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Introduction
Small Molecule Docking

DockThor, Guedes et al. Sci. Rep. 2021,11, 5543

Molecular Docking aim to predict: 
• The best matching binding mode (pose) of a ligand to a macromolecular partner.
• The binding affinity (score) of the ligand.

Protein Ligand Complex
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Introduction
Small Molecule Docking

M. Bartusiak Fortune 1981,47-50
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Introduction
Small Molecule Docking

M. Bartusiak Fortune 1981, 47-50

A Steroid docked into a 
Cytochrome P450
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Introduction
Small Molecule Docking

1980 2020

M. Bartusiak Fortune 1981, 47-50

2060?
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Introduction
Docking Software

Torres et al. Int. J. Mol. Sci. 2019, 20, 4574

A Large number of Docking Programs are nowadays available:

Scopus search for the query “TITLE-ABS-KEY (software AND

docking) AND PUBYEAR > 1994 AND PUBYEAR < 2019” where the

word software is substituted for one of the eight most common docking
software or by the word consensus.

Each one using distinct approaches, search
algorithms and scoring function towards
the same goal.

• MOE, AutoDock4, Sybyl, GOLD, Glide,
AutoDock VINA, Fred, FlexX, Consensus,
etc …



9

Introduction
Structure-Based Drug Design

Computer-Aided Drug Design (CADD)

Structure-Based Drug Design (SBDD)

- We need a protein structure (but not only) 

- We need also ligands structures

(library of drug-like compounds in Virtual 
Screenings)
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Introduction
Structure-Based Drug Design

Torres et al. Int. J. Mol. Sci. 2019, 20, 4574

Ranking of 
binding poses

Computer-Aided Drug Design (CADD)

Structure-Based Drug Design (SBDD)

- We need a protein structure (but not only) 

- We need also ligands structures

(library of drug-like compounds in Virtual 
Screenings)



11In the beginning there was the Protein Data Bank (PDB)

Introduction
Protein Data Bank (PDB)
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Introduction
AlphaFold

AlphaFold DB provides open access to 200 million entries.
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Introduction
Small Molecule Docking

We must know the position of the binding pocket (e.g. active site):

• Typically, protein bound to a known inhibitor (e.g. X-ray structure) 
• Using pocket detection algorithms

DockThor, Guedes et al. Sci. Rep. 2021,11, 5543
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Introduction
Molecular Representation for docking

The search region is usually confined to the area of the binding pocket (docking box).

Otherwise, “blind docking” can also be performed, more challenging.

DockThor, Guedes et al. Sci. Rep. 2021,11, 5543
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Introduction
Molecular Representation for docking

Information about the receptor’s energetic contributions are stored on grid points.

In the most basic form, grid points store two types of potentials: electrostatic and van der Waals.

Kitchen et al. Nat. Rev. Drug Disc. 2004, 3, 935
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Introduction
Components of Docking Software

Every Molecular Docking program is composed by two stages:

• A Conformational Search Algorithm
- Efficiently explore position, orientation and conformation of potential drugs

• Scoring Functions
- Used to identify the most energetically favorable binding pose

“Docking is like a discotheque: it’s all about posing and scoring.”
Roger Sayle
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Conformational Sampling
The Search Space

One the main difficulties of protein-ligand docking is that it
involves many degree of freedom:

• Translations and Rotations account for six degree of
freedom.

Zhang et al. J. Cheminform. 2020, 12, 37

IS THAT ENOUGH?
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Conformational Sampling
The Search Space

One the main difficulties of protein-ligand docking is that it
involves many degree of freedom:

• Translations and Rotations account for six degree of
freedom.

• Also, the torsional and conformational degrees of
freedom of the ligand and the receptor should be
considered.

Zhang et al. J. Cheminform. 2020, 12, 37
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Conformational Sampling
The Search Space

Conformation Generation:

• Ligands are divided into a core region and some rotamer
groups, attached to the core via a rotatable bond.

• C and N end groups (–CH3, –NH2) are not considered
rotatable.

