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Outline

A Structure-based drug design (SBDD)
I Docking
I Virtual screening
| de novo design



In silico Drug Design 1 Possibilities
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Molecular Docking Idea
ACA Yy RA Y 3 fitad llgand t&ecéptors

Bill Watterson Calvina Hobbes



Molecular Docking

Computational method mimicking binding of ligand to receptor

A Binding pose of
molecule in the binding
(active) site = geometry

A Binding affinity (score)
= binding energy

Protein Binding site Ligand
- . . Complex
A Prediction r

Image credit: CharakaGoonatilake Glen Group,
University of Cambridgehttp://www- 6
ucc.ch.cam.ac.uk/research/cg369-research.html



A Structural
arrangementof
ligandwithin
receptorenzyme

A Driven by molecula
Interactions
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Search Algorithms

A Monte Carlo —
I Random selection

I Metropolis condition

A (if better energy-> accept new pose;
else check depend on energy difference)

A Geneticalgorithms
it2aS4 RSAONAOSR O 2
i.Sad LkZasa ayl asSé

I Converge faster than MC

A Simuhted heating

I Heatingg more energyc barrier
crossing

I Coolingg minima search

Random shots

COutcome




Energetics
A Equilibrium binding constant
Ky =[P...LJ [P][L]
- correspond to free energy of binding
NGying = -RTINK;
Free energy combination ofenthalpy and entropy

NGying =NHyingC TNSjing

A k..., K, 1G4, EG. other values used for characterization

I depend on concentration and affinity of substrate and
concentration of protein



A Concentration with 50% c
|C50 inhibition activity
I Comparison of affinity
e between two compounds
I ChengPrusoffequation
ICq
1 + ﬁil

1 -
120 5
100

I Often logarithmicifhol/L)
pICsy = —logo(1C5)

|10z soncantaton st A Lower = better
o1 | pM(excelen} >nM (great) >
cccccc 1 " >M (common) >mM (unusable)

Visual demonstration of how to derive IC50 value: Arrange data with inhibition on vertical ¢
and log(concentration) on horizontal axis; then identify max and min inhibition; then the IC
the concentration at which the curve passes through the 50% inhibition. Ieviklpedig



Molecular Interadions

Enthalyy: Entropy

A Electrostatics A Conformation selection
(partial chargep (flexibility)

A van derWaals A Solvatdion
(dispesionand repulsion) (hydrophobiceffect)

A Hydrogen bonding
(directionality)

A Desolvadtion
(cavitation energy)



Scoringrunction

A Bindina affinity approximation
AG, =AG,, +AG, . +AG +AG  +AG, +AG,

bind solvent conf int

A 1t should be:
I Quick
I Score the right pose the best
A Parameterizedagainst known binding poses and
affinities
A Types:
I Forcefield (DOCKAutodock GoldScorg
I Empirical (GlideChemScorg
I Knowledgebased DrugScorg



ScoringRunaion

. Score Individual binding poses during seagch
objective function

|dentification of lowest (best) binding energy

. Sort binding freeenergies between individual
ligandsg selection of the best ligand

Not necessarily the same for all points

A First part is most computationally intensiganeeds
to be quickest

A Sorting should be the finest



ScoringRunction Types

A Forcefield ¢ based on molecular mechanical forfields
i Physical modellInteraction terms élstatic vdWE X 0
I Goldscore DOCKAutodock

A QM-basedc based on quantum chemical calculations
I PM6-DH

A Empiricalc parameterizedagainst ep. binding affinitiegK,,1G,)
I Arbitrary terms(H-bonds hydrgphobic ontacts)
I ChemScorgPLP, GlideP/XP

A Knowledgebasedc based orprotein-ligand complexes
I Boltzmannhypothesis
Atypical binding motives> stronger binding
I PMFEDrugScoreASP



Forcefield ScoringRunctions

A Physicainteraction terms

E :Ebond t Eangle+ Edih T Ecoulomb+ Evdw T Esolv
A Often onlyintermolecularterms (€., + E,q, + E...)
A Intramolecularare usually changed to rigid (bonds, angles) or
screened by some value (dihedrals byeg)
A Grid ¢ time-saving
I Protein is divided into grid and

Interactions are precalculated
at each point

I Ligands interaction is evaluated b
multiplication of grid potential
with ligand atoms

I Tableseachis quicker than full energy evaluation
I Receptoris usually one, while there is a series of ligands




Scoring Function Problems Examp@

A Problems:
I Repulsion
I Electrostatics
. DOCKs.6
original DOCK 6.6 with exponential repulsion
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QM based Scoring Function

A Based on quantum chemical calculations
A PM6-DH2

AG., = AHy, — TASy, + AEaet(1) + AAG(1).
AnH, - interactionenthalpy
A -TnpS, - interactionentropy
AnE,.; - correctionfor inhibitor deformation
An 1, - correctionfor inhibitor hydration

Dobed S diCorhputdidedMol Des2011,DOt 10.1007/s10822011-94135
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Empiricalscoringfunction

A Decomposition of binding energy into
preRSTAYSR GOKSYAOLI
A Specifidnteradions taken explicitly
I H-bonding " -~ stackingz X

