. This interface both sequesters the
PIP3-binding site of the PH domain and is mutually exclusive with
the active conformation of the kinase domain. Rare mutations of
Akt associated with cancer (33) and overgrowth disorders (34–36)
map to this autoinhibitory interface. By combining a spectrum of
biophysical, structural, and biochemical techniques, we demonstrate
that, while stoichiometric activation loop and hydrophobic motif
phosphorylation increase the basal kinase activity of Akt1 in vitro,
they do not completely relieve autoinhibition by its PH domain. Our
findings provide clear evidence that full activation of Akt is de-
pendent on both phosphorylation and lipid binding and, therefore,
that its activity against cellular substrates is most likely restricted to
membranes containing either PI(3,4,5)P3 or PI(3,4)P2.

Results
The PIP3-Binding Site Is Sequestered in Autoinhibited Akt. While
structures of Akt in complex with various allosteric inhibitors have
provided evidence for an autoinhibitory interaction between the
PH and kinase domains (20, 21, 23, 32), the extent to which these
inhibitor-bound complexes reflect the physiological conformation
and regulation of Akt is still controversial. In order to resolve
these issues, we set out to determine the structure of Akt1 without
the use of inhibitors. We employed our previously characterized
Akt1DrLink (20), which was optimized to encode the shortest
evolutionarily tolerated interdomain linker and to avoid hetero-
geneous phosphorylation of nonconserved residues during heter-
ologous overexpression. We have previously shown that this
“DrLink” construct exhibits no discernible differences from wild-
type Akt1 with respect to activation by PIP3, kinase activity, and
membrane binding (20). All constructs analyzed in this study are
derivatives of Akt1DrLink. However, for reasons of clarity, we use
the numbering of human Akt1WT throughout this manuscript,
although there is an offset in the kinase domain of Akt1DrLink of -7
amino acids due to the shorter PH-kinase linker. We also omit
“DrLink” from the construct nomenclature for reasons of sim-
plicity and clarity. Akt1DrLink is instead designated as Akt11P by
virtue of its stoichiometric turn motif phosphorylation (T450). An
overview of all constructs can be found in SI Appendix, Fig. S1.
Using a llama-derived nanobody as a crystallization chaper-

one, we determined the structure of near-full length Akt1 (res-
idues 1 to 445) to 2.05 Å resolution (Fig. 1A and SI Appendix,
Fig. S2 A–D and Table S1). The structure reveals an auto-
inhibitory assembly in which the entire PIP3 binding site on the
PH domain is sequestered in an intramolecular interface with a
region of extended polypeptide chain between the APE motif of
the activation loop and helix αF of the kinase domain, which we
refer to as the APE-αF loop (Fig. 1B). The interface surface area
of 507 Å2 is stabilized by one polar cluster involving seven ordered
water molecules and one hydrophobic core (Fig. 1C): D323 to
D325 of the kinase domain interact with K14, R23, R25, N53, and
Q79 of the PH domain, and L316, V320, L321, F358, and L362 of
the kinase domain associate with Y18 and I19 of the PH domain.
We have previously observed that mutation of interfacial residues
D323 and D325 leads to PIP3 independent activity, increased PIP3
and protein substrate affinity, and disruption of the PH-kinase
interface, consistent with the critical roles of these residues in
maintaining an inhibited conformation (20, 23).
An additional interaction is provided by a cation-pi interaction

between Y326 and R273 of the kinase domain, which positions
R273 in hydrogen-bonding distance to T82 of the PH domain.
The nanobody, which we refer to as NB41, binds to a short se-
quence of the engineered interdomain linker (Fig. 1A and SI
Appendix, Fig. S2E), thereby stabilizing the linker conformation

and mediating essential crystal lattice contacts. Previously repor-
ted mutations in Akt1, Akt2, and Akt3 associated with Proteus
Syndrome, several cancers, and megalencephalies (33–38) and
mutations in Akt1 that drive growth factor-independent cell sur-
vival in vitro (39) all map to the autoinhibitory interface (Fig. 1D).
In our structure, the PH domain is rotated ∼23° with respect to the
structure of Akt in complex with allosteric inhibitors (27–29),
leading to an overall root mean square deviation of 9.04 Å over
the whole PH domain (Fig. 1E and SI Appendix, Fig. S2F), indi-
cating that allosteric inhibitors severely distort the autoinhibitory
interaction between the PH and kinase domains. In the absence of
the C-terminal 35 amino acids, which comprise the turn motif
(T450) and the hydrophobic motif (S473), density was not ob-
served for the glycine-rich loop (residues 154 to 157), αC helix
(residues 180 to 196), or the activation loop (residues 289 to 306),
though inspection of the structure reveals that there are no bar-
riers to the αC helix or the glycine-rich loop from adopting their
known physiological conformations in the presence of the C ter-
minus. Superposition of the structure of Akt in the active con-
formation bound to a substrate peptide and a nonhydrolyzable
analog of ATP (PDB 4EKK) with the kinase domain of auto-
inhibited Akt1 reveals that the conformation of the phosphory-
lated activation loop and substrate binding are incompatible with
the autoinhibitory interface (Fig. 1F). Activation loop phosphor-
ylation on T308 elicits a number of subtle but critical conforma-
tional rearrangements in the APE-αF loop of the kinase domain.
These changes accommodate the active conformation of the ac-
tivation loop and are required for the hydrogen bond network
formed between pT308 with R273 in the catalytic loop and K297
in the activation loop (15, 16). The docking of the phosphorylated
activation loop to the surface created by the rearranged APE-αF
loop results in steric clashes with the PH domain. This raises the
obvious question of whether Akt phosphorylation can override
autoinhibition by its PH domain.

