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Abstract

Understanding kinase-inhibitor selectivity continues to be a major objective in kinase

drug discovery. We probe the molecular basis of selectivity of an allosteric inhibitor

(MSC1609119A-1) of the insulin-like growth factor-I receptor kinase (IGF1RK), which

has been shown to be ineffective for the homologous insulin receptor kinase (IRK).

Specifically, we investigated the structural and energetic basis of the allosteric binding

of this inhibitor to each kinase by combining molecular modeling, molecular dynamics

(MD) simulations, and thermodynamic calculations. We predict the inhibitor conforma-

tion in the binding pocket of IRK and highlight that the charged residues in the

histidine-arginine-aspartic acid (HRD) and aspartic acid-phenylalanine-glycine (DFG)

motifs and the nonpolar residues in the binding pocket govern inhibitor interactions in

the allosteric pocket of each kinase. We suggest that the conformational changes in

the IGF1RK residues M1054 and M1079, movement of the αC-helix, and the confor-

mational stabilization of the DFG motif favor the selectivity of the inhibitor toward

IGF1RK. Our thermodynamic calculations reveal that the observed selectivity can be

rationalized through differences observed in the electrostatic interaction energy of the

inhibitor in each inhibitor/kinase complex and the hydrogen bonding interactions of

the inhibitor with the residue V1063 in IGF1RK that are not attained with the corre-

sponding residue V1060 in IRK. Overall, our study provides a rationale for the molecu-

lar basis of recognition of this allosteric inhibitor by IGF1RK and IRK, which is

potentially useful in developing novel inhibitors with improved affinity and selectivity.
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1 | INTRODUCTION

Protein phosphorylation is a key post-translational modification in sig-

naling proteins.1,2 Specifically, these modifications are synergistically

regulated by protein kinases and phosphatases.3 Protein kinases are

phosphotransferase enzymes that catalyze the transfer of the gamma

phosphoryl group from Adenosine triphosphate (ATP) to specific
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residues in protein substrates.4 These signaling proteins are often

connected by sequential protein–protein interactions critical for cellu-

lar signaling. Given the essential role of kinases in various cellular

events, their function is tightly regulated because their dysregulation

is frequently found to be oncogenic and associated with the onset of

neurological and immunological disorders, and infectious diseases.5–9

Therefore, kinases are among the most sought-after therapeutic tar-

gets in cancer and other metabolic disorders. However, a major chal-

lenge in developing a selective inhibitor for a specific kinase among a

group of kinases is the sequence conservation across the human

kinome.10,11 A majority of approved and preclinical small-molecule

kinase inhibitors have undesired selectivity profiles.12,13 Besides, low

specificity toward the targeted kinase and lack of selectivity for struc-

turally comparable kinases often leads to off-target toxicity, side

effects, and drug resistance. The selectivity barriers are often associ-

ated with the ATP competitive kinase inhibition (type I and type II)

due to remarkable sequence and structural similarity in the ATP-

binding pockets in kinases.14

Nevertheless, a common strategy to achieve inhibitor specificity

is to target the inactive conformation in kinases, as more structural

variations across kinases are observed in the inactive state.15–17 One

of the examples is the discovery of imatinib, a potent and specific

inhibitor of the Abl kinase which fails to inhibit homologous tyrosine

kinases like c-Src.18 The molecular determinants responsible for imati-

nib's specificity toward Abl have been extensively investigated using

molecular simulations and kinetics-based studies.19–21 Moreover, vari-

ous structure-based strategies using computational, biophysical, and

crystallographic techniques have been used to rationally develop

selective kinase inhibitors reaching clinical trials.12 CX4945, a casein

kinase II alpha (CK2) inhibitor, has entered phase I clinical trials, dem-

onstrating the importance of the shape, electrostatics, and the flexibil-

ity of the ATP-binding pocket in developing selective inhibitors.22,23

The discovery of CX4945 also highlighted the importance of water-

mediated interactions in the ATP-binding site of kinases.24 The identi-

fication of phosphoinositide 3-kinase (PI3K) isoform-specific inhibitor

is another striking example of obtaining selectivity among protein iso-

forms sharing a high degree of sequence homology in the ATP-binding

sites. The design of inhibitors with thienopyrimidine scaffold having

selectivity for PI3Kα over PI3Kβ suggests that selectivity can be ratio-

nalized by critical backbone interactions and differences in the elec-

trostatic potential among the protein isoforms.25 Furthermore, other

strategies such as the fragment-based approach and the use of metal-

based chemical probes in the design of small-molecule kinase inhibi-

tors have been explored to achieve selectivity.26–29

Moreover, allosteric inhibition has been proposed as a promising

approach to overcome the current limitations of orthosteric inhibitors

and achieve selectivity.30,31 As a consequence of conformational vari-

ability among kinases, selectivity can be achieved by targeting non-

ATP-binding sites referred to as allosteric sites.32,33 The allosteric sites

are described as type III and type IV pockets, where type III inhibitors

bind adjacent to the ATP-binding site and type IV inhibitors bind away

from the ATP pocket.34 The Food and Drug Administration (FDA)

approval of trametinib in 2013, the first small-molecule allosteric inhibi-

tor targeting mitogen-activated extracellular signal-regulated kinase

(MEK1/2), served as a crucial turning point in the discovery of allosteric

inhibitors.35 Allosteric kinase inhibition strategy evolved rapidly with the

progression of more than 10 MEK and protein kinase B (Akt) allosteric

inhibitors reaching clinical trials and exploration of allosteric pockets and

inhibitors in several kinases such as P21-activated kinase (PAK), inositol-

requiring enzyme 1 (IRE1), LIM domain kinase (LIMK2), protein tyrosine

phosphatase 1B (PTP1B), Janus kinase (JAK), and many others.36 The

discoveries of allosteric inhibitors have further illuminated the strategies

and challenges in allosteric modulator design for kinases.

One of the key propositions to develop allosteric kinase inhibitors

is the variability of residue composition and conformations of alloste-

ric pockets in achieving higher inhibitor selectivity. However, design-

ing an inhibitor with selectivity is still challenging for protein isoforms

and homologs sharing a high degree of sequence and structural

homology. Despite this, efforts have been made to develop isoform-

specific and selective inhibitors. The selectivity obtained among the

PI3K isoforms is one such example.25 Further, structural studies of

the MAP kinase p38 have revealed that a single residue difference

appears to be sufficient for compounds to distinguish among various

p38 isoforms.37 A recent study elucidated a structure-based approach

for designing selective covalent allosteric inhibitors for the Akt iso-

form.38 Another example of inhibitor selectivity within homologous

proteins is presented in a study reporting a novel class of allosteric

insulin-like growth factor-I receptor (IGF-1R) inhibitors.39 In this

study, the structure–activity relationship (SAR) studies were used to

discover an indole-butyl-amine derivative, MSC1609119A-1, as an

allosteric inhibitor of the insulin-like growth factor receptor 1 kinase

(IGF1RK). In addition, the cellular assays highlighted the selectivity of

the inhibitor toward IGF1RK (IC50: 0.4 μM) over the homologous insu-

lin receptor kinase (IRK) (IC50: 6.9 μM).

