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ABSTRACT

Potassium-competitive acid blocker (9S)-BYK 31131€5,=6.8) showed significantly higher inhibition actiyi
than (9R)-enantiomer (pkg=5.4). Here the binding modes of BYK 311319 enamtic withH" ,K'-ATPasewere
studied by Homology modelingduced-fit docking (IFD)molecular dynamics and MM/GBSA calculation meshod
The docking Gscores, IFD scores an@;g (binding free energiesdf (9S)-BYK 311319 (-9.64, -1724.74 and -
47.71 kcal/mol) are more favorable than those @&)8nantiomer (-6.98, -1723.88 and -43.14 kcal/mabich is
consistent with the experimental inhibition actast (9S)-BYK 311319 has hydrogen bond interactith the key
residue Cys813 and interacts with residues GInIW135, Aspl36, Aspl37 and Asnl38 in the TM1-2 lfop
H* K'-ATPase through charged interactions.

Keywords. BYK 311319; enantiomers; Potassium-competitive daiocker induced-fit docking;binding free
energy

INTRODUCTION

Peptic ulcer diseases, such as gastric ulcers astdogesophageal reflux disease (GERD), are chinfi@anmation

of the stomach and duodenum and strongly influgheelife quality of the patients [1-3]. Proton purgp’,K*-
ATPase) inhibitors (PPIs) such as omeprazole, lansoprazoéeprazole, pantoprazole, tenatoprazole and
leminoprazole are considered as the first-lineapgrfor acid suppression [4]. But primarily duetheir chemical
structures and irreversible inhibition Ef K*-ATPase PPIs exhibit a delayed onset of acute effect amieae full
effect only slowly [5]. Now a new class Bif , K -ATPasereversible inhibitors designated as potassium-citiye

acid blockers (P-CABs) could offer some therapeatizantages by competing with thé &n the luminal surface
and provide faster onset and longer duration abad¢han conventional PPIs [5].

SCH 28080 (Fig. 1) is the first clinical researckCRB and shows excellent antisecretory and cytamtdte
properties [6]. However, because of extensive nddisth and associated liver toxicity, the clinicavelopment of
SCH 28080 was stopped [7]. Then some chemical gnatof SCH 28080 such as BYK 311319 (Fig. 1) were
synthesized [8]. Andreas Marc Palmet al. reported [8, 9] that the (9S)-BYK 311319 (p§6.8) showed
significantly higher biological activity than (9RRantiomer (plg=5.4) [9]. So in this paper, it is interesting to
study the binding modes of BYK 311319 enantiomeith wl*,K*-ATPase by molecular docking, molecular
dynamics and MM/GBSA calculation methods.
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Fig. 1 Chemical structuresof SCH 28080 and BYK 311319 enantiomers

EXPERIMENTAL SECTION

Homology modeling:

The sequence of the pig gastri¢,iK-ATPase (1033 amino acids) was taken from the SRies Database (ID:
P09626) [10]. From the Protein Data Bank [11], ¢hestal structure of NaK*-ATPase in the P state (PDB code:
2ZXE) [12] was used as a template by BLAST onlinetimd (http:// blast.ncbi.nim.nih.gov/Blast.cgl)3]. The
sequence alignment was performed with the Clustaigdrithm [14] and the homology model of pig,K'-
ATPase was generated using MODELLER9v4 [15]. Tisaltant structure of the 'HK*-ATPase was subject to the
Protein Preparation Wizard module in Schrodingéi Hs follows: adding hydrogens, assigning padierges, and
minimizing using the OPLS-2005 force field [17] irlRMSD 0.30 A. The final optimized model was vailtdd
using the program PROCHECK [18] to assess thetyualithe stereochemistry of the protein structure.

Molecular docking:

Molecular docking simulation was performed usinguced-fit docking (IFD) method [19] in the Schrogim
software suite [16], which had been reported taab®bust and accurate method to account for bgamd and
receptor flexibility [20, 21]. The IFD protocol wasrried out in three consecutive steps [22]. Kirlhe ligand was
docked into a rigid receptor model with scaled-dox&n der Waals (vdW) radii. A vdW scaling of 0.5snesed for
both the protein and ligand non-polar atoms. TheésKP mode [23, 24] was used for the initial dockiand 20
ligand poses were retained for protein structugihementsPrevious biochemical and mutagenesis studies [25-27
suggest that Ala335, Tyr799 and Cys813 in pigFATPase are the key amino acid residues in therahaiavity.
Therefore, dimensions for the cubic boundary boxtered on the centroid of these three residues sedre 22 A x
22 A x 22 A.Secondly, Prime program was used to generate theéu-fit protein—ligand complexes. Each of the
20 structures from the previous step was subjdaatsttie chain and backbone refinements. All resdui¢h at least
one atom located within 5.0 A of each correspondigand pose were included in the Prime refinenj2a}. The
refined complexes were ranked by Prime energy,thadeceptor structures within 30 kcal/mol of thmimum
energy structure were passed through for a finahdoof Glide docking and scoring. Finally, eachatid was
redocked into every refined low-energy receptoudtire produced in the second step using Glide X@arat
default settings. An IFD score (IFD score = 1.0d@liGscore + 0.05 Prime_Energy) that accounts ftr tee
protein—ligand interaction energy and the totalrgp®f the system was calculated and used to fa@kRD poses.
The best pose complex was chosen to run QM/MM apéition.

