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SUMMARY

Almost four decades after the identification of the AKT protein and understanding of its role in cancer, barriers
remain in the translation of AKT inhibitors for clinical applications. Here, we provide new molecular insight
into the first step of AKT activation where AKT binds to the plasma membrane and its orientation is stabilized
in a bilayer with lateral heterogeneity (L,-L4 phase coexistence). We have applied molecular dynamic simu-
lations and molecular and cell biology approaches, and demonstrate that AKT recruitment to the membrane
requires a second binding site in the AKT pleckstrin homology (PH) domain that acts cooperatively with the
known canonical binding site. Given the precision with which we have identified the protein-lipid interactions,
the study offers new directions for AKT-targeted therapy and for testing small molecules to target these spe-

cific amino acid-PIP molecular bonds.

INTRODUCTION

The PIBK/AKT pathway is essential for normal cellular physiology.
Hyperactivation of AKT, either via oncogenic transformation,
expression, or activity of up or downstream pathway components '
causes cells to divide more rapidly, evade apoptotic signaling® and is
linked to drug resistance and worse survival rates for patients with
breast and many other cancer types.” AKT is a peripheral membrane
protein kept in an inactive conformation in the cytosol by interaction
between the pleckstrin homology (PH) and kinase domains. Avail-
ability of membrane phosphatidylinositol-3,4-bisphosphate (PIP,)
and phosphatidylinositol-3,4,5-trisphosphate (PIP3), referred to
here as PIP lipids, determines AKT-PH/PIP binding and conse-
quently kinase activity of the protein. PIP-AKT interaction leads to
AKT phosphorylation at Thr-308 (central kinase domain)® and Ser-
473 sites (C-terminal regulatory domain),® which are required for
full AKT activity. Wild-type (the proto-oncogene form) AKT (AKT"T)
is active when bound to PIPs’~ and excess production of PI(3,4,5)
P5 results in increased activation of AKT,” leading to multiple cancer
hallmarks.'® Phosphorylated cytosolic AKT is short lived as mem-
brane PIP availability is proportional to the AKT-activating stim-
ulus,”'" indicating the importance of membrane lipids in AKT activa-
tion in cancer. Additionally, the more potent and higher activation of
AKT and proteins upstream of the AKT pathway in cholesterol-rich
liquid ordered (L,) phases, compared to cholesterol-poor liquid
disordered (Ly) regions of the membrane has been well re-

ported.'>”"” Therefore, membrane lipids'® and membrane choles-
terol'>"%"° have been a major target for attenuating AKT activity,
and AKT has been a central target for cancer therapeutics.

Among peripheral membrane proteins, PH domains (100-200
amino acids long) are conserved at the structural level in terms of
their three-dimensional organization but have low sequence ho-
mology.”® PH domains consist of seven P strands that form two
nearly orthogonal anti-parallel B sheets and one a helix in the
C-terminal.’’ The first B sheet contains four anti-parallel
strands (31-B4), and the second  sheet contains three anti-par-
allel B strands (B5-$7).2* The primary binding site of most PH do-
mains to PIPs is located between the $1-p2 and f3-B4 loops of
the PH domain.?®>** In some cases, PH domains bind PIPs on
the opposite face of the $1-p2 loop, defined as non-canonical
binding sites. Some examples of peripheral proteins with non-
canonical binding sites include the ADP-ribosylation factor
GTPase-activating protein (ArfGAP) with SH3 domain ankyrin
repeat and PH domain 1 (ASAP1-PH),?® Bruton’s tyrosine kinase
(BTK-PH),%® and PH domain-containing family A member 7
(PLEKHA7-PH).2” A canonical-binding site between positively
charged residues in the $1-B2 loop and PIPs via electrostatic
and hydrogen-bonded interactions®'*?®° has been suggested
for AKT-PH, with a few studies indicating some interactions of
lipids outside this canonical-binding site.”**° However, it re-
mains elusive how a non-canonical binding side on AKT-PH
would affect its interaction and stabilization to membranes.
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To identify how AKT is activated, previous studies have tar-
geted specific amino acid residues within the AKT-PH and ki-
nase domains,”’ deleted the entire PH domain,”*"*! or mutated
residues at the PH-kinase domain interface.®* X-ray crystallo-
graphic data have identified important PIP-interacting residues
in the AKT-PH domain, but such studies are limited to 1:1 binding
of AKT-PH to the PIP lipid head group.”® Collectively these
studies demonstrated that the region of the AKT-PH responsible
for interacting with PIPs is primarily the basic patch between
strands B1-B2 and the loop in between residues 13-23 and 53
of the PH domain.?*?%-%9 However, the exact molecular require-
ments of AKT binding and orientation stabilization in a lipid envi-
ronment with lateral heterogeneities remain unknown.

Here, we show with molecular dynamic prediction and in vitro
validation that the first steps of AKT activation, specifically its
membrane binding interface and stabilization with a phase sepa-
rated bilayer, upstream of the dissociation of PH/kinase interface
and all phosphorylation events of the protein, occur within two
cooperative binding sites of the AKT-PH domain.

RESULTS

AKT-PH recruitment and stabilization to the membrane
requires PIP lipids

The WT AKT-PH (AKT-PH"T) domain (PDB-ID: 1UNQ)*® was
placed ~7 nm away from a symmetric model membrane of lipids
that resembles a phase-separated bilayer previously suggested
to play a role upstream of the initiation of AKT pathway'* and
coarse-grained molecular dynamics (CG-MD) simulations were
performed. Twenty repeats of the simulation were run in the
absence (Figure 1A) and presence (Figure 1B) of PIP lipids. As
expected, on average, AKT-PH"T did not anchor to the lipid
bilayer in the absence of PIPs (17/20) (Figure 1C), but in the pres-
ence of 10% PIPs, AKT-PH"T diffuses in the aqueous environ-
ment and rapidly (<1us) binds to the bilayer in all simulation re-
peats (20/20).

Lipid-lipid contact analysis showed that as time passes there
is a lateral demixing of lipids into cholesterol-enriched L, and
cholesterol-scarce regions of Ly lipid phases (Figure S1). To
ensure the lipid bilayer had already phase-separated at the
time point of AKT-PH bilayer binding, radial distribution function
(RDF) analysis of lipids were compared for the first us (time point
of AKT-PH binding), the last two us (stabilized AKT-PH), and the
average 7 ps of simulation time. The RDF of lipids (Figure S2A)
and the visualization of simulation trajectories with protein (Fig-
ure S1A, snapshot of unbound protein bilayer), and without pro-
tein (Figures S2C and S2D) proved the formation of Lo/Ly do-
mains within the first 1.5 us of simulation time, indicating that
phase separation had occurred prior the AKT-PH bilayer binding.
RDFs of lipids further suggested that the incorporation of PIP
lipids and/or AKT-PH domain into the model membranes did
not affect the phase separation of lipids (Figure S3D). RDF anal-
ysis further showed high self-clustering between di-palmitoyl-
phosphatidylcholine (DPPC) (marker for L, phase) and di-lino-
leoyl-phosphatidyl-choline (DLiPC) lipids (marker for Ly phase),
while low preference was observed for DPPC-DLIPC interac-
tions (Figures S1A and S1B). Analysis for the PIP lipid preference
for the DPPC-L,, or the DLIPC-L4 phase showed that PIPs had a
greater probability of being surrounded by cholesterol and DPPC
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lipids compared to DLIPC lipids (Figure S1C). These results indi-
cate the overall localization of PIP lipids in the L, phases of the
phase-separated bilayer. The AKT-PH domain are localized in
close proximity to where PIP lipids are found in the L, regions
(Figure S1D).

The crystal structure of AKT-PH"T (PDB 1D: 1UNQ)® bound
to inositol (1,3,4,5)P4 (14P) shows that 14P is in close proximity
with several residues, including K14 (with 3,4-phosphates),
R23 (with 1,3-phosphates), N53 (with 3,4-phosphates), and to
a limited extent R86 (with 4-phosphates) of the AKT-PH"T
domain®® (Figure 1D, upper structure in pop-out box). The CG
simulations showed that the orientation and binding of PIP lipids
closely resembled the crystal structure but identified additional
residues that form a second binding site (Figure 1D, see bottom
structure in pop-out box). Our simulations indicated AKT-PHWT
residues R23 and R86 were in contact with PIPs, which is in
agreement with the crystal structure. In addition, K14 (crystal
structure) was structurally close to R15 (simulated structure)
(Figure 1D). The model also agreed with the crystal structure
regarding residues K20 and R25, both of which had considerable
PIP contacts in the simulated structure and were in close prox-
imity to 14P in the crystal structure (Figure 1D). Further analysis
of the PIP; lipid density distribution around the AKT-PHVT indi-
cated this clustering occurred around two binding sites of the
AKT-PH"T domain as soon as its orientation was stabilised at
the membrane (5-7 ps) (Figure 1E). These data indicate that
the simulation systems can replicate key features of physiolog-
ical AKT-membrane binding and suggest that a second binding
site isimportant for both the recruitment and stabilization of AKT-
PH™T to the bilayer.