IGF1RK and IRK are homologous protein members of the receptor

tyrosine kinase (RTK) superfamily involved in mediating conserved sig-

naling pathways.40 Although these receptors are coupled to similar

intracellular signaling networks, their biological functions are distinct. IR

plays a key role in regulating metabolic functions, particularly insulin

metabolism, whereas IGF-1R is mainly involved in growth regulation

functions.41,42 They have a high degree of homology, reflecting their

similar ancestry.43 Both receptors are expressed at the cellular surface

in the α2β2 configuration. The α subunit contains the ligand binding

domain on the extracellular region and the β subunit includes a large

cytoplasmic domain with tyrosine kinase activity.44,45 The kinase

domains of these proteins share 85% sequence similarity and a high

structural homology (Figure 1A,B). IGF1R kinase and IR kinase, like any

other kinase domain, have an αC-helix, a glycine-rich loop (GC loop),

and two other longer loops, the catalytic loop (C-loop) and the activa-

tion loop (A-loop), which are essential for the catalytic activity

(Figure 1B). The tertiary structures of the kinase domains of IGF1R and

IR are similar in their inactivated, nonphosphorylated, and fully acti-

vated phosphorylated forms.46 Consequently, it is challenging to selec-

tively target the kinase domain of one of the receptors. Therefore, it is

crucial to investigate the mechanism by which the allosteric inhibitor,

MSC1609119A-1, selectively inhibits IGF1RK over IRK.

Such instances reporting inhibitor selectivity might be attributed to

the conformational selection mechanism, binding affinity differences, or
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both. Hence, a molecular-level understanding of the inhibitor inter-

actions in the binding pocket is crucial for rationalizing the selectiv-

ity differences observed in experiments.39 Since the sequences and

structures of these kinases are significantly conserved, it is challeng-

ing to determine the molecular mechanisms responsible for the

binding specificity of MSC1609119A-1. However, the cocrystallized

structure of the allosteric inhibitor, MSC1609119A-1, with the

IGF1RK domain (PDB ID 3LW0) informed on the structural basis for

inhibitor binding and interactions.39 For example, the conforma-

tional change in the sidechains of M1051 and M1076 in IRK, result-

ing in the distinct shape of the allosteric pockets (Figure 1C),

provided support for the experimentally observed lack of selectivity

of the inhibitor against IRK (IC50: 6.9 μM).39 However, due to the

lack of structural data on the complex of this allosteric inhibitor with

IRK, the location of the inhibitor binding pocket, the binding mode

of the inhibitor, and its interactions with IRK remain unresolved.

Therefore, based on the experimental results and structural guid-

ance from inhibitor-bound conformation of IGF1RK,39 we sought to

resolve the following questions: (i) the binding mode of the allosteric

inhibitor in the IRK pocket, (ii) conformational dynamics of the inhibi-

tor in the binding pocket of each kinase domain, and (iii) the inhibitor

binding free energy and residue interactions with each kinase. Specifi-

cally, we judiciously employed molecular modeling, docking, all-atom

molecular dynamics (MD) simulations, and free-energy calculations

to elucidate the factors underlying inhibitor selectivity for IGF1RK

over IRK.

(A)

(B) (C)

F IGURE 1 Structure and sequence comparison of the insulin-like growth factor-I receptor kinase (IGF1RK) and insulin receptor kinase (IRK)
domains. (A) Sequence alignment of IRK and IGF1RK kinase domains. The conserved amino acid residues are highlighted in blue. Identical and
similar amino acid residues are shown in dark and light shades, respectively. (B) A structural superimposition of the inhibitor-bound IGF1RK
structure (cyan) with the apo IRK structure (pink). (C) The steric hindrance to the inhibitor due to the IRK residues M1051 and M1076 is
highlighted via superimposed structures of IGF1RK bound to the inhibitor (cyan) and the apo IRK structure (pink).
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2 | METHODS

2.1 | Structural modeling of IGF1RK

The coordinates from the experimentally determined structure39 of the

allosteric inhibitor (MSC1609119A-1) with the IGF1RK served as a

starting point for our modeling and simulations of IGF1RK and IRK.

Specifically, the crystal structure of IGF1RK in complex with the alloste-

ric inhibitor was obtained from the Protein Data Bank (PDB ID

3LW0).39,47 Using the Chimera interface of Modeller, we modeled the

missing residues A1097 through A1105 and G1169 through G1171 in

the IGF1RK structure.48,49 The atomic coordinates for the allosteric

inhibitor and water molecules were retained in the modeled structure.

Finally, the modeled IGF1RK structure in complex with the allosteric

inhibitor was used for subsequent MD simulations. Furthermore,

sequence and structural level comparisons of the IGF1R and IR kinase

domains were performed. The amino-acid sequences of the IGF1RK/

IRK domains were retrieved in the FASTA format for pairwise sequence

alignment using the EMBL-EBI EMBOSS Needle tool.50 Next, the struc-

tural superimposition of the IGF1RK and IRK domains was performed

using the PyMOL program.51 The Cα atoms of the residues were used

as the reference for structural alignment.

2.2 | Molecular docking of the allosteric inhibitor
with the IRK domain

To predict an initial binding conformation of the allosteric inhibitor in

the binding pocket of the IRK domain, molecular docking of the inhibi-

tor with the apo IRK crystal structure (PDB ID 1IRK) was performed.

The structural superimposition of apo IRK and inhibitor-bound IGF1RK

(PDB ID 3LW0) structures indicated that all residues that form the allo-

steric pocket of the inhibitor in IGF1RK are conserved in IRK. As a

result, we hypothesized the existence of a comparable allosteric binding

region in the IRK structure. Furthermore, the allosteric inhibitor coordi-

nates were extracted from the IGF1RK-bound structure (PDB ID

3LW0). The structural optimization of the allosteric inhibitor is required

prior to docking. The LigPrep module of the Schrödinger software pack-

age was used to parameterize and minimize the ligand structure.52,53

We optimized the inhibitor structure using the OPLS3e force-field

without altering its ionization state. For the stereochemical information,

we selected the “retain specified chiralities” option to keep the chirality

information from the input crystal structure PDB file. Finally, the inhibi-

tor structure was minimized and the output was generated in the mae-

stro format (.mae/.maegz). The next step was accomplished using the

protein preparation wizard of the Schrödinger software suite.52 In this

step, the protein structure (IRK) was first pre-processed with the

removal of water molecules, the addition of missing hydrogen atoms,

and any missing atoms in residues reported in the crystal structure

(PDB ID 1IRK). The next stage of protein preparation was to optimize

the hydrogen bonding network. In the H-bond assignment step, the

PROPKA program was used to produce optimal residue ionization/

tautomer states to maximize the H-bond network. Finally, a restrained

energy minimization was performed with the OPLS3e force-field to

remove any steric clashes allowing the displacements of the heavy

atoms up to 0.3 Å. Subsequently, a grid was generated on the receptor

to designate the binding site for docking of the ligand. In the receptor

grid generation panel, a grid box of 20 Å3 was generated around the

predicted IRK binding site residues, L1030, F1044, E1047, M1051,

V1060, M1076, H1130, D1132, D1150, Y1162, L1170, L1171, P1172,

and F1186. These residues were selected based on the conserved allo-

steric pocket amino acids in IGF1RK and IRK. Finally, the Glide module

of the Schrödinger suite (v2022.4) was used to perform molecular

docking.54,55 Docking was performed in the extra precision (XP) mode

to predict the ligand binding affinity in terms of the GlideScore, and an

energetically favorable binding conformation was determined.56 Even-

tually, the coordinates from the docked complex of the allosteric inhibi-

tor with the IRK were used for subsequent MD simulations.

