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Abstract: Many studies have provided evidence suggesting that caspases not only contribute to
the neurodegeneration associated with Alzheimer’s disease (AD) but also play essential roles in
promoting the underlying pathology of this disease. Studies regarding the caspase inhibition draw
researchers’ attention through time due to its therapeutic value in the treatment of AD. In this
work, we apply the “Movable Type” (MT) free energy method, a Monte Carlo sampling method
extrapolating the binding free energy by simulating the partition functions for both free-state
and bound-state protein and ligand configurations, to the caspase-inhibitor binding affinity study.
Two test benchmarks are introduced to examine the robustness and sensitivity of the MT method
concerning the caspase inhibition complexing. The first benchmark employs a large-scale test set
including more than a hundred active inhibitors binding to caspase-3. The second benchmark
includes several smaller test sets studying the relative binding free energy differences for minor
structural changes at the caspase-inhibitor interaction interfaces. Calculation results show that the
RMS errors for all test sets are below 1.5 kcal/mol compared to the experimental binding affinity
values, demonstrating good performance in simulating the caspase-inhibitor complexing. For better
understanding the protein-ligand interaction mechanism, we then take a closer look at the global
minimum binding modes and free-state ligand conformations to study two pairs of caspase-inhibitor
complexes with (1) different caspase targets binding to the same inhibitor, and (2) different polypeptide
inhibitors targeting the same caspase target. By comparing the contact maps at the binding site of
different complexes, we revealed how small structural changes affect the caspase-inhibitor interaction
energies. Overall, this work provides a new free energy approach for studying the caspase inhibition,
with structural insight revealed for both free-state and bound-state molecular configurations.

Keywords: caspase inhibition; protein-ligand binding free energy; Monte Carlo sampling; docking
and scoring; molecular conformational sampling

1. Introduction

Alzheimer disease (AD) is a neurodegenerative disorder characterized by the neuronal and
synaptic loss as well as the accumulation of β-amyloid plaques and neurofibrillary tangles (NFTs)
within selective brain regions. Yet its cause, time course or mechanisms are still not well understood [1–4].
Scientists have proven that the programmed cell death pathway, also known as apoptosis, plays a
significant role in the pathogenesis of age-related neurodegenerative diseases, particularly in AD [2,5–7].
Caspases, a family of serine-aspartyl proteases, are involved in the initiation and execution of apoptosis.
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They are known to exist in our cells as inactive precursors which kill the cell once activated and lead to
the proteolytic cleavage of several neuronal proteins including tau, APP, presenilin (PS1, PS2), actin,
fodrin, etc. Therefore, caspases are believed to be critically related to the pathogenesis of AD [4,8–11].
Many research results have been published to elucidate the correlation between AD pathogenesis and
caspases family members, mostly caspases-2, 3, 6, 7, 8 and 9 [2,12–19]. These studies suggest that
preventing caspase activation may be a promising therapeutic for the treatment of AD. The activation
or the activity of the caspases can be regulated in two ways: (1) specific molecules such as Bcl-2, FLIP or
IAPs can be used to control the processing and activation of a caspase; (2) a number of molecules that
directly interact with a caspase can be used to inhibit the proteases that have already been activated.
These molecules are called caspase inhibitors [20–24]. Various caspase inhibitors, including small
molecules, peptidomimetic and peptide compounds, have been designed to study the relationship
between caspases and other factors involved in apoptosis.

Structure-based drug design using high-performance computers have long played important roles
in the de novo drug/biomolecule discovery studies. The long-pursued essential of structure-based drug
design is the estimation of the free energy change associated with the binding process of a ligand to a
biochemical system, for which the calculation speed and accuracy are both crucial [25–27]. A number
of free energy estimation methods have been developed, including end-point methods, pathway-based
free energy calculations, and pathway-independent free energy methods. The end-point methods for
free energy estimation (e.g., docking, molecular mechanics combined with the Poisson−Boltzmann
or generalized Born and surface area continuum solvation (MMPBSA or MMGBSA)) are relatively
fast, but the single static structure which they usually rely on often leads to the neglect of the
receptor flexibility and thus compromise the calculation accuracy [28–31]. The pathway-based free
energy methods, which can be broadly categorized into alchemical and potential of mean force
approaches, are usually computationally expensive due to the extensive sampling required to estimate
the binding free energies [32–34]. The alchemical approaches use the thermodynamic cycle built
with nonphysical intermediate states to compute the free energy differences between the end states.
The two most commonly used alchemical free energy methods are Free energy perturbation (FEP) [35]
and thermodynamic integration (TI) [36]. The potential of mean force (PMF) approach [37–39],
with umbrella sampling coupled with the WHAM (weighted histogram analysis method) analysis,
is one of the most widely adopted PMF approaches [40]. Other than the high computational cost
caused by the intensive sampling, the pathway free energy methods are also limited by simulation
time scales. Constitutionally, the underlying force field has a powerful hold on the accuracy of
all free energy estimation methods, leaving improvements in all these methods an active area of
research [41–43]. On the other hand, the pathway-independent free energy methods, e.g., Monte Carlo
free energy sampling methods, use Markov model for the molecular configurational-state sampling.
Such methods could potentially gain significant speed benefits from parallel computing according to
their stochastic sampling protocols, which also avoids the difficulty of crossing the energy barriers
during simulations in the pathway-based methods. However, to generate a converged energy ensemble
takes no less computational effort compared to the pathway-based methods. Capturing the significant
configurational states are crucial for the pathway-independent free energy methods, which require
thorough and careful sampling against the energy landscape.

In this research, we used the Movable Type (MT) free energy method, a novel Monte Carlo free
energy algorithm developed by our group to evaluate the binding affinity between a variety of caspase
inhibitors and their caspase targets [44]. By comparing the binding free energies and the predicted
significant binding modes calculated by our simulation model to those obtained from experiments,
we could validate the accuracy of our model against this particular protein target family, and provide
potential theoretical support for the future development of the therapeutic intervention for AD.
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2. Results and Discussion

The goals of this research are (1) to examine the accuracy of Movable Type free energy method
in calculating the binding free energy between different caspase targets and various inhibitors,
and (2) to apply the MT method to the structural analysis of the caspase-inhibitor binding mechanism.
The results could provide theoretical support to proceed further study the feasibility of applying the
Movable Type Free Energy Method to design caspase ligand inhibitors, which are closely related to
Alzheimer’s disease.

Two different test benchmarks were introduced in this work. First, a relatively large test set
was studied to obtain a general picture of the MT method’s performance to differentiate the binding
affinities of a large variety of ligand structures binding to the caspase-3 protein target (the caspase target
having the most significant number of ligands with known binding affinities). Then we performed
a series of relative binding free energy reproduction studies to carefully examine the MT binding
affinity prediction regarding (1) ligands of different structural categories bound to specific targets,
and (2) ligands from the same structural category bound to different caspase targets, for more detailed
computational study of the caspase-ligand bindings.

