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Abstract
Evidence from multiple laboratories has suggested the possibility that defective membrane
recruitment, triggered by mutations in conserved lipid binding domains, could be a common
molecular mechanism underlying carcinogenesis. Now a recent paper by Carpten et al. in Nature has
identified and analyzed one such mutation; specifically, E17K in the lipid binding pocket of the Akt
plextrin homology (PH domain). This study is a tour de force that (i) pinpoints a mutation widespread
in human cancers, (ii) analyzes the effect of this mutation on lipid binding domain structure, (iii)
shows that the mutation enhances plasma membrane recruitment, and (iv) demonstrates that such
recruitment is linked to Akt pathway superactivation, cellular transformation and tumor formation.
Overall, the work provides the most convincing illustration to date that a mutation altering the
membrane docking of a lipid binding domain can directly trigger cancer. Furthermore, the findings
raise intriguing questions regarding the mechanism by which the highly carcinogenic E17K mutation
drives enhanced recruitment of the Akt PH domain to the plasma membrane.

The Carpten et al study (1) was carried out by a team of 24 scientists led by Drs. Kerry L.
Blanchard and James E. Thomas at Eli Lilly & Company, and by Dr. John Carpten of
Translational Genomics Research Institute. The study focuses on the protein kinase Akt, also
known as protein kinase B, which is an important element of a membrane-associated signaling
pathway regulated by the signaling lipid phosphatidylinositol-3,4,5-trisphosphate (PIP3)
[reviewed in (2–6)]. This lipid is produced in the cytoplasmic leaflet of the plasma membrane
by the phosphatidylinositol-3-kinase (PI3K) family of lipid kinases, which phosphorylate the
substrate lipid phosphatidylinositol-4,5-bisphosphate to generate PIP3. The steady state level
of PIP3 is increased by the oncogene Ras, which binds to PI3K and stimulates its kinase activity.
The resulting PIP3 recruits an array of proteins possessing PIP3-specific PH domains, including
Akt and phosphoinositide-dependent kinase 1 (PDK1), to the plasma membrane. The
simultaneous presence of Akt and PDK1 on the membrane surface increases the rate at which
PDK1 phosphorylates Akt at a specific regulatory site essential for phospho-activation.
Ultimately, the PIP3 signal is degraded by phosphatases, especially by PTEN which hydrolyzes
PIP3 back to phosphatidylinositol-4,5-bisphosphate.

Defects in PIP3 signaling play a central role in many cancers. For example, a large number of
carcinogenic mutations have been described in Ras, PI3K, Akt, and PTEN (6–10). Notably, a
subset of these cancer-linked mutations are located in conserved PH domains and C2 domains,
both of which function as lipid binding domains, (1,7,11). Before the Carpten et al. study,
however, no such mutation in the Akt PH domain had yet been reported.

The PH domain of Akt is a representative example of the conserved PH motif, both structurally
and functionally (12–14). The domain possesses a β-sandwich core in which two β-sheets
associate to form a structure resembling a flattened β-barrel. At one edge of the β-sandwich a
lone α-helix packs against the inter-strand loops, while at the opposite edge the inter-strand
loops form a ligand binding pocket. In the case of Akt PH domain, this binding pocket exhibits
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high affinities for PIP3 and phosphatidylinositol-3,4-bisphosphate (15). PIP3 is believed to be
the more important physiological target due to its greater abundance in plasma membrane. At
the same time, the affinity of this PH domain for phosphatidylinositol-4,5-bisphosphate, the
most abundant PIP lipid in the plasma membrane, is much lower (15). Such low affinity for
this common PIP lipid enables Akt to remain in the cytoplasm until a PIP3 signaling event
recruits it to the plasma membrane.

To directly test whether the kinase domain or the PH domain of Akt is most important in
carcinogensis, Caprten et al searched genomic DNAs isolated from 162 patients with breast,
colon, or ovarian cancers for mutations in the Akt gene (1). No mutations were found in the
kinase domain, but the PH domain mutation E17K was observed in 9 of the 162 cases, implying
that this PH domain defect is present in a significant percentage of human cancers (breast 8%,
colon 6%, and ovarian 2%; (1)).

To determine the effects of E17K on PH domain structure, the authors solved the crystal
structures of isolated E17K Akt PH domain in both its apo state and in its PIP3-occupied state,
where a soluble headgroup analogue (inositol-1,3,4,5-tetraphosphate, or IP4) substitutes for
the full PIP3 molecule (1). In the apo site, the replacement of Glu 17 with Lys disrupts a salt
bridge, which could, in principle, energetically destabilize the apo state. In the IP4-occupied
site, the mutant Lys side chain forms new hydrogen bonds which may stabilize IP4 in the
binding pocket.

Thus, in the simplest hypothesis, the E17K mutation is predicted to increase the equilibrium
affinity of Akt PH domain for its target PIP3 lipid. Although no direct affinity measurements
were carried out, the E17K mutation did cause both the isolated PH domain and full-length
Akt to target more efficiently to plasma membrane in cells than their wild type counterparts,
especially in the absence of stimulation where mutant Akt was approx. 4-fold more likely to
be membrane associated.

Notably, when Carpten et al isolated full length E17K Akt from cells, it exhibited significantly
higher specific kinase activity than wild type Akt (1). This superactivation was correlated with
a higher level of phosphorylation at its phospho-activation sites relative to WT, while in
vitro phosphorylation of the mutant and WT proteins to the same level yielded indistinguishable
substrate affinities and Vmax values. When E17K Akt was introduced to cells, it was found to
generate high rates of transformation in tissue culture, and to induce leukemia in mice. Since
Akt is phosphorylated primarily when bound to plasma membrane, and the mutant spends more
time in the membrane-bound state, the simplest hypothesis that explains all of these
observations is that the enhanced membrane recruitment caused by E17K is directly responsible
for Akt superactivation, cellular transformation, and carcinogenesis.