2.3 | MD simulation setup

We conducted all-atom MD simulations of each kinase domain (IRK

and IGF1RK) bound to the allosteric inhibitor using GROMACS

(v2020.4) combined with the AMBER force-field.57 The protein

structures were parameterized using the AMBER99SB force-field

and the coordinates were saved as a gromacs-compatible topology

file.58 The parameters for the small-molecule allosteric inhibitor were

based on the GAFF force-field and obtained using the Antechamber

module.59,60 The coordinates of both the protein and the ligand were

combined, and the ligand topology information was included in the

system topology file. A cubic simulation domain centered around the

protein was defined with a minimum distance of 10 Å between the

protein surface and the box edges. Each system was solvated with

the TIP3P water molecules and Na+ and Cl� ions were subsequently

added to neutralize the net charge on the system.61 Each system

was initially subjected to energy minimization for 50 000 steps using

the steepest descent algorithm.62 The minimized systems were then

equilibrated in the NPT ensemble for 10 ns using the Berendsen

barostat at a pressure of 1 atm and a velocity rescale thermostat at

300 K.63,64 Each system was further equilibrated in the NVT ensem-

ble for 50 ns at 300 K using the velocity rescale thermostat.64 The

heavy atoms of both the protein and the ligand were positionally

restrained for the initial minimization and equilibration steps. The

bond lengths were constrained using the LINCS algorithm and a time

step of 2 fs was used in all MD simulations.65 The periodic boundary

conditions, a cutoff radius of 12 Å for all nonbonded short-ranged

interactions, and the Particle Mesh Ewald method were used for calcu-

lating the electrostatic interactions.66 Finally, restraints were removed,

and three independent production MD simulations (each 500 ns long)

were carried out for each kinase/inhibitor complex. The coordinates

from these simulation trajectories were saved every 20 ps.

2.4 | Binding free-energy calculations

To compute the binding free energy of the allosteric inhibitor for each

kinase domain, we applied the Molecular Mechanics Generalized-Born

4 VERMA and VASHISTH
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Surface Area (MMGBSA) approach to estimate the enthalpy change

and the solvation free energy.67,68 The MMGBSA method evaluates

the free-energy differences between the bound and unbound states

of the protein and ligand.69 The binding free energy of a ligand mole-

cule can be estimated as follows:

ΔGbind ¼Gcomplex�Gprotein�Gligand, ð1Þ

where each term on the right side of Equation (1) can be given by

G¼ EMMþGsolv�TS: ð2Þ

where EMM+Gsolv gives the enthalpy of binding and—TS corresponds

to the entropic term. The ΔGbind is the total free energy when the

entropic term is eliminated, which is often enough to compare the rel-

ative binding free energies of related ligands:70–72

ΔGbind ¼ΔEMMþΔGsolv, ð3Þ

where ΔEMM and ΔGsolv are decomposed into different terms:

ΔEMM ¼ΔEbondedþΔEnonbonded, ð4Þ

ΔEMM ¼ΔEinternalþΔEvdwþΔEele, ð5Þ

and

ΔGsolv ¼ΔGpolar GBð Þ þΔGnonpolar, ð6Þ

where ΔEMM corresponds to the energy changes in the gas phase,

including the ΔEbonded, also known as the internal energy, and

ΔEnonbonded corresponding to the van der Waals and the electrostatic

contributions. The solvation energy has both polar and nonpolar com-

ponents. The polar component was estimated using the GB model

with the internal and external dielectric constant values 1.0 and 78.5,

respectively. The nonpolar solvation-free energy was modeled as a

single term linearly proportional to the solvent-accessible surface

area, with the surface tension of the solvent as 0.0072 and the sur-

face tension offset value as 0.0. The calculations were performed

using the gmx_MMPBSA tool which integrates the AMBER tools

python-based script (MMPBSA.py) for performing free-energy calcula-

tions using MD trajectories.71,73 Each energy term was estimated as

an average over 100 frames in each 500 ns long MD simulation trajec-

tory of each complex. Further, the average contributions of residues

to the binding free energy were also calculated with per-residue

decomposition.

2.5 | Conformational analyses

All MD trajectories were analyzed using the Gromacs trajectory analy-

sis tools from the Gromacs package (v2020.4) and the Visual Molecu-

lar Dynamics (VMD) program.74,75

2.5.1 | Root-mean-squared deviation/fluctuation
(RMSD/RMSF)

To determine the conformational changes, we calculated the RMSD of

the protein backbone heavy atoms, and the RMSF was evaluated for

the Cα atom of each residue from its mean position. The IGF1RK/inhib-

itor cocrystallized complex and the IRK/inhibitor docked complex were

used as the initial reference structures to compute the RMSD values.

2.5.2 | Principal component analysis

The principal component analysis (PCA)76 was performed to under-

stand the conformational transitions and the principal motions of the

kinase/inhibitor complexes. A covariance matrix of the eigenvectors

representing the atomic fluctuations in the protein backbone was con-

structed and diagonalized yielding a set of eigenvectors with their cor-

responding eigenvalues. The principal components (PCs) are the

eigenvectors with the highest eigenvalues representing the critical

motions of each complex. Therefore, the essential subspace from the

protein–ligand complex dynamics was defined by the projection of

the first two PCs, PC1 and PC2. Further, the lowest energy conforma-

tional ensembles of both complexes were evaluated through the free-

energy surface (FES) projected along each principal component.

2.5.3 | Protein–inhibitor interactions

Based on MD simulations, the protein–inhibitor interactions were

determined using LigPlot+.77 The hydrogen bonds and their occupan-

cies between the inhibitor and the protein residues from the MD tra-

jectories were calculated using VMD. A cutoff distance of 3.5 Å was

used between the donor and acceptor atoms (N, O, and F). The

PyMOL software was used to visualize and analyze the complexes.51

3 | RESULTS

3.1 | Sequence and structural comparison of IRK
and IGF1RK

In the present study, we focus on characterizing the binding confor-

mation of the allosteric inhibitor in the IRK domain and deciphering

the rationale for differences in the selectivity of the inhibitor among

IRK and the homologous kinase IGF1RK. We first performed a

sequence and structure-level comparison of both kinases. The global

alignment of the IGF1RK/IRK sequences revealed 85.1% similarity

and 74.8% identity (Figure 1A). The A-loop, C-loop, and the αC-helix

residues are highly conserved. The structural superimposition of the

IGF1RK (cocrystallized with the allosteric inhibitor) and IRK domains

showed a significant difference in the position of the GC loop and the

αC-helix resulting in an altered shape of the allosteric pocket

(Figure 1B).39 In addition, all amino acid residues that interact with the

VERMA and VASHISTH 5

 10970134, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/prot.26685 by U

niversity O
f N

ew
 H

am
pshire, W

iley O
nline Library on [25/03/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



allosteric inhibitor in the IGF1RK pocket are conserved in the IRK

domain (Figure 2). The allosteric binding pocket residues and the con-

formations of their sidechains for apo IGF1RK (PDB ID 1P40), IGF1RK

cocrystallized with the allosteric inhibitor (PDB ID 3LW0), and apo

IRK (PDB ID 1IRK) are shown in Figure 2A–C, respectively.

