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ABSTRACT
Apoptosis signal-regulating kinase 1 (ASK1) has recently emerged as an attractive molecular target for
pharmaceutical intervention. Several classes of small-molecular ASK1 inhibitors have been identified.
In this article, we analysed the binding of small-molecular inhibitors from different chemotypes with
ASK1 using molecular dynamic simulations. The umbrella sampling technique was used to calculate
the binding free energy (ΔG) for these compounds with ASK1 ATP-binding pocket. According to the
obtained results, umbrella sampling gave correct ranking of the binding affinities for investigated
inhibitors relative to their experimental pIC50 values and can be useful for further structure-based
design of ASK1 inhibitors to accelerate lead optimisation.
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1. Introduction

Apoptosis signal-regulating kinase 1 (ASK1) is a ubiquitously
expressed Ser/Thr protein kinase which is activated in
response to various stimuli such as reactive oxygen species
[1], endoplasmic reticulum stress [2], lipopolysaccharide [3],
tumour necrosis factor α (TNF-α) [4]. ASK1 has been reported
to be involved in a number of neurodegenerative [5–7], cardi-
ovascular [8], autoimmune diseases [9,10], diabetes [11], can-
cer [12,13], etc. Consequently, ASK1 inhibitors may have the
potential to treat clinically important human pathologies
[14,15]. There are several classes of small-molecular ASK1
inhibitors have been already published [9,14,16–25]. It should
be noted that one of the ASK1 inhibitors, GS-4997, discovered
by Gilead Sciences is now undergoing clinical trials (https://
clinicaltrials.gov/ct2/show/NCT02466516) which supports
the notion that ASK1 is considered as a ‘druggable’ molecular
target. According to the literature data, the main approach for
the development of ASK1 inhibitors at present time is a struc-
ture-based design. For example, recently, starting from purine,
pyrimidine and quinazoline scaffolds, using a structure-based
drug design, a series of ASK1 inhibitors among the derivatives
of 2-arylquinazoline has been identified [26]. Using decon-
struction and re-optimisation of known ASK1 inhibitors,
novel efficient ASK1 inhibitors have been developed [27–32].

The thermodynamic characterisation of protein–ligand
interaction is useful for compound activity optimisation
during the structure-based drug design. One of the latest
experimental techniques for characterising protein–ligand
binding affinity is isothermal titration calorimetry (ITC).
Due to some concerns of this method, such as large sample
requirement, limitation to the determination of the binding

constant (this method cannot measure too strong (Ka > 109

M−1) or too weak binding (Ka < 103 M−1)), high sensitivity
to the presence of chemical reagents such as TRIS, DTT,
DMSO, etc. in solution, computational approaches can be use-
ful to obtain thermodynamic characteristics of ligand binding.
Earlier, correlations of experimental ITC measurements with
umbrella sampling calculations have been identified for Pro-
viral integration site for Moloney murine leukaemia virus-1
(PIM-1) protein kinase [33]. Moreover, there are a number
of recent published works demonstrating that the umbrella
sampling algorithm allows calculate free energy of ligand bind-
ing to the receptor, which is either close to experimental or sig-
nificantly correlates with experimental values [34–37].

In order to establish whether the umbrella sampling algor-
ithm can be useful for structure-based optimisation of ASK1
inhibitors, we have calculated binding free energy for the com-
pounds from different chemical chemotypes with ASK1 ATP-
binding pocket which were identified during multikinase
profiling of a set of fragment-sized compounds [38] and one
of them was identified as a close analogue of known ASK1
inhibitor [18].

2. Methods

2.1. Molecular dynamics

All molecular dynamic (MD) simulations were carried out
with GROMACS v.4.5 [39–41]. The starting coordinates
used for all simulations were from the crystal structures of
ligands bound to the ASK1 with PDB accession codes: 4BF2,
4BHN, 4BID, 4BIE and 4BIB [18]. GROMOS96 force field
was used for MD experiments [42]. Energy minimisation of
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ligand–receptor complexes was performed in explicit water
environment with steepest descent energy minimisation algor-
ithm for 1000 relaxation steps. The minimised structure was
taken for position restrain dynamics using the relaxation
time 20 ps. Then, MD simulation during 20 ns was carried
out. The integration of the equations of motion was performed
using the leap-frog algorithm [43] and canonical (NVT)
ensemble. For electrostatics treatment, Particle Mesh Ewald
algorithm was applied [44,45].

2.2. Free energy calculation by umbrella sampling

The umbrella sampling algorithm and the Weighted Histo-
gram Analysis Method (WHAM) [46] were used to calculate
the free energy profile for the separation of five ASK1-inhibitor
complexes. The starting coordinates used for umbrella
sampling simulations were from the crystal structures with
PDB accession codes: 4BF2, 4BHN, 4BID, 4BIE and 4BIB [18].

