THE UNIVERSITY OF
journal o S WNNTTES | Libeary

Medicinal Chemistry &

Subscriber access provided by University of Winnipeg Library

Absolute binding free energy calculation and design
of a subnanomolar inhibitor of phosphodiesterase-10
Zhe Li, Yiyou Huang, Yinuo Wu, Jing-Yi Chen, Deyan Wu, Chang-Guo Zhan, and Hai-Bin Luo

J. Med. Chem., Just Accepted Manuscript « DOI: 10.1021/acs.jmedchem.8b01763 « Publication Date (Web): 28 Jan 2019
Downloaded from http://pubs.acs.org on January 30, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the
course of their duties.

N4 ACS Publications



Page 1 of 43 Journal of Medicinal Chemistry

oNOYTULT D WN =

Absolute binding free energy calculation and design of a

subnanomolar inhibitor of phosphodiesterase-10

Zhe Li¢?># Yiyou Huang®#, Yinuo Wu¢, Jingyi Chen?, Deyan Wu¢, Chang-Guo Zhan”*, and Hai-Bin
Luo®*

@School of Pharmaceutical Sciences, Sun Yat-Sen University, Guangzhou 510006, P.R. China

b Department of Pharmaceutical Sciences, College of Pharmacy, University of Kentucky, 789 South
Limestone Street, Lexington, KY, 40536

Abstract

Accurate prediction of absolute protein-ligand binding free energy could considerably enhance the
success rate of structure-based drug design, but is extremely challenging and time-consuming. Free
energy perturbation (FEP) has been proven reliable, but limited to prediction of relative binding free
energies of similar ligands (with only minor structural differences) in binding with a same drug target
in practical drug design applications. Herein, a Gaussian algorithm enhanced FEP (GA-FEP) protocol
has been developed to enhance the FEP simulation performance, enabling to efficiently carry out the
FEP simulations on vanishing the whole ligand and, thus, predict the absolute binding free energies
(ABFE). Using the GA-FEP protocol, the FEP simulations for the ABFE calculation (denoted as GA-
FEP/ABFE) can achieve a satisfactory accuracy for both structurally similar and diverse ligands in a
dataset of more than 100 receptor-ligand systems. Further, our GA-FEP/ABFE-guided lead
optimization against phosphodiesterase-10 led to discovery of a subnanomolar inhibitor (IC5y=0.87

nM, ~2,000-fold improvement in potency) with cocrystal confirmation.
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Introduction

Receptor-ligand binding energy prediction is a primary objective of structure-based drug design,
and there have been numerous efforts made to improve the accuracy of binding free energy
prediction.!” Progress has been made on the applications of many computational methods, such as
various scoring functions, molecular mechanics energies combined with the Poisson-Boltzmann or
generalized Born and surface area continuum solvation (MM-PBSA or MM/GBSA), and statistical
mechanics based methods for drug design and discovery.®!?> Although computational methods have
contributed considerably to the hit discovery and lead optimization, there still exist many problems
associated with the computational accuracy and efficiency of these drug design methods. '* It is highly
desirable to develop the receptor-ligand binding affinity prediction methods for more reliable and/or
efficient prediction of the binding free energies in structure-based drug design.

Interestingly, the free energy perturbation (FEP) method has demonstrated the promise of reliably
predicting the relative protein-ligand binding free energies.'4?° The FEP simulations were usually
carried out to calculate the protein-ligand binding free energy change when a ligand changes from a
reference structure to another one, thus predicting the relative binding free energy (RBFE). Recently,
Wang et al. reported a FEP protocol to calculate the RBFE for a series of ligands with the same
scaffolds and tested the accuracy for >10 targets.'* Their FEP protocol gave rather accurate statistical
results with a conventional correlation coefficient (R) of 0.81 between the FEP-predicted binding free
energies and the corresponding experimental data. In a recently published report, they further improved
the RBFE calculation results by using different enhanced sampling methods.?! Although the RBFE
calculations have demonstrated satisfactory accuracy, their actual applications to drug design are still

limited, because these FEP protocols are mainly focused on simulating minor structural changes of the
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ligands.?? To deal with ligands with a variety of diverse structures, one has to calculate the absolute
binding free energy (ABFE) for each ligand without use of a reference ligand structure. The practical
applications of the FEP method in drug design would be extended greatly, if the FEP simulations could
be used for the ABFE prediction. However, compared to the traditional FEP simulations for the RBFE
calculation, the FEP simulations for the ABFE calculation would be much more computationally
intensive and challenging.

In the present study, we evaluated the FEP-based ABFE (FEP-ABFE) calculations on a variety of
receptor-ligand binding systems by using a new, efficient algorithm called Gaussian algorithm
enhanced free energy perturbation (GA-FEP) protocol to simulate annihilation of the whole ligand
structure with improved integration accuracy of the simulation. The receptor-ligand binding systems
tested in our GA-FEP/ABFE calculations include seven drug targets with >100 ligands. Four out of
the seven targets have ligands with similar scaffolds, and the rest three targets have structurally diverse
ligands. The GA-FEP/ABFE calculations have demonstarted the reasonable accuracy for all kinds of
ligands tested, with or without similar scaffolds. For ligands with similar scaffolds, the accuracy of the
GA-FEP/ABFE calculations is comparable to that of the corresponding RBFE calculations. Further,
the GA-FEP/ABFE calculations were performed to design new inhibitors against phosphodiesterase-
10 (PDE10). PDEI1O is recognized as a promising drug target for treatment of colon cancer? and
central nervous system (CNS) disorders such as schizophrenia and Huntington’s disease** with several
inhibitors including MP-10 and OMS-824 in clinical trials.>> However, there is still no PDE10 inhibitor
approved for clinical use. It is still highly desirable to design new, more potent PDE10 inhibitors to
accelerate the drug development targeting PDE10. Herein, starting from a hit H126 (LHB-1) with an

ICs of 1.8 uM, two series of new PDE10 inhibitors were designed, synthesized, and assayed for their
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inhibitory activity. As aresult, the GA-FEP/ABFE guided lead optimization on LHB-1 led to a ~2,000-
fold improvement in the inhibitory potency against PDE10. In addition, their predicted binding patterns
were further verified by determining a co-crystal structure of the PDE10-inhibitor complex, and the
predicted binding free energies correlate well with the experimental activity data. To the best of our
knowledge, this is the first FEP protocol of systematic ABFE predictions for a large number of
receptor-ligand systems, demonstrating the remarkable accuracy and efficiency of this method. The
validated GA-FEP/ABFE method may be valuable in a variety of structure-based ligand design efforts

for rational design of novel drugs and chemical probes.

Results and Discussion

Fitting the probability distribution by Gaussian functions can greatly improve the
convergence and accuracy. Using the GA-FEP protocol (see Methods section for the details), we first
carried out the FEP-ABFE calculations on seven protein targets binding with more than 100 ligands to
examine the GA-FEP protocol. Among the seven targets, the crystal structures of CDK2,%” JNK 1,28
Thrombin, TYK2,?° and their relevant ligands with similar scaffolds were selected from Wang and
Abel's work (RBFE method)'* in order to compare the accuracy of the GA-FEP/ABFE method with
that of the RBFE method. All of the 63 ligands for the four targets used in Wang and Abel's work were
predicted by our GA-FEP/ABFE method, except for ligand 1d against Thrombin since it contains an
iodine atom without the 6-31G* basis set available for the restricted electrostatic potential (RESP)
calculations at the HF/6-31G* level (a level used for all of the ligands in this study). The structurally
diverse ligands for the other three targets, i.e. cAMP-specific phosphodiesterase-4 (PDE4), cGMP-

specific PDES5,3° and c¢GMP-specific PDE9,3! were selected from BindingDB3? and other
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publications?!- 33 (see Supporting Information Section S1 for the detailed structures). Figure 1 shows

the thermodynamic cycle designed to calculate the ABFE between a receptor and its ligand.
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31 Figure 1. Thermodynamic cycle designed to calculate the absolute binding free energy between a

33 receptor and its ligand.