The simulated AKT-PH"T-PIP interaction occurs in an
additional non-canonical binding site for AKT-PH

In order to establish the interaction of AKT-PHYT with lipids, the
protein-lipid contacts were calculated to identify residues
contributing to AKT-PHWT binding to the bilayer (binding+50 ns)
and orientation stabilization to the bilayer (stabilization-7pus). Pro-
tein binding to the membrane is considered here when AKT-PH
first interacts to the membrane (within a cut-off of 4.3 nm z axis =
interaction) and protein orientation stabilization is considered
when AKT-PH anchors to the membrane and maintains a spe-
cific stabilized orientation with membrane lipids (within a cut-
off of 3.6 nm z axis = orientational stabilization). The simulations
support the hypothesis that there are considerable contacts be-
tween PIPs and the B1-B2 loop (canonical binding site-gray
shaded area) during binding with K20, R23 residues (Figure 2B),
and at stabilization with R15, K20, and R23 residues (Figure 2B).
K64, R67, R76, and R86 (B5-p7 strands) also made substantial
contacts (AKT-PHVT/PIP contacts >70% cut-off) with PIPs indi-
cating these may be important residues for both binding and
orientation stabilization of AKT-PH"T to the bilayer (Figure 2B).
The AKT-PH™T bound PIPs with a similar orientation to the
bilayer at the binding and the stabilization stage (Figure 2B, right
3D structures see residues in red).

With the aim of studying the protein stability, the final configu-
ration of a CG trajectory was converted to an atomistic resolution
and three simulation repeats were simulated for a further 100 ns
using the CHARMMB36 force field.**** The root-mean-square
deviation (RMSD) analysis in all our simulations ranged between
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Figure 1. CG-MD model indicates anionic PIP lipids are required for the recruitment of AKT-PH"T to the bilayer

(A and B) A simulation snapshot of AKT-PH binding and stabilising to the bilayer with (A) 0% PIP lipids (B) 5% PIP. lipids (green) and 5% PIP; lipids (magenta).
(C) Mean distances (solid line) +SD (faded colors) between the center of mass of the AKT-PH domain and the lipid bilayer for the 20 x 7 us simulations with (black)
or without PIP (gray) lipids.

(D) AT crystal structure (PDB: TUNQ) and the CG stabilised AKT-PH"T (this paper) is shown to the right. The location of the amino acid residues that contact the
bilayer the most is shown for both structures. Red = oxygen, cyan = carbon, gray = phosphates.

(E) Two-dimensional density maps of AKT-PH"T (left) and PIP; lipids (right) in the x-y plane, with summation of density along the z axis. The right diagram shows
average densities and the probability density of finding the PIP lipids at a given point in the bilayer plane around the carbon atoms of the protein (shown in the left
diagram), color-coded with light pink representing low probability and dark pink representing high probability. The corresponding molecular model is shown in
Figure 1D. Data are shown for the final 2 ps of a concatenated trajectory of all 20 simulation repeats for the control model membrane (5% PIP, and 5% PIP3),
showing the PIP; lipid distribution and clustering in two binding sites of AKT-PH"T. Abbreviations: AKT-PH = Pleckstrin homology domain of AKT, AT = atomistic
WT = wild type, CG = coarse-grained PIP = phosphatidylinositol, PIP, = phosphatidylinositol-3,4-bisphosphate, PIP; = phosphatidylinositol-3,4,5-trisphosphate,
PDB = protein databank.

~0.3-0.4 nm over time, indicating that there were not any major  of the AKT-PH domain, made considerable contacts with PIPs in

protein conformational changes compared to the CG structure
(Figure S4A). The root-mean-square fluctuation (RMSF) analysis
also showed lower values in the structured regions of the protein,
indicating that the AKT-PH is stable (Figure S4B). Protein-lipid
contact analysis of our atomistic simulations revealed that resi-
dues R15, K20, R23 (canonical binding site), and residues K64,
R67, R76, and R86 (proposed second binding site) form the
larger number of interactions with the phosphates of the PIP
lipids, being in agreement with our CG systems (Figure 3A). Addi-
tionally, residues R41 and R48, which lie within the B3-p4 strands

the atomistic simulations (Figure 3A), which were not as evident
in the CG-systems (Figure 2). The PIP interaction of residues in
the B3-B4 strands (such as N53) has been previously sug-
gested?® and is likely subsequent to PIP interactions with the ca-
nonical binding site of the protein. Precisely, some residues in
the B3-B4 strands of AKT-PH, such as R41 and R48 lie in a
very close proximity to residue R23 (Figure 3B), which is one of
the key known canonical binding pocket residues in the crystal
structure®®?? and in our CG simulations (Figure 2). Nonetheless,
the atomistic AKT-PH maintains the same orientation seen in the
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CG-systems, where multiple PIP lipids bind to two-binding sites
of the AKT-PH domain (Figure 3C). These data indicate that K64,
R67, R69, and R76, form a second PIP binding site in addition to
the previously reported AKT-PH"T binding site.

Mutations of key AKT-PH residues propagate
orientational changes to attenuate protein orientational
stability of AKT-PH to the bilayer

Following the discovery of an additional PIP binding site for the
AKT-PH"T domain, in silico mutations were performed to
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Figure 2. AKT-PH"T interactions with PIPs
occur via two binding sites

(A) The domains of full-length WT AKT and a zoomed
image of the AKT-PH domain with beta strands and
helixes labeled. The primary and secondary structure
of the AKT-PH domain color coded for each beta-
strand. AKT-PH consists of seven B-strands that form
two nearly orthogonal anti-parallel  sheets and one o
helix in the C-terminal. The first B sheet contains four
anti-parallel B strands (31-p4), and the second B sheet
contains three anti-parallel § strands (B5-B7).

(B) Shown are normalized contacts between AKT-
PH"T and PIP headgroups during the binding of
AKT-PH"T to the bilayer (top) or stabilization (bottom).
Normalization was performed by dividing the total
number of contacts at each residue by the total con-
tacts made by the residue with the highest number of
contacts in the AKT-PH"T domain. Red solid lines
represent the cut-off of 70% of the contacts and are
considered to be the most important residues for
electrostatic interaction with PIPs. An upper cut-off of
80% of the contacts is shown in dotted red lines. The
gray-shaded area shows the known canonical-binding
site. The position of the 1 and B2 strands (pink), B3
and B4 strands (orange) and 35-B7 strands (purple) are
shown by the arrows. To the right of each histogram is
the structure of AKT-PH"T domain color coded based
on the number of contacts with PIP3 lipids during
binding and stabilization. Blue indicates 0 contacts
and red indicates high number of contacts above the
70% cut-off. Abbreviations: AKT-PH = Pleckstrin ho-
mology domain of AKT, PIP = phosphatidylinositol,
PIP3; = phosphatidylinositol-3,4,5-trisphosphate, WT =
wild type.
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explore each site’s relative and combined
contribution to membrane binding and orien-
tation stabilization. The most critical amino
acids in terms of contacts and charge (ac-
cording to Figures 2B and 3A) were a series
of arginine and lysine residues and these
were swapped for the non-charged alanine
and are thus unable to interact with PIP
lipids. Three mutation simulations were,
therefore, made that simulate the loss of
positive charge of the canonical (AKT-
PH™), second (AKT-PH™®), or both ca-
nonical and second PIP binding sites (AKT-
PH™) (Figure 4A). AKT-PH™" had four
mutations, all within the $1-p2 strands, and
AKT-PH™® had five mutations spread
across the antiparallel three-stranded B5, 6, and B7 sheet.
AKT-PH™® combined all the mutations of AKT-PH™"" and
AKT-PH™ 2, as described previously (Table 1).

