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Abstract Designing selective protein kinase B (PKB/Akt)
inhibitor is an area of intense research to develop potential
anticancer drugs. In the present study, the molecular basis
governing PKB-selective inhibition has been investigated
using molecular dynamics simulation. The binding free ener-
gies calculated by MM/PBSA gave a good correlation with the
experimental biological activity and a good explanation of the
activity difference of the studied inhibitors. The decomposition
of free energies by MM/GBSA indicates that the ethyl group on
pytrolo[2,3-d Jpyrimidine ring of inhibitor Ligl (N-{[(3S)-3-
amino-1-(5-ethyl-7H -pyrrolo[2,3-d Jpyrimidin-4-yl)pyrrolidin-
3-yl]-methyl}-2,4-difluoro-benzamide) is an important contrib-
utor to its PKBo selectivity due to its hydrophobic interaction
with the side chain of Thr291 in PKB«. The substituted groups
on the pyrrolidine ring of Lig] also show a strong tendency to
mediate protein-ligand interactions through the hydrogen
bonds formed between the amino or amide groups of Ligl
and the carboxyl O atoms of Glu234, Glu278, and Asp292 of
PKB«. It was reported that there are only three key amino acid
differences between PKBox (Thr211, Ala230, Met281) and
PKA (Vall04, Val123, Leul73) within the clefts of ATP-
binding sites. These differences propel a drastic confor-
mational change in PKA, weakening its binding inter-
actions with inhibitor. The impact was also confirmed by
MD simulated interaction modes of inhibitor binding to
PKB«& mutants with the in silico mutations of the three key
amino acids, respectively. We expect that the results obtained
here could be useful for future rational design of specific ATP-
competitive inhibitors of PKB«.
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Introduction

Protein kinase B (PKB, also known as Akt) [1, 2] is a serine/
threonine protein kinase. It is a downstream target for phos-
phatidylinositol 3-kinase (PI3K) to play an important role in
PI3K-Akt-mTOR pathway. Activated PKB can control cell
signaling processes by phosphorylating endogenous substrates
which are involved in glucose metabolism, cell growth, surviv-
al, apoptosis, cell migration and transcription. PKB activity is
frequently elevated in tumor due to several reasons, including
the amplification and function mutations of upstream receptor
tyrosine kinases and PI3K, as well as functional loss of PTEN, a
negative regulator of PKB. Aberrant PKB signaling has been
observed in a number of human cancers, including breast,
prostate, ovarian carcinoma, and melanoma. PKB belongs to
AGC protein kinase superfamily [3]. It was identified as a
homology protein of protein kinase A (PKA), sharing 65 %
homology with PKA [4]. There are three subtypes of human
PKBs, including PKBo/Akt-1, PKB(3/Akt-2, and PKBy/Akt-3,
which share a more than 80 % homology with each other [3, 5].
The major isoform PKB« is ubiquitously expressed at high
levels [6] and has become a target for anti-tumor therapy [7].
There are a few PKB« inhibitors studied in clinical trials for the
treatment of tumor, such as ATP-competitive inhibitors
GSK690693 (4-(2-(4-amino-1,2,5-oxadiazol-3-yl)-1-ethyl-
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7-((S)-piperidin-3-ylmethoxy)-1H-imidazo[4,5-c |pyridin-4-
yl)-2-methyl-but-3-yn-2-01)[8] and GDC-0068 (2-(4-
chlorobenzyl)-1-(4-((5R, 7R )-7-hydroxy-5-methyl-6,7-dihydro-
5H -cyclo-penta[d |-pyrimidin-4-yl)piperazin-1-yl)-3-(isopro-
pyl-amino)-propan-1-one)[9] (Fig. 1). GDC-0068 is currently
under evaluation in clinical trials against cancer with quite good
selectivity (PKBo: IC5o=5 nM, PKA: IC5,=3100 nM, PKA
selectivity ratio=620). GSK690693 is also a highly potent
inhibitor of Akt kinases with ICs, value of 2 nM for PKBa,
but it is less selective for other members of the AGC kinase
family, like PKA (IC5p=24 nM) and PrkX (IC5o=5 nM).
Therefore, the clinical phase I trial of GSK690693 was termi-
nated in 2010. These results indicated that PKB inhibitor should
be developed with higher specificity for PKBx over PKA.
With empirical or knowledge-based scoring functions,
structure-based molecular modeling and graphic analyses have
been undertaken to elucidate characteristically the selective
mechanism of PKB« inhibition [7, 10—12]. For example,
Freeman-Cook et al. proposed an effective strategy to maintain
PKBuw selectivity of the inhibitor by increasing the steric de-
mands of its substituents which are better tolerated in the
binding pocket of PKBo than PKA [7]. Xu et al. concluded
that the inhibitor’s selectivity to PKB over PKA can be mod-
ulated by increasing the size of its substituent, which has
hydrophobic interaction with PKB«’s hinge region near the
gatekeeper residue Met227 [10]. Kallan et al. hypothesized
that the different hinge interactions, which are critical for the
activity, may be responsible for PKBx selective inhibition [11].
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Fig.1 The structures and ICsos of PKB inhibitors GSK690693[8], GDC-
0068[9], Ligl, Lig2, and Lig3[7]
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By coupling the results from the X-ray structures of PKBo and
PKA and biological evaluation, Bencsik et al. put forth their
proposal on the differences of three key amino acid within the
ATP-binding sites between PKBo (Thr211, Ala230, Met281)
and PKA (Val104, Val123, Leul73), since there is a narrower
cavity in PKA than in PKB. Hydrophilic substituents in the
vicinity of Thr211 and the bound water would be expected to
improve selectivity over PKA [12].

As an important technology and tool to study interaction
mechanism for ligand-receptor complex, molecular dynamic
(MD) simulations and free energy calculations have been wide-
ly applied for the studies of the selectivity of different kinase
inhibitors in recent years [13—16]. Free energy calculations have
been frequently performed to evaluate the binding affinities of
ligands and further predict their bioactivities and influences on
the stabilities of biomolecular structures. By integrating molec-
ular mechanics energy and continuum solvation models, mo-
lecular mechanics/Poisson Boltzmann surface area (MM/
PBSA)[17] and molecular mechanics/generalized Born surface
arca (MM/GBSA)[18] were developed for the free-energy cal-
culations and molecular docking studies of ligand binding to its
receptor. MM/PBSA and MM/GBSA are indeed more specific
than most empirical or knowledge-based scoring functions. In
addition, the binding statues variation due to the flexibility of the
pocket could be clearly evaluated with the implementation of
MM/PBSA and MM/GBSA methods based on the MD simu-
lation. Moreover, both MM/PBSA and MM/GBSA allow for
rigorous free-energy decomposition into contributions originat-
ing from different groups of atoms or types of interactions,
which could predict both key residues around the binding
pocket and pharmaceutical features within ligand playing criti-
cal roles in ligand’s bioactivity. As the MD simulation and free
energy calculations can predict the ligand’s affinity rapidly,
intuitively and effectively, the popular MM/PBSA and MM/
GBSA methods have been successfully applied to the study of a
variety of protein systems [13, 16, 19, 20]. However, no one has
employed MD simulation and free energy calculations to ana-
lyze the mechanism of PKB« selective inhibition.