As well known, usual FEP simulations with large perturbations can often have convergence
39 problems. In particular, the negative — AU tail in P(AU), which is always poorly sampled, could
42 significantly influence the calculation results. Considering the Gaussian-like distribution of the
sampled probability P(AU) as well as the well sampled part around the peak of P(4U), five Gaussian
47 functions were used to fit the probability distribution P(AU). As a result, the well-sampled part around
the peak of P(AU) can be fully considered, and the negative — AU tail could be refined through
52 extrapolation. As shown in Figure 2, by using five Gaussian functions, the distribution of AU can be

55 fitted very well.
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Figure 2. Fitting a sampled probability distribution by five Gaussian functions. Sampling information

can be fully considered, and the poorly sampled part can be refined by extrapolation.

By using the strategy of fitting the probability distribution by Gaussian functions, along with the
Bennett Acceptance Ratio (BAR) method, the convergence of FEP calculation was greatly increased.
In the GA-FEP/ABFE calculations, the largest perturbations mainly come from the annihilation of
electrostatic interactions that may contribute to more than 90% of the total interaction energies for
most of the receptor-ligand binding systems. Summarized in Table S1 (Supporting Information) are
the computational data obtained for an example, i.e. lig_16 binding with CDK2. The total interaction
energies were about 270 kcal/mol for both the complex and ligand systems, and the electrostatic
interaction energies of these two systems were more than 250 kcal/mol, about 95% of the total
interaction energies (see Supporting Information Section S2 for the details). The standard devation
(calculated based on the forward energy, backward energy, and Bennett Acceptance Ratio (BAR)

energy) of the electrostatic interaction calculation was only 0.9 kcal/mol, indicating good convergence
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of the electrostatic interaction calculation. For all the >100 ligands that were used to test the GA-
FEP/ABFE method, as shown in Figure 3a, the standard deviations of the electrostatic interaction
calculations were reduced by more than 50% after fitting probability distributions by Gaussian
functions, with almost all of them within 2 kcal/mol. The effects of fitting probability distributions to
both electrostatic interaction and total interaction can be seen in Figure 3b. Without fitting the
probability distribution, the standard deviations of both the electrostatic energy and total energy spread
much wider, making the results hardly to be accurate. While after fitting the probability distributions,
for more than 98% of the electrostatic energy results and more than 95% of the total energy results,
the standard deviations can be lower than 2 kcal/mol.

We further examined the convergence of the ABFE calculations (containing 10 alchemical states,
or lambda windows, with 4 ns simulations for each window) on representative CDK2 inhibitors,
including 30, 28, and leiy, with increasing the number of lambda windows (with doubled and
quadrupled numbers of lambda windows) and extending the simulation time for each window (from 4
ns to 20 ns). It turned out that further increasing the number of windows and/or further extending the
simulation time for each window did not affect the calculated ABFE results too much (see detailed

data in Supporting Information Section S3 and Supporting Dataset S1).
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Figure 3. Fitting probability distribution can significantly reduce the standard deviations and improve
the accuracy of the energy calculation results. (a) Standard deviations of electrostatic energy
calculations with and without fitting probability distributions, denoted by Fit and No Fit, respectively.
(b) Distributions of standard deviations. Red and green bars represent electrostatic energy and total
energy after fitting probability distributions, respectively. Blue and cyan bars represent electrostatic
energy and total energy without fitting probability distributions, respectively. (¢) The result of CDK2

without fitting by Gaussian functions. (d) The result of CDK2 after fitting by 5 Gaussian functions.

The improvement in the accuracy is also notable. To show the effect of fitting the energy
distribution to the final results, the binding free energies for the 16 ligands of CDK2 were also
calculated by only the BAR method without fitting using the Gaussian functions (denoted as nofit-
BAR below). As shown in Figure 3c-d, when the nofit-BAR method was used to calculate the binding
free energies, the correlation coefficient (R) between the predicted and experimental values was only
0.39. In contrast, with the probability distribution fitting before the BAR calculations, the correlation

coefficient improved to 0.88. Thus, fitting the energy distribution can considerably improve both the
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convergence and accuracy. Below, we will only discuss the FEP-ABRE results calculated by using the
standard GA-FEP protocol with the use of five Gaussian functions.

For ligands with similar scaffolds, the overall accuracy of our GA-FEP/ABFE method is
comparable to that of the RBFE method. Herein, the experimental binding affinity (binding free
energy) values (AGey,) were derived from available experimental ICs, values by using equation AGey,
~ RTIn(ICsy), whereas the predicted binding affinity values (AGyq) Were calculated by the GA-
FEP/ABFE method. Summarized in Table 1 and depicted in Figure 4a are the statistical results of the
four retrospective drug targets and the comparison between the GA-FEP/ABFE and RBFE results.
Their individual linear regression results for the four targets between the AGey, and AGy,eq values are
given in Supporting Information Section S4. Due to the intrinsically insufficient simulation on the
hydration of the receptor binding site, the predicted binding free energies for a same receptor tend to
systematically shift to the same direction compared to the corresponding experimental values, resulting
in a non-zero intercept of the fitted equation between the experimental and calculated results. Thus, to
put all of the results together and show the overall performance of the GA-FEP/ABFE method, the
computed binding energies for each target were shifted back to make the intercept of the fitted equation
close to zero. As reported in Abel and Wang’s study, the overall correlation coefficient (R) for all of
the eight targets used in their study was 0.81.! Four out of the eight drug targets were selected as the
test set in this study, and the R value for the four targets was 0.73. Our GA-FEP/ABFE method, which
uses the enhanced sampling method as mentioned above, has the accuracy with R = 0.79 that is
comparable to that (with R = 0.73) of the RBFE method when the same test set of 63 complexes were
used. The R value is also comparable to that (R = 0.81) for the overall accuracy of the RBFE method.

It should be noted that the RBFE is still preferable when there is a known reference ligand and when
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the structural changes from the reference compound to new compounds are minor due to the relatively

smaller perturbation and better convergence. However, our GA-FEP/ABFE method will greatly extend

the applications of the FEP method in drug discovery because the method does not need a reference

compound for the ABFE calculation.

Table 1. Comparison of the statistical results between absolute (GA-FEP/ABFE) and relative

(FEP/REST) binding free energy calculations. RBFE (relative binding free energy) are the

FEP/REST (free energy perturbation/replica exchange with solute tempering) calculation results from

Wang and Abel’s work,'* and the ABFE (absolute binding free energy) data are calculated by using

our GA-FEP/ABFE method described in the current study. RMSE refers to the root mean square error.

More details including the calculated ABFE of each protein-ligand complex, unsigned error efc. can

be found in Supporting Dataset S1.

Target CDK2 JNKI TYK2 Thrombin Overalll@ PDE4 PDE5 PDE9
No. of compounds 16 21 16 10 63 20 11 7
Crystal structure IHIQ 2GMX 4GIH 27ZFF 1XOQ 2H42 4GH6
RBFE :
R 048 085 089 071 0.73 - - -
Slope 027 178 080  1.03 0.88 - - -
RMSE® 111 100 093 093 - - - -
ABFE 088 069 072 070 0.79 | 074 069 094
Slope .16 086  1.08  1.00 107 ¢ 099 091 071
RMSE 073 076 136  0.62 - 123 154 065
MM/PBS2 0.00 070 032 014 - 0.17 0.4 020
Slope 003 306 062 091 - 195 069 053
RMSE 247 271 237 387 — 1301 824 628
MM/GBSA 0.10 060 033 030 _ 1040 032 069
Slope 022 214 062 129 - 145 144 1091
RMSE 492 244 231 240 - 425 641 494

10
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[a] Including CDK2, JNK1, TYK2, and Thrombin in order to compare ABFE with RBFE.