2.1. Large-Scale Validation Benchmark

The first benchmark includes structures and IC50 data (which can be converted to binding
free energy via approximation) of 113 small molecular ligands bound to the caspase-3 target that
are proven to have binding affinities, published on DUD-E data website (http://dude.docking.org/).
The DUD-E website provides several hundred structures of small molecules that actively bind to
caspase-3. After screening, redundancy structures, as well as structures with high molecular weights
(MW) (>1000 Da) or high degrees of freedom (>1000 rotatable bonds) were abandoned, with the rest
113 active ligands forming the test set used in our validation. Ligand structures were prepared by
adding the missing hydrogen atoms, Missing residues at the caspase-3 target protein were added and
locally optimized before the calculation. The active compounds’ IC50 data collected from the DUD-E
website were transferred to pIC50 values and further approximated to the binding free energies by
assigning the unit of energy:

∆Gbinding = RT ln Kd ≈ RT ln IC50 = −RT ×
e

10
× pIC50 (1)

where R is the gas constant and T is temperature in Kelvin, which is set to 298.15 K in this work; e is
the base of the natural logarithm.

IC50 is strongly related to the inhibitor’s binding affinity, and also affected by other factors as
the substrate’s and receptor’s concentrations. The inhibitor’s binding affinities can be approximated
as pIC50 values when the substrate’s concentration is very small. On one hand, IC50 data are more
easily accessible compared to Ki or Kd data from the public databases [45], being popular for the
large-scaling binding affinity prediction evaluations provided by many widely used databases like
BindingDB [45,46], DUD-E [47] and ChEMBL [48], etc. On the other hand, not all experimental IC50
values are comparable to the binding affinity data if without small enough substrate concentrations [49],
plus that different experimental IC50 values have been found regarding the same protein-ligand
complex system [50], indicating reliability issues for using the public databases in the calculation
evaluations. Despite the aforementioned issues, IC50 data are still broadly used in the virtual screening
and binding affinity simulation studies [51–53], partly because of the limited accessible Ki or Kd

data, and also because the substrate’s or receptor’s concentration-related terms can be cancelled out
(Equation (2)) when comparing the relative binding affinities of those protein-ligand complex systems
with the same mechanism of inhibition e.g., virtual screening study targeting the same receptor’s
binding site (Equation (3)).

Ki,1

Ki,2
=

IC50,1

IC50,2
(2)

http://dude.docking.org/
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∆∆G1,2 = ∆G1 − ∆G2 = (−RT ln Ki,1) − (−RT ln Ki,2) = (−RT ln IC50,1) − (−RT ln IC50,2) (3)

The MT protocol was utilized to perform the virtual screening. The calculation results were shown
in Figure 1 together with the experimental RTlnIC50 data generated using Equation (1). As active
compounds, all the ligands in this test set are relatively tight binders, with the binding affinity
distributed between −8 to −14 kcal/mol and mostly ranged between −8 to −12 kcal/mol. Statistics of
this calculation approach showed an RMSE as 0.746 kcal/mol, the r2 coefficient as 0.552 and Kendall’s
tau correlation as 0.506, revealing a good prediction accuracy and ranking capability of the MT method
against the large-scaling caspase-3 target-ligand virtual screening test set (Figure 1). Introducing
the first test benchmark revealed a general picture of the binding affinity prediction using the MT
method against a large number of active small molecules, with diverse structural features, bound to the
caspase-3 target. Further explorations including relative binding affinity difference study referencing
minor structural changes and structural based protein-ligand interaction interface analysis were also
carried out to examine the reliability of the MT protocol against the caspase-ligand binding prediction.
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Figure 1. Scattered plot comparing binding free energy calculated by Movable Type Method to
experimental data for the DUD-E CASP3 test set (Table S1).

2.2. Test Benchmark Studying the Binding ∆∆G Regarding the Structural Changes at the Binding Interface

In the second test benchmark, we employed a series of smaller test sets with high quality
protein-ligand crystal structures, and carefully categorized ligands according to their structural
similarities, so that we can further explore the binding affinity prediction accuracy by using the MT
method, its sensitivity against local structural changes at the protein-ligand interaction interfaces,
and even more, the potency of applying this method to the inverse docking study related to the
caspase inhibitors.

In this test benchmark, protein-ligand complex crystal structures were selected from the Protein
Data Bank (PDB) and categorized into three test sets according to the ligand structural features. The first
test set aimed to study the relative binding free energy changes of different ligands bound to the same
protein target. Given the same target and same binding site residue environment, it was important to
explore the capability of the MT method to differentiate the binding affinity against minor to major
changes concerning the ligand structures. Caspase-3, as one of the most important AD related target,
was selected as the protein target in this test benchmark as well for the relative binding affinity study.

16 caspase-3 inhibitors were selected from the Protein Data Bank and categorized into two
sub-groups based on their structural characteristics: inhibitors with no amino acid structures while
having MWs less than 500 Da were selected to the small molecule inhibitors sub-group; inhibitors
containing polypeptide backbones with natural or unnatural amino acids were classified to the
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peptidomimetic inhibitors sub-group. The results of applying the MT method to calculate the binding
free energy were listed in Tables 1 and 2 below:

Table 1. Comparison of the binding free energy calculated by Moveable Type to that obtained from
experiment for the caspase-3—small molecule inhibitor test set.

PDB ID Ligand Ligand Mass
(Da)

Experimental ∆G
(kcal/mol)

Calculated ∆G
(kcal/mol)

3h0e
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Table 2. Comparison of the binding free energy calculated by Moveable Type to that obtained from
experiment for the caspase-3—peptidomimetic molecule inhibitor test set.

PDB ID Ligand Ligand Mass
(Da)

Experimental ∆G
(kcal/mol)

Calculated ∆G
(kcal/mol)

1rhu 5,6,7 tricyclic peptidomimetic 638.69 −11.61 −10.88
1rhr Cinnamic acid methyl ester 651.14 −11.04 −10.79
1rhj Pryazinone 574.69 −10.96 −11.02

4jje ACE-1MH-ASP-B3L-HLX-1U8 (Unnatural
amino acid peptides) 838.94 −10.41 −10.90

2h5i Ac-DEVD-Cho 504.49 −12.11 −11.18
2h5j Ac-DMQD-Cho 535.57 −10.779 −11.06
4jr0 Ac-DEVD-CMK 552.96 −11.17 −11.26
3gjt Ac-IEPD (Diverse P4 Residues in Peptides) 498.13 −9.23 −9.44

