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A B S T R A C T

The gene PIK3CA, encoding the catalytic subunit p110α of PI3Kα, is the second most frequently mutated gene in
cancer, with the highest frequency oncogenic mutants occurring in the C-terminus of the kinase domain. The C-
terminus has a dual function in regulating the kinase, playing a putative auto-inhibitory role for kinase activity
and being absolutely essential for binding to the cell membrane. However, the molecular mechanisms by which
these C-terminal oncogenic mutations cause PI3Kα overactivation remain unclear. To understand how a spec-
trum of C-terminal mutations of PI3Kα alter kinase activity compared to the WT, we perform unbiased and biased
Molecular Dynamics simulations of several C-terminal mutants and report the free energy landscapes for the C-
terminal “closed-to-open” transition in the WT, H1047R, G1049R, M1043L and N1068KLKR mutants. Results are
consistent with HDX-MS experimental data and provide a molecular explanation why H1047R and G1049R
reorient the C-terminus with a different mechanism compared to the WT and M1043L and N1068KLKR mutants.
Moreover, we show that in the H1047R mutant, the cavity, where the allosteric ligands STX-478 and RLY-2608
bind, is more accessible contrary to the WT. This study provides insights into the molecular mechanisms un-
derlying activation of oncogenic PI3Kα by C-terminal mutations and represents a valuable resource for continued
efforts in the development of mutant selective inhibitors as therapeutics.

1. Introduction

The class I phosphoinositide 3-kinase alpha isoform (PI3Kα) is a lipid
kinase that mediates activation of the protein kinase B (Akt)/mTOR
signaling pathway, playing fundamental roles in cell proliferation,
growth, and survival. When PI3Kα binds to activated Receptor Tyrosine
Kinases (RTKs) and activated RAS on cell membranes, it phosphorylates
the 3′-position hydroxyl group of the inositol ring of phosphatidylino-
sitol (4,5)-bisphosphate (PIP2) to produce phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) [1,2]. PIP3 acts as a second messenger activating
numerous membrane signaling molecules and kinases, and is thus
regulating protein synthesis, cell growth, and proliferation [3].

PI3Kα in the cell predominantly exists as a heterodimer; its catalytic
p110α subunit binds to one of five possible regulatory subunits (p85α,
p55α, p50α, p85β, and p55γ), with the most well characterized hetero-
dimer being p110α-p85α (Fig. 1A) [4]. Both the catalytic and regulatory
subunits consist of multiple domains, with p110α containing an adaptor
binding domain (ABD) that mediates binding to the iSH2 coiled-coil
domain of regulatory subunits, a RAS binding domain (RBD) that

mediates membrane-bound RAS recruitment, a membrane-binding C2
domain (C2), a helical scaffolding domain, which interacts with the
nSH2 domain of the regulatory subunits, and a bi-lobal kinase domain,
which includes catalytically important regions such as the catalytic and
activation loops, membrane binding loops, and the ATP and PIP2 bind-
ing pockets (Fig. 1B). The regulatory subunit, p85α, contains two Src
homology 2 domains, nSH2 and cSH2, that bind to RTKs and their
adaptor proteins with a coiled-coil domain (iSH2) between them, which
mediates the high-affinity interaction to the catalytic subunit, p110α.
These domains are preceded by an Src homology 3 domain (SH3), a
breakpoint cluster region-homology domain (BH), and two proline-rich
regions, PR1 and PR2, surrounding the BH domain (Fig. 1A). In all
available crystal structures and recent cryo-EM structures of apo PI3Kα,
the SH3, BH, and cSH2 domains remain elusive possibly due to their
dynamic nature, although in the cryo-EM experiments of Liu et al. [5], it
was shown that in PI3Kα inhibited by BYL-719, regions of low-resolution
electron density are in contact with the kinase domain blocking access to
the catalytic site. Intriguingly, the cryo-EM structure of an activated
PI3Kα state indicated that upon activation, the ABD domain and the
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Fig. 1. Analysis of published X-ray and cryo-EM structures of PI3Kα (including both heterodimer and catalytic subunit alone). (A) The cryo-EM structure of PI3Kα
heterodimer (7MYN) with its domains annotated according to the schematic [5]. (B) Functionally important residues of PI3Kα. (C) Frequency of somatic mutations in
p110α versus residue number according to the COSMIC database [6]. (D) PDB structures of the C-terminal tail of PI3Kα. Two different conformations of the
C-terminus have been observed, the closed (E) and the open conformation (F), with C-terminal opening being accompanied by rotation of the kα11 helix (G)
exhibiting three different orientations for amino acid 1047, the “inward”, “outward” (PDB IDs: 3HHM, 3HIZ), and “new position” (PDB IDs: 8GUB, 8TGD, 8TS8,
8V8I, 8W9A).
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p85α regulatory subunit are mobile relative to the rest of the catalytic
subunit and they cannot be observed in obtained images of the p110α
catalytic core [5].

Activating oncogenic mutations that are present in many types of
cancer are located throughout the sequence of PIK3CA, the gene
encoding p110α, but concentrate in two hotspots: E542K and E545K are
positioned at the interface of the p110α helical domain with the p85α
nSH2 domain [7,8] and H1047R is at the C-terminus of the kinase
domain, which interacts with the cell membrane when the kinase is
activated (Fig. 1C) [9,10]. As the active state of PI3Kα is recruited to the
cell membrane [11,12], it is not surprising that mutations leading to
enhanced membrane binding of PI3Kα are associated with multiple
human cancers [2,6,13]. In fact, the H1047R mutant is the most prev-
alent mutation in human cancers (>5,300 in the COSMIC database [6]).
Other mutations may occur in the vicinity of H1047R such as M1043L
(>10 in the COSMIC database, with >100 of the similar M1043I mutant
[6]), G1049R (>100 mutants COSMIC database [6]), and a C-terminal
frameshift mutation in which the C-terminal N1068 residue is replaced
by residues KLKR [14] (>10 in the COSMIC database [6]) (Fig. 1C).
While it is known that most C-terminal kinase mutations increase
membrane binding [9,11,12,15,16], the exact molecular mechanism(s)
by which these oncogenic mutants at the C-terminus promote the active
conformation of PI3Kα are still not fully resolved.

After comparing PI3Kα structures available in the Protein Data Bank
(PDB) (Fig. 1), we observe two distinct conformations of the C-terminus.
In the WT structures (PDB IDs 4JPS [17], 4WAF [18], 4OVU and 4OVV
[19], 4ZOP, 5XGI, 5FI4 [20], and 5SXA [21]), the C-terminus is in a
closed (inactive) state making extensive contacts with helices kα8 and
kα11 and orienting the membrane-binding WIF motif away from the
membrane-binding interface (Fig. 1D,E). In the H1047R mutant struc-
tures (PDB IDs 8TGD [22], 8GUB [23], 3HHM and 3HIZ [16], 8TS8 [24],
8V8I [25], 8W9A [26] and the structure of the activated PI3Kα WT state,
8OW2 [27]), the C-terminus is in an entirely different orientation; an
open conformation, where contacts between the C-terminus and helices
kα8 and kα11 are absent and the WIF motif (residues 1057–1059) is
oriented in the direction of the putative membrane-binding interface
(Fig. 1D,E,F). Thus, the H1047R mutation may lead to the rearrange-
ment of the membrane-binding C-terminus, which may alter membrane
recruitment. Furthermore, structures of PI3Kα in complex with allosteric
inhibitors that are in the vicinity of the H1047R mutation, such as
STX-478 [22], RLY-2608 [24] and QR-7909 [26], also exhibit an open
conformation of the C-terminus (Fig. 1D,F). In the cryo-EM structures of
PI3Kα H1047R [23,26], the C-terminal region of H1047R (residues
1050–1062) is unresolved in contrast to the fixed orientation that they
present in crystallographic structures due to crystallographic contacts
(e.g. in PDB IDs 3HHM, 3HIZ, 8TGD, 8V8I). The intrinsic flexibility of
the C-terminal region could be important in mediating an enhanced
dynamic engagement with the cell membrane through the lipid-binding
motif WIF (residues 1057-1059) [12].