In the present study, we performed MD simulations, free
energy calculations on the inhibitors with different selectivity
binding to PKA or PKB to study the interaction mode and
selective mechanism. As reported, N-{[(3S)-3-amino-1-(5-eth-
yl-7H -pyrrolo[2,3-d Jpyrimidin-4-yl)pyrroli-din-3-ylJmethyl} -
2,4-difluorobenzamide (compound Ligl in Fig. 1) displays
900-fold greater selectivity for PKBo than PKA, while inhib-
itors Lig2 and Lig3 have moderate selectivity [7]. These three
ligands taken up in this study contain the steric substituents,
proposed to be essential requirements for PK B« selectivity. By
comparing the structures of inhibitors Ligl, Lig2, and Lig3, [7]
it was observed that there is a tremendous selectivity toward
PKB« after the introduction of a C-6 substituted ethyl group on
pyrrolo[2,3-d Jpyrimidine ring and a C-12 substituted N-
methylbenzamide group on pyrrolidine ring. However, to the
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best of our knowledge, a detailed insight into the role of the C-6
substituted ethyl group on pyrrolo[2,3-d Jpyrimidine ring and
the C-12 substituted N-methylbenzamide group on pyrrolidine
ring in PKB« selectivity remains to be investigated. It is
essential to inspect how the topological changes are induced
by the three key amino acids in the binding pocket of PKB«x
(Thr211, Ala230, and Met281) compared to PKA (Vall04,
Vall123, Leul73). The effect of the different residues on the
ligand’s binding with PKA should also be observed. Thus, to
improve our understanding of selective mechanism for PKBox
inhibition and to assist future structure-based drug design of
selective PKB’s inhibitor, we employed computational
methods to investigate the role of individual residues in ligand
binding. A molecular dynamics study of wide type PKB«x
versus three mutants (in silico mutations at positions of
Thr211, Ala230, and Met281, respectively, in PKBx) in the
presence of compound Ligl was undertaken primarily to
address the above objectives. In addition, a combined
computational approach of MD simulation, MM/PBSA
free energy calculations, and MM/GBSA free energy
decomposition analysis was performed to another two
PKB’s inhibitors Lig2 and Lig3 (Fig. 1) binding with PKB«x
and PKA, respectively. It is expected that the obtained results
can help to understand the binding process and provide some
insights into the further rational design of novel, potent, and
selective PKB« inhibitor.

Methods
Initial structure preparation

The co-crystal structure of PK B with its inhibitor Lig] (PDB
entry: 3MVH][7]) was obtained from the RCSB Protein Data
Bank (PDB). The structure of 3MVH was taken as the starting
point for the following calculations. Inhibitors Lig2 and Lig3
were prepared by modifying structure of Ligl extracted from
the co-crystal structure of complex PKB-Ligl using Sketch
module in SYBYL-X 1.3 [21]. The in silico generated con-
formations of Lig2 and Lig3 were respectively inserted into
the binding pocket of 3MVH to replace Ligl for the initial
structures of the complexes PKB- Lig2 and PKB-Lig3.

Due to the high homology structures among the different
protein kinases, the initial structures of our studied inhibitors
Ligl, Lig2, and Lig3, respectively, binding to PKA were gen-
erated for MD simulations as follows. At first, the crystallo-
graphic structure of PKA (PDB entry: 30W3[12]) was
downloaded from the RCSB Protein Data Bank. The obtained
structure of PKA was then superimposed with our previously
generated structures of three different PKBa-inhibitor com-
plexes, respectively. Each inhibitor was then extracted from its
complex with PKBx and merged into PKA to construct the
primary PKA-ligand complex model.

The mutants at position Thr211, Ala230, and Met281,
respectively, of PKBo were generated through in silico mu-
tations by replacing the corresponding residues of SMVH with
the desired amino acids using the Biopolymer module in
SYBYL-X 1.3 [21]. The treated structures of these three
PKB« mutants, named as T211V, A230V and M281L, were
further submitted to MD simulations for the calculations of
their interaction modes with inhibitor Lig1, respectively.

MD simulation

The MD simulations were performed using AMBER11 soft-
ware package [22]. The missing atoms of PKBx and PKA
were added using the leap program in AMBERI11. Each
complex was immersed in TIP3P[23] water in a truncated
octahedron box with a margin distance of 9.0 A. CI" or Na"
ions were then added to neutralize the systems using LEaP
module in AMBERI11. The AMBERO3 force field [24] was
used to establish the potentials of the proteins, while the
general AMBER force field (GAFF) [25] was used to estab-
lish the potentials of the inhibitors. The atomic charges and
atom types were assigned by the Antechamber tool in the
Amber software package. Particle mesh Ewald (PME) [26]
was employed to calculate the long-range electrostatic inter-
actions. A 10.0 A cutoff distance was applied for the long-
range van der Waals (vdW) energy term. In order to remove
any steric conflicts induced during system setup, structural
optimizations were first performed on the relaxed water mol-
ecules and counter ions in two steps with the harmonic con-
straint potential of 500 kcal-(mol-A%)™" and 10.0 kcal-(mol-
A?)!, respectively, on all heavy atoms of both protein and
ligand. Afterward, the whole system was minimized without
any restraint. The above three steps were all executed by
2500 cycles of steepest descent minimization followed by
5000 cycles of conjugate gradient minimization. After system
optimization, running MD simulations was started on the
systems by gradually heating each system in the NVT ensem-
ble from 0 to 300 K in 100 ps using a Langevin thermostat
with a coupling coefficient of 1.0/ps and with a force constant
10 keal - (mol-A?) " on the complex [27]. Considering about the
stability of each complex, additional four steps of MD equili-
brations were carried out with decreasing restraint weights of
5 keal-(mol-A%)!, 1 keal-(mol-A%) ", 0.5 keal-(mol-A%) ",
and 0.1 kcal-(mol-A%) !, respectively, in a time of 100 ps per
step at 300 K. Finally, a production run for 16 ns MD simula-
tions were performed under the constant temperature of 300 K
in the NPT ensemble with periodic boundary conditions.
During MD procedure, the SHAKE algorithm [28] was applied
for the constraint of all covalent bonds involving hydrogen
atoms. The time step was set to 2 fs. Coordinate trajectories
were saved every 1 ps throughout the equilibration runs and
every 2 ps throughout the production MD runs; 1000 snapshots
of the simulated structures within the last 2 ns stable MD

@ Springer



5100

J Mol Model (2013) 19:5097-5112

trajectory at 2 ps intervals were extracted for further binding
free energy calculations and decomposition analyses.

