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Scoring Function (A Sort of QSARs for Molecular Docking)

COMBINE (A Full SB 3-D QSAR)
Structure-Based

Drug Design Proteochemometric (A QSAR SB derived method)
Approaches

Molecular Dynamics

Pharmacophoric Approaches (Using Targets Structures)

Homology Modeling (To Build Target Structures)
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3-D QSAR models developed with
molecular alignment rules employing
3-D structure of the target
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=1-— Z(yexp ypred)2 /Z(yexp y)2

The 3-D QSAR. Application in Medicinal Chemistry Chimica Farmaceutica




iy mnr mar P ool _:t

7.
6.50 -
t - GRID

2 . mode] N  probe Vv PC g- SDEPcrvaso
L 6.
= thumb training 13 Cl= 5133 3 0.99 0.69 0.31
- . ,*‘ et B
b P s -
=] 550 "a o 3 palm training 1 Cl= 3848 3 099 055 0.66
_5' ™ ] i ] =21
] ) :
= o “N. number of compounds in the training set; V. number of
2 500 4 ~ GOLPE variables: PC, optimal number of principal components; r=,
= : puma o1 prineip; POTIENLS:
= conventional square correlation coefficient; g-, cross-validation
- * . . . -
w correlation coefficient; SDEP, cross-validated standard error  of

5 4 . . - . . -
é .50 prediction using the leave-five-out cross-validation method.

100 ; . : : . .

404 450 =00 550 600 6,40 .00
Exerimental pIC.,

S The 3-D QSAR. Application in Medicinal Chemistry Chimica Farmaceutica




CoMFA/3-D QSAR Procedure 1"Cs80C)

mnr mnr war Fu s oencl &t

=l

e

Figure 3. Contour maps of the PLS coefficients derived from Cl= Figure 4. Contour maps of the PLS coefficients derived from OH
GRID probe analysis using the 15 compounds of the thumb training GRID probe using the 15 compounds of the thumb training set
set (contour levels: O‘OOQS rgd.' —0.0008 blue). To aid in o (contour levels: 0.0008 red, —0.0008 blue). To aid in interpretation,
tion, only the highest active (6 in cyan) and one of the lowest active only the highest active (6 in cyan) and one of the lowest active (11
(11 in orange) compounds are shown. Hydrogen atoms are omitted in orange) compounds are shown. Hydrogen atoms are omitted for
for the sake of clarity. i sk of ClanEs. .
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Ricognizione molecolare:

Insieme di interazioni tra molecole e
macromolecole

Modello “Lock and key” Modello del fitting indotto

La proteina ha una sua conformazione |l sito attivo della macromolecola puo essere
all'interno del quale il ligando “fitta” modificato a seconda di come interagisce |l
perfettamente. ligando.

Emil Fischer(1890). Daniel Koshland 1958.

=Natura delle interazioni?
»"Intensita della ricognizione molecolare?

Molecular Docking Pagina 22




Ricognizione molecolare

La complementarita molecolare altamente specifica tra key (ligando) e lock
(recettore) gioca un ruolo chiave nei processi biologici.

La capacita del recettore di agganciarsi al suo ligando con alta specificita e affinita
e dovuta alla formazione di una serie di legami deboli e interazioni favorevoli.

Interazioni specifiche ligando-recettore:

Interazioni elettrostatiche (Non-Cov)
Forze di van der Waals (Non-Cov)
Interazioni 1 - 1r

Coordinazione con Metalli
Interazioni idrofobiche

Effetti elettromagnetici

COMPLEMENTARITA’
MOLECOLARE

Molecular Docking Pagina 23




Forze di van der Waals

Debole attrazione intermolecolare
causata da dipoli molecolari indotti.

Helix 12

Helix 11

Type: C,3-Cgps
1

0 \(&]"U _collision parameter

0.4 "' g - well depth
T 03 \
S | .
E‘ 0.2 \
g ™ ~ Es. Interazione tra il ligando Wy-14,643 e il sito attivo della
3 00 _I_;e:___.__-:-:——‘—"— PPARa
ﬁ 0.1 i Sy ) g e E'ﬁ_f'd'h'

Quando una molecola di ossigeno si avvicina ad una
0.2 {a_r}‘// _ molecola di acqua orientata verso di essa con I'atomo di
e ossigeno, la frazione di carica negativa presente su
: ¢ > ® quest'ultimo respinge la nuvola elettronica della molecola di
r(in A) ossigeno e attira la carica positiva nucleare. Si determina

Repulsive : Pauli exclusion principle uno spostamento del baricentro della carica negativa

S rispetto a quello della carica positiva nella molecola di
ossigeno e quindi induce una polarita’.