The GA-FEP/ABFE method also shows a remarkable accuracy for structurally diverse
ligands. The statistical results associated with targets PDE4, PDES, and PDE9, as shown in Table 1
and Figure 4b-d, reveal that the GA-FEP/ABFE method can also produce accurate results for these
three targets with structurally diverse ligands. The statistical regression coefficient R values for PDE4,
PDES, and PDE9 are 0.74, 0.69, and 0.94, respectively, suggesting that the GA-FEP/ABFE method
has a remarkable accuracy for predicting the binding affinities (AGyreq) compared to the corresponding
experimental binding data (AGey,). Furthermore, for these three targets in this study, the three slopes
(0.997, 0.913, and 0.712) of the linear regression results between AGeq and AGey, are all reasonably

close to 1 (the theoretically ideal value).
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Figure 4. The correlations between the GA-FEP predicted and experimental affinities. (a) Results for

the structurally similar ligands. (b), (¢), and (d) Results for the structurally diverse ligands.

Residual distribution of the GA-FEP/ABFE method. The residual distribution of the GA-
FEP/ABFE method between the calculated and experiment results for each drug target is shown in
Figure 5. For CDK2, JNK1, TYK2, and Thrombin, the ligands of which have the same scaffolds, the
residuals are all within 2 kcal/mol from their medians. For PDE4, PDES, and PDE9 with structurally
diverse ligands, the residual distributions spread a little bit wider than those of the above four targets
and the errors reach 2-3 kcal/mol from their medians. For the targets with structurally diverse ligands,
the accuracy of this method is relatively lower than those with structurally similar ligands, but the
correlation between AGyy.q and AG.y,, is still reasonable. To find out the residual distribution property
of the results from our GA-FEP/ABFE calculations, we put all of the >100 results together, and as
described in Supporting Information Section S5, the result is a Gaussian-like distribution. All the

residual distribution data, RMSE, error (Dif cal-exp), etc. can be found in Supporting Dataset S1.
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Figure 5. Residual distributions of the GA-FEP/ABFE method against each drug target. For the four

targets in the first row, they have structurally similar ligands, and for the three targets in the second
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row, they have structurally diverse ligands. Different colors stand for how far the values are from their

median in kcal/mol.

Comparison of the GA-FEP/ABFE results with the corresponding MM/PBSA and MM/GBSA
results. The MM/PBSA and MM/GBSA methods have been widely used for binding free energy
prediction in drug design. In comparison with traditional FEP calculations that would be extremely
difficult to predict the binding free energies for structurally diverse ligands, the MM/PBSA and
MM/GBSA calculations are practically available for predicting the binding free energies as shown in
reported studies.?® 3! However, our GA-FEP protocol made the FEP calculations possible for the
ABFE predictions with acceptable speed (under the GPU acceleration). Thus, to know how much
improvement in the accuracy the GA-FEP/ABFE method can make, the MM/PBSA and MM/GBSA
methods were also used to predict all of the binding energies of the same (>100) ligands for comparison.
In order to calculate the MM/PBSA and MM/GBSA binding energies, 4 ns MD simulations were first
applied to each of the receptor-ligand complexes. For each complex, 100 snapshots were extracted
from the last 1 ns trajectory with an interval of 10 ps. Then, the MM/PBSA and MM/GBSA
calculations were carried out on these snapshot structures. The detailed results from the MM/PBSA
and MM/GBSA calculations are summarized in Table 1 and given in Supporting Dataset S1. As seen
in Table 1, the correlation coefficnient (R) values associated with targets CDK2, JNK1, TYK2,
Thrombin, PDE4, PDES, and PDE9 are 0.10, 0.60, 0.33, 0.30, 0.40, 0.32, and 0.69, respectively, for
the MM/GBSA method, and 0.00, 0.70, 0.32, 0.14, 0.17, 0.14, and 0.20, respectively, for the
MM/PBSA method. In comparison, for the GA-FEP/ABFE method, the corresponding R values are
0.88, 0.69, 0.72, 0.70, 0.74, 0.69, and 0.94, respectively. The overall accuracy has been improved
significantly. As seen from Table 1, the accuracies of the MM/PBSA and MM/GBSA methods are

significantly lower than those of the two types of FEP methods for all of the targets, except INK1. The
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MM/PBSA and MM/GBSA calculations were reasonable for JNK1, but not satisfactory for most of

the targets. So, only the FEP calculations produced consistently reasonable binding free energies.
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Figure 6. Lead optimization strategy starting from the hit LHB-1 with a moderate 1Cs; of 1.8 uM. (a)

Lead optimization strategy. (b) The predicted results of the designed molecules showed remarkable

correlation with the experimental results with a regression coefficient of 0.86.

The GA-FEP/ABFE method has led to discovery of highly potent inhibitors of PDE10. For a

practical drug discovery effort, and also for further external validation of the GA-FEP method, the

GA-FEP/ABFE calculations were performed to rationally design new, more potent PDE10 inhibitors
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starting from a known PDE10 inhibitor for lead optimization. Compound LHB-1 (Figure 6a), which
has a reasonable molecular weight of 275 and a moderate ICsy of 1.8 uM, was taken as a starting
fragment for the purpose of lead optimization. Since LHB-1 is a very small molecule, we first
identified the core structure that should be kept and the side chain that should be optimized. According
to the docking structure, the 6,7-dimethoxyquinazolin group (black colored part of the structure on
Figure 6) forms a hydrogen bond and n-m interaction with the conserved amino acids Q716 and F719,
respectively. Hence, the 6,7-dimethoxyquinazolin structure was chosen as the core structure. Based on
the core structure, side chains on two positions (positions A and B denoted on Figure 6) can be easily
modified due to their orientations pointing to outside of the pocket and, thus, there are sufficient rooms
for their structural modifications. We first tried to optimize the side chain on position A. Through the
GA-FEP/ABFE calculation, we found that the calculated binding energy was significantly increased
by ~3 kcal/mol when the side chain was benzoyl group such as LHB-2 and LHB-3, and their actual
activities increased to 890 and 403 nM, respectively. We further tried to optimize the side chain on
position B. Based on the protein structure, along the orientation of position B we found Y683 could be
a potential proton donor and there also exists a hydrophobic pocket. According to the GA-FEP/ABFE
calculation, when connecting a benzo[d]imidazole or a benzo[d]thiazole group to B position through
a 3-atoms flexible chain, like the 7 ligands from LHB-4 to LHB-10, the binding free energy may be
further increased by 3-5 kcal/mol. The substituents on position B of these ligands could form a
hydrogen bond and hydrophobic interaction with Y683 and the hydrophobic pocket, respectively, and
the ICs of the most potent ligand LHB-10 reached to 0.87 nM (the actual experimental value). The
designed structures resulted in a total of 9 ligands that can be classified into two series with slightly

different scaffolds. Their structural details, activity data, and the calculated ABFE results are given in
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Supporting Information Section S6.

PAINS screening of the newly designed compounds was carried out via an online program
PAINS-Remover (http://cbligand.org/PAINS)3* in order to prevent false positive results, and all the
designed compounds passed this screening. As a result, most of the synthesized compounds showed
improved inhibitory activity against PDE10 compared to LHB-1.