Akt1 Prepared by Protein Semisynthesis Lacks a Phosphorylated Turn
Motif. We previously demonstrated that Akt1 stoichiometrically
phosphorylated on T308 and bearing a phosphomimetic serine to
aspartate mutation in its hydrophobic motif was still autoinhibited
by its PH domain (20). A recent study, however, has suggested that
S473 phosphorylation could activate Akt independently of lipids
(21). Since phosphorylated serine and aspartate differ both in their
chemical makeup and charge, we sought to prepare Akt1 stoi-
chiometrically phosphorylated on T308 (activation loop), T450
(turn motif), and S473 (hydrophobic motif).
Akt11P purified from baculovirus-infected insect cells is phos-

phorylated stoichiometrically on T450 but substoichiometrically
on T308 (<5%) and S473 (<0.5%) (20). To generate site-
specifically phosphorylated Akt, we therefore employed the ele-
gant method of expressed protein ligation previously reported for
Akt1 by Chu et al. (21) (SI Appendix, Fig. S3A). Phosphorylation
of T308 was achieved by in vitro incubation with recombinant,
active PDK1. The phosphorylation state of Akt1 was monitored by
high-resolution anion-exchange chromatography and mass spec-
trometry. Attempts to prepare tris-phosphorylated Akt1 according
to the protocol of Chu et al. resulted in a diphosphorylated species
(SI Appendix, Fig. S3B), in which T308 and S473 were 90% and
100% phosphorylated, respectively, but T450 was less than 3%
phosphorylated (Fig. 2A). This residual, low-level phosphoryla-
tion, may explain why Chu et al. could confirm T450 phosphory-
lation by Western blotting (21), but mass spectrometry indicates
that it is almost completely absent. Henceforth, we refer to this
protein as Akt12P (diphosphorylated on T308 and S473). Since
truncation of the C-terminal tail of Akt1 by 24 amino acids in the
context of a nonintein fusion protein does not per se affect T450
phosphorylation (SI Appendix, Fig. S3C), which occurs normally
during heterologous overexpression, it seems likely that the pres-
ence of the folded Mxe GyrA intein domain (21 kDa) just nine
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amino acids C-terminal to T450 interferes with its phosphorylation.
Efforts to solve this problem by moving the ligation site nine amino
acids further toward the C terminus (and thereby away from the
phosphorylation site) resulted in a fusion protein that was prema-
turely hydrolyzed during protein expression. The uncleaved protein
product, bearing the intein and chitin-binding domain (CBD), was
observed to be unphosphorylated, while the cleaved protein product
(Akt1 1 to 462) was observed to be stoichiometrically phosphory-
lated (SI Appendix, Fig. S3D) on T450. This confirms that it is in-
deed the intein domain that interferes with the phosphorylation of
T450. We observed that loss of pT450 results in a 4.3 °C loss of
thermal stability of Akt1 (Fig. 2B). In contrast to Akt1WT and Akt11P,
which are activated by PI(3,4,5)P3-containing liposomes in vitro (20,
23), Akt12P was actually inhibited by ∼70% upon PI(3,4,5)P3 binding
(Fig. 2 C and D). It seems reasonable to conclude that loss of turn
motif phosphorylation and consequent destabilization of Akt1 has a
negative impact on the behavior of the hydrophobic C-tail in the
context of membrane-bound Akt. Attempts to revise the chemical
ligation strategy to ligate a C-terminal peptide comprising residues
446 to 480, diphosphorylated on T450 and S473, to Akt1 were in vain,
since it was not possible to synthesize the corresponding peptide.

Phosphorylation Does Not Override the Requirement for PIP3. In
order to solve the problem of generating stoichiometrically
phosphorylated Akt1, we employed a combination of inhibitors to
drive hyperphosphorylation of Akt11P during heterologous ex-
pression (SI Appendix, Fig. S4A). The Akt inhibitor A-443654 has
been shown to drive paradoxical hyperphosphorylation of Akt in
cells (40, 41). Okadaic acid is a PP2A and PP1 inhibitor that drives
global hyperphosphorylation by inhibiting the major cellular
phosphatases. Two additional mutations were introduced into
Akt11P to avoid spurious, inhibitor-induced hyperphosphorylation
of the C-tail: S475A and T479R. These mutations were designed
by inspecting a sequence alignment of Akt isoforms and orthologs,
which indicated that these residues are not conserved. Ser475 is
hypervariable outside of chordates and is solvent exposed in the
structure of active Akt1, while T479 is hypervariable across all Akt
orthologs and isoforms. Akt1 prepared in this manner exhibited
hyperphosphorylation of up to seven sites, of which T308, T450,
and S473 were the most abundant modifications. Modification of

