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Lecture and Practice Proceedings & Objectives

• Have a flavor of the broadness of the drug design applications,
• Acquire the basic theoretical background,
• Practice the molecular graphics techniques,
• Know the free web-based tools developed at SIB,
• Use them for structure-based and ligand-based design,

è You should be able to perform simple tasks of computer-aided drug design on 
whatever computer connected to the internet
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Lectures & Practices Agenda

Session Lecture Practice

1

Prologue: molecular representation

Introduction to (computer-aided) drug design

Use of UCSF chimera to analyze protein-ligand 
complexes

2 Introduction to molecular docking Ligand-protein docking with AutoDock Vina

3 Introduction to molecular (virtual) screening Ligand-based virtual screening with SwissSimilarity

4 Short introduction on target prediction of small
molecules

Use of SwissTargetPrediction to perform reverse 
screening.

5 Introduction to ADME, pharmacokinetics,
druglikeness

Estimate physicochemical, pharmacokinetic, druglike
and related properties with SwissADME
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Installing UCSF Chimera

In this lecture/practical you will use the software UCSF Chimera 
for 3D structure visualisation and analysis.

This software is:
- free for teaching or academic research
- available for the most current platforms (Windows, Mac, Linux)
- open source (you can modify it for your needs if you know how 

to code in python. This is out of the scope of this lecture).

You can download the latest production release here: 
https://www.cgl.ucsf.edu/chimera/download.html

Please, install this software on your machine. 
It will be mandatory for the practicals, but also useful for the 
theoretical lectures
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The dedicated web site

http://www.drug-design-teaching.ch 

You can find the PDF of the theoretical lectures and 
practicals here:

Download 
answers to 
exercices

5

Prologue: molecular representations
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Molecular representations – “small” molecules
Organic molecules of less than ~ 100 atoms are often referred to as “small” molecules, as opposed 
to biological macromolecules (i.e. proteins, DNA, etc.) 

Small molecules can be represented in 1D, 2D or 3D:

Example of Vemurafenib (BRAF V600E inhibitor)

S
t
i
c
k

SMILES: CCCS(=O)(=O)NC1=C(F)C(C(=O)C2=CNC3=NC=C(C=C23)C2=CC=C(Cl)C=C2)=C(F)C=C1
InChI:     1S/C23H18ClF2N3O3S/c1-2-9-33(31,32)29-19-8-7-18(25)20(21(19)26)22(30)17-12-28-23-16(17)10-14(11-27-23)13-3-5-15(24)6-4-13/h3-8,10-12,29H,2,9H2,1H3,(H,27,28)

1D

Stick Ball & Stick Sphere Surface

3D

2D
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Molecular representations – biological macromolecules

Biological macromolecules can also be represented in 1D, 2D or 3D:
Example of proteins

MGCTLSAEDKAAVERSKMIDRNLREDGEKAAREVKLLLLGAGESGKSTIVKQMKIIHEAG
YSEEECKQYKAVVYSNTIQSIIAIIRAMGRLKIDFGDSARADDARQLFVLAGAAEEGFMT
AELAGVIKRLWKDSGVQACFNRSREYQLNDSAAYYLNDLDRIAQPNYIPTQQDVLRTRVK
TTGIVETHFTFKDLHFKMFDVGGQRSERKKWIHCFEGVTAIIFCVALSDYDLVLAEDEEM
NRMHESMKLFDSICNNKWFTDTSIILFLNKKDLFEEKIKKSPLTICYPEYAGSNTYEEAA
AYIQCQFEDLNKRKDTKEIYTHFTCATDTKNVQFVFDAVTDVIIKNNLKDCGLF

1D

Sequence if amino-acids:

2D

8

8



Molecular representations – biological macromolecules

Biological macromolecules can also be represented in 1D, 2D or 3D:

Example of proteins

3D

Ribbon / cartoon Surface
9
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Molecular representations – biological macromolecules

Example of DNA

3D

1D
Sequence if nucleotides:

GAGTAGCACGTGCTACTC

Biological macromolecules can also be represented in 1D, 2D or 3D:
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Molecular representations – biological macromolecules

Myc-Max transcription factor

11

11

Overview of the Drug Design Pipeline
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Drugs: Definition and Origin

13

- A substance administered to a patient with possibly various objectives:
• a therapeutic objective (treatment): to cure a disease, or
• a prophylactic objective (prevention): to avert the emergence of a disease, or
• a diagnostic objective: to identify and monitor a disease.

- In the context of Drug Design, the substance is a chemical “small” molecule.

- Where do these drug molecules come from ?

Drug (here = active ingredient):

Newman, D. J. & Cragg, G. M. (2016). Journal of Natural Products, 79(3), 629.

