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Abstract

With the rapid development of computational technique and hardware, more rigorous
and precise theoretical models have been used to predict the binding affinities of a
large number of small molecules to a biomolecule. By employing continuum
solvation models, the MM/GBSA and MM/PBSA methodologies achieve good
balance between low computational cost and reasonable prediction accuracy. In this
study, we have thoroughly investigated the effects of interior dielectric constant,
molecular dynamics (MD) simulation, and the number of top-scored docking poses on
the performance of the MM/GBSA and MM/PBSA rescoring of docking poses for
three tyrosine kinases, including ABL, ALK, and BRAF. Overall, the MM/PBSA and
MM/GBSA rescoring achieved comparative accuracies based on a relatively higher
solute (or interior) dielectric constant (i.e. £=2, or 4), and could markedly improve the
‘screening power’ and ‘ranking power’ given by Autodock. Moreover, with a
relatively higher solute dielectric constant, the MM/PBSA or MM/GBSA rescoring
based on the best scored docking poses and multiple top-scored docking poses gave
similar predictions, implying that much computational cost can be saved with the
consideration of the best scored docking poses only. Besides, compared with the
rescoring based on the minimized structures, the rescoring based on the MD
simulations might not be quite necessary due to its negligible impact on the docking
performance. Considering the much higher computational demand of MM/PBSA,
MM/GBSA with a high solute dielectric constant (=2 or 4) is recommended to virtual

screening of tyrosine kinases.
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Introduction

Molecular docking has exhibited unrivaled charm in virtual screening (VS), where
scoring functions play the core role in predicting the binding modes and binding
affinities of ligands. Three criterions have been used to evaluate how well a scoring
function or a docking algorithm works:' ‘docking power’, which evaluates the
consistency between the predicted binding pose and the experimental structure of a
ligand. A reproduced RMSD (root-mean-square deviation) less than 2.0 A is usually
thought as a successful docking; ‘screening power’, which evaluates the capability of
molecular docking to distinguish the inhibitors from non-inhibitors of a target. The
p-value of student’s #-test or/and AUC value (area under curve) of ROC curve
(receiver operating characteristic curve) are usually used for this evaluation; and
‘ranking power’, which evaluates the correlation between the predicted binding
affinities and the experimental data, and Pearson and Spearman correlations are
commonly used for this assessment.

Numerous scoring functions with relatively high precision have been developed,
i.e. the scoring functions of PLP,” Rosetta,” Glide,* and Autodock,’ and successfully
used in various studies,*® However, in order to achieve a good balance between
prediction accuracy and computational efficiency, approximations were introduced in
most docking scoring functions, which often impair the accuracy of predictions.
Considering a database for VS usually has a great number of molecules, improving
only 1% of the docking accuracy will markedly decrease the false positive rate.

Compared with most scoring functions used in molecular docking, the
MM/GBSA (Molecular Mechanics/Generalized Born Surface Area) and MM/PBSA
(Molecular Mechanics/Poisson Boltzmann Surface Area) methodologies employ more
rigorous solvation models, and allow for the decomposition of free energy into
contributions originating from different interaction groups.”"> Certainly, the
MM/GBSA or MM/PBSA calculations based on molecular dynamics (MD)
simulations or only molecular mechanics (MM) minimizations are more

time-consuming than most scoring functions. However, with the rapid advance of
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computer hardware, it is feasible to use MM/GBSA or MM/PBSA as a scoring
function in molecular docking calculations or even docking-based VS. In fact,
previous studies have evaluated the performance of MM/GBSA or/and MM/PBSA as
scoring functions in molecular docking or VS. For example, Brown et al. have used
MM/PBSA to predict the binding potencies of 308 small molecules targeting three
proteins and found significant correlation (»=0.72~0.83) to experimentally measured
data.'® Sgobba and colleagues reported an assessment study of MM/GBSA and
MM/PBSA on six drug targets, and they found that MM/PBSA and MM/GBSA could
give higher enrichment factors than the docking scoring functions but rescoring based
on multiple protein conformations were not necessary for most cases.'” Zhang et al.
have done a comprehensive study on the DUD dataset by using MM/GBSA, and
summarized that using the top-5 originally scored docking poses for the MM/GBSA
rescoring may be a good balance between computational burden and prediction
accuracy.18 However, we will show below that the influence whether to use the best
scored docking pose or the best of the top-3 docking poses is not significant when a
higher interior dielectric constant (i.e. e=2 or 4) was used. Besides, we have evaluated
the performance of the MM/GBSA and MM/PBSA approaches on the prediction of
ligand binding modes (‘docking power’), and found that MM/GBSA was superior to
most of the widely used scoring functions when the interior dielectric constant of 2
was used.'” However, it remains unknown whether the interior dielectric constant and
MD simulations have marked impacts on the performance of MM/GBSA and
MM/PBSA on VS (‘screening power’). Therefore, in this study, we evaluated the
impacts of interior dielectric constant, MD simulations, and the number of top-scored
docking poses on the performance of the MM/GBSA and MM/PBSA rescoring. To
our knowledge, this is the first attempt to analyze the performance of the MM/GBSA
or MM/PBSA rescoring on VS by using different interior dielectric constant and MD

simulations.