S123, T127, and S132 in the PH-kinase linker and S477 in the
C-terminal tail were found in the 7-phospho (7P) species (SI Ap-
pendix, Fig. S4B), but not in the tris-phosphorylated species (3P).
Tris-phosphorylated Akt1 was isolated by high-resolution anion-
exchange chromatography and verified by intact mass spectrome-
try (SI Appendix, Fig. S4C). The stoichiometric phosphorylation of
this protein on T308, T450, and S473 was confirmed by tandem
mass spectrometry (Fig. 3A). Henceforth, we refer to this protein
as Akt13P.
We first compared the thermal stability of Akt13P to Akt12P

and Akt11P (1P). We observed comparable thermal stabilities be-
tween Akt13P and Akt11P, but a 4 °C loss of stability in Akt12P (SI
Appendix, Fig. S4D) as previously observed (Fig. 2B). Since Akt12P

differs from Akt11P and Akt13P by the phosphorylation of T450, we
concluded that absent T450 phosphorylation adversely affects the
stability of Akt1. We next subjected Akt13P to a kinase assay in the
presence of liposomes with or without PI(3,4,5)P3 incorporation.
We first established PIP3 binding by performing a liposome pel-
leting assay (Fig. 3B) before determining kinase activity on the same
sample in the presence and absence of the allosteric inhibitor MK-
2206 (Fig. 3C). Akt13P was robustly activated by liposomes con-
taining 5 mol % PI(3,4,5)P3 and inhibited by MK-2206, though the
efficacy of MK-2206 was significantly attenuated by PIP3 binding
(Fig. 3C). As a control, we used Akt11P (20), though a 20-fold lower
concentration of Akt13P was required due to the higher basal ac-
tivity of Akt13P in the absence of liposomes containing PIP3 com-
pared to Akt11P. In order to confirm that Akt13P is indeed activated
by PI(3,4,5)P3 in a concentration-dependent manner, we performed
a kinase assay in the presence of liposomes containing increasing
amounts of PI(3,4,5)P3. As expected, Akt13P was activated in a
concentration-dependent manner that mirrors its binding to the li-
posomes. Preincubation of Akt13P with the Akt-specific inhibitor
MK-2206 almost completely abolished the increase in activity
(Fig. 3D), confirming that the observed activity and PIP3-dependent
increase in activity is attributable to Akt13P. Preincubation of Akt13P

with MK-2206 prevented PIP3-mediated membrane binding
(Fig. 3D), consistent with its sequestration of the PH domain in a
PIP3-inaccessible conformation.
It has previously been claimed that R144 in the PH-kinase

linker plays a crucial role in activating Akt1 by coordinating
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phosphorylated S473 in the hydrophobic motif. Mutation of R144
to alanine was reported to decrease catalytic activity 50-fold (21).
However, given that Akt1 stoichiometrically phosphorylated on
S473 is still activated by PIP3 and intein-mediated protein ligation
gives rise to Akt1 lacking turn motif phosphorylation, we next
tested whether R144 in the PH-kinase linker indeed influences
kinase activity. We first prepared stoichiometrically phosphory-
lated Akt13P R144A according to the same procedure detailed in
SI Appendix, Fig. S4A. Mass spectrometry confirmed phosphory-
lation of T308, T450, and S473 (SI Appendix, Fig. S4E). However,
mutation of R144 had no effect on kinase activity either in the
presence or absence of PIP3, while both proteins were activated
equally (Fig. 3E).
In summary, while phosphorylation increases the basal kinase

activity of Akt1 in vitro, under conditions of saturating substrate
concentration, it is not sufficient to override autoinhibition by its
PH domain.

Phosphorylation Alone Does Not Drive Akt into an Active
Conformation. The dependency of tris-phosphorylated Akt1 on
PIP3 for full activity strongly implied that Akt1 is autoinhibited by its
PH domain in the presence of T308 and S473 phosphorylation. To
support this conclusion, we collected small-angle X-ray scattering
(SAXS) data on Akt13P in solution and compared the particle pa-
rameters to those previously obtained for Akt1WT, Akt11P, and
Akt1DA (20). Akt1DA bears two mutations at D323 and D325 located

in the autoinhibitory PH-kinase interface and exhibits both an open
conformation and PIP3-independent kinase activity (20, 23). To avoid
any protein aggregates in our SAXS analysis we employed in-line size
exclusion chromatography (Fig. 4A). The radius of gyration of
Akt13P was estimated by Guinier analysis of the low-angle portion of
the scattering curve (Fig. 4 B and C) and by calculation of the pair-
distribution function (Fig. 4D), which estimates the maximum di-
mension of the particle, Dmax. Akt1

3P exhibits identical values for Rg
(2.63 to 2.70 nm) and Dmax (9.7 nm) to Akt1WT and Akt11P and is
significantly more compact than the open conformation of Akt1DA

(Rg = 3.1 nm, Dmax = 12.2 nm) (20). These data indicate that
stoichiometric phosphorylation of Akt1 does not induce a confor-
mational change consistent with displacement of its PH domain.
To directly observe the conformational changes in Akt13P elicited

by PIP3 binding, we performed hydrogen-deuterium exchange mass
spectrometry (HDX-MS) analysis of Akt13P in the presence of li-
posomes containing either 0% or 5% PIP3. The sequence coverage
of Akt1 was excellent, spanning ∼97% of all exchangeable amides
(SI Appendix, Table S2). With 5% PIP3 liposomes, there was ex-
tensive protection of the PH domain, similar to what had been
previously observed for the PH domain of nonphosphorylated Akt1
(20). In addition to protection of the PH domain elicited by PIP3
binding, Akt13P exhibited significant deprotection of the C-lobe of
the kinase domain, including the activation loop, that corresponds
to the interface between the PH and kinase domains observed in
our structure of autoinhibited Akt1 (Fig. 4 E and F and SI Appendix,
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Fig. S5A). We also carried out HDX-MS experiments in the pres-
ence and absence of ATPγS, for which we observed no significant
differences (Fig. 4G). This indicates that ATP binding (23) does not
drive tris-phosphorylated Akt13P into an open conformation in the
absence of PIP3.