• Each core region is represented by a set of core
conformations (e.g. conformationally labile five and six-
membered rings).

Friesner et al. J. Med. Chem. 2004, 47, 1739

Central core
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Conformational Sampling
Ligand Conformations

Ligand rings may have distinct
conformations.

Conformations are different 3D structure of the
same ligand that are the result of rotations
around single bonds

They have same bond length and angles but
different torsions

Chair, Boat and other conformations explored 
of cyclohexane

J, Clayden (2003). Organic chemistry (2nd ed.). Oxford. p. 373
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Conformational Sampling

We can divide docking methods (with respect to the ligand structure) in:

• Rigid Docking:
- The ligand is treated as a rigid structure during the docking procedure.
- To deal with ligand conformations, a large number can be generated in advance and 
docked separately.

• Flexible Docking:
- Conformations of the ligands are generated on-the-fly by the search algorithm 
during each docking run.

Docking Programs are often based on a combinations of different approaches
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Conformational Sampling
Rigid Docking

Kuntz et al. J. Mol. Biol. 1982,161, 269

DOCK was the first docking program to be developed:

• In the earliest versions protein and ligand structure were 
fixed.

• Designed to identify molecules with a high degree of shape 
complementarity with the receptor.

• Similar to a “lock and key” model (Fisher 1894):
- The ligand rigidly recognize and occupies the 
protein binding pocket like a key to its lock.

Leach et al. An Introduction to Cheminformatics
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Conformational Sampling
Flexible Docking

Kitchen et al. Nat. Rev. Drug Disc. 2004, 3, 935

Flexible Docking is the most commonly used:
- Ligand conformations are generated on-the-fly by the search algorithm during the docking process. 

• Systematic search techniques:
- All the rotatable bonds are examined in a systematic way.

• Stochastic Methods:
- Change randomly the values of the degree of freedom of the system.

• Simulations Methods:
- Molecular Dynamics is the most popular simulation methods. 
- Energy minimization methods are rarely used as stand-alone search techniques.
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Conformational Sampling
Flexible Docking

Systematic search techniques:

• Exhaustive search: e.g. Glide
- All the rotatable bonds are examined in a systematic way.

• Fragmentation: e.g. FlexX
- Ligands are decomposed into fragments, rigidly docked in the binding site and finally the 
fragments are linked.

Systematic and rigorous exploration

of the conformational space.

A number of constraints is used in

order to avoid combinatorial

explosion.

PROS CONS
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Conformational Sampling
Flexible Docking

Kitchen et al. Nat. Rev. Drug Disc. 2004, 3, 935

The problem of combinatorial explosion:

• For a systematic conformational search, the number of possible molecular conformation is 
represented by:

𝑁𝑐𝑜𝑛𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛𝑠 =ෑ

𝑖=1

𝑁

ෑ

𝑗=1

𝑛𝑖𝑛𝑐
360

θ𝑖,𝑗

N is the number of rotatable bonds

𝜽𝒊,𝒋 is the size of the incremental rotation angle j for bond i
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Conformational Sampling
Flexible Docking

Stochastic methods:

• Monte Carlo (MC) methods: e.g. Autodock Vina

- Acceptance of new configuration is based on the Metropolis algorithm: 

I. Generate an initial configuration

II. At every iteration, a random modification is performed

III. If the new solution score better, then the previous it is accepted

IV. Otherwise, it is accepted according to the probability:

https://www.cheminformania.com/ligand-docking-with-smina/

𝑃~exp
−(𝐸1− 𝐸0)

𝑘𝐵𝑇



28

Conformational Sampling
Flexible Docking

Stochastic methods:

• Evolutionary Algorithm: e.g. Gold, Autodock
- Based on the idea of biological evolution (e.g. genetic algorithms).

Genetic Algorithms (GA) (here the terms are borrowed from biology):
- Degree of freedoms are encoded in genes and each ligand conformation is described by a 
chromosome possessing a fitness score.

- Mutations and crossovers occur within a population of chromosomes.