Topology files for ligands were generated using Dundee
PRODRGserver (accessed 20 January 2017) [47].Weused ligand
GRO files containing polar/aromatic H’s. Topology file for
protein kinase ASK1 has been generated from PDB-file using
pdb2gmx command. The systemwas set up using the Gromos96
53a6 force field [42] and solvatedwith the SPCwatermodel [48].
In the case of PDB-structure 4BIB, several atom types were
missed in Gromos96 53a6 force field, thus Charmm27 force
field [49] and TIP3P water model [50] were used.

The centre of mass of the ASK1-inhibitor complex has been
placed at (4.0, 4.0, 4.0 nm) in a box of dimensions 12 × 12 ×
12 nm using editconf command. Then, the system was sol-
vated with genbox command and neutralised using Na+ or
Cl− ions according to the charge of the system using genion
command.

The number of atoms for five ASK1:inhibitor:water:ion sys-
tems used for umbrella sampling simulations was as follows:
4BF2: 2708:46:68902:5; 4BIB: 4229:37:68917:5; 4BID: 2740:
47:68951:4; 4BIE: 2747:30:68896:4; 4BHN:2765:48:68918:6.

Figure 1. (Colour Online) The binding modes of compounds 1 (a), 2 (b), 3 (c), 4 (d) and staurosporine (e) in the active site of the ASK1 catalytic subunit. Hydrogen
bonds are shown by the green dotted lines and hydrophobic interactions are presented by magenta dotted lines.
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The periodic boundary conditions and the particle mesh
Ewald method [44,45] were used with a nonbonded cut-off
of 9 Å. Each system was first energy minimised using 5000
steps of steepest descent method followed by NPT equili-
bration for 100 ps (50,000 steps). For NPT equilibration we
used Berendsen thermostat with temperature = 310 K and Par-
rinello-Rahman barostat with pressure = 1 bar. Using
make_ndx command we have defined custom index group
for pulling simulation. Pulling of ligands for each system has
been performed in Y-dimension using a spring constant of
1000 kJ/(mol nm2) and pulling rate 0.01 nm/ps, as described
earlier [51]. A series of configurations along Y-axis has been
generated corresponding to each of the frames saved in the

continuous pulling simulation. To measure the distance
between protein and ligand on all of these frames, we have
used Perl script to iteratively call g_dist command. The total
path with a length of 4.5 nm was divided into 0.1 nm wide
equidistant windows. We used final centre of-mass (COM)
distance between protein kinase ASK1 and small-molecular
inhibitor of 4.5 nm since the plot of PMF vs. distance reached
a plateau for all investigated systems and applied window spa-
cing 0.1 nm which allowed for increasing detail at smaller
COM distance, and resulted in about 20 windows. Each coor-
dinate file, which is required to obtain 0.1-nm spacing, has
been prepared for umbrella sampling simulations. At first,
NPT equilibration in each window was performed during

Figure 2. (Colour Online) Molecular dynamic (MD) results of compound 1 in complex with ASK1 during 20-ns MD simulation: RMSD of compound 1 (a), sum of Cou-
lomb and Lennard-Jones interaction energies for сompound 1-ASK1 complex (b), hydrogen-bond existence map of compound 1-ASK1 complex (c).
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500 ps (250,000 steps). Then, each input file was passed to
umbrella sampling simulation. Then, using WHAM we have
extracted the potential of mean force (PMF), which yields
the ΔG for the binding/unbinding process.

The file with a list of commands and MDP files used during
umbrella sampling simulations for ASK1-inhibitor complexes
(PDB ID: 4BIC and 4BIB) is available as Supplementary
material.

3. Results and discussion

In this work, we have used the umbrella sampling algorithm to
determine the PMF for apoptosis signal-regulating kinase 1
(ASK1) with five compounds belonging to four different che-
motypes – indole-carboxamides (compound 1), 7-azaindoles

(compound 2 and compound 3), imidazopyridines (com-
pound 4) and indolocarbazole (staurosporine).

The complexes of these compounds with amino acid resi-
dues in the ATP-binding site of ASK1 are presented in Figure 1.

In order to establish that the complexes are stable, we have
performed MD simulation for each complex during 20 ns. As
it can be seen from the RMSD plots, all investigated complexes
are stable without tendencies to dissociation (Figures 2–6(a)).

It is turned out that the compound 1 forms hydrogen bonds
with Val757, Ser761, Ser821, Asp822, Leu686 and Gly759
during almost all the times of MD simulation (Figure 2(c)).
Some disposition of the ligand in the ATP-binding pocket is
observed at 1 ns of MD simulation which can be caused by
the disruption of hydrogen bonds with Gly759 and carbonyl
group of Val757 which leads to the slight increase of the energy
(Figure 2(b)).

Figure 3. (Colour Online) Molecular dynamic (MD) results of compound 2 in complex with ASK1 during 20-ns MD simulation: RMSD of compound 2 (a), sum of Cou-
lomb and Lennard-Jones interaction energies for сompound 2-ASK1 complex (b), hydrogen-bond existence map of compound 2-ASK1 complex (c).
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The stabilisation of the compound 2-ASK1 complex
obviously is supported by the formation of hydrogen bonds
with Lys709, Val757, Asp807, Asp822 and Glu755 during
almost all the times of MD (Figure 3(c)). The increase of the
energy is observed after 7 ns of simulation (Figure 3(b))
which can be explained by the disruption of hydrogen bond
with Lys688 (Figure 3(c)).