PIP3 Binding Exposes the Hydrophobic Motif of Akt. Since it was
necessary to delete the C-terminal 35 amino acids of Akt1 to
facilitate crystallization, we investigated the conformation and
accessibility of the hydrophobic motif in Akt1. We purified Akt1
1 to 456 (Akt1ΔC), a C-terminally truncated construct missing the
hydrophobic motif but retaining the stabilizing turn motif site.
We confirmed that the recombinant protein is stoichiometrically
monophosphorylated on T450 in the turn motif (SI Appendix,
Fig. S3C). SAXS analysis revealed that Akt1ΔC adopts a compact
conformation in solution with an identical radius of gyration and
maximum dimension of the particle as Akt1WT (20) (Fig. 5 A and
B and SI Appendix, Fig. S6A), indicating that the hydrophobic
motif is not required for interaction of the PH and kinase do-
mains. This corroborates our crystal structure of C-terminally
truncated Akt1. Analysis of the thermal stability of Akt1ΔC in-
dicates a modest reduction of 1.5 °C compared with full-length

Akt11P (SI Appendix, Fig. S6B), suggesting that, although not
sufficient to destabilize Akt completely, deletion of the hydrophobic
motif does in fact weaken the overall structure of Akt. By contrast,
however, additional mutation of residues in the interface between
the PH and kinase domains (Akt1DA ΔC) destabilizes Akt1 by 8 °C
(SI Appendix, Fig. S6B), just as we have previously observed in the
context of full-length Akt1 (20). We confirmed that Akt1DA ΔC is
also stoichiometrically monophosphorylated (SI Appendix, Fig.
S6C). Together, these findings indicate that the inactive confor-
mation of Akt1 does not depend on the hydrophobic motif but that
it may actively sequester the hydrophobic motif in a bound
conformation.
The likely binding pocket for the hydrophobic motif is the so-

called PDK1-interacting fragment (PIF) pocket in Akt that binds
the phosphorylated hydrophobic motif in the active conformation
(15, 16). Previous HDX-MS analysis of Akt11P indicated small but
significant exposure of the PIF pocket upon PI(3,4,5)P3 binding
(20) (Fig. 5C). We confirmed this observation by comparing the
deuterium incorporation rates for Akt11P and Akt1ΔC in solution.
Sequence coverage of the truncated Akt1ΔC comprised 85 pep-
tides spanning ∼94% of all exchangeable amides (SI Appendix,
Table S2). Two peptides in Akt1ΔC, corresponding to β3-αB in the
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Fig. 4. Phosphorylation alone does not drive Akt into an active conformation. (A) Size-exclusion profile of Akt13P from in-line SEC-SAXS data collection. Gray
bar indicates the region of the chromatogram evaluated in the SAXS data processing. (B) SAXS curve of Akt13P. Radius of gyration (Rg) derived from Guinier
analysis of the low-angle scattering regime. (C) Guinier plot of the low-angle SAXS regime for Akt13P. (D) Pair distribution function for Akt13P, indicating the
radius of gyration (Rg) and maximum dimension of the particle (Dmax). (E) Hydrogen-deuterium exchange mass spectrometry analysis of Akt13P in the
presence of liposomes containing 0 or 5 mol % PI(3,4,5)P3. Regions of Akt1

3P that showed significant increases or decreases in exchange (meeting the three
criteria: ≥6% change in exchange, ≥0.4 Da difference in exchange, and a P value <0.01 using a two-tailed Student’s t test) upon PIP3 binding are mapped on
the structures of the PH domain and the active kinase domain (PDB ID 4EKK) (16) with the corresponding color scheme. (F) Plot of differences in deuterium
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N-lobe and the catalytic loop in the C-lobe of the kinase domain,
exhibited a modest, but significant, 6% increase in deuterium in-
corporation (Fig. 5 D and E). These changes indicate exposure of
the PIF pocket and consequent local disordering of the N-lobe in
the absence of the hydrophobic motif. These observations are
consistent with the lack of electron density observed for the αC
helix and activation loop and overall higher temperature factors
for the N-lobe of the kinase domain (SI Appendix, Fig. S6D). In
order to test whether the unphosphorylated hydrophobic motif