Binding free energy calculations

The binding free energies (AGying) of the inhibitors with
PKB«&, PKBa mutants, PKA were calculated using MM/
PB(GB)SA method as implemented in Amber 11[29]. The
total binding free energy is estimated as the difference be-
tween the complex’s free energy (G omplex) and the sum of
individual protein’s free energy (G protein) and inhibitor’s free
energy (Giigana)- It can be calculated using the following
equation:

AGbind = AH-TAS = Gcomplexf(Gprotein + Gligand) . (1)

Each free energy item in Eq. 1 can be calculated by following
equation:

AG = AEyps + AGyy—TAS (2)

where AEvm, AGgo, TAS represent the molecular me-
chanic energy, the solvation free energy, and the conformation-
al entropy upon ligand binding at temperature 7, respectively.
AE v can be divided into the electrostatic energy (AE ), the
van der waals energy (AFE,qw), and internal energy (AE;,)
(Eq. 3), and the solvation free energy (AG ) can be divided
into the polar and the nonpolar parts (Eq. 4):

AEMM - AEele + AEvdW + AEint (3)
and,
AGsol - AGele, sol PB(GB) + AGnanpal, sol (4)

where AG e, sol PB(GB) accounts for the electrostatic con-
tribution to solvation and can be calculated using a Poisson
Boltzmann (PB) model [30] or a generalized Born (GB)
model [31]; AG onpolsol accounts for the nonpolar contribu-
tion to solvation and can be calculated by relating it to the
solvent accessible surface area (A%) (SASA) [16, 32, 33]. The
LCPO (linear combination of pairwise overlaps) method [32]
was used to calculate the solvent accessible surface area
(SASA) with a solvent-probe radius of 1.4 A. As illustrated
in Eq. (5), AG nonpoisol Was linearly related to calculated
SASA with a surface tension parameter y of 7.2
103 keal- (mol-A2)7l and a parameterized b value of 0, which
were adopted in many publications [14, 15, 33, 34].

AGnonpol,sol = 'YSASA +b (5)

Finally, the entropy contributions (translation, rotation, and
vibration) were obtained by using the Nmode protocol [35]. It
can be determined from the following equation:

TAS = T(AStruns + ASmt + ASvib)- (6)
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Forty snapshots were extracted from the last 2 ns MD
trajectory to calculate the entropic contribution using the
normal mode [35]. The minimizations for each snapshot was
carried out using the conjugated gradient method with a
distance dependent dielectric of 4r; (r; is the distance be-
tween two atoms) until the RMS of the elements of the
gradient vector was lower than the threshold of 1.0x
10~* keal-(mol-A) .

The experimental binding free energy[36] was calculated
from the inhibition constant ICs, using the following equa-
tion:

AG oy~RT-InICs, (7)

where R=1.986x 10> keal-(K-mol) ', T=300 K, and ICs is
in molar-mol ™",

Per-residue free energy decomposition analysis

In order to provide insight into the changes that occur in the
energetic profile of the interaction over the course of the
trajectory, binding free energy were further decomposed to
each residue’s contribution to ligand using the MM/GBSA
program in Amberl1 [29]. By compared to total binding free
energy calculations, per-residue free energy decomposition
could reveal each residue’s impact on ligand, which will allow
us to analyze more deeply and clearly the binding capability
and selectivity of each inhibitor. It can be calculated according
to the equation:

AGinhibiar—residue = AEvdW + AEele + AGele.sol + AGnanpol,sal
(8)

In the above equation, AE ,qw and AE , are van der Waals
and electrostatic interactions, computed by the sander pro-
gram in Amberll [29], between each inhibitor and every
residue of PKB«x or PKA. The polar contribution of solvation
(AG e, so1) Was calculated using the generalized Born (GB)
model with the parameters developed by Onuftriev et al. [37].
The nonpolar contribution of solvation (AG sonpol, sol) Was
computed based on SASA determined with the ICOSA meth-
od [18]. The same snapshots utilized in binding free energy
calculations were used.

Results and discussion

Overall structural flexibility and stability of MD results
Sixteen ns MD simulations were run for the nine complexes,
including six complexes of inhibitors Lig1, Lig2, and Lig3 with

PKB« and PKA, respectively, and another three complexes of
Ligl with three PKBx mutants T211V, A230V and M281L,
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respectively. Figure 2a-2i showed the calculated RMSDs for all
Co atoms of proteins, backbone atoms of binding pockets
(within 6.5 A of each ligand), and all heavy atoms of the
inhibitors of each saved snapshot during MD simulation in
relative to the initial minimized structures of each correspond-
ing system. The RMSD plots indicate that the conformations of
the nine systems achieve equilibrium after 4 ns. So it is reason-
able to do the binding free energy calculation and free energy
decomposition based on the conformations extracted from 4 to
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Fig. 2 RMSDs of Cx atoms of the protein, backbone atoms of binding
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Ligl, (b) PKA-Ligl, (¢) PKB«x-Lig2, (d) PKA-Lig2, (e) PKBx-Lig3,
(f) PKA-Lig3, (g) T211V-Ligl, (h) A230V-Ligl, (i) M281L-Ligl, (j)
RMSF of each residue of the protein for the complex obtained from the

16 ns. The RMSDs of the complexes except M281L-Ligl
fluctuate around ~1.5 A and ~2.0 A for protein and ligand,
respectively. The M281L-Ligl has the highest fluctuations
among the nine systems. Interestingly, Ligl seems to have an
unstable binding mode with M281L, which is revealed by the
highest average RMSD values of 3.33 A and 1.63 A for protein
and inhibitor, respectively, among the nine systems.

Fig. 2j-21 show the root-mean-square fluctuation (RMSF)
versus the residue number for these nine complexes. Each
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Fig. 2 continued.