Molecular Docking Pagina 24




Interazioni Elettrostatiche
Lalegge di Coulomb

In un mezzo isolante diverso dall'aria la forza F,
a parita di cariche e di distanza, risulta
generalmente minore. La forza di Coulomb si
scrive allora:

= 1 g1 - G2
F = . 7
dm-g9 -5,  T? g

dove &r e un numero che prende il nome di
costante dielettrica relativa (permittivita elettrica

relativa). Il prodotto &r x €0 siindica con &, e
si chiama costante dielettrica del mezzo
(permittivita del mezzo).

Molecular Docking

H—I"I'I I'I-I—H
H H
0.0
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Interazioni Elettrostatiche

Il legame Idrogeno
ElegH (solv) — ElegH (comp)
determina se i legami-H
contribuiscono o no all’affinita

LN/ d=25-32A
>\ o=130-180°

H x? }ﬂ Es. Legame-H tra I'indinavir, una molecola d’acqua e la lle50
H della proteasi dell’HIV-1 (1HSG in PDB)

D HO .
! LIG @ TS LG

H—0 A g
‘H O
H
REC
solvent complex
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Il fattore entropico ed entalpico nel binding

SISTEMA. | igando

Complesso
o
Recettore - o
+ Solvente
Solvente

La formazione di un complesso e guidata dal cambiamento di ENTALPIA ed
ENTROPIA del sistema
L'equazione fondamentale é:

AG=AH-TAS
dove AG = variazione energia libera, AH = variazione entalpia, AS = variazione
entropia, T = temperatura (K)

Molecular Docking Pagina 27



Effetti di solvatazione
(Termine Entropico + Entalpico)

*La ricognizione molecolare tra due molecole avviene in ambiente acquoso
*Le molecole di acqua mediano l'interazione attraverso ponti idrogeno
*Rottura e formazione di legami-H

*La desolvatazione del ligando e della proteina attraverso la complessazione é:

Sfavorevole Favorevole

(Zone Elettrostatiche) (zone apolari)

« Caricadel solvente Cavita nel sito attivo

« Screening delle interazioni * Riorganizzazione delle molecole
elettrostatiche sulla superficie d’acqua
della macromolecola * Interazioni di tipo van der Waals

tra solvente e ligando

» Gli effetti di desolvatazione sono
proporzionali all’area superficiale
accessibile

Molecular Docking Pagina 28



Il fattore entropico nel binding

AGbinding,solution = AGbinding,vacuo + AG'solvation(EI) - AG'solvation(E+I)

La stabilita di un complesso puO essere valutata
determinando la costante di equilibrio, che e correlata
alla variazione di energia libera:

AG = AGO -RT In Kd

dove AGO=variazione dell’'energia libera in condizioni
standard, R= costante dei gas,T=temperatura assoluta, Kd
= costante di legame espressa come costante di
dissociazione con

[R] +[L] < [RL]

reazione di formazione del complesso é:

Kd = [R] [L] / [RL]
Kd é definita come la concentrazione del ligando per la quale il 50% dei siti
del recettore sono occupati.

'effetto idrofobico e il termine maggiormente stabilizzante per i complessi biomolecolari,
mentre le interazioni coulombiane e i1 legami idrogeno forniscono specificita alle
interazioni proteina-ligando.

Molecular Docking Pagina 29




Il fattore entropico nel binding

Binding, dissociation and inhibition constants.
Binding free energy

- A'B'
A+B 5 AB Kh:[E&][EI]]
AB & A+B K, -K, - [[ﬂ'][;]

K, : binding constant, K, : dissociation constant, K, : inhibition constant

AG i, — -RTInK, —RTInK;, - AH - TAS

AGpging(kcalimol) 2 4 6 8 10 -12 -14 -16

I I I
Weak asso. # I # Strong asso.

K; (mol/l) 10-3 108 109 1012

Molecular Docking Pagina 30




Il fattore entropico nel binding

Es. Aricept nel sito attivo
della acetilcolinesterasi

Es. Aricept in soluzione

| gradi di liberta “congelati” durante la complessazione rendono il
ligando sfavorito al binding

Molecular Docking Pagina 31



Interazioni 1T

Phe330

Interazioni Ir-1r

Interazioni OH-1T

Interazioni
cationi-1r

Es. Interazioni r tra I’Aricept (farmaco anti-Alzheimer
approvato dalla FDA) e I'acetilcolinesterasi

Molecular Docking Pagina 32



Coordinazione con Metalll

Legame covalente di coordinazione

o O
Ng7 O o
S,z

| S,
NH,

Dorzolamide: Inibitore
dell’anidrasi carbonica,
approvato dalla FDA
come

agente anti-glaucoma
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DOCKING: Le Scoring Functions

- Physical based scoring functions :
* Free energy simulations (FEP, Tl)
* MM-PBSA, MM-GBSA
= Linear interaction energy (LIE)
Structure-based
With 3D structure for |- Empirical-based scoring function
(regression-based approaches)
the targeted Ex: Ludi score
macromolecule
- Knowledge-based approaches
(Potentials of Mean Force, PMF)
Ex: PMF score
Utility?

