Introduction
PI3Ka inhibitor PIK-108, in addition to occupying the active site, it was recently found to bind to a second, unexpected site in the kinase C-lobe (PDB ID: 4a55), which is located close to the area of the protein that interacts with the membrane [Hon et al]. PIK-108 was found to bear a high degree of similarity with LY294002, a μM inhibitor of PI3Ka (Tc = 0.91 [Athanassiadis et al]) (Figure 1). Driven by this observation, we docked both compounds in the newly-discovered binding site of PI3Ka in structure 4a55 and their interactions were modeled in the human and mouse WT PI3Ka proteins as well as the human mutant H1047R with Molecular Dynamics simulations in order to assess their stability and interactions in this binding site.
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Figure 1. The structures of PIK-108 and LY294002.
 

Docking
The crystal structure of the murine PI3Ka (PDB ID: 4a55) was downloaded from the protein databank. 
Initially, hydrogen atoms were added to the crystal structure and the protein was submitted to a series of restrained, partial minimizations using the OPLS-2005 force field within the “Protein Preparation Wizard” module of Maestro. To compensate for the fixed protein structure, which is not expected to be optimal for a particular ligand, the van der Waals radii for nonpolar ligand atoms were scaled by a factor of 0.8, thereby decreasing penalties for close contacts. Receptor atoms were not scaled. Docking calculations were performed with Glide 5.8 (Schrodinger, LLC). For the protein preparation, grid generation, and ligand docking procedures, default settings were used. Ligands PIK-108 and LY294002 were docked and scored in the novel binding pocket of PI3Ka using the Glide standard precision (SP) mode followed by the Glide extra precision (XP) mode. Rotation of receptor thiol and hydroxyl groups was enabled.

Docking with Glide accurately reproduces the binding pose of the PIK-108 crystal structure (Figure 2A) with an RMSD  of 0.2Å. Docking of LY in the binding site also overlaps the crystal structure very well (see Figure 2B). Also, the two docked poses of PIK-108 and LY also overlay nicely (Figure 2C). Based on these observations, we proceeded with an MD study of PIK-108 and LY in this new binding site of PI3Ka in the human and mouse WT PI3Ka proteins as well as the human mutant H1047R in order to assess their stability and interactions in this binding site.
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(A)                                              (B)                                                           (C)
Figure 2. Docking of PIK-108 and LY294002 on the novel binding site of PI3Ka. (A) Overlay of the docked PIK-108 (yellow) with the crystal structure of PIK-108 (green) in the binding site of the protein. (B) Overlay of the docked LY294002 (pink) with the crystal structure of PIK-108 (green) in the binding site of the protein. (C) Overlay of the docked PIK-108 (yellow) with the docked LY294002 (pink) in the binding site of the protein.