Among all the designed molecules, four of them had ICs, lower than 10 nM, and the most potent
compound LHB-10 showed an ICs, of 0.87 nM against PDE10, with a ~2000-fold improved binding
affinity compared to LHB-1. Another potent inhibitor is LHB-6 with an ICsy of 1.7 nM against PDE10.
Depicted in Figure 7a-b are the predicted binding structures of PDE10 with LHB-10 and LHB-6,
showing some common favorable interactions of the two inhibitors with residues Q716, F719, and
Y683. As described in the above ligand design procedure, the interactions with Q716 and F719 are
common for all of the designed compounds starting from LHB-1, compounds LHB-6 and LHB-10
have the unique hydrogen bonding interaction with the side chain of Y683 and more favorable
hydrophobic interactions with surrounding amino acids.

Further, the computationally predicted PDE10-inhibitor binding mode for these new, potent
inhibitors was confirmed by our X-ray structural analysis. In particular, the X-ray crystal structure
(Figure 7¢) of PDE10 in complex with LHB-6 was determined (PDB ID: 5ZNL, Supporting
Information Section S7) to verify their predicted binding mode derived from our GA-FEP/ABFE
calculations. In Figure 7d, the binding mode in the crystal structure is indeed consistent with the
predicted binding pattern. Meanwhile, the AGy,q values for the nine compounds and LHB-1 showed
statistically linear correlation with the corresponding experimental AG,, values as reflected by the

regression coefficient R of 0.86 (Figure 6b). Apparently, the ABFE calculations using the GA-FEP
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protocol showed a remarkable accuracy and can be used for practical structure-based drug design.
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44 Figure 7. The predicted binding mode was confirmed by crystal structure. (a) Predicted binding mode
46 between PDE10 (PDB ID: 208H) and the most potent inhibitor LHB-10. (b) Predicted binding mode
48 between PDE10 (PDB ID: 208H) and another potent inhibitor LHB-6. (c) Determined crystal
50 structure of PDE10 with LHB-6 (PDB ID: 5ZNL). The 2Fo—Fc electron density is contoured in dark
52 blue at 1.0 3. (d) The superimposed structure between predicted binding mode of LHB-6 and the
54 crystal structure. All the predicted structures are depicted in magenta, and the crystal structure is

56 depicted in green.
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Conclusion

In this study, we reported a relaible and efficient GA-FEP protocol for the FEP-ABFE calculations
on protein targets binding with ligands. An extensive test including more than 100 ligands and 7 targets
has demonstrated that fitting probability distribution by Gaussian functions can efficiently increase the
convergence and accuracy of the computational results. The computational results were able to reach
the satisfactory accuracy for all kinds of ligands tested, with or without similar scaffolds, which may
considerably extend the pratical applications of the FEP approach.

Further, using the GA-FEP protocol, the FEP-ABFE calculation-based lead optimization targeting
PDE10 resulted in several new, highly potent PDE10 inhibitors with sub-nanomolar ICs, illustrating
the value of the computational protocol in practical structure-based drug design. In addition, the GA-
FEP calculations are computationally effieicnt, e.g. one can complete the calculations on 2-3 ligands
per day for their absolute binding free energies by using 8 Nvidia Geforce GTX580 GPUs. Thus, the
GA-FEP protocol described in this report is promising for the ABFE prediction and structure-based

drug design.

EXPERIMENTAL SECTION

Chemistry: General Methods. The designed compounds were synthesized through the routes
outlined in Schemes 1-3. 'H NMR and 3C NMR spectra were recorded on a BrukerBioSpin GmbH
spectrometer at 400.1 and 100.6 MHz, respectively. Coupling constants are given in Hz. MS spectra
were recorded on an Agilent LC-MS 6120 instrument with an EST and APCI mass selective detector.
The high-resolution mass spectrum was run on a Shimadzu LCMS-IT-TOF. Flash column

chromatography was performed using silica gel (200300 mesh) purchased from Qingdao Haiyang
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Chemical Co. Ltd. Thin-layer chromatography was performed on precoated silica gel F-254 plates
(0.25 mm, Qingdao Haiyang Chemical Co. Ltd) and was visualized with UV light. All the starting
materials and reagents were purchased from commercial suppliers and used directly without further
purification. The purity of these compounds was determined by reverse-phase high performance liquid
chromatography (HPLC) analysis and confirmed to be better than 95%. HPLC instruments: Shimadzu
LC-20AT (SPD-20A UV/vis detector, UV detection at 254 nm; column Hypersil BDS C18, 5.0 um,
4.6 x 150 mm (Elite); Elution, MeOH in water (70%-90%, v/v); T =25 °C; and flow rate = 1.0
mL/min). All the compounds are synthesized following Schemes 1-3. Compounds 1 to 8 are
intermediate compounds, and compounds LHB-2 to LHB-10 are the designed target compounds

starting from the hit LHB-1 (which was synthesized according to method described previously?%).

MeO N

MeO

Scheme 1. The synthesis route of compounds LHB-2 and LHB-3. Reagents and conditions: (a)
Benzaldehyde, 1, 3-dimethylimidazolium iodide, NaH, THF, reflux.

MeO N MeO N b MeO Ny c MeQ N
P e N A
e,
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o) cl N
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z
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Scheme 2. The synthesis route of compounds LHB-4, LHB-5, LHB-6, and LHB-7. Reagents and
conditions: (a) Acetic anhydride, pyridine, 100 °C; (b) SOCI,, 80 °C; (¢) Morpholine or 1-
methylpiperazine, DMF, 80°C; (d) Ammonia, methanol, reflux; (¢) The corresponding bromide,
K,CO;3;, CH;CN, reflux.

MeQ

OMe

LHB-8 : X=S, Y=NH
LHB-9 : X=§, Y=8
LHB-10: X=NH, Y=8

OMe

Scheme 3. The synthesis route of compounds LHB-8, LHB-9, and LHB-10. Reagents and
conditions: (a) Benzyl bromide, acetone, K,CO; 80°C; (b) 4-methyoxylbenzaldehyde, 1,3-
dimethylimidazolium iodide, NaH, THF, reflux; (c¢) Boron tribromide, DCM, -78°C; (d) The

corresponding bromide, K,CO;, CH3CN, reflux.

Compound 1: 7-methoxy-4-0x0-3,4-dihydroquinazolin-6-yl acetate

Pyridine (4.0 mL) was added dropwise to the solution of 6-hydroxy-7-methoxyquinazolin-4(3H)-
one (1.92 g, 10 mmol) in acetic anhydrate (20 mL). The reaction mixture was heated at 100 °C for 2 h
and then cooled to room temperature. After the mixture was poured into ice water, a white solid was
precipitated. The precipitate was collected, washed and dried to give compound 1 (2.32 g, Yield: 99%)
as a white solid. '"H NMR (400 MHz, DMSO-dy) 8 8.09 (s, 1H), 7.76 (s, 1H), 7.28 (s, 1H), 3.92 (s,
3H), 2.30 (s, 3H).

Compound 2: 4-chloro-7-methoxyquinazolin-6-yl acetate

Compound 1 (2.34 g, 10 mmol) was dissolved in SOCI, (20 mL). The mixture was stirred at 80

20
ACS Paragon Plus Environment



Page 21 of 43 Journal of Medicinal Chemistry

oNOYTULT D WN =

°C for 2.5 h and then concentrated under vacuum, providing compound 2 (2.22 g, Yield: 88%) which
could be used in the next step without further purification. 'H NMR (400 MHz, DMSO-d;) & 9.02 (s,
1H), 8.02 (s, 1H), 7.65 (s, 1H), 4.03 (s, 4H), 2.36 (s, 3H).