Within the apo- and inhibitor-bound forms of the IGF1RK

domain, significantly altered conformations were observed for the

aspartic acid-phenylalanine-glycine (DFG) motif and the sidechains of

the residues M1054 and M1079 (Figure 2D). In this work, we discuss

the DFG motif conformations (in and out) with respect to the alloste-

ric pocket. The apo IGF1RK structure has its DFG motif with “D-out”
conformation (with respect to the allosteric site), but the inhibitor-

bound IGF1RK revealed a “D-in” conformation (Figure 2D and

Figure S2A). Additionally, a conformational difference is observed for

the phenylalanine ring of the residue F1154 in both structures

(Figure 2D and Figure S2A). Hence, this alteration in the DFG motif is

responsible for the striking conformational difference observed for

the A-loop in the apo and inhibitor-bound IGF1RK structures. Fur-

thermore, in the apo IGF1RK structure, the sidechains of the residues

M1054 and M1079 are oriented such that they partially block the

allosteric pocket, as observed for the corresponding residues M1051

and M1076 in the apo IRK structure (PDB ID 1IRK) (Figure S2B). In

contrast, the conformations of the residues M1054 and M1079 in the

inhibitor-bound IGF1RK are considerably different (Figure S2A,C).

The DFG motif conformation in the IRK, on the other hand, is similar

to that reported in the IGF1RK inhibitor-bound structure (Figure 2D

and Figure S2C). Thus, it is significant to note these similarities and

differences regarding the conformations of the DFG motif and the

residues M1051 and M1076 in apo IRK in comparison to both apo

and inhibitor-bound IGF1RK. These structural analyses prompted us

to probe the binding conformation for the allosteric inhibitor within

the IRK pocket, as well as to explore conformational mechanisms and

interactions responsible for the inhibitor selectivity.

3.2 | Conformational dynamics of the inhibitor
complexes of IGF1RK/IRK

Using the molecular docking approach, we modeled the interaction

between the allosteric inhibitor and the IRK domain (Figure 3). The

F IGURE 2 Residues forming the allosteric binding pocket in the insulin-like growth factor-I receptor kinase (IGF1RK) and insulin receptor
kinase (IRK) structures. (A) Residues in the apo IGF1RK structure (PDB ID 1P4O), (B) Residues in the inhibitor-bound IGF1RK structure (inhibitor
removed for comparison) (PDB ID 3LW0), and (C) Residues in the apo insulin receptor kinase (IRK) structure (PDB ID 1IRK). (D) A comparison of
the residue sidechains for the DFG motif and the IGF1RK/IRK residue pairs M1054/M1051 and M1079/M1076.

6 VERMA and VASHISTH
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initial docked position of the inhibitor in the binding pocket of IRK is

distinct from the one observed in the crystal structure of IGF1RK

(PDB ID 3LW0), likely due to the altered shape of the binding

pocket.39 The allosteric inhibitor in the IRK docked state has its indole

rings (R1 and R2) positioned in a different conformation from the

IGF1RK bound state (Figure 3B). The 3-cyano indole ring (R1) has an

orientation parallel to the C-loop residues H1130, R1131, and D1132.

On the other hand, the 5-cyano indole ring (R2) is stacked against the

αC-helix, where it is held by the interactions with the residues F1044,

E1047, and M1051 (Figure 3B). Although the binding pocket residues

are fully conserved, the conformations of the binding pocket

residues likely result in differences in inhibitor binding and its configu-

rations. To understand the stability and variability of the allosteric

inhibitor in complex with each kinase domain, we studied the confor-

mational dynamics of the inhibitor using all-atom MD simulations.

First, we assessed the RMSD of the protein backbone atoms and the

non-hydrogen atoms of the inhibitor. The RMSD for IGF1RK (2–

4.5 Å) suggests higher flexibility in its backbone than the IRK (1.5–

3.5 Å) domain (Figure S3A,B). However, the RMSD for the inhibitor in

the IGF1RK allosteric pocket is lower (1.5–2.5 Å) than in the IRK

pocket (2.0–3.5 Å), thereby suggesting higher deviations of the inhibi-

tor from its initial conformation in the IRK pocket than in the IGF1RK

pocket (Figure S3C,D).

To further characterize the flexibility of individual residues in each

protein, we calculated their RMSF values. While the overall trends of

per-residue fluctuations in each protein were similar, a loop region

corresponding to the residues 1093 through 1115 showed higher

fluctuations in IGF1RK than IRK (Figure 4). This region includes the

modeled loop (loop 1) missing in the crystal structure of IGF1RK

(Figure S1). The amplitudes of the fluctuations corresponding to the

RMSF values of the αC-helix residues, C-loop residues, and A-loop

residues are comparable in both proteins. These critical regions in

each kinase domain also form the allosteric binding pocket and some

residues are actively involved in inhibitor binding. As noted above,

both proteins have a high degree of conservation for the residues in

these regions (Figure 1A). Moreover, slightly higher fluctuations are

observed for each residue in the binding pocket of IGF1RK than IRK.

Specifically, the αC-helix region, spanning the residues 1040 through

(A) (B)

F IGURE 3 Binding conformations of the allosteric inhibitor. (A) The x-ray structure of IGF1RK cocrystallized with the allosteric inhibitor
(cyan), and (B) The docked conformation of the allosteric inhibitor (wheat) in the insulin receptor kinase (IRK) pocket. In bottom panels, the
binding site residues are labeled and shown in stick representations for each kinase.
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1056 in IGF1RK, showed higher fluctuations relative to the corre-

sponding residues (1037–1053) in IRK, reflecting more flexibility of

the αC-helix in IGF1RK. The αC-helix residues of IGF1RK/IRK,

F1047/F1044, E1050/E1047, and M1054/M1051 are involved in the

interactions with the R2 indole ring of the allosteric inhibitor in

the binding sites of both proteins, suggesting that the flexibility in

these residues will directly impact the inhibitor binding. The A-loop in

IGF1RK spans the residues G1152 through L1174 (corresponding to

IRK residues, G1149-L1170), with higher fluctuations observed for

the modeled residues 1169–1171. The average RMSF value for the

DFG motif in both kinases is �1.2 Å, reflecting a lower flexibility in

this region and indicating a stable DFG conformation in the binding

pocket of both IGF1RK/IRK.