indeed binds to the PIF pocket in the inactive conformation, we
measured the binding affinity of a tail peptide containing the
missing C-terminal tail residues in Akt1ΔC (residues 457 to 480 of
human Akt1) by fluorescence anisotropy. The binding constant
was estimated to be ∼0.5 mM from three independent titrations
(Fig. 5F), although it was not possible to reach saturation due to
limiting Akt1ΔC concentration. While this is a relatively weak in-
teraction, it is sufficient in the context of an intramolecular in-
teraction to sequester the hydrophobic motif more than 99% of
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Fig. 5. PIP3 binding promotes Akt hydrophobic motif exposure. (A) SAXS scattering curve for Akt1ΔC. (B) Pair-distribution function (PDF) for Akt1ΔC indi-
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shown to the right. (E) Plot of changes in deuterium incorporation between Akt11P and Akt1ΔC. Changes in deuterium incorporation are plotted against the
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of three independent replicates. Red data points indicate increases or decreases in exchange that passed the three significance criteria. (F) Fluorescence
anisotropy binding assay for C-terminal tail peptide (FITC-SMEAVDSERRPHFPQFSYSASGTA) to Akt1ΔC. The KD was estimated from three independent titra-
tions. Each data point is the mean of 50 technical replicates with an integration time of 1 s. Error bars indicate the SD from the mean. Data were fit to a one-
site binding model. (G) Composite model of full-length Akt1. The model comprises autoinhibited Akt1 (PH domain, PH-kinase linker, and kinase domain
C-lobe), the N-lobe of active Akt1 (4EKK), and the phosphorylated C-terminal regulatory tail of PKCι (4DC2). The inactive conformation of the activation loop
(unknown) is indicated with dashed magenta lines. (H) Stepwise activation of Akt by PIP3 and phosphorylation. Activating steps are indicated with green
arrows. Inactivating steps are indicated with red arrows. Phosphorylation state of each species in the activation and inactivation cycle is indicated in the blue
boxes for each of the three regulatory residues: T308, T450, and S473.
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the time at equilibrium due to the almost infinite local
concentration.
Taken together with the crystal structure of Akt1 1 to 445, we

propose a model for the structure and conformation of full-length
Akt1 (Fig. 5G) in which the C-terminal tail binds in its unphos-
phorylated state to the PIF pocket of the kinase domain, thereby
stabilizing the active conformation of the αC helix and promoting
ATP binding. This composite model, which includes an ordered
αC helix and C-terminal tail, fits very well into the molecular
envelope of Akt11P previously calculated from SAXS data in so-
lution (20) (SI Appendix, Fig. S6E).

Discussion
We present here a structure of autoinhibited Akt1, providing a
near-atomic resolution picture of the autoinhibitory interface be-
tween its PH and kinase domains. This confirms previously pub-
lished findings indicating that the PIP3-binding pocket is
sequestered in the inactive conformation (20, 23, 27). A number of
recurrent mutations in Akt have been identified in breast cancer
(37), Proteus syndrome (34), and hemimegalencephaly (35). Many
of these mutations map to the interface between the PH and kinase
domains. Mutation of E17K has been shown to promote membrane
binding and cellular transformation in vitro (37) with a corre-
sponding increase in membrane affinity and loss of specificity for
PIP3 (38). In the structure of autoinhibited Akt1, E17 forms a salt
bridge with R86, which stabilizes the loop conformation between
strands β1 and β2 that packs against the kinase domain. Substitution
of E17 with lysine would cause an energetically unfavorable charge
repulsion with R86 and consequent destabilization of the interface.
Mechanistically, E17K therefore likely promotes membrane binding
and hyperactivation of Akt by lowering the energy barrier to Akt
activation by PIP3 and shifting the equilibrium to the membrane-
bound fraction. This finding is consistent with the destabilizing ef-
fect of E17K on the PH-kinase domain interaction observed in a
mammalian two-hybrid assay (39) and the observation that E17K is
still dependent on PIP3 for full activation (23). D323 is one of a pair
of invariant aspartates in the APE-αF loop of the kinase domain,
mutation of which we have previously shown to promote a con-
formational change in Akt, uncouple Akt activity from PIP3, and
promote Akt hyperphosphorylation (20, 23). D323 and D325 form
a network of hydrogen bonds with residues from the PH domain
and seven ordered water molecules, which obscures the PIP3
binding site. This explains why mutation of the kinase domain at
D323 and D325 or deletion of the kinase domain promotes binding
of the PH domain to PIP3 in vitro and in vivo (23). Hyper-
phosphorylation and constitutive activity of Akt1DA is therefore
driven by a combination of enhanced membrane association and
relief of the inhibitory interface that blocks formation of the active
conformation of the activation loop. Although the interface surface
area is relatively small at just over 500 Å2, it is stabilized by nu-
merous water-mediated hydrogen bonds that have previously been
shown to be critical for the association of hydrophilic protein in-
terfaces (42) as well as a set of hydrophobic interactions.
The PH domain of Akt1 interacts with a surface of the kinase

domain that fulfils important regulatory functions in a wide range of
eukaryotic protein kinases. In protein kinase R, for example, the αG
helix as well as the C-terminal part of the activation segment has
been shown to function as a docking surface for its substrate eIF2α
(43), while the same surface binds the inhibitory regulatory subunit
of protein kinase A in the holoenzyme complex (44). In Cdk2, a
surface surrounding the αG helix facilitates the binding of the CDK-
interacting protein phosphatase KAP to its phosphorylated activa-
tion loop, thereby imposing specificity on phosphatase-mediated
inactivation (45). Finally, the αG helix mediates heterodimeriza-
tion of B-Raf and MEK1, critical for B-Raf–mediated MEK1 acti-
vation by activation loop phosphorylation (46) as well as, conversely,
the autoinhibition of the death-associated protein kinase 2 (DAPK2)
(47). In summary, protein–protein interactions mediated by this

surface of the C-lobe permit both activation and inhibition of kinase
activity as well as specific substrate phosphorylation or even kinase
inactivation by phosphatases.
The PH-kinase interface in autoinhibited Akt1 is considerably