- Chromosomes displaying the higher fitness survive and replace the worst ones.
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Conformational Sampling
Flexible Docking

Stochastic methods:

• Monte Carlo (MC) methods: e.g. Autodock Vina
- Acceptance of new configuration is based on the Metropolis algorithm. 
- The search may cross energy barriers for reaching deeper minima.

• Evolutionary Algorithm: e.g. Gold, Autodock
- Based on the idea of biological evolution (e.g. genetic algorithms).
- Degree of freedom are encoded in genes and each ligand conformation is described by a 
chromosome.

Faster compared to systematic

search techniques.

The don’t ensure a full search of the

conformational space, so the “true”

binding pose may be missed.

PROS CONS
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Conformational Sampling
Flexible Docking

Simulations Methods:

• Molecular Dynamics (MD) simulations:
- Based on Force Fields allows to analyze the dynamical 
properties of a biomolecular system. 

- Used mainly for preprocessing and postprocessing refinement.

Resolution of the docking problem

under realistic conditions: inclusion

of protein flexibility and solvation

Low efficiency of MD simulations in

crossing energy barriers and

exploring multiple minima.

PROS CONS
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Conformational Sampling
Introducing Protein Flexibility

• Induced Fit Model (Koshland 1958):

- The ligand can induce conformational changes to the protein binding site, optimizing 
ligand target interactions.

https://www.thesciencehive.co.uk/enzymes-alevel

Proteins are flexible macromolecules 
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Conformational Sampling
Introducing Protein Flexibility

Protein Flexibility:

• Single Protein Conformation:

a) Soft Docking:
- Van der Waals repulsion terms are reduced, allowing small clashes between ligand and 
protein atoms.
- Rough treatment of protein flexibility.

b) Sidechain Flexibility:
- Introduction of alternative conformation of protein side chains.
- Conformational variations of the protein backbone are neglected.
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Conformational Sampling
Introducing Protein Flexibility

Amaro et al. Biophys. J. 2018, 114, 2271

• Multiple Protein Conformations:

• Ensemble docking:
- Generation of an “ensemble” of protein
conformations using MC or MD simulations.

- This could be obtained by performing a
clustering analysis of the resulting
trajectories in MD simulations.
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Scoring Functions

Li et al. Comput. Life Sci. 2019,11, 320

Scoring Functions play the role a pose selector: 
- Used to discriminate putative correct binding modes from non-binders
- Provide a meaningful ranking of ligands
- NOT to predict the absolute binding affinity

• Force Field Based:

• Empirical: 

• Knowledge based:
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Scoring Functions
Force Field-based Scoring Functions

Kitchen et al. Nat. Rev. Drug Disc. 2004, 3, 935

Force Field (FF)-based Scoring Functions: e.g. AutoDock
- It is a typical concept in Molecular Mechanics

• In the context of docking, biomolecular FF such as AMBER, CHARMM and OPLS are 
commonly used.

• Interaction between ligand and receptor are often described using van der Waals and 
electrostatic energy terms.

Lennard-Jones Potential Coulombic Potential
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Scoring Functions
Force Fields

In Molecular Mechanics (MM) the potential energy of the system is approximated by 
Force Fields:

• Internal ligand energy (Bonded)
• Receptor-Ligand interaction energy (Non-bonded) Electrostatic 

term
Van der Waals 

term
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Scoring Functions
Force Field-based Scoring Functions

Non-bonded interaction terms are well

suited to properly monitor the

geometric quality of a binding pose.

- Standard FF do not include solvation,

hydrogen bonds and entropic terms.

- Cut-off distances need to be included

for the treatment of non-bonded

interactions.

PROS CONS

Force Field (FF)-based Scoring Functions: e.g. AutoDock
- It is a typical concept in Molecular Mechanics

• In the context of docking, biomolecular FF such as AMBER, CHARMM and OPLS are 
commonly used.