Even-though the simulation repeats of all systems tested
eventually resulted in AKT-PH-membrane associations, the
AKT mutants displayed a less stable membrane association
versus the WT, as seen by the greater standard deviation of
the mean distance between the AKT-PH and the bilayer. There-
fore, the mutations did not affect the binding frequency of the
AKT-PH but strongly affected the orientation of AKT-PH during
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Figure 3. An atomistic model of our system
showing AKT-PHWT/PIP interactions via two
binding sites

(A) Normalized contacts between AKT-PH"T and PIP
headgroups after 100 ns of atomistic simulations.
Normalization was performed by dividing the total
number of contacts at each residue by the total con-
tacts made by the residue with the highest number of
contacts in the AKT-PH"T domain. The dotted red line
represents the upper cut-off of 80% of the contacts
and is considered to be the most important residues
for electrostatic interaction with PIPs in the higher-
resolution atomistic system. The solid red line repre-
sents the cut-off of 70% of the contacts, which was
used in the CG-systems and is considered to form
considerable contacts with the PIP lipids. The gray-
shaded area shows the known canonical-binding site.
The position of the B1 and 2 strands (pink), B3 and B4

Contacts 1
|
high

s e

strands (orange), and B5-B7 strands (purple) are
shown by the arrows. To the right of the histogram is
the structure of the backmapped AKT-PH"T domain
color coded based on the number of contacts with
PIP; lipids. Blue indicates 0 contacts and red indicates
high number of contacts above the 80% cut-off.

(B) Snapshot of the stabilised orientation of the
atomistic AKT-PHWT structure showing that the in-
teractions of the canonical and second AKT-PH
binding sites are retained in the atomistic model,
with the interacting residues with PIPs shown.

(C) The atomistic AKT-PH"T maintains the same
orientation seen in the CG-systems, where multiple
PIP lipids bind to two-binding sites of the AKT-PH
domain. The phosphate atoms of DPPC and DLiPC
lipids are shown in gray. Abbreviations: AKT-PH =
pleckstrin homology domain of AKT, PIP = phospha-
tidylinositol, PIP; = phosphatidylinositol-3,4,5-tri-
sphosphate, WT = wild type.

stabilization to the bilayer (Figure 4B). Additionally, all mutants
showed reduced clustering with PIPs compared to AKT-PHWT
throughout the 7 us of simulation time (Figure 4C). These obser-
vations prompted us to investigate the effect of the AKT mutants
on the protein’s orientational changes.

In order to quantitatively study the orientational changes that
could affect the orientational stability of AKT-PH"T and mu-
tants, the angle theta between the bilayer z axis and a plane
defined by three amino acid residues (94, 102, and 108) of
AKT-PH (in structured regions of the protein) was measured
over all simulation frames (Figure S5). This analysis allows for
studying the populations of the protein’s preferred orientation
when unbound (blue = reduced density) or bound to the mem-
brane (red = greater density) (Figure 4D). WT and mutated AKT-
PH diffused freely in solution before interacting with the bilayer
at approximately 4.3 nm (cut-off for protein binding, Figure 4D).
AKT-PH"T adopted a preferred membrane-bound orientation
with theta between 130 and 170° (productive state of AKT-
PH) and a small population of an alternative lowly populated
membrane-bound state (angle theta between 100 and 120°)
(Figure 4D, top histogram). The productive state of AKT-PH is
a state in which the two identified lipid-binding sites are facing
the bilayer, as seen in simulations of the WT protein (Figure 1).
As expected, the productive state of AKT-PH™T, which is
believed to be the most relevant state to the function of the pro-

tein, was more populated during stabilization than at binding
(Figure S6).

AKT-PH™ " and AKT-PH™ 2 also bound the bilayer with the
productive state (theta 130-170°), although they also explored
new orientations that spread between 25 and 125° during bind-
ing and stabilization (Figure 4D, middle histograms). AKT-PH™!t3
spent more time in solution (more unbound states shown in pur-
ple; Figure 4D, bottom histogram) but mostly completely
changed its orientation to the bilayer compared to AKT-PH"T, di-
minishing the protein’s productive orientation state (Figures 4D
and S6). Therefore, the mutants overall did not affect the ability
of the protein to bind the bilayer but rather the bound protein
explored more (non-productive) orientation states compared to
AKT-PH™T, being more orientationally unstable than AKT-PH"T,

The next step was to understand the impact of the muta-
tions on AKT-PH'’s ability to interact with PIPs. Therefore, pro-
tein-PIP contact analysis was performed. The orientation of all
three mutated AKT-PH domains (based on their PIP-binding
residues >70% cut-off) was different compared to AKT-
PH"T during both binding and stabilization (Figure 4E). In
agreement with the orientation analysis (Figure 4D), there
was a wider distribution of positions that interacted with
PIPs in the mutated systems compared to AKT-PH"T; howev-
er, AKT-PH™2 and AKT-PH™ still maintained considerable
wild-type binding than AKT-PH™ (Figure 4E). AKT-PH™U!!
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Figure 4. Mutations of key binding/stabilising AKT-PH residues propagate orientational changes to diminish AKT-PH’s productive orienta-
tion state

(A) Position of B strands and mutants within the AKT-PH domain.

(B) Mean distances (solid line) +SD (faded colors) between the center of mass of WT and mutant AKT-PH domain and the lipid bilayer.

(C) Mean number of the PO4 (CG representation of position 1 phosphate particles) of PIP lipids contacting the AKT-PH as a group within 0.6 nm per simula-
tion time.

(D) Two-dimensional histograms showing the average density states observed on a grid of AKT-PH-membrane z-distance and protein orientation (angle theta) for
AKT-PHWT, AKT-PH™!! AKT-PH™2 and AKT-PH™®,

(E) The structure of AKT-PH"T and mutated AKT-PH domain color-coded based on the number of contacts with PIP; headgroups during binding and stabili-
sation. Blue = 0 contacts, and red indicates high number of contacts above the 70% cut-off (F) The normalized average number of contacts between the AKT-PH
protein and PIP headgroups for each system during stabilization. Normalization was done by dividing the number of PIP lipids and the total number of frames

(legend continued on next page)
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bound to the bilayer (via PIP interactions) with residues M1,
K64, R67, and R76 and stabilized to the bilayer with residues
K64, R67, and R76 (Figure 4F). This analysis shows that elim-
inating the positive charge in AKT-PH’s canonical PIP-binding
site (AKT-PH™ ") allows its binding and stabilization to occur
with residues in the B5-B7 strands (second binding site) (Fig-
ure 4F). Mutant AKT-PH™2 bound the PIPs with residues
R23 and R41 and stabilized in the bilayer with residues R15,
K20, R23, and K39, with PIPs. Therefore, when the positive
charge in AKT-PH’s second binding site is eliminated (AKT-
PH™'2) bilayer binding and stabilization still occurs with res-
idues in the B1-B2 strands (canonical binding site) (Figure 4F).
The AKT-PH™® mutant bound PIPs with residues M1, S2 and
was stabilized to the bilayer with residues M1, R48, R41, and
Q43, completely altering and reducing AKT-PIP interaction
compared to AKT-PHYT (Figure 4F). This shows that elimi-
nating the positive charge in both the canonical and second
binding sites of AKT-PH compromises AKT-PH-PIP mem-
brane binding and stabilization as the lipid-binding domains
that interact with PIP lipids are unavailable (Figure 4F).

In summary, we concluded that the PIP binding region of the
AKT-PH domain occurs in multiple binding sites and contacts
from the B1-2 strands region are required in addition to the (5,
6, and B7 region described here. Both canonical and second
regions are required for the long-lived (on the ps scale of MD sim-
ulations) association of AKT-PH with PIPs in the bilayer. To vali-
date this, in vitro mutation experiments were performed to eval-
uate if changes to these amino acid residues could reduce
membrane localization in cancer cell membranes.

The cooperative interaction of two AKT-PH/PIP binding
sites in vitro in cancer cells

The in silico CG-MD simulations provided predictions that were
testable in vitro. For example, CG-MD simulations suggested
that mutations, which disrupted amino acid positive charge
within the canonical or second AKT-PH/PIP binding sites, would
propagate orientational changes to diminish AKT-PH’s produc-
tive orientation state and reduce protein localization to the mem-
brane (Figures 4D-4F). Specifically, we set out to ask if either or
both AKT-PH/PIP binding sites were necessary and sufficient for
membrane localization in triple-negative breast cancer (TNBC)
cells, hence AKT-PH domain mutants were cloned into overex-
pression plasmids (Table 2).

