Alexey Sulimov, Danil Kutov, Ivan llin,
Anna Gribkova, Anna Taschilova, Vladimir Sulimov

SEARCH FOR APPROACHES TO
SUPERCOMPUTER

QUANTUM-CHEMICAL DOCKING




Docking is a popular software used for the

drug development

» Docking:
» Ligand positioning in the target protein
» Computing the protein-ligand binding energy AG, .

P Is it possible to increase docking accuracy?

C » Positioning accuracy — satisfactory

» Accuracy of the calculations of the protein-ligand
binding energy AG,,, ,— bad

IDocking accuracy ===) Drug discovery efficiencyI




Docking paradigm: the ligand binds in the active site of
the target protein in close proximity of the global
energy minimum of the protein-ligand complex

Docking is the search

| for the global minimum
of the energy of
the protein-ligand
complex
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Many local minima on the protein-ligand

multi-dimention energy surface

The crystallized
native ligand
pose

The optimized
native ligand
pose

RMSD <2 A

The global energy mini@
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COMMON FOR MD AND DOCKING

Docking accuracy depends on:

P Models of the target protein and ligands

» Modeling of inter- and intra-molecular
interactions — the Force Field choice

P Solvent (water) model

ne docking algorithm

ne free energy calculation method and

approximations

» Computer resources for docking of 1 ligand
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FLM — the supercomputer docking program

of the new generation
|.V. Oferkin et al. Advances in Bioinformatics, vol. 2015, Article ID 126858

» The FLM (Find Local Minima) program searches for low energy minima of
a protein-ligand complex in the MMFF94 force field

» Aflexible ligand and a non-flexible protein

» FLM does not use the preliminary calculated grid of potentials of
interaction of ligand probe atom with the target protein

» Algorithm: massive local energy optimizations from random initial
ligand poses, the variation of Cartesian coordinates of all ligand atoms

v

FLM-0.05: the MMFF94 force field in vacuum

v

FLM-0.10: the MMFF94 force field in water — the PCM solvent model

» Supercomputer Lomonosov: 8192 computing cores several hours; FLM
performs as long as possible until the pool of low energy minima stops to

get renewed
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The number of updates of the pool of low energy minima (Nu) as
a function of the number of local optimizations (No) for

the 1SQ0 complex (black line) and the 1VJA complex (red line).
Energy is calculated with MMFF94 in vacuum
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CPU time of FLM performance

o Running time
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1. CPU time depends the number of ligand atoms and torsions
2. The global minimum is found much faster than the whole pool of low energy minima
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25 test protein-ligand complexes
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The local energy minima nomenclature

Indices of protein-ligand energy minima
index INN

» Each energy minimum has an integer index
corresponding to its position in the minima
list sorted by their energies in ascending
order. The lowest energy minimum has
index equal to 1.

» INN — (Index of Near Native) is the index of
the low energy minimum having RMSD
from the non-optimized native ligand
position less than 2 A

—

RMSD from the native ligand pose <2 A

Minima energies
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INN = 1 - the docking paradigm is satisfied

» The minimum # 4 with the energy E,is near the native
ligand pose: index INN=4

» The native ligand pose — the ligand crystallized in the
protein — 3D-structure in Protein Data Bank

2 kcal/mol

E, Global minimum
5th RusSCDays-2019, Moscow L




Positioning accuracy

P Check for feasibility of the docking paradigm

P A setof 25 protein-ligand complexes from Protein Data
Bank, RMSD < 2 A, different ligand sizes and flexibility with
known inhibition constants K, binding enthalpy AH

The number of ligand atoms: 18-86; the number of ligand torsions: 1-14
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Quantum chemical quasi-docking

» The search and storing a large number of low energy minima (8192)
in the frame of the MMFF94 force field in vacuum (no solvent)

» Recalculation of all 8192 minima by the quantum chemical
semiempirical PM7 method (the MOPAC package) taking into
account water using the implicit COSMO model: no optimization —
1SCF — PM7+COSMO 1SCF

P Local energy optimization with PM7(MOPAC) with variations of
ligand atoms positions and the energy recalculations with
PM7+COSMO - taking into account solvent in the implicit model

PM7 — the new quantum-chemical semiempirical method NDDO

(Neglect of Diatomic Differential Overlap)
» Improved dispersion interactions

e Improved Hydrogen Bonds description
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Water important for protein-ligand binding

Dielectric constant of water € = 78.5 at 300K

Implicit solvent models

» Solventis a homogeneous
continuum surrounding a molecule:
solute-solvent interactions:

— polar

— non-polar
P Poisson’s equation can be
converted into the equation for
polarization charges on the surface
separating the molecule and
solvent.
» COSMO model: € = o=, polarization
charges are found on the
surrounding metal surface
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MOPAC the package for semiempirical

guantum-chemical calculations

1»PM7 method

2. The MOZYME module allows to perform calculations of proteins:
thousands of atoms

3. COSMO was implemented into MOPAC at 1993, parameterized for
AM1 to reproduce experimental hydration energies of small
molecules; only polar term

