Follow-up of offline activities

1.

Questions from the last lecture: Phase IV clinical trials

2.

Questions about Tsai et al.
– How many compounds were screened? (20,000) What information is available about their properties? (kinase inhibition, molecular
weight between 150 and 350 daltons)
– How were the compounds screened? (single-dose 200 uM, crystallography with structurally divergent kinases)
– What was the initial chemical structure that was found to bind to the ATP-binding site? (7-azaindole)
– By overlapping structures, the team aimed to optimizing what two properties of the compounds? (potency and selectivity)
– What types of compounds were tested in the subsequent screening? (mono- and di-substituted analogs built around the
7-azaindole core)
– What properties does the PLX4720 compound have that make it particularly attractive as a drug? (affinity, selectivity, and a good
safety profile)

3. Questions about the exercises in the handout (see next slide)
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Exercises of lecture 2 and 3
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AMIDD Lecture 4: Principles of screening

The chemical library at Novartis
headquarters in Basel currently
contains roughly 3 million
molecules. We aim to expand
that number radically within the
next few years.
Jay Bradner, President of
NIBR, in an interview in 2017

Dr. Jitao David Zhang, Computational Biologist
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Pharmaceutical Sciences, Pharma Research and Early Development, Roche Innovation Center Basel, F. Hoffmann-La Roche
Department of Mathematics and Computer Sciences, University of Basel

Today’s goals

•

Protein biology and structure determination

•

Representation and molecular descriptors of small molecules

•

Two views of ligand-target binding
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Workflow in a typical drug-discovery program
1.

Compound library construction;

2.

Screening compounds with bioassays, or assays, which
determine potency of a chemical by its effect on biological
entities: proteins, cells, etc;

3.

Hit identification and clustering;

4.

More assays, complementary to the assays used in the
screening, maybe of lower throughput but more biologically
relevant;

5.

Analysis of ligand-target interactions, for instance by getting
the co-structure of both protein (primary target, and
off-targets if necessary) and the hit;

6.

Drug design, namely to modify the structure of the drug
candidate;

7.

Analog synthesis and testing (back to step 4);

8.
9.
10.

Multidimensional Optimization (MDO), with the goal to
optimize potency, selectivity, safety, bioavailability, etc;
Further in vitro, ex vivo, and in vivo testing, and preclinical
development;
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Compound
library

7

6

Screening

3

Hit clusters

4

Assays

Improved
structures

Drug
design
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Target
based
Phenotype
based

Ligand-target
interaction
8

Multi-dimensional
optimization (MDO)

Further testing in vitro, ex
9 vivo, and in vivo
10 Entry into Human (EiH)

Entry into human (Phase 0 or phase 1 clinical trial).
A schematic presentation of structure-based drug discovery
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Selected mathematical concepts

• Affinity
– The (bio)physical view
– The (bio)chemical view
• The Michaelis-Menten model and enzymatic kinetics
• Example of structure-based drug design: molecular docking
• Example of ligand-based drug design: similarity and quantitative structure-activity
relationship (QSAR)

6

From amino acids to proteins
•

Translation of mRNA means
that two consecutive amino
acids specified by 3-nucleotide
codons form peptide bonds
(top left panel). The peptide
bonds concatenate amino acids
together into peptides or
proteins.

•

The peptide plane geometry,
determined by X-ray
crystallography, is used to
model structures and proteins.
(bottom left panel).

•

Protein structures can be
thought of as hierarchical:
primary amino-acid sequences
form secondary structures
(alpha helices and beta sheets),
which form 3D structures of
proteins, which can further form
complexes (right panel).