The cryo-EM structure of H1047R PI3Kα inhibited by BYL-719 (PDB
ID: 8GUB) was the first to reveal a notable difference compared to
previous X-ray structures: the H1047R mutant rotates its sidechain to a
new position in 8GUB [23] and in the more recently published H1047R
structures with PDB IDs 8TGD [22], 8TS8 [24], 8V8I [25], and 8W9A
[26] compared to previous structures with PDB IDs 3HHM and 3HIZ
[16] (Fig. 1G). The side chain of R1047 rotates and interacts with T972,
F977 and Q981 , in contrast with the WT H1047 that interact with V955
and L956. Therefore, the R1047 positioning weakens the interface be-
tween kα11 (residues 1031–1050) and the activation loop (residues
954–956). When comparing all available H1047R structures, the kα11
helix axis of the mutant is tilted 4.16◦ ± 0.73◦ with respect to the WT
structure (PDB ID 4OVU used as a reference, see the SI for more infor-
mation), which further disrupts the interface between the kα11 and kα8
helices (Fig. 1D). This interface disruption may be the reason why the
Hydrogen/Deuterium (H/D) exchange rate of the kα8 helix (residues
962–980) is increased by 8.32 % in the H1047R mutant compared to

PI3Kα WT [15]. Hydrogen deuterium exchange mass spectrometry
(HDX-MS) experiments in solution also showed a significant increase of
19.53 % in the H/D exchange rate of the PI3Kα H1047R C-terminal tail
residues 1039–1055 compared to the WT [11]. Moreover, we have
previously found that both H1047R and G1049R exhibit a ~75 % in-
crease in the membrane binding and similar conformational changes,
with distinct differences from M1043L and the N1068KLKR frameshift
[15]. This finding suggests that different C-terminal mutants cause dif-
ferential conformational changes, resulting in altered membrane bind-
ing, which may indicate different mechanisms of activation. Therefore,
structural changes in the vicinity of the C-terminal "opening" may offer
opportunities for isoform- and mutant-specific allosteric modulation of
PI3Kα.

Although several Molecular Dynamics (MD) simulations of PI3Kα
have been published over the past decade [28,7–10,24,29], only few
studies have investigated the mechanism of PI3Kα C-terminal activation
[9,24]. Gkeka et al. proposed a series of events that lead to the over-
activation of the H1047R using SPR experiments and MD simulations of
the p110α. The proposed mechanism of overactivation due to the
H1047R PI3Kα mutant, includes the loss of the C-terminal auto-
inhibitory role, which in the WT protein controls the DRH motif to limit
its access to the catalytic site [9]. The weakening of this role in the
H1047R mutant through loss of intermolecular interactions is proposed
as a plausible explanation of the elevated kinase activity of the enzyme
[9]. Moreover, in the recently published study by Varkaris et al., where
unbiased MD simulations on full-length PI3Kα and p110α alone were
performed, the C-terminal tail remains stable in a closed state
throughout the simulation of the full-length PI3Kα, while when only the
p110α is simulated, the C-terminus begins to disengage [24].

In the present study, we investigate the mechanistic details of the
“closed-to-open” C-terminal transition required for PI3Kα activity on
membranes as revealed by enhanced sampling MD simulations. More
specifically, we study the structural and dynamical effects of the onco-
genic mutants M1043L, H1047R, G1049R, and a C-terminal frameshift,
N1068KLKR on the C-terminal transition using biased and unbiased MD,
compared to theWT PI3Kα. We unravel the free energy landscape for the
C-terminal “closed-to-open” transition, describe conformational
changes that occur across the different systems, compare with available
experimental results, and quantify the interactions of the C-terminus in
the closed and open state in the WT and mutant PI3Kα. Our findings
enable a molecular explanation why H1047R is the most prevalent
oncogenic mutation based on the fact that this mutant (and G1049R)
reorients the C-terminus with a different mechanism compared to the
WT and M1043L and N1068KLKR mutants. Moreover, the existence of
the cryptic pocket, where the PI3Kα allosteric inhibitors, STX-478 [22]
and RLY-2608 [24] bind, was investigated in the retrieved structures
from the biased MD simulations. This work provides valuable insights
into the molecular mechanisms underlying the C-terminal activation in
PI3Kα, and reveals critical insights into conformational changes that
may be exploited for design of mutant specific anti-cancer therapeutics.

2. Materials and methods

2.1. Model construction of the full-length PI3Kα and ΔABD p110α
systems

For the construction of the full-length PI3Kα models, the previously
published PI3Kα model by Galdadas et al. [7] was used, which is based
on the crystal structure with PDB ID 4OVU. Using this model, we
mutated the kinase residues M1043L, H1047R, G1049R, and
N1068KLKR to generate the models of the mutant proteins (see the SI).
The protonation state of each residue was determined using the
PROPKA3.0 [30,31] algorithm at pH= 7, optimization of the hydrogen
bond network was performed using the Protein Preparation Wizard in
Schrödinger suite 2022–2 [32], and the systems were solvated with
TIP3P water molecules and neutralized with HTMD [33].
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While we were performing the simulations of the full-length PI3Kα, a
cryo-EM study was of the phosphopeptide-bound structure of PI3Kα was
published, revealing a stable core containing all p110α domains except
the ABD domain oand without p85α subunit [5]. Therefore, we built a
model related to the PI3Kα active state (ΔABD p110α) based on the
cryo-EM structure 7MYN [5], by removing the ABD domain and the
regulatory subunit. The missing residues, except C-terminal residues
1051–1068, were added using the previously published PI3Kα model by
Galdadas et al. [7]. The C-terminal residues 1051–1068 were created
and refined using loop modeling with the Prime software of the
Schrödinger suite 2022–2 [34,35]. The next step was to mutate the ki-
nase residues M1043L, H1047R, G1049R, and N1068KLKR to generate
the models of the PI3Kα mutant proteins. The five generated all-atom
models were solvated with TIP3P water molecules and neutralized
with HTMD [33]. Detailed information about the model construction of
the full-length PI3Kα and ΔABD p110α models can be found in the SI.

2.2. Setup of the unbiased MD simulations

The unbiased MD trajectories for the full-length PI3Kα and the ΔABD
p110α systems were generated with ACEMD3 package [36], using the
CHARMM36m [37] all-atom force field for protein atoms and the TIP3P
potential for modeling water molecules. Three independent simulations
for each protein were performed starting from different conformations
(see the SI for more information). Prior to MD simulations, all systems
were relaxed by 10,000 steps of energy minimization using the steepest
descent algorithm of ACEMD3 [36]. Then, the systems were equilibrated
using ACEMD3 first in the NVT ensemble for 5 ns with the Langevin
leap-frog integrator and the Langevin thermostat with a damping con-
stant of 1 ps-1 at 310 K with restraints on heavy atoms (0.1 kcal/-
mol/Å2). A second equilibration followed in the NPT ensemble for 10 ns
with the Langevin leap-frog integrator, a Monte Carlo isotropic barostat
[38] to keep the pressure constant at 1 bar andthe Langevin thermostat
[39] with damping constant of 0.1 ps-1 to keep the temperature at 310 K
with restraints on protein heavy atoms (1 kcal/mol/Å2 for the first 5 ns).
All bonds containing hydrogen atoms were constrained using the
M-SHAKE algorithm [40]. The hydrogen mass was repartitioned to 4.0
au and a timestep of 4 fs was used [41]. The cut-off distance for van der
Waals and electrostatic interactions was set at 12 Å with a switching
function applied beyond 10 Å. Long-range electrostatic interactions
were handled using the particle-mesh Ewald summation method [42,
43]. After equilibration, the production runs were performed under
constant pressure, temperature, and number of particles for three in-
dependent replicas:3 μs each for the full-length PI3Kα and 1.3 μs each
for the ΔABD p110α systems using the same algorithms and parameters
as in the second equilibration phase described above.