Compound 4a: 7-methoxy-4-morpholinoquinazolin-6-ol

A solution of compound 2 (2.52 g, 10 mmol) and morpholine (1.04 g, 12 mmol) in DMF (20 mL)
was stirred at 80 °C for 6 h. The mixture was then poured onto the ice water and a white solid was
precipitated, which was collected and washed with ice water to afford compound 3a. Compound 3a
was dissolved in methanol (20 mL). Ammonia (1.6 mL) was added to the mixture and the mixture was
then stirred under reflux for 2 h. The solvents were evaporated under vacuum. The crude product was
recrystallized using methanol to afford compound 4a (1.87 g, Yield: 72%) as a white solid. '"H NMR
(400 MHz, DMSO-d;) 6 8.52 (s, 1H), 7.24 (s, 1H), 7.21 (s, 1H), 3.93 (s, 3H), 3.83 —3.75 (m, 4H), 3.54
—3.47 (m, 4H).

Compound 4b: 7-methoxy-4-(4-methylpiperazin-1-yl)quinazolin-6-ol

Compound 4b (1.54 g, Yield: 56%) as a white solid was synthesized using the same procedure of
preparing compound 4a but with 1-methylpiperazine as the starting material. 'H NMR (400 MHz,
DMSO-d) 6 9.93 (s, 1H), 8.49 (s, 1H), 7.23 (s, 1H), 7.19 (s, 1H), 3.93 (s, 3H), 3.52 (d, / = 4.8 Hz,
4H), 2.51 (dd, J= 3.6, 1.8 Hz, 4H), 2.26 (s, 3H).

Compound 6: 6-(benzyloxy)-4-chloro-7-methoxyquinazoline

Ammonia (25%, 2.2 mL, 25 mmol) was added to the solution of compound 2 (2.52 g, 10 mmol)
in methanol (50 mL). The mixture was stirred at room temperature for 2 h. And then the solvent was
evaporated under vacuum to give the crude product of compound 5. The mixture of compound 5,

benzyl bromide (1.71 g, 15 mmol) and potassium carbonate (2.76 g, 20 mmol) were suspended in the
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acetone and then stirred at 80 °C for 2 h. Water was added and the mixture was extracted with
dichloromethane three times. The combined organic extract was washed with brine, dried over Na,SO,
and concentrated. The residue was purified on a silica gel column to give compound 6 (2.48 g, Yield:
83%) as a white solid. "H NMR (400 MHz, CDCl5) 6 8.85 (s, 1H), 7.51 (d, J = 7.3 Hz, 2H), 7.47 (s,
1H), 7.42 (t,J=7.3 Hz, 2H), 7.36 (t, J= 7.2 Hz, 1H), 7.34 (s, 1H), 5.31 (s, 2H), 4.06 (s, 3H).

Compound 7: (6-(benzyloxy)-7-methoxyquinazolin-4-yl)(4-methoxyphenyl)methanone

A mixture of compound 6 (2.41 g, 8.0 mmol), 1, 3-dimethylimidazolium iodide (90 mg, 0.4 mmol)
and 4-methoxylbenzaldehyde (164 mg, 9.6 mmol) was dissolved in THF (80 mL). NaH (230 mg, 9.6
mmol) was added to the mixture and then stirred under reflux overnight with Ar protection. The
mixture was cooled to room temperature and poured into ice water. The aqueous layer was extracted
with ethyl acetate three times. The combined organic layers were washed with brine, dried over
Na,SO,, and concentrated. The residue was purified on the silica column to give compound 7 (2.15 g,
Yield: 68%) as an off-white solid. 'H NMR (400 MHz, Acetone-ds) 6 9.11 (s, 1H), 7.90 (d, /= 8.7 Hz,
2H), 7.46 (d, J = 8.8 Hz, 2H), 7.45(s, 1H), 7.40 (s, 1H), 7.37 — 7.27 (m, 3H), 7.06 (d, J= 8.7 Hz, 2H),
5.19 (s, 3H), 4.08 (s, 4H), 3.91 (s, 4H).

Compound 8: (6-hydroxy-7-methoxyquinazolin-4-yl)(4-methoxyphenyl)methanone

Compound 7 (2.00 g, 5.0 mmol) was dissolved in dichloromethane and the mixture was cooled
to -78°C. BBr; (1.0 M, 6.0 mmol, 6.0 mL) in dichloromethane was added dropwise to the mixture. The
reaction was stirred at -78°C for 1 h and then poured into ice water. A precipitate was formed and
filtered, giving compound 8 (1.00 g, Yield: 65%) as a white solid. "H NMR (400 MHz, CDCl3) 6 10.49
(s, 1H), 9.12 (s, 1H), 7.83 (d, J=9.0 Hz, 2H), 7.46 (s, 1H), 7.09 (d, J = 9.0 Hz, 2H), 7.08 (s, 1H), 4.02

(s, 3H), 3.86 (s, 3H).
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Compound LHB-2: (6,7-dimethoxyquinazolin-4-yl)(4-methoxyphenyl)methanone

A mixture of 4-chloro-6,7-dimethoxyquinazoline (224 mg, 1.0 mmol), 1, 3-dimethylimidazolium
iodide (12 mg, 0.05mmol) and 4-methoxylbenzaldehyde (164 mg, 1.2 mmol) was dissolved in THF
(10 mL). NaH (29 mg, 1.2 mmol) was added to the mixture and then stirred under reflux overnight
with Ar protection. The mixture was cooled to room temperature and poured into ice water. The
aqueous layer was extracted with ethyl acetate three times. The combined organic layers were washed
with brine, dried over Na,SO,, and concentrated. The residue was purified on the silica column
(dichloromethane: methanol = 80:1) to give compound LHB-2 (146 mg, Yield: 45%) as a white solid.
"H NMR (400 MHz, CDCl3) 8 9.23 (s, 1H), 7.57 (s, 1H), 7.47 - 7.36 (m, 3H); 7.35 (s, 1H), 7.20 (d, J
=9.0 Hz, 1H), 4.10 (s, 3H), 3.96 (s, 3H), 3.87 (s, 3H).13C NMR (101 MHz, CDCl3) 4 193.60, 159.83,
159.69, 156.67, 152.45, 151.43, 149.93, 136.82, 129.68, 124.00, 121.04, 118.28, 114.25, 106.92,
102.39, 56.58, 56.34, 55.55. LC-MS (ESI) m/z [M]+ 325.2.

Compound LHB-3: (6,7-dimethoxyquinazolin-4-yl)(4-fluorophenyl)methanone

Compound LHB-3 (181 mg, Yield: 58%) as a white solid was synthesized using the same
procedure of preparing compound LHB-2 but with 4-fluorobenzaldehyde as the starting material; 'H
NMR (400 MHz, CDCls) 6 9.23 (s, 1H), 8.09 — 7.98 (m, 2H), 7.42 (s, 1H), 7.40 (s, 1H), 7.23 — 7.15
(m, 2H), 4.10 (s, 3H), 3.99 (s, 3H); *C NMR (101 MHz, CDCl;) § 192.14, 158.99, 156.73, 152.36,
151.55, 150.13, 133.73, 133.63, 131.98, 118.36, 116.05, 115.83, 106.95, 102.36, 56.59, 56.36. HRMS

(ESI-TOF) m/z [M + H]+ caled for C17 H13 N2 O3 F 313.0983, found 313.0978.

