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Paul Ehrlich

“Address in Pathology on Chemotherapeutics:
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Binding sites: shape complementarity

... and electrostatic complementarity



electrostatic complementarity
in binding sites

HIV-1 protease
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Historical perspective of ligand binding

1894: Emil Fischer’s LOCK and KEY rationale

1958: Daniel Koshland’s INDUCED FIT hypothesis

1999: STABILIZATION OF RECEPTOR CONFORMATIONAL ENSEMBLES



HIV-1 reverse transcriptase

1rtd  →→→→ 1fk9

efavirenz



From HeatherA Carlson

most favourable states

Energy profile of conformational space



From Heather A Carlson

The interaction with the ligand shifts the populations 
within the ensemble = ‘induced-fit’



http://loschmidt.chemi.muni.cz/caver/

Human mitochondrial 
thymidine kinase

http://lorentz.immstr.pasteur.fr/nma/index.php

Model derived from multiple alignment of: 
- human deoxycytidine kinase [1p60]
- human deoxyguanosine kinase [1jag]
- fruitfly deoxyribonucleotide kinase [1oe0]
- herpes simplex virus 1 thymidine kinase [1p7c]
- equine herpes virus thymidine kinase [1p6x]
- yeast thymidylate kinase [3tmk]
- E. coli thymidylate kinase [4tmk]
- human thymidylate kinase [1e2f]) 



“The general aim ... has been to determine the extent to 

which the effects produced by drugs on cells can be 

interpreted as processes following known laws of 
physical chemistry”

Clark, A.J. (1937)

General Pharmacology: Heffter’s Handbuch d. exp. 

Pharmacologie (Ergband 4), Springer.
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∆∆∆∆G = ∆H – T∆S = 2.303 RT log Kd
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Ajay, Murcko MA. Computational methods to predict binding free energy in ligand-receptor
complexes. J. Med. Chem. 1995, 38, 4953-4967



Similar ligands decompose differently into enthalpic 
and entropic binding contributions.

Two closely related thrombin inhibitors
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Integration of Structure-Based and Informatics Methodologies for 
Drug Discovery

Virtual libraries

(diverse compounds, 
chemical inventory)

Experimental structure determination 

(X-ray crystallography, NMR)

3D protein structures 

(templates for model building)

Sequences of novel 
therapeutic targets

Comparative modelling

3D structures of therapeutic targets

High-throughput docking

(in silico screening of compounds on 
3D structures of targets)

Structure-based library design

(design of combinatorial libraries taking 3D 
constraints of binding sites into account)

Hits

Leads

Structure-based analog design

(design of modified hits using 3D protein-ligand 
complexes and computer simulations)



Validated Targets

Combinatorial Chemistry / 
Natural Products Libraries

+

=

Ligand-Receptor Complexes

THE “DOCKING”

PROBLEM



Docking

Ligand Protein

Pose + Score

Search engine
Systematic Sampling
Stochastic Sampling

Deterministic Sampling

Evaluation
MM Force Fields
Empirical Data

Potentials of Mean Force

Chemical

Library

Objective of VS:
to discriminate active from 

inactive ligands

Virtual ScreeningVirtual Screening

(rigid)

candidate prioritization



Docking/scoring programs

Docking engines: search the conformational space 

in the binding site

Scoring functions: discrimination of correctly docked 

from misdocked conformations

Virtual (“in silico”) screening



Examples of docking algorithms

Rigid ligand: 

Fast shape matching (DOCK)

Flexible ligand:

Fast shape matching (DOCK 4.0)

Incremental construction (FlexX)

Simulated annealing (AutoDock 2.4)

Monte Carlo simulations (MCDOCK)

Genetic algorithm (AutoDock 3.0, GOLD, GAMBLER)





Docking software use according to number of citations in ISI Web of Science 2005 



http://www.scripps.edu/pub/olson-web/doc/autodock/

Biotin binding to Streptavidin 



Implications of protein flexibility: Multiple conformations of a single residue

T.c. acetylcholinesterase binding site
(PDB entries 2ACE, 1EVE, 1VOT, 1ACL)

DonepezilDonepezil

DecamethoniumDecamethonium

AcetylcholineAcetylcholine

Huperzine



Implications of protein flexibility: Movement of a large number of residues

D.m. acetylcholinesterase binding site
(PDB entries 1QO9, 1DX4) (PDB entries 1DX4, 1QON)

nativenative

Tacrine analogueTacrine analogue



ensemble high-throughput docking

Huang SY, Zou X: Ensemble docking of 
multiple protein structures: considering 
protein structural variations in molecular 
docking. Proteins 2007, 66:399-421.

Ensemble 
docking

binding score

six degrees 
of freedom

conformational states (m)



The “Relaxed Complex Scheme” for Virtual Screening





Epot = Ebonded + Enon-bonded

Ebonded = ΣΣΣΣi Ebond + ΣΣΣΣi Eangle + ΣΣΣΣi Edihedral

Enon-bonded = ΣΣΣΣi Eelectrostatic + ΣΣΣΣi Evan der Waals

Molecular model building,

geometry optimization,

and energy calculations:

Molecular Mechanics

TINKER's "Molecular Mechanics“ Logo Ilustration by Jay Nelson.
Courtesy of Prof. Robert Paine, Chemistry Dept., Univ. of New Mexico.

Also a scoring function for docking



BONDING TERMS
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NON-BONDING TERMS
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Empirical Scoring Functions

The binding free energy is broken down into a number of different 
weighted contributions (supposed to be additive: number of 
hydrogen bonds, ionic interactions, apolar contacts, entropy 
penalties...)



Knowledge-based Scoring Functions
A sum of potentials of mean force between receptor and ligand 
atoms is derived from statistical analysis of 3D complex structures



� Is there any relationship between docking and ranking
accuracies?