Molecular Dynamics Simulations
Unbiased Molecular Dynamics simulations in aqueous solution were performed for the wild type (WT) human, WT murine, and H1047R mutant proteins with PIK-108 placed in both catalytic and allosteric sites as seen in a recent crystallographic structure [Hon et al]. The same type of simulations in the WT human and mutant human proteins were also performed for the known PI3K inhibitor, LY294002. PIK-108 remained stable in both sites in all three variants.
Model Construction and Refinement
Atomistic models of the human and murine WT and H1047R PI3Kα mutant were created with Modeller 9v8 [Sali1993] from the respective crystal structures [Hon2012, Mandelker2009], through a combination of homology and loop modeling. The model of the human WT p110α was constructed using the model of p110α described in [Evangelidis et al., 2013] (PDB ID: 2RD0). The model of the human H1047R PI3Kα mutant was constructed from PDB ID: 3HIZ. The parameters used for homology and loop modeling were the same as the ones described in Evangelidis et al., 2013. PIK-108 was placed in the corresponding non-ATP binding pocket by superimposing the 4A55 structure with the models of the human WT and human H1047R mutant.
Simulation Parameters
For each system we considered a rhombic dodecahedron periodic box with a minimum distance of 10 Å between the protein and the box walls to ensure the proteins would not directly interact with their periodic image. All simulations were performed using GROMACS 4.5.4 software [gromacs4], using the AMBER99SB-ILDN all-atom force field [amberILDN] to model the proteins and the TIP3P water model [Jorgensen1983]. The long-range electrostatic interactions were treated using the fast particle-mesh Ewald summation method [Essmann1995]. The temperature during simulations was kept constant at 310 K using the Nose-Hoover thermostat with a time constant of 1 ps [Nose1984]. The pressure was isotropically maintained at 1 atm using the Parrinello-Rahman coupling with a time constant of 5 ps and compressibility of 4.5e-5 bar-1 [Parrinello1981]. A time step of 2 fs was used with all bond lengths constrained using the LINCS algorithm [Hess1997]. The non-bonded potential energy functions were cut off and shifted, with forces smoothly decaying between 8 Å and 10 Å for the van der Waals, and from 0 Å to 11 Å for the electrostatic forces. Prior to MD simulations, all the structures were relaxed by 10,000 steps of energy minimization using steepest descent algorithm, followed by position restraint equilibration first in the NVT and then in the NPT ensemble for 200 ps, respectively. Finally, unbiased MD simulations were carried out with the atomic coordinates of the systems saved every 2 ps. 
System Equilibration
To ensure that we perform the analysis at systems that have reached equilibrium, we used two different methods: (1) the total Cα carbon RMSD, and (2) the cosine content of the first three principal components (PCs). The cosine content was introduced by Hess [Hess2002] as a negative indicator of random diffusion processes. Hess demonstrated that when the conformational sampling is insufficient, the system is dominated by high-dimensional random diffusion and the ﬁrst few PCs resemble cosine curves. Practically, the cosine content ci of a principal component pi can take values between 0 (no cosine) and 1 (perfect cosine) and is a useful negative indicator of convergence, i.e. when the cosine content is close to 1, the simulation is not converged. In this study, the simulations were assessed as converged when the cosine content of the first principal component fell below 0.5.
Analysis
The global translational and rotational motions of the protein were removed using GROMACS. The resulting trajectories were analyzed with GROMACS tools v4.5.5. Images were created with PyMOL [PyMOL citation] and VMD [vmd citation], and plots were prepared with the GRaphing, Advanced Computation and Exploration (GRACE) program (Grace Development Core Team, 2011). 
For the cluster analysis the highly flexible loop residues 1-7, 231-240, 291-330, 410-417, 505-530, 863-872, 941-952, 1047-1068 have been excluded. The “gromos” algorithm was used for the clustering. For the PIK-108 systems a cutoff distance of 2.3 Å was used for the WT human and WT murine whereas a cutoff distance of 2.5 Å was chosen for the H1047R human protein. A cutoff distance of 2.3 Å was used for both the LY294002 systems. The chosen cutoffs produced several clusters, the first three of which represented more than 89% of the conformational space of the WT human, 90% of the WT murine, and 87% of the mutant for the PIK-108 simulations. These percentages were 88% and 94% for the WT human and H1047R human proteins with the LY294002. 
Principal component analysis (PCA) of an MD trajectory, also known as essential dynamics, is a technique routinely used to separate large-scale correlated motions in a system from random thermal fluctuations. The steps of PCA are: (1) the removal of global translational and rotational motions, (2) the calculation of the variance-covariance matrix of the interatomic fluctuations, and (3) the diagonalization of the matrix (S. Hayward and B.L. de Groot, 2008). The global translational and rotational motions of the protein were removed as described above and the elements of the variance-covariance matrix of positional fluctuations were calculated. Each eigenvector µi has a corresponding eigenvalue λi, which denotes the mean square coordinate ﬂuctuation in the direction of the eigenvector µi. The trajectory can be projected onto the eigenvectors to give the principal components pi(t). The PCA was performed on the whole protein taking into account only the Cα carbon coordinates of the non-flexible loops in order to extract pure low-frequency motions of the molecule [S. Hayward and B.L. de Groot, 2008]. These loops encompass residues 1-7, 231-240, 291-330, 410-417, 505-530, 863-872, 941-952, 1047-1068.
Results
Systems Equilibration
In order to establish the point at which the systems reach equilibrium, the Cα RMSD for each subunit and for the whole protein was initially calculated (Figures 1 and 2). Moreover, the cosine content of the first three PCs for all the under study systems was calculated [Hess2002]. High cosine content indicates random diffusion, or in other words unidirectional motion from one region in conformational space to another, which indicates that the simulation is not converged. Taking into account both the RMSD and the cosine content of the first three PCs for the different systems we concluded that the equilibration times for the WT human, WT murine, and H1047R human in the presence of PIK-108 are 64ns, 50ns, and 130ns, respectively. For both the systems with the LY294002, WT and H1047R human, the equilibration time was 50ns. 
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Figure 1. RMSD of the Cα carbons of p110α in the presence of PIK-108. (A) WT human, (B) WT murine, and (C) H1047R human p110α. The highly flexible loop residues 1-7, 231-240, 291-330, 410-417, 505-530, 863-872, 941-952, 1047-1068 have been excluded from the calculation. 
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Figure 2. RMSD of the Cα carbons of p110α in the presence of LY294002. (A) WT human and (B) H1047R human p110α. The highly flexible loop residues 1-7, 231-240, 291-330, 410-417, 505-530, 863-872, 941-952, 1047-1068 have been excluded from the calculation. 