To compare WT and mutated AKT protein behavior, the full-
length AKT™T was paired with the full-length AKT mutant pro-
teins within a cell that eliminate the positive charge in the canon-
ical (AKT™ "), second (AKT™), or both canonical and second
PIP binding sites (AKT™%). As expected, when the red and
green wild-type AKTs were co-transfected (AKT"T-mCherry
and AKTWT-EGFP) they were equally localized to the membrane
(Figure 5A, nested t test; p > 0.05). The pathogenic AKTE'’K
mutant, known to enhance AKT translocation to the plasma
membrane and protein activation,*® was significantly more local-
ized to the membrane than AKTWT (Figure 5B, nested t test;
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p=0.0017). Localization of all three AKT-PH/PIP domain mutants
to the plasma membrane was significantly attenuated relative to
AKTWT (Figures 5C-5E, nested t test; AKT™!: p < 0.0001;
AKT™2: p < 0.0001; AKT™® p = 0.0003). Similarly, a signifi-
cantly reduced membrane to cytosol fluorescence intensity ratio
was observed in the mCherry-tagged AKT-PH™' mutant
compared to its co-transfected EGFP-tagged AKTVT (Figure S7,
nested t test; p < 0.0001), indicating that the AKT mutants have
similar membrane localization when the mutant is EGFP or
mCherry tagged as well as when just the PH-domain or full-
length AKT is over-expressed.

The similar expression of mCherry-fused AKT™T (one-way
ANOVA; p > 0.05, Figure S8) in each co-transfection experi-
ment confirmed that the mutants (EGFP fused) could be
compared, to determine if mutations in each binding site (ca-
nonical-AKT™!! second-AKT™) or both (AKT™) similarly
affected AKT membrane translocation. There was no difference
in the ability of AKT™ "' AKT™U2 or AKT™® to attenuate the
AKT membrane translocation (Figure S9, one-way ANOVA;
p > 0.05). The similar capacity to attenuate AKT membrane
translocation in the three mutants indicates a cooperative ac-
tion of the two binding sites in TNBC cells. Specifically, both
binding sites (canonical and second) are required for normal
AKT membrane localization (as in AKTT). Furthermore, target-
ing both binding sites (both canonical and second-AKT™ %) did
not exacerbate the attenuation of AKT membrane localization,
again indicating the cooperative action of the two AKT-PH
binding sites in TNBC cells.

The next step was to understand whether the mutations affect
the downstream AKT activity at the cellular level by testing the
phosphorylation levels of AKT™ -2 and their ability to attenuate
AKT phosphorylation compared to the AKT"T. We firstly treated
TNBC cells with Perifosine, an AKT inhibitor which interferes with
phospholipid metabolism and perturbs the membrane translo-
cation of AKT,*® as a negative control in order to identify and
differentiate the endogenous and EGFP-tagged constructs,
which as expected significantly repressed the phosphorylation
of EGFP-AKTWT (Figure 6A,; t test; p=0.0009). As expected, the
pathogenic EGFP-AKTE'"K, which facilitates membrane locali-
zation and phosphorylation of AKT in the absence or presence
of growth factor stimulation,®® showed significantly increased
phosphorylation compared to EGFP-AKTYT (Figure 6B, one-
way ANOVA; p < 0.0001). Finally, the phosphorylation of all three
mutants (EGFP-AKT™""-%) was significantly reduced relative to
EGFP-AKT™T (Figure 6B, one-way ANOVA; EGFP-AKT™!": p =
0.0021; EGFP-AKT™2: p = 0.0033; EGFP-AKT™3: p = 0.0019).

In conclusion, in vitro validation of the CG-MD simulation pre-
dictions in TNBC cells showed that one of the two identified
binding sites (known canonical and second site) is insufficient
for normal AKT membrane localization. Instead, the known ca-
nonical and second binding sites act cooperatively and are
both required for AKT translocation to the membrane, which is
the first step in its activation and subsequently for functional
AKT activity as shown by phosphorylation.

analyzed. Solid red lines represent the cut-off of 70% of the contacts for each system and are considered to be the most important residues for electrostatic
interaction with PIPs for each system. Red dotted line represents the original threshold line of the WT system indicating reduced PIP contacts of mutants. Data are
shown as averages for the 20 x 7 us simulation repeats/system. The position of the 1 and B2 strands (pink), B3 and B4 strands (orange) and p5- B7 strands
(purple) are shown by the arrows (Abbreviations: PH = pleckstrin homology, PIP = phosphatidylinositol, WT = wild type.
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Table 1. AKT-PH mutation list

Point mutations to

AKT model remove positive charge B-strand affected

Point mutants informed from CG-MD

AKT-PH™t! R15A B1-p2
K20A B1-p2
R23A B1-p2
R25A B1-p2

AKT-PH™12 R64A B5-B6-B7
R67A B5-p6-p7
R69A B5-B6-p7
R76A B5-p6-p7
R86A B5-B6-p7

AKT-PH™13 R15A B1-p2
K20A B1-p2
R23A B1-p2
R25A B1-p2
R64A B5-B6-p7
R67A B5-p6-p7
R69A B5-B6-p7
R76A B5-p6-p7
R86A B5-B6-p7

DISCUSSION

Using in silico CG-MD and atomistic simulation prediction and
in vitro validation in cancer cells, we studied the molecular in-
sights of protein-lipid interactions of AKT in a bilayer entailing
lateral heterogeneity. We identified the AKT-PH domain has
two cooperative PIP-binding sites (previously known canonical
and an additional second site). Targeting either or both binding
sites attenuates AKT membrane localization and activation in
TNBC cells.

X-ray crystallographic studies of AKT-PH provided valuable
insights regarding the interaction of the protein to the head group
of PIP, (IP3) or PIP3 (IP4) lipids via the canonical binding site
across the PH family.”® However, X-ray crystallographic data
only provide a 1:1 binding of the AKT-PH/PIP lipid head group.*®
CG-MD simulations, providing molecular context, allowed us to
study the situation of having more than one PIP lipid in the bilayer
and over time to understand the mechanistic details of protein-
lipid associations during binding and orientational stabilization
changes of AKT-PH.

CG-MD simulations showed the necessary presence of
anionic PIP lipids for binding AKT-PH to a phase-separated
model membrane (Figure 1). It was previously shown experimen-
tally that the AKT/PIP; engagement allows phosphorylated AKT
to be stable, promotes substrate engagement and protects AKT
from dephosphorylation by cytosolic phosphatases.”'" As long
as the AKT was bound to membrane PIP; lipids and was phos-
phorylated, it could also phosphorylate downstream sub-
strates.” Contrary, if PIP; lipids were unavailable, AKT was inac-
tive and dephosphorylated.” In our study, once the simulated
AKT-PH"T bound to the membrane, it maintained a stabilized
orientation until the end of the 7 ps studied here (Figure 1C),
but when PIPs were unavailable, AKT-PH neither bound nor sta-
bilized to the bilayer, in agreement with previously published
experimental data.”"®
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The CG-MD simulations in this paper mimic a simple model of
cholesterol-enriched lateral assemblies. Such cholesterol-rich
lateral membrane assemblies have been known to form a plat-
form for initiating AKT signaling cascades at the plasma mem-
brane.'®'617:37 Direct comparison of AKT kinetics in living
cells,"” model membranes, live-cell isolated membranes
(GPMVs) and fixed cells'®'*17:38%9 showed L,-membrane
domain resident AKT to be activated more potently and the
AKT phosphorylation to be more sensitive to cholesterol deple-
tion than in Lg-membrane domain or cytosolic-resident
AKT.12:131939 Therefore, previous research suggested that
AKT is spatially involved with membrane lipid phases, with
cholesterol guiding AKT activity. While not the main scope of
this work, our simulations showed an association of PIPs and
AKT with cholesterol-rich L, phases, being in agreement with
previous studies.”' ¢

In silico, we identified the known canonical binding site of AKT-
PH"T for PIPs (B1-B2 region), as well as an additional binding site
located between p5-B7 strands of the PH domain (Figure 2A).
Backmapping of our CG systems to atomistic simulations
showed that the reported interactions of AKT-PH with PIP lipids
were retained (Figure 3). In agreement with previous studies, we
demonstrate that multiple PIPs are required to stabilize the orien-
tation of AKT-PH to the bilayer (Figure 4C). Particularly, our CG-
MD simulation model agrees with previous NMR data,”® which
showed that chemical shift changes in the binding of PIP; to
AKT ceased at 4:1 PIP3: AKT, potentially indicating the clustering
of four PIPs around AKT (Figures 3C and 4C). Other PIP binding
PH-containing peripheral proteins, like PLEKHA7, had multiva-
lent binding with PIPs and induced PIP clustering as shown
experimentally®” and in silico.>* A systematic simulation of 100
PH-containing proteins showed that PIP clustering might be
occurring in the majority of the PH family.”* The same study
also concluded that AKT-PH has a similar PIP, non-canonical
interaction site as seen in the Rho GTPase-activating protein 9
(ARHGAP9) PH domain®” with the $5-p6 loop of AKT-PH.**
Furthermore, Yamamoto et al. showed more than 60% of their
simulation repeats to have a canonical binding of the AKT-PH/
PIP complex but also noticed a few simulation repeats to occur
in additional non-canonical binding sites.*° It was suggested that
these second binding sites might correspond to transient inter-
actions prior to protein stabilization.*°