RMSF of the PKB«’s residues from MD trajectory show
similar trend with the results derived from the X-ray crystal-
lographic data, including the residues in the flexible loops
with higher fluctuation values. All these data verify the rea-
sonability of the MD results. RMSF profiles of the protein
structures of PKBa, PKA and mutants are similar, suggesting
that all inhibitors have similar binding modes with PKB«,
PKA and mutants. However, it is also observed that the RMSF
fluctuation of the active site in M281L-Ligl is highest among
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the nine complexes. This result suggests that the binding mode
of Ligl with M281L may be relatively unfavorable as com-
pared to the other eight protein-inhibitor combinations.

Binding free energy calculation
Table 1 summarized the binding free energies of nine systems

calculated by the MM/PBSA and MM/GBSA methods in
AmberTools 12 [29]. Although the binding free energies
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calculated are not equal to the absolute experimental values
(AGcyp) determined by ICsy, the changing trends of AG g
(B values of inhibitors Ligl, Lig2, and Lig3 (=61.49, -51.20,
and —42.51 kcal-mol ', respectively) binding to PKBx are
congruent with the changing trends of their experimental ICs
values [7] (PKBa: Ligl, IC5y=0.5 nM; Lig2, IC5y=3.3 nM;
Lig3, ICso=7.8 nM). The AG o4 (GB) Values of inhibitors Ligl,
Lig2, and Lig3 in PKBx are also lower than those of the
inhibitors in PKA, respectively, indicating that these inhibitors
bind more tightly with PKBo. On the other hand, the difference
of the AG eq B values of Ligl with PKBx and PKA is more
significant in comparison to Lig2 and Lig3. This is in accord
with the fact that Lig] is the compound with the best selectivity
to PKBx among the three selective inhibitors. Furthermore,
AG ed By of Ligl binding to PKB« is more negative than
that of each PKBo mutant (T211V, A230V, M281L), indicating
that Ligl binds more tightly with PKB«x than three PKBx
mutants, and the residues Thr211, Ala230, and Met281 of
PKB« could lead to enhanced binding affinity between inhibitor
and protein. Therefore, it could be hypothesized that all three
residues play critical roles in bioactivity and selectivity of Lig].

As listed in Table 1, the total binding free energy was
decomposed into individual components with MM/PBSA
and MM/GBSA, which enabled us to understand the
binding process of each complex in detail. Comparisons
of the energy components for all nine models reveal that
electrostatic interaction is the biggest contributor to li-
gand’s binding to PKB«, three PKBx mutants (T211V,
A230V, M281L), and PKA. The noticeable differences of
inhibitors Ligl, Lig2 and Lig3 binding to PKBx, PKA,
and the PKBo mutants also lie in electrostatic interactions.
This finding is not surprising since there are a few
charged residues, including Glu228, Ala230, Glu234,

Glu278, and Glu292 within 5 A around each of inhibitors
Ligl, Lig2, and Lig3, in the binding pockets of PKBx
and each PKBo mutant. Similarly, the three inhibitors
binding to PKA are surrounded by its charged residues
Glul21, Vall23, Glul27, Glul70 and Aspl184. However,
the favorable Coulomb interactions between protein and
inhibitor are counteracted by the unfavorable electrostatics
of desolvation, which means that the sum (AG g .+AG e,
sol) of the electrostatic interaction contributions in vacuum
and solvent is unfavorable for the binding of inhibitors in
the nine systems [15]. Although E 4w and the nonpolar
solvation contribution AG nonpol, soi are less important than
electrostatic contribution, they also drive the interactions
between PKB«, PKA, three PKBo mutants and the inhib-
itors. The favorable effects of hydrophobic residues with
ligand are larger in PKBo than in PKA and three PKBx
mutants. Meanwhile, in comparison to Lig2 and Lig3, the
differences of the values of AGe, Evaw and AG ponpol, sol
of Ligl with PKBx and PKA are more significant. All
these data verify that Ligl has better selectivity toward
PKB« than inhibitors Lig2 and Lig3.

Dynamics analysis of selectivity mechanism for inhibitors

As shown in Fig. 1, Ligl has better PKBx selectivity
than Lig2 and Lig3. In the current work, their selectiv-
ity toward PKBo rather than PKA is discussed from
two aspects. First, considering that the selectivity of an
inhibitor is determined by the dissimilarity between the
proteins, especially the differences in residues in the
binding sites, it is necessary to compare the protein
structures of PKBoa and PKA. PKA is highly homolo-
gous to PKB«, sharing approximately 80 % sequence

Table 1 Binding free energies and its components for the studied inhibitors with proteins”

Protein-inhibitor PKBo-Ligl PKA-Ligl PKBo-Lig2 PKA-Lig2 PKBa-Lig3 PKA-Lig3 T211V-Ligl A230V-Ligl M281L-Ligl
AE aw -49.87 4357  —48.60 4553 —47.95 4709  —49.44 —48.60 —47.43
AE 4. 20291 —90.97  —184.11 -10028  -151.85 8322  -142.01 ~171.84 -189.82
AG nonpol, sol -35.41 2979  —32.87 3055  —31.84 3056  —34.56 -34.08 —34.59
AG g, sol #B) 22251 120.73 202.68 127.12 177.25 113.37 164.63 195.24 204.48
AG e, sol (GB) 208.67 105.07 189.27 111.60 164.32 102.57 153.29 179.74 191.67
AE yqw+AG ponpolsl —85.28 7336 —8147 7608  —79.79 7765  —84.00 -82.68 -82.02
AE 4o+ AG ool omy  19.60 29.76 18.57 26.84 25.40 30.15 22.62 23.40 14.66
AE 4o+ AGgiesor @By 576 14.10 5.16 11.32 12.47 19.35 11.28 7.90 1.85
TAS ~18.03 ~1896  -25.11 2056 2481 2420 2270 ~24.98 ~19.57
AG prea o5) —47.65 2464 3779 2868  —29.58 2330 3868 -34.30 ~47.79
AG pred GB) ~61.49 -4030 5120 4420 4251 3410  -50.02 ~49.80 ~60.60
1Cso vy 0.5 450 33 131.3 78 938.3 - - _
AG o € ~12.75 ~8.70 ~11.63 -9.44 ~11.12 -8.26 - - -