Materials and Methods
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Dataset Preparation

Three tyrosine kinases were used for the rescoring evaluation, namely ABL (Abelson
tyrosine kinase), ALK (Anaplastic lymphoma kinase), and BRAF (v-Raf murine
sarcoma viral oncogene homolog B). The known inhibitors of these targets with ICs
< 10,000 nM were obtained from the BindingDB database.”” The numbers of the
known inhibitors for ABL, ALK, and BRAF are 286, 342, and 402, respectively. 7000
compounds were used as the chemical background space or non-inhibitors, and they
were randomly selected from the Chembridge database based on the similarity of the
FCFP_4 fingerprint by using the Find Diverse Molecules module in Discovery Studio
2.5. The ratio of the inhibitors versus non-inhibitors are 1:24, 1:20, and 1:17 for ABL,
ALK, and BRAF, respectively. The protonation states of the small molecules at

pH=7.0 were determined by using the LigPrep module in Schrédinger version 9.0.

Molecular Docking

The 3D coordinates of the X-ray crystal complexes of ABL,*"?" ALK,™?' and
BRAF*** were downloaded from the RCSB protein data bank (PDB). The
protonation states of the proteins were determined by using PROPKA (version 3.1).*°
Before molecular docking, the proteins were prepared by using the Structure
Preparation Tool module in Sybyl-X1.1, which added hydrogen atoms, repaired
side-chains of incomplete residues, and optimized the steric hindrance of side-chains.
Missing residues were built by using the Profein Loops module in Sybyl-X1.1.
Autodock4 atomic radii were assigned to the macromolecules. The non-polar
hydrogen atoms were merged into the connected heavy atoms to match the Autodock
algorithm. The small molecules were docked into each target with Autodock 4.2
program’ by using the Lamarckian genetic algorithm (LGA).”” The Gasteiger partial
charge38 was applied to the macromolecules and small molecules for the reason that it
could reproduce approximate 80% of the crystallized binding poses of the
co-crystallized ligands in the conjunction with Autodock 4.2 scoring function.** *
The grid spacing was set to 0.375 A with box size of 50 x 50 x 50 centered in the

active pocket. Each molecule was docked for 10 times and the top-3 docking poses
6
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associated with the lowest binding affinities were saved for the MM/GBSA and

MM/PBSA rescoring calculations.

Structural Optimization and Molecular Dynamics Simulation

Each protein-ligand complex predicted by molecular docking was optimized and
rescored by MM/GBSA and MM/PBSA. Then, for each target, 720 systems (~10% of
the total systems) with the top MM/GBSA scores were submitted to MD simulations
to evaluate the impact of MD on the rescoring accuracy. Before the MM/GBSA and
MM/PBSA rescoring, each protein-ligand complex was prepared with the standard
procedure in Amberl2 simulation package.*' Due to the reasonable computational
efficiency and good performance in binding free energy predictions,* the AM1-BCC
charges (AM1 with bond charge corrections)® of each small molecule were computed
by the sqgm program™ in AMBER12. The Amber03* and GAFF* (general Amber
force field) force fields were used for the proteins and small molecules, respectively.
The counter-ions, Na* or CI, were added to neutralize the unbalanced charges in the
complexes. For each complex, octahedral TIP3P water box*” was added with 5 A out
of the solute to reduce the high computational demand.

In the phase of minimization, each complex was minimized for 1000 cycles (500
cycles of steepest descent and 500 cycles of conjugate gradient minimization) and the
backbone heavy atoms in each protein were constrained with the elastic constant of 50
kcal/mol-A?; then, the constrains for the backbone heavy atoms were reduced to 10
kcal/mol-A? and the other atoms were free to move (500 cycles of steepest descent
and 500 cycles of conjugate gradient minimization); and finally, each system was
optimized for 3000 cycles without any constrain (1000 cycles of steepest descent and
2000 cycles of conjugate gradient minimization). A cutoff of 8 A was used to handle
the short-range interactions (electrostatic and van der Waals interactions), and the
Particle mesh Ewald (PME) algorithm was employed to deal with the long-range
electrostatic interactions.*®

In the MD simulation process, all the covalent bonds involving hydrogen atoms

were constrained by using the SHAKE algorithm,* and the time step was set to 2 fs.
7
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To prevent the drifting of each protein-ligand complex in the relatively small water
box, slight restrains (0.1 kcal/mol-Az) were added to the C, atoms of the N-terminal
and C-terminal residues in each protein. Each system was gradually heated from 0 to
300 K during a period of 50 ps in the NVT ensemble, and then equilibrated for 50 ps
in the NPT ensemble (7= 300 K and P = 1 atm). At last, a 500 ps production run in
the NPT ensemble was performed for each system with the collection interval of 10 ps,

and 50 frames were collected for the following MM/GBSA and MM/PBSA rescoring.