Compound LHB-4: 4-(6-(2-((1H-benzo[d]imidazol-2-yl)thio)ethoxy)-7-methoxyquinazolin-
4-yl)morpholine

The mixture of 2-((2-bromoethyl)thio)-1H-benzo[d]imidazole (0.308 g, 1.2 mmol), potassium
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carbonate (0.207 g, 1.5 mmol), and compound 4a (0.261 g, 1.0 mmol), were suspended in acetonitrile
(30 mL). The mixture was then stirred under reflux for 16 h. The solid was filtered and the filtrate was
concentrated under vacuum. The resulting residue was purified gel column (dichloromethane:
methanol = 80:1) to give compound LHB-4 (189 mg, Yield: 43%) as a white solid. "H NMR (400
MHz, CDCl;) 6 8.69 (s, 1H), 7.55 (s, 2H), 7.34 (s, 1H), 7.24 (dd, J = 5.5, 3.3 Hz, 2H), 7.18 (s, 1H),
4.50 (t,J=5.3 Hz, 2H), 4.12 (dd, J=14.2, 7.1 Hz, 2H), 4.05 (s, 3H), 3.90 — 3.80 (m, 4H), 3.70 — 3.60
(m, 4H); 3*C NMR (101 MHz, DMSO-d;) 8 163.40, 154.84, 152.96, 150.17, 149.15, 147.40, 135.99,
130.12, 122.12, 121.62, 117.79, 110.81, 107.91, 105.21, 100.00, 67.88, 66.32, 56.36, 50.17, 30.61;
HRMS (ESI-TOF) m/z [M + H]+ caled for C22 H23 N5 O3 S 438.1594, found 438.1605.

Compound LHB-5: 4-(6-(2-(benzo[d]thiazol-2-ylthio)ethoxy)-7-methoxyquinazolin-4-
yD)morpholine

Compound LHB-5 (277 mg, Yield: 61%) as a pale-yellow solid was synthesized using the same
procedure of preparing compound LHB-4 but with 2-((2-bromoethyl)thio)benzo[d]thiazole as the
starting material; '"H NMR (400 MHz, CDCl;) 6 8.68 (s, 1H), 7.85 (d, J=8.0 Hz, 1H), 7.77 (d, J= 7.7
Hz, 1H), 7.50- 7.38 (m, 1H), 7.37 — 7.29 (m, 1H), 7.27 (s, 1H), 7.22 (s, 1H), 4.55 (t, J = 6.5 Hz, 2H),
3.97 (s, 3H), 3.87 (t, J = 6.5 Hz, 2H), 3.84 - 3.73 (m, 4H), 3.73- 3.50 (m, 4H); 3C NMR (101 MHz,
CDCls) 6 165.59, 163.79, 155.08, 153.24, 153.00, 149.60, 147.37, 135.39, 126.16, 124.52, 121.52,
121.09, 111.23, 108.00, 105.84, 68.07, 66.60, 56.15, 50.24, 31.93. HRMS (ESI-TOF) m/z [M + H]+
caled for C22 H22 N4 O3 S2 455.1206, found 455.1214.

Compound LHB-6: N-(2-((7-methoxy-4-morpholinoquinazolin-6-
yDoxy)ethyl)benzo[d]thiazol-2-amine

Compound LHB-6 (166 mg, Yield: 38%) as a white solid was synthesized using the same
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procedure of preparing compound LHB-4 but with N-(2-bromoethyl)benzo[d]thiazol-2-amine as the
starting material. 'H NMR (400 MHz, CDCl;) 6 8.67 (s, 1H), 7.58 (t,J = 7.5 Hz, 2H), 7.31 (t,J = 7.9
Hz, 1H), 7.27 (s, 1H), 7.15 (s, 1H), 7.11 (t, J = 7.3 Hz, 1H), 6.02 (br, 1H), 4.35 (t, J = 4.9 Hz, 2H),
4.02 (t,J=4.9 Hz, 2H), 3.99 (s, 3H), 3.84 (m, 4H), 3.69 — 3.58 (m, 4H); 3C NMR (101 MHz, CDCl;)
0 166.63, 163.81, 154.85, 153.26, 152.28, 149.44, 147.50, 130.52, 126.08, 121.98, 120.86, 119.07,
111.26, 107.90, 105.54, 68.07, 66.66, 56.16, 50.22, 44.10. HRMS (ESI-TOF) m/z [M + H]+ caled for
C22 H23 N5 O3 S 438.1594, found 438.1606.

Compound LHB-7: N-(2-((7-methoxy-4-(4-methylpiperazin-1-yl)quinazolin-6-
yDoxy)ethyl)benzo[d]thiazol-2-amine

Compound LHB-7 (234 mg, Yield: 52 %) as a white solid was synthesized using the same
procedure of preparing compound LHB-4 but with N-(2-bromoethyl)benzo[d]thiazol-2-amine and
compound 4b as the starting material. '"H NMR (400 MHz, CDCls) & 8.65 (s, 1H), 7.58 (t,J= 7.7 Hz,
2H), 7.31 (t, J= 7.7 Hz, 1H), 7.25 (s, 1H), 7.17 (s, 1H), 7.11 (t, J = 7.6 Hz, 1H), 5.89 (s, 1H), 4.35 (t,
J=4.9 Hz, 2H), 4.03 — 3.99 (m, 5H), 3.69 — 3.63 (m, 4H), 2.60 — 2.55 (m, 4H), 2.35 (s, 3H); 3C NMR
(126 MHz, CDCls) 6 166.60, 163.75, 154.80, 153.28, 152.31, 149.43, 147.31, 130.57, 126.04, 121.95,
120.84, 119.11, 111.26, 107.86, 105.98, 68.14, 56.12, 54.72, 49.48, 46.00, 44.11; HRMS (ESI-TOF)
m/z [M + H]+ caled for C23 H26 N6 O2 S F 451.1911, found 451.1910.

Compound LHB-8: (6-(2-((1H-benzo|d]imidazol-2-yl)thio)ethoxy)-7-methoxyquinazolin-4-
yl)(4-methoxyphenyl)methanone

Compound LHB-8 (41 mg, Yield: 43%) as a white solid was synthesized using the same
procedure of preparing compound LHB-4 but with compound 8 as the starting material. "H NMR (400

MHz, CDCls) § 9.27 (s, 1H), 8.05 — 7.93 (m, 2H), 7.56 (dd, J = 5.3, 2.9 Hz, 2H), 7.48 (s, 1H), 7.45 (s,
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1H), 7.27—-7.21 (m, 2H), 7.06 — 6.94 (m, 2H), 4.49 (t, /= 5.4 Hz, 2H), 4.12 (s, 3H), 3.91 (s, 3H), 3.73
—3.57 (t, J = 5.4 Hz, 2H); 3C NMR (101 MHz, CDCl3) § 191.98, 164.71, 160.66, 156.14, 152.83,
149.89, 149.73, 149.59, 133.37, 128.29, 122.58, 118.19, 114.07, 107.51, 104.06, 69.13, 56.86, 55.68,
32.59. HRMS (ESI-TOF) m/z [M + H]+ calcd for C26 H22 N4 O4 S 487.1435, found 487.1442.

Compound LHB-9: (6-(2-(benzo[d]thiazol-2-ylthio)ethoxy)-7-methoxyquinazolin-4-yl)(4-
methoxyphenyl)methanone

Compound LHB-9 (41 mg, Yield: 41%) as a pale-yellow solid was synthesized using the same
procedure of preparing compound LHB-4 but with compound 8 and 2-((2-
bromoethyl)thio)benzo[d]thiazole as the starting material. '"H NMR (400 MHz, CDCls) 4 9.21 (s, 1H),
7.99 —7.89 (m, 2H), 7.87 —7.80 (m, 1H), 7.78 — 7.70 (m, 1H), 7.45 — 7.39 (m, 1H), 7.38 (s, 1H), 7.37
(s, 1H), 7.33 = 7.27 (m, 1H), 7.01 — 6.89 (m, 2H), 4.49 (t, J = 6.4 Hz, 2H), 4.00 (s, 3H), 3.87 (s, 3H),
3.84(t,J=6.4 Hz, 2H); 3C NMR (101 MHz, CDCl;) 6 198.77, 192.04, 168.17, 164.56, 159.28, 156.77,
153.04, 152.61, 149.93, 135.43, 133.28, 128.48, 126.04, 124.37, 121.69, 120.99, 118.15, 113.99,
107.12, 104.00, 67.77, 56.40, 55.61, 31.71; HRMS (ESI-TOF) m/z [M + H]+ calcd for C26 H21 N3
04 S2 504.1046, found 504.1038.