Peptide bond formation

Peptide plane geometry. (Left) distribution of electrons in the bond
(right) bond angles and distances by X-ray. Source

Four levels of protein structures
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Three major experimental approaches to determining protein
structures

X-ray crystallography

Cryo-electron microscopy (CryoEM)
Nuclear Magnetic Resonance (NMR)

Figure sources:
https://www.creative-biostructure.com/comparison-of-crystallography-nmr-and-em_6.htm
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Three major experimental approaches to determining protein
structures
Method

X-ray
crystallography

Nuclear
Magnetic
Resonance
(NMR)

Cryo-electron
microscopy

Underlying physical properties

The crystalline structure of a molecule
causes a beam of incident X-rays to
diffract into many specific directions.

Main mathematical
technique used
Fourier series and Fourier
transform

Advantages
●
●
●

Nuclei with odd number of protons and/or
neutrons in a strong constant magnetic
field, when perturbed by a weak
oscillating magnetic field, produce an
electromagnetic signal with a frequency
characteristic of the magnetic field at the
nucleus.

Distance geometry (the
study of matrices of
distances between pairs of
atoms) of and discrete
differential geometry of
curves

An electron microscope using a beam of
accelerated electrons (instead of protons)
as a source of illumination. Samples are
cooled to cryogenic temperatures and
embedded in an environment of vitreous
water (amorphous ice).

An inverse problem of
reconstruction - the
estimation of randomly
rotated molecule structure
from a projection with
noise; Fourier transform;
iterative refinement

●
●

●
●
●

Established
Broad molecular
weight range
High resolution

3D structure in
solution
Dynamic study
possible

Easy sample
preparation
Ntive-state structure
Small sample size

Limitations

●
●

Crystallization
Static model

●

High sample purity
needed
Molecular weight
limit (~<40-50
kDa)
Sample
preparation and
computational
simulation

●

●

●
●

Costly EM
equipment
Challenging for
small proteins
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In silico presentation of protein structures: PDB

http://www.rcsb.org/3d-view/3OG7

Ligand view
Structural view

Balls and sticks: protein V600E and ligand (PLX4032)
Blue dashes: hydrogen bonds (<3.5 Angstrom)
Gray dashes: hydrophobic interactions (<4 Angstrom)

Working with PDB files with PyMol from the command-line
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If no structure is available, homology model building may help

Sliwoski, Gregory, Sandeepkumar Kothiwale, Jens Meiler, und Edward W.
Lowe. „Computational Methods in Drug Discovery“. Pharmacological Reviews
66, Nr. 1 (1. Januar 2014): 334–95. https://doi.org/10.1124/pr.112.007336.

•

Levinthal's paradox: It would take a protein the present age of
the universe to explore all possible configurations and find the
minimum energy configuration. Yet proteins fold in microseconds.

•

CASP: Critical Assessment of Techniques for Protein Structure
Prediction

•

A thought-provoking blog from Mohammed AlQuraishi: AlphaFold @
CASP13: “What just happened?”, with an informal but good
overview of history of protein structure prediction, and his indictment
(criminal accusations) of both academia and pharma.
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Antibodies are also proteins

TNF

Attwood, Misty M., Jörgen Jonsson, Mathias
Rask-Andersen, and Helgi B. Schiöth. 2020. “Soluble
Ligands as Drug Targets.” Nature Reviews Drug
Discovery 19 (10): 695–710.
https://doi.org/10.1038/s41573-020-0078-4.

Humira (heavy chain)

PDB 3WD5, Crystal structure
of TNF-alpha in complex with
Adalimumab (Humira) Fab
fragment, PubMed: 23943614

TNF (light chain)
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Ligand-based and structure-based drug design

Ligand (chemical starting point)

Target and its protein structure

Not Available

Not Available

Available

Solving protein structure

Ligand-based drug design,
e.g. similarity and QSAR, and
target/MoA identification

Available

Target-based screening

Structure-based drug design,
e.g. docking

Phenotypic screening
QSAR= quantitative structure activity relationship; MoA= mechanism of action, or mode of action
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ChEMBL as information source of small molecules
Nomenclature