2.3. Analysis of the unbiased MD trajectories

The analysis of the retrieved unbiased MD trajectories was per-
formed using GROMACS tools v2021.6 [44,45]. The last 2.5 μs of each
replica were used for the full-length PI3Kα simulations and the last 1 μs
of each replica was used for the ΔABD systems. To validate our findings,
we compare the results from MD simulations with existing HDX-MS
experimental data [15] using the python package HDXer [46,47].
Because the HDX-MS experiments were conducted at 293 K and pD
= 7.9 [15], these parameters were incorporated into the predictive
model of HDXer. We used the independent replica simulations to predict
H/D exchange rates for all available peptide fragments at 3, 30 and
300 s. The computational values of the H/D exchange rates of the
full-length PI3Kα WT system and ΔABD p110α WT were then compared
to the experimental ones [15] as described in the SI. Clustering of the
trajectories was performed using the GROMACS tool gmx cluster, with
the gromos method and a cutoff of 2.2 Å [48]. The convergence of our
simulations was evaluated using (i) Root Mean Square Deviations
(RMSD) on all protein Cα atoms and the PI3Kα active site Cα atoms and

(ii) Principal Component Analysis (PCA) on the C-terminal Cα atoms
with the scikit-learn python package [49] as described in the SI.
Dynamical network analysis [50] was performed using VMD [51] to
calculate allosteric communication metrics (see the SI for more
information).

2.4. Setup and analysis of the enhanced sampling simulations

Subsequently, we performed multiple-walkers metadynamics [52]
simulations with a total of 8 walkers to enhance the sampling and
characterize the effect of the oncogenic mutations M1043L, H1047R,
G1049R, and N1068KLKR on the “closed-to-open” C-terminal transition
and calculate the corresponding free energy surfaces (FESs). These
simulations were conducted withGROMACS 2021.6 MD engine [44,45]
compiled with the PLUMED 2.8 plug-in [53]. Bootstrap analysis was
performed on the generated FES. We sample 1,000 times from the FES
and based on this sampling, we calculate mean values and standard
deviations (std) for the free energy of the closed, open and transition
state [54,55]. The accuracy of the metadynamics method for calculating
the free energy estimates cannot be quantitatively assessed because of a
combination of factors, including the influence of the force field and the
adequate sampling to ensure statistical significance in the analysis.
Metadynamics simulations were performed for both the full-length
PI3Kα and the ΔABD p110α systems until convergence (see the SI for
metadynamics convergence calculations). Bias potential is deposited by
means of Gaussians acting on a few degrees of freedom named collective
variables (CVs) that bias the system towards a desired direction. CV1 is
the distance in contact map space from a reference state in which the
C-terminal tail is the closed state with respect to the open state and CV2
is the RMSD of the Cα carbon atoms of kα12 starting from the closed
state (see SI for more details on the setup). The FESs of the WT and
mutants were reconstructed as a function of these two CVs. Using the R
package Metadynminer, the FES was estimated as a negative imprint of
the added hills. Using the same package, the free energy minima and the
transition path along with the transition state were extracted for each
system [56]. The FESs for each system were adjusted so that the global
free energy minimum was set to zero, which was then offset by the
calculated mean values of each free energy minimum (see the SI).
Moreover, we calculated the relative occupancy of native contacts in the
basins of the closed, the open and the transition states using the
CPPTRAJ module [57] as described in the SI. The Euler angles α, β, and γ
of the kα11 helix were calculated using the GROMACS tool gmx rotmat
to describe the orientation of the kα11 helix of each structure with
respect to the kα11 helix of the crystal structure of PI3Kα WT apo with
PDB ID 4OVU [19].

All methods are presented in detail in the Supplementary
Information.

3. Results

3.1. Unbiased MD simulations of the full-length PI3Kα and ΔABD p110α

3.1.1. Model validation against HDX-MS data
HDX-MS is a powerful tool for investigating conformational changes

that occur in different states of PI3Kα and how oncogenic mutations
affect its conformation. To validate our models, we compared the results
from our MD simulations against available HDX-MS experimental data,
which provide the H/D exchange rates of the full-length PI3Kα WT and
the ΔABD p110α WT, and the difference between them. Here, we used
the python package HDXer to predict H/D exchange rates for all the
available peptide fragments at 3, 30 and 300 s from biomolecular sim-
ulations [46,58–60,47]. We used the available PI3Kα peptide fragments
and compared our simulation results against experimental data for the
full-length PI3Kα WT and the ΔABD p110α WT (for a full description of
the methodology see the Methods section and the SI) [15].

There are several important caveats to this analysis, primarily that
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the experimental HDX-MS data was all generated as relative HDX-MS
data, as for a large complex like PI3Kα, it can be extremely chal-
lenging to generate absolute H/D exchange rates and the generation of a
fully deuterated PI3Kα sample is not possible because PI3Kα aggregates.
Therefore, the comparisons here were qualitative in nature, and were
used as a rough validation of the MD simulation versus our previous
experimental data. Indeed, the mean deviation between experimental
and computational H/D exchange rates is 17.1 % with std 14.8 % for the
full-length PI3Kα system and 16.7 % with std 13.4 % for the ΔABD
p110α system. The mean deviation is computed by calculating the mean
% deuteration for the different time points for each peptide fragment
and the deviation between the experimental and the computational

data. In general, we observe that the predictions are constantly higher
than the experimental values, which is consistent with the expected
15–40 % back exchange that would be expected in the HDX-MS analysis.

Our results align approximately to our previous data [15] as shown
in Fig. 2, in Table S1, and Figs. S7-S8. In particular, for the peptide
fragment 120–127 of the ABD-RBD linker, the calculated percentage of
H/D exchange rate increase in ΔABD p110α is up to 22.5 %, while
experimental data showed an increase up to 35.5 %. These residues
become more exposed upon the disengagement of the ABD domain in
the ΔABD p110α system. For residues 444–475 of the C2 domain, the
calculated percentages of H/D exchange rate increase in ΔABD p110α up
to 5.5 %, while experimental data showed an increase up to 10.8 %.

Fig. 2. H/D exchange rate differences calculated from MD simulations compared to experimental data by Jenkins et al. [15]. The H/D exchange rate differences are
between the full-length PI3Kα WT and the ΔABD p110α WT. Residues colored green represent regions that showed no difference in exposure upon the removal of
p85α and ABD. Residues colored blue represent the residues that show an increase in H/D exchange rate in case of the ΔABD p110α WT compared to the full-length
PI3Kα WT.
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These residues are in contact with the iSH2 domain. Thus, these residues
becomemore exposed upon the disengagement of niSH2, which explains
why disengagement of p85α leads to increased exchange for these res-
idues. For peptide fragment 735–744 of the helical domain, the calcu-
lated percentage of H/D exchange rate increase in ΔABD p110α is up to
12.4 %. The experimental increase for residues 735–744 is up to 9.9 %.
These residues are in contact with the ABD domain, and in the ΔABD
p110α state, the removal of the p85α and of the ABD domain disrupts the
contacts between the helical domain and nSH2 domain, leading to
increased solvent exposure of these residues. This increase explains why
disengagement of p85α leads to increased H/D exchange. For residues
930–937 of the activation loop, a 15.2 % increase in the H/D exchange
rate at 30 s is calculated, while the experimentally calculated increase
for this peptide fragment is 6.1 %. This increase between the active-state
related ΔАВD p110α state and the full length PI3Kα may be attributed to
the fact that in the ΔАВD p110α state, the removal of the regulatory
subunit disrupts the contacts between the activation loop and the iSH2
domain and the activation loop becomes more solvent exposed. For
residues 191–195, 815–821, and 897–908 no difference in H/D ex-
change rates was observed upon the removal of p85α and ABD domain.