• Interaction between ligand and receptor are often described using van der Waals and 
electrostatic energy terms.
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Scoring Functions
Empirical Scoring Functions

Kitchen et al. Nat. Rev. Drug Disc. 2004, 3, 935

Empirical Scoring Functions: e.g.  Glide (GlideScore)
- Fit to reproduce experimental data (binding energies and/or conformations)

• Is based on the idea that binding energy can be approximated by the sum of individual 
uncorrelated terms.

• Coefficients of these terms are obtained from regression analysis. 

LUDI scoring function
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Scoring Functions
Empirical Scoring Functions

Their terms are often simple to evaluate The quality of the function depends on

the size, composition and quality of the

training set.

PROS CONS

Empirical Scoring Functions: e.g.  Glide (GlideScore)
- Fit to reproduce experimental data (binding energies and/or conformations)

• Is based on the idea that binding energy can be approximated by the sum of 
individual uncorrelated terms.

• Coefficients of these terms are obtained from regression analysis. 
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Scoring Functions
Knowledge-based Scoring Functions

Velec et al. J. Med. Chem. 2005, 48, 6296

Knowledge-based Scoring Functions: e.g. DrugScore
- Designed to reproduce experimental structures rather than binding energies.

Computational simplicity, allowing fast

and efficient screening of large

compound databases.

The quality of the function critically

depends on the data basis.

PROS CONS

• Protein-ligand are modelled using atomic-pair
potentials.

• Observed distribution of geometries of ligands in
crystal structures are used to deduce the
potential.
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Scoring Functions
Consensus Docking

Given the imperfections of current Scoring Functions Consensus Docking schemes have been 
proposed:

• To reduce the error of Scoring Functions, the results of
several different scoring algorithms into a consensus
scoring scheme are combined.

• Different studies have found that this is superior in
accuracy to using a single scoring algorithm alone.

Poli et al. Curr. Bioact. Comp. 2020, 16, 182
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Scoring Functions
Evaluation of Docking Poses

Another useful test to verify the quality of the docking 
procedure is the redocking a cocrystallized ligand.

• We try to reproduce the binding pose found in the
experimental structure.

• RMSD can be used to assess the quality of the binding
poses (RMSD ≤ 2.0 Å between the docked and the
crystallographic pose).

Houston et al. J. Chem. Inf. Model. 2013, 53, 384

Comparison between crystallographic
(black) and docking poses using Autodock

(blue) and Vina (green).
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The term “Virtual Screening” (VS) describe the use of computational algorithms for the
identification of novel bioactive molecules.

Valuable complement to the traditional High-Throughput Screenings (HTS) of large compounds
collections, employed in the pharmaceutical industry.

De Vivo et al. J. Med. Chem. 2016, 59, 4035wikipedia.org/wiki/High-throughput_screening

Virtual Screenings
Introduction
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Computer-Aided Drug Design (CADD)

Structure-Based Drug Design (SBDD)

- We need a protein structure (but not only) 

- We need also ligands structures

Virtual Screenings
Introduction

(library of drug-like compounds in 
Virtual Screenings)
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Virtual Screenings
Ligand Databases

Drug-like databases commercially available:

230 million purchasable compounds
250 k structures

Compounds free of charge
Small Databases of drugs in 

clinics or in clinical trials

Several Vendors 
have their own 

Databases
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Virtual Screenings
Druggability Guidelines

Lipinski, J. Pharmacol. Toxicol. Method. 2000, 44, 235

Lipiski’s Rule of 5: 

In general, an orally active drug has no more than one violation of the following criteria:

✓ No more than 5 hydrogen bond donors

✓ No more than 10 hydrogen bond acceptors

✓ A molecular mass less than 500 daltons

✓ An octanol-water partition coefficient (log P) that does not exceed 5



49Adapted from: De Vivo et al. J. Med. Chem. 2016, 59, 4035

▪ A MD simulation trajectory is used to

explore the receptor conformational

space.

▪ From this trajectory, several

snapshots are extracted and

redundancy is eliminated by means

of cluster analysis.

▪ From each cluster, a representative

structure is selected.

▪ Virtual ligand screening is

independently carried out at each

representative conformation.