*Virtual Screening
*De novo design
eLead optimization

Molecular Docking Pagina 34



Ligand Docking

Posa o Binding Mode: posizione, orientamento e conformazione di un
ligando sulla superficie di macromolecole biologiche

Binding Mode sperimentale: Estratta da dati cristallografici e stimata
come la migliore posa in termini di free binding energy.

Docking: Metodo computazionale utilizzato per la predizione di un
binding mode il piti vicino possibile allo sperimentale (<2 A)

i
('yff”" #
2
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Program ALGORITHM
AutoDock [ Lamarckian GA I
DOCK Shape matching (sphere images)
DOCEK (NWT version) Shape matching (sphere images)
FlexX Incremental construction
FRED Shape matching (gaussian functions)
Glide Descriptor matching/MC
GOLD GA
Hammerhead Incremental construction
ICM MC minimization
LigandFit Shape matching (moments of inertia)
QXP MC minimization, tree searching and pruning
SLIDE Descriptor matching
Surflex Dock Surface-based molecular similarity

Biotecnologie Farmaceutiche Chimica Farmaceutica




— Ligand Conformations
* Rigid (i.e. protein-protein in bioinformatics)
* Fixed Sample (i.e. ligand-protein in medicinal chemistry)
* Flexible (i.e. molecular dynamic in thermodynamic calcs)

— Constraints
 Residues and Pockets
« Pharmacophores

— Charges and Tautomers
— Water Molecules

" Biotecnologie Farmaceutiche Chimica Farmaceutica




— Essential

« Mediates Binding for all Ligands
— Optional
* Presence Required by Some Ligands
 Inhibits Binding of Other Ligands
— Solvation & Desolvation Free Energy Critical

Function

" Biotecnologie Farmaceutiche Chimica Farmaceutica
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— Rigid Proteins Side-Chains

— Binding Relevance for Biological Activity

— Scoring Functions

e ———— Biotecnologie Farmaceutiche Chimica Farmaceutica
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Terms in Scoring Functions

Time Required )
— Entropy
S (De)Solvation
i’v Hydrophobic
= Electrostatics
§ _ H-bonding
2| vaw
g | Contacts

| Biotecnologie Farmaceutiche Chimica Farmaceutica




— Knowledge Based (Atoms Pairs in Contact)
* DrugScore, PMF

— Energ
« GOLD, DOCK, LigandFit, MOE
— Energy + Parametrized Solvations
« Chemscore (Glide, THINK)

— Free Energy Perturbation

- Biotecnologie Farmaceutiche Chimica Farmaceutica
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Knowledge-Based Functions

Score = & A; ()

r<cutoff

» Potentials of Mean Force (PMF)
— J Med Chem (1999) 42 p791-804

» DrugScore
— J Med Chem (2005) 48 p6296-6303
» Less Confused by Crvstal Structure Precision

_ Biotecnologie Farmaceutiche Chimica Farmaceutica
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» ennard Jones

i (A1 = Bi®)
» Torsion Term

2 ( 1-cos2m ) Conjugated

2 ( 1+ cos3o ) Non-conjugated
» FElectrostatics

Zij {,4; / el

Biotecnologie Farmaceutiche Chimica Farmaceutica
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Enhanced ChemScore

*N,

rot rat

- £/ % i A E3 ; . % iy
AG A'GO : L&Ghb(md thsmd ' AGH})(; N +£§Gbad Nbad : A'G

lipo
where
'ﬁGU AGypona NGy, MG, AG, are constants

(-5.48;-3.34; -0.117: 0.058; 2.56)

No00a 18 the number of interactions (using geometric criteria)

N

N,.q18 the number of lipohilic-hvdrophilic contacts (extension)

ipo 15 the number of lipohilic contacts (¢t PMF, DrugScore)
N, 1s the number of frozen rotatable bonds in the ligand

E is the VAW interaction energy and ligand torsional energy
{extension)

_ Biotecnologie Farmaceutiche Chimica Farmaceutica
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Free Energy Perturbation

AG = - AG , (ligand) - AG_, (protein)
+ AG,, + AG,, (complex)

* Error Prone due to Subtraction of
Large Numbers

» Solvent Accessible Surface Area (SASA)
approximation (cf ChemScore)

o JMed Chem (2004) 47 p3065-74

_ Biotecnologie Farmaceutiche Chimica Farmaceutica
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esults