3.3 | Principal component analysis of protein/
inhibitor complexes

Based upon MD trajectories, we performed essential dynamics analy-

sis to understand the principal conformational motions in each

protein–inhibitor complex. We assessed the lowest energy conforma-

tional ensembles of the protein–inhibitor complexes by projecting an

FES along the first two principal modes. We observed several minima

in the FES plot corresponding to dominant conformational

populations (Figure 5). Specifically, we observed four minima for

IGF1RK and three minima for IRK (designated as S1, S2, S3, and S4 in

their respective FES plots). The representative conformation of the

inhibitor corresponding to each free energy minimum is shown in

Figure 5. We evaluated the RMSD of these inhibitor conformations

relative to their initial positions in the binding pocket of each kinase

domain (Figure S5). The conformational states are classified and

labeled based on their RMSD values; for example, the inhibitor con-

formation with the lowest RMSD is denoted as S1, and so on. The

inhibitor conformations for the IGF1R-inhibitor complex have an

RMSD between 2 and 3 Å (Figure S5). The RMSD values for the inhib-

itor conformations corresponding to the free energy minima for the

IRK-inhibitor complex vary between 4 and 12 Å (Figure S5).

For the IGF1RK-inhibitor complex, the minima S1 and S2

emerged from a single populated ensemble with a low transition bar-

rier (�2 kcal/mol). While examining the inhibitor conformations corre-

sponding to these minima (S1 and S2), a similar configuration of the

inhibitor was observed with a difference in the orientation of the car-

bonyl oxygen connecting the R1 indole group (Figure 5A). In the S3

configuration of the inhibitor, the conformation of the butyl chain and

the R1 indole ring was distinct from the initial binding pose (Figure 5A

and Figure S5). The minimum S3 has an energy barrier of �4 kcal/mol

relative to the minima S1 and S2. On the other hand, the minimum S4

is well separated with a comparatively higher energy barrier of

F IGURE 4 Root-mean squared
fluctuation (RMSF) data for the Cα

atoms for each kinase. The RMSF
traces from three independent
molecular dynamics
(MD) simulations are shown in blue,
magenta, and yellow. The RMSF
data are shown for each inhibitor-
bound complex: (A) IGF1RK and

(B) IRK. The αC-helix, A-loop, and
the C-loop regions of the respective
kinases are highlighted in cartoon
representations and uniquely
colored red, green, and purple,
respectively.
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�8 kcal/mol relative to the minima S1, S2, and S3 in the FES. The con-

formational states of the inhibitor in the IGF1RK pocket revealed that

the significant conformational transitions occur for the indole ring

(R1) with the rotation along the carbonyl oxygen, consequently affect-

ing the position of the butyl chain.

The FES plot derived from MD simulations for the IRK-inhibitor

complex showed three dominant conformational ensembles (Figure 5B).

All three conformational basins have distinct configurations of the inhibi-

tor. The minimum S3 has a separate conformational basin with an energy

barrier of �10 kcal/mol, while the minima S1 and S2 are more eas-

ily accessible (�6 kcal/mol) to each other. The inhibitor conforma-

tions corresponding to the free energy minima S1 and S2 in the

IRK-inhibitor complex are distinct concerning the positions and the

orientations of the indole rings (R1 and R2) as well as the n-butyl

chain (Figure 5B and Figure S4). Whereas the minimum S3 repre-

sents a conformation of the inhibitor where it has moved away

from the binding pocket. Hence, the transition barrier between var-

ious conformational states for the IRK-inhibitor complex is higher

F IGURE 5 Projections of the free-energy surface (FES) along two principal components (PC1 and PC2) for each kinase. All minima in the FES
are labeled and highlighted with the corresponding conformations of the inhibitor in the respective allosteric pocket of each kinase. The free
energy is given in kcal/mol and indicated by the color palette ranging from lower (blue) to higher (yellow) values.
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than that in the IGF1RK-inhibitor complex. Overall, the dominant

clusters of the inhibitor conformations imply that the inhibitor has

rather comparable configurations in the IGF1RK allosteric pocket

region.

Further, we analyzed the protein conformations corresponding to

the free-energy minima and evaluated the dominant conformational

changes occurring in their structures relative to their initial configura-

tions (Figure 6 and Figure S6). For IGF1RK, an outward shift of the

(A)

(C)

(D)

(B)

F IGURE 6 Structural superimposition of the IGF1R and IR kinase domain conformations obtained from the free-energy surface (FES;
cf. Figure 5). (A) IGF1RK conformations: S1 (purple), S2 (yellow), S3 (green), and S4 (pink) superimposed on the initial x-ray conformation (cyan).
(B) IRK conformations: S1 (purple), S2 (yellow), and S3 (green) superimposed on the conformation obtained after docking (wheat). (C) A
comparison of the conformations of the residue sidechains for IGF1RK: (I) residue pairs M1054 and M1079, (ii) aspartic acid-
phenylalanine-glycine (DFG) (D1153, F1154, and G1155) motif, and (iii) histidine-arginine-aspartic acid (HRD) (H1133, R1134, and D1135) motif.
(D) A comparison of the conformations of the residue sidechains for IRK: (i) residue pairs M1051 and M1076, (ii) DFG (D1150, F1151, and
G1152) motif, and (iii) HRD (H1130, R1131, and D1132) motif (see also Figure S6).
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αC-helix was observed in conformations corresponding to all minima

(Figure 6A). The different sidechain conformations of residues M1079

and M1054 in all states reflect their flexibility in accommodating the

5-cyano indole (R2) moiety of the allosteric inhibitor (Figure 6Ci).

The corresponding residues M1076 and M1051 in IRK have relatively

less conformational variability and attain a conformation in each state,

which would partially block the binding pocket for the inhibitor R2

ring (Figure 6Di). The DFG motif in IGF1RK has no major conforma-

tional shift and remains in the “D-in/F-out” conformation (Figure 6Cii)

to stabilize the butyl and the piperidine group of the inhibitor.

