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“ Needle in a Haystack”

• Estimated 10200 compounds could be made
• 28 million compounds currently registered (CAS)
• Drug company biologists screen up to 1 million

compounds against target using ultra-high throughput 
technology

• Chemists select 50-100 compounds for follow-up
• Chemists work on these compounds, developing new, 

more potent compounds
• Pharmacologists test compounds for pharmacokinetic and 

toxicological profiles
• 1-2 compounds are selected as potential drugs

7�#��
��������
�����������
�!�8�

By serendipity (propecia, penicillin, etc...)

by structure-activity relationships (most)

from natural products (aspirin, digitalis, taxol)

by rational design (since the 80‘s)

by systematic screening (since the 90‘s)



Drug Discovery CycleDrug Discovery Cycle 0�
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Library

Assay

Data

Drug 
Candidates

*Screening*

Further 
exploration

*Data Analysis*

Start Chemistry

The Drug Design Cycle
Target identification (genetics – molecular biology - bioinformatics)
De novo design requires detailed knowledge of 
Target structure determination X-ray and NMR
Homology modelling to limited extend. 
Homology >50% to be successful.   

Design Cycle (left):  
Lead development
Computer aided design 
and molecular modeling
Fine tuning, pharmacokinetics, 
bioavailablity

Substrate 
characterisation
Computer based 
screening
Automated site 
mapping and 
compound 
modelling

Lead compound discovery and testing 
Biological Assays (high through-put 
screening)
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1: identify disease

2: identify key
disease proteins

3: develop a drug to
safely attack disease 

Biology

Chemistry
Pharmacology
Clinical Trials

Bioinformatics

Chemoinformatics
Comput. Chem.
Molecular Modeling

Clinical/Medical Informatics
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genes

proteins

small 
molecules

drug 
candidate
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Chemistry 

  
Biology 

  

Computat ion   Compound 
libraries 
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Receptor -Based Drug Design and Vir tual Screening
Protein Data BankProtein Data Bank

worldwide repository for the processing and distribution of worldwide repository for the processing and distribution of 
33--D biological macromolecular structure dataD biological macromolecular structure data
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Linking

Building

Protein

Fragments

Lead Finding: de novo Design

PROs: 
Find molecules fast

CONs: 
Combinatorial Explosion 
Many Synthetically Unfeasible Molecules

Protein-based Design of Combinator ial L ibrar ies

2. Add reactants (substituents)

4. Minimize & Score
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N
NH2
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1. Docking scaffolds

O

N
NH2

O

NH2
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N
NH2
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N
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3. Find conformation



Predicting binding affinities (energies)

ü 3D database searching
ü docking
ü protein-ligand simulations
ü QSAR studies
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Probably the most challenging issue in  
pharmaceutical computational chemistry
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Thermodynamic methods (<20)

Protein-Ligand Interaction 
Energies (<50)

QSAR, 3D-QSAR (<200)

Docking &  scoring methods 
(>100,000)

# of molecules
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Free Energy Scor ing: Predicting binding affinities
predict the binding affinity of a ligand for  its host protein 

from the 3D-structure of the protein-ligand complex ?

Dbinding KRTG log.=∆−

Binding free energy

gas constant

Equilibrium 
dissociation 
constant

Temperature

?

∆∆∆∆Gbinding = f (Interactions)

Receptor

Ligand

Affinity: ∆∆∆∆G = ∆∆∆∆H -T∆∆∆∆S

Displaced  H2O

Bound and 
associated H2O
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∆∆∆∆Sint

∆∆∆∆HLW
∆∆∆∆HRW

∆∆∆∆HLR

∆∆∆∆SW

∆∆∆∆Svib

∆G = ∆H-T∆S

Free energy

Enthalpy

Entropy

Ligand in
solution

free rotation

Receptor

bound water

loosely associated
water molecules

free water

Receptor-Ligand complex
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Virtual Screening
(Computational Docking & Scoring)

High Throughput 
Screening 

Virtual Screening (“ docking & scoring) Methods
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Vir tual Screening



- What is it?
- Why is it of interest to us?
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(1)  Docking

(2)  Basic principles

(3)  New approach to the problem
- Knowledge-based flexible docking
- Two-step scoring

- Rigid vs flexible docking

Docking: what is it?