3.1.2. Convergence of the WT and mutated systems
Three independent unbiased MD simulations were performed for the

WT and each of the mutated full-length PI3Kα and ΔABD p110α systems
starting from different conformations (see the SI for more details). RMSD
was calculated between the starting protein structure Cα atoms and the
trajectory frames and the Cα atoms of the active site (residues 772, 780,
776, 810, 836, 848, 849, 851, 917, 922, 930, 932, 936, and 941) and the
trajectory frames. RMSD curves indicated that a plateau is reached after
500 ns for the full-length PI3Kα simulations (Figs. S1 and S2) and after
300 ns (Figs. S1 and S2) for the ΔABD p110α simulations (Figs. S3 and
S4), apart from one replica in ΔABD p110α Н1047R (Fig. S3C). There-
fore, for the analysis of the retrieved trajectories, the last 2.5 μs of each
trajectory of the full-length PI3Kα and 1 μs of each trajectory of the
ΔABD p110α system were used. We performed PCA on Cα atoms of the
C-terminus (residues 1047–1068) for each independent simulation for
the WT and mutated full-length PI3Kα and ΔABD p110α (Figs. S5 and
S6) to map the conformational space of each simulation. In the full-
length PI3Kα systems, the overlap of the 2D projections of the trajec-
tories on the first two eigenvectors indicated that the three independent
simulations for the WT and mutant proteins span the same conforma-
tional phase space (Fig. S5). For the ΔABD p110α systems, the 2D pro-
jections of the WT, M1043L, G1049R, and N1068KLKR overlap and
these proteins also span the same conformational space (Fig. S6).
However, for the ΔABD p110α H1047R, the third replica forms a
different cluster in the phase space (Fig. S6C), which could be associated
with the higher RMSD values compared to the other ΔABD p110α sys-
tems (Fig. S3C).

3.1.3. C-terminal conformations
To further examine the change observed in the RMSD values and PCA

analysis of ΔABD p110α H1047R and the C-terminal conformations of
the different systems, we performed clustering on the Cα carbon atoms
of each unbiased MD trajectory to identify representative structures. The
representative structures of the full-length PI3Kα systems (Fig. S9) show
that a C-terminal "closed-to-open" transition is not observed in full
length PI3Kα. On the other hand, a spontaneous “opening” of the C-
terminus occurs in one of the three replicas of H1047R mutant of the
ΔABD p110α unbiased MD simulation within the first 50 ns (Fig. S10).
This spontaneous "opening" was also observed in a recently published
study by Varkaris et al., where unbiased MD simulations of full-length
PI3Kα (p110α and p85α subunits) and p110α alone were performed
[24]. In this study, the full-length PI3Kα WT simulations, the C-terminal
tail remains stable in a closed state throughout the simulation, while in
the H1047R PI3Kα the C-terminus begins to disengage from the rest of
p110α, but without fully disengaging. In the unbiased MD simulations of

p110α H1047R, the C-terminus becomes exposed similarly to the dis-
engaged states observed in 3HHM, and similar to our results [16,24].

To determine which residues act as critical nodes in mediating the
"closed-to-open" C-terminal transition, we calculate allosteric networks
using the dynamical network analysis method [50]. We use the concept
of “Residue Centrality”, which shows how important a node is to the
entire protein network, as this metric was shown previously to unam-
biguously distinguish functional sites that are responsible for mediating
allosteric interactions [61]. In this approach, the protein is represented
as a graph and the network metric, “node betweenness” (which can be
interchangeably referred to as "node centrality") is used. Node
betweenness, which quantifies the involvement of specific residues in
mediating correlated motions within the protein, with a higher value
signifying that a residue is present more frequently in the shortest paths
connecting residue pairs. It was previously shown that even relatively
small differences in the node betweenness (larger than 0.03) may affect
the global coordinating role of functional residues [61]. First, we
examined whether there are differences in the networks between the
ΔABD p110α H1047R closed (replica 1) and open (replica 3) C-terminal
conformations. We found the networks of the open and closed confor-
mations to be equivalent with differences in node betweenness < 0.01
(Figure S11A, B). Then, we compared replica 1 of the full-length
H1047R (closed C-terminus) with replica 1 of ΔABD p110α H1047R
simulation (closed C-terminus) and focus only on the kinase domain,
where the C-terminal transition takes place. This comparison reveals an
increrase of 0.06 ± 0.03 in node betweenness for residues around the
ATP pocket (residues 797, 799, 838, 839, 846, 851, 879, and 895), the
activation loop (residues 948, 953, 955, and 957) and in kα8 helix
(residues (residues 961-1002) (Fig. S11A,C). Overall, the ΔABD p110α
H1047R simulation shows consistently higher node betweenness
compared to the full-length H1047R (0.07 ± 0.04). Accordingly, in the
ΔABD p110α WT there is an increase in node betweenness compared to
the full-length H1047R of 0.03 ± 0.05 (Fig. S11D). However, the ΔABD
p110α H1047R shows a notable increase (> 0.11) in node betweenness
compared to the ΔABD p110α WT in residues of the helical domain (611,
615, 651, and 653, which are at the interface with the RBD) and of the
kinase domain (923 (ATP active site), 999 and 1002 in kα9 helix). In
conclusion, the ΔABD p110α H1047R is increasing the allosteric
communication within PI3Kα, which is consistent with the fact that we
observed the C-terminal “opening” in the ΔABD p110α H1047R unbi-
ased MD simulation. Therefore, some interesting questions arise: Is the
full-length PI3Kα preventing the "opening" of the C-terminal tail? Is the
ΔABD p110α facilitating the C-terminal “opening” and what is the free
energy needed for the transition of the C-terminus from the closed to the
open conformation? As classic MD simulations cannot tackle rare events,
we resort to enhanced sampling simulations to answer these questions as
described below.

3.2. Multiple-walkers metadynamics simulations of the full-length PI3Kα

Because 2.5 μs of unbiased MD was insufficient to sample large
conformational changes in the full-length PI3Kα systems, we used
multiple-walkers metadynamics simulations to enhance the sampling
and examine the energy needed for the “closed-to-open” C-terminal
transition in the presence and absence of oncogenic mutations. We
observe that metadynamics simulations of the full-length PI3Kα systems
required more than 1.5 μs to approach convergence based onmonitoring
the diffusion of the CVs with respect to time, as well as from the evo-
lution of the 1D free energy profiles across the reaction coordinates with
varying simulation increments (Table S2, Figs. S12 and S13). However,
the CV diffusion was limited even after 1.5 μs (Fig. S13). The FESs
(Fig. S14) of the WT and mutants M1043L, H1047R, G1049R, and
N1068KLKR exhibited multiple free energy minima. We extracted the
structures for each basin and report the free energies of the deepest
minimum of the closed C-terminal conformation, of the deepest mini-
mum of the open C-terminal conformation, and of the transition state
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between them (Table S3). All transition states are within ~4 kcal/mol
and thus no major differences in the free energy needed for the C-ter-
minal transition are observed across the systems. This observation
together with the fact that the CV diffusion is limited (Fig. S13) may
indicate that the multiple-walkers metadynamics simulations of the full-
length PI3Kα system require additional time to reach conclusive results.
Thus, we did not analyze these FESs and trajectories further, and pro-
ceeded with the analysis of the multiple-walkers metadynamics simu-
lations of the ΔABD p110α.