The small molecule subgroup contains ligands with more spread-out binding affinities while
inhibitors in the peptidomimetic inhibitor subgroups are all tight binders. Binding affinity predictions
using the MT method were illustrated in Figure 2 to compare with the experimental data. Against the
small molecule subgroup, the MT method reproduced an RMSE as 1.242 kcal/mol, r2 correlation
coefficient as 0.501, and Kendall’s tau as 0.357. Regarding the peptidomimetic inhibitor subgroup,
the MT calculation results had an RMSE as 0.479 kcal/mol, r2 coefficient as 0.655, and Kendall’s tau as
0.444 compared to the experimental data. Calculation against the peptidomimetic inhibitor subgroup
were generally better than the small molecule subgroup. By merging the two subgroups, we also looked
at the MT calculation performance against the total caspase3-ligands test set. For all the 16 different
ligands bound to the caspase3 target, we generated an RMSE as 0.920 kcal/mol, r2 coefficient as 0.647,
and Kendall’s tau as 0.559.
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In the caspase-3-Inhibitor test set, the ligands’ MWs varied from 301.09 to 838.94 Da, with an
r2 correlation as 0.314 with the binding affinity distribution, compared to the MT calculation results
whose r2 coefficient as 0.647 regarding the experimental data. The MT method is not ligands’ MW
dependent, according to this validation. Regarding this test set, the absolute errors of all the MT
calculation results were lower than 2.5 kcal/mol for all the 16 complexes, 15 predictions had the absolute
errors lower than 2 kcal/mol; 13 predictions had the absolute errors lower than 1 kcal/mol. A generally
good binding affinity prediction against the caspase-3-Inhibitor test set were revealed by using the MT
free energy protocol.

Hereby we used one example, namely 1gfw, to illustrate the sampled significant ligand’s
conformations in the free state and the docked poses in bound state, and the calculated ensemble energies
in both free and bound state, to further demonstrate how the MT computational protocol worked.

1gfw contains a relatively small ligand with 5 heavy-heavy atom rotatable bonds. The MT-CS
conformational search program generated 134 distinguished conformers and calculated their
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conformational energies in the solution phase by employing the KMTSIM solvation model. The top
9 ligand conformers according to their energy ranking were shown in Figure 3, with their energy
distribution shown in Figure 4. The free-state ligand’s partition function, ZL was in-turn calculated
using Equation (6). ZL was a very big number as the sum of all the ligand’s conformational local
partition functions, which was shown as −RT log (ZL) in this work for better revealing its physical
meaning. The MT-CS calculation had −RT log (ZL) = −3.99 kcal/mol, representing the ensemble energy
of the free-state ligand’s conformations, an energy barrier that the binding process had to overcome.

The heatmap docking method generated 115 unique docked poses for this protein-ligand complex.
The best docked ligand pose had a structural RMSD as 2.08 Å compared to the ligand’s crystal structure.
We showed the top 9 docked complex poses in Figure 5, and the protein-ligand binding interaction
energies in Figure 6. ZPL was calculated using Equation (7) summing all the complexes’ configurational
local partition functions. −RT log (ZPL) = −14.33 kcal/mol was generated as the ensemble energy of
the complex considering all the 115 binding conformations in the solution phase. So that we derived
the final binding free energy using Equation (8). The ∆Gbinding was then calculated as −14.33 kcal/mol
− (−3.99 kcal/mol) = −10.34 kcal/mol.
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0 to 9. All the binding modes are generated by using the heatmap docking method. The best docked
ligand pose (in cyan) is shown together with the crystal ligand (in pink) in Figure 5-0 in the middle,
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Given the success of the first test set, we were encouraged to expand our study on other caspase
targets. Polypeptide inhibitors were found with better selectivity and more effective compared to the
small molecular inhibitors against the caspase targets, which gradually drew researchers’ attention
through time. In this work, we studied the polypeptide inhibitors with similar structures binding to
different caspase targets, to explore the performance of the MT method reproducing the small relative
binding affinity differences among the test cases.

We collected the crystal structures and binding affinity data of 15 different caspase-polypeptide
inhibitor complexes from the Protein Data Bank. The MT protocol was applied to reproduce the
binding affinities and significant binding modes reproductions. The calculation results agreed quite
well with the experimental data and generated a RMSE as 0.733 kcal/mol, an r2 coefficient as 0.752,
and a Kendall’s tau as 0.651 (Table 3). In the first and second test benchmarks, we focused on different
ligands binding to the same caspase target. Within this test set, we particularly examined the cases
with the same inhibitor binding to different caspase targets.

Table 3. Binding free energy calculation results by using the MT protocol against the caspase-polypeptide
complexing test set.

PDB ID Caspase Target Peptide Ligand Experimental ∆G
(kcal/mol)

Calculated ∆G
(kcal/mol)

2h5j caspase-3 Ac-DMQD-Cho −10.78 −11.06
2ql5 caspase-7 Ac-DMQD-Cho −11.04 −12.72
2ql9 caspase-7 Ac-DQMD-Cho −12.30 −12.51
2qlf caspase-7 Ac-DNLD-Cho −12.06 −12.26
2qlb caspase-7 Ac-EMSD-Cho −8.03 −8.46
2ql7 caspase-7 Ac-IEPD-Cho −8.53 −8.16
1f1j caspase-7 Ac-DEVD-Cho −11.99 −10.74
2h5i caspase-3 Ac-DEVD-Cho −12.11 −11.18
4jr0 caspase-3 Ac-DEVD-CMK −11.17 −11.26
3r7b caspase-2 Ac-DVAD-Cho −8.38 −8.42
3r5j caspase-2 Ac-ADVAD-Cho −9.48 −9.72
3r6g caspase-2 Ac-VDVAD-Cho −10.36 −10.68
3gjt caspase-3 Ac-IEPD −9.23 −9.44
1f9e caspase-8 Phq-DEVD −11.86 −10.49
4jje caspase-3 Ac-1MH-ASP-B3L-HLX-1U8 −10.41 −10.90

Hereby we looked at two pairs of complex structures as representative examples, to examine how
the small structural differences at the binding interfaces affecting the binding affinities between the
caspase targets and polypeptide inhibitors.

First, we compared the calculation results between 2h5i and 1f1j, two complexes with the
same peptide ligand, Ac-DEVD-Cho, targeting different caspase receptors, caspase-3, and caspase-7.
The global minimum binding modes for both of the complexes provided us a clear view of their
protein-ligand interaction maps. By using the MT protocol, the global minimum binding mode for the
caspase-3-Ac-DEVD-Cho complex had a structural RMSD as 1.17 Å, and the global minimum binding
mode for the caspase-7-Ac-DEVD-Cho complex had a structural RMSD as 1.44 Å, both compared to
their corresponding crystal structures.