Compound LHB-10: (6-(2-(benzo[d]thiazol-2-ylamino)ethoxy)-7-methoxyquinazolin-4-
yl)(4-methoxyphenyl)methanone

Compound LHB-10 (44 mg, Yield: 45%) as a pale-yellow solid was synthesized using the same
procedure of preparing compound LHB-4 but with compound 8 and N-(2-
bromoethyl)benzo[d]thiazol-2-amine as the starting material. "H NMR (400 MHz, CDCls) & 9.21 (s,
1H), 7.94 (d, J= 8.8 Hz, 2H), 7.58 — 7.50 (m, 2H), 7.39 (s, 1H), 7.35 (s, 1H), 7.32 - 7.22 (m, 1H), 7.08

(t,J="7.6 Hz, 1H), 6.95 (d, J = 8.8 Hz, 2H), 4.31 (t, J = 4.9 Hz, 2H), 4.04 (s, 3H), 3.96 (t, J = 4.8 Hz,
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2H), 3.87 (s, 3H); 13C NMR (101 MHz, CDCl;) & 191.98, 166.57, 164.65, 160.60, 156.69, 152.71,
152.32, 150.20, 149.92, 133.30, 130.62, 128.43, 125.99, 121.92, 120.80, 119.22, 118.13, 114.05,
107.18, 104.27, 67.84, 56.40, 55.64, 43.93; HRMS (ESI-TOF) m/z [M + H]+ calcd for C26 H22 N4
04 S 487.1435, found 487.1444.

General strategy of the GA-FEP/ABFE method. To calculate ABFE of a ligand with a receptor,
the whole ligand molecule must be annihilated during the FEP calculation and, thus, the perturbation
is expected to be generally greater than that for the usual RBFE calculation. The greater perturbation
could lead to a problem for the convergence of the calculated ABFE, making the usual FEP procedure
inappropriate for the practical ABFE calculations. The numerical integration accuracy, which is
directly associated with sampled probability distribution, must be improved for the FEP method to be
suitable for the ABFE calculations. In general, there are several computational algorithms developed
to improve numerical integration accuracy in both mathematics and physics. The commonly used
algorithms for numerical analysis, such as the Shanks transformation and Richardson extrapolation,
are based on fitting the hypothesized property of a sequence by some specific functions, and could
greatly increase the rate of convergence of a sequence.’ 3¢ Hummer et al. also used a multistate
Gaussian model to fit the probability distribution of electrostatic interactions, and successfully
increased the accuracy of electrostatic solvation free energy prediction.?’ Inspired by these works, and
considering the Gaussian-like distribution property of the sampling results P(AU) during the FEP
calculations, probability distribution of AU, i.e. P(AU), was modelled as a superposition of a series
of Gaussian functions, and the poorly sampled part of P(AU) could be refined by extrapolation. This
method is also referred to as Gaussian algorithm enhanced free energy perturbation (GA-FEP) protocol.

Based on the modeled probability distribution, Bennett acceptance ratio (BAR) method was used to
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further increase the accuracy of calculations. Seven types of drug targets and over 100 ligands were
selected to test the GA-FEP method. After fitting probability distributions by Gaussian functions, the
convergence of the FEP calculations was greatly improved, and the result also showed good accuracy
for all the tested ligands, with or without similar scaffolds. For ligands with similar scaffolds, the
ABFE results could even reach to the similar accuracy to the RBFE results.

The GA-FEP method. In order to calculate the binding free energy of a protein-ligand system by
using alchemical transformation, a thermodynamic cycle was designed as Figure 1, where Rec
represents the receptor, Lig represents the ligand, and Dumm represents the dummy ligand after
annihilation (“annihilation” means all atoms of the ligand vanish and become dummy atoms with zero
charge and vdW interactions with other atoms, and surrounding solvent or receptor cannot “feel” the
existence of the ligand just like the ligand is “annihilated”). In order to evaluate AApinging, @ series of
non-physical states that connect the initial reference state (all atoms in this state were described by the
force field) and the final target state (ligand atoms were annihilated) were added. According to the
thermodynamic cycle, AApinging can be calculated as

AAbinding = AA]zinnihilation - AAg{rEnihilation €Y
As a commonly used practice in most FEP calculations, AArestrain 10 the lower horizontal
transformation, which represents the changes of translational and rotational entropies during the
binding process, was omitted due to the existing difficulties in calculating entropies. The final result
was not affected too much after AA,esrain Was omitted due to the error cancellation, AARL it ition
was calculated by annihilating the ligand in the RL complex, and AAL, ,iniation Was calculated by just
annihilating ligand in water, because the energy differences between receptors may roughly be

cancelled out. For both the AALniniation and AARY ihiation calculations, the annihilations of
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electrostatic and vdW interactions were decoupled. A set of five alchemical states were first used to
annihilate electrostatic interactions followed by another set of five states to annihilate the vdW
interactions. Based on the FEP theory, when the mass of the system does not change during the whole
alchemical transformation, the final AAY piniation and AARL iiion could be calculated by the

following equations (2) and (3).%®

N-1
1
AA = 3 In{exp@-p AU; ;+18); , (2)
i=1
N-1
1
AA = B In @ expB-p AU; ;11 BP,EAU; ;41 BdAU; 14, (3

i=1
where N represents the total number of states in the alchemical transformation and i refers to the ith
state. Equation (3) is the integral form of equation (2). According to these equations, the free energy
difference AA between two neighboring states (i and i+/) may be calculated based on the trajectory
of the ith state.

The above GA-FEP method was implemented in a local version of the AMBER 12 program,3°-4!
and the implementation enabled to perform the FEP simulations under the GPU acceleration. In the
input preparation step, the force field parameters for the initial reference state (such as Lig or Rec-Lig
state in Figure 1) were generated first. With the Rec-Lig state as an example (we used the original
version of GAFF for the ligand in the reference state): the partial atomic charge of the ligand was
calculated by using the Gaussian 03 program* at the HF/6-31G* level. The Antechamber module of
the AMBER 12 program® was then used to obtain the RESP charges and assign the general AMBER
force field (GAFF), and the Amber03 force field was used for the proteins. According to the net charge

of the receptor-ligand complex, counter ions (either Na* or Cl") were used to neutralize the system.
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Truncated octahedral box of simple point charge/flexible water (SPC/Fw) ** molecules was then added
with the surface of the box at least 5 A away from any atom in the receptor-ligand complex, and the
radius of the boxes are at least 12 A. For the Lig state, the preparation method was very similar to that
mentioned above, except that the size of the truncated octahedral water box was set to 8 A.