MM/GBSA and MM/PBSA Rescoring
The MM/GBSA or MM/PBSA rescoring was carried out for each system based on the

minimized structure or the MD trajectory, whereby the free energy of binding is

approximated through'* > *:
AGyy =G = (G + Gyp) (1)
AG,  =AH -TAS =~ AE,,, +AG, , —TAS @)
AL\ = AE o + AE orosiaic T AE 4, (3)
AG,, = AGpy 5 +AGy, )
AG,, =yAA+b 5)

where AGying denotes the total free energy change between the bound-state (Geom) and
unbound-state systems (Gec + Giig), and it can be decomposed into three terms: AEy,
known as gas-phase interaction energy, which contains electrostatic (AE¢iectrostatic) and
van der Waals (AEyqw) interactions; AGs,, solvation energy, which includes the polar
(AGppigs) and non-polar (AGsa) components, and —TAS, the change of the
conformational entropy upon ligand binding, which was not considered here due to
the very high computational cost and low prediction accuracy.51’ >2 In this study, the
modified GB model developed by Onufriev™” (GB°®“') and the PB model developed
by Tan and Luo (noted as PB"™® in Amber12)**** were employed for the MM/GBSA
and MM/PBSA calculations, respectively, due to the fact that they performed better

than the other GB (GB™° and GB®®*“?) or PB (PB"™™) models in our previous

8
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studies.*” > It is well known that the interior (solute) dielectric constant can
significantly affect the accuracy (Pearson correlation coefficient and Spearman
ranking coefficient) of the investigated systems.”® Thus, it will be necessary to
evaluate the impact of the dielectric constant on the rescoring accuracy. Here, the
interior dielectric constant of 1, 2, or 4 was used for both the polar solvation energy
(AGgp and AGpp) rescoring assessment. The solvent (exterior) dielectric constant was
set to 80. The non-polar part of the solvation energy (AGss) was estimated by using
the LCPO algorithm,”” where y and b were set to 0.0072 and 0, respectively, as shown
in eq. (5).

Each docking pose was first rescored by MM/GBSA and MM/PBSA based on the
minimized structure (the final structure derived from the three-stage optimization),
and then, rescored by MM/GBSA and MM/PBSA based on the 50 snapshots extracted

from the MD trajectory (for the top 720 systems of each target).

Statistics and Analyses

In this study, the p-value for the two distributions of the predicted binding affinities of
the known inhibitors and non-inhibitors given by student’s #-test and the AUC value
(area under curve) of ROC (receiver operating characteristic) plot were employed to
measure the ‘screening power’ or ‘discrimination power’ of molecular docking and
MM/GBSA(PBSA) rescoring. The Pearson correlation coefficient was employed to
evaluate the ‘ranking power’ to the known inhibitors of each target. The inhibitor
enrichment was used to evaluate the proportion of known inhibitors to the top hits, i.e.
the number of known inhibitors found in top 500 hits could be calculated by

Ninhibitor/ 500.

Results and Discussion

How does the dielectric constant affect the rescoring accuracy of MM/GBSA and
MM/PBSA calculations?

To test the ‘docking power’ of Autodock, the X-ray bound structure of each ligand

9
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was docked back into its corresponding protein structure. The RMSD between each
predicted binding pose and the corresponding experimental structure was calculated,
and RMSD < 2.0 A was used as the criterion of successful docking. As shown in
Table S1, most of the crystal structures could be well reproduced except 4FOC (ALK,
RMSD = 2.25 A) and 4E26 (BRAF, RMSD = 4.43 A). Therefore, in the consideration
of the RMSD values and the resolutions of the crystal structures, the following three
PDB structures, including 2HYY (RMSD: 0.25 A, resolution: 2.40 A), 3LCS (RMSD:
0.91 A, resolution: 1.95 A), and 3IDP (RMSD 0.54 A, resolution: 2.70 A), were
selected for ABL, ALK, and BRAF, respectively, to the rescoring evaluation.