� Will docking/scoring combinations provide better
results in terms of hit rates? If so, which ones?

� Does “consensus scoring” from two or three 
independent scoring lists outperform single scoring?

� Will it be possible to find a universal scoring function?

Some important questions....



17 pairs of complexes of the same protein bound to 2 related 
ligands /

Molecular mechanics (AMBER) and statistical potentials (PMF)

Exhaustive enumeration of all possible docking solutions

Reconstruction of the shape of the energy landscape (coverage-error plots)

Calculation of physico-chemical descriptors

Quantitative evaluation of success

Linear discriminant analysis

Physical origin of failures/successes 

Desolvation effects

Directional effects of hydrogen bonds
Dispersive interactions

C. Pérez & A. R. Ortiz                         

J. Med. Chem. 44, 3768-3785 (2001)



Chemical Libraries

Usual notations: SMILES, SMARTS...

2D → 3D conversion: CORINA...

Fiel format interconversion: BABEL...

Popular databases: ACD, ZINC, DUD...

Virtual (“in silico”) screening



Rules

1. Atoms are represented by atomic symbols: B, C, N, O, F, P, S, Cl, Br, and I. 
2. Double bonds are `=', triple bonds are `#'. 
3. Branching is indicated by parentheses. 
4. Ring closures are indicated by pairs of matching digits. 

Examples
Depiction              SSMILES                           Name                                 Remark

C methane hydrogens fill normal valence

CCO ethanol a single bond is assumed to
join adjacent atoms

CC(=O)O acetic acid parentheses are used to 
indicate branching

C1CCCCC1 cyclohexane bonds can also be represented
by pairs of matching digits

SMILES
Simplified Molecular Input Line Entry Specification☺



http://www.daylight.com/dayhtml/doc/theory/theory.smiles.html



A language for specifying substructural patterns in molecules

The SMARTS line notation is expressive and allows extremely precise 
and transparent substructural specification and atom typing:

1. Atomic properties: Aliphatic carbon [C], aromatic carbon [c], any carbon [#6] or [C,c]...
2. Bonds: – (single), = (double), # (triple), : (aromatic), and ~ (any).  
3. Connectivity: [CX4] matches a carbon atom with bonds to 4 other atoms.
4. Cyclicity: smallest set of smallest rings (SSSR).
5. Logical operators: and   or   ,   ;   &   ! (not)

SMARTS
SMiles ARbitrary Target Specification

Applications:

1. Definition of substructural filters e.g. to identify undesirable compounds
2. Definition of bond types in RECAP (Retrosynthetic Combinatorial Analysis

Procedure)
3. Use in several programs: Leatherface (molecular editor), ALADDIN (pharmacophore

matching), etc



compound 

databases

Available Chemicals 
Directory 

World Drug Index

MedChem Database...

undesired

compoundsREOS

Toxic or chemically 
reactive groups

nondrugs

“drug-
likeness”

filters

pharmacokinetic 
filters (ADME)

“drug-like”

compounds

drug 
candidates

“frequent-hitter”
detection“promiscuous” compounds, 

coloured or fluorescent 
molecules

In silico VIRTUAL SCREENING and
FOCUSED LIBRARY DESIGN

Near-perfect structures in an imperfect 
world

REOS: “Rapid Elimination of Swill”



Drug-like characteristics

Lipinski, C. A. et al. Experimental and computational approaches to estimate solubility and permeability in
drug discovery and developmental settings. Advanced Drug Deliv. Rev. 1997, 23, 3-29. 



LIPINSKI’s “rule of five” (Ro5)

Lipinski, C. A. et al. Experimental and computational approaches to estimate
solubility and permeability in drug discovery and developmental settings.
Advanced Drug Deliv. Rev. 1997, 23, 3-29.

H-bond donors <5 

H-bond acceptors (N, O) <10 

cLog P <5 

Molecular Weight <500 Da



1 - compounds which satisfy 1 requirement - 1% of all compounds

2 - compounds which satisfy 2 requirements - 2% of all compounds

3 - compounds which satisfy 3 requirements - 6% of all compounds

4 - compounds which satisfy 4 requirements - 91% of all compounds



Aggregates formed by tetraiodophenolphthalein, 
a promiscuous inhibitor, as visualized by 

transmission electron microscopy.

McGovern SL, Caselli E, Grigorieff N, Shoichet BK: A common mechanism underlying promiscuous inhibitors 
from virtual and high-throughput screening. J Med Chem 2002, 45:1712-1722.

100 nm





http://www.molecular-networks.com/online_demos/corina_demo.html

CORINA
Automatic generation of 
three-dimensional atomic

COoRdINAtes



http://openbabel.sourceforge.net/wiki/Main_Page

Open Babel is a community-driven scientific project including both 
cross-platform programs and a developer library designed to support 
molecular modeling, chemistry, and many related areas, including
interconversion of file formats and data.





http://chem.sis.nlm.nih.gov/chemidplus/



http://drugbank.ca/

The DrugBank database is a unique bioinformatics 
and cheminformatics resource that combines 
detailed drug (i.e. chemical, pharmacological and 
pharmaceutical) data with comprehensive drug 
target (i.e. sequence, structure, and pathway) 
information. 

The database contains nearly 4800 drug entries including >1,350 FDA-approved small 
molecule drugs, 123 FDA-approved biotech (protein/peptide) drugs, 71 nutraceuticals and 
>3,243 experimental drugs. Additionally, more than 2,500 non-redundant protein (i.e. drug 
target) sequences are linked to these FDA approved drug entries. Each DrugCard entry 
contains more than 100 data fields with half of the information being devoted to 
drug/chemical data and the other half devoted to drug target or protein data.