▪ Activity predictions returned by

independent runs are combined

together in a global ranking

Virtual Screenings
Workflow



50A. Spinello, S. Martini, N. Zaffaroni, A. Magistrato, Eur. J. Med. Chem. (2019), 168, 253

National Cancer Institute
~220k molecules

ZINC (clean leads)
~4.5 million molecules

DrugBank
~7k molecules

1) High Throughput Virtual Screening (HTVS)
2) Single Precision (SP)
3) Extra Precision (XP)

Best Hits

Molecular Dynamics simulations

Refine the ΔG binding

An ensemble of structure was chosen (from MD simulations, X-ray structures, etc.)

Development of non-active site-directed inhibitors
Virtual Screening Workflow

Several stages of Docking Calculations
Glide

Ligand Libraries used

Postprocessing refinement
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1) High Throughput Virtual Screening (HTVS)
- Less conformations are sampled to screen large
libraries compounds

2) Single Precision (SP)
- Same Scoring function then HTVS
- More accurate Conformational Sampling

3) Extra Precision (XP)
- More extensive sampling (anchor-and-grow procedure)
- More sophisticated scoring function to rule out false positive

Development of non-active site-directed inhibitors
Virtual Screening Workflow

Several stages of Docking Calculations used in Glide

In each step about 
10% of the best hits 

are retained 
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Virtual Screenings
Ligand Interactions
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Virtual Screenings
Ligand Interactions
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It is common practice to subject a small number of drug candidates to visual inspection.

This add a new layer to the selection process (i.e. chemical intuition):

• Steric complementarity of a compound and its binding site
• Inspection of H-bonds between ligands and proteins
• Water-mediated interactions (trickier)

Virtual Screenings
Selection Strategies

Fischer et al. J. Med. Chem. 2021, 64, 2489
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Virtual Screenings
Selection Strategies

Fischer et al. J. Med. Chem. 2021, 64, 2489

A) CYP2A6
B) SARS-CoV-2 main protease
C) RAR-related orphan receptor
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Conclusions

During this presentation we had some general
assumptions:

✓ The target is protein structure with well-
defined binding site.

✓ The ligand is a small molecule interacting
noncovalently with its target.
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Conclusions

During this presentation we had some general
assumptions:

✓ The target is protein structure with well-
defined binding site.

✓ The ligand is a small molecule interacting
noncovalently with its target.

Docking of a metal complex to
B- and G-quadruplex DNA
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Conclusions

During this presentation we had some general
assumptions:

✓ The target is protein structure with well-
defined binding site.

✓ The ligand is a small molecule interacting
noncovalently with its target.

Protein-Protein Docking
HADDOCK webserver

https://www.bonvinlab.org/software/haddock2.4/
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Conclusions

During this presentation we had some general
assumptions:

✓ The target is protein structure with well-
defined binding site.

✓ The ligand is a small molecule interacting
noncovalently with its target.

CovDock
Schrodinger Suite

https://www.schrodinger.com/science-articles/covdock
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Conclusions

• Brief Introductions on the most important aspect of Small
Molecule Docking (Choosing receptor and ligand
structures, Conformational Sampling, Scoring Functions).

Extensive reviews for further details and additional approaches:

• Halperin et al. Proteins 2002, 47, 409

• Kitchen et al. Nat. Rev. Drug Disc. 2004, 3, 935

• Sotriffer, “Protein-Ligand Docking: from Basic Principles to Advances 

Applications”, In Silico Drug Discovery and Design, CRC Press, 2015

• Salmaso and Moro Front. Pharmacol. 2018, 22, 923
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Conclusions

Extensive reviews for further details and additional approaches:

• Halperin et al. Proteins 2002, 47, 409

• Kitchen et al. Nat. Rev. Drug Disc. 2004, 3, 935

• Sotriffer, “Protein-Ligand Docking: from Basic Principles to Advances 

Applications”, In Silico Drug Discovery and Design, CRC Press, 2015

• Salmaso and Moro Front. Pharmacol. 2018, 22, 923

Thank you!


