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Why do we need a computer in drug development?

Let's speed up the discovery of new active compounds.
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Database of several million compounds A known active molecule (eg known

drug)
Filtering (molar mass, logP, P i
the number of rotating bonds... ) reparation
v \/
The data is ready Prepared active molecule

Ligand-based virtual screening

An overview of the found similar molecules

A few dozen of the best-rated molecules go into testing



General scheme Il

Database of thousands of compounds Structure of the target protein

Filtering (molar mass, logP,

the number of rotating bonds... ) Preparation

v \/
The data is ready Prepared target protein

Virtual screening based on the
protein structure (molecular docking)

Analysis of docked molecules

v
A few dozen of the best-rated molecules go into testing



. Ligand-based virtual screening

— Compound library

— Known active compound

— Solving algorithm (LiSICA - Ligand Similarity using Clique Algorithm,
http://insilab.org/lisica )
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LiSiCA (Ligand Similarity using Clique Algorithm) is a ligand-based virtual screening software that searches for 2D and 3D similarities between a reference compound
and a database of target compounds which should be represented in a Mol2 format. The similarities are expressed using the Tanimoto coefficients and the target
compounds are ranked accordingly.



Compound libraries

...are commercial and non-commercial databases of 2D and 3D structures of
small synthetic and natural molecules.

PubChem (93M structures, https://pubchem.ncbi.nim.nih.gov )
ZINC (35M structures; several subsets of compounds, http://zinc.docking.org )

Cambridge Structural Database (crystal structures of small molecules)
NCI (140K structures; cancer research)
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Welcome to ZINC, a free database of commercially-available compounds for virtual
screening. ZINC contains over 35 million purchasable compounds in ready-to-dock, 3D
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Preparation of small
molecules

— Filter (MM, number of rotating bonds, functional groups — toxicity )

— 2D or 3D virtual screening? Cl
— In 3D conversion from 2D to 3D structures N
— Conformations N

— Stereoisomers
— lonization states

HC Br. 2D structure
C—Br C—CH
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LISICA - program for ligand-based virtual
screening
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J. Chem. Inf. Model., 2015, 55, 1521-1528.
J. Cheminform., 2016 , 8:46 .



Tanimoto coefficient (T) - a measure
of the similarity of molecules
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T(AB)=c/(a+b—-c)=11/11+17-11)=11/17 = 0.65

® c number of total atoms
® a, b number of atoms of molecule A and B



Alzheimer's - screening ~10M compounds

* Degeneration of neurons -> decrease in acetylcholine concentration

* Increased expression of the butyrylcholinesterase enzyme in Alzheimer's disease
* Based on known butyrylcholinesterase inhibitors, "make" new ones

2 3
ZINCT2121826 ZINC 23360769
= Scaffold hopping
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ZINC 12303045 ZINCB7855404 ZINC12702819

Compound 1: known inhibitor of butyrylcholinesterase
Compounds 2-6: active compounds found by LiSICA
(measured IC50 values of new inhibitors: 80 nM — 840 nM )



Comparison of known inhibitor:
a new inhibitor

3D overlay:
® known inhibitor (dark purple)
® new inhibitor (IC50: 80 nM) (pink)



LISICA - user

interface
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LiSiCA Software

Reference Ligand:
Target Ligand(s):

Product Graph Dimension:
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Mumber of CPU cores to be used:

Save results in:

Mo of highest ranked melecules to write to the cutput:
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Il. Virtual screening based on the protein
structure (molecular docking)

— Structure of the target protein

— Compound library

— Binding sites with the ProBiS (Protein Binding Sites) approach

— Virtual screning with the GenProBiS and ProBiS-Fold web server

— Determination of ligand interactions with sequence variants (sequence variants)
in the binding site
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http://probis.cmm.ki.si/
https://probis.nih.gov/

Preparation of target protein |

— The Protein Data Bank (PDB) is a
Database of Protein Structures
(http://www.rcsb.org)

— Determined by X-ray, electronically
microscopy or nuclear magnetic
resonance

— The protein is uniquely identified by
four letters PDB code and single letter
chain code e.g. PDB ID: 4BQP