One question that remains for future study is the molecular mechanism of enhanced membrane
recruitment by the E17K mutation. It is not yet clear whether the enhanced plasma membrane
targeting is driven by an increased affinity for PIP3, or by an increased affinity for the more
abundant phosphatidylinositol-4,5-bisphosphate, representing a loss of target selectivity.
Moreover, it is not known whether the putative enhanced affinity for PIP2 or PIP3 arises from
a higher on-rate or lower off-rate, or both. The PIP3 target is a rare component of the plasma
membrane, even during a peak signal, and it has recently been shown that a PIP3-specific PH
domain similar to Akt PH possesses an electrostatic search mechanism that speeds its
association with this rare target on the anionic surface of the plasma membrane (16). Thus, the
additional positive charge provided by E17K could increase the PIP lipid on-rate, either by
enhancing the efficiency of the electrostatic search mechanism used to find the target head
group, or by enhancing the rate of PIP lipid association once the head group is found.
Alternatively, the cationic, mutant Lys side chain could decrease the rate of dissociation from
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bound PIP lipid via a direct contact or through-space electrostatic interaction with the
phosphates on the PIP headgroup.

In principle, however, it remains possible that the enhanced E17K Akt membrane recruitment
arises from an increase in plasma membrane PIP3 or phosphatidylinositol-3,4-bisphosphate
levels, rather than from an increase in PIP lipid affinity. At least in certain cells, PIP3 production
is regulated by a positive feedback loop involving Rac, PI3K, actin, and Ca2+ (17). If E17K
Akt can stimulate PIP3 or phosphatidylinositol-3,4-bisphosphate production, by upregulating
a positive feedback loop or some other mechanism, the additional target lipid would recruit
more Akt. The observation of Carpten et al that E17K Akt is efficiently recruited to the plasma
membrane of unstimulated cells (1), which normally possess very low levels of its target PIP
lipids, lends credibility to the possibilities that E17K Akt either binds the abundant
phosphatidylinositol-4,5-bisphosphate more tightly, or that the mutant protein somehow
stimulates target PIP lipid production. Further equilibrium and kinetic studies comparing the
membrane docking reactions of WT and E17K PH domains are needed to clarify the mechanism
of enhanced membrane recruitment.

Finally, on a more general note, mutations which modify the membrane recruitment of lipid
binding domains likely play a more widespread role in carcinogenesis than previously realized.
In the PIP3 signaling pathway alone, lipid binding domains play an essential role in the
membrane recruitment of PI3K (C2 domain), PDK1 (PH domain), and PTEN (C2 domain) as
well as Akt (PH domain). Mutations linked to cancer have now been observed in all of these
domains except for PDK1 PH domain (1,7,11). In proteins that upregulate the PIP3 pathway,
like PI3K, PDK1 and Akt, mutations that increase membrane recruitment are predicted to be
carcinogenic. In proteins that downregulate the PIP3 pathway, like the lipid phosphatase PTEN
(a tumor suppressor), mutations that decrease membrane recruitment are predicted to be
carcinogenic. In short, defective membrane recruitment – either excessive recruitment or
inhibition of recruitment – is likely to be a common molecular mechanism underlying a wide
array of human cancers.
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Figure 1. Membrane recruitment by PH and C2 domains in the Ras-PI3K-Akt-PDK1-PTEN
signaling pathway
[Reviewed by (2–6)]. The pathway is triggered by Ras activation of membrane-bound
phosphatidylinositol-3-kinase (PI3K) at the surface of the plasma membrane. In turn, PI3K
phosphorylates the substrate lipid phosphatidylinositol-4,5-bisphosphate (PIP2), yielding the
product signaling lipid phosphatidylinositol-3,4,5-trisphosphate (PIP3). Both Akt/protein
kinase B (Akt) and phosphoinositide-dependent kinase 1 (PDK1) possess pleckstrin homology
(PH) domains that specifically bind PIP3, thereby recruiting these kinases to the plasma
membrane where PDK1 phosphorylates Akt at one or more specific sites required for activation
of Akt kinase. Ultimately, the PIP3 signal is degraded by the membrane-bound phosphatase
PTEN, yielding PIP2. The E17K mutation in the PIP3 binding pocket of Akt PH domain
enhances membrane recruitment (1), and leads to higher than native levels of phospho-
activated Akt. Both PI3K and PTEN possess C2 domains believed to be involved in the plasma
membrane recruitment of these enzymes (18,19). Such C2 domains often bind lipids in a
Ca2+-dependent or -independent manner and serve as membrane targeting modules (20,21).
Although the PI3K and PTEN C2 domains have both been reported to dock to phospholipid
vesicles (18,22), high affinity target lipids have not yet been identified for these domains.
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Figure 2. Structural features of the E17K Akt mutant PH domain
A) and B) Ribbon and CPK renderings, respectively, of the mutant PH domain, illustrating the
classic β-sandwich architecture of the domain core, the standard α-helix at one edge of the
core, and the PIP-lipid binding loops at the opposite edge (1). Highlighted are the lysine side
chain of the E17K mutation (green, with blue nitrogen), as well as a bound IP4 molecule (gold,
with red oxygens; a soluble headgroup analogue of PIP3) located in the PIP3 binding pocket.
In these two views, the scale and perspective are the same, and the domain is viewed looking
sideways into the PIP3 binding pocket. C) Detailed top view looking down into the PIP3 binding
pocket, where Tyr 18 has been removed to allow a clear image of both the E17K side chain
and a water oxygen (cyan) bridging the mutant lysine amino group (dark blue) to IP4 oxygens
(red). Figures generated in Mac PyMol (23).
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