“ All energies are in keal-mol ! ; the MM-PB(GB)SA calculated binding free energy AG ,eq=AE yqw+AG nonpolsol t AE e T AG cie 501 - TAS. b The
ICs values of Ligl, Lig2, and Lig3 were taken from reference [7]. © The experimental binding free energy AG o, =—RT InICs,
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identity within the ATP binding site. There are only
three different residues within the clefts of the ATP
binding sites of PKBa (Thr211, Ala230 and Met281)
and PKA (Vall04, Vall123, Leul73) [38]. By comparing
the MD-simulated representative snapshots of complexes
of Ligl binding to PKBx and three PKBoa mutants
(Fig. 3a, g, h and 1), it is found that the in silico site
mutation at Thr211, Ala230 and Met281, respectively, of
PKBa would not induce the change of binding modes of
Ligl. As illustrated in Fig. 3, inhibitors Ligl, Lig2, and Lig3
undergo similar interactions with PKBo and PKA. For exam-
ple, the nitrogen atom in pyrrolo[2,3-d Jpyrimidine ring of
each inhibitor acts as hydrogen bond acceptors to form
hydrogen bonds with the oxygen atoms in the backbone
of Ala230 (PKB«) and Vall23 (PKA), respectively. The
NH group in pyrrolo[2,3-d |pyrimidine ring of each inhibitor
acts as hydrogen bond donors to form hydrogen bonds with
Glu228 of PKB«x and Glul21 of PKA, respectively. In addi-
tion, the C-12 substituted primary amine group on pyrrolidine
ring of each inhibitor become hydrogen bond donor to make
hydrogen bonds with Glu234 (PKBx), Glu127 (PKA).

By comparing the MD-simulated representative snap-
shots of complexes of PKBa with three inhibitors, it is
found that the inhibitors have similar interactions in
PKB« (Fig. 3a, ¢ and e). In relative to PKA and three
PKB« mutants, there are significant movements of the
residues (Thr291 and Asp292 of PKBa mutants, Thr183
and Aspl84 of PKA) away from the inhibitors (Fig. 3b,
d and f, i). In PKA, the side-chain carboxyl group of
Aspl84 even has a similar trend to rotate 90° away
from the inhibitors both in the initial structures and
MD results. The rotation caused the disruption of the
hydrogen bond between the side-chain carboxyl group
of Aspl184 in PKA and the NH group of N-
methylbenzamide group of the inhibitors. On the other
hand, the structural alignment of PKBx and PKA indi-
cates that the side chains of Vall04, Vall23, Leul73 in
PKA form a narrower cavity than that enveloped by
side chains of Thr211, Ala230 and Met281 in PKB«.
To describe the frame of active site, four atoms in the
backbone around the inhibitor were chosen as the key
points, including a nitrogen atom of Ala230 and three
oxygen atoms of Glu228, Glu234, and Asp292 (Fig. 4).
The distances between each pair of points were measured
to observe the mutational effect on the frame of active
site. As shown in Fig. 5, the site mutation causes signif-
icant changes in the frame of active site. All these data
suggest that these three residues are important for maintaining
the shape of active site which is essential for the selectivity of
PKB« inhibitor.

The hydrogen-bond interactions and free energy decompo-
sition were further analyzed to characterize the detailed inter-
actions between inhibitors and residues based on the above

@ Springer
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Fig. 3 Structure comparison between initial (green) and representative
snapshot from MD (cyan) of: (a) PKB«&-Ligl, (b) PKA-Ligl, (¢) PKBx-
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A

Fig. 4 Comparison of the inhibitor-binding pockets, depicted by solvent
accessible surfaces, in the X-ray structures of PKB«x (green) and PKA
(orange). Dash-line linked four atoms from four key residues (PKB«x
numbering) were applied to define the frame of active site

work, which will provide more quantitative information. They
are investigated and discussed in the following sections.

Comparison of the binding modes of Ligl in complexes
PKBa-Ligl, mutants-Ligl and PKA-Ligl As indicated in
Fig. 6a, c and e, the interactions between inhibitors and the
residues Leul56, Gly157, Vall64, Alal77, Met227, Glu228,
Tyr229, Ala230, Glu234, Glu278, Met281, Thr291, and
Phe438 of PKB« are the most favorable dominant contribu-
tions to the binding of the three ligands, but the unfavorable
electrostatic interactions between Ligl or Lig2 and the resi-
dues Lys179 and Asp292 of PKB« are also found. The major

« PKBa Crystal

- <
I v 2 « PKBu MD
12- N 4 : v * s T2V
v . ' « A230V
—_ " " = < 2
Z10 . M281L
8
3
yﬂ -
a 61
44 s
2 T T T T . .
= ey I = [=] =T
[ag] (28] o gl (2] (ag]
¢ 8§ 8 % § &
o0 oo -] ol -+ (]
o In] ol = [se] =
(s 2 & 8 & 2

Key atom pair

Fig.5 The atom-to-atom distances between the atoms in backbone at the
key positions

favorable energy contributions arise predominantly from the
residues Leul56, Gly157, Vall64, Alal77, Lys179, Glu228,
Tyr229, Ala230 (or Val230 of PKBx mutant A230V),
Glu234, Met281 (or Leu281 of PKBa mutant M230L),
Thr291 and Phe438 of three PKBx mutants. Lys179 produces
the unfavorable electrostatic interaction to the binding of three
ligands with PKBa mutants (Fig. 6g, h and i). Residues
Leu49, Gly50, Val57, Ala70, Lys72, Glul21, Tyrl22,
Val123, Glul27, Leul73 and Thr183 of PKA make the major
favorable energy contributions to the inhibitors binding to
PKA. The binding of the three ligands with PKA are
counteracted by the unfavorable electrostatic interactions of
inhibitors Ligl, Lig2, and Lig3 with Lys72 (Fig. 6b, d and f).
Special attention was paid to those residues with relatively
large differences of the binding free energies. Both C-12
substituted primary amine group and the NH group of C-12
substituted N-methylbenzamide group on pyrrolidine ring of
Lig1 could make hydrogen bonds with Glu234 and Glu278 of
PKBu, respectively. These favorable interactions are support-
ed by the per-residue energy decomposition. As shown in
Fig. 6a and b, the energy contributions are —7.27+
0.02 kcal-mol ' and —2.47+0.02 kcal-mol™" for the res-
idues of Glu234 and Glu278 of PKB«, while the energy
contributions arise only from Glul27 (—0.97+0.02 kcal-
mol ") of PKA because of the rotations of the side-chain
carboxyl groups of Glul70 (—0.21+0.02 kcal-mol ') and
Asp184 (—0.18+0.02 kcal-mol '). Compared with Lig1 bind-
ing to PKBx mutants, the residue Glu278 of PKBx makes a
stronger interaction with C-12 substituted primary amine
group of Ligl (—2.47+0.02 kcal-mol ") than those in both
mutants of T211V (—0.17+0.02 kcal-mol™") and A230V
(—0.47+0.02 kcal-mol "), while it has weaker interaction than
that in M281L (—4.08+0.02 kcal-mol ). The residue Glu234
forms a stronger hydrogen bond interaction with C-12
substituted primary amine group of Ligl (=7.27+0.02 kcal-
mol ") in PKBo than that in all three PKBx mutants, T211V
(—6.22+0.02 kcal-mol '), A230V (—6.17+0.02 kcal-mol ),
and M281L (—5.31+0.02 kcal-mol ") (Fig. 6).