Interior dielectric constant exhibits strong regulatory capability in fitting and
ranking the ligand binding affinities in condense phase.'”>"* Several studies have
investigated the performance of MM/GBSA or MM/PBSA in VS,'*"® but they did not
explore the impact of interior dielectric constant on rescoring accuracies (only using
the default ¢=1 for the evaluation). In some cases, based on &=1, the much
time-consuming rescoring even performs worse than the original scoring function.'®

As shown in Table I, based on the dielectric constant of 1, the accuracies (AUC
and p-value) of the MM/PBSA and MM/GBSA rescoring are even worse than those of
Autodock for ABL (AUC=0.781 for MM/PBSA versus 0.859 for Autodock) and ALK
(AUC=0.830 for MM/PBSA versus 0.898 for Autodock). However, this situation
could be substantially improved by using an interior dielectric constant of 2 or 4. As
listed in Table I, for ABL, when ¢=4 was used, the AUC values of the MM/GBSA and
MM/PBSA rescoring are 0.897 and 0.898, respectively, and for ALK, when ¢=2 was
used, the AUC values of the MM/GBSA and MM/PBSA rescoring are 0.917 and
0.911, respectively. Moreover, in terms of the p-values, the MM/GBSA or MM/PBSA
rescoring also shows better capability to distinguish the inhibitors from non-inhibitors
than molecular docking for the studied systems. The p-values of MM/GBSA based on
e=2 are 2.00x10% and 1.30x102", respectively, for ABL and ALK, which are much
lower than those of Autodock (7.27x10™* and 9.65x107'%"). By averaging the AUC
values of the investigated targets in Table I, it is found that the MM/GBSA and

MM/PBSA rescoring give comparative accuracies based on the interior dielectric
10
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constant of 2 (0.8818 versus 0.8827) and 4 (0.8818 versus 0.8863), implying that, in
terms of discrimination accuracy, both MM/GBSA and MM/PBSA can be equally
used in VS. However, considering the relatively higher computational cost of
MM/PBSA, MM/GBSA may be a better choice for VS.

As been discussed above, a relatively higher dielectric constant (2 or 4) was
preferred to VS for the studied tyrosine kinases, which may be attributed from the
highly charged binding pockets of the tyrosine kinases. As shown in Figure 1, three
conserved polar residues (Lys, Glu, and Asp) are crowded in the binding pocket, and
form an electrostatic interaction network to execute its catalytic functions to their
substrate i.e. ATP. As recommended by our previous study,” for the macromolecules
with highly-charged binding interface, higher &, values are preferred to accurately
consider electronic polarization effect. This finding is also consistent with our another
study on 118 crystallized bound-state tyrosine kinases (SCOP ID: d.144.1.7), which
showed that the use of a dielectric constant of 4 could give a better Pearson
correlation for the predicted binding affinities.”® Taken together, our study
demonstrates that the MM/GBSA or MM/PBSA rescoring indeed improves the
discrimination or screening power. Certainly, the rescoring performance is quite
sensitive to solute dielectric constant, and a relatively higher solute dielectric constant

is preferred to the studied systems.

Should multiple docking poses be used for MM/GBSA and MM/PBSA rescoring?
It is well known that the docking poses of the same ligand predicted by two scoring
functions may be not consistent. Our previous study shows that the correct binding
structures for some systems were not the best-scored conformations predicted by the
popular scoring functions used in molecular docking, but could be found in the top-3
scored conformations predicted by Autodock.'” Therefore, in this study, the top-3
scored docking poses for each system were rescored by MM/PBSA or MM/GBSA. As
shown in Figure 2, based on the best of the three rescored poses (green bars), the AUC
values are all higher than the corresponding rescored results based on the best scored

docking poses (red bars), suggesting that the MM/GBSA or MM/PBSA rescoring
11
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based on multiple docking poses improves the screening power than that only based
on the best scored docking poses. However, the increase ratio of AUC is dependent
with the interior dielectric constant. When the interior dielectric constant of 1 was
used, the AAUCs between the AUCs derived from the best of the top-3 scored
docking poses and the best scored docking pose are large, and the average AAUCs of
MM/GBSA and MM/PBSA are 0.0117 and 0.0175, respectively (Table II), which are
on the same magnitude of the AUC difference between the AUCs given by Autodock
and MM/PBSA(GBSA) (0.02~0.04, Table I).