3.3. Multiple-walkers metadynamics simulations of the ΔABD p110α and
analysis

Мultiple-walkers metadynamics simulations were also performed for
the ΔABD p110α systems. Metadynamics simulations on the ΔABD
p110α converged only after 280 ns (Table S4, Figs. S15 and S16), i.e.
five times faster than the full length PI3Kα, which may indicate that the
free energy barrier for the "closed-to-open" C-terminal transition in the
ΔABD p110α construct is lower, and that ΔABD p110α is related to the
actual active state that associates with membranes. As in the full-length
PI3Kα systems, the FESs of the WT and mutant proteins exhibit multiple
free energy minima (Fig. 3). We extracted the structures for each basin
(Fig. 3) and report the free energies of the deepest minima of the closed
C-terminal conformation, of the deepest minima of the open C-terminal
conformation, and of the free energy of the transition state (Table 1).
The stds associated with the calculated free energies indicate consistent
measurements within each system.

Moreover, we report the contacts between helices kα11 and kα8,
between helix kα11 and the activation loop, and between helix kα11 and
the catalytic loop of the basins of the closed, open and transition states
using CPPTRAJ [57], and identify differences across the systems
(Tables S5–S7). Additionally, the proper Euler angles α, β, and γ of the
kα11 helix (see Methods) were calculated for the extracted minima
structures and available crystal structures of the H1047R mutant
(Table 2 and Table S8). This angle describes the rotation around the
z-axis in the x-y plane (Fig. S17) and highlights the primary rotational
difference in the x-y plane, which is critical for understanding the
orientation shift in this context. For the definitions of the β and γ Euler
angles, see the SI.

3.3.1. The global minimum is observed in the closed state of the C-terminus
in the ΔABD p110α WT

The FES of the ΔABD p110α WT is shown in Fig. 3A. The global
minimum across all the ΔABD p110α systems is in basin A of the WT, in
which the C-terminal tail is in the closed conformation. In basin A, the
WIF motif (residues 1057, 1058, and 1059), a triplet of hydrophobic
residues crucial for lipid-binding, is not in the direction of the putative
membrane bilayer and interacts with the kα11 helix through a dipole-
ion interaction between W1057 and E1037 (Fig. 3A, closed state). The
deepest minimum, where the C-terminus is in the open conformation, is
located in basin G. The free energy of this structure is equal to 8.95
± 0.64 kcal/mol. However, between basin A and basin G there are states
with high free energy. The free energy of the transition state is equal to
19.46 ± 0.40 kcal/mol. In the open C-terminal conformation, the WIF
motif points to the direction of the putative membrane bilayer and the
dipole-ion interaction with E1037 is disrupted (Fig. 3 A, open state).
Remarkably, in the ΔABD p110α WT closed and open states, there are no
contacts between kα11 helix and the activation loop contrary to the full-
length PI3Kα (see Introduction); these contacts are present in all ΔABD
p110α mutant systems (Table S5 and S6). Because the kα11 helix axis of
the H1047R mutant is tilted by ~4◦ with respect to the WT structure
(Table S8), we calculated the Euler angles of the kα11 helix orientation.
In the closed state, the WT helix kα11 shows minor reorientation with
Euler angles α = -4.5◦, β = -1◦, and γ = -0.9◦. In the open state, the angles
shift to α = -0.2◦, β = 6◦, and γ = -5.4◦. Here, the α angle remains close to
zero and the positive β value shows a notable upward tilt along the y-

axis. The negative γ indicates a slight counterclockwise rotation around
the x-axis. In the transition state, kα11 helix exhibits significant reor-
ientation with angles α = 10.1◦, β = 10.7◦, and γ = -4.6◦ (Table 2 and
Table S8). The positive α signifies a clockwise rotation around the z-axis,
the positive β indicates an upward tilt along the y-axis, and the negative
γ shows a counterclockwise rotation around the x-axis. These differences
between the closed and the transition states of the ΔABD p110α WTmay
be related to the C-terminal active state.

3.3.2. The C-terminal transition state has the lowest free energy in the
H1047R and G1049R mutants compared to the WT, M1043L and
N1068KLKR

The FES of the ΔABD p110α Н1047R is shown in Fig. 3C and is
shallower compared to the FES of the WT. The deepest minimum of the
H1047R system in basin A has free energy equal to 5.67 ± 0.20 kcal/
mol and the C-terminus is in the closed state. The deepest minimum of
the open C-terminal conformation is located in basin C and has free
energy equal to 7.55 ± 0.02 kcal/mol. The free energy of the transition
state is equal to 11.67 ± 0.25 kcal/mol, which is the lowest observed
among all transition states. In the open C-terminal conformation, the
WIF motif is in the direction of the putative membrane allowing protein-
membrane interactions.

Comparing the contacts between WT and H1047R mutant in the
closed state of the C-terminus, we observe that contacts between the
amino acids of kα11 and the activation loop are present in the H1047R
system and absent in the WT (Table S5). These contacts form between
the amino acids A1046 and 954–956 and R1047 and L956 that are
present in more than 70 % of the frames of the closed state. Additionally,
in the open state, contacts between A1046 and V952 and R1047 and
L956 are present in more than 80 % of the frames and are absent in the
WT. Regarding the catalytic loop, in the open state of H1047R mutant,
contacts between Q1042 and F909 are present in 100 % of the frames,
while they are absent in the WT (Table S6). Contacts between helix kα11
and the activation and catalytic loops may affect the kinase activity of
the system.

By comparing contacts between helices kα8 and kα11 of H1047R
with the ones in the WT, we observe that in the transition state of the
H1047R system, several contacts between the two helices are disrupted.
More specifically, the disrupted contacts are between L1036 and L989,
F1039 and Q981, R1047 and F977, R1047 and F980, G1050 and F977,
and betweenW1051 and F977, Q981 and Y985 (Table S7). Moreover, by
comparing the C-terminal conformations with the crystal structure of
the WT, 4OVU [19], in the closed state, the H1047R mutant has Euler
angles α = 10.9◦, β = 0.2◦, and γ = 5◦. The positive α, which is similar to
the calculated α angle of the WT transition state, indicates a significant
clockwise rotation around the z-axis. This rotation may destabilize the
kα11-kα8 interface. The angle β is close to zero and suggests no tilt along
the y-axis. The positive γ indicates a significant clockwise rotation
around the x-axis. For the open state, the angles shift to α = 8.4◦, β = 0◦,
and γ = 3.5◦. The substantial positive α indicates a significant clockwise
rotation around the z-axis, and the zero β value suggests no tilt along the
y-axis, and the positive γ indicates a moderate clockwise rotation around
the x-axis. In the transition state, H1047R shows angles α = 8.7◦, β =

2.9◦, and γ = 1.1◦, reflecting a significant clockwise rotation around the
z-axis (α), a minor upward tilt along the y-axis (β), and a slight clockwise
rotation around the x-axis (γ) (Table 2 and Table S8). In the closed, open
and transition states of H1047Rmutant, the side chain of R1047 is in the
same position and direction with the one observed in the recently
published PDB structure 8GUB (Fig. S18) [23]. The H1047R mutation
alters the interface between the kα8 and kα11 both in the closed and the
transition states. This conformational change at the C-terminal tail may
affect the free energy barrier and enable the “closed-to-open” C-terminal
transition. A similar conformational change was observed in the recently
published H1047Rmutant structure with PDB ID 8W9A in complex with
the allosteric inhibitor QR-7909, which binds in close proximity to the
H1047 residue and disrupts the kα11-kα8 interface triggering the
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Fig. 3. Free energy surfaces of (A) the WT ΔABD p110α and (B-E) the mutant ΔABD p110α systems along the two CVs. Inside the FESs, the letters A-H indicate the
structures of the free energy minima. The position of the transition state in the free energy surface is shown with the letter x and the putative membrane bilayer is
shown with a blue dashed line.
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reorientation of R1047 (Fig. 1G) [26]. The recently-published pyr-
idopyrimidinones, compound 4 (PDB ID 8V8J, 8V8H), compound 7
(PDB ID 8V8V), and compound 12 (PDB ID 8V8U), also bind in the same
pockets as in ref. [26]. Evidently, H1047R-selective inhibitors that bind
at the interface of kα11-kα8, induce an open C-terminal state and reor-
ient the side chain of R1047 similar to QR-7909.