different to that reported for Akt1 in complex with allosteric in-
hibitors (27–29). Allosteric inhibitors appear to stabilize a nonnative
conformation of Akt by binding to both the PH and kinase domains,
an interaction that depends critically on W80 in the β6-β7 loop of
the PH domain (24). While W80 mediates a number of contacts
that stabilize the inhibitor-bound conformation, W80 does not make
any contacts with the kinase domain in our structure. This obser-
vation likely reflects the fact that the C-terminal tail is missing and,
consequently, the αC helix of the N-lobe is disordered. However, it
also indicates that W80 is not essential for maintenance of the
autoinhibited conformation of the PH and kinase domains and
more likely participates in sequestering the N-lobe, activation loop,
and C-terminal tail in their inactive conformations. It is worth
noting that only small changes in the conformation of the activation
loop from the active state would be required in order to accom-
modate it in the space between the PH domain and N-lobe of the
kinase domain, which would sequester it from phosphorylation in
the absence of PIP3. Confirmation of this hypothesis will, however,
require a structure in which the C terminus and activation loop are
fully visualized.
The mutual exclusivity of the inactive and active conformations

of Akt defined by their corresponding structures raises the obvious
question of whether phosphorylation of the kinase domain can
displace the PH domain and thereby override the requirement for
PIP3. In this respect, a recent study was unable to demonstrate the
PIP3-mediated activation of site-specifically phosphorylated Akt1
prepared by protein semisynthesis (21). To resolve this issue, we
produced Akt1 by the same intein-based protein ligation method
reported by Chu et al. (21). By using Akt11P, previously optimized
for homogeneous phosphorylation on T308, T450, and S473, we
could routinely monitor the phosphorylation state of Akt both by
high-resolution anion-exchange chromatography and mass spec-
trometry. The latter, however, indicated that the ligation product,
while stoichiometrically phosphorylated on T308 and S473, was
missing T450 phosphorylation. This is consistent with the lack of
observed electron density for the phosphorylated turn motif in
both crystal structures of the Akt1 kinase domain reported by the
study. The consequences of absent turn motif phosphorylation are
significantly reduced protein stability and a >70% decrease in
kinase activity when bound to PIP3, presumably due to the dis-
ordered nature of the C-terminal hydrophobic tail in the vicinity of
the membrane. The absence of turn motif phosphorylation likely
also explains the millimolar Km values for ATP reported by Chu
et al. for most constructs (21). We previously determined the af-
finity of monophosphorylated (T450) Akt11P for ATP to be
100 μM (23), while a kinetic study determined the Km for ATP to
be 53 μM (48). The importance of turn motif (T450) phosphory-
lation in regulating the stability of Akt and other AGC kinases is
also well established (10, 11).
PIP3-independent activation of Akt1 by S473 phosphorylation

has recently been proposed to be mediated by a conserved basic
patch in the PH-kinase interdomain linker (21). The interaction
of R144 with phosphorylated S473 in the hydrophobic motif was
suggested to dislodge the PH domain from the kinase domain by
inducing a conformational change in the linker. More recently, a
follow-up study has attempted to shed light on the proposed
mechanism. Using protein semisynthesis to segmentally label Akt1
for NMR studies, the authors suggest that S473 phosphorylation
induces a loop-helix transition of residues 44 to 46 (DVD) in the
PH domain, which dislodges it from its autoinhibitory interaction
with the kinase domain. However, these findings are very difficult to
reconcile with the structure of autoinhibited Akt1 and the critical
role of PIP3 in PH domain displacement and, consequently, kinase
activation. Importantly, analysis of S473-phosphorylated Akt1 with

8 of 11 | PNAS Truebestein et al.
https://doi.org/10.1073/pnas.2101496118 Structure of autoinhibited Akt1 reveals mechanism of PIP3-mediated activation

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101496118/-/DCSupplemental
https://doi.org/10.1073/pnas.2101496118


two complementary biophysical techniques (SAXS and HDX-MS)
unambiguously shows that S473 phosphorylation does not dislodge
the PH domain from the kinase domain. Furthermore, mutation of
R144 did not affect the kinase activity of Akt13P or its activation by
PIP3 in vitro.
We have shown here that stoichiometrically phosphorylated

Akt1 is activated by PIP3 in a concentration-dependent manner that
corresponds to its binding. We can be confident in this finding for
two reasons: first, in order to directly correlate PIP3 binding with
changes in kinase activity, we subjected half of the kinase reaction to
a liposome pelleting assay in order to quantify the degree of PIP3
binding, which was then compared with the signal from the kinase
assay; secondly, preincubation of Akt13P with MK-2206, a specific
allosteric Akt inhibitor, completely abrogated the observed activity
and the PIP3-dependent increase in activity. The activation of
Akt13P by PIP3 is further supported by the observation that PIP3
binding elicits the same conformational changes in Akt13P, as we
previously reported for Akt11P (20). Nevertheless, phosphorylated
Akt1 retains significant basal activity, which raises the question of
how the active conformation is obtained in the absence of PIP3. We
suggest that this is the consequence of an equilibrium between open
and closed conformations. When phosphorylated, Akt is able to
sample the active conformation under conditions in which the PH
domain dissociates from its inhibitory interaction with the kinase
domain. We previously showed, however, that this equilibrium is
heavily biased toward the closed conformation in the absence of
PIP3 (20). The fact that the PH domain must dissociate from the
kinase domain in order to bind PIP3 strongly supports the existence
of such an equilibrium.
In summary, binding of PI(3,4,5)P3 promotes the exposure and