Both caspase-3 and caspase-7 targets had clip-shaped binding sites with similar volumes occupied
by the polypeptide inhibitor, Ac-DEVD-Cho, according to the highlighted area in Figures 7 and 8.
Both binding sites used short amino acid chains to form a series of backbone-backbone hydrogen
bonds stabilizing the polypeptide inhibitor, i.e., S205, R207 and S209 at the caspase-3 binding site
formed 4 hydrogen bonds with the Asp, Val, Glu backbone residues and the acetyl capping group of
the polypeptide inhibitor respectively; S231, R233, and Q276 forms 4 hydrogen bonds with the Asp,
Val, Glu, and Asp backbone residues as well. W206 and Y204 from caspase-3 applied bulky aromatic
side-chain structures to limit the flexibility of the polypeptide inhibitor by holding its Valine side chain
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in between. Similarly, caspase-7 used the indole side chain of W232 and the phenol side chain of Y230
to drag the ligand’s valine side chain by forming a C-H/π interaction. Several other residues at the
protein’s clip-shaped binding site also stabilize the target-inhibitor complex by forming hydrogen
bonds with the side chain and capping groups of Ac-DEVD-Cho. At the caspase-3 binding site, W214,
S249, and N208 formed hydrogen bonds with the carboxyl side chain of the acetyl capped aspartic
acid residue; R207 formed a hydrogen bond with the carboxyl group from the glutamic acid side
chain; R64, Q161 and R207 formed hydrogen bonds with the aldehyde capped aspartic acid side chain;
and G122 formed a hydrogen bond with the aldehyde capping group on the ligand. On the other
hand, at the caspase-7 binding site, S234, W240 and Q276 formed hydrogen bonds with the carboxyl
side chain of the inhibitor’s acetyl capped aspartic acid residue; N88 formed a hydrogen bond with
the carboxyl group from the glutamic acid side chain; R87, Q184 and R233 formed hydrogen bonds
with the aldehyde capped aspartic acid side chain; and R87 also formed a hydrogen bond with the
aldehyde capping group on the ligand.

With quite similar interaction maps, the MT protocol generated very close protein-ligand interaction
energies of these two global-minimum binding modes. The caspase-3-Ac-DEVD-Cho binding mode
had −163.92 kcal/mol for the protein-ligand interface contact energy and the caspase-7-Ac-DEVD-Cho
binding mode had −159.73 kcal/mol as its own. It also led to quite similar binding affinity predictions,
with −11.18 kcal/mol for 2h5i and −10.74 kcal/mol for 1f1j.
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Figure 7. The global minimum docked pose (cyan) together with the crystal ligand conformation (pink)
for Ac-DEVD-Cho bound to caspase-3. The orange surface on the left shows the area of interaction
interface at the caspase-3 binding site. The green ribbon on the bottom right shows the locations of the
residues having close contact (within 3 Å) with the global minimum docked pose. All residues having
close contact with the global minimum Ac-DEVD-Cho pose are shown in the picture on the top right.
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Figure 8. The global minimum docked pose (cyan) together with the crystal ligand conformation (pink)
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interface at the caspase-7 binding site. The green ribbon on the bottom right shows the locations of the
residues having close contact (within 3 Å) with the global minimum docked pose. All residues having
close contact with the global minimum Ac-DEVD-Cho pose are shown in the picture on the top right.

Another comparison study focused on the two complexes with the PDBID 2ql9 and 2qlb, using the
same target protein: caspase-7, binding to two different polypeptide inhibitors: Ac-DQMD-Cho and
Ac-ESMD-Cho. Similarly, in both cases, the caspase target provided a short amino acid chain to seize
the peptide inhibitor by a series of hydrogen bonds. S231, W232, R233 and S234 formed four hydrogen
bonds with both of the peptide inhibitors’ backbone structures respectively. Also, the caspase-7 receptor
prepared Y230, W232 and F282 with their aromatic side chains to stabilize the two inhibitors with the
C-H/π interactions. Meanwhile, by introducing the R87, Q184 residues to form hydrogen bonds with
the carboxyl groups from the glutamic acid, and the aldehyde capping groups respectively, and by
using the Q276 residue to form a hydrogen bond with the acetyl capping groups, the caspase-7 receptor
further locked both of the peptide inhibitors at the binding site (Figure 9).

The main reason causing the interaction energy difference for the two inhibitors lay in that the
glutamine residue from Ac-DQMD-Cho formed two more hydrogen bonds with the amide group
on the R233 residue from the caspase-7 binding site. On the other hand, the side chain of the serine
from Ac-ESMD-Cho was too short to stretch out to form such hydrogen bonds. It resulted in the
~10 kcal/mol interaction energy difference between these two global minimum binding modes, with the
protein-ligand contact energy as −201.01 kcal/mol for 2ql9 and that as −190.78 kcal/mol for 2qlb. On the
other hand, the free-state ligand’s ensemble energy for Ac-DQMD-Cho was −12.217 kcal/mol and that
for Ac-ESMD-Cho was −9.18 kcal/mol. It showed that Ac-DQMD-Cho was slightly more favored
in the water-solvated free state than Ac-ESMD-Cho, also indicating that the more flexible structure
of Ac-DQMD-Cho restored larger configurational entropy compared to Ac-ESMD-Cho. However,
the slightly increased protein-ligand complexing barrier for Ac-DQMD-Cho did not stop it from
earning ~4 kcal/mol more preferred binding free energy compared to Ac-ESMD-Cho.
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the contacts areas. The green ribbons also indicate more residues from the caspase-7 binding site 
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residue at the caspase-7 binding site, while no hydrogen bond can be found at the same location for 
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3. Materials and Methods 
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published in 2018 [54]. Since the detailed illustrations, thorough validations and calculation 
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in this work is the MT method validation and application regarding the caspase inhibition instead of 
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Figure 9. Illustrations of the caspase-7 binding site with Ac-DQMD-Cho (pictures on the left) and
Ac-ESMD-Cho (pictures on the right). The global minimum docked pose (cyan) are shown together
with the crystal ligand conformation (pink). Orange regions on both binding sites shows the difference
of the contacts areas. The green ribbons also indicate more residues from the caspase-7 binding site
having significant contact with Ac-DQMD-Cho compared to Ac-ESMD-Cho. Pictures on the bottom
show that the glutamine residue from Ac-DQMD-Cho forms extra hydrogen bonds to the R233 residue
at the caspase-7 binding site, while no hydrogen bond can be found at the same location for the
caspase-7-Ac-ESMD-Cho complex.

3. Materials and Methods

The MT method was first developed in our lab in 2013 [44]. Further refinement was later on
published in 2018 [54]. Since the detailed illustrations, thorough validations and calculation comparisons
with other top-notch methods can be found in our previous publications, and our focus in this work is
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the MT method validation and application regarding the caspase inhibition instead of a methodology
demonstration, only a brief introduction of this method was included in this paper.

The MT method simplifies the molecular energy state simulation and reduces the computational
complexity by separating the sampling of the molecular states into samplings of independent
atom pairwise contacts during molecular movements. In a molecular system, each atom possesses
independent degree of freedom for its movement, hence the free energy change of a molecule can be
simulated using the free energy changes of all the atoms in this molecular system. Given that all atoms
are allowed a small movement range, the MT method assumes that every pairwise work on atom A
from another atom i is independent from each other. Since every atom, including atom A and every
atom i, possesses its own moving degrees of freedom, all the atom A-i pairwise energy states can be
extrapolated using the EAi vector, where τ0

Ai represents the atom A-i relative coordinate from the input
structure, and ∆τ is their geometric deviation step unit with a sampling range (±n∆τ).