Chain ID: A

RCSB PDB

Deposit ~ Search~ Analyze ~  Downl ~ Leamn ~ More ~

% An Information Portal to
c i
114217 Biological

PROTEIN DATA BANK Macromolecular Siructures

EMDataBank StructuralBiology
R .G]Eu‘wmm“ Knowledgebase

Advanced Search | Browse by Annotations

e SPDE

Search by PDB ID, author, macromolecule, sequer

or ligands H

A Structural View of Biology

This resource is powered by the Protein Data Bank archive-information about the
3D shapes of proteins, nucleic acids, and complex assemblies that helps
students and researchers understand all aspects of biomedicine and agriculture,
from protein synthesis to health and disease.

M welcome

# Deposit

As a member of the wwPDB, the RCSB PDB curates and annotates PDB data.
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Ed Visualize biology, and beyond.
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Preparation of target protein Il

— AlphaFold database of protein
structures
(https://alphafold.ebi.ac.uk/)

— predicted protein structures using
machine learning approach

— 48 organisms, more than 200
million structures

# EMBL-EBI home A Services B¥ Researc

AlphaFold Protein Structure Database Home About FAQs  Down

AlphaFold
Protein Structure Database

Developed by DeepMind and EMBL-EBI

Examples: MENFQKVEKIGEGTYGV... Free fatty acid receptor 2 At1g58602 Q5VsL9 E. coli

See search help @

AlphaFold DB provides open access to over 200 million protein
structure predictions to accelerate scientific research.

| Background




Proteins are dynamic: which conformation to use?



Determination of the binding site

Ligands:

* proteins

* nucleic acids

* synthetic and natural compounds
* lons

* waters



The number of potential target proteins is estimated to be ~6000, but pharma
uses only ~200 for development of new drugs.

The binding sites for the active substances are in cavities in the surface of the protein.



Evolution of binding sites

Binding sites change more slowly than the rest of the protein through
evolution.

A Present

(TGS

Millions of
years

Protein complex

O

Time



ProBiS algorithm for structural
protein fitting

Globalno prileganje - Lokalno prileganje
4
100%% 20% * 0% *
ProBiS

* sequence identity
Bioinformatics, 2010 , 26 , 1160-1168.



Virtual screening with the ProBiS
approach

— If the two binding sites are similar, similar ligands bind to them

— Ligands from the first binding site can be "moved" to the second,
binding site provided that the two binding sites are similar

_» ProBiS search -
1

Local structural
similarities

Protein ligands Small molecule Nucleic acid lon ligands



Sequence variants

Sequence
variants

e >

Protein-coding region

LN

/ NON-synonymous \ synonymous

/ \ Ala - Ala

different- meaningless
meaning

Ala - Ter

\Glu - Val /




Sequence variants

* Responsible for the emergence of various
diseases

* Responsible for different response to
drugs

* Involved in the formation of cancer

MNormal Red Blood Cell Sickle Cell

Sickle cell anemia is caused by a hemoglobin
variant that has the amino acid valine instead
of glutamic acid at position 6 in the sequence.



GenProBiS: mapping sequence
variants to binding sites

Sequence variants

Found in databases: \\ Gene

dbSNP, COSMIC,
Ensemble _:I]]:I_

Mapping

b Sequence variant
y—lden 'fier:\‘frs” — number

R

Predicted
ligand

Ligand binding site

Nucleic Acids Res., 2017, 45, W253-W259.



Variants and binding sites
in the protein sequence

UniProt:
PDB:

Sequence;
Evolution:

100
100

110
110

120
120

130 140
130 140

SSVPSQKTYQGSYGFRLGFLHSGTAKSVTCTYSPALNKMFCQLAKTCPVQ

Nucleic#l
Protein#1

UniProt:
PDB:
Sequence:

150
150

160
160

170
170

WVDSTPPPGTRVRAMAIYKQSQHMTEVVRRCPHHERCSDSDGLAPPQHL

lelc#l
Protein#1

UniProt:
PDB:

