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THE DRUG DESIGN CYCLE: 
“THE BIG PICTURE”

Warren, G.L.; et. al. J. Med. Chem., 2006, 49, 5912-5931
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COMPUTER-AIDED DRUG DESIGN:
METHODOLOGIES 
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MOLECULAR RECOGNITION: 
THE BINDING EVENT

Ligand
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THERMODYNAMICS OF BINDING
INTRODUCTION



THERMODYNAMICS OF BINDING
EXPERIMENTAL DETERMINATION 



MODELS OF MOLECULAR RECOGNITION



COMPUTATIONAL CHEMISTRY & LIGAND BINDING
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COMPUTATIONAL STUDIES 
OF BINDING THERMODYNAMICS 1: MOLECULAR DOCKING 



METHOD 1:
MOLECULAR DOCKING

Molecular docking is a method of structure-based drug design that calculates the preferered
conformation of a selected molecule (usually small ligand molecule, but also macromolecule) in
a selected active/binding site of a biological macromolecule (target), assuming that they form a
stable complex.

The main components of every docking software package are:

SEARCH ALGORITHM - serves to generate new conformations
SCORING FUNCTION - assessing the strength of binding interactions

Irwin Kuntz



MOLECULAR DOCKING:
WORKFLOW



MOLECULAR DOCKING:
APPROCHES



MOLECULAR DOCKING:
SOFTWARE



CALCULATIONS OF BINDING THEROMDYNAMICS AND 
MOLECULAR SIMULATIONS



We use formalisms of statistical mechanics to link the world of molecules with the 
macroscopic world of measurable quantities (e.g thermodynamic quantities).

STATISTICAL MECHANICS:
PART 1



16

STATISTICAL MECHANICS:
PART 2



EVALUATION OF 
CONFIGURATIONAL PARTITION FUNCTION Qc



MOLECULAR SIMULATION:
METHODS 



ERGODIC HYPOTHESIS

Ergodic hypothesis assumes that the average of a process parameter over time
and the average over the statistical ensemble are the same.

John von Neumann George D. Birkhoff



We start with in initial coodinates of the molecular system r, and we select a time interval 
Δt (1 fs)

We calculate forces on each atom and consequently acceleration: 

We move atoms in the direction of the acceleration using various

integration algorithm

We move time forward by Δt
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MOLECULAR DYNAMICS: 
REVISION

A. Rahman



MOLECULAR DYNAMICS SIMULATION: 
USUAL SETUP

System preparation

Equlibration MD stage

Production MD stage

Trajectory analysis



Academic Packages
1) CHARMM

http://charmm.org/ 
2)   AMBER  

http://ambermd.org/
3)  GROMACS

http://www.gromacs.org/
4)  NAMD  

http://www.ks.uiuc.edu/Research/namd/  

Commercial Packages 
5)  DESMOND

http://www.deshawresearch.com/resources.html
6)  IMPACT

https://www.schrodinger.com/

MOLECULAR DYNAMICS:
SOFTWARE



1. GEOMETRY ASPECT

INCREASED UNDERSTANDING OF THE STRUCTURE-FUNCTION 
RELATIONSHIPS

2. ENERGY ASPECT

INCREASED UNDERSTANDING OF THE BINDING AND 
MOLECULAR RECOGNITION

MOLECULAR SIMULATIONS &
DRUG DESIGN
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MOLECULAR SIMULATIONS
GEOMETRY ASPECT
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In simulations we are still limited with the representativeness of the generated
molecular ensemble quality of sampling.

THERMODYNAMIC CYCLES enable that free energy is calculated from non-physical
events.

Free energy is a state function 
not dependent of its pathway.

MOLECULAR SIMULATIONS
ENERGETIC ASPECT



COMPUTATIONAL STUDIES 
OF BINDING THERMODYNAMICS 2: FREE ENERGY PERTRUBATION 
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METHOD 2: 
FREE ENERGY PERTRUBATION (FEP) 

Robert W. 
Zwanzig 
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METHOD 2: 
FREE ENERGY PERTRUBATION (FEP) 
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METHOD 2: 
FREE ENERGY PERTRUBATION (FEP) 



METHOD 2: 
FREE ENERGY PERTRUBATION (FEP) 
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COMPUTATIONAL STUDIES 
OF BINDING THERMODYNAMICS 3: MM/PBSA METHOD
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METHOD 3: 
MM/PBSA METHOD

Peter Kollman

+

+
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METHOD 3: MM/PBSA METHOD
FREE ENERGY OF LIGAND BINDING IN VACUUM

Interaction energy between the receptor and ligand is calculated using molecular
mechanics (MM)

Entropy change upon binding is estimated by stimated by a normal-mode analysis
of the vibrational frequencies.

+
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METHOD 3: MM/PBSA METHOD
SOLVATION FREE ENERGIES CALCULATIONS

1.LIGAND 2. RECEPTOR 3. COMPLEX

A) Polar (electrostatic) contributions are calculated by Linearized Poisson-Boltzmann or
Generalized Born equation for each of the three states: LIGAND, RECEPTOR and COMPLEX.

B) Hydrophobic contributions are usually estimated by Solvent-Accessible Surface Area (SASA).

1. linearized Poisson-Boltzmann
Eqaution - continuum solvent

2. Solvent-Accessible Surface Area 
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METHOD 3: MM/PBSA METHOD
FINAL OVERVIEW

+

+
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METHOD 3: MM/PBSA METHOD
TECHNICAL IMPLEMENTATION: THREE MD SIMULATIONS

Simulation 1 Simulation 2 Simulation 3



37

METHOD 3: MM/PBSA METHOD
TECHNICAL IMPLEMENTATION: ONE MD SIMULATION

Simulation 1
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CASE STUDY:

ENERGETICS OF MOLECULAR RECOGNITION 
BETWEEN ATP MOLECULE  AND ITS BINDING SITE 

ON THE HUMAN DNA TOPOISOMERASE IIα

Barbara Herlah
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TARGET: HUMAN DNA TOPOISOMERASE Iiα
A DNA TOPOLOGY MODIFYING MOLECULAR MOTOR 

TARGET OF ANTICANCER DRUGS

COMPLEX
DNA

TOPOLOGY

SIMPLIFIED
DNA

TOPOLOGY
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ATPase DOMAIN AND ATP BINDING SITE 
OF HUMAN DNA TOPOISOMERASE IIα

FULL ENZYME
ATPase DOMAIN

(dimer) ATP BINDING SITE
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ATPase DOMAIN
OF HUMAN DNA TOPOISOMERASE IIα

(PDB:1ZXM) 

WHICH RESIDUES ARE
(energetically) MOST IMPORTANT 

FOR ATP BINDING ?

RESEARCH QUESTION: 
FOR OUR CASE STUDY

ATP BINDING
SITE
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LET´S START SIMULATING