Goal: Reproduce the experimental pose of 
ligand in the binding site

Drug Discovery

Given two molecules with 3D conformations in atomic detail

1.   Do the molecules bind to each other?
2.   If yes, what does the molecule/molecule complex look 

like (docking problem)?

3. How strong is the binding affinity? (scoring problem)
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rnew>rold? r=corr(S,E)

Metropolis
MC

max(w1s1,1, …,wns1,n) = S1

max(w1s2,1, …,wns2,n) = S2
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- What is it?
- Why is it of interest to us?

Virtual Screening (“ docking & scoring) Methods

(1)  Docking

(2)  Basic principles

(3)  New approach to the problem
- Knowledge-based flexible docking
- Two-step scoring

- Rigid vs flexible docking

Docking: what is it?

Goal: Reproduce the experimental pose of 
ligand in the binding site

Drug Discovery

Given two molecules with 3D conformations in atomic detail

1.   Do the molecules bind to each other?
2.   If yes, what does the molecule/molecule complex look 

like (docking problem)?

3. How strong is the binding affinity? (scoring problem)

Virtual Screening
(Computational Docking)

High Throughput 
Screening 

Integrated Approach to Drug Discovery

Basic Principles: Rigid vs Flexible Docking

Flexible Docking

Problems with 
Rigid docking

Two-Step Scoring Scheme

Compound
library

Binding Energy
Calculation

Multiple Conformation
Docking

Best score
complexes

Simple scoring function for
Fast geometry optimization

Sophisticated scoring function
for accurate binding affinity
prediction

Score = vdW + H-bonding + Internal energy

Etotal =  Evdw + Eelec + EGB + ESurf



MD simulation

ERα x-ray
structures

Compound
library

Select highly
weighted

conformations

Docking

Binding Energy
calculationWeight assigment

Corr(Exp, Score)

Docking

Snapshots

Ensemble
of

complexes

Best score
complexes

Best score
complexes

Active
compounds

A. Preliminary multiple
conformation docking

B. Iterative weight 
optimization

C. Flexible docking with 
two-step scoring

NoYes
Optimized?

Knowledge-Based Flexible Docking With Two-Step Scoring

Metropolis
MC

r1 r2 … rn

c1 s1,1 s1,2 … s1,n

c2 s2,1 s2,2 … s2,n

:       :      :           :  
cm sm,1 sm,2 … sm,n

rnew>rold? r=corr(S,E)

max(w1s1,1, …,wns1,n) = S1

max(w1s2,1, …,wns2,n) = S2

:                                : 
max(w1sm,1,…,wnsm,n) = Sm

E1

E2

:
Em

vs.

Experimental
Binding affinityBest docking score

Preliminary
Docking

Training set of
active compounds

m

Ensemble of
Conformations

n

w1 w2 … wn

m x n docking scores

Update wi

yes

no

Identify the minimal number of conformations

Preliminary docking & Iterat ive weight opt imization
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Population Weight Optimization by Metropolis MC

Pearson’s Correlation Coefficient

Metropolis criteria

Population Weight Update

Weighted Docking Score

Initialize Population weight

Test system: Estrogen Receptor αααα (ERαααα)

- Nuclear hormone receptor superfamily

- Associated with numerous diseases 
ex)  breast cancer, osteoporosis, 

endometrial cancer, prostate hypertrophy
- Natural ERα ligands – estrogen, diethylstilbestrol
Xenoestrogens – phytoestrogens, …
Environmental chemicals – pesticides, PCBs, …

Demanding fast screening methods

Helix 12

1.95Diethyl Tetrahydrochrysene Diol1L2I

3.20Estradiol1QKU
2.03Diethylstilbestrol3ERD

With agonists

Resolution 
(Å)LigandPDB ID

ERαααα x-ray structures used in MD

-3.056-Hydroxyflavanone
1.63Zearalenol

-1.49AurinOthers
-2.464,4’-DihydroxybenzophenoneBenzophenone

-3.22Ethyl 4-hydroxybenzoateAlkyl hydroxy
benzoate

0.42Dihydroxymethoxychlor olefin
-0.642’,3’,4’,5’-Tetrachloro-4-biphenylolOrganochlorines
-3.443-Phenylphenol
-2.11Bisphenol ADiphenyl

derivatives

-4.174-Ethylphenol
-1.53nonylphenolAlkylphenolic
-0.925α-Antrostane-3β, 17β-diol
1.14Moxestrol
2.28Ethynylestradiol