Previous studies suggested that cytosolic AKT is very short-
lived, and phosphorylated AKT is mainly connected with cellular
membranes.”'" As with other peripheral proteins involved in
cancer signaling, like ASAP1, multiple binding sites in the PH
domain could keep such orientation to allow its downstream
interaction with their protein targets.”® One such target for
AKT-PH is the 3-phosphoinositide-dependent kinase (PDK1) pe-
ripheral protein, which phosphorylates AKT and also has a PH
domain.® The two cooperative binding sites in the ASAP1-PH
domain were proposed to allow rapid switching between active
and inactive states during signaling.”® The proposed mechanism
for ASAP1-PH could be a generalized mechanism for other PH
domains with multiple cooperative binding sites, which remains
an area for future research.?® Additionally, multiple PIP binding
with AKT-PH is a potential mechanism to slow the diffusivity of
the protein, subsequently functionally allowing its stable orienta-
tion at the lipid bilayer. Mutating PIP-binding residues in the
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Table 2. Plasmid construct mutation list

Construct Mutation PH location Full length (FL)/PH only Fluorescence tag
WT constructs
AKTWT-mCherry = N/A FL mCherry
AKTVT-EGFP - N/A FL EGFP
Pathogenic mutants
AKTE'*-EGFP E17K B1-p2 FL EGFP
Mutants informed from CG-MD
AKT™_EGFP R15A pB1-p2 FL EGFP
K20A B1-p2
R23A B1-p2
R25A B1-p2
AKT™2_EGFP R64A B5-B6-p7 FL EGFP
R67A B5-p6-B7
R69A B5-B6-p7
R76A B5-p6-p7
R86A B5-B6-p7
AKTMU_EGFP R15A B1-p2 FL EGFP
K20A B1-p2
R23A B1-p2
R25A B1-p2
R64A B5-B6-p7
R67A p5-p6-p7
R69A B5-B6-p7
R76A p5-p6-p7
R86A B5-B6-p7
AKT-PH™®-mCherry R15A B1-p2 PH mCherry
K20A B1-p2
R23A B1-p2
R25A B1-p2
R64A p5-B6-p7
R67A B5-p6-B7
R69A p5-B6-p7
R76A B5-p6-p7
R86A B5-B6-p7

known canonical and/or newly identified AKT-PH domain bind-
ing site might be adequate for AKT-PH membrane recruitment
but compromises productive membrane-orientation stabiliza-
tion (Figure 4E). A limited PIP availability in the two binding sites
of AKT-PH would compromise the protein’s functionality, in
terms of being stably available for maintaining an active stimulus
and interacting with its downstream targets.

Crystal structures of AKT in complex with allosteric inhibitors
demonstrated that the autoinhibitory interface of AKT PH/kinase
interaction occurs between residues F55, L52R, Q79K, W80, and
T81 of the PH domain and residues T195, L321, and D325 of the
kinase domain.'*>*° Based on these crystal structures, the res-
idues that form the canonical and second binding sites of AKT
with PIPs do not participate in PH/kinase interaction (Figure S10).
However, one of the most recent studies that developed a crystal
structure of autoinhibited AKT in the absence of allosteric inhib-
itors identified considerably different PH/kinase interacting resi-
dues than previous studies.® Truebestein et al. suggested that
residues in the known PIP/AKT-PH canonical binding site
interact with kinase residues to autoinhibit AKT.® Besides, recent
evidence demonstrated that R86A mutation (part of the second
binding site identified here) on the AKT-PH domain showed

increased PH/kinase affinity, subsequently increasing autoinhi-
bition of AKT activity.*° Still, it is widely accepted that the activity
of AKT strongly depends on the availability of PIP lipid signals
preceding kinase activity and AKT phosphorylation.”-%"

Our study supports the notion of decreased AKT activity
following R86A mutation, as it forms part of the newly identified
binding site to PIP lipids. Therefore, we suggest and have vali-
dated experimentally (Figure 6B) that in the event of unavailability
of residues in the canonical and second binding sites of AKT-PH
domain to bind PIPs, the AKT-PH will likely be inactive, and
therefore PH/kinase domain interaction (inactive AKT state) will
be expected. The order of events in the activation of AKT would
be as such, the PIP activating stimulus results in the recruitment
of AKT-PH via its two binding sites to the membrane and subse-
quently, the unmasking of the AKT’s kinase domain for phos-
phorylation by PDK1?® and mammalian target of rapamycin
complex 2 (MTORC2).°" Future studies should identify if all
AKT-PH residues that form the two binding sites with PIPs iden-
tified here, show an increase of autoinhibitory features through
enhancement of PH/kinase intramolecular interaction.

PH domain-PIP complexes can be selectively targeted by small
molecule inhibitors for anti-cancer therapeutic manipulation, as
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Figure 5. Mutations in the canonical and second binding sites attenuate AKT membrane localization in untreated TNBC cells
Representative confocal images showing co-expression of AKTVT (mCherry) with AKT-EGFP (A) AKTT (B) AKTE7K(C) AKT™ ! (D) AKT™2, (E) AKT™® in MDA-
MB-468 TNBC cells. Scale bars represent 10 pum. For each confocal image, DAPI staining, EGFP, and mCherry signal is shown independently and as a merged
image. A quantitative nested analysis showing the biological and technical replicates (multiple cells per confocal image) for each co-transfection is shown to the
right of every image. Data are represented as mean and SEM from four biological replicates with a total of (A) n =85, (B)n =82 (C)n =109, (D)n =81, (E)n =35
quantified. Statistical analysis was performed with a two-tailed nested t-test between the AKTT and the mutants. p < 0.05 was considered significant. Ab-
breviations: EGFP = enhanced green fluorescence protein, TNBC = triple-negative breast cancer, WT = wild type.

was shown for the PH domains of PIP3; dependent Rac exchanger
(P-Rex1)°? and brefeldin A-resistant AfGEF 2 (BRAG2).°® A few
AKT-PH inhibitors have also been designed for therapeutic
interventions at the membrane binding of the PH domain of
AKT."®5%%° Triciribine, for example, targets residues in the canon-
ical binding site of AKT that contact the D3-phosphate of PIP3,
such as K14, R23, R25, and N53."° To date, despite extensive
research on AKT only a single AKT inhibitor has reached Food
and Drug Administration (FDA) but not European Medicines
Agency (EMA) approval.®® Capivasertib has been very recently
approved by the FDA, for the treatment of hormone receptor pos-
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itive human epidermal growth factor 2 (HER2)- negative breast
cancer with one or more AKT alterations.”® Still, none of the AKT
inhibitors has been positive in phase Ill trials®” with TNBC as an
indication, and the design of AKT-targeted therapies remains an
active field of research.”®

To conclude, we studied the molecular details of the AKT-PH/
PIP interaction to identify and validate its PIP-binding sites in a
phase-separated bilayer model. The findings demonstrated
that AKT is an additional case of a PH-containing peripheral pro-
tein with multiple binding sites, similar to ASAP1-PH,*® BTK-
PH,?® and PLEKHA7-PH.?” Two cooperative binding sites (the
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Figure 6. Mutations in the canonical and second binding sites attenuate AKT phosphorylation in untreated TNBC cells
(A) MDA-MB-468 cells were treated with VC and 20 uM of Perifosine. The pAKT/tAKT expression of EGFP-tagged AKT is shown on top, and representative
immunoblots are shown below each plot. AKT phosphorylation of Perifosine treatment to the VC control was compared with one-tailed t test and p < 0.05 was

considered significant.