Amino acid S5l

200
200

210
210

220
220

IRVEGNLRVEYLDDRNTFRHSVVVPYEPPEVGSDCTTIHYNYMCNSSCMG

Evolutionary
= conservation
Protein-protein

sequence of a —
protein

UniProt:
PDB:

Sequence:

GMNRRPILTIITLEDSSGNLLGRNSFEV

250
250

260
260

— binding site

Nuclelc#l
Protein#1

FE EKICACPG:ERRTEEENLIZ;ID(K PrOtein_DNA
S binding site

rs121913343: Arg > Ser

Legend:
Sequence Variant within binding site
Sequence Variant not in binding site
overline - Sequence Variant has annotation

Evolutionary conservation

0123456789
C eee—

Variant in two
binding sites



GenProBiS web server

Binding Site Surface
Binding Site #1 Binding Site #2 Sequence Variants within binding sites

{_Sequence Variants outside of binding sites

Image Ligand Count
Color~ Style~ Display~ Sequence Variants Focus

Y

®
O]
®
©
®
©
©]
®
@
®
®

4pkd Pkj 502 Leu 2347234 1s776049118 Leu234val 361
s 1s761435727 Cys129Gly
4pks Pkj 502 Cys 1297129 1s540088047 Cys129Tyr 373 ‘
4pk5 Pkj 502 Phe 1637163 15764150078 Phel635er 3.90
4pks Pkj 502 Leu 2347234 1s776049118 Leu234Val 3.99
4pks Pkj 502 Ser 1677167 rs189439950 Serl67Cys 426

Nucleic Acids Res., 2017, 45, W253-W259.



Prediction of binding sites for
AlphaFold structures

Input: AlphaFold protein
structure model (human)

® Experimental result

® Computational prediction

ce_Ce
1) O®
Compare against PDB SIPDB :ﬁ%"“
(with ProBiS algorithm) T o6 \[>%e

Gather pairwise local similarities between
AlphaFold structure and PDB structures




Prediction of binding sites for
AlphaFold structures

Transpose the ligands from PDB to
AlphaFold structure

Determine ligand types: protein, peptide,
nucleic acid, small molecule (cofactors
and compounds), metal ion, water, glycan

Cluster ligands of same type

by their proximity

\

(1 0 0

R.(0)= [0 cosfl —sind
L0 sinf cosf |
[ cos@ 0 sinf]

R,(0) = 0 1 0
L—-sinf 0 cosé |
[cosf —sinf 0]

R.(#) = | sinf cos@ 0
| o 0 1]

Protein: any amino acid chain
Peptide: < 20 aa.
Nucleic acid: DNA or RNA

Metal ions: Ca*, Cul™**?, Co?, Na*, Mg?*, Cs*,
Zn%, Ba®*, Mn?, Ni#* and Fef?* 3+

Water: HOH residue in PDB file




Prediction of binding sites for
AlphaFold structures

Substrate-competitive: small molecule drugs, agonists,
. . . . bstrates, substrate- titi
Refine small molecule binding site types inhibitors but not cofactors
(Wlth d OC kl ng a p pl |Cat| 0 n S | n m l n d ) Cofactor-competitive: Cofactors and ligands that overlap
with cofactors, e.g., cofactor-competitive

inhibitors

Calculate scores: druggability score for substrate-
and cofactor-competitive binding sites, conservation
score for water and metal ion binding sites

Y

Result: predicted binding sites and predicted
ligands for each binding site in human proteome

Water & ion conservation score:
Obsite = Niigand/Nsuper (occupancy)

Nigane = NumMber of liganded superimposed sites
Nguper = total number of superimposed sites

Hard-coded limits: Oyater > 0.6, Nyater > 10

Druggability score:

Sbsite = maxlsisn_\igands(scplx,i +wXx Obsite)

Scpix = (Nrings + 1) X Ngements  (COMplex score)

Nrings = NUMber of ring systems
Nelements = number of chemical elements

w=w = 0if Sepx; < 12, otherwise w = 100

Confidence score

Chsite = MiN1<i<n psite_residues(AF Model confidence ggigye ;)