The overall alchemical transformation of either Rec-Lig system or Lig system contains 10
alchemical states. Force field parameters of all the non-physical intermediate states were generated
based on the reference state. To annihilate the charge interaction, the partial atomic charge of each
atom in the ligand was linearly changed to zero in the first five states with the vdW parameters
unchanged. In the next five states, the vdW interaction was gradually annihilated. Considering the

vdW interaction is calculated by using the Lennard-Jones potential,

ry 12 ry 6
v, = 4e,; LD — 2020 0, (4)
L Uy r

to prevent the ‘origin singularity’ effect, the ¢ of every atom decreases as a (1-0.24;)® manner, where 4;
represents the 1 value of the ith state in the annihilation of vdW interaction.*>-*7 After all the input
files were prepared, the MD simulations were performed. Since the trajectories could become very
unstable when the SHAKE constrains*® 4° were applied during the annihilation steps, the SHAKE
algorithm was not used in the MD simulations, and the time step was set to 1 fs. Along with the periodic
boundary condition (PBC), the particle mesh Ewald (PME) method>® was used to calculate the long-
range electrostatic interactions. During the MD simulations, weak restrains were applied to all the
ligands in the Lig systems with a force constant of 10 kcal/(mol-A2). Unless explicitly mentioned
otherwise, 4 ns MD simulations were performed for each alchemical state, and the snapshots from the
last 2 ns were saved into production MD trajectory files with an interval of 100 fs for post-simulation

processing.
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Energy calculations were carried out in the post-simulation processing steps. Based on the
trajectories of the last 2 ns and the force field parameter files of the forward/backward step, the
forward/backward energy difference of each snapshot was calculated. To improve the accuracy of
energy calculation, some enhanced sampling methods were used here instead of directly using equation
(2) or (3). In the FEP calculations, as the probability distribution of AU, i.e. P(AU), is weighted by
exp(—B AU; +1;) as seen in equation (3), the negative — AU tail could remarkably influence the
energy calculation, and the main part of AU, however, is less important to the final result.’' To fully
use the knowledge of the whole distribution P(AU), and improve the accuracy of the sampling of the
energy near the negative — AU tail, the overall distribution was fitted by 5 Gaussian functions, as
shown in equation (5) with a total of 15 different parameters to be fitted.

AU — u;)?
@u—w7,

P(AU) = c; exp BA— 20,2

()

i=1

Least-square method was used to optimize all these 15 parameters to get the fitted function, and the

poorly sampled negative — AU tail was refined by the extrapolation. The details of the fitting
procedure are given in Supporting Information Section S8

Based on the fitted distribution functions, the results were further improved by the Bennett

acceptance ratio (BAR) method®> 33 which combines the forward and backward transformations.

According to the BAR method, equations (6) and (7) were used to calculate energy differences between

adjacent alchemical states:

(Bl + expBBEAU; ;11 — cem ),
(BL + expB-BEAU; ;41 — uc

exp,B’ AAi,i+1: eXp(_ﬁC)' (6)
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C= AA +11 e
Bl bitt ﬁnni+1.

(7)

The BAR method will insert an additional intermediate state between the ith and (i+/)th state. The
constant C determines the position of the additional intermediate state, and n; and n; are sample
sizes collected from states i and i+ 1. Combining the information from both forward and backward
calculations, the accuracy of the calculation can be improved further. Except for the final state, the
energy differences for all of the other states were calculated by using the BAR method. In the final
state, all the surrounding atoms cannot feel the existence of the dummy ligand and, thus, can occupy
the original position of the ligand. When doing backward calculation based on the final state, the ligand
atoms will reappear, and can clash against the surrounding atoms, which makes inaccurate prediction
for the backward energy. This technical problem is also known as the end-point catastrophes*. Thus,
the energy of the final state was just calculated by the forward energy calculation based on the
trajectory of the second last state. Then, based on the sum of all the energies of these states, we can
obtain AAL ninilation and AARL ihilation, and the final binding free energy can be calculated by using
equation (1).

Due to very small vdW interactions between a ligand and surrounding atoms in the second last
state, water molecules cannot fully occupy the binding site of the receptor, thus the hydration energy
of the receptor might not be sufficiently accounted for. According to the chemical environment of the
binding site, the energy calculation results of a same receptor may systematically shift to a same
direction due to the insufficient simulation of the hydration energy of the receptor binding site, and the
systematical shift may reflect the magnitude of the hydration energy of the receptor binding site.

A new intermediate state generation method for the GA-FEP calculation. In common FEP

practices, there are mainly two approaches for generating alchemical states. One is the single-topology
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paradigm® in which a common topology is used for both reference and target state. According to the
single-topology paradigm, after the force field parameters for the initial reference state and the final
target state are prepared, the force field parameters for all the intermediate non-physical states are
expressed as linear combinations of those for the reference and target states. Another approach is
known as the dual-topology paradigm®, in which the topologies of reference and target states coexist
during the alchemical transformation, and the potential energy for each intermediate state is a linear
combination of those of the reference and target states.

The intermediate state parameter generation method used here is different from the commonly
used two approaches described above. In this study, intermediate state parameters were not described
as combinations of the reference and target states. Instead, the force field parameters of each
intermediate state were generated individually, and each intermediate corresponds to a single force
field parameter file. Thus, reading two force field parameter files in one MD simulation, which is a
common practice in the FEP calculation, is no longer needed by using our new protocol, and the MD
simulations on all the intermediate states became the usual MD simulations. By using this method, the
force field parameters of all the intermediate states can be customized and, more importantly, the speed
advantage of the AMBER under the GPU acceleration can be fully exerted.

Eight Nvidia Geforce GTX580 GPUs were used in this study. For the seven targets used in this
study, this GA-FEP method can predict the binding free energies for 2-3 ligands per day, which is an
acceptable speed to predict the ABFE for the purpose of practical structure-based drug design.

FEP-based lead optimization targeting PDE10. Phosphodiesterase-10 (PDE10) is known as a
promising drug target for treatment of colon cancer?® and central nervous system disorders such as

schizophrenia and Huntington’s disease.>* Despite extensive efforts in development of PDE10
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inhibitors, there is still no PDE10 inhibitor approved for the desirable clinical use.?> Structurally
diverse and potent PDEI10 inhibitors are urgently needed in order to accelerate the development of
PDEI0 inhibitors. In order to discover structurally diverse and highly potent PDE10 inhibitors, as well
as externally validate the accuracy and efficiency of our GA-FEP protocol, lead optimization starting
from a small molecule LHB-1 with IC5y = 1.8 uM (Figure 6a) against PDE10 were carried out by FEP-
based rational design, chemical synthesis, and bioassay validation. Starting from the hit LHB-1, two
series of molecules with different kinds of scaffolds were designed in light of the computational
modeling. All of the designed molecules were docked into the binding site of PDE10 (PDB ID: 208H),
and their ABFE values were then predicted by our GA-FEP protocol. Based on their ABFE results,
nine molecules were selected for further chemical synthesis and bioassay studies. Details about the
designed molecules are provided in Supporting Information Section S6.

To validate the predicted binding mode, an X-ray cocrystal structure of PDE10 with bound LHB-
6 was determined. The experimental procedures of the subcloning and protein expression of human
PDE10A2 (catalytic domain, residues 449-770) were similar to those described previously,’” and the
crystals of PDE10A2 were grown by hanging drop. The unliganded PDE10A2 (10 mg/ml in a buffer
of 50 mM NacCl, 20 mM Tris-HCI (pH 7.5), 1 mM B-mercaptoethanol and 1 mM EDTA) was vapor-
diffused against the well buffer of 0.1 M Hepes (pH 7.5), 0.2 M MgCl,, 18% PEG3350 and 50 mM 2-
mercaptoethanol. The complex of PDE10A2 with LHB-6 was prepared by soaking the unliganded
crystals in 20 mM LHB-6 in a buffer of 16% PEG 8000, 0.1 M Hepes (pH 7.5), 0.1 M MgCl, and 60
mM 2-ME at 4°C for 24 h. The crystallization buffer plus 20% ethylene glycolwas used as the
cryosolvent. Diffraction data were collected at 100 K on an in-house Oxford Diffraction Xcalibur Nova

diffractometer. The data were processed using the program CrysAlis Pro and the structure was solved
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and refined by using the CCP4.3® The coordinates and structure factors have been deposited in the

Protein Data Bank with PDB ID 5ZNL.
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