N Unaltered natural product

NB Botanical drug (defined mixture)

ND Natural product derivative 

S Synthetic drug

S* Synthetic drug (NP pharmacophore) 

/NM Mimic of natural product 
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Drugs: Definition and Origin
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Anandamide. Natural, 
endogenous, ligand of 
cannabinoid receptors

Tetrahydrocannabinol
(THC). Natural ligand of 
cannabinoid receptors, from 
plant. Analgesic, antiemetic

Nabilone. Synthetic ligand,
derived from THC. 
Analgesic, antiemetic

Rimonabant. Synthetic
ligand. Anorectic anti-
obesity.

N Unaltered natural product

NB Botanical drug (defined mixture)

ND Natural product derivative 

S Synthetic drug

S* Synthetic drug (NP pharmacophore) 

/NM Mimic of natural product 
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Drug Design: Aim
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Goal: Create new chemical entities (NCE, “small molecules”) that activates or inhibits the function of 
a therapeutically relevant biomolecule target (e.g. enzymes, receptor, mainly protein). 

Roberts P.J., et al.,Oncogene (2007) 26, 3291–3310
Source: pdb101
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Drug Design: Aim
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Goal: Create new chemical entities (NCE, “small molecules”) that activates or inhibits the function of 
a therapeutically relevant biomolecule target (e.g. enzymes, receptor, mainly protein). 

Possible drugs:
EGFR:

Afatinib
Almonertinib
Brigatinib
Dacomitinib
Erlotinib

Gefitinib
Icotinib
Lapatinib
Neratinib
Olmutinib

Osimertinib
Pyrotinib
Simotinib
Sorafenib
Vandetanib

MEK:
Binimetinib
Cobimetinib

Selumetinib Trametinib

ERK:
Ulixertinib

Roberts P.J., et al.,Oncogene (2007) 26, 3291–3310

RAF:
Dabrafenib
Encoratinib

Vemurafenib

RAS:
Adagrasib Sotorasib
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Drug Design: Aim
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To address:

Molecular recognition; i.e.
“Lock and key” (E. Fischer)

Potency, Selectivity

Goal: Create new chemical entities (NCE, “small molecules”) that activates or inhibits the function of 
a therapeutically relevant biomolecule target (e.g. enzymes, receptor, mainly protein). 

But also ADMET,
- Absorption
- Distribution
- Metabolism
- Excretion
- Toxicity
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Drug Design: Pipeline
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Goal: Create new chemical entities (NCE, “small molecules”) that activates or inhibits the function of 
a therapeutically relevant biomolecule target (e.g. enzymes, receptor, mainly protein). 

Target 
identification 
and validation

Disease-
related 
genomics

Hit 
finding

- Hit: molecule showing a signal of activity for the target.
- Hit finding: process to discover hits, generally using Molecular Screening (HTS).

Hit
to
lead

- Hit-to-lead: Selection of select hits. Activity confirmation, re-testing for dose-response. Filters (toxicity, ...).
- Lead: molecule showing promising and confirmed properties.

Lead 
optimization

- Lead optimization: Modest and targeted chemical modifications of the lead to refine the properties of lead.

Preclinical
development

- Preclinical development: animal pharmacology/toxicology testing: reasonably safe to proceed with human?

Clinical
development

- Clinical development: safety, dosage, efficacy side-effects in human

Discovery

18



Drug design : some figures
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- ~ 40 new active ingredients on the market each year,
- including 10 ‘first in class’, i.e. drugs with new mode of action.

- Millions of chemical structures (“virtual molecules”) created and/or evaluated in 
computer,

- Thousands of molecules synthesized and tested experimentally during discovery phase,
- 3 to 10 molecules tested in preclinical trials (animal).
- 1 to 3 molecules to enter in clinical trials (human).

- 3 to 10% of the molecules entering preclinical 
trials will become drugs

- 5 to 17% of the molecules entering clinical trials 
will become drugs

- 8 - 12 years in total, including 6 - 7 years of 
clinical trials

- Total cost: ~1 billion dollars for a complete 
project

è Risky and expensive.