New binding sites useful for drug
development

Druggability of small molecule binding sites

921

i3 1095 3400

:
T

e ﬁ f P

= Protein in PDB

J. Chem. Inf. Model., 2022 , 62, 22, 5821-5829. http://probis-fold.insilab.org/



Peptide binding sites

Binding site overview

Protein Probable non-functional immunoglobulin lambda variable

Protein identifiers AlphaFold ID: AF-A0A075B613-F1-model v2 PDB ID: None UniProt ID: ADAO75B613
Binding site type Protein

Binding site rank Secondary (ranked 2nd)

Binding site chains Consists of chain A

Ligands Peptides, i.e., peptide chains with less than 20 amino acids in length

Binding site viewer 3D

J. Chem. Inf. Model., 2022 , 62, 22, 5821-5829. http://probis-fold.insilab.org/



Small molecule binding sites

Binding site viewer 3D

Predicted ligands

Chem ID Name PDBID Z-score Show in 3D
4-methyl-

9ZW . 7l 2.9
3-(morpholi... o

7-(diethylamino)-

6ZW gy 6mgs 2.9
4-methyl-

e 3-(morpholi... 7lmr 2.9
3-[2-[7-

an (diethylamin... 7lmp 2.9

J. Chem. Inf. Model., 2022 , 62, 22, 5821-5829. http://probis-fold.insilab.org/



Protein binding si

%Proais—m Tutorial Datasets Cite AlphaFold ID, UniProt ID, PDB ID, Chain ID, Molecule, Binding Site Type,...

Binding site overview
Binding site overview

es

Protein Angiotensin-converting enzyme 2

Bincmg sitsMiswer 30 Protein identifiers AlphaFold ID: AF-Q9BYF1-F1-model_v2 PDB ID: Tvxf UniProt ID: Q9BYF1

Predicted ligands Binding site type Protein

Bincling sibe residues Binding site rank Primary (ranked 1st)

All predicted binding sites for this Binding site chains Consisks of chain A

protein:

Protoni ehais Ligands Other proteins and peptides, i.e., oligo- and polypeptides of any amino acids chain length
Confidence Very low (AF model confidence = 49.01)

Protein binding sites . . .
. Binding site viewer 3D
2| 3(4|5|6 |7
Compound binding sites
1 2 3(4|5

Cofactor binding sites

1

Glycan binding sites

1123 |4|5)|6 (7

8

Metal ion binding sites

1

Peptide binding sites
1
Model confidence B Very high
(AlphaFold):

Don't show equivalent binding

sites ‘ Predicted ligands

Name
Backtotop T ‘A
@f;: spike glycoprotein
g -4
l%‘? spike glycoprotein
3
B,
i#ﬁ‘-. spike protein s1

FDBE ID

7a91

6agj

Tlod

Confident

Chain ID

A

Z-score

4.72

472

472

B very low

Show in 3D

J. Chem. Inf. Model., 2022 , 62, 22, 5821-5829. http://probis-fold.insilab.org/



Binding sites for water and ions

Model confidence (AlphaFold): I Very high Confident Low I Very low

J. Chem. Inf. Model., 2022 , 62, 22, 5821-5829. http://probis-fold.insilab.org/



ProBiS-Fold web server

H' B-s-m AlphaFold ID, UniProt ID, PDB ID, Chain ID, Molecule, Binding Site Type,...
o I Tutorial Datasets Cite

Seard

Examples: [wetaions [Froten Cuccic f Ger

Binding sites for AlphaFold.

ProBiS-Fold annotates AlphaFold human protein database with

» Binding sites for: compounds (small molecules), cofactors, proteins,
peptides, nucleic acids, metal ion and conserved water

« Post-translational modification sites (glycosylation sites)

« Predicted ligands and glycosides for each binding site (3D structures as
bound to protein)

Binding sites and post-translational sites types

« Compound (substrate/agonist-competitive ligands), cofactor (cofactor and
cofactor-competitive ligands) (based on list of known cofactors), protein
(both <20 aa. and >=20 aa.), peptide (<20 aa.), nucleic acid (DNA or RNA
molecules), metal ion (structurally conserved) and water (structurally
conserved)