(B) MDA-MB-468 cells were transfected with EGFP-tagged AKTWT, AKTE'"K as a positive control and the AKT mutants (AKT™ ', AKT™%2, and AKT™%), The
PAKT/tAKT expression of EGFP-tagged AKT for each transfection is shown on top and representative immunoblots are shown below each plot. Comparisons
between the AKT phosphorylation of EGFP-tagged AKT"T AKTE'7X positive control, and mutants were performed with one-way ANOVA with multiple com-
parisons. Data are presented as the mean of 3—4 independent replicates with SEM. See also Figure S15. Abbreviations: TNBC = triple-negative breast cancer,

PAKT = phosphorylated AKT, tAKT = total AKT, VC = vehicle control.

previously known canonical and a second site) in the AKT-PH
domain that are both required for the binding and orientation sta-
bilization of AKT to the bilayer were identified. By targeting either
binding site, or both sites in TNBC cells, AKT membrane locali-
zation and downstream functional activity significantly de-
creases and AKT re-distributes in the cytosol, where it is likely
inactive. We have provided molecular insights into the first
step of AKT activation and its interaction with PIP lipids to aid
the direction for the control of this central oncogene in breast
cancer.

It is important to mention some limitations of our study.
Although phosphorylated AKT in the cytosol is short-lived,
emerging data suggest evidence for nuclear PIPs and AKT
signaling,®® opening new avenues for AKT research. It would
be crucial to study the mode of activation of nuclear AKT
following nuclear PIP stimulation. Additionally, our in vitro valida-
tion was in TNBC cells; therefore, the role of the cooperative-
binding sites of AKT still remain to be tested in other cancer types
and upon various growth factor stimulation upstream AKT (IGF
and, EGF). Our results suggest that the AKT-PH mutants bind
PIP lipids with a non-productive state. Subsequently in vitro,
the mutants localize in the cytosol, where AKT is likely inactive.
A methodology limitation of our CG-MD simulation approach is
that unbinding events and dissociation kinetics of WT and
mutant AKT-PH/PIP interaction cannot be studied. Therefore,
we cannot know for certain if the unavailability of PIP-binding
residues in AKT-PH could rapidly dissociate the mutants from
the membrane; however, we did show that the downstream
functional activity of AKT is significantly reduced (Figure 6).
Dephosphorylation kinetics in AKT have been previously studied

with specialized techniques (live cell spectroscopy and fluores-
cence anisotropy), which could be applied to answer such ques-
tions in the future. While it would be good to get an estimate of
the strength of the binding the PIP lipids in the two PIP binding
sites, our current simulations do not allow us to give such an es-
timate. They do provide, however, a molecular model that ex-
plains in detail the AKT/PIP interaction and stabilization to the
membrane. To estimate the affinity of PIPs to AKT PIP binding
sites, one could perform free energy calculations; however,
this was outside the scope of this study. Furthermore, even-
though Martini 3 is now available, this work was done using Mar-
tini 2.1, for which a large body of work showed to be remarkably
accurate?®243%:69-63 for peripheral membrane protein interac-
tions. Moreover, while the underlying molecular details of phase
separation of lipids, lipid-lipid interactions and the preference of
PIPs for the Lo/L4 regions was not the main scope of this study,
we note that our CG simulation model is a simplified model which
lacks the asymmetrical nature of biological membranes. Sym-
metrical bilayers provide a simplified and controlled environment
for understanding the dynamics of protein-lipid interactions. To
address this limitation, we evaluated our computational predic-
tions with lab-based studies; our computational models were
in agreement to experimental data. In addition, it is important
to note that although not the focus of this study, the cholesterol
levels in cancer cell membranes are often altered,'*°* ¢ and the
exact distribution of cholesterol in membrane leaflets remains
controversial,’” due to methodological limitations and the fact
that cholesterol has the ability to rapidly flip-flop between mem-
brane leaflets. Advancements in methodologies like cryoelec-
tron microscopy (cryo-EM)®® could revolutionize the study of
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lateral heterogeneities and lipid-lipid interactions (PIP/choles-
terol-L, domain interaction) in the cancer cells in the coming
years.®’
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AKT (pan) (40D4) mouse mAb
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B-Actin (8H10D10) Mouse mAb
IRDye 800CV goat anti-mouse
IRDye 680RD goat anti-rabbit

Cell Signalling Technology
Cell Signalling Technology

Cell Signalling Technology
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ProLong Diamond Antifade Mountant
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(PVDF) membrane
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High resolution structure of AKT-PH Milburn et al. PDB: 1TUNQ
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

GROMACS 5.0.7 Abraham et al.”® WWw.gromacs.org

MODELLER Fiser et al.”’ N/A

CHARRM-Gui Jo et al.?%; Lee et al.** www.charmm-gui.org

Visual Molecular Dynamics (VMD) Humphrey et al.®® https://www.ks.uiuc.edu/Research/vmd/
XmGrace Weizmann Institute of Science https://plasma-gate.weizmann.ac.il/Grace
GraphPad Prism v9 GraphPad Software Inc https://www.graphpad.com

Python version 3 Python Software Foundation https://www.python.org

Image Studio™ Lite LI-COR Biosciences https://www.licor.com/bio/image-studio/
Other

UNIPROT EMBL-EBI, Swiss Institute of Bioinformatics https://www.uniprot.org

(SIB), and Protein Information
Resources (PIR)

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

The MDA-MB-468 (triple-negative breast cancer) cell line were originally obtained from ATCC (Manassas, USA, RRID: CVCL_0419)
and were routinely cultured in Dulbecco’s modified Eagle’s medium (DMEM) GlutaMax (Thermo Fisher, UK, Cat#31966047) supple-
mented with 10% fetal bovine serum (FBS) (Thermo Fisher, UK, Cat#11560636). Cells were maintained in a humidified incubator
(Panasonic, MCO-170A1CUV-PE, UK) at 37°C in a 5% CO, air environment. Cells were routinely passaged at 80% confluence
and re-plated at 1x10° in 75 cm? (T75) tissue culture flasks (Thermo Fisher Scientific, UK, Cat#10364131). To subculture, the media
was removed from the cells, and 5 ml of Dulbecco’s phosphate-buffered saline (DPBS) (Thermo Fisher, UK, Cat#10209252) was used
to wash any residual culture media away. Trypsin-EDTA (x10) (Thermo Fischer, UK, Cat#10779413) was diluted to a ratio of 1:10 with
PBS and 3 ml was used to detach cells from flasks through incubation of 3-5 min at 37°C. After cell detachment from the cell culture
flask, 7 ml FBS-containing DMEM was added to deactivate trypsin. In order to count the cells, 10 pl of cell suspension was added to
the hemocytometer with 10 pl of trypan blue (Thermo Fisher, UK, Cat#15250061) to identify live and dead cells. Cells were then centri-
fuged at 1200 rpm for 5 min, and the appropriate volume of FBS-containing DMEM was added to the cell pellets to reach the con-
centration of 1x10° cells/mL.

METHOD DETAILS

Coarse-grained molecular dynamic simulations

Coarse-grained molecular dynamics (CG-MD) simulations with AKT-PH were performed using GROMACS 5.0.77° with the Martini 2.1
force field.”" A high-resolution (0.98 A) crystal structure of AKT-PH (Protein Data Bank (PDB): 1TUNQ)*® was placed at a ~7 nm z-axis
distance from a symmetric model membrane. The lipid components of the membrane were as follows: DPPC 37%, DLiPC 25%,
CHOL 28%, PIP, 5% and PIP3 5% (mol%). A concentration of 10% of PIP lipids was chosen for this study. Whilst lipidomic studies
indicate that the global concentration of PIP lipids in membranes is less than 5%,”%"® it’s important to note that the local concentra-
tion can be substantially higher via nanoscale localisation of PIPs and their association with specific proteins.”* For example, during
signalling, positively charged patches in AKT can attract up to 5 PIPs, as seen in silico®®?* and experimentally®® in AKT studies with
different model membrane composition to here. As a result, it is believed that this could result in much higher concentrations of even
rare PIP species at defined intracellular sites, as previously observed”>~” with a local PIP concentration reaching way above 10%
(from 20% up to 82% in protein microdomains).”®®° Additionally, a computational study of AKT, which tested both 4% and 10% of
PIP lipids in their membrane composition, showed that the PIP concentration did not bias their observations of PIP clustering, how-
ever clustering and PIP binding did take longer to occur.?* This holds true in our system, as when the lipid-contact analysis is per-
formed in a system with 5% PIP lipids, we still observe the canonical and second binding site (Figure S11). Unresolved atoms or res-
idues in the PH domains were compared to the WT UniProt sequence and were modelled using MODELLER.®" In silico mutations in
the PH domain were also modelled using MODELLER.?" The processed PH domain PDB structure was converted to a CG represen-
tation using the martinize tool that is provided by the Martini developers’' and was placed into a 13.5 nm x 13.5 nm x 22 nm simulation
box (X, Y, Z dimensions). The insane tool was used to add ions, solvent water and symmetric membrane bilayers at a z distance of
~7 nm from the protein.®” The systems were solvated with ~26000 CG-water molecules and neutralised with Na+ Cl- ions at 0.15 M.
In order to model the secondary and tertiary structure, an elastic network model was applied to all protein backbone particles with a
cut-off distance of 0.7 nm and a force constant of 1000 kJ mol™ nm™ as used in other CG-MD simulations involving PH-containing
peripheral proteins,?24:30:62.63
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Systems were energy minimised for 5000 steps using the steepest descent method. Systems were then equilibrated for 5 ns with
the protein backbone position-restrained. Equilibration and production simulations were conducted using an NPT ensemble. The
velocity-rescaling thermostat was used to maintain a temperature of 298 K with a coupling time of 1 ps. The Parrinello-Rahman baro-
stat (semi-isotropic conditions) was used to maintain the pressure of 1 bar using a 12 ps coupling time. The LINCS algorithm was
used to constrain bond lengths.® The final snapshot from the equilibrated simulation was used to generate 20 independent seeds
for production simulations (per system). For each system, 20 x 7 us repeat CG systems with 20 fs time step were simulated, initiated
from the equilibrated system, with random velocities.