The FES of the ΔABD p110α G1049R is shown in Fig. 3D and is
similar with the FES of the ΔABD p110α H1047R. The deepest minimum
of the G1049R system in basin A is in the closed C-terminal state and has
free energy = 3.22 ± 0.01 kcal/mol, which is deeper compared to
H1047R. In this structure, R1049 points outwards in the direction of the
membrane. Τhe open C-terminal conformation is located in basin C and
has free energy = 8.71 ± 0.24 kcal/mol. As in the H1047R system, the
free energy of the transition state is much lower compared to theWT and
is equal to 11.84 ± 0.01 kcal/mol. In the open C-terminal conformation,
the WIF motif is in the direction of the putative membrane allowing
protein-membrane interactions. However, because the closed state of
G1049R has lower free energy compared to the H1047R mutant, it is
expected that the “closed-to-open” transition will occur more easily in
H1047R mutant with respect to the G1049R. This finding aligns with
experimental data, which report a higher membrane-binding ability of
H1047R mutant compared to G1049R [15]. For the G1049R mutant in
the closed state, the helix shows reorientation with angles α = 6.5◦, β =

3.4◦, and γ = -0.1◦. The positive α indicates a clockwise rotation around
the z-axis, while the positive β suggests a slight upward tilt along the

y-axis. The negative γ indicates minimal rotation around the x-axis. As in
the closed state of H1047R mutant, also in G1049R, a rotation of kα11
helix is observed, which may affect the kα11-kα8 interface (Table 2 and
Table S8). In the open state, G1049R exhibits significant reorientation
with angles α = 16.1◦, β = 0.5◦, and γ = 6.6◦. The positive α signifies a
pronounced clockwise rotation around the z-axis, the positive β in-
dicates a minor upward tilt along the y-axis, and the positive γ shows a
notable clockwise rotation around the x-axis. During the transition state,
G1049R has angles α = 3.2◦, β = 8.6◦, and γ = -6.1◦, showing a slight
clockwise rotation around the z-axis (α), a considerable tilt along the
y-axis (β), and a counterclockwise rotation around the x-axis (γ).

C-terminus G1049R mutant contacts reveal similarities with the
H1047R mutant: contacts between A1046 of the kα11 helix and V952 of
the activation loop are present in the mutated system and absent in the
WT in the closed state (Table S5). Additionally, in the open state, con-
tacts between A1046 and V952 and R1047 and L956 are present only
mainly in H1047R and G1049R systems and absent in theWT (Table S6).
Similarly to the H1047R system in the transition state, several contacts
between the helices kα11 kα8 are disrupted. These contacts are the
contacts between G1050 and F977 and betweenW1051 and amino acids
F977, Q981 and Y985 (Table S7). Therefore, G1049R makes similar
contacts with H1049R mutant, which may have impact in their mech-
anism of activation and imply similarities in the mechanism of C-ter-
minal activation.

3.3.3. The M1043L mutant exhibits a different direction of the C-terminus
compared to the WT and mutants being parallel to the putative membrane
plane

The FES of the ΔABD p110α M1043L is shown in Fig. 3B. The deepest
minimum of the M1043L system in basin A has free energy 8.70
± 0.20 kcal/mol and corresponds to the closed C-terminal conforma-
tion. The open C-terminal conformation is located in basin G and has
free energy 13.32 ± 0.26 kcal/mol. Similarly with the WT system, be-
tween basin A and basin G there are states with high free energy. The
free energy of the transition state is equal to 20.46 ± 0.16 kcal/mol,
which is comparable with the WT transition state free energy. In the
open C-terminal conformation, the C-terminus changes direction
compared to the open C-terminal states of the other systems and is
parallel to the putative lipid bilayer.

Examining the contacts of kα11, M1043L mutant forms more
extensive contacts between kα11 and kα8 compared to the other sys-
tems, which may trigger the different direction of the C-terminus
observed in the M1043L mutant. Similarly to the other mutants in the
closed state, M1043L mutation triggers the reorientation of kα11 helix,
with α = 10.5◦, β = -1.1◦, and γ = 5.4◦. The positive α value indicates a
substantial clockwise rotation around the z-axis, while the negative β
suggests a slight downward tilt along the y-axis. The positive γ indicates
a clockwise rotation around the x-axis. In the open state, the angles are α
= 8.6◦, β = 1.6◦, and γ = 2.2◦, reflecting a significant clockwise rotation
around the z-axis (α) and a minor upward tilt along the y-axis (β), with a
slight clockwise rotation around the x-axis (γ). During the transition
state, M1043L displays angles α = 8.5◦, β = 5.4◦, and γ = -0.8◦, showing
a noticeable clockwise rotation around the z-axis (α), an upward tilt
along the y-axis (β), and a negligible counterclockwise rotation around
the x-axis (γ) (Table 2 and Table S8). In the closed state, amino acid
H1047 is rotated to the same position as the R1047 in PDB ID 8GUB
(Fig. S18) [23]. Additionally, contacts between F1039 and Q981 and
between the amino acids H1047, W1051, T1052 and T1053 of kα11 and
F977 and Q981 of kα8 are present in more than 70 % of the frames and
absent in the closed state of the WT. As in the other mutants, several
amino acids of kα11, including the amino acids 1045–1047, make
contacts with amino acids 954–956 of the activation loop in the closed
state (Table S5). These contacts are absent from the WT. Moreover, in
the open state, contacts between M1055 and T974, L1043 and V952 and
D1045 and V952 are present in more than 40 % of the frames and absent
in the WT and in the other mutants (Table S6). These contacts may

Table 1
Free energy surface calculations for the ΔABD p110α systems. The free energies
of the deepest minimum of the closed C-terminal conformation, of the deepest
minimum of the open C-terminal conformation and the transition state are re-
ported. The free energy of the global minimum that was initially set to zero (WT,
closed state) is offset by the calculated mean values of within the grid used for
bootstrapping for each system. Correspondingly, all the free energy minima
were offset by their calculated mean values (see the SI).

Free energy (kcal/mol)
System Closed state Open state Transition state
WT 1.27 ± 0.13 8.95 ± 0.64 19.46 ± 0.40
M1043L 8.70 ± 0.20 13.32 ± 0.26 20.46 ± 0.16
H1047R 5.67 ± 0.20 7.55 ± 0.02 11.67 ± 0.25
G1049R 3.22 ± 0.01 8.71 ± 0.24 11.84 ± 0.01
N1068KLKR 4.56 ± 0.43 4.44 ± 0.18 16.97 ± 0.34

Table 2
Euler angle α of helix kα11 in the extracted ΔABD p110α
structures of the closed, open and transition state of the WT and
mutants with respect to the crystal structure of PI3Kα WT, PDB
ID 4OVU.

Euler angle α (rotation)

40VU (ref) 0
3HHM 4
Closed state
WT -4.5
M1043L 10.5
H1047R 10.9
G1049R 6.5
N1068KLKR 3.8
Open state
WT -0.2
M1043L 8.6
H1047R 8.4
G1049R 16.1
N1068KLKR 14.8
Transition state
WT 10.1
M1043L 8.5
H1047R 8.7
G1049R 3.2
N1068KLKR 3.6
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stabilize the different C-terminal conformation. These differences in
contacts between the M1043L and the mutants H1047R and G1049R
suggest a different mechanism of C-terminal activation.