C.2. The effect of PIK-108 binding
C.2.1 Protein-Ligand interactions in the non-ATP binding pocket
PIK-108 interacts with 14 residues of the allosteric-site gorge from Cys901 at the bottom to Ala1046 at the top. Five of these residues are aromatic and some of them are involved in complementary surface contacts with the ligand (Phe909, Phe977, and Phe980) as well as stacking interactions (Phe954 and Phe960). In the case of the mutant, infrequent hydrogen bonds are formed between the ligand and Val955 and Asn1044 (Table 1). Interaction of PIK-108 with Arg1047 is limited in the range of -0.56±0.05 kcal/mol. Instead, Arg1047 forms a salt-bridge with the Asp1045 which keeps Arg1047 away from the allosteric pocket. 
The key interactions of PIK-108 with Cys901, Cys905, Phe954, Phe960, Gln981, Met1043, and Trp1051 were identified in the murine WT protein in agreement with Hon et al. [Hon2012]. Interestingly, the interaction with Trp1051 was completely absent in the H1047R simulation. Moreover, in the human WT a particularly strong VDW interaction of PIK-108 with His1047 (-5.70+/-0.21 kcal/mol) was apparent whereas this interaction was significantly smaller in the case of the mutant (-4.5 kcal/mol) while it was completely absent in the WT murine simulations.
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Figure 3. Average PIK-108-residue VDW interaction energy in the allosteric pocket. Significant differences between the binding modes in the different proteins can be observed.
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Figure 4. Average PIK-108-residue Coulombic interaction energy in the allosteric pocket. Significant differences between the binding modes in the different proteins can be observed.



Table 1. Other important VDW interaction energies.
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Table 2. Hydrogen bond occupancy for the different systems.
	