QM/MM optimization:

The best pose oflocking complexes was energetically optimized B/KAM method [29]. QM/MM calculations
were carried out using the QSite program [29, 3Qhe Schrddinger suite. The ligands were defire®& region
calculated by the density functional theory DFT/B®. (6-31G* basis set). The receptor as MM regiors wa
minimized with Truncated Newton algorithm (maximeytles as 1000; gradient criterion as 0.01). The ®P005
all-atom force field was employed.
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Molecular dynamics

The optimized docking models were subjected to ouée dynamics simulations using Desmond [31, J2ie
system was solvated with an orthorhombic box of 8R&r molecules (buffer distance: 5 A x 5 A x 8 &punter-
ions (Nd) were added to neutralize the system and 0.01M W&l introduced. The final system was composed of
approximately 97,766 atoms. Before the simulatiba,models were relaxed as follows: (1) two mingtiian steps
(restraining the solute and unrestrained minimigtiwith maximum runs of 2000 and the convergeheeshold
for minimization set to 1 kcal/mol/A. The minimizan method was a hybrid of the steepest decentliaritbd-
memory Broyden-Fletcher-Goldfarb-Shanno (LBFGS)odtgms; (2) after minimization, the simulation the
NVT ensemble was run restraining all solute heagyma with temperature of 10 K for 12 ps, using Been
thermostat; (3) a simulation in the NPT ensembsgraming all solute heavy atoms with temperaturé®K and
300K for 12 ps, respectively; (4) a simulation e tNPT ensemble, no restraints, with temperaturg06fK and
simulation time of 24 ps. Each model was equilibdain MD for 50 ps. Then 300 ps MD production riftise
step: 2.0 fs) were performed through NPT ensemi3®@ K with 1.0132 bar pressure. Smooth partiobsimEwald
method (Ewald tolerance: 1e-09) was employed tat tiee long-range electrostatic interactions aBdiaradius cut
off was used for coulombic short range interactidri®e energies and frames of each trajectory weerded every
1 ps and 5 ps, respectively. MD trajectory analyss performed using Desmond utilities. The fingdhd-protein
complexes were visualized using PyMOL [33] and wred with Ligand Interactions module embedded iresi
9.3 [34].

MM/GBSA calculations

Binding free energy AGyng) calculations were performed for the last snapshsihgumolecular mechanics-
generalized Born surface area (MM/GBSA) method. KBBISA procedure in Prime program [35] was used to
calculateAGy;,q Of the docked ligands according to the followingi&iipns [36]:

AGk')ind = AEMM + AG'solv (l)

AG,,, = AE,,, +AG,, ~TAS @

solv
WhereAEyy is thedifferenceof the gas phase MM energgtween the complex and the sum of the energidseof
protein and inhibitgrand include\E;ma (bond, angle, and dihedral energiesz..; (electrostatic), andEypw
(van der Waals) energiedGs,, is the change of the solvation free energy upamdibg, and includes the
electrostatic solvation free energyGgg (polar contribution calculated using generalizeorrB model), and the
nonelectrostatic solvation compone®Bs, (nonpolar contribution estimated by solvent acitésssurface area).
TAS is the change of the conformational entropy upioding, which calculated using normal-mode analyiigid
Rotor Harmonic Oscillator (RRHO) contained in Madadel module [37].AG ,ing Neglects the effect of entropy
contributions, whileAGy;,q includes contributions from loss of ligand tramisiaal, rotational and vibrational
entropy (TAS).