However, the AAUCs begin to decrease when a higher interior dielectric constant
was employed, and the average AAUCs decrease to 0.0020 and 0.0037 for
MM/GBSA and MM/PBSA, respectively, at the interior dielectric constant of 4,
implying that the influence of the use of multiple docking poses for rescoring is not
significant. The deep reason has been revealed by analyzing the difference of the
Pearson correlation coefficients between the docking results (Pearson correlation
coefficient of the docking results) and the rescoring results (Pearson correlation
coefficient of the MM/GBSA and MM/PBSA results based on the interior dielectric
constant of 1, 2, or 4). As shown in Figure 3, strong negative correlations are observed
between the AAUC (AUC difference between using the best scored pose and using the
best of the top-3 scored poses rescored by MM/PBSA(GBSA) ) and Ar (difference of
the Pearson correlation coefficients between the docking accuracy and the
MM/PBSA(GBSA) accuracy), implying that the AAUC (AUC difference between
using the best scored pose and using the best of the top-3 scored poses) decreases with
the increase of the Pearson correlation coefficient. That is to say, good ranking of a
rescoring function can avoid choosing the best pose from the multiple scored poses.

As shown in Table III, all the investigated systems achieve the best Pearson
correlation coefficients at the interior dielectric constant of 4 for both the MM/GBSA
and MM/PBSA calculations. Therefore, it can be summarized that, for the studied
systems, based on a relatively higher interior dielectric constant, the accuracy of
rescoring can be improved, and on the other hand, much computational cost can be

saved because multiple docking poses are not necessary for rescoring.
12
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Impact of the rescoring strategy on enrichment

Enrichment is an important criterion to evaluate whether a theoretical model can
effectively discriminate known inhibitors from non-inhibitors. The enrichments of the
top 200, 500, and 1000 molecules for each target, which represents the top ~3%, ~7%,
and ~14% hits of the total investigated dataset, were derived from the docking results
(Autodock in Table IV) and the rescoring results based on the minimized structures
and the MD trajectories (GB/PB in Table IV). Overall, the enrichments of the
rescoring results are markedly increased compared with those of the Autodock results.
On average, the enrichments are improved about 13% (ABL) ~ 33% (BRAF) for the
top 500 molecules, and about 8% (ABL) ~ 26% (BRAF) for the top 1000 molecules
based on the minimized structures (except for the MM/PBSA enrichments based on
e=1 for ABL and ALK, which are worse than those based on the Autodock scores).
For ABL, the enrichment of the top 200 investigated molecules is the same or a bit
worse than that based on the docking results (with the enrichment change ratio
decreased for 4.6% on average), meaning that the rescoring strategy may fail in the
most top-scored enrichment adjustment. However, concerning the relatively low
correlation coefficients of the top-scored known inhibitors (not more than 0.48 of the
Pearson correlation coefficient as shown in Table III), it actually does need to use
more broad range of top-scored molecules to get more potential activities, where the
most favorable binders may be ranked out of the top predicted molecules.

Moreover, an important issue has been discussed for decades that whether MD
simulations in conjunction with free energy calculations could improve the prediction
accuracy of molecular docking. Here, we also investigated the enrichment capability
of MD simulations on the top 720 systems (ranked by the MM/GBSA results based on
e=2) for each target, which represent approximate 10% of the total investigated
systems. As shown in Figure 4, the enrichments of the top 200 (blue line) and 500
(green line) rescored molecules based on the MD simulations are slightly different
from those only based on the minimizations. It has been found in our previous study

that MD simulation in conjunction with MM/GBSA is capable of adjusting the bad
13
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binding mode and selecting the correct binding pose as the most favorable binding
conformation from a serial of generated poses of a ligand (namely, the docking
power),”” but it may contribute little to improve the discrimination capability (ranking
a variety of small molecules, namely, the screening power) for a large dataset. Besides,
MD simulations may do little to improve the correlation coefficient of the investigated
systems. As illustrated in Table V, the Pearson correlation coefficients of the known
inhibitors based on the MD simulations are even worse than those based on the
minimized structures for the targets of ABL and ALK, which is consistent with our
previous study that MD simulations may be helpless for the adjustment of prediction
accuracy.”® Thereby, due to the finite-precise theoretical models and the exponentially
increased computational time, it may be not necessary to incorporate MD simulations

to VS at this stage.

Why MM/GBSA and MM/PBSA are capable of improving the docking
performance?

The rescoring strategy by using MM/GBSA or MM/PBSA has exhibited undefeatable
advantage than the Autodock algorithm to not only the ‘screening power’ but also the
‘ranking power’. As shown in Figure 5, some known inhibitors of ABL are found to
have very unfavorable binding affinities compared with some other inhibitors and
most of the non-inhibitors by using the Autodock algorithm, such as the red bars
located at -6~-4 kcal/mol of the Autodock scores (Figure SA1) where two inhibitors
are not shown in Figure SA1 due to the unreasonably unfavorable binding affinities of
30.30 kcal/mol and 727.25 kcal/mol. However, the distribution can be changed by
using the MM/GBSA and MM/PBSA methodologies, as shown in Figures 5SA2 and
5A3, where no inhibitor tails was found in the distributions of the inhibitors. Similarly,
the peaks between the known inhibitors and non-inhibitors cannot be effectively
discriminated by using the Autodock scoring function for BRAF (Figure 5CI).
However, the peaks could be apparently discriminated by the MM/PBSA rescored
results, as illustrated in Figure 5C3.