EAi =
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(4)

All energy states for atom A from the atom A-i relative coordinate change can be generated using
the reversible work on atom A from atom i during their movement. The atom pairwise reversible work
is calculated as the sum of the work on three orthogonal directions (x, y and z directions) with respect
to all the atom A-i pairwise energy changes. Equation (5) illustrated the calculation of the pairwise
reversible work regarding atom A along the x axis.
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(5)

where FAi represents the vector of forces regarding atom A-i with their pairwise distances ranged from
r1

Ai to rn
Ai; θAi is the collection of angles of inclination of all the i-A vector (Figure 10) regarding the x

axis. ∆r is the sampling step unit. FAi × cos(θAi)∆r generates all the atom A-i pairwise energy states.
Ex

A is the ensemble of work on atom A from all the surrounding atoms along the x axis.
In this work, we set the distance sampling range (r1

Ai to rn
Ai) as 1 Å, angle sampling range (θ1

Ai to θn
Ai)

as 30 degrees, and ∆r as 0.005 Å. The reversible work on atom A is calculated in all the three orthogonal
directions and summed as in Equation (6).

EA = Ex
A + Ey

A + Ez
A (6)
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Figure 10. With respect to atom A (dark blue dot on the upper left corner), all atom pairwise contacts on
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The partition function (Z) for atom A can be generated as:

ZA = exp
(
−

1
RT

EA

)
(7)

For all atoms in the selected molecular system, the atomic ensemble energies are calculated
separately to ensure that the molecular local partition function can be numerically calculated for each
atomic movement in its given sampling range.

ZM = ZA ×ZB ×ZC × · · · (8)

By feeding the MT protocol with multiple molecular configurations, local molecular partition
functions ZM can be calculated using Equation (8) for estimation of the free energy. Regarding the
protein-ligand binding affinity study, conformations for both free and bound states are generated using
the Monte Carlo sampling protocols followed by local minimizations. The free state molecular system
includes unbound ligand and protein in the solution phase. ZL and ZP are their corresponding partition
functions which are necessary for the binding free energy calculation. On the other hand, the bound
state molecular system includes the protein ligand molecules in the complex form in the solution.
ZPL is the bound state partition function containing all the protein-ligand binding mode energy states.
In the present study we only performed the ligand conformational sampling and the protein-ligand
binding mode sampling by considering the flexibility of the ligand structures and the protein binding
site residues while keeping the rest of the protein geometry fixed. The protein conformational sampling
is skipped because (1) the massive degrees of freedom associated with inclusion of protein flexibility
will significantly increase the computational burden, while (2) having limited contributions to the
computational accuracies regarding relative binding affinities studies using identical or similar protein
target, due to that the ZPL values are very similar among all the test cases.

In-house programs developed in our group are introduced to perform such tasks. For the
free-state calculation, the MT-CS conformational search program [55] was introduced to generate
significant free-state molecular conformations with reference to the molecular flexibility. The MT-CS
conformational search program generated ligand conformers using a torsion library with pre-calculated
torsion energies using the GARF energy model [56], the solvation free energy was calculated using the
KMTISM model [57]. The MT protocol was then applied to each ligand conformer to estimate the local
partition function ZL. The ligand’s total partition function was then generated using all the MT-CS
sampled configurational ensemble energies in Equation (9).

ZL =

NL con f ormation∑
α

ZαL = Z1
L + Z2

L + · · ·+ ZN
L (9)
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The Heatmap docking program [44] was employed for the bound state configuration sampling
in this work. The bound-state protein-ligand complex ensemble energy is calculated using the same
protocol by summing all the local partition functions.

ZPL =

NPL con f ormation∑
α

ZαPL = Z1
PL + Z2

PL + · · ·+ ZN
PL (10)

The binding free energy change was then estimated by using the ratio of partition functions in
bound and free states. The whole calculation protocol is also illustrated in Figure 11.

∆Gbinding ≈ −RT log
(ZPL

ZL

)
(11)

In this work, we utilized the MT free energy protocol briefed above for the caspase-inhibitor
binding affinity study. All related codes and data can be obtained by contacting the authors for
validation and review purpose only.
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Both bound-state and free-state ensembles were generated using the programs indicated (Heatmap
docking and MT-CS). The final free energy change was then calculated using the ratio of partition
functions ZPL/ZL.
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4. Conclusions

We applied our newly developed Movable Type free energy protocol to the caspase-inhibitor
complexing study. Using a Monte Carlo sampling approach, the MT method generated the significant
binding modes and calculated the binding free energies using the ratio of the partition functions
referencing the bound state and free state protein-ligand systems. Both the large-scaling and carefully
set-up small test sets were introduced to provide a comprehensive study regarding the robustness and
sensitivity of the MT protocol against such complexing systems. Results revealed good agreements of
the calculation predictions with the experimental binding affinities and the global minimum binding
modes. Through detailed case studies, we further illustrated the MT protocol mechanism for the free
energy extrapolation using a Monte Carlo based sampling method. Moreover, we also took a close look
at the global minimum binding mode structures to study how minor changes in the interaction interfaces
affecting the binding affinities and how with different interaction interfaces achieved similar binding
affinities. Generally, this work provided us useful computational information for the binding affinity
prediction using the MT protocol. Future studies including computation-experiment combinatorial
research can be expected for the structural based caspase inhibitor design. We also plan to apply the
MT protocol to the caspase inhibitor-related inverse docking study.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/19/4850/s1.

Author Contributions: Conceptualization, Z.Z.; methodology, Z.Z.; software, S.X. and Z.Z.; validation, S.X. and
H.L.; formal analysis, S.X.; investigation, S.X.; resources, Z.Z.; data curation, S.X. and H.L.; writing—original draft
preparation, S.X.; writing—review and editing, S.X. H.L. and Z.Z.; visualization, S.X.; supervision, Z.Z.; project
administration, Z.Z.

Funding: This research received no external funding.

Acknowledgments: We thank Taolei Sun from Wuhan University of Technology for useful discussions of the
caspase inhibition mechanism and the computational methodology application.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AD Alzheimer’s Disease
MT Movable Type
NFTs Neurofibrillary tangles

References

1. Rohn, T.T.; Head, E.; Su, J.H.; Anderson, A.J.; Bahr, B.A.; Cotman, C.W.; Cribbs, D.H. Correlation between
caspase activation and neurofibrillary tangle formation in Alzheimer’s disease. Am. J. Pathol. 2001, 158, 189–198.
[CrossRef]

2. Stadelmann, C.; Deckwerth, T.L.; Srinivasan, A.; Bancher, C.; Brück, W.; Jellinger, K.; Lassmann, H. Activation
of caspase-3 in single neurons and autophagic granules of granulovacuolar degeneration in Alzheimer’s
disease. Evidence for apoptotic cell death. Am. J. Pathol. 1999, 155, 1459–1466. [CrossRef]

3. Gervais, F.G.; Xu, D.; Robertson, G.S.; Vaillancourt, J.P.; Zhu, Y.; Huang, J.; LeBlanc, A.; Smith, D.; Rigby, M.;
Shearman, M.S.; et al. Involvement of caspases in proteolytic cleavage of Alzheimer’s amyloid-beta precursor
protein and amyloidogenic A beta peptide formation. Cell 1999, 97, 395–406. [CrossRef]