phosphorylation of the activation loop (13, 20, 49) as well as exposure
of the hydrophobic motif (20), presumably leading to its phosphor-
ylation by mTORC2 in vivo. Consistent with this hypothesis, deletion
of the PH domain promotes mTORC2-independent phosphorylation
of S473 in the hydrophobic motif of Akt in Sin1−/− mouse embryonic
fibroblasts (50). Phosphorylation of T308 and S473, in the context of
PIP3 binding, results in disorder-to-order transitions of the activation
loop and hydrophobic motif, respectively, and the structuring of a
highly ordered, high-affinity substrate-binding site as well as the cat-
alytic machinery for phospho-transfer (15, 16). Without phosphory-
lation, Akt is essentially inactive (23). This explains why two recent
studies as well as early enzymatic studies on Akt observed huge in-
creases in kcat upon dual activation loop and hydrophobic motif
phosphorylation, independent of the presence of any lipids (21, 22).
In vitro kinase assays are typically done in the presence of large ex-
cesses of substrate in order to obtain a robust signal and do not reflect
reality in the cell, in which substrate concentrations are orders of
magnitude lower. However, scaffolding of protein kinases and their
substrates is a well-established mechanism by which effective sub-
strate concentrations can be increased by orders of magnitude. In-
deed, Akt has been reported to exist in a complex with PI3K and
PDK1, held together by the scaffold protein IQGAP1 (51). Scaf-
folding of kinases and substrates in this way increases the fidelity and
flux of signal transduction.
Lipid binding and phosphorylation synergize to increase the

substrate-binding affinity of Akt1 by relieving a steric block to sub-
strate binding, increasing the rate of phospho-transfer by positioning
the catalytic machinery correctly, and creating a phosphatase-resistant
conformation of Akt on the membrane in an ATP-dependent man-
ner. In this way, Akt is primed for iterative cycles of substrate
phosphorylation and signal amplification. By contrast, autoinhibited
Akt, irrespective of its phosphorylation state, has a low affinity for
substrate with a correspondingly lower activity, and is susceptible to
phosphatase-mediated inactivation, which is rate limited by dissocia-
tion from PIP3 in the cell. This susceptibility to dephosphorylation in
the absence of lipids is consistent with the requirement for global
phosphatase inhibition by okadaic acid during protein expression to
drive Akt1 into a stoichiometrically phosphorylated state (this study).

It therefore seems reasonable to conclude that substrate phosphor-
ylation by Akt in the cell strongly depends upon PI(3,4,5)P3 or PI(3,4)
P2. This mechanism (Fig. 5H), which involves the coincident detec-
tion of either PIP3 or PI(3,4)P2 and the upstream kinases PDK1 and
mTORC2, functions like an electronic logic gate (AND) to restrict
Akt activity to locations in the cell where these inputs are present.
Coupling Akt activity to both lipids and upstream kinases ensures the
fidelity of Akt signaling downstream of PI3K.
Akt is able to phosphorylate many downstream substrates, in-

cluding both cytosolic and nuclear substrates, with phosphorylation
of these molecules likely dependent on the migration of these sub-
strates to membranes containing either PI(3,4)P2 or PIP3. Multiple
studies have identified pools of actively signaling PI(3,4)P2 in the cell
interior, and evidence for nuclear phosphoinositides is accumulating.
Cytosolic Akt activity has previously been reported with the use of
genetically encoded kinase activity reporters (52, 53). An earlier
study, however, only detected Akt activity with fluorescence-based
sensors localized to membrane-bound compartments (54). More
recently, intracellular Akt activity has been correlated with significant
pools of endomembrane PI(3,4)P2 using the same fluorescence-
based activity reporters (30). In this respect, fluorescence cross-
correlation experiments in live cells did not detect evidence of
freely diffusing Akt-substrate complexes in the cytosol (23). While
these experiments do not rule out the possibility of cytosolic Akt
activity, the evidence suggests that Akt activation and most of its
subsequent activity is dependent on PIP3 or PI(3,4)P2. While it is
eminently conceivable that substrates of Akt that exert their func-
tions in the nucleus could be phosphorylated by Akt bound to
PI(3,4)P2-rich endomembranes in the cytoplasm (55), it should be
noted that evidence of nuclear Akt signaling has also recently been
obtained (56). Further studies will undoubtedly be required to un-
derstand precisely how and under what conditions Akt is activated in
the nucleus.

Materials and Methods
Protein Expression and Purification. Akt1 constructs were coexpressed with
human PDK1 in baculovirus-infected Sf9 cells using a pFastBac Dual vector. For
nanobody screening, biotinylated Akt1DB (biotinylated Akt1) was expressed by
fusing the AviTag sequence (GLNDIFEAQKIEWHE) to the N terminus of an
unstructured 50 amino acid sequence from tumor susceptibility gene 101
(residues 145 to 194, C188S) and appending this sequence to the N terminus of
Akt1. Recombinant baculovirus was prepared from a pFastBac Dual construct
expressing Akt1DB in the polyhedrin cassette and Escherichia coli BirA in the
p10 cassette, and the medium was supplemented with 10 μM D-biotin during
protein expression. Detailed protein purification protocols can be found in the
SI Appendix.

Mass Spectrometry. Detailed protocols for intact and tandem mass spec-
trometry as well as HDX-MS can be found in the SI Appendix.

Nanobody Generation against Akt1DrLink. Akt11P-specific nanobodies were
raised by immunizing a llama as previously described (57). Details of the
specific protocol can be found in the SI Appendix.