RESULTSAND DISCUSSION

On the basis of sequence alignment analysis, tiee4timensional structure of NK*-ATPase (PDB code: 2ZXE;
resolution: 2.4 A) [12] was selected as a templatdch shares 64% identity to pig K -ATPase. The pig gastric
H*,K*-ATPase model is shown in Fig. 2. The homology nhamfepig H',K'-ATPase was assessed using the
program PROCHECK. The dihedrals, covalent and div&dactors of this model are 0.16, -0.05 and 0.08
respectively. The PROCHECK G-factors are above i@eally for the homology model and may therefoee b
regarded as structurally realistic.
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Fig. 2 The pig gastric H*,K *-ATPase model

The molecular docking betweeri, K*-ATPase and BYK 311319 was simulated by IFD metAdu: Glide Gscores
and IFD scores (the best pose) of BYK 311319 eaardis were -9.64, -1724.74 kcal/mol (9S-enantioraed -
6.98, -1723.88 kcal/mol (9R-enantiomer). After QMYIMbptimization, MD simulations for BYK3113193K*-
ATPase complexes with 0.01 M KCI aqueous soluticerenrun for a duration of 300 ps. Root-mean-square
deviations (RMSD) for the backbone atoms from tiaeting structure and the total energy of systeresevanalyzed,
as shown in Fig. 3 and Fig. 4. After 300 ps, theSEWand total energy of each system tend to converge
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Fig. 3RM SD for the backbone atoms of BYK 311319 enantiomer s complexes
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Fig. 4 Thetotal energy of MD system: (A) (99)-BYK 311319; (B) (9R)-BYK 311319

To investigate interaction modes in the bindingssithe final structures from 300 ps MD trajectegre compared
(Fig. 5). The phenyl group of (9S)-BYK 311319 wassdrted into the pocket, interacting with the Th\éidues
(Val331, Phe332, Met334 and Ala335) and the TM%6pl (Tyr799, Tyr802 and Leu809) by hydrophobic
interactions. The nitrogen atom of (9S)-BYK 3113@@med hydrogen bond with the key residue Cys81&ddce
2.295 A). The amide chain has negative chargedaatiens with Asp136 and Asp137. While the phenglug of
(9R)-BYK 311319 was closer to the TM5-6 loop (Pr879yr799, Tyr802, Leu809, Pro810 and Leu811) amdya
from the TM4. There was- & stacking interaction between the phenyl grou@&){enantiomer and Tyr802.
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Fig.5 Interaction modes of ligandswith H*K*-ATPase: (A) (99)-BYK 311319; (B) (9R)-BYK 311319

As listed in Table 1, the binding free energiesenealculated by MM/GBSA method. TS, andAG’ing Values
of (9S)-BYK 311319 (-47.71 and -50.60 kcal/mol) amere favorable than those of (9R)-enantiomer (4&nd -
45.05 kcal/mol), which is consistent with the expental results. To provide quantitative informatiof the key
residues related to the detailed binding mechanibe binding free energies between ligands ah®&HATPase
were decomposed into the contribution of each tesidhe energy comparisons of residues in binditag are
shown in Fig. 6. Because of the hydrogen bond aatéon, the energy contribution of Cys813 is thghleist (-13.75
kcal/mol) for (9S)-BYK 311319. Although the bindirgergies of (9R)-BYK 311319 with Tyr802, Leu809y&i. 2
and 1le814 are more favorable than those of (98p@omer, the amide chain of (9S)-BYK 311319 hasrano
favorable interactions with residues GIn127 (-5k&&l/mol), Thr135 (-3.54 kcal/mol), Asp136 (-1.0¢akmol),
Aspl37 (-8.06 kcal/mol) and Asn138 (-1.88 kcal/mthijough charged interactions. The results aregieeament
with the reference [38]. Using the competitive bitor mDAZIP (a photoactivable compound derivednir&CH

28080), Munsoret al. [38] suggested the binding site was on the lahside between GIn127 and Asn138 in the
TM1-2 loop of pig H,K*™-ATPase.

Table 1. Thebinding free energies of BYK 311319 complexes (kcal/mol)

BYK311319 AEimema AEEIeC\ AEVDW AGGB AGSA TAS AGbind AG bind
(9S)-ent 0.01 -18.99 -52.08 24.00 -3.55 -2.90 -#7.7-50.60
(9R)-ent 0.01 -18.35 -49.23 22.02 051 -1.90 -43.14 -45.05

Residues

Energy (kcal/mol)

I (9S)-BYK311319
B (9R)-BYK311319

Fig.6 The comparison of energy decomposition for residuesin binding sites of BYK 311319 enantiomers
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CONCLUSION

The binding modes of BYK 311319 enantiomers withk *-ATPasewere studied by molecular docking, molecular
dynamics and MM/GBSA calculation methods. The degkbscores, IFD scoreAGyi,q andAG'ing values of (9S)-
BYK 311319 are more favorable than those of (9Rjrtiomer, which is consistent with the experimemthlbition
activities. (9S)-BYK 311319 has hydrogen bond iat¢ion with the key residue Cys813 and interactk wasidues
GIn127, Thr135, Asp136, Asp137 and Asnl138 in the1TMIloop of pig H,K'-ATPase through charged
interactions.
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