Whereas in IRK, the DFG motif obtains slightly varied conformation in

each of the dominant populated states. The phenylalanine ring of resi-

due F1151 is populated in such a configuration in one of the confor-

mations (corresponding to minimum S3) that it causes steric hindrance

and blocks the pocket for the allosteric inhibitor (Figure 6Dii). As a

result, the inhibitor was observed to move out of the binding pocket

region in conformations corresponding to the minimum S3

(Figure 5B). This conformation of F1151 in the DFG motif also resem-

bles the one observed in the apo IGF1RK structure (Figure S2). The

residue D1150 stays in the “D-in” configuration, with a slightly more

inward conformation (toward the allosteric pocket) affecting the

position of the inhibitor in the IRK pocket. In the histidine-

arginine-aspartic acid (HRD) motif of the C-loop, the relatively longer

sidechains of the residues R1134/R1131 occur in multiple conforma-

tions in both kinases, influencing the 3-cyano indole ring of the inhibi-

tor (Figure 6Ciii and Diii). We also carried out the comparison of the

dominant conformations of the apo (unliganded) IGF1RK (PDB ID

1P4O) and IRK (PDB ID 1IRK) structures (Figure S7). The apo IRK

structure also shows a higher population of some residue conforma-

tions that would likely disfavor the binding of the allosteric inhibitor

(Figure S8A). Specifically, the side chains of residues M1051 and

M1076 in the apo IRK crystal structure (Figure 2) retain similar config-

urations in the MD-derived dominant conformation of apo IRK

(Figure S8A). As a result, these sidechains are orientated differently in

apo IRK in comparison to apo IGF1RK and therefore partially block

the IRK binding site for the inhibitor's indole ring R2 (where V1060 of

IRK is inaccessible for forming a hydrogen bond with the NH9 atom in

the indole ring R2), similar to what was observed in the other confor-

mations (docked, S1, S2, and S3) of the IRK (Figure S8A, ii). As a result,

both apo IRK and docked IRK have similar overall binding pocket

shapes. Additionally, we compared the apo IGF1RK crystal structure

conformation (PDB ID 1P4O) to the dominant conformation from the

apo IGF1RK simulation (Figure S8B). A conformational shift in

the A-loop and the DFG motif (“D-in” and “F-in”) reflects a potential

role of conformational selection and induced fit in the binding of the

allosteric inhibitor in the IGF1RK pocket. Overall, these results sug-

gest that the conformations of the sidechains of residues in the αC-

helix, DFG motif, and the C-loop HRD motif significantly influence the

conformation of the inhibitor in the allosteric pocket of both proteins.

The conformational changes in the residues within the binding pocket

are responsible for the specific configuration of the 5-cyano indole

group (R2), the butyl chain, and the piperidine ring observed in all pop-

ulated conformations of the IGF1RK-inhibitor complex. To understand

the relative importance of individual residue sidechains, we quantified

their energetic contributions toward the binding affinity and selectiv-

ity of the inhibitor.

3.4 | Energetic basis of inhibitor interactions in
each kinase/inhibitor complex

To gain an understanding of the molecular interactions and energet-

ics involved in the binding of the allosteric inhibitor with IGF1RK

and IRK, a thorough analysis of the binding free energy was carried

out using the MMGBSA method (see Methods section 2.4 and

Table S1). The estimates on the energetics were averages over three

independent all-atom MD simulations of each complex (Figure 7A).

Among the nonbonded interaction energies, the contributions favor-

ing the binding of the inhibitor are the van der Waals interaction

energy followed by the electrostatic interaction energy. The total

binding free energy (ΔGbind) values of the allosteric inhibitor with

IGF1RK and IRK are �42.75 kcal/mol and �39.44 kcal/mol, respec-

tively. The contribution of the van der Waals energy (Evdw) to the

total binding free energy for both complexes is comparable, that is,

�54.13 kcal/mol for IGF1RK and �52.29 kcal/mol for IRK. How-

ever, the higher binding affinity of the allosteric inhibitor toward

IGF1RK in comparison to IRK is by virtue of the electrostatic energy

contribution. The electrostatic energy (Eele) contributions for the

IGF1RK and IRK complexes are �31.99 kcal/mol and �21.19 kcal/

mol, respectively. Hence, a significant energy contribution and dif-

ference is observed between these complexes predominantly involv-

ing polar and charged interactions.

To characterize these interactions, we estimated the number of

hydrogen bonds between the inhibitor and protein for each kinase-

inhibitor complex. The allosteric inhibitor typically creates about 1–2

average hydrogen bonds in each kinase domain. We estimated the

occupancy of the hydrogen bonds to understand their significance in

the interactions of the allosteric inhibitor in the binding site. The

IGF1RK/IRK residues participating in the hydrogen bond formation

are K1033/K1030, V1063/V1060, V1132/V1129, H1133/H1130,

R1134/R1131, D1135/D1132, K1171/K1168, and L1173/L1170,

also shown in Figure 7B with their respective occupancy values. All

these residues have hydrogen bond occupancy (H0) < 25% except

for the residue V1063 in the IGF1RK binding site, which has an H0

value of about 65%. The allosteric inhibitor at the binding site forms

a stable hydrogen bond with V1063, which has also been observed

in the crystal structure of the IGF1RK inhibitor complex

(Figure 7C,D). The hydrogen bond is formed between the NH9 atom

of the R2 indole ring of the inhibitor and the main chain carbonyl

oxygen atom of V1063 in the IGF1RK domain. However, this inter-

action is not attained by the corresponding residue V1060 in the IRK

pocket because of the distinct orientation of the R2 indole ring of

the allosteric inhibitor (Figure 7C). Hence, this unique hydrogen

bonding interaction at the IGF1RK allosteric pocket is critical and

likely contributes toward the high selectivity of the allosteric inhibi-

tor for the IGF1RK.
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3.5 | Interactions governing the binding of
allosteric inhibitor to IGF1RK and IRK

To investigate the interactions governing the inhibitor conformation

in the binding pocket of each kinase, we analyzed the lowest energy

conformational state, S1, which has the least RMSD of the allosteric

inhibitor from its initial conformation in each complex (Figure 8). In

the binding pocket of IGF1RK, the R2 indole ring of the inhibitor

forms a stable hydrogen bond with V1063 and the hydrophobic con-

tacts with the residues L1065, M1079, M1054, and G1152

(Figure 8C). The residue D1153 from the DFG motif also interacts

with the inhibitor, establishing nonbonded contacts. Furthermore, the

conformation of the R1 indole ring of the inhibitor is primarily guided

by the cation-π interactions with R1134 and the hydrophobic con-

tacts formed by L1173. Correspondingly, the R1 indole ring is held by

forming cation-π and hydrophobic interactions with the residues

R1131 and L1170 in the IRK pocket (Figure 8D). The piperidine ring

of the inhibitor at the IRK binding pocket is supported by the C-loop

residues H1130 and D1132 along with the A-loop residues D1150

and G1149. The R2 group of the inhibitor in the IRK-bound complex

predominantly interacts with the nonpolar and aromatic residues

L1065, M1051, F1054, and F1128. The aromatic residue F1128

makes π-stacking interactions with the R2 indole ring influencing the

inhibitor conformation in the IRK pocket. These observations indicate

that the allosteric inhibitor in both binding pockets is held predomi-

nantly by hydrophobic contacts, with a single hydrogen bond estab-

lished with the inhibitor in the IGF1RK pocket.