	Hydrogen bond % occupancy

	residue
	WT human
	WT mutant
	WT murine

	Catalytic pocket

	Val851
	98.33
	91.97
	93.00

	Asp933
	53.68
	0.12
	0.76

	Leu1067
	28.77
	-
	-

	Gln859
	-
	27.03
	-

	Allosteric pocket

	Leu956
	89.55
	-
	-

	Val955
	-
	5.22
	-

	Gln981
	30.87
	-
	-

	Asn1044
	0.06
	4.98
	45.14
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Figure 5. PIK-108 in the non-ATP binding pocket of WT human (top, left), WT murine (top, right) and H1047R human (bottom) PI3Kα. The protein is shown in New Cartoon representation; the most important residues as well as PIK-108 are shown in licorice representation and are colored in magenta and by name respectively. The pi-stacking between Phe960-Chromone-Phe980 is shown at the bottom right.
C.2.2 Protein-Ligand interactions in the ATP binding pocket
PIK-108 packs between p110α residues Ile800, Val850, and Val851 on one side, and residues Met922, Phe930, Ile932, and Asp933 on the other side, within the catalytic site, in agreement with experimental results [Hon2012, Mandelker]. The key hydrogen bond of PIK-108 with Val851 was observed in all three variants, with similar occurrences: 91.97% for the murine WT, 98.33% for the human WT, and 93.00% for the human mutant protein. This hydrogen bond with Val851 seems to stabilize ligand’s positioning in the catalytic pocket in all three variants. Also, in the case of the WT human another quite frequent hydrogen bond of PIK-108 and Asp2933 is observed (occupancy 53.68%). Electrostatic interactions between PIK-108 and Asp933 are also identified for the WT murine protein (-1.87±0.13 kcal/mol) and to a much less degree for the mutant protein (-0.23±0.06 kcal/mol). In the case of the mutant, a salt bridge between Asp933 and Lys776 is formed and keeps the P-loop and the activation loop close throughout the simulation course. This salt bridge is not evident in neither of the WT protein forms. Instead, Lys776 forms a salt bridge with Asp805. In all the three systems PIK-108 interacts with Val851 and Phe930, with similar interaction energies (Table 2).In the case of H1047R protein, PIK-108 also interacts with Gln859 while this interaction is almost absent in the WT forms. 
Table 3. Other important VDW interaction energies in the catalytic pocket.
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Figure 6. Average PIK-108-residue VDW interaction energy in the ATP binding pocket. Significant differences between the WT and the mutant binding mode can be observed.
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Figure 7. Average PIK-108-residue Coulombic interaction energy in the ATP binding pocket. Significant differences between the WT and the mutant binding mode can be observed.
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Figure 10. PIK-108 poses taken from the 1st cluster representation in the non-ATP binding pocket (top) and the ATP binding pocket (bottom). The ligand, volume grid, and key binding site residues are colored light blue for the WT human, purple for the WT murine and blue for the mutant human.
C.3 Study of the LY294002-PI3Kα interactions
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Figure 11. LY294002 in the non-ATP binding pocket of WT (left) and H1047R human PI3Kα. The protein is shown in New Cartoon representation; the most important residues as well as LY294002 are shown in licorice representation and are colored in magenta and by name respectively.  
The hydrogen bonds that are presented in Table 3.
Table 3. Hydrogen bond occupancy for the different systems.
	
	Hydrogen bond % occupancy

	residue
	WT human
	WT mutant

	Catalytic pocket

	Val851
	90.93
	92.89

	Asp933
	16.81
	8.47

	Allosteric pocket

	Leu956
	4.20
	-

	His1047
	3.87
	-

	Gln981
	-
	4.49

	Gln1042
	-
	4.44

	Thr908
	-
	1.82
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Figure 12. Average LY294002-residue VDW interaction energy in the ATP binding pocket. The similarity between the binding modes indicates that the two protein forms have similar ATP binding pockets.
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Figure 13. Average LY294002-residue electrostatic interaction energy in the ATP binding pocket. Electrostatic interactions are different only in the case of Glu849 and Asp933, whereas the strong interaction with Val851 is evident in both protein forms.
[image: ]
Figure 14. Average LY294002-residue VDW interaction energy in the allosteric pocket.
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Figure 15. Average LY294002-residue electrostatic interaction energy in the allosteric pocket.





C.4 Comparison between LY294002 and PIK-108 binding modes
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Figure 16. Binding poses of PIK-108 (top) and LY294002 (bottom) in the non-ATP pocket of the WT protein. The snapshots were extracted from the first cluster representatives of the respective simulations. 
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Figure 17. Superimposition of the two ligands in the non-ATP pocket of the WT human protein after binding site alignment. The three key residues Leu956, Phe980, and His1047 are shown in VDW representation in cyan for the PIK-108 system and in blue for the LY294002 system. 
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Figure 18. Superimposition of the two ligands in the ATP pocket of the WT human protein after binding site alignment. The three key residues Met772, Val851, and Asp933 are shown in VDW representation in cyan for the PIK-108 system and in blue for the LY294002 system. 
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Figure 19. Binding poses of PIK-108 (top) and LY294002 (bottom) in the non-ATP pocket of the H1047R mutant protein. The snapshots were extracted from the first cluster representatives of the respective simulations. 
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Figure 20. Superimposition of the two ligands in the ATP pocket of the H1047R human protein after binding site alignment. The three key residues Met772, Val851, and Asp933 are shown in VDW representation in cyan for the PIK-108 system and in blue for the LY294002 system. 