Atomistic molecular dynamic simulations

The final frame of the one of the CG simulation repeat was backmapped to an atomistic (AT) representation. The backward method”’
was used to backmap the system from the Martini to the CHARMMB36 force field.>*%*%° The backmapped system was energy mini-
mized and was subject to 5 ns of equilibration with the protein backbone restrained. The production simulation was run for 100 ns,
with a 2 fs timestep, at 298 K and semi-isotropic Parinello-Rahman pressure coupling at 1 bar, as previously described.””

Molecular dynamics simulations analysis

CG-MD simulations were analysed using Gromacs 5.0.7.”° Visualisation and rendering were performed with Visual Molecular Dy-
namics (VMD),%® XmGrace (https://plasma-gate.weizmann.ac.il/Grace/) and GraphPad Prism 9 (GraphPad Software Inc, USA)
were used for plotting. Convergence analysis was carried out using different-sized simulation replicate samples (n of 5, 10, 15
and 20) and can be found in Figure S12.

Protein-lipid and lipid-lipid contacts

In order to calculate the z-axis distance between the centre of mass of the protein and the centre of mass of the membrane over time,
the gmx dist command was used.”® The cut-off for membrane binding was set at 4.3 nm z-axis, and the cut-off for protein orientation
stabilisation was set at 3.6 nm z-axis. These cut-offs were chosen based on z-distances, which showed that when the centre of mass
of the protein and the centre of mass of the membrane was set at 4.3 nm or less the protein interacted to the lipids of the bilayer. The
orientation stabilisation cut-off of 3.6 nm was selected as at this z-distance the protein showed no change in its orientation through
time, lipid interactions occurred consistently with the same AKT-PH residues and remained bound to the bilayer until the end of the
7 us, indicating a stabilised orientation.

The contacts between protein residues and lipids particles (PIP, and PIP; headgroups) were analysed using the gromacs gmx
mindist command’® and in-house python scripts. A 0.55 nm and 0.40 nm distance cut-off were used to define a contact for CG
and atomistic simulations, respectively. For contact analysis of WT protein, contacts were normalised by dividing the total amount
of contacts at each residue by the total contacts made by the residue with the highest number of contacts within that lipid group (total
contact number of each residue/ total contacts by residue with highest contacts). Therefore, the residue with the highest number of
contacts had the normalised value of 1, with all other contacts normalised relative to that residue. For comparison of WT protein
compared to mutants, normalisation was also done by dividing the number of PIP contacts of each residue by the number of PIP
molecules and the total number of frames analysed. For the CG simulations normalised contacts were presented as averages of
20 simulation repeats per system, and residues with contacts above 70% were considered key contributions to PIP interactions.
For the atomistic simulations normalised contacts were presented as averages of 3 simulation repeats per system, and residues
with contacts above 70% were considered key contributions to PIP interactions. An upper cut-off of 80% was also presented, which
indicates the most important residues for electrostatic interaction with PIPs in the higher-resolution atomistic system. The RMSD
over time and RMSF per residue of protein backbone particles were performed using the gmx rms and gmx rmsf commands.”®

In order to calculate the number of PIP lipids closely associated with the protein in the CG systems (PIP clustering) or lipid-lipid
contacts during the simulation time, the gmx mindist’° command was used. Specifically, the CG phosphate bead (connecting the
tail and the headgroup) of PIPs within a 0.6 nm distance of the protein or other lipids were considered contacts. Protein was selected
as a group; therefore, a contact of a specific lipid with multiple protein residues was counted as 1 contact instead of multiple contacts.
A larger cut-off distance of 0.6 nm was selected for this analysis (than the analysis above) due to the increased distance between the
connecting phosphate and the headgroup phosphates. Contacts were presented as averages of 20 simulation repeats per
system +SD.

Protein-membrane z-axis distance and orientation

Analysis of protein orientation was performed using the gmx gangle’® command to measure the angle theta between the plane
defined by three residues in AKT-PH (94, 102 and 108, in structured regions of the protein) and the z-axis of the simulation box,
as previously described® (Figure S5). Using an in-house python script,®” the measurements were corrected to account for the pe-
riodic boundary conditions, which allowed the protein to travel through the periodic boundary on the z-axis and bind either leaflet on
the membrane.

Then, to generate two-dimensional histograms showing the populations of the protein’s preferred orientation (from all 20 simulation
repeats) when unbound or bound to the membrane, z-distance-orientation (theta) plots were generated over all simulation frames.
Normalisation was performed by dividing with the maximum of all densities. One-dimensional histograms were also generated to
show the orientation states when the membrane z-axis distance was less than 4.3 nm, representing all protein-bound membrane
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states or less than 3.6 nm to show only the stabilised orientation protein states. Convergence analysis was carried out using different-
sized simulation replicate samples (n of 5, 10, 15 and 20) and can be found in Figure S12.

Density maps

In order to generate two-dimensional density maps of the protein and individual lipid species around the protein, the trajectories of all
simulation repeats per system were concatenated with gmx trjcat,”® and the protein orientation was fitted using gmx trjiconv. In order
to produce two-dimensional number-density maps of proteins and lipids in the x-y plane, with summation of density along the z-axis,
gmx densmap and gmx xpom2ps commands were used.”°

Plasmid Construction and mutagenesis

Construction of clonal genes and the expression vector were performed at Twist Bioscience (San Francisco, USA). WT and mutated
forms of the human AKT1 were fused with green fluorescent protein (EGFP) or red fluorescent protein (mCherry) in the C-terminus and
cloned into the pTwist CMV Puro expression vector. Sequences were NGS sequence verified by Twist Bioscience to confirm the
presence of the requested sequences (Table S1).

DNA plasmid preparation

The plasmid DNA samples were transformed into E.coli DH10B competent cells (Invitrogen, UK, Cat#1296606), and 50 ng/ml ampi-
cillin (Sigma-Aldrich, UK, Cat#A9518) supplemented Lysogeny Broth (LB) cultures of plasmid was grown. The plasmid DNA was pu-
rified using a HiSpeed Plasmid Maxi Kit (Qiagen, Germany Cat#12663) according to the manufacturer’s instructions. The purified
plasmids’ concentration and purity (based on 260/280 nm optical density) were determined with a NanoDrop Spectrophotometer
(Thermofisher, UK).

Plasmid transfections

AKT mutants (Red or Green) were then co-transfected with AKT"T of reciprocal colour into triple-negative breast cancer (TNBC).
Transient transfections were performed in 6-well plates using Lipofectamine 3000 (Thermo Fisher Scientific, UK, Cat#L3000015), ac-
cording to the manufacturer’s guidelines. For protein expression analysis, a starting cell number of 4x10° MDA-MB-468 cells were
seeded onto 6-well plates and incubated overnight. 24 h after seeding, the transfection complexes were diluted in OptiMEM (Thermo
Fischer, UK, Cat#31985062) with Lipofectamine. For the immunofluorescence co-transfection experiments, 800 ng of pcDNA3.1
empty vector (gift from Dr. Thomas Hughes, University of Leeds) was used as a carrier for 100 ng of EGFP-fused AKT and 100 ng
of mCherry-fused AKT plasmid mixed in OptiMEM (Thermo Fischer, UK, Cat#31985062) with Lipofectamine 3000 (Thermo Fisher
Scientific, UK, Cat#L3000015) at 7.5:1 ratio. For the immunoblotting experiments, 900 ng of pcDNA3.1 empty vector was used as
a carrier for 200 ng of EGFP-fused AKT. The amount of each reporter was corrected for its size in base pairs relative to the HA-
GFP reporter control (gift from Dr. Thomas Hughes, University of Leeds) to ensure equimolar amounts of each plasmid were trans-
fected. The transfection complexes were incubated with cells for 20 h, and then the media was removed and changed with fresh FBS-
containing DMEM. 48 h post-transfection, transfected cells were checked with a fluorescent microscope (Ceti, Medicine, UK), and
cells were prepared for flow cytometry and confocal microscopy. Transfection efficiency can be found in Figure S13.