Next, we performed residue-level decomposition of the binding

free energy to quantify the energetic contribution of each binding site

residue with the allosteric inhibitor. In Figure 9A, we show the ΔGbind

F IGURE 7 Binding free energy of the inhibitor and the hydrogen bond analysis for each kinase complex. (A) The binding free energy of the
inhibitor decomposed into individual components for the IGF1RK and IRK complexes. The lighter and darker shades for each energy component
represent energies corresponding to the IRK and IGF1RK complexes, respectively. The error bars represent the standard deviation for each
component (see also Table S1). (B) Hydrogen bond occupancy (HO) for each kinase/inhibitor complex. The IGF1RK residues and IRK residues are
labeled and shown in red and green color, respectively. The residues with no bar reflect 0% H-bond occupancy. (C) The superimposed
conformations of the 5-cyano indole ring of the inhibitor for the IGF1RK (cyan) and IRK (wheat) is shown with the neighboring valine residues,
V1063 (green; IGF1RK) and V1060 (magenta; IRK). (D) The distributions of a distance characterizing the hydrogen bond between the NH atom in
the indole ring of the inhibitor and the main chain carbonyl oxygen atom of V1063 in IGF1RK. The distribution data are based on three
independent all-atom MD simulations. The vertical line in distributions marks the value of the distance characterizing the hydrogen bond (2.8 Å)
in the x-ray crystal structure.
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(A) (B)

(C) (D)

F IGURE 8 Inhibitor interactions in the IGF1RK and IRK binding pockets. The bound conformations of the inhibitor are shown for IGF1RK
and IRK, respectively. For each inhibitor, the conformation corresponds to the free-energy minimum state S1 (cf. Figure 5). The binding
pocket residues involved in the interactions are shown in stick representations. For each complex, a 2D representation of the interactions
between the allosteric inhibitor and the binding site residues is shown in panel (C) IGF1RK and panel (D) IRK. The residues and the type of
interactions are categorized and colored uniquely. The thickness of the dashed lines correspond to the number of nonbonded contacts. A thin
dashed line represents only a single nonbonded atom-to-atom contact, and a thick line represents more than one nonbonded contact with
the residue.
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values for those amino acid residues which are identical in the IGF1RK

and IRK inhibitor-bound complexes. The snapshots representing the

contrasting conformational differences for the residue sidechains are

shown in Figure 9B. The αC-helix residues M1054 (IGF1RK) and

M1051 (IRK) in both complexes energetically favor the binding of the

inhibitor with a contribution of �2.08 kcal/mol and �1.22 kcal/mol,

respectively. It has the maximum van der Waals energy contribution

compared to the other αC-helix residues (Figure S9). The orientations

of the sidechains of M1054 and M1051 are shown in Figure 9B, i,ii,

respectively. The other methionine residue supporting the R2 indole

group of the inhibitor in the IGF1RK is M1079. This residue has a con-

tribution of about �1.00 kcal/mol to the binding free energy in the

IGF1RK pocket. The energy contribution of M1079 is entirely derived

from the van der Waals energy arising from its interaction with the

indole ring of the inhibitor. On the other hand, M1076 has an energy

contribution of only �0.08 kcal/mol in the IRK complex. As a result,

the contribution of this methionine residue (M1079/M1076) to the

binding energy in the IGF1RK and IRK domain differs significantly.

This difference arises from the conformation of the inhibitor's aro-

matic ring and the orientation of the sulfur-containing side chain

(Figure 9B, v,vi).

Further, the IGF1RK residue V1063 significantly contributes to

inhibitor binding with a ΔGbind value of �1.35 kcal/mol, whereas the

corresponding residue V1060 at IRK has no contribution to the binding

of the inhibitor. A stable hydrogen bond between the two moieties, the

backbone carbonyl oxygen atom of V1063 and the NH9 atom of the

inhibitor results in an electrostatically favored interaction. Hence,

V1063 has the highest electrostatic energy contribution with an energy

F IGURE 9 Data on residue-
level interactions between the
allosteric inhibitor and each
kinase domain. (A) The ΔGbind for

each residue involved in the
allosteric inhibitor binding in both
kinase domains. The lighter and
darker shades represent the
contribution of the corresponding
residue of IRK and IGF1RK,
respectively. IGF1RK residues are
marked with “*”. The free energy
data for residues corresponding
to the αC-helix, A-loop, and
C-loop regions are shown and
highlighted in green, magenta,
and purple bars, respectively.
(B) The conformations of the
allosteric inhibitor and selected
residues are shown for IGF1RK
and IRK complexes. Snapshots are
taken from the minimum state S1
of each complex (cf. Figure 5).
The color scheme for each
residue in panel B is consistent
with data shown in panel A. The
panels are labeled for IGF1RK and
IRK complexes, respectively.
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value of �2.83 kcal/mol (Figure S9A). The conformation of this residue

and its vicinity with the inhibitor in the binding pocket of IGF1RK and

IRK differs significantly (Figure 9Biii,iv). This results in the formation of

key backbone interactions at the IGF1RK pocket contributing toward

inhibitor selectivity. The C-loop HRD motif, H1133/H1130, R1134/

R1131, and D1135/D1132 have considerable energy contributions in

both IGF1RK and IRK. It is worth pointing out that the IRK residue

H1130 has a favorable contribution toward the binding of the inhibitor

with a ΔGbind value of �0.48 kcal/mol whereas, an unfavorable contri-

bution is observed for H1133 in IGF1RK (0.07 kcal/mol). On the other

hand, the C-loop residue R1134 in IGF1RK and R1131 in IRK have

major contributions to the total binding free energy. For IGF1RK, this

charged residue has a ΔGbind value of �2.11 kcal/mol with the maxi-

mum contribution arising from the van der Waals energy. The corre-

sponding residue R1131 for IRK has the ΔGbind value of �1.27 kcal/mol

coming from both the electrostatic and van der Waals energy. Notably,

the relatively longer sidechain of this residue (R1134/R1131) has vary-

ing conformations in both pockets, and it is also influenced by the orien-

tation of the R1 indole ring of the inhibitor and vice versa (Figure 9Bvii,

viii). Additionally, the adjacent residue D1135/D1132 also contributes

positively with a ΔGbind value of �0.19 kcal/mol in IGF1RK and

�0.28 kcal/mol for IRK. Indeed, the allosteric inhibitor is predominantly

stabilized in the binding pocket of each kinase through interactions with

the charged residues.

Further, the DFG motif and the other A-loop residues such as

G1152/G1149, Y1165/1162, and L1173/L1170 also have favorable

energy contributions. The IGF1RK/IRK residue G1152/G1149 adja-

cent to the DFG motif has a ΔGbind value of �1.38 kcal/mol and

�0.47 kcal/mol, respectively. However, in the IGF1RK binding site,

G1152 stabilizes the inhibitor with relatively equal contribution from

the van der Waals and the electrostatic energy (Figure S9).

The phenylalanine residue from the DFG motif, F1154 favors higher

binding energy contribution with a ΔGbind value of �0.46 kcal/mol at

IGF1RK than F1151 at IRK, which contributes a ΔGbind value of

�0.12 kcal/mol. Similarly, the residue D1153 at the IGF1RK has a higher

energetic contribution toward inhibitor binding than the corresponding

residue D1150 in IRK (Figure 9A). Hence, the conformations of the D

and F residue sidechains of the DFG motif with respect to the inhibitor

also influence their interaction energy contributions (Figure 9Bxi,xii). Fur-

thermore, the residues L1170 and L1171 in the IRK pocket have more

favorable energy contributions with the ΔGbind values of �0.62 kcal/mol

and �0.44 kcal/mol, respectively. These interactions together contribute

to the binding affinity differences for the allosteric inhibitor toward

IGF1RK and IRK. However, the higher energy contribution of the sulfur-

containing sidechains of M1054 and M1079, the charged side chain arm

of R1134, and the DFG motif, along with the favorable electrostatic

energy contribution by V1063 are altogether responsible for a higher

binding affinity of the inhibitor toward IGF1RK.