D. Discussion
- Our simulations are in good agreement with available experimental data [Hon2012, Mandelker2009]
- All the key interactions of PIK-108 both in the ATP-binding and the allosteric pocket were captured. PIK-108 remained stable in both sites in all three variants. Same stands for LY294002.
- LY294002 and PIK-108 have very similar poses and interactions in the catalytic pocket. 
- Despite its smaller size, LY294002 interacts with the same protein residues as PIK-108 in both pockets in the WT protein. This similarity is striking especially in the ATP binding pocket.
19

image3.png




image4.png




image5.png




image6.emf

image7.emf

image8.png
Cys905  Pro953 Phe954  Val955 Leu956 Thr957 Phe960 Phe980 GIn981 Met1043 1047 Trp1051

rrnyy

eo
G o

LW N
ENT IR N

o

L12RDO
M 4a55
H H1047R

Average VDW Interaction Energy (kcal/mol)

L®
b o

©
n





image9.png
Cys901 Cys905 Phe954 Val955 Leu956 GIn981 Met1043 Asn1044 Gly1050

L12RDO
M 4a55
M H1047R

°
£ -
=>
S
=
&
]
c
w
<
2
k5]
©
e
1
o}
£
2
2.
£
o
Fl
1
S
@
&
I
g
<





image10.emf
Average Err.Est. Average Err.Est. Average Err.Est.

Cys901 -0.07 0.01 -1.27 0.02 -2.01 0.22

Thr908 -0.39 0.05 -2.09 0.04 -0.14 0.01

Phe909 -1.50 0.08 -1.96 0.05 0.00 0.01

Leu961 -0.34 0.02 -1.78 0.10 -3.25 0.13

Phe977 -3.05 0.09 -2.06 0.08 -4.10 0.50

His1048 -0.31 0.05 -0.53 0.02 -2.55 0.50

Gly1050 -2.31 0.03 -1.04 0.14 -0.01 0.00

2RD0 4a55 H1047R


image11.emf

image12.emf
Average Err.Est. Average Err.Est. Average Err.Est.

Arg770 -0.22 0.04 -1.77 0.07 -0.38 0.04

Val851 -1.89 0.01 -1.85 0.01 -1.89 0.01

Gln859 -0.32 0.05 -0.11 0.01 -1.66 0.02

Phe930 -1.23 0.02 -1.15 0.01 -1.19 0.03

2RD0 4a55 H1047R


image13.png
Met772  Pro778  Trp780 11e800 Tyr836 lle848 Val850 Met922 1le932  Asp933 Leul067 Asnl068

M

T =
P POV P 4

g
&

-
VRIS

12RDO
M 4a55
M H1047R

&
&

°
£
=
S
=
>
oo
X
]
c
w
c
L
©
o
]
3
£
3
)
>
o
oo
e
:
<

&





image14.png
Tyr836 Gluga9 Val850 Valg51 GIn859 11e932 Asp933 Leu1067

L12RDO
M 4a55
B H1047R

©
£
=
3
=
&
@
<
w
<
2
b+
©
e
Q
2
£
2
E=
£
°
3
]
o
o
=3
©
e
2
<





image15.png
non-ATP binding pocket

Cys901 -

Val851





image16.emf

image17.png
Met772  Trp780 11e800 Tyr836 le848 Val850 Val851 Thr856  Met922  Phe930 11e932 Asp933

L12RDO
M Mutant

°
£
=
S
=
&
3
o
&
c
S
S
i+
©
I
3
2
£
[=]
>
@
&
I
g
<





image18.png
Trp780 Lys802 Tyr836 Glugag Val850 Val851 Ser854 Met922 1le932 Asp933 Phe934

' g g

112RDO
B Mutant

S
£
=
= -
S
=
>
<
]
<
w
<
2
t
o
o
]
2
£
2
8
5
K]
F]
o
o
@
o
o
2
<





image19.png
Cys905 Val906  Phe909  Pro953  Phe954  Val955 Leu956 Phel039 GIn1042 Met1043 1047 Trp1051

11] !

T
& i s oo

IS

R
PO -

°
£
>
S
=
>
2
7}
o
[
c
L
B35
o
jd
g
2
£
o
>
[
oo
©
I
H
<

L12RDO
 Mutant

&
i

N





image20.png
Cys901 Cys905 Thro08 His931 Phe954 Phe977 Phe980 Cys984  Met1043 1047 Trp1051

N e

L12RDO
H Mutant

©
£
=
o
S
=
>
oo
=
GJ
c
w
c
2
-]
1]
©
e
Q
K]
£
2
a2
€
K}
3
]
o
L
oo
©
©
2
<





image21.emf

image22.emf

image23.emf

image24.emf

image25.emf

image1.emf

image2.emf