The above results are supported by the H-bond analysis. We
applied the ptraj program in Amber 11 [22] to calculate the H-
bond length and angle of the corresponding hydrogen bonds.
As shown in Table 2, the NH group and N atom in pyrrolo[2,3-
d]pyrimidine ring of Ligl form stable hydrogen bonds with
Glu228, Ala230 in PKBx (>99 % occupancy), PKBo mutants
(>99 % occupancy), and Glul2l, Vall23 in PKA (>99 %
occupancy). The NH group of C-12 substituted N-
methylbenzamide group and primary amine group also form
hydrogen bond interactions with Asp292 (57 % occupancy)
and Glu278 (54 % occupancy) of PKBax. Both side-chain
carboxyl O atoms of Asp292 could make hydrogen bonds with
NH group of C-12 substituted N-methylbenzamide group of
Ligl. In PKA, the C-12 substituted primary amine group of
Ligl forms hydrogen bond interactions with Glul27 (37 %
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Fig. 6 Inhibitor-residue
interaction spectra of:

(a) PKBa-Ligl, (b) PKA-Ligl,
(¢) PKBa-Lig2, (d) PKA-Lig2,
(e) PKB«-Lig3, (f) PKA-Lig3,
(g) T211V-Ligl, (h) A230V-
Ligl, (i) M281L-Ligl
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Table 2 Hydrogen bonds

analysis from MD* System Donor Acceptor Occupancy(%)” Distance(A)° Angle(®)!
PKB«-Ligl Ala230 N-H Ligl N1 100 3.16+0.24 160.13£11.68
Ligl N8-H Glu228 O 100 2.88+0.16 160.08+10.54
Ligl N16-H Glu292 OD1 58 3.64+0.73 146.26+14.00
Ligl N16-H Glu292 OD2 57 4.48+0.38 155.40+15.00
Ligl N25-H Glu278 O 55 4.37+0.59 133.45+9.78
PKA-Ligl Vall23 N-H Ligl N1 96 3.26+0.24 152.47+14.47
Ligl N8-H Glul21 O 100 2.86+0.13 157.51+10.72
Ligl N25-H Glul27 OE1 38 3.09+0.70 156.31+14.73
Ligl N25-H Glul70 O 35 4.64+0.24 134.26+9.77
PKB«-Lig2 Ala230 N-H Lig2 N1 100 3.13+0.19 161.13+10.97
_ PKA-Lig2 Val123 N-H Lig2 N1 99 3.26+0.27 157.82+12.45
The listed donor and acceptor  pyp, 103 Ala230N-H  Lig3 NI 98 3.120.16 155.64+12.99
pairs satisfy the criteria .
(H-bond length less than 5 A and L1g3 N8-H Glu228 O 100 2.87+0.13 157.54+10.54
H-bond angle in the range of Lig3 N25-H Glu234 OE1 31 2.95+0.53 152.98+12.64
120 ° ~180 ©) for the hydrogen PKA-Lig3 Val123 N-H Lig3 N1 96 3.26+0.20 153.84+13.68
bond over 30.0 % of .
the time during the 16 ns of MD Lig3 N8-H Glul21 O 100 2.84+0.12 156.37+10.78
simulation. ® Occupancy is the Lig3NI6-H  Aspl84OD1 34 4.04+0.76 150.62+13.73
percentage of H-bond formed Lig3 N16-H Aspl84 OD2 30 4.08+0.71 144.76+13.13
dm?nﬁ theTll?V‘?S“gateddt}me T211V-Ligl Ala230N-H  Ligl N1 98 3.13+0.17 157.18+13.17
L€ tal
beno ¢ average distance Ligl N8-H Glu228 O 100 2.86+0.12 159.31+10.28
with standard error
(SE=standard deviation/N'”?) A230V-Ligl Ala230N-H  Ligl N1 99 3.18+0.20 159.54+11.98
between H-bond acceptor. and Ligl N8-H Glu228 O 100 2.85+0.11 160.97+9.88
Proton on H-l?ond dqnor Ln the Ligl N16-H Asp292 OD2 32 4.53+0.43 146.23+13.75
investigated time period. © The . .
average H-bond angle with M281L-Ligl  Ala230N-H  Ligl NI 97 3.35+027 155.4213.92
standard error (SE=standard Ligl N8-H7 Glu228 O 100 2.83+0.11 158.85+10.71
deviation/N'?) in the Ligl N25-H  Glu278 O 81 2.84+0.12 155.28+11.25

investigated time period

occupancy) and Glul70 (35 % occupancy). The NH
group of C-12 substituted N-methylbenzamide group of
Ligl forms a hydrogen bond with Asp292 (31.8 %
occupancy) of PKBa mutant A230V. The C-12
substituted primary amine group of Ligl forms a hydro-
gen bond with Glu278 (81.4 % occupancy) of M28I1L.
Also, Ligl binds deeply into the active pocket of
PKBa, creating favorably hydrophobic interactions with
more residues than that with PKA. The hydrophobic
interaction of C-6 ethyl-substituted pyrrolo[2,3-d [pyrim-
idine ring of Ligl with residues Thr291 (—1.67+
0.02 kcal-mol™") and Phe438 (—0.93+0.02 kcal-mol ™)
contribute energetically more to PKBoa than Thrl183
(-0.65+0.02 kcal-mol ') and Phel85 (—0.02+
0.02 kcal'mol ™) to PKA. The hydrophobic interaction
of C-6 substituted ethyl group on pyrrolo[2,3-d Jpyrimi-
dine ring with residue Thr291 (—1.67+0.02 kcal-mol ")
also contributes energetically more to PKB« than that in
T211V (-1.07£0.02 kcal-mol ') and A230V (-0.91%
0.02 kcal-mol™"), except for M281L (—1.75+0.02 kcal-
mol'). As illustrated in Fig. 7 and 8, the contributions
of van der Waals and nonpolar solvation energies of

Glu278, Thr291, Asp292 were responsible for the dif-
ferences between PKBw-Ligl and T211V-Ligl, A230V-
Ligl, while only the contributions of van der Waals and
nonpolar solvation energies of Asp292 were responsible
for the differences between PKB«x-Ligl and M281L-
Ligl (Fig. 7a). As shown in Fig. 8a, the residues
Glyl157, Lys163, Vall64, Met227, Glu278, Met281,
Thr291, Asp292, and Phe438 make more contributions
of van der Waals and nonpolar solvation energies to
PKB« than the residues Gly50, Arg56, Val57, Metl20,
Asnl71, lle174, Asp184, Phel85, and Glu331 to PKA. The
different van der Waals and nonpolar solvation energies were
responsible for the differences between PKB«x-Ligl and
PKA-Ligl (Fig. 8a). The total electrostatic energies of
Glu228, Glu234 and Glu278 yield the energetic differences
between PKBa-Ligl and the mutants-Lig1 (Fig. 7b). The total
electrostatic energies of Glu234 (Glu127 in PKA) and Glu278
(Asnl71 in PKA) of PKB«x yield the energetic differences
between PKB«-Ligl and PKA-Ligl (Fig. 8b).