Linearform of terms Is usually used (albeit
unphysical)

ind - DGsoIvent+ DGconf+ DGYot + DGE t DGr t DG\/ib



B °© h nmeonpirical scoring function

A linear summation of individual binding terms

A B o h mécsring function AGpina = AGo+ AGw, D [ (AR, Aa)

A H-bonding, ion interaction, lipophilic
Interactions and conformational term

h—bonds

ot AGionic > [ (AR, Aa)
A Hydrogen bonding a ionic interactions + AGiipo J:t!:miu; AG, NROT
I Depend on na geometrical intgraction I large deviations are penalized
(ideal distance R, ideal angle U).
A Lipophilic term
I Proportional to lipophilic surface contact between protein and ligand
(Alipo)
A Conformational entropic term
I penalization for freezing of internal rotations of ligand - entropy
I Proportional to number of rotationable bonds of ligand (NROT)

A @G values of individual terms are co
on experimental binding data on 45 proteini ligand complexes

A Bohm, J. Comput.-Aided Mol. 19
Des., 1994, 8, 243



Chemscore

o Original Chemscore function for binding free energies
Abend.ing = AGO + AGhbondShbond + AGmetaFS
T AGlﬁpoS!ipo T AGroerat

metal

Sihong — Nydrogen bonding

Siipo — lipophilic interactions

S — acceptor-metal interactions

melal

H, ., — loss of conformational entropy on ligand binding
J. Comput. Aided Mol. Des. 11, 425-445, 1997
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Chemscore

Chemscore for docking

— Add more terms — clash, ligand internal, protein-ligand
covalent

/ _
AGbinding _ AGbinding + Eclash + Eint T Ecov

— Complex functional forms — look them up!

— Parameters carefully rederived

Proteins 52, 609-623, 2003
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Chemscorédccuracy

= 08111x-8.1901 Correlation coefficientg r
R*= 05328 - r2 <_1’ O, 1>
-1 ¢ anticorrelation

20 4
0 ¢ no correlation
3 1 ¢ full correlation
40 +
- — iz (Xi = X)(Yi - Y)
\/E?zl(Xt' - X}E\/zrﬂ(ﬂ —Y)?
80 4 ¢

Chemscore AG pyne (kd/mol) (GOLD) 22



Empirical Scoring Functions Problems

A Heavy dependence on training set

A Can have missing interaction terms
I metalion
A Parametrizedon success

I Use of molecules that bind in parameterization =>
artificial binding of molecules that otherwise
would not bind

=> Use oflecoysc molecules, which are of similar
size as those really binding but not binding



Knowledgebasedrundion

Correlation of structural data from ligand/protein
complexes with free energy of binding
A Usearigorousstatisticalmechanicatesult
A=-kTIng(r)

I Thisequationholdsfor an ensembleof partlclesat
equilibrium(in gas)

I not necessarilyroteins ISR

EERXEE XK
1 39@Pe s OF




Drugscore

DRUGSCORE
Qi.j(7)

AW i(r) = Wii(r) — W) = —1In <)

D Z;‘ gi (1)
Iy

gr) =

Short-range (6 A) contributions only — ignoring solvation

25
J. Mol. Biol. 295, 337-356, 2000



DockingPreparation

A Receptor
I Identificationof relevantstructure

I Structurepreparation(missingatoms hydrogen
assignmenk

A Ligand

| Structurepreparation
I Isomers conformations

A Othertasks
i Water
I Flexibility

H.Jhoti& A.R Leach(eds Springer2007,chapter8
Structurebaseddrugdiscovery
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Receptor Preparation

A Where

I Identification of binding site

A Good structure
I Low Raccuracy

| LOwB-factors (flexibility)
I LowRfree (correctnes$

A Flexibiliy

I Rigid docking into several
structures

A Molecular Dynamics
Amore Xtals
I Hexibledocking

—==_ Protein energy profile
= Complex erergy profile

[ A Gconvet

Enorgy

AGlrtrlnt»lu

Time

Fiaure 1 | Protein mobility and ligand binding. A prctein is considered to exist in two
conformetions (P and P’) with an energy difference AG__ .. The ligand (L) can bind the pratein (F)
to give a complex (PL), or bind to P* to gve acomplex (P’L). Although F* has a higher free energy,
it might offer greater scope for interaction with L. For instance, P* might reprasent a conformerin
which the kinding site has cpened and exposed hydrophobic patches. This is energetically
unfavourale, but offers the potential for favourable interactions with the hydrophobic moiety of
a suitable incoming L, thereby giving rise 1o a large, favourable interaction AG,_ ... The resulting
complex [P'L) has alower energy than that of the complex PL. The ohserved affinity of L far the
pretein conformational ensemble is governed by AG . Slow binding kinstics might well be
observed, as P’ is a higherenergy conformer than P and an energy barrier (AG_ ) must be
surmounted befors optimal binding to L can take place

Teague , Nature Reviews Drug Discovery 2, 527 -541 (July 2003) | doi:10.1038/nrd1129
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Example 1:

Na'/K*cATPase

A lon pump

A Search for binding site
I Fluorescent probes
I RH241probe

A Docking is highlgersitive to protein
conformation

Closed

Havlikovaa = Befkakz X BBA 1828(2)568, 2013
| dzf AaGEABefkaks X sBhmittédf 2014