For the ‘ranking power’, most of the investigated protocols, such as MM/GBSA
14
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based on &=1, 2, 4, have shown increased correlations to Autodock (Table III, expect
for the MM/PBSA results of ALK based on &=1), suggesting that the complicated
scoring models indeed have the advantage in VS. As mentioned above, to make the
Figures and Tables looked normal, two inhibitors with much unfavorable binding
affinities to ABL were eliminated. However, as shown in Figure 6A, the correlation
between the experimental data and the Autodock results of ABL becomes very strange
when incorporating the two inhibitors. One inhibitor, surrounded by pink shadow in
Figure 6A, exhibits very positive predicted binding affinity (>700 kcal/mol) to ABL
and thus results in very low Pearson correlation coefficient of the docking results
(r,=0.077+£0.007). However, the binding affinity of the inhibitor can be adjusted to
~-88 kcal/mol by using the MM/GBSA approach as shown in pink shadow in Figure
6B, and no point goes apparently out of the relative region either, leading to the
remarkable improvement of the Pearson correlation (7,=0.322+0.007). Besides, the
low correlations between the docking results and the best rescored results (ABL,
1,=0.698 for the 284 inhibitors and r,=0.060 for the 286 inhibitors (including the two
much unfavorable inhibitors), Figure 6E; ALK, r,=0.550, Figure 6F; and BRAF,
r,=0.574, Figure 6G) means that MM/GBSA and MM/PBSA are indeed capable of
readjusting the binding affinities of the existing docking poses (‘ranking power’).

A deep analysis shows that the MM/GBSA and MM/PBSA approaches in
conjunction with the AMBER force field and optimization strategy have adjusted the
binding pose to fit the binding site. It should be mentioned that the optimizations of
the studied system are quite necessary for the MM/GBSA and MM/PBSA rescoring,
because these methodologies originally developed and used for the binding free
energy calculations based on the Amber force field are very sensitive to the initial
conformations.” As shown in Figure 6D, the binding pose of the ligand (yellow) and
the neighboring residue Asp381 (green) have been optimized compared with those
predicted by docking (Figure 6C). Thus, it can be concluded that the combination of
MM/GBSA (MM/PBSA) and MM optimization executes much like ‘flexible docking’,
which can effectively adjust the binding pose and the conformation of the interaction

residues around a ligand.
15
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Conclusion

In this study, we have systemically investigated the impacts of interior dielectric
constant, MD simulations, and the number of top-scored docking poses on the
performance of MM/GBSA and MM/PBSA rescoring in large scale VS. The results
can be summarized as follows:

(1) For the investigated kinase systems, a high interior dielectric constant is
necessary for improving the rescoring accuracy (in terms of ‘screening power’) for
both MM/GBSA and MM/PBSA , which is consistent with our previous study that in
most cases MM/GBSA and MM/PBSA work better with a relatively higher dielectric
constant (i.e. &=2 or 4).°°

(2) The use of a higher dielectric constant not only improves the discrimination
performance of MM/GBSA and MM/PBSA, but may also save much computational
cost because high dielectric constant can attenuate the impact of the selection of the
top-scored docking poses. That is to say, only using the best-scored docking poses for
the rescoring will give comparative accuracy to use the multiple top-scored docking
poses.

(3) MD simulations may be unnecessary for improving enrichment, but
optimizations are indeed necessary for the MM/GBSA or MM/PBSA rescoring
because they can adjust the ligand binding conformation and executes much like a
flexible docking.

(4) Although MM/PBSA and MM/GBSA have achieved comparative accuracies
at a relatively higher dielectric constant (¢=2 or 4), considering the much higher

computational demand of MM/PBSA, MM/GBSA may be a better choice for VS.
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Legend of the Figures

Figure 1. Binding sites of the investigated tyrosine kinases, (A) ABL, (B) ALK, (C)
and BRAF. Three conserved polar residues found in the binding pocket (Lys, Glu, and
Asp) are colored in (A) green in ABL, (B) blue in ALK (B), and (C) pink in BRAF.
The co-crystallized ligands were shown in yellow stick model. Crystal structures of
2HYY (ABL, A), 3LCS (ALK, B), and 3IDP (BRAF, C) were used for the

llustrations.