Typical project:

Outcome, duration and costs:

Globally:

2000 - 2010 (phases 2/3)
M.J. Waring et al. Nat. Rev. Drug Discov. 2015

J. Arrowsmith & P. Miller Nat. Rev. Drug Discov. 2013
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Computer-Aided Drug design (CADD)
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Target 
identification 
and validation

Disease-
related 
genomics

Hit 
finding

Hit
to
lead

Lead 
optimization

Preclinical
development

Clinical
development

Objective: use of computing resources, algorithms and 3D visualization (programs, web-services, 
databases) to support: 
- rational ideas about how to create or modify molecules, 
- decisions making in the execution of the drug design process
CADD is including a lot of different approaches, methods, techniques and tools:

- In silico ligand optimization
- Bioisosteric replacements
- QSAR
- In silico ADMET prediction

- Bioinformatics
- Reverse docking
- Ligand profiling
- Protein structure prediction
- Binding site prediction
- Target druggability

- Docking
- Pharmacophore
- Library design
- Virtual screening
- De novo design

- In silico
ADMET 
prediction

- In silico ADMET 
prediction

- Physiologically-based 
pharmacokinetic 
simulation

20



Molecular Recognition

21
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Molecular recognition

Molecular recognition Biological responseMolecular interactions

+
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Molecular recognition:
Collection of interactions between molecules that govern their binding.

Qualitative nature of the interactions?
Quantitative intensity of the molecular recognition?

“Lock and key” model.
Emil Fischer in the 1890s.
The protein has a particular shape into 
which the ligand fits exactly.

Induced fit model
Daniel Koshland 1958.
The binding site of the macromolecule is flexible
and its shape can be modified as the ligand 
interacts with it.

Ligand

Receptor

23

Molecular recognition – Historical models
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Non covalent interactions between atoms : 
- non-polar interactions (shape recognition)
- electrostatic interactions (salt bridge and hydrogen bond) 
- p interactions
- metal/ion interactions

Molecular recognition - type of interactions

Crystal structure of HLA-A2*0201 in complex with MART-1/Melan-A
24
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Molecular recognition - type of interactions

Non Polar:
Ala, Val, Leu, Ile, 
Pro, Met, ~Cys

Polar:
Ser, Thr, Asn, Gln, 
Tyr, His, Trp, ~Cys

Negatively 
charged:
Asp, Glu

Positively 
charged:
Arg, Lys, ~His

Aromatic:
Phe, Tyr, Trp, His
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Molecular recognition – introduction to molecular mechanics

Structure determination Biological events
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Molecular recognition – introduction to molecular mechanics Molecular 
dynamics is 
decomposed into 
elementary 
motions 

Bond length

Eangle = kθ (θ −θ0 )
2

Bond angle

Dihedral angle

Ebond = kb(b− b0 )
2

Edihedral = kϕ 1+ cos(nϕ −δ)( )

Improper angle

Eimproper = kω (ω −ω0 )
2
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Ebond = kb(b− b0 )
2

Edihedral = kϕ 1+ cos(nϕ −δ)( )

Bond length Bond angle

Dihedral angle Improper angle

Eangle = kθ (θ −θ0 )
2

Eimproper = kω (ω −ω0 )
2

Ebonded = kb b− b0( )2
bonds
∑ + kθ θ −θ0( )2

angles
∑ + kϕ 1+ cos(nϕ −δ)( )

dihedrals
∑ + kω (ω −ω0 )

2

impropers
∑

Molecular 
dynamics is 
decomposed into 
elementary 
motions 

Molecular recognition – introduction to molecular mechanics

28

28



Molecular recognition – Molecular interactions
Molecular recognition is driven by non-polar and electrostatic interactions
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Non-polar interactions Electrostatic interactions

Shape complementarity Specificity
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Molecular recognition – Summary

Category Interaction Distance Residues involved Remarks

Electrostatic

Ionic
(charge-charge)

Long range Arg, Lys, Asp, Glu
His (if charged)

Called salt bridge at short 
distance

Hydrogen bond Short range Arg, Lys, Asp, Glu
His, Tyr
Ser, Thr, Asn, Gln
Cys

Directionality / locality of 
interactions
Specificity of molecular 
recognition

p interaction Short range Phe, Tyr, Trp, His

Electrostatic/Non-
polar

Van der Waals Short range Ala, Val, Ile, Leu, Pro, 
Cys, Met
Phe, Tyr, Trp, His

Packing of atoms
Shape complementarity

Non-polar Hydrophobic effect - All Solute aggregation
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Various and numerous ligand-protein 
interactions:

- local and directional interactions

- shape complementarity

Affinity/potency
(Increased epitope recognition)

Specificity
(Limits number/nature of possible epitopes)

Molecular recognition – Potency and specificity
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Molecular recognition and CADD
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Two main categories of CADD approaches to discover, create, optimize and evaluate active 
molecules:

- Structure-based approaches. Use the 3D structure of the targeted macromolecule. Ex: Molecular docking.

- Ligand-based approaches. Use the information derived from known ligands. Ex: Quantitative Structure-Activity 
Relationships (QSAR), bioisosteric replacements.

N

N

O
R1

R2
R3

O

R4
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Molecular recognition
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Let’s start with UCSF Chimera !!!

Contacts: vincent.zoete@unil.ch , antoine.daina@sib.swiss
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