Bioactivity

caffeine
1,3,7-trimethylxanthine
methyltheobromine

Affinity to human
proteins and drug
targets

Chemical data
Formula: C8H10N4O2
Charge: 0
Mass: 194.19

Chemical Informatics

Database Xrefs
PubChem: CID2519
BindingDB: 1849

Visualisation

InChI=1/C8H10N4O2/c1-10-4-9-6-5(10)7(13)
12(3)8(14)11(6)2/h4H,1-3H3
SMILES: CN1C(=O)N(C)c2ncn(C)c2C1=O
A subset of available information from EBI ChEBI/ChEMBL,
inspired by EBI’s roadshow Small Molecules in Bioinformatics
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Representation of small molecules

• Simplified Molecular-Input Line-Entry System (SMILES)
• IUPAC International Chemical Identifier (InChI)
• InChiKey: a 27-character, hash version of InChI
• Molfile: a type of chemical table files
15

The tragedy of thalidomide and the importance of
representation

Frances Oldham Kelsey received the President's Award
for Distinguished Federal Civilian Service from
President John F. Kennedy, 1962

Canonic SMILES of thalidomide

(1957)
I thank Manuela Jacklin for
her help preparing this slide.

Isomeric SMILES of (-)(S)-thalidomide

Isomeric SMILES of (+)(R)-thalidomide

C1CC(=O)NC(=O)[C@H]1N2C(=O)C3=CC=CC=C3C2=O

C1CC(=O)NC(=O)[C@@H]1N2C(=O)C3=CC=CC=C3C2=O
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Molecular descriptors: numeric values that describe chemical
molecules.
In contrast to symbolic representations, molecular descriptors
enable quantification of molecular properties. It allows
mathematical operations and statistical analysis that associate
biophysical/biochemical properties with molecule structures.

- Atom
count
- Molecular
weight

logP is an experimental molecular
descriptor. Calculated version (cLogP)
exists as well.

- Sum of
atomic
properties

- Fragment
- Topological
counts, e.g. descriptors,
# of -OH
e.g. the
- Fingerprints Wiener
Index, sum
of lengths of
the shortest
paths
between all
non-H atoms

- Geometrical - Combination
of atomic
- Atomic
coordinates
coordinates
and sampling
- Energy grid
of possible
conformations
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Lipinski’s Rule of Five of small-molecule drugs
• HBD<=5: No more than 5 hydrogen-bond donors, e.g. the total
number of nitrogen–hydrogen and oxygen–hydrogen bonds.
• HBA<=10: No more than 10 hydrogen-bond acceptors, e.g. all
nitrogen or oxygen atoms
• MW<500: A molecular weight less than 500 Daltons, or 500 g/mol.
Reference: ATP has a molecular mass of ~507.
• logP<=5: An octanol-water partition coefficient (log P) that does not
exceed 5. (10-based)

DeGoey, et al..
2018. “Beyond
the Rule of 5:
Lessons
Learned from
AbbVie’s Drugs
and Compound
Collection.”
Journal of
Medicinal
Chemistry 61
(7): 2636–51.

ATP

Source: cheminfographic.com

Figure 7: Plot of MW vs cLogD of
FDA approved oral drugs. Red
points: ‘high probability area’
supposed by (questionable) data
analysis. Shultz, Michael D. 2019.
“Two Decades under the Influence
of the Rule of Five and the
Changing Properties of Approved
Oral Drugs.” Journal of Medicinal
Chemistry 62 (4): 1701–14.
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The biophysical and biochemical views of ligand-target binding

•

A ligand is a substance that forms a complex with a biomolecule to serve a biological
purpose. For instance, a drug can produce a signal by binding to a site on a target protein.
–

A ligand that binds to and alters the function of the receptor that triggers a
physiological response is called a receptor agonist.

–

A ligand that binds to a receptor but fail to activate the physiological response is a
receptor antagonist.