« Glycoslyation sites (O- and N- glycosylation)

« Ranked according to the estimated druggability score (applies to compound
and cofactor sites)

Input

« AlphaFold ID, UniProt ID, PDB ID and Chain ID (where available)

» Protein name

« Protein function, such as, protein kinases or cancer-related proteins
« Binding site type and binding site rank

« See tutorial For more query options

Not in PDB High confidence Substrate competitive Cofactor competititve

ProBiS-Fold aims to

« Provide interactive, downloadable binding sites for human proteome for
functional and drug discovery studies

« Enable human proteome-wide structure-based virtual screening and
selectivity prediction

Output

= Centroids (x,y,z,radius) that accurately describe the often convoluted binding
site shapes

= Binding site protein residues that interact with ligands

= Predicted ligands obtained using structure-based comparative ProBiS
approach From similar binding sites in the PDB

« Binding site bounding box (in AutoDock Vina format) ready for docking

« Receptor, an AlphaFold2 predicted protein single chain structure

Download binding sites as

« Individual or multiple selected binding sites based on user query (see tutorial
for how to efficiently use the search bar on top of the page)
« Prepared binding site datasets

Developed by Insilab in 2022.

J. Chem. Inf. Model., 2022 , 62, 22, 5821-5829. http://probis-fold.insilab.org/



ProBiS-Fold database

H' B-S-Fm AlphaFold ID, UniProt ID, PDB ID, Chain ID, Molecule, Binding Site Type.,...
o I Tutorial Datasets Cite

Binding sitesfor AlphaFold

Download binding sites datasets

Binding site type Ligands

ﬁ Protein Other proteins and peptides, i.e., oligo- and polypeptides of any amino acids chain length & Dinaniaad

Nucleic Nucleic acids (DNA or RNA)

i ¢ Download
% Peptide Peptides, i.e., oligopeptides with less than 20 amino acids in length @ Download
@ Compound Small molecule drugs, agonists, substrates, substrate-competitive inhibitors but not cofactors & Download
g§ Cofactor Cofactors and ligands that overlap with cofactors, e.g., cofactor-competitive inhibitors @ Download
Glycan Covalently attached O- and N-glycans ¢ Download

T Conserved water Conserved water molecules, i.e., those found in more than 10 PDB structures (num_occ > 10) at the same location and
having high conservation score (cons > 0.6)

¢ Download

Metal ion Biologically relevant metal ions, i.e., those found in more than 10 PDB structures at the same location & Denindod

o
w
T
w
w
1]
T

Developed by Insilab in 2022.

J. Chem. Inf. Model., 2022 , 62, 22, 5821-5829. http://probis-fold.insilab.org/



— Exercise 1: LiSICA — virtual screening based on a known active compound — medicine

— Exercise 2: GenProBiS — screening based on the protein structure



— Obijective: To predict drug candidates based on known ligands (drugs)

- At http://insilab.org/lisica , under the "Download" tab, choose one of the drugs
acyclovir, aspirin , dopamine , paxlovid, remdesivir

— Download the structure in MOL2 format
- Run the PyMOL program (already installed), then select "LiSICA" in the "Plugin" menu

— Comparison of the molecule with the “database.mol2” database (approx. 14,000
molecules), you can find it at http://insilab.org/lisica under the “Download” tab

— 2D and 3D virtual solving with LiSICA

— Which compound among the first 100 has a different scaffold than the reference
(scaffold hop) ?



Objective: To predict drug candidates based on the structure of the target protein

In GenProBiS ( http://genprobis.insilab.org )

1) What are the types of binding sites on ACE2?
("Table of Ligands™ tab)

2) Find one known drug among the predicted "Compound" ligands,
which binds to ACE2! What medicine is this?

3) What disease is it used to treat?

4) Find the binding site (or sites) for the SARS-CoV “spike protein”! Which ones
amino acids make it up (list at least 3)?

5) Which sequence variants on ACE2 can affect SARS-CoV bhinding
"protein spike"?
(clicking on "I" in the ligand table opens sequence variants interacting with the ligand)



More at:
http://insilab.org
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