Asillustrated in Fig. 6a and b, o, p - difloro substitutions on
the phenyl ring of Ligl have little impact on the selectivity of
the inhibitor. The C-6 substituted ethyl group on pyrrolo[2,3-
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Fig.7 Comparison of per-residue energy decomposition for key residues
for four systems: (a) the sums of vdW and nonpolar solvation energy
(AGvqwtAG nonpol, so1) of PKBa-Ligl, T211V-Ligl, A230V-Ligl and

d]pyrimidine ring of Ligl more favorably interacts with
Thr291 of PKB« than Thr183 of PKA. Due to the narrow
cavity in PKA and the mutants, C-12 substituted N-
methylbenzamide group on pyrrolidine ring is more tolerable
in PKB«x, which indicates that the C-12 substituted primary
amine group and the NH group of C-12 substituted N-
methylbenzamide group on pyrrolidine ring of Ligl can form
stronger hydrogen bonds with the side chain carboxyl O atoms
of Glu234, Glu278, and Asp292 of PKB«x than the corre-
sponding residues of PKA and three PKBox mutants. All these
data show the selective mechanism of Ligl for PKBx over
PKA (PKA selectivity ratio=900).
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Fig.8 Comparison of per-residue energy decomposition for key residues
for Ligl-protein systems: (a) the sums of vdW and nonpolar solvation
energy (AGvawTAGmonpol, sol) Of Ligl-PKB« (black) and Ligl-PKA
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M281L-Ligl, (b) the sums of electrostatic and polar solvation energy
(AG et AGeeso)) of PKBa-Ligl, T211V-Ligl, A230V-Ligl and
M281L-Ligl

Comparison of the binding modes of Lig2 in complexes
PKBa-Lig2 and PKA-Lig2 As illustrated in Fig. 6¢ and d,
the energy contribution of Glu234 (—7.23+0.02 kcal-mol )
in PKB«x-Lig2 contributes twice more than that of Glul27
(-3.23+0.02 kcal-mol ") in PKA-Lig2. It can be seen that
Lig2 forms stable hydrogen bonds only with Ala230 in PKB«x
(99 % occupancy) and Val123 in PKA (99 % occupancy) in
Table 2. Also, there are hydrophobic interactions of C-6
cyano-substituted pyrrolo[2,3-d Jpyrimidine ring in Lig2 with
residues Met281 (—2.92+0.02 kcal-mol "), Thr291 (—1.85+
0.02 kcal-mol ') and Phe438 (—0.96+0.02 kcal-mol ') in
PKB«, but with two residues Leul73 (—2.00+0.02 kcal-
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(red), (b) the sums of electrostatic and polar solvation energy (AG ¢+
AG e, so1) of Ligl-PKBo (black) and Lig1-PKA (red)
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mol ") and Thr183 (—1.25+0.02 kcal-mol ') in PKA (Fig. 6¢
and d). As shown in Fig. 9a, the distinct differences of the van
der Waals and nonpolar solvation energies can be identified on
the residues Vall64, Alal77, Lys179, Met227, Tyr229,
Glu278, Met281, Thr291, Asp292, and Phe438 of PKB«x
and the residues Val57, Ala70, Lys72, Met120, Tyrl122,
Asnl71, lle174, Asp184, Phel85, and Glu331 of PKA. The
different van der Waals and nonpolar solvation energies make
major contributions to the differences between PKB«x-Lig2
and PKA-Lig2. Furthermore, the residues Glu228, Tyr229,
Ala230, Glu234, Glu278, and Met281 of PKBx make more
contributions to the total electrostatic energies to the
binding inhibitor than the residues Glul21l, Tyrl22,
Vall23, Glul27, Asnl71 and Ile174 of PKA. These
different total electrostatic energies yield the differences
for PKBx-Lig2 and PKA-Lig2 (Fig. 9b). According to
the above results, p-F substitution on phenyl ring of
Lig2 still has little impact on the selectivity of the
inhibitor. C-6 substituted cyano group on pyrrolo[2,3-
d]pyrimidine ring of Lig2 more favorably interacts with
Thr291 in PKB« than Thr183 in PKA. The C-12
substituted primary amine group and the NH group of C-12
substituted N-methylbenzamide group on pyrrolidine ring
also makes Lig2 form stronger hydrogen bonds with the side
chain carboxyl O atoms of Glu234, Asp292 than the corre-
sponding residues of Lig2 in PKA. They are responsible for
the selectivity of Lig2 for PKBx over PKA (PKA selectivity
ratio=39.8). In PKA, the C-6 substituted cyano group of Lig2
(=1.25+0.02 kcal-mol ') more favorably interacts with
Thr183 than the C-6 substituted ethyl group of Ligl (-0.21
+0.02 keal-mol "), which leads to the better activity of
Lig2 in PKA and the lower selectivity of Lig2.
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Fig. 9 Comparison of per-residue energy decomposition for key residues
for Lig2-protein systems: (a) the sum of vdW and nonpolar solvation
energy (AGvawtAGnonpol, sol) Of Lig2-PKB« (black) and Lig2-PKA