4. COSMO2: re-parameterized in 2019 for PM7 and PM6 on a large set
of molecules with experimentally measured hydration energies;
polar+non-polar terms

5. Non-polar term: E;zp(X) = ¢ X S(X), é —surface tension parameter

6. Fitting calculated hydration energies to experimental hydration
energies: variations of model parameters: VAW radii and ¢
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RMSD calculated hydration energy against

experimental values, kcal/mol

Methods MNSol* Mobley266 SAMPL1 SAMPL4
PM6/COSMO2 2.65 2.81 5.08 2.44
PM6/COSMO 4.31 3.72 9.07 4.01
PM6/PCM 6.35 2.24 3.93 1.92
PM6/SMD 4.80 3.03 491 2.59

7/COSMO2 2.62 2.54 3.73 1.92
<F£/COSMO 3.96 3.44 6.07 3D
AM1/COSMO 4.80 2.26 8.89 2.26
DFTB3/C-PCM 9.92 6.40 12.87 8.96
DFTB3/C-PCM’ 6.16 2.31 3.66 2.84
DFTB3/SMD 4.86 2.65 4.85 3.15
DFT/COSMO-RS 2.54 1.08 1.88 1.59
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INN and RMSD deviation for different energy functions

52| ono | comor lf om0 ™ como | comor
PDB ID cosmo | cosmo2 M oog 1o COSMO_| COSMO2
oM 1 o062 1 043 1 043 [FILIW 1

059 1 068 1 0,68

1 054 1 048 1 048 1 156 2 2,67 3 267
BTN 538 543 1 1,97 3 2,12 2 12,18 1 096 2 643
BTe 1 19 1 033 7 943 EOM 1 125 1 075 1 075
08 1 o062 1 047 9 3,93 1 134 1 044 2 4,16
FIVE 1 o095 1 187 2 834 [WIEN 928 979 2 267 2 267
I 1 o055 1 049 1 o049 MIETN5237 546 1 1 1 1
2 957 9(1) 1,66 5(1) 1,66 [LEM 1 1,04 4 838 1 1,89
PLETN 2 961 1 122 1 1,22 1 045 5 805 3 805
W 3 659 1 058 1 058 o 88 1 1,16 1 1,16
WIZN 1 o073 2 367 1 o068 A 232 81 1 058 2 4,13
W 1 100 1 1,11 1 1,11 [EES0 14997 11,65 993 10,33 1 0,93
PIGIN 1 09 1 091 1 1,11
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Protein-ligand binding enthalpy

The ligand position in the target protein correspond to
the global energy minimum of the protein-ligand
complex PL

» Complexes for which the docking paradigm is satisfied
INN=1

COSMO  AHping = E;(PL) — E;(P) — E;(L)
COSMO2 ﬂHhind — E1(PL) R E1(P) _ E1(L) + E;%:?
E%,S =& X AS AS = S(PL) — S(P) — S(L)

£ = 0.042 kcal/mol/A*

E{(P) — energy of protein structure taken from Protein Data Bank
E{(L) —unbound ligand energy found in the quasi-docking
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AH,,, and AH);,, binding enthalpies (kcal/mol)

pose is obtained b

-4.52 -54.75 -44.7
| 1HW5 | -0.97 -54.74 -52.12
Ikl -9.46 -82.71 —
| IMRX 2.1 -54.89 —
| IMSM | 7.6 -67.86 —
| 2IKO | -9.5 -81.19 -78.78
X 9.8 -92.09 -86.41
| 22DM | -7.24 -82.2 -81.2
| 2ZDN | -5.09 -85.08 -79.37
| 27Fs | -4.52 — —
B -1.55 -54.68 —
| 3NU3 7.3 -54.46 —
-16.4 — -52.87
| 4MR6 | -4.04 -47.42 -54.41
-14.2 — -67.5

The coefficientof correlationR | 074 | 020 |

5th RusSCDays-2019, Moscow




Conclusions

>
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Docking. High accuracy of ligand positioning: the quasi-
docking with the PM7 quantum-chemical semiempirical
method and the COSMO solvent model is demonstrated.

The high correlation (0.74) of measured and calculated
values of the binding enthalpy for the PM7 method and the
COSMO.

The performance of the new COSMO?2 parameterization
[18] is worse in positioning and in binding enthalpy
calculations

The PM7 method with COSMO is appropriate for the
realization supercomputer quantum-chemical docking
program.
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. Surely every medicine is an
innovation; and he that will not

apply new remedies, must
expect new evils ...

Francis Bacon
(1561-1626)
OF INNOVATIONS
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