Validation and k

» Reproduce Ligand-Protein Crystal Structures
— RMS Deviation of non-H Atoms
— Docking Score
» Dock Actives
— Used for Developing Scoring Functions
» Prediction
— Enrichment over Random
— Percentage of False Positives

_ Biotecnologie Farmaceutiche Chimica Farmaceutica




i mnw wur Fuweooncl &t

What We Can and Cannot Do

* Routine
— Small molecule conformation generation and energy profiling
— Visualizing crystal structures
— Binding site characterization

— Virtual screening to enrich databases for actives
* Cheminformatics, ligand-based, and structure-based

— Predict binding modes when receptor can be treated rigidly
« Difficult

— Separating highly from weakly active compounds

— Predicting side chain rearrangements and backbone relaxation
» Very Challenging

— Predicting binding free energies

— Predicting large scale protein movements

— Mapping free energy surfaces

— Understanding off-target effects

— Other ADME-Tox

LT TNV VNIINU LI
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Journal of

Medicinal Chemistry

Subscriber access provided by UNIVERSITA DI ROMA LA SAPIENZA

Prediction of Drug Binding Affinities by Comparative Binding Energy Analysis
Angel R. Ortiz, M. Teresa Pisabarro, Federico Gago, and Rebecca C. Wade
J. Med. Chem_, 1995, 38 (14}, 2681-2691- DOI: 10.1021/jm00014a020 » Publication Date (Web): 01 May 2002
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HDAC Inhibitors: Structure-Based Modeling and
Isoform-Selectivity Prediction
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Comparative binding energy analysis for
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ABSTRACT: An enhanced version of comparative binding energy (COMBINE) analysis, named COMBINEt, based on both
ligand-based and structure-based alignments has been used to build several 3-D QSAR models for the eleven human zinc-based
histone deacetylases (HDACs). When faced with an abundance of data from diverse structure—activity sources, choosing the best
paradigm for an integrative analysis is difficult. A common example from studies on enzyme—inhibitors is the abundance of
crystal structures characterized by diverse ligands complexed with different enzyme isoforms. A novel comprehensive tool for
data mining on such inhomogeneous set of structure—activity data was developed based on the original approach of Ortiz, Gago,
and Wade, and applied to predict HDAC inhibitors’ isoform selectivity. The COMBINEr approach (apart from the AMBER
programs) has been developed to use only software freely available to academics.
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DA (Docking Accuracy) = frusp<, + 0.5 (frmspes - frmsn<s)

Redocking results (RMSD) with AutoDockVina
Complex

Best docked Best Cluster Best Fit

name
LLX.HDAC?2 0.24 0.24 0.24
HA3.HDAC4 3.87 2.34 1.93
TMFK.HDAC4 4.02 1.9 1.46
SAHA.HDAC7 2.45 2.45 1.88
TSA.HDAC7 2.19 2.19 1.21
APHA.HDACS 1.43 1.43 1.43
SAHA.HDACS8 2.49 2.49 1.72
TSA.HDACS 2.09 1.22 1.22
DA % 50 75 100
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the bioactivity of multiple ligands against multiple related protein targets
simultaneously.

PCM modeling can be conceptualized as an extension of QSAR modeling
that exploits chemogenomic data by performing a quantitative evaluation
of ligand and target structural similarities. As a result, this technique allows
the simultaneous navigation, inter- and extrapolation in both chemical
space (i.e. ligands) and biological space (i.e. protein target). By the explicit
combination of target and ligand information in a single model PCM s
capable to analyze and predict SmARs (Structure-multiple Activity
Relationships) of a set of compounds.
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Fig.2 A systematic overview of proteochemometric modelling. (A) shows the similarity between ligands and drug targets and the utilization of
both types of information in PCM. (B) is the representation of different types of input features of ligand and target space (shared bioactivity
profiles of ligands, binding pocket residues, gene expression in cell lines, mutational stability, etc.) which could be employed in a PCM model
depending on the type of output variable. The third block (C) shows the various possible applications of PCM models including measurement of
drug efficacy and susceptibility, effect of mutations on activity and compound-target feature selection.
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Proteochemometric Modeling of the Antigen-Antibody
Interaction: New Fingerprints for Antigen, Antibody and
Epitope-Paratope Interaction

Tianyi Qiu, Han Xiao, Qingchen Zhang, Jingxuan Qiu, Yiyan Yang, Dingfeng Wu, Zhiwei Cao [@], Ruixin Zhu

Published: Apnl 22, 2015 s https://doi.org/10.1371/journal pone. 0122416
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