Surface Plasmon Resonance Affinity Measurements. All surface plasmon res-
onance experiments were performed using a Biacore T200 and a streptavidin-
coated Biacore CAPture chip. To measure the binding kinetics of nanobody
NB41, the chip was loadedwith 10 μg/mL Akt1DB in 20mM Tris pH 7.5, 100 mM
NaCl, 0.1% BSA, and 0.05% Tween for 2 min at 10 μL/min. Three startup cycles,
during which the Akt1DB-loaded chip was equilibrated with buffer at 30 μL/
min for 2 min, were performed to stabilize the sensor chip surface. The
binding kinetics of NB41 were determined via single cycle kinetics (58) by
measuring five increasing nanobody concentrations (3.125 nM, 6.25 nM, 12.5
nM, 25 nM, and 50 nM) with association and dissociation intervals of 60 s at a
flow rate of 30 μL/min. The chip surface was regenerated and the ligand
reloaded after every cycle. kon and koff rates were determined via curve fitting.

Crystallization and Structure Determination. Akt11-445-SR, derived from
MESNA-mediated cleavage of Akt11-445-intein-CBD, was combined with pu-
rified NB41 at a 1:1.5 ratio and the complex separated from free NB41 by
SEC on a Superdex 200 10/30 column. The complex crystallized in 200 mM
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malonate, pH 5.0, and 16% PEG 3350. Crystals were cryoprotected in mother
liquor supplemented with 25% (vol/vol) glycerol and plunge frozen in liquid
nitrogen. Crystals grew in spacegroup P212121, with unit cell dimensions a =
70.01 Å, b = 72.20 Å, and c = 120.17 Å (α = β = γ = 90°). Data were collected
to 2.05 Å resolution on ID23-2 at the European Synchrotron Radiation Fa-
cility (ESRF). The structure was solved by molecular replacement using
PHASER (59) with 4EKK (Akt1 kinase domain), 1UNP (Akt1 PH domain), and
3EZJ (nanobody) as input models. The model was built in Coot (60) with it-
erative rounds of refinement and model validation in PHENIX (61). Data
processing and model building statistics are reported in SI Appendix, Table
S1. The coordinates of Akt1DrLink 1 to 445 have been deposited in the Protein
Data Bank with the identifier: 7APJ.

SAXS. SAXS data for Akt1ΔC and Akt13P were collected on BM29 at the ESRF,
Grenoble, France using an in-line SEC-SAXS setup as described in Luči�c et al.
(20). Proteins were applied to a Superdex 200 column equilibrated in 20 mM
Tris, pH 7.4, 100 mM NaCl, 1 mM DTT, and 1% (vol/vol) glycerol and images
were acquired every second for the duration of the size exclusion run. Buffer
subtraction was performed by averaging 50 frames either side of the peak. All
subsequent data processing steps were performed using the ATSAS data
analysis software 3.9.1. The program DATGNOM (62) was used to generate the
pair-distribution function [P(r)] for each isoform and to determine Dmax and
Rg from the scattering curves [I(q) versus q] in an automatic, unbiased manner.

Preparation of Sucrose-Loaded Vesicles and Liposome Pelleting Assay. Lipo-
somes and liposome pelleting assays with Akt were performed as previously
reported (20).

Akt1 Kinase Assays. Kinase assays were performed according to the Promega
ADP-Glo protocol. In brief, upon binding of Akt1 proteins (Akt11P, Akt12P, or
Akt13P) to PI(3,4,5)P3–containing vesicles, the protein/vesicle mixtures were
incubated with Crosstide (GenScript) and ATP/MgCl2 with or without Akt
inhibitor MK-2206 for 1 h at RT. The assay contained a final concentration of
100 μM ATP, 200 μM MgCl2, 100 μM Crosstide, and 750 nM Akt11P, 37.5 nM
Akt12P, or 37.5 nM Akt13P with or without 5 to 10 μM MK-2206. Lumines-
cence was read out in a TECAN 500 infinite plate reader. For end-point as-
says, 10 μM MK-2206 was added postliposome binding; for PIP3 titration,

Akt13P was preincubated with 20 μM MK-2206 for 20 min prior to addition
to the liposomes (10 μM MK-2206 final).

Thermal Stability Assays. The thermal stabilities of Akt11P, Akt12P, Akt13P,
Akt1ΔC, and Akt1DA ΔC were measured by differential scanning fluorimetry.
Samples contained 0.2 mg/mL protein in 25 mM Tris pH 8.0, 100 mM NaCl,
1 mM TCEP, 1 mM ATP, and 2 mM MgCl2. Samples were measured in trip-
licates using a BioRad CFX96Touch RT-PCR System.

Fluorescence Anisotropy. The binding affinity of the C-terminal 35 amino acids
of Akt1 to Akt1ΔC was determined by reverse titration of 200 to 250 μM
Akt1ΔC in a buffer containing 100 nM fluorescein-labeled peptide with the
sequence SMEAVDSERRPHFPQFSYSASGTA (unphosphorylated). The obtained
binding curves were fit with a one-site binding model to estimate the binding
affinity. Fluorescence anisotropy was measured on a Perkin-Elmer LS50 fluo-
rimeter with λex = 500 nm and λem = 518 nm, at 20 °C in 20 mM Tris, pH 8.0,
100 mM NaCl, and 1 mM TCEP. Each concentration of Akt1ΔC was measured
50 times with an integration time of 1 s and the mean plotted. The error bars
represent the SD of the measurements. Three independent titrations were
performed.

Data Availability. Structure coordinates data have been deposited in the
Protein Data Bank (7APJ).
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