-1.65   3-methylestriolSteroids
Class                      Name                                Log(RBA)

OH
OH

O

Moxestrol

OH

OH

O

OOH

Zearalenol

OOH

O

6-Hydroxyflavanone
OH

OH

O

Aurin
OH OH

ClCl

Dihydroxymethoxychlor olefin

OH

Nonylphenol

Structural diversity of 15 active compounds
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Generation of Multiple Conformations 
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Ident if ication of Minimal Subset of ERαααα Conformations 

MD trajectory of ERα
(PDB ID: 3ERD)
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Correlation Between Exp. Binding Affinity & Docking Score

Single rigid docking KB-flexible
docking Re-scoring
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Virtual Screening of 160 Test Compounds

Identification of 19 active compounds with log(RBA) > 0.0

(1) Single conformation docking 
& scoring (GOLD-ER3)

(2) Six conformation docking & 
best selection (GOLD-max)

(3) AMBER re-scoring of 
GOLD-max (AMBER)
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AUC

0

20

40

60

80

100

0 20 40 60 80 100

% False positive (1-specif icity)

%
 T

ru
e 

po
si

tiv
e 

(s
en

si
tiv

ity
)

GOLD-ER3 0.69
GOLD-max 0.81
AMBER    0.89

AUC

0

20

40

60

80

100

0 20 40 60 80 100

% False positives (1-specificity)

%
 T

ru
e 

po
si

tiv
es

 (
se

ns
iti

vi
ty

)

GOLD-ER3 0.67
GOLD-max 0.70
AMBER    0.73

* ROC plots describe the tradeoff between sensitivity & specificity

19 true positives
log(RBA) > 0.0

46 true positives
log(RBA) > -2.0

* AUC: Area Under ROC Curve, a measure of the test accuracy

Analysis of Virtual Screening Results by Receiver 
Operating Characteristic (ROC) Curves

81 true positives (active compounds)
log(RBA) > -5.0

SUMMARY
1. New computational approach was tested to identify the minimal 

subset of receptor conformations for improved flexible docking

- MD-generated conformations can be used to find optimal
receptor conformations

- Weight optimization in the preliminary docking enabled us to
sample the minimal subset that provided good correlation
between experimental binding affinity and docking scores

2. ERα and its diverse acitve/inactives compounds were tested

3.   Analysis of AUC & ROC plots quantitatively showed that our KB-
based multiple dockings were superior to single dockings

4. Full molecular mechanics energy calculations significantly 
improved the binding affinity prediction and rank-order activity
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Compound Activity (pK i)
"Y"

Descriptors (Xi)
    Mol. Vol. (Å3)               LogP               Dipole Mom (µµµµ)

1 2.34 420 2.8 0.97
2 1.89 332 4.6 2.23
3 0.23 198 -0.3 3.36
4 3.67 467 3.7 0.45
5 2.55 359 -1.5 1.77

etc. etc. etc. etc. etc.
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… where PC1 and PC2 are linear combinations of µµµµ and SA
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pK i = ao + a1 (Vi) + a2 (logPi) + a3 (µµµµi) + ...
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Mining Structural Databases
- M ay bridg e Data b as e     -NCI Data b as e    - AC D Data b as e      - W DI Data b ase

~ 118,000 chemicals ~ 60,000 chemicals ~ 230,000 chemicals  ~ 100,000 chemicals

… but how do you

find new “ leads” ?