4. Cotman, C.W.; Poon, W.W.; Rissman, R.A.; Blurton-Jones, M. The role of caspase cleavage of tau in Alzheimer
disease neuropathology. J. Neuropathol. Exp. Neurol. 2005, 64, 104–112. [CrossRef] [PubMed]

5. Roth, K.A. Caspases, apoptosis, and Alzheimer disease: Causation, correlation, and confusion. J. Neuropathol.
Exp. Neurol. 2001, 60, 829–838. [CrossRef] [PubMed]

6. Obulesu, M.; Lakshmi, M.J. Apoptosis in Alzheimer’s disease: An understanding of the physiology, pathology
and therapeutic avenues. Neurochem. Res. 2014, 39, 2301–2312. [CrossRef] [PubMed]

7. Cribbs, D.H.; Poon, W.W.; Rissman, R.A.; Blurton-Jones, M. Caspase-Mediated Degeneration in Alzheimer’s
Disease. Am. J. Pathol. 2004, 165, 353–355. [CrossRef]

http://www.mdpi.com/1422-0067/20/19/4850/s1
http://dx.doi.org/10.1016/S0002-9440(10)63957-0
http://dx.doi.org/10.1016/S0002-9440(10)65460-0
http://dx.doi.org/10.1016/S0092-8674(00)80748-5
http://dx.doi.org/10.1093/jnen/64.2.104
http://www.ncbi.nlm.nih.gov/pubmed/15751224
http://dx.doi.org/10.1093/jnen/60.9.829
http://www.ncbi.nlm.nih.gov/pubmed/11556539
http://dx.doi.org/10.1007/s11064-014-1454-4
http://www.ncbi.nlm.nih.gov/pubmed/25322820
http://dx.doi.org/10.1016/S0002-9440(10)63302-0


Int. J. Mol. Sci. 2019, 20, 4850 17 of 19

8. Kim, T.W.; Pettingell, W.H.; Jung, Y.K.; Kovacs, D.M.; Tanzi, R.E. Alternative cleavage of Alzheimer-associated
presenilins during apoptosis by a caspase-3 family protease. Science 1997, 277, 373–376. [CrossRef] [PubMed]

9. Gamblin, T.C.; Chen, F.; Zambrano, A.; Abraha, A.; Lagalwar, S.; Guillozet, A.L.; Lu, M.; Fu, Y.; Garcia-Sierra, F.;
LaPointe, N.; et al. Caspase cleavage of tau: Linking amyloid and neurofibrillary tangles in Alzheimer’s
disease. Proc. Natl. Acad. Sci. USA 2003, 100, 10032–10037. [CrossRef] [PubMed]

10. Rissman, R.A.; Poon, W.W.; Blurton-Jones, M.; Oddo, S.; Torp, R.; Vitek, M.P.; LaFerla, F.M.; Rohn, T.T.;
Cotman, C.W. Caspase-cleavage of tau is an early event in Alzheimer disease tangle pathology. J. Clin. Investig.
2004, 114, 121–130. [CrossRef] [PubMed]

11. Binder, L.I.; Guillozet-Bongaarts, A.L.; Garcia-Sierra, F.; Berry, R.W. Tau, tangles, and Alzheimer’s disease.
Biochim. Biophys. Acta Mol. Basis Dis. 2005, 1739, 216–223. [CrossRef] [PubMed]

12. Leroy, K.; Ando, K.; Laporte, V.; Dedecker, R.; Suain, V.; Authelet, M.; Héraud, C.; Pierrot, N.; Yilmaz, Z.;
Octave, J.N.; et al. Lack of tau proteins rescues neuronal cell death and decreases amyloidogenic processing
of APP in APP/PS1 mice. Am. J. Pathol. 2012, 181, 1928–1940. [CrossRef] [PubMed]

13. Guo, H.; Albrecht, S.; Bourdeau, M.; Petzke, T.; Bergeron, C.; LeBlanc, A.C. Active caspase-6 and
caspase-6-cleaved tau in neuropil threads, neuritic plaques, and neurofibrillary tangles of Alzheimer’s
disease. Am. J. Pathol. 2004, 165, 523–531. [CrossRef]

14. Rohn, T.T.; Rissman, R.A.; Davis, M.C.; Kim, Y.E.; Cotman, C.W.; Head, E. Caspase-9 activation and caspase
cleavage of tau in the Alzheimer’s disease brain. Neurobiol. Dis. 2002, 11, 341–354. [CrossRef] [PubMed]

15. LeBlanc, A.; Liu, H.; Goodyer, C.; Bergeron, C.; Hammond, J. Caspase-6 role in apoptosis of human neurons,
amyloidogenesis, and Alzheimer’s disease. J. Biol. Chem. 1999, 274, 23426–23436. [CrossRef] [PubMed]

16. Klaiman, G.; Petzke, T.L.; Hammond, J.; Leblanc, A.C. Targets of caspase-6 activity in human neurons and
Alzheimer disease. Mol. Cell Proteom. 2008, 7, 1541–1555. [CrossRef] [PubMed]

17. Horowitz, P.M.; Patterson, K.R.; Guillozet-Bongaarts, A.L.; Reynolds, M.R.; Carroll, C.A.; Weintraub, S.T.;
Bennett, D.A.; Cryns, V.L.; Berry, R.W.; Binder, L.I. Early N-terminal changes and caspase-6 cleavage of tau in
Alzheimer’s disease. J. Neurosci. 2004, 24, 7895–7902. [CrossRef]

18. Su, J.H.; Zhao, M.; Anderson, A.J.; Srinivasan, A.; Cotman, C.W. Activated caspase-3 expression in Alzheimer’s
and aged control brain: Correlation with Alzheimer pathology. Brain Res. 2001, 898, 350–357. [CrossRef]

19. Rohn, T.T.; Head, E.; Nesse, W.H.; Cotman, C.W.; Cribbs, D.H. Activation of caspase-8 in the Alzheimer’s
disease brain. Neurobiol. Dis. 2001, 8, 1006–1016. [CrossRef]

20. Pate, K.M.; Rogers, M.; Reed, J.W.; van der Munnik, N.; Vance, S.Z.; Moss, M.A. Anthoxanthin Polyphenols
Attenuate Aβ Oligomer-induced Neuronal Responses Associated with Alzheimer’s Disease. CNS Neurosci.
Ther. 2017, 23, 135–144. [CrossRef]

21. Pérez, M.J.; Vergara-Pulgar, K.; Jara, C.; Cabezas-Opazo, F.; Quintanilla, R.A. Caspase-Cleaved Tau Impairs
Mitochondrial Dynamics in Alzheimer’s Disease. Mol. Neurobiol. 2018, 55, 1004–1018. [CrossRef] [PubMed]