As it can be seen from Figure 4, some disposition of com-
pound 3 in the ATP-binding pocket is observed at 9 ns of
MD simulation. The presented hydrogen bond network corre-

lates well with the energy of the complex. The decrease of the
energy of the complex, which reflects further stabilisation
(Figure 4(b)), can be associated with the disruption of hydro-
gen bonds of the ligand with amino acid residues Lys688,
Val757, Asp807, Asn808 and by the formation of hydrogen
bonds with amino acid residues Thr690, Asp803 and Thr825
(Figure 4(c)).

Apparently, the stabilisation of the complex compound 4-
ASK1 is due to the formation of the hydrogen bonds with
Lys709, Val757 and Asp822 during all the times of MD simu-

Figure 4. (Colour Online) Molecular dynamic (MD) results of compound 3 in complex with ASK1 during 20-ns MD simulation: RMSD of compound 3 (a), sum of Cou-
lomb and Lennard-Jones interaction energies for сompound 3-ASK1 complex (b), hydrogen-bond existence map of compound 3-ASK1 complex (c).
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lation (Figure 5(c)). The formation of additional hydrogen
bond with Gly687 possibly leads to a slight decrease of the
energy which means stronger complex stabilisation
(Figure 5(b)).

As shown in Figure 6, staurosporine is displaced in the
ATP-binding pocket of ASK1 at 3 ns of MD simulation
which leads to the increase of the energy. This disposition
can be caused by the loss of hydrogen bonds with amino
acid residues in the hinge region such as Val757 and Glu755.
The decrease of energy is observed at 12 ns which can be
associated with the formation of hydrogen bonds with
Asp807 and Asp822. Then, the disruption of these hydrogen
bonds possibly leads again to the increase of the energy.

The umbrella sampling algorithm was used to calculate
binding free energy (ΔG) for these compounds with ASK1
ATP-binding pocket. Pulling of the ligands was performed in
the Y-dimension in order to allow ligand move from active
site into water (Figure 7).

ΔGb has been determined from PMF plots as the difference
between the PMF with the ligand bound minus the ligand
when it is unbound (Figure 8).

As can be seen from Table 1, the most active compounds 2
and 4 with experimental pIC50 values of 7.9 ± 0.1 have the low-
est values of binding free energy (−21 and −22 kcal/mol,
respectively), which means that these compounds bind with
enzyme with higher affinity and vice versa, the compounds 1
and 3 with experimental pIC50 values of 6.1–6.2 have higher
values of binding free energy (−16 and −14.5 kcal/mol,
respectively), which means that these compounds bind with
enzyme with lower affinity. It should be noted that according
to MD simulation the compounds 2 and 4 also have lower
values of the sum of Coulomb and Lennard–Jones interaction
energies and have more stable hydrogen bond networks than
the compounds 1, 3 and staurosporine.

Possibly, different binding modes of compounds in the
ATP-binding site of protein kinase ASK1 can reflect different
shapes of the PMF profiles.

Since the obtained calculated results of binding free energy
values are in a good agreement with the trends observed for
experimental pIC50 values (binding data), the umbrella
sampling algorithm can be considered as a quite acceptable
approach for structure-based inhibitor optimisation.

Figure 5. (Colour Online) Molecular dynamic (MD) results of compound 4 in complex with ASK1 during 20-ns MD simulation: RMSD of compound 4 (a), sum of Cou-
lomb and Lennard-Jones interaction energies for сompound 4-ASK1 complex (b), hydrogen-bond existence map of compound 4-ASK1 complex (c).
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Figure 6. (Colour Online) Molecular dynamic (MD) results of staurosporine in complex with ASK1 during 20-ns MD simulation: RMSD of staurosporine (a), sum of
Coulomb and Lennard-Jones interaction energies for staurosporine-ASK1 complex (b), hydrogen-bond existence map of staurosporine-ASK1 complex (c).

Figure 7. (Colour Online) Molecular rendering of the ASK1-ligand system indicat-
ing axes X, Y, Z.
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Figure 8. Potential of Mean Force (PMF) for unbinding of the complexes of protein kinase ASK1 with compound 1 (a), 2 (b), 3 (c), 4 (d) and staurosporine (e).
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Table 1. Compound structures and their experimental pIC50 values towards protein kinase ASK1 and calculated PMF values for ASK1-ligand unbinding (see Figure 8).

Compound Structure pIC50 PMF, kcal/mol

Compound 1 6.2 ± 0.5 −16

Compound 2 7.9 ± 0.1 −21

Compound 3 6.1 ± 0.1 −14.5

Compound 4 7.9 ± 0.1 −22

Staurosporine −16

MOLECULAR SIMULATION 9
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