Flow cytometry

Flow cytometry was used to measure transfection efficiency. 48 h post-transfections, cells were washed with 1ml of PBS and were
trypsinised (500 pL) for 5 min at 37°C to be detached. 1 ml of FBS-containing DMEM was added, and cells were transferred to 25 mi
falcon tubes and were centrifuged at 1.2 rpm for 5 min. Finally, the supernatant was discarded, and pellets were resuspended in 1 ml
of ice-cold PBS in 1.5 ml eppendorf tubes. Cell suspensions were kept in the dark on ice and were immediately analysed for flow
cytometry using a CytoFLEX S (Beckman Coulter, UK). At least 10 000 events were measured for each sample. MDA-MB-468 cells
were gated to exclude cellular debris and doublets using side scatter (SSC) area versus height plot (SSC-A/SSC-H). The population of
single cells was then plotted on an EGFP vs mCherry plot, and quadrant gates were added to determine EGFP and mCherry posi-
tive cells.

Confocal microscopy

Transfected cells seeded onto 22 x 22 mm ethanol sterilised coverslips (VWR International, UK, Cat#631-0125) in 6-well plates were
prepared for confocal microscopy 48 h post-transfection. The cells were washed 2x with PBS and immediately fixed with 1 ml of 10 %
neutral buffered formalin (Sigma-Aldrich UK, Cat#F5554-4L) for 15 min at room temperature. Cells were then washed 4x with PBS,
and coverslips were mounted onto SuperFrost Plus slides with one drop of ProLong Diamond Antifade Mountant with DAPI (Thermo
Fisher Scientific, UK, Cat#17625062). Before confocal imaging, the slides were left to cure for 24 h at 4°C. Confocal images were at
the Bio-imaging and Flow Cytometry Facility in the Faculty of Biological Sciences, University of Leeds, using Zen-Imaging software
(Zeiss, UK) on an LSM 880 with Airyscan (Zeiss, UK), equipped with a 40x Plan-Apochromat 1.4 oil immersion objective (Zeiss, UK).
DAPI, EGFP and mCherry were excited with the 405 nm, 488 nm and 561 nm laser lines, respectively. Evidence for the absence of
crossover of fluorescence emission and EGFP/mCherry spectral overlap of EGFP can be found in Figure S14. For each sample, 3 x 3
TileScan images at two different fields of cells were imaged along with 1-2 zoomed confocal images per sample. All samples were
blind-labelled and were unknown to the microscopist. A two-colour system was employed for qualitative analysis to allow
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simultaneous imaging of WT and mutant proteins in the same cell. All double-transfected cells in each field of view were included in
the analysis for each sample. The line profile function in Fiji macOS (LOCI, USA) was used for calculating the relative ratio between
EGFP and mCherry intensity at the plasma membrane and cytosol. Briefly, a line was drawn across the cell image and over the non-
nuclear region, and the distance-dependent intensity plot with two peaks indicating the plasma membrane was obtained. The
average of the two intensity peaks for the plasma membrane and the cytosol were calculated for the same distances of EGFP
and mCherry channel intensity. Three lines were at least drawn for each cell, and the values were averaged. The mean mCherry
or EGFP membrane to cytosol fluorescence intensity ratio (MCFR) was calculated by Equation 1.

membrane fluorescence intensity

MCFR . - - -
cytosol fluorescence intensity+membrane fluorescence intensity

(Equation 1)

Protein extraction and quantification

Cells were washed with PBS prior to lysis with radioimmunoprecipitation assay (RIPA) buffer [10 mM Tris hydrogen chloride (Tris-
HCL) pH 8, 140 mM sodium chloride (NaCl), 0.1% sodium dodecyl-sulfate (SDS), 1% Triton X-100, 0.1% sodium deoxycholate,
1 mM ethylenediaminetetraacetic acid (EDTA), 0.5 mM ethylene glycol tetraacetic acid (EGTA), supplemented with HALT™ Prote-
ase & Phosphatase Inhibitor Cocktail (100x) (Thermo Fisher, UK, Cat#861281)] that was added freshly prior each experiment. The
lysed pellets were incubated on ice for 15 min and centrifuged for 10 min at 11500 g, 4°C. Protein concentration was quantified using
the Pierce™ BCA Protein Assay Kit (Thermo Fisher, UK, Cat#23227), following the manufacturer’s instructions. A standard curve was
produced using bovine serum albumin (BSA) serially diluted in RIPA from 0-200 pg/mL. Proteins samples were diluted 1/10 in RIPA
and measured using CLARIOstar plate reader (BMG LABTECH, Germany) at an absorbance of 562 nm. Lysates were kept at -80°C.

Immunoblotting

Thirty-five micrograms of protein lysate were combined with NUPAGE lithium dodecyl sulfate (LDS sample loading buffer (Thermo
Fisher, UK, Cat#NP0007) and dithiothreitol (DTT) reducing agent (Thermo Fisher, UK, Cat#NP0004) and were heated for 10 min at
70°C. The denatured protein lysates were loaded onto a 12% SDS gel and electrophoresed at 80 V for one hour and then at a con-
stant of 120 V and run until the loading dye front reached the bottom of the gel. Following electrophoresis, the protein samples were
transferred onto a methanol-activated polyvinylidene fluoride (PVDF) membrane (Merck, UK, Cat#IPFL00010). The membrane was
blocked with tris-buffered saline (TBS) Odyssey Blocking Buffer (LI-COR Biosciences, UK, Cat#92750000) for 1h. Proteins were
probed with antibodies specific to total AKT (tAKT, [Cell Signalling Technology, UK, Cat#2920; RRID:AB_1147620, dilution
1/500]), phosphorylated AKT residue (Cell Signalling Technology, UK, Cat#4058; RRID:AB_331168, pAKT, [dilution 1/1000]) and
beta-actin (Cell Signalling Technology, UK, Cat#3700; RRID:AB_2242334, B-actin [dilution 1/10000]) overnight at 4°C on a shaking
incubator. The membranes were blocked with TBS-T and TBS and probed with LI-COR goat anti-mouse (Cat#9268170; RRID:
AB_10956589) and goat anti-rabbit secondary (Cat#926-68071; RRID: 10956166) antibodies mouse (dilution 1/15000) for 1h at
25°C and the signal was visualised with Odyssey CLx Imaging System (LI-COR, Biosciences, UK). Densitometry analysis was per-
formed with Image Studio Lite Acquisition Software (LI-COR Biosciences, UK, Version 5.2.5). The AKT inhibitor Perifosine (20uM,
Sigma-Aldrich UK, Cat#SML0612) was used as a negative control treatment and was solubilised in sterile distilled water. The
EGFP-tagged AKT constructs were differentiated from endogenous AKT due to their size difference of 26 kDa, with endogenous
AKT being 60 kDa and EGFP-tagged AKT being around 86 kDa. Densitometry values of phosphorylated EGFP-tagged AKT were nor-
malised to total EGFP-tagged AKT. Raw immunoblot images can for every biological replicate can be found in Figure S15.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software Inc, USA). Comparison between the membrane and
cytosol intensity ratio of mCherry-fused WT AKT was determined by a two-tailed unpaired t-test. A quantitative nested t-test analysis
showing the biological and technical replicates (multiple cells per confocal image) was performed in GraphPad Prism to compare the
membrane to cytosol ratio of AKT localisation between WT and mutant AKT. Comparisons between mCherry and EGFP intensities of
different co-transfection experiments were determined using one-way ANOVA with Holm Sidak’s multiple comparisons test. Trans-
fection efficiency of co-transfections of mutated AKTs (fused to EGFP) and WT AKT (fused to mCherry) compared to WT double
transfection (AKTYT"mCherry & AKTYT"EGFP) were determined with a one-way ANOVA with Holm-Sidak correction for multiple
testing. Comparisons between the AKT phosphorylation of EGFP-tagged AKTYT and mutants were performed with one-way
ANOVA with multiple comparisons. Perifosine treatment to the vehicle control were compared with one-tailed unpaired t-test. A
P-value of <0.05 was considered significant.
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