3.3.4. The N1068KLKR mutant may not easily reorient the C-terminus due
to high energy needed for the C-terminal transition

Finally, the FES of the ΔABD p110α N1068KLKR is shown in Fig. 3E.
The deepest minimum of the N1068KLKR system in basin A has free
energy 4.56 ± 0.43 kcal/mol and corresponds to the closed C-terminus.

The open C-terminal conformation, which is located in basin B and has
free energy 4.44 ± 0.18 kcal/mol. In the open C-terminal conformation,
the kα12 along with the WIF motif and 1068KLKR are in the direction of
the membrane enabling the protein-membrane interactions. Between
basin A and basin B, the free energy of the transition state is equal to
16.97 ± 0.34 kcal/mol, comparable with the ones of the WT and
M1043L mutant. This indicates that N1068KLKR mutant may not easily
reorient the C-terminus and it needs to be further examined whether the
membrane acts as a catalyst in the case of N1068KLKR.

Fig. 4. Cavities in the STX-478 binding site. (A) The C-terminal tails of the STX-478 bound PDB structures, 8TDU (WT) and 8TGD (H1047R) with respect to the
crystal structures with PDB IDs 4JPS (WT) and 3HIZ (H1047R). (B) Free energy minima structures extracted from basins A, D and G of the full-length WT along with
(C) their cavities in the binding site of STX-478 are superimposed. (D) Minima structures extracted from basins A and K of the full-length H1047R mutant along with
(E) their cavities in the binding site of STX-478. All minima structures along with the PDB structure 8TSD [24] were aligned to the crystal structure with PDB ID
8TGD [22] and the STX-478 and RLY-2608 molecules were superimposed.

D.M. Kotzampasi et al.



Computational and Structural Biotechnology Journal 23 (2024) 3118–3131

3128

Comparing the contacts of the N1068KLKR mutant with the ones of
the WT and M1043L, H1047R, G1049R mutants, we report several
similarities. As in the other mutants, amino acids 1045–1047 form
contacts with the activation loop in the closed state and these contacts
are absent in the WT (Table S5). Furthermore, contacts between Q1042
and F909 are present in all the mutated systems in the open state and
absent in the WT, which may have an effect on the kinase activity of the
mutants (Table S6). In contrast to the other mutants, in the closed state,
the N1068KLKR mutant exhibits angles α = 3.8◦, β = -2.2◦, and γ = 3.5◦,
which suggest a minor reorientation of kα11 helix (Table 2 and
Table S8). In the open state, the angles shift to α = 14.8◦, β = 2.9◦, and γ
= 4.1◦. The substantial positive α shows a significant clockwise rotation
in the z axis, the positive β indicates a slight upward tilt along the y-axis,
and the positive γ shows a clockwise rotation around the x-axis. During
the transition state, N1068KLKR displays angles α = 3.6◦, β = 4.8◦, and γ
= -2.6◦, reflecting a slight clockwise rotation in the x-y plane (α), a
moderate tilt along the y-axis (β), and a minor counterclockwise rotation
around the x-axis (γ). These kα11 helix reorientations are similar among
all mutants, which may indicate that they play a role in kinase
activation.

3.4. The STX-478 binding pocket starts to form only on the full-length
minima of the WT and H1047R and not in the ΔABD p110α

The pocket of the allosteric PI3Kα inhibitor that targets prevalent
PI3Kα helical- (E542K, E545K) and kinase-domain (H1047R) mutant
tumors, STX-478 [22], was investigated in the extracted structures from
the minima generated by the metadynamics simulations both for the WT
and the H1047R mutant using fpocket [62]. We find that the pocket
starts to form only in the full-length minima of the two systems and is
absent in the ΔABD p110α systems, which is in accordance with the
STX-478 bound experimental structures with PDB IDs 8TDU and 8TGD,
which are both full-length structures for the WT and H1047R respec-
tively. The C-terminal tails of both STX-bound PDB structures, 8TDU
(WT) and 8TGD (H1047R), are in the same direction as in PDB ID 3HIZ
(H1047R), in the open state (Fig. 4A). In the extracted WT structures
from our metadynamics simulations, cavities on the binding site of
STX-478 are observed in basin A, in which the C-terminus is in the closed
state and in basins D and G in which the C-terminus is in the open state
(Fig. 4B,C). In H1047R mutant, cavities on the binding site of STX-478
were observed in basins A and K, in which the C-terminus is in the
open state (Fig. 4D,E). In the H1047R mutant, although the cavities
cover a small part of STX-478 and RLY-2608, a large pocket is forming,
which connects the active site and the allosteric pocket (Fig. 4E).

4. Discussion - Conclusions

Results presented herein describe the free energy landscape for the C-
terminal “closed-to-open” transition and conformational changes that
occur across different oncogenic mutations and provide valuable in-
sights into the mechanism of the C-terminal PIK3CA oncogenic mutants
M1043L, H1047R, G1049R and N1068KLKR. Unbiased MD simulations
were performed for the full-length PI3Kα and ΔABD p110α systems. To
validate our models, we compared the results from our MD simulations
with available HDX-MS experimental data, which provide the H/D ex-
change rates for the full-length PI3Kα WT and the ΔABD p110α WT, as
well as the differences between them. Our predicted H/D exchange rates
align to previous experimental data [15]. In unbiased MD simulations of
the full-length PI3Kα, the transition of the C-terminus from the closed to
the open state was not observed in any of the systems, however, the
C-terminal transition was observed in one of the replicas of the ΔABD
p110α H1047R system. To determine which residues are important in
mediating the "closed-to-open" C-terminal transition, we used the
concept of “node betweenness" and compared the ΔABD p110α H1047R
closed (replica 1) and open (replica 3) C-terminal simulations, which
showed that the allosteric networks in the two C-terminal conformations

are equivalent. Then, we compared replica 1 of the full-length H1047R
(closed C-terminus) with replica 1 of ΔABD p110α H1047R simulation
(closed C-terminus), focusing on the kinase domain, and observed an
increase of 0.06 ± 0.03 in node betweenness for residues around the
ATP pocket, the activation loop and kα8 helix, indicating an increase in
the allosteric communication of the ΔABD p110α H1047R system in
these regions. Overall, the ΔABD p110α H1047R is increasing the allo-
steric communication within PI3Kα, which is consistent with the fact
that we observed the C-terminal “opening” in the ΔABD p110α H1047R
unbiased MD simulation. Because we observed the C-terminal “opening”
only in the ΔABD H1047R unbiased simulation, which is a rare event,
we decided to perform multiple-walkers metadynamics simulations for
both the full-length PI3Kα and ΔABD p110α WT and mutant systems to
calculate the free energy required for the C-terminal "closed-to-open"
transition. The CVs that were chosen to study this transition were, CV1,
the distance in contact map space from a reference state in which the
C-terminal tail is the closed state with respect to the open state and CV2,
the RMSD of the protein kα12 Cα atoms starting from the closed state.