•

The biophysical view of binding: Binding occurs in favourable steric, i.e. spatial,
configurations (the ‘lock-and-the-key’ model) and is mediated by intermolecular forces,
such as electrostatic interactions (ionic bonds, hydrogen bonds), Van der Waals forces
(dipole interactions), π-effects (interactions of π-orbitals of a molecular system), and
hydrophobic effect. Both enthalpy and entropy contribute to the binding energy.

•

The biochemical view of binding: The rate of binding is called affinity, often expressed in
Kd or, for inhibitors, Ki. A closely related, and often confusing, concept is IC50. We will talk
about them in the next lecture when we talk about the Michaelis-Menten model, the
dose-response curve, and the Hill function.

•

Binding affinity data alone does not determine the overall potency of a drug. Potency
depends on binding affinity, the ligand efficacy, and many other factors.

Four basic types of kinetic mechanism of
inhibition, source: sciencesnail.com
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Summary and Q&A

• Protein biology and structure determination: X-ray, NMR, and CryoEM. In case no structure
is available, homology modelling can be used.
• Representation and molecular descriptors of small molecules: symbolic representations
and cheminformatic resources in ChEMBL, molecular descriptors, and Lipinski’s Rule of Five.
• Two views of ligand-target binding: foundation of ligand-based and structure-based drug
design.
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Offline activities

•

Read selected pages of Evaluation of the Biological Activity of Compounds: Techniques and Mechanism
of Action Studies by Dougall and Unitt and answer questions (see the next slide). Please submit your
results to the Google Form, the link of which will be sent via a separate email.

•

Optional and recommended:
–

Fill the anonymous survey #4 (link will be sent via a separate email).

–

Recommended reading: Mathematical techniques used in biophysics by J. R. Quine

21

Questions about Evaluation of the Biological Activity of
Compounds: Techniques and Mechanism of Action Studies
Q1. An important chemical and mathematical concept was not described in the book chapter: what does the Law of
Mass Action mean?
Q2: Which quantity measures binding affinity directly: dissociation constant (KD) or the concentration of the test
compound that produces 50 percent inhibition (IC50)?
Q3: In Figure 2.3, what do x- and y-axis represent in panel (A) and panel (B), respectively?
Q4: What is a sigmoidal curve?
Q5: Do IC50 values indicate a particular mechanism of action (MoA)?
Q6: In a certain enzymatic assay,, two compounds have the following pIC50 values: 7.2 (Compound A), 9.3
(Compound B). If all other conditions are held constant, what is the relationship between binding affinities of the two
compounds with regard to the target?
Q7: Why is DMSO often used in bioassays?
Q8: Can you use your own language to describe what is the Hill function?
Q9: What statistical measure is used to measure the signal-noise ratio in screening? Can you use your own
language explaining it?
Q10: Why logarithm (usually base 10) transformation is often preferred to represent quantities such as IC50 and Ki?
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Resources

Resources about mathematics behind approaches to
determine molecular structure
• Mathematical and physical foundations
–
–

Recommended reading: Mathematical techniques used in
biophysics
Background on imaging physics at xrayphysics.com

Swiss Light Source, the
synchrotron at the Paul
Scherrer Institute (PSI),
copyright of PSI

• X-ray diffraction by electrons
–

An AMS Feature Column by Tony Phillips

–

Stanford open course Fourier transform and its applications

• Nuclear Magnetic Resonance (NMR)
–

A beautiful video tutorial about the principles of magnetic
resonance imaging (MRI), which is a variant of NMR

• Cryo-electron microscopy (CryoEM)
–

A three-minute introduction to CryoEM

–

Nobel Prize Talk by Joachim Frank

–

Talk on Mathematics of CryoEM, by Prof Amit Singer, with a
manuscript available at arXiv: https://arxiv.org/abs/1803.06714

Adapted from
Bushberg JT, The
Essential Physics
of Medical Imaging:
Lippincott Williams
& Wilkins; 2002
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