Figure 2. Comparison of the rescoring accuracies (AUC) of the top docking pose (red)
and the best of the top three docking poses (green) under different solvation models
and interior dielectric constants for (A) ABL, (B) ALK, and (C) BRAF. The
corresponding Autodock results for each target are shown in blue dot line to give a

comparison.

Figure 3. Pearson correlation coefficients between the difference of AUCs and
difference of the Pearson correlation coefficients of the MM/GBSA and MM/PBSA
results based on different interior dielectric constants for (A) ABL, (B) ALK, (C)
BRAF, and (D) all data used in the three targets.

Figure 4. Enrichment change between the rescored results (MM/GBSA and
MM/PBSA) and the original results (Autodock). Enrichment of the top 200, 500, and
1000 molecules were colored in blue, green, and red, respectively, for the three targets,
(A) ABL, (B) ALK, and (C) BRAF. The label ‘Min, GB1’ (or ‘MD, PB2’) represents
the enrichment change calculated with the minimized structure based on MM/GBSA
at the interior dielectric constant of 1 (or calculated with the MD trajectory based on

MM/PBSA at the interior dielectric constant of 2).

Figure 5. Distributions of the known inhibitors (red) and non-inhibitors randomly
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selected from the Chembridge Database (green). The top-scored pose (derived from
the three top-scored docking poses) was employed for the MM/GBSA and MM/PBSA
rescoring. The interior dielectric constant of 2 was used for ALK and BRAF, and 4

was used for ABL for the GB/PB calculations.

Figure 6. Adjustment of the unfavorable binding mode by using the MM/GBSA and
MM/PBSA rescoring strategy (panels A, B, C, and D) and the Pearson correlation
coefficients between the top-scored Autodock poses and the best correlated GB/PB
poses (panels E, F, and G) for the known inhibitors of the three systems. The best
correlated GB/PB scores were calculated by MM/GBSA at the interior dielectric
constant of 4 for ABL, and 2 for ALK, and MM/PBSA at the interior dielectric
constant of 2 for BRAF. The standard errors were estimated by randomly selecting

80% of the dataset for 100 times.
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Table I. Comparison of the rescoring accuracies based on various protocols.

ABL =1 e=2 =4
P value 5.54x107'% 2.00x107%% 6.60x10%
Top1-GB? 0.8475 0.8897 0.8974
AvC (-0.0116)" (0.0306) (0.0383)
P value 1.12x10- 1.04x1072! 4.84x107
Top1-PB® 0.7809 0.8793 0.8977
Ave (-0.0782) (0.0202) (0.0386)
. P value 7.27x1071%
Autodock AUC 0.8591
ALK =1 e=2 =4
P value 2.95x10%! 1.30x107%! 5.40x102"7
Top1-GB 0.9039 0.9172 0.9130
AUC (0.0059) (0.0192) (0.0150)
P value 1.02x107% 1.23x10°%"7 2.24x107%"
Top1-PB 0.8297 0.9105 0.9137
AUC (-0.0683) (0.0125) (0.0157)
P value 9.65x107"¥!
Autodock AUC 0.8980
BRAF =1 e=2 =4
P value 9.63x10713 5.38x10™% 1.30x10"%
Top1-GB 0.8238 0.8384 0.8349
AUC (-0.0046) (0.0100) (0.0065)
P value 3.90x107% 5.99x107'#! 4.90x107¢
Top1-PB AUC 0.8308 0.8582 0.8476
(0.0024) (0.0298) (0.0192)
P value 1.19x10™%
Autodock AUC 0.8284

“The top-scored ligand derived from the Autodock result was used for the MM/GBSA rescoring calculation.

°The top-scored ligand derived from the Autodock result was used for the MM/PBSA rescoring calculation.

“The top-scored ligand derived from the Autodock result was used for the comparison.

4AUC value difference calculated by AAUC = AUCgppp — AUC auodock-

22



Page 23 of 32 Physical Chemistry Chemical Physics

Table I1. Comparison of the rescoring accuracies of the top one docking pose and the
best of the top three docking poses under different solvation models and interior

dielectric constants.

ABL ALK BRAF
Average
AUC Top of Top of Top of b
Top 1 3 AAUC | Top1 3 AAUC | Top1 3 AAUC | AAUC

e=1 | 0.8475 0.8585 0.0110* | 0.9039 0.9158 0.0119 | 0.8238 0.8361 0.0123 [ 0.0117
GB =2 0.8897 0.8932 0.0035 [ 09172 0.9224  0.0052 | 0.8384  0.8429  0.0045 | 0.0044
e=4 [ 0.8974 0.8997  0.0023 | 0.9130 09157 0.0027 | 0.8349 0.8360  0.0011 | 0.0020

e=1 (07809 0.7982  0.0173 | 0.8297 0.8465 0.0168 | 0.8308 0.8493  0.0185 [ 0.0175
PB &=2]0.8793 0.8870 0.0077 | 0.9105 09179 0.0074 | 0.8582 0.8657 0.0075 | 0.0075
e=4 [ 0.8977 0.9004  0.0027 | 0.9137 09180 0.0043 | 0.8476 0.8517  0.0041 | 0.0037

#AUC difference between top of the three poses rescored by MM/GBSA or MM/PBSA methodologies and the top
one pose derived directly from the Autodock result (also rescored by MM/GBSA and MM/PBSA approaches)

®Average AAUCs based on unique dielectric constant of the three systems.
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MM/GBSA and MM/PBSA rescoring.