Database

Hits
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Ø Molecular Weight ≤≤≤≤ 500 (opt = ~350)
Ø # Hydrogen Bond Acceptors ≤≤≤≤10 (opt = ~5)
Ø # Hydrogen Bond Donors ≤≤≤≤ 5 (opt = ~2)
Ø -2 <  cLog P < 5  (opt = ~3.0)
Ø # Rotatable Bonds ≤≤≤≤ 5

1:    C. Lipinski et al, Adv. Drug. Del. Rev, 23, 31:    C. Lipinski et al, Adv. Drug. Del. Rev, 23, 3--25 (1997)25 (1997)
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5.  Apply QSAR Models

6.  Molecular (Dis)Similarity
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X = C, N, O, S
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DISTANCE CONSTRAINTS
(Qualitative Affinity prediction mostly)

DISTANCE CONSTRAINTS
(Qualitative Affinity prediction mostly)
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Pharmacophore can be defined by constraints 
imposed by the receptor on the ligands
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Lam et al. Science 263:380-384, 1994
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Concept that a chemical group can be mimicked by a similar group
Precedent in that many substitutions of molecules result in similar
biological activity –another example of ‘similarity’

e.g. : 
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(A) M ix-and-Match
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(C) Database Searching

cf.     WIN-55212,      pKi = -0.04 nM
         CP-55244,         pKi = 0.96 nM
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Active Lead
Compound

Neighborhood
Region

The property of a Compound
is shared by most other
compounds within i ts
Neighborhood Region

i.e. neighbors of an active 
compound have a higher
probabil i ty of behaving in a
‘similar’ way

other  
compounds
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“ How” a key hits?
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• similar ity measures are most commonly calculated from 
structure fingerpr ints
– count the bits that are “ on” in both molecules (“ C” )
– count the bits that are “ on” in each molecule separately (“ D” )

struct A: 00010100010101000101010011110100  13 bits
struct B: 00000000100101001001000011100000    8 bits

A &  B = C: 00000000000101000001000011100000    6 bits A ∩∩∩∩B
A or  B = D:                00010100110101001101010011110100   15 bits A ∪∪∪∪B

– similarity coefficient can 
be calculated from A, B and C
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Neighborhood Behavior
How well do 2D fingerprints measure neighborhood

behavior in 20 literature datasets?

*Activity data from Uehling et al, J. Med.Chem. 1995

0

0.5

1

1.5

2

2.5

1.00 0.95 0.90 0.85

A
ct

iv
ity

 d
iff

er
en

ce
 (

lo
g 

un
its

)

Neighborhood
Region

Tanimoto similarity

Selection of Representative Compounds 
From Vir tual L ibrar ies
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•• Supplier A: purpleSupplier A: purple

•• Supplier B: yellowSupplier B: yellow

•• Supplier C: greenSupplier C: green

•• Supplier D: redSupplier D: red

Focused  L ibrary
1. Drug-Like

2. Structurally  Diverse
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Cluster analysis
• Refers to a group of statistical methods used for 

identifying groups (“clusters”) of similar items in a multi-
dimensional space

• Three popular methods of cluster-analysis: 

Ward’s, K-means and Jarvis-Patrick

• Require a measure of distance or similarity between 
items

Cluster analysis applied to chemical information

• Three main uses:
– Grouping compounds into series, particularly helpful in analyzing 

large datsets (i.e. 1,000 series easier to analyze than 50,000 
arbitrary compounds)

– Grouping structures which are likely to have similar biological 
activity, the premise being that if several compounds in a cluster 
are active, others are likely to be active too

– Picking small sets of “representative compounds” from large 
datasets

• Common measures of similarity and distance – Tanimoto
and Euclidean

• By incorporating these fingerprint-based methods, we 
can use standard cluster-analysis techniques for finding 
groups of similar structures in a dataset

Kinds of cluster analysis used in chemoinformatics

• Hierarchical
– Agglomerative (e.g. Wards)

– Divisive

• Non-hierarchical
– Single-pass

– Nearest Neighbor (e.g. Jarvis-Patrick)

– Relocation (e.g. K-means)

• “New” methods
– ROCK, CURE, CLARA, Chamelion

Clustering methods Hierarchical Clustering - Agglomerative

• Starts with each compound in its own cluster
• The two most similar clusters are merged

• The process repeats (creating a “tree”) until all items are 
merged into one cluster

• Wards uses Euclidean Distance to measure similarity 
between items.  Clusters of more than one compound 
are represented by an “mean” fingerprint



Sample dataset

Acetaminophen Alprenolol Amphetamine Captopril

Chlorpromazine Diclofenac Gabapentin Salicylate

Ward’s Clustering

Ward’s Level 
Selection

Wards Level 
Selection

Wards Hierarchical Clustering - Divisive

• Starts with all compounds in one cluster
• The cluster is split into two. These two clusters are then 

split, and so on until all compounds are in the same 
cluster

• Not really used in the chemoinformatics community, 
although some divisive methods (e.g. Divisive K-means) 
are being explored



Jarvis-Patrick

• For each compound in a dataset, the J nearest 
neighbors (i.e. other compounds in the dataset that are 
the most similar) are identified.