Metadynamics simulations on the full-length PI3Kα required more
than 1.5 μs to approach convergence. In the full-length PI3Kα systems,
all transition states are within ~4 kcal/mol, indicating no significant
differences in the free energy required for the C-terminal transition
across the systems. This finding, coupled with the limited CV diffusion,
suggests that the multiple-walkers metadynamics simulations of the full-
length PI3Kα system may need additional simulation time to achieve
conclusive results. Metadynamics simulations of the ΔABD p110α
converged only after 280 ns, which may suggest that the PI3Kα C-ter-
minal "opening" may require disengagement of the ABD and p85α reg-
ulatory subunit. In the metadynamics simulations on the ΔABD p110α,
the global minimum is observed in the closed state of the C-terminus in
the WT, where the kα11 helix closely resembles the conformation in the
crystal structure with PDB ID 4OVU. The WT transition state has a
transition state free energy of ~20 kcal/mol and exhibits a reorientation
of kα11, which may be related to the C-terminal active state. In contrast,
the H1047R and G1049R mutants lower transition state free energy by
~8 kcal/mol and have the lowest transition state free energies among all
systems (ΔG=~12 kcal/mol). Moreover, H1047R and G1049Rmutants
show similar open structure conformations, suggesting a similar mech-
anism of C-terminal activation compared to the WT and M1043L and
N1068KLKR mutants. Both H1047R and G1049R oncogenic mutations
change the interactions between helices kα8 and kα11 by triggering the
rotation of the kα11 helix in the closed state. In the transition states of
both H1047R and G1049R mutants, similar contacts between helices
kα11 and kα8 are disrupted, which may imply similarities in their
mechanism of C-terminal activation. However, as the open state of
H1047R has lower free energy compared to the open state of G1049R, it
is expected that the Gibbs free energy of activation for the “closed-to-
open” transition will occur more easily in H1047R mutant compared to
the G1049R, potentially explaining why H1047R is the most prevalent
oncogenic mutation. The lowest transition state free energy of the C-
terminal "opening" of the H1047R mutant aligns with experimental data
[15], according to which a higher membrane-binding ability of the
H1047R compared to G1049R mutant is reported. In the closed, open
state, and transition states of the H1047R mutant, the side chain of
R1047 is in the same position and direction as observed in the recently
published PDB structure 8GUB.

Similarly to H1047R and G1049R mutations, the M1043L mutation,
triggers the rotation of kα11 helix in the close state. This reorientation of
the kα11 helix in the closed state leads to more extensive contacts be-
tween kα11 and kα8 that are absent in theWT and the other mutants and
to the reorientation of amino acid H1047 to the same position as the
R1047 in PDB ID 8GUB. Interestingly, in the open state of the M1043L
mutant, a different direction of the C-terminus is observed compared to
the WT and the other mutants. This direction is parallel to the putative
membrane plane and is stabilized in the open state by contacts between
helices kα8 and kα11 that are absent in the other systems. The different
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directionality of the C-terminus may not enable the C-terminal tail to
bind to the membrane and could be the reason why this mutant has
lower membrane-binding ability compared to the other mutants ac-
cording to the existing HDX-MS data [15]. Moreover, in the M1043L
mutant, the free energy of the transition state is the highest among all
systems and comparable to the WT transition state free energy (~20
kcal/mol). For N1068KLKR mutant, the free energy needed for the
C-terminal "opening" is comparable to the one of M1043L and WT and
we calculate that this mutation, in contrast to the other systems, does not
trigger any major reorientation of the kα11 helix in the closed state. This
finding suggests that the activation of this activation of this frameshift
mutant is not driven by a reorientation of the C-terminus, but instead it
may be driven by enhanced affinity caused by the addition of positive
and hydrophobic residues (KLKR) and not with the promotion of the
“closed-to-open” C-terminal transition. In all mutated systems (M1043L,
H1047R, G1049R, and N1068KLKR), amino acids 1045–1047 of kα11
form contacts with the activation loop in the closed state; these contacts
are absent in the WT simulation. Also, contacts between Q1042 of kα11
and F909 of the catalytic loop are present in the open state of all the
mutated systems, but absent in the WT. The presence of these contacts
between kα11 and the catalytic and activation loops may affect the ki-
nase activity of the mutants. The differences in the free energy needed
for C-terminal transition and the observed conformational changes
across the systems enable us to provide a molecular explanation why
H1047R and G1049R reorient the C-terminus with a different mecha-
nism compared to the WT and M1043L and N1068KLKR mutants and
why the H1047R mutant, with the lowest expected Gibbs free energy of
activation for the "closed-to-open" transition, is the most prevalent
mutant in human cancer, providing valuable insights into the molecular
mechanisms underlying the C-terminal activation in PI3Kα.

We also investigated in our free energy minima structures the exis-
tence of a recently described PI3Kα allosteric pocket, where the mutant-
selective PI3Kα inhibitors, RLY-2608 and STX-478, bind [22,24]. In the
free energy minima structures of the WT (basins A, D and G) and
H1047R mutant (basins A and K) we identified the formation of the
cryptic STX-478 pocket in the full-length PI3Kα systems, but not in the
ΔABD p110α, consistent with experimental PDB structures that show
binding of RLY-2608 and STX-478 in the full length PI3Kα. In the
H1047R minima structures, we show several cavities opening (Fig. 4)
and forming a channel connecting the active site with the allosteric site;
these cavities are not as extensive in the WT, which may mean that the
mutant structure opening the cryptic pocket is more populated acces-
sible to bind STX-478. Moreover, while the RMSD between the WT and
mutant PDB structures bound to STX-478 are almost identical (PDB IDs:
8TDU and 8TDG, RMSD of the Cα atoms = 0.54 Å), biochemical assays
and preclinical data suggest that STX-478 is selectively inhibiting the
mutant enzyme. We propose that while the crystal structures have the
same coordinates in the mutant and theWT after binding the compound,
their pre-bound conformational states are different. The mutant appears
to have a higher probability of being found in an accessible state to the
inhibitor, and STX-478 and RLY-2608 may bind selectively to the
mutant by conformational selection of that state. According to Buck-
binder et al. [22], STX-478 binds with 15-fold higher binding affinity
and has a ~6-fold faster association rate for the H1047R mutant
compared to the WT. Varkaris et al. further support this finding by
showing that an analogue of RLY-2608 binds with ~10-fold faster as-
sociation rate to the mutant than to the WT [24]. These findings,
together with our observation for the opening of the STX-478 pocket,
suggest that the reason behind the selectivity of these compounds for the
H1047R mutant may lie in a conformational rearrangement that occurs
more favorably in the mutant enzyme compared to the WT [22,24]. In
our future work we aim to examine the effect of these allosteric modu-
lators on the dynamics of the protein, their effect on the PI3Kα C-ter-
minal conformations and binding to the membrane.

Understanding the molecular mechanism by which oncogenic mu-
tations in the kinase domain of PIK3CA overactivate PI3Kα has the

potential to reveal novel molecular insights that may be exploited for the
development of novel cancer therapeutic strategies. These results will
contribute to the development of oncogene-specific PI3Kα inhibitors
targeting kinase domain mutants.

Our methodology holds promise for broader applications in the study
of other protein complexes. By incorporating Molecular Dynamics sim-
ulations and combining them with experimental data, we can gain
atomistic insights into the structural changes induced by mutations or
post translational modifications (PTMs), shedding light on their func-
tional consequences. As with other proteins, PI3Kα contains PTMs that
regulate its catalytic activity such as the direct phosphorylation of S361
in nSH2 and S652 in cSH2 by Protein Kinase C, which prevent PI3Kα
from binding to the activated receptor. Additionally, different lysine
residues located at the iSH2 domain are suggested to be putative
SUMOylation sites, which modulate the p85 function by reducing the
levels of tyrosine-phosphorylated-p85α [63]. Understanding the in-
tricacies of such PTMs is crucial for deciphering different states of its
catalytic cycle and the regulatory mechanisms governing its function.
Our methodology could be extended to explore the dynamic interplay
between PTMs and protein function of other systems [64,65]. Further-
more, this methodology can contribute to gaining insights into the
mechanism of action of large protein complexes that could be exploited
as drug targets [66,67]. By applying similar strategies to diverse bio-
logical systems, including those involving intricate regulatory networks
or complex macromolecules, our methodology could be used to
contribute significantly to advancing our understanding of fundamental
biological processes and disease mechanisms.
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