Autodock GB-1 GB-2 GB-4 PB-1 PB-2 PB-4

ABL 0.192° 0.255 0.305 0.321 0.217 0.305 0.332

Arpp® - 0.063 0.113 0.129 0.025 0.113 0.140
ALK 0.367 0.397 0.473 0.480 0.265 0.451 0.482

Ararx - 0.030 0.106 0.113 -0.102 0.084 0.115
BRAF -0.182 -0.105 -0.063 -0.055 -0.170 -0.105 -0.055
Argrar - 0.077 0.119 0.127 0.012 0.077 0.127

“Pearson correlation coefficient difference between the GB/PB accuracy and the Autodock accuracy, Ar = rgppp—

¥ Autodock+

®Pearson correlation coefficient for Autodock result of ABL was calculated based on 284 known inhibitors (two

known inhibitors were eliminated for the unfavorable binding score, one of 30.30 kcal/mol and the other of 727.25

kcal/mol).
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Table I'V. Comparison of the enrichment based on different scoring protocols (%).

Target ABL ALK BRAF
Top-scored molecules (N) | 200 500 1000 | 200 500 1000 | 200 500 1000
Autodock 60.0 288 180 | 495 338 239 | 385 258 192
570 316 189 | 615 430 272 | 410 308 219
! (500 (97  (5.0) | 242) (72 (138) | (6.5 (194) (14.1)
B | 605 36 205 | 60 444 274 | 420 36 241
0.8) (0.1) (139 | @12 (14 @146 | 0.1) (302) (25.5)
60.0 358 212 | 555 416 277 | 395 326 243
00 @3 78 | a21) @31 (155 | 26 (264) (266)
i | 475 254 156 | 570 326 206 | 565 382 258
(20.8) (-11.8) (-133) | (152) (-3.6) (-13.8) | (46.8) (48.1) (34.4)
60.0 332 198 | 590 408 262 | 540 370 254
B 0.0  (153)  (10.0) | (192) (20.7) (9.6) | 40.3) (43.4) (32.3)
585 348 210 | 590 426 273 | 450 348 242
Ul 25 08 (67) | (192) (260) (142) | (169) (349) (26.0)
Average 573 326 195 | 587 408 261 | 463 345 243
(46) (13.1)  (83) | (185) (20.8) (O.1) | (203) (33.7) (265)
575 34.0 63.0  43.0 420 342
! (42)  (18.1) 273) (27.2) ©.1) (32.6)
b | 605 36 555 422 450 326
0.8)  (20.1) (12.1) (24.9) (16.9) (26.4)
595 348 520 420 425 326
08 (08 (5.1)  (243) (104)  (26.4)
MD 520 328 62.5 428 535 356
Simulation ! 133) (139 | @63 @66 | (390) (380)
s | 15 34 585 420 490 354
2.5 (229 (182) (24.3) (273) (37.2)
605 352 535 420 455 342
08 22 (8.1) (243) (182) (32.6)
586 345 575 423 463 34.1
Average
(24)  (19.7) (162) (25.2) (20.1) (32.2)

“Enrichment change ratio between the enrichment obtained from the GB/PB rescoring result and the Autodock

result. The enrichment change ratio was calculated by (Enrichmentggpg — Enrichment ayodock) / Enrichmentayodock X

100.
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Table V. Pearson correlation coefficients of the known inhibitors in the top 720

systems based on the minimized structures and MD simulation trajectories.

Target Phase GB-1 GB-2 GB-4 PB-1 PB-2 PB-4 Average Autodock Number

Minimization 033 039 040 029 039 042 0.37

ABL 0.09 192
MD Simulation 020 025 026 0.16 025 0.27 0.23
Minimization 0.16 025 026 018 026 028 0.23

ALK 0.24 253
MD Simulation  0.13 022 025 0.14 023 0.26 0.21
Minimization ~ -0.22 -0.18 -0.15 -0.34 -0.28 -0.19 -0.23

BRAF -0.33 208
MD Simulation  0.03  0.00 0.00 -0.16 -0.07 0.00 -0.03
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