• Compounds are then placed in the same cluster if they:
– Are in each others’ list of J-nearest neighbors

– K of their J nearest neighbors are in common

• Requires that J and K be predefined

• Usually uses Tanimoto as measure of similarity
• Very fast, but clusterings generally not as good as other 

methods

K-means clustering (Relocation)

• Pick a random set of initial cluster “centroids”
• Place each of the items into the nearest cluster

• Recalculate centroids

• Repeat, until no more items change cluster

K-means K-means

• Need to decide number of clusters beforehand
• Much faster than Wards

• Generally requires a few (3-50) iterations to settle

• Less likely to produce “singletons” than Wards => you 
have ‘stragglers’ in clusters

“New” methods

• Most work was done on clustering methods in the 60’s 
and 70’s. Then not much was done until the 90’s when a 
bunch of new methods were developed as a result of the 
needs of data mining

• These are generally able to handle oddly-shaped 
clusters better than their older counterparts

• Still yet to be evaluated for chemoinformatics

• Examples: ROCK, CURE, Chameleon
• See Downs & Barnard 2002 paper for more information

Current consensus on Clustering

• Wards provides the most accurate clustering, but is time 
consuming – O(N2)

• There are multiple ways to choose a level from a Ward’s 
hierarchy

• K-means is much faster than Wards – O(N) – but not 
quite as effective

• Jarvis-Patrick still used especially for very large datasets

• A number of new methods have been introduced into the 
data mining community in the last 10 years, and these 
are under investigation for use in Chemoinformatics
applications



Cluster analysis - General References

• Chemical Similarity Searching, P. Willett, J.M. Barnard, 
G.M.Downs, J. Chem. Inf. Comput. Sci., 1998, 38, 983-
996

• Clustering of Chemical Structures on the Basis of Two-
Dimensional Similarity Measures, J. Chem. Inf. Comput. 
Sci, 1992, 36, 644-649 

• Clustering methods and their uses in Computational 
Chemistry, G.M.Downs and J. M. Barnard, Reviews in 
Computational Chemistry, 2002, 18, 1-40

• Gaussian mixture clustering and imputation of 
microarray data, M Ouyang, WJ Welsh, P Georgopoulos, 
Bioinformatics, 2004, 20, 917-923

Cluster analysis - Application

• Separating Actives and Inactives
– Use of Structure-Activity Data to Compare Structure-Based 

Clustering Methods and Descriptors for Use in Compound 
Selection, R.D. Brown, Y.C. Martin, J. Chem. Inf. Comput. Sci., 
1996, 36, 572-584.

• Finding series
– Comparison of 2D Fingerprint Types and Hierarchy Level 

Selection Methods for Structural Grouping using Wards 
Clustering, D.J. Wild, J. Blankley, J. Chem. Inf. Comput. Sci., 
2000, 40, 155-162. 

Diversity Analysis

• Arose in the late 1990’s in response to the following 
needs:
– There was much interest as to how well the corporate collections

held by pharmas “covered” possible chemistry / drug space

– Combinatorial Chemistry experiments were producing many new 
compounds, and people wanted to know if these compounds 
added anything new to their corporate collections, i.e. if they 
made the datasets more diverse, or just replicated what was 
already in there

– Libraries of thousands of compounds became available for 
purchase – are they worth the money?

“Descriptor Space”

• If you chose a descriptor set (e.g. of n fingerprint bits), 
the “descriptor space” represents the space created if 
you plot each of the descriptors as a separate dimension

• E.g. if we just had two descriptors (mol.wt. and LogP), 
our descriptor space would be:

LogP

Mol Wt.

“Descriptor Space”

• People began to talk about “Chemistry Space” and “Drug 
Space”:
– Chemistry space – if you made all the possible compounds that 

could theoretically be made, the chemistry space represents the 
regions of a multi-dimensional descriptor space (as defined by a 
given descriptor set) that would be occupied

– Drug space – the regions of the chemistry space that would be 
inhabited by drug molecules

• So questions began to be asked such as “how much of 
chemistry space does our corporate collection cover?”; 
“how could we cover more?”; “what about drug space?”
etc.