4 | DISCUSSION

Kinases are crucial mediators in signaling pathways and have been

identified as prospective therapeutic targets. However, achieving

inhibitor selectivity among kinases is a significant challenge. Given

that the selectivity barriers are frequently associated with orthosteric

type I and type II inhibitors, developing allosteric inhibitors (type III

and type IV) is one of the strategies for overcoming the selectivity

hurdle in the kinase drug discovery.32 One of the prominent causes of

clinical trial failures is off-target inhibitor toxicity due to the structur-

ally identical kinase drug binding pockets.78 Hence, selectivity should

be a key consideration in designing both orthosteric and allosteric

kinase inhibitors. The discovery of selective inhibitors for Abl, CK2,

PI3K, MEK, Akt, JAK, IGF1R, and other kinases has demonstrated that

selectivity can be achieved among structurally similar kinases.12 More-

over, insights into the binding mechanisms of kinase inhibitors are

necessary for developing novel inhibitors with adequate selectivity

and specificity. Furthermore, there is a significant gap between the

availability of experimental bioactivity data and the structural knowl-

edge of the mechanisms of action for most allosteric kinase

inhibitors.79

In this work, we investigated the molecular level details of the

allosteric binding (type III) of an IGF1RK inhibitor (MSC1609119A-1)

to the homologous IRK domain. Although the binding mode of this

inhibitor for IGF1RK was resolved using the x-ray crystallography

method, there is no structural information on its interaction with IRK

and therefore, a lack of understanding of its decreased affinity and

activity.39 Heinrich et al.39 describe the kinase selectivity in terms of

the IC50 values measured in a biochemical screening assay. In their

experimental investigation, they report that the allosteric inhibitor

MSC1609119A-1 is potent and selective for IGF1RK, with an IC50

value of 0.4 μM for IGF1RK, and 6.9 μM for IRK. Given that the

amino acid residues directly interacting with the inhibitor in IGF1RK

are fully conserved in IRK, the selectivity of the allosteric inhibitor for

IGF1RK is challenging to rationalize. The structural spectrum of

kinases is diverse, with multiple states that include the αC-helix

“inward” and “outward” conformations as well as DFG motif's “in”
and “out” conformations.78,80 Our initial structural comparison of the

IGF1RK (apo and inhibitor co-crystalized) structures and the apo IRK

structure suggest that there is a potential role of conformational

selection, especially for the residues M1054 and M1079 in IGF1RK

because the corresponding residues M1051 and M1076 in IRK have

steric overlaps if the inhibitor were to take a conformation similar to

what is observed for IGF1RK (Figure 1C). However, the x-ray struc-

tures may fail to capture the precise dynamic local conformational

attributes in the binding pocket regions, which is critical in kinase-

selective drug discovery. Therefore, we quantified the structural and

energetic contributions of the IGF1RK/IRK residues toward the bind-

ing of the allosteric inhibitor MSC1609119A-1 for rationalizing its

selectivity for IGF1RK over IRK.

Our findings imply that the allosteric inhibitor in IGF1RK has a sta-

ble configuration, with conformational changes limited to the 3-cyano

indole ring (R1) (Figure 5A). This provides an explanation for the most

probable arrangement of the R1 ring of the inhibitor in IGF1RK that

was not resolved in the electron density map of the cocrystallized com-

plex. We show that the binding configuration of the inhibitor in both

allosteric pockets could be largely influenced by the conformations of

the binding pocket residues. Adding to this, our findings revealed that
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the outward movement of the αC-helix and the conformational flexibil-

ity of the residues M1054 and M1079 in the IGF1RK pocket accommo-

dates the 5-cyano indole (R2) substituent of the inhibitor (Figure 6A,C).

In contrast, in IRK, there is no conformational shift in the position of

the αC-helix, and the M1051 and M1076 residues also achieve confor-

mations that would block the allosteric pocket in IRK (Figure 6B,D).

Consequently, this leads to a sterically hindered conformation of the

allosteric inhibitor in IRK. IGF1RK has an intrinsic ability to stabilize the

“D-in” and “F-out” conformation of the DFG motif in the presence of

the inhibitor, whereas in IRK this conformation is not stable. In IRK, the

DFG motif is populated in multiple conformations, leading to an altered

pocket conformation affecting inhibitor binding (Figure 6D). Further-

more, the DFG-“F-in” conformation in the unliganded apo IGF1RK sug-

gests that both conformational selection and induced fit play a role in

the binding mechanism (Figure S8B).81 Hence, the distinct residue con-

formations could be an explanation for the preferential binding of the

allosteric inhibitor (MSC1609119A-1) to IGF1RK.

Consistent with the experimentally observed activity,39 the allo-

steric inhibitor showed different binding free energies for the

IGF1RK and IRK domains. The energy contribution from the electro-

static components (Eele) is significantly higher in the IGF1RK-

inhibitor complex relative to the IRK-inhibitor complex (Figure 7A).

Furthermore, in the IGF1RK pocket, the allosteric inhibitor forms a

stable hydrogen bond with the residue V1063. This hydrogen bond-

ing interaction is not observed in the IRK pocket and the corre-

sponding residue V1060 has no energetic contribution to inhibitor

binding. Therefore, these results suggest that unique interactions at

the kinase binding pockets may contribute toward achieving inhibi-

tor selectivity. Our study demonstrates an excellent example of the

role of rigidity and flexibility of the allosteric ligand binding sites crit-

ical to protein–ligand interactions,82 thereby providing a molecular

basis for designing kinase inhibitors. This study reflects that in kinase

drug discovery, it is critical to identify inhibitor-accessible local char-

acteristics in the binding pockets of one kinase that are not observed

in its isoform/homolog or other kinases. The structural basis of

inhibitor selectivity established in this work may benefit kinase drug

discovery toward enhanced isoform selectivity in the insulin receptor

family and other RTKs.

5 | CONCLUSION

In this work, we report molecular details of binding of an allosteric

inhibitor to the kinase domains of IGF1R and IR. The data from MD

simulations and binding free energy calculations provide a direction

for discovering unresolved molecular factors responsible for the bind-

ing specificity of the inhibitor. Our findings suggest that the confor-

mations of the residues M1054 and M1079 coupled with the outward

movement of the αC-helix and the stable DFG (D-in and F-out) motif

conformation, favor the selectivity of MSC1609119A-1 toward

IGF1RK. Furthermore, we postulate that the selectivity attained is a

result of the differences in the electrostatic interaction energy and

the formation of a unique hydrogen bond in the IGF1RK pocket. The

hydrogen bond between the indole ring of the inhibitor and Val1063

of IGF1RK, which is absent with the corresponding Val1060 residue

of IRK, provides directionality and specificity to the allosteric inhibitor,

thereby making it selective for IGF1RK over IRK. Our study suggests

that the conformations of the allosteric pocket residues that lead to

inherent differences in the binding affinity are responsible for the

selectivity of the allosteric inhibitor for IGF1RK. Overall, the findings

from this study enable a better understanding of the IGF1RK/IRK allo-

steric inhibitor binding mechanism and may potentially aid in develop-

ing selective kinase inhibitors.
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