22. Forner, S.; Baglietto-Vargas, D.; Martini, A.C.; Trujillo-Estrada, L.; LaFerla, F.M. Synaptic Impairment in
Alzheimer’s Disease: A Dysregulated Symphony. Trends Neurosci. 2017, 40, 347–357. [CrossRef] [PubMed]

23. Chu, J.; Lauretti, E.; Praticò, D. Caspase-3-dependent cleavage of Akt modulates tau phosphorylation via
GSK3β kinase: Implications for Alzheimer’s disease. Mol. Psychiatry. 2017, 22, 1002–1008. [CrossRef]
[PubMed]

24. Rohn, T.T. The role of caspases in Alzheimer’s disease; potential novel therapeutic opportunities. Apoptosis
2010, 15, 1403–1409. [CrossRef] [PubMed]

25. Gilson, M.K.; Zhou, H.X. Calculation of protein-ligand binding affinities. Annu. Rev. Bioph. Biom. 2007,
36, 21–42. [CrossRef] [PubMed]

26. Michel, J.; Essex, J.W. Prediction of protein-ligand binding affinity by free energy simulations: Assumptions,
pitfalls and expectations. J. Comput. Aid. Mol Des. 2010, 24, 639–658. [CrossRef]

27. Shirts, M.R.; Mobley, D.L.; Chodera, J.D. Alchemical Free Energy Calculations: Ready for Prime Time?
Ann. Rep. Comp. Chem. 2007, 3, 41–59.

28. Halperin, I.; Ma, B.Y.; Wolfson, H.; Nussinov, R. Principles of docking: An overview of search algorithms
and a guide to scoring functions. Proteins 2002, 47, 409–443. [CrossRef]

29. Yuriev, E.; Ramsland, P.A. Latest developments in molecular docking: 2010-2011 in review. J. Mol. Recognit.
2013, 26, 215–239. [CrossRef]

http://dx.doi.org/10.1126/science.277.5324.373
http://www.ncbi.nlm.nih.gov/pubmed/9219695
http://dx.doi.org/10.1073/pnas.1630428100
http://www.ncbi.nlm.nih.gov/pubmed/12888622
http://dx.doi.org/10.1172/JCI200420640
http://www.ncbi.nlm.nih.gov/pubmed/15232619
http://dx.doi.org/10.1016/j.bbadis.2004.08.014
http://www.ncbi.nlm.nih.gov/pubmed/15615640
http://dx.doi.org/10.1016/j.ajpath.2012.08.012
http://www.ncbi.nlm.nih.gov/pubmed/23026200
http://dx.doi.org/10.1016/S0002-9440(10)63317-2
http://dx.doi.org/10.1006/nbdi.2002.0549
http://www.ncbi.nlm.nih.gov/pubmed/12505426
http://dx.doi.org/10.1074/jbc.274.33.23426
http://www.ncbi.nlm.nih.gov/pubmed/10438520
http://dx.doi.org/10.1074/mcp.M800007-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/18487604
http://dx.doi.org/10.1523/JNEUROSCI.1988-04.2004
http://dx.doi.org/10.1016/S0006-8993(01)02018-2
http://dx.doi.org/10.1006/nbdi.2001.0449
http://dx.doi.org/10.1111/cns.12659
http://dx.doi.org/10.1007/s12035-017-0385-x
http://www.ncbi.nlm.nih.gov/pubmed/28084594
http://dx.doi.org/10.1016/j.tins.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28494972
http://dx.doi.org/10.1038/mp.2016.214
http://www.ncbi.nlm.nih.gov/pubmed/28138159
http://dx.doi.org/10.1007/s10495-010-0463-2
http://www.ncbi.nlm.nih.gov/pubmed/20127416
http://dx.doi.org/10.1146/annurev.biophys.36.040306.132550
http://www.ncbi.nlm.nih.gov/pubmed/17201676
http://dx.doi.org/10.1007/s10822-010-9363-3
http://dx.doi.org/10.1002/prot.10115
http://dx.doi.org/10.1002/jmr.2266


Int. J. Mol. Sci. 2019, 20, 4850 18 of 19

30. Kollman, P.A.; Massova, I.; Reyes, C.; Kuhn, B.; Huo, S.; Chong, L.; Lee, M.; Lee, T.; Duan, Y.; Wang, W.; et al.
Calculating structures and free energies of complex molecules: Combining molecular mechanics and
continuum models. Acc. Chem. Res. 2000, 33, 889–897. [CrossRef]

31. Genheden, S.; Ryde, U. The MM/PBSA and MM/GBSA methods to estimate ligand-binding affinities.
Expert Opin. Drug Discov. 2015, 10, 449–461. [CrossRef] [PubMed]

32. Chodera, J.D.; Mobley, D.L.; Shirts, M.R.; Dixon, R.W.; Branson, K.; Pande, V.S. Alchemical free energy
methods for drug discovery: Progress and challenges. Curr. Opin. Struc. Biol. 2011, 21, 150–160. [CrossRef]
[PubMed]

33. Christ, C.D.; Mark, A.E.; van Gunsteren, W.F. Feature Article Basic Ingredients of Free Energy Calculations:
A Review. J. Comput. Chem. 2010, 31, 1569–1582. [PubMed]

34. Woo, H.J.; Roux, B. Calculation of absolute protein-ligand binding free energy from computer simulations.
Proc. Natl. Acad. Sci. USA 2005, 102, 6825–6830. [CrossRef] [PubMed]

35. Zwanzig, R.W. High-Temperature Equation of State by a Perturbation Method.1. Nonpolar Gases. J. Chem.
Phys. 1954, 22, 1420–1426. [CrossRef]

36. Kirkwood, J.G. Statistical mechanics of fluid mixtures. J. Chem. Phys. 1935, 3, 300–313. [CrossRef]
37. Buch, I.; Sadiq, S.K.; De Fabritiis, G. Optimized Potential of Mean Force Calculations for Standard Binding

Free Energies. J. Chem. Theory Comput. 2011, 7, 1765–1772. [CrossRef] [PubMed]
38. Essex, J.W.; Severance, D.L.; TiradoRives, J.; Jorgensen, W.L. Monte Carlo simulations for proteins: Binding

affinities for trypsin-benzamidine complexes via free-energy perturbations. J. Phys. Chem. B 1997, 101, 9663–9669.
[CrossRef]

39. Gumbart, J.C.; Roux, B.; Chipot, C. Standard Binding Free Energies from Computer Simulations: What Is the
Best Strategy? J. Chem. Theory Comput. 2013, 9, 794–802. [CrossRef]

40. Roux, B. The Calculation of the Potential of Mean Force Using Computer-Simulations. Comput. Phys. Commun.
1995, 91, 275–282. [CrossRef]

41. Jorgensen, W.L. Free-Energy Calculations—a Breakthrough for Modeling Organic-Chemistry in Solution.
Accounts Chem. Res. 1989, 22, 184–189. [CrossRef]

42. Klimovich, P.V.; Shirts, M.R.; Mobley, D.L. Guidelines for the analysis of free energy calculations. J. Comput.
Aid. Mol Des. 2015, 29, 397–411. [CrossRef] [PubMed]