Simple descriptor space for corporate 
collection

Taken from Shemetulskis, et. al., Enhancing the diversity of a corporate database
Using chemical database clustering and analysis, Journal of Computer-Aided
Molecular Design, 1995, 9, 407-416



“Diversity”

• Thus, companies wanted to increase the “diversity” of 
their corporate collections, i.e. make them cover more 
chemistry and / or drug space.

• The hope then is that you have a better chance of finding 
a “hit” in a high-throughput screen, etc.

Measuring Diversity of a set of compounds
- Mean dissimilarity method

• Calculate the Mean Inter-molecular Similarity of all the 
pairs of molecules in the set, e.g. using the tanimoto
coefficient:

• Mean Dissimilarity = (1 – MIMS)
• Gives a measure of relative diversity, i.e. how different 

the molecules are to each other. Doesn’t say how much 
“space” is covered by the molecules

MIMS =
Σ Tij

j=1

n

n2

Σ
i=1

n

Which is the most “diverse”? Picking a “representative set”

• Find a small subset of compounds from a larger set 
which “represents” the large set

• We can then, e.g. only screen the small subset, on the 
assumption that we’re “covering the chemistry space” of 
the large set 

Picking a “representative set”

• E.g. by clustering, and picking compounds nearest the 
cluster centroids:

Picking a “representative set”

• E.g. pick the set which Maximizes the Minimum distance 
between representatives 



Comparing sets of compounds

• How diverse is this set compared to this other set?
– You can compare Mean dissimilarity

– Comparing with a large, general dataset (e.g. World Drugs 
Index) can give a measure of how a dataset compares in 
diversity to a large, general collection, which approaches 
“coverage”

• How different are these two sets of compounds?
– Calculate individual diversity measures, then the diversity 

measure when combined. How much does the diversity go up?

– BUT: May not be accurately reflected by mean dissimilarity

Comparing sets of compounds

Benzo-
diazepines
(Grey)

Isoxazoles
(Green)

Dipeptides
(Red)

Modern QSAR
• Use computational statistical and machine-learning methods to build 

“models of activity” to predict activity of unknown compounds (2D or 
3D)

• Models are trained using compounds where activity is known

• Examples:
– Linear and Multiple regression

– Principal Component Analysis

– Recursive partitioning

– Neural Networks

– Support Vector Machines

– Genetic Algorithms

– Bayesian analysis

– Version Spaces

• See NetSci QSAR articles in 
http://www.netsci.org/Science/Compchem/

Building models of activity

• Most methods assume a single response variable (e.g. 
activity) and multiple descriptor variables (e.g. fingerprint 
bits, properties).

• Linear methods (e.g. Hansch, Free Wilson) assume that 
the activity varies linearly with the descriptor values that 
affect it

• Non-linear methods do not make this assumption, and 
thus are generally the most useful.

Building models of activity

• Most nonlinear methods use three phases:
• A training phase where the models are presented with 

sets of descriptors and known responses (e.g. fingerprint 
bits and known activities for a set of compounds)

• A validat ion phase where the trained model is tested on 
compounds with known activity, but where the activity 
isn’t presented to the model

• A predict ive phase where the model is used to predict 
activity of unknown compounds

Model development phases

model

3.2 4.8 0

model 4.1, -0.2, 2.8

4.3 0

model

? ?

4.4, 0.3 …

2.8

training

validation

predict ion



Recursive Partitioning

• One of the first methods to be applied to large datasets 
(e.g. using HTS data)

• When trained, RP recursively splits a dataset into two 
subsets, based on the values of a particular descriptor. It 
splits based on the descriptors and their values that best 
discriminate between actives and inactives

• The criterion used for splitting can then be used 
predictively – the predicted activity is usually the average 
of the set into which it falls

Recursive Partitioning
1000 compounds

(300a, 700i)

logP > 2?

NoYes

420 compounds
(280a, 120i)

580 compounds
(20a, 560i)

mw < 300?

217 compounds
(215a, 2i)

203 compounds
(65a, 138i)

Yes No
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