Comparison of binding modes of Lig3 in complexes PKBo-
Lig3 and PKA-Lig3 As illustrated in Fig. 6¢ and f, the favor-
able hydrogen bond interaction shows that the energy contri-
bution of Glu234 is —2.8340.02 kcal-mol " in PKB« while
the energy contribution of Glul27 is only —0.90+0.02 kcal-
mol~! in PKA. However, the energy contribution of Glul21
(—3.72+0.02 kcal-mol ") in PKA contributes more than that
of Glu228 (—2.84+0.02 kcal-mol ") in PKBa«. These are also
supported by the hydrogen bond analyses. As shown by
Table 2, NH group and N atom in pyrrolo[2,3-d Jpyrimidine
ring of Lig3 form stable hydrogen bonds with Glu228 and
Ala230 of PKBo (> 99 % occupancy), Glul21 and Val123 of
PKA (> 99 % occupancy). In addition, there is a hydrogen
bond interaction between Glu234 (PKB«x) with the C-12
substituted primary amine group on pyrrolidine ring of Lig3
(31 % occupancy). The hydrophobic interaction of C-6
substituted chloro group of Lig3 with residue Thr291 (—0.59
+0.02 kecal-mol ') contributes energetically to PKB«x less
than Thr183 (—0.79+0.02 kcal-mol ') to PKA. However,
there are another two hydrophobic interactions presented be-
tween C-6 chloro-substituted pyrrolo[2,3-d Jpyrimidine ring
of Lig3 and residues Met281 (—2.75+0.02 kcal-mol ") and
Phe438 (—0.76+0.02 kcal-mol ') of PKB«. In PKA, only
Leul73 (—1.63+0.02 kcal-mol™") contributes to PKA. By
analyzing the van der Waals and nonpolar solvation energies
of residues Vall64, Lys179, Tyr229, Ala230, Met281,
Thr291, Asp292 and Phe438 of PKB«, and residues Val57,
Lys72, Tyr122, Vall123, Ile174, Asp184, Phel85 and Glu331
of PKA (Fig. 10a), it can be found that the different van der
Waals and nonpolar solvation energies were mainly responsi-
ble for the differences between PKB«x-Lig3 and PKA-Lig3.
The differences of total electrostatic energies of residues
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(red), (b) the sums of electrostatic and polar solvation energy (AG ¢+
AG e, so1) of Lig2-PKBox (black) and Lig2-PKA (red)
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Fig. 10 Comparison of per-residue energy decomposition for key resi-
dues for Lig3-binding systems: (a) the sums of vdW and nonpolar
solvation energy (AGyqw+AGponpol, sot) Of Lig3-PKB«x (black) and

Glu234, Met281 of PKBa and Glul27, Ile1 74 of PKA yield
the energetic differences for PKBx-Lig3 and PKA-Lig3
(Fig. 10b). Therefore, it is hypothesized that 4-Cl substitution
on the phenyl ring of Lig3 has little impact on the selectivity of
Lig3. The weak hydrophobic interaction of C-6 substituted
chloro group on pyrrolo[2,3-d Jpyrimidine ring of Lig3 and
weak hydrogen-bond interaction of Glu228 suggest that Lig3
has the lowest activity in PKBa«. However, Lig3 favorably
interacts with Met281, Phe438 of PKB« than the correspond-
ing residues of PKA. The C-12 substituted primary amine
group of Lig3 can form stronger hydrogen bonds with the side
chanin carboxyl O atoms of Glu234 of PKB« than Lig3 in
PKA. The data indicate that Lig3 has better activity in PKBo
than in PKA (PKA selectivity ratio=120.3). Leul73 and
Thr183 of PKA contribute less to the C-6 substituted chloro
group on pyrrolo[2,3-d Jpyrimidine ring of Lig3 (Leul73: -
1.63+0.02 kcal-mol'; Thr183: -0.79+0.02 kcal-mol ') than
the similar C-6 substituted cyano group of Lig2 (Leul73: -
2.00+0.02 kcal-mol'; Thr183:-1.25+0.02 kcal-mol ), lead-
ing to the lower PKA activity of Lig3 than Lig2. This explains
the better selectivity of Lig3 over Lig2.

Above all, we focused on the detailed comparison in inter-
action features of inhibitors Ligl, Lig2, and Lig3, with differ-
ent potency and selectivity to PKBo and PKA, to understand
the structural requirements of the ligand which enhance the
binding affinity. The results are in good agreement with ex-
perimental data. All the results we have observed above
clearly suggest that the substitutions at the phenyl group of
inhibitors have little impact on their selectivity. Hydrophobic
interactions of C-6 substituted group on pyrrolo[2,3-d Jpyrim-
idine ring such as the ethyl group and hydrogen bond
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Lig3-PKA (red), (b) the sums of electrostatic and polar solvation energy
(AG et AG e, so1) of Lig3-PKB« (black) and Lig3-PKA (red)

interactions of C-12 substituted groups on pyrrolidine ring
such as the amino and amide groups are critical for PKBx
selectivity. The work provides a possible effective
pharmacophore features for further rational design of PKBo
selective inhibitors.

Conclusions

In this study, we applied molecular dynamics (MD) simula-
tions and free energy calculations of inhibitors Lig1, Lig2, and
Lig3 binding to PKB«, PKA, and three PKBx mutants
(T211V, A230V, M281L), respectively. Detailed perspectives
from the protein and ligand viewpoints have been provided
regarding the selectivity aspect of Ligl toward PKBa. The
roles of the three key different amino acids (Thr211, Ala230,
and Met281 of PKBx, Vall04, Val123, and Leul73 of PKA)
in determining its selectivity toward PKBx over PKA has
been rationally analyzed. The in silico mutation results show
that point mutations of the residues Thr211, Ala230, and
Met281, respectively, of PKB«x lead to higher binding free
energies and have a big influence on the shape of the active
site, which directly affects the conformations of inhibitors and
consequently obstructs their hydrogen bonding abilities with
the proteins. This indicates that Thr211, Ala230, Met281 of
PKB« could lead to the enhanced binding affinity and selec-
tivity of its inhibitor. The mechanism of PKB« selective
inhibition was also elucidated through the analysis of the
binding modes of inhibitors Ligl, Lig2, and Lig3, respective-
ly, on either PKBx or PKA. Comparing MD simulated inter-
action modes between PKBo, PKA, and three PKBox mutants
(T211V, A230V, M281L) and three inhibitors, it could be
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concluded that the C-12 substituted N-methylbenzamide
group on pyrrolidine ring is more tolerable by PKB«. In
comparison to the ligand-protein complexes of inhibitors
Lig2 and Lig3, there are two components that lead to the
increased selectivity toward complexes of Ligl. These include
ethyl group at the 6-position on pyrrolo[2,3-d |pyrimidine ring
which more preferably interacts with hydrophobic portions of
the side chain of Thr291 and the strong hydrogen bonds
formed between the carboxyl O atoms of Glu234, Glu278,
and Asp292 and the C-12 substituted primary amine group
and the NH group of C-12 substituted N-methylbenzamide
group on pyrrolidine ring. So these observations provide a
better structural understanding of the mechanism of PKB«x
selective inhibition. They are also expected to provide a basis
for further rational design of new potent inhibitors to PKBox.
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