43. Shirts, M.R.; Mobley, D.L. An introduction to best practices in free energy calculations. Methods Mol. Biol.
2013, 924, 271–311. [PubMed]

44. Zheng, Z.; Ucisik, M.N.; Merz, K.M., Jr. The Movable Type Method Applied to Protein–Ligand Binding.
J. Chem. Theory Comput. 2013, 9, 5526–5538. [CrossRef]

45. Liu, T.; Lin, Y.; Wen, X.; Jorissen, R.N.; Gilson, M.K. BindingDB: A web-accessible database of experimentally
determined protein-ligand binding affinities. Nucleic Acids Res. 2007, 35, D198–D201. [CrossRef] [PubMed]

46. Gilson, M.K.; Liu, T.; Baitaluk, M.; Nicola, G.; Hwang, L.; Chong, J. BindingDB in 2015: A public database
for medicinal chemistry, computational chemistry and systems pharmacology. Nucleic Acids Res. 2016,
44, D1045–D1053. [CrossRef] [PubMed]

47. Mysinger, M.M.; Carchia, M.; Irwin, J.J.; Shoichet, B.K. Directory of Useful Decoys, Enhanced (DUD-E):
Better Ligands and Decoys for Better Benchmarking. J. Med. Chem. 2012, 55, 6582–6594. [CrossRef]

48. Gaulton, A.; Bellis, L.J.; Bento, A.P.; Chambers, J.; Davies, M.; Hersey, A.; Light, Y.; McGlinchey, S.;
Michalovich, D.; Al-Lazikani, B.; et al. ChEMBL: A large-scale bioactivity database for drug discovery.
Nucleic Acids Res. 2012, 40, D1100–D1107. [CrossRef]

49. Cheng, Y.; Prusoff, W.H. Relationship between the inhibition constant (KI) and the concentration of inhibitor
which causes 50 per cent inhibition (I50) of an enzymatic reaction. Biochem. Pharm. 1973, 22, 3099–3108.

50. Kalliokoski, T.; Kramer, C.; Vulpetti, A.; Gedeck, P. Comparability of mixed IC50 data—a statistical analysis.
PLoS ONE 2013, 8, e61007. [CrossRef]

51. Kastritis, P.L.; Rodrigues, J.P.G.L.M.; Bonvin, A.M.J.J. HADDOCK2P2I: A Biophysical Model for Predicting the
Binding Affinity of Protein–Protein Interaction Inhibitors. J. Chem. Inf. Model. 2014, 54, 826–836. [CrossRef]
[PubMed]

52. Sakkiah, S.; Thangapandian, S.; John, S.; Kwon, Y.J.; Lee, K.W. 3D QSAR pharmacophore based virtual
screening and molecular docking for identification of potential HSP90 inhibitors. Eur. J. Med. Chem. 2010,
45, 2132–2140. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/ar000033j
http://dx.doi.org/10.1517/17460441.2015.1032936
http://www.ncbi.nlm.nih.gov/pubmed/25835573
http://dx.doi.org/10.1016/j.sbi.2011.01.011
http://www.ncbi.nlm.nih.gov/pubmed/21349700
http://www.ncbi.nlm.nih.gov/pubmed/20033914
http://dx.doi.org/10.1073/pnas.0409005102
http://www.ncbi.nlm.nih.gov/pubmed/15867154
http://dx.doi.org/10.1063/1.1740409
http://dx.doi.org/10.1063/1.1749657
http://dx.doi.org/10.1021/ct2000638
http://www.ncbi.nlm.nih.gov/pubmed/26596439
http://dx.doi.org/10.1021/jp971990m
http://dx.doi.org/10.1021/ct3008099
http://dx.doi.org/10.1016/0010-4655(95)00053-I
http://dx.doi.org/10.1021/ar00161a004
http://dx.doi.org/10.1007/s10822-015-9840-9
http://www.ncbi.nlm.nih.gov/pubmed/25808134
http://www.ncbi.nlm.nih.gov/pubmed/23034753
http://dx.doi.org/10.1021/ct4005992
http://dx.doi.org/10.1093/nar/gkl999
http://www.ncbi.nlm.nih.gov/pubmed/17145705
http://dx.doi.org/10.1093/nar/gkv1072
http://www.ncbi.nlm.nih.gov/pubmed/26481362
http://dx.doi.org/10.1021/jm300687e
http://dx.doi.org/10.1093/nar/gkr777
http://dx.doi.org/10.1371/journal.pone.0061007
http://dx.doi.org/10.1021/ci4005332
http://www.ncbi.nlm.nih.gov/pubmed/24521147
http://dx.doi.org/10.1016/j.ejmech.2010.01.016
http://www.ncbi.nlm.nih.gov/pubmed/20206418


Int. J. Mol. Sci. 2019, 20, 4850 19 of 19

53. Schneider, G.; Odile, C.; Hilfiger, L.; Schneider, P.; Kirsch, S.; Böhm, H.; Neidhart, W. Virtual Screening for
Bioactive Molecules by Evolutionary De Novo Design. Angew. Chem. Int. Ed. 2000, 39, 4130–4133. [CrossRef]

54. Bansal, N.; Zheng, Z.; Song, L.F.; Pei, J.; Merz, K.M., Jr. The Role of the Active Site Flap in Streptavidin/Biotin
Complex Formation. J. Am. Chem. Soc. 2018, 140, 5434–5446. [CrossRef] [PubMed]

55. Pan, L.; Zheng, Z.; Wang, T.; Merz, K.M., Jr. A Free Energy Based Conformational Search Algorithm Using
the “Movable Type” Sampling Method. J. Chem. Theory Comput. 2015, 11, 5853–5864. [CrossRef] [PubMed]

56. Zheng, Z.; Pei, J.; Bansal, N.; Liu, H.; Song, L.F.; Merz, K.M., Jr. Generation of Pairwise Potentials Using
Multi-Dimensional Data Mining. J. Chem. Theory Comput. 2018, 14, 5045–5067. [CrossRef] [PubMed]

57. Zheng, Z.; Wang, T.; Li, P.; Merz, K.M., Jr. KECSA-Movable Type Implicit Solvation Model (KMTISM).
J. Chem. Theory Comput. 2014, 11, 667–682. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/1521-3773(20001117)39:22&lt;4130::AID-ANIE4130&gt;3.0.CO;2-E
http://dx.doi.org/10.1021/jacs.8b00743
http://www.ncbi.nlm.nih.gov/pubmed/29607642
http://dx.doi.org/10.1021/acs.jctc.5b00930
http://www.ncbi.nlm.nih.gov/pubmed/26605406
http://dx.doi.org/10.1021/acs.jctc.8b00516
http://www.ncbi.nlm.nih.gov/pubmed/30183299
http://dx.doi.org/10.1021/ct5007828
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Large-Scale Validation Benchmark 
	Test Benchmark Studying the Binding G Regarding the Structural Changes at the Binding Interface 

	Materials and Methods 
	Conclusions 
	References

