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Success stories of structure-

based drug discovery



metformin

(Glucophage – Rona 1922, 1958)

 antidiabetic

 antihypertensive

 inhibits Angiotensin Converting 
Enzyme (ACE)

 pro-drug

 designed from viper snake venom 
Ramipril

(Altace – Aventis 1991, 1991)

acetylsalicylic acid

(ASPIRIN – Bayer 1853, 1899)

 antipyretic 

 analgesic

 anticoagulant

 pro-drug

 commercially, the most 
successful drug ever 

Nature is the best chemist



Discovery and life expectancy

1796 
smallpox 
vaccine

1932, 1945 
antibiotics



History of the Food & Drug Administration (FDA)

Chemist Lee Geismer looking over an New Drug Application (NDA) in the 1960s (fda.gov)

 1906 Food and Drugs Act prohibited adulteration or misbranding of
pharmaceuticals. Premarket approval of drugs not required -
commercialization of hazardous or useless drugs were not prevented

 1937 sulfanilamide formulation with untested solvent killed more than 100
people.

 1938 Food, Drug, and Cosmetic Act - evidence of drug safety required
 1962 – required evidence of effectiveness through adequate clinical trials

Sulfanilamide
Antibacterial agent used in WW2



It’s the drug whole story, including what happened during the 
clinical tests, what the ingredients of the drug are, the results 
of the animal studies, how the drug behaves in the body, and 
how it is manufactured, processed and packaged.

The goals of the NDA are to provide enough information to 
permit FDA reach key decisions, whether the drug:

 is safe and effective in its proposed use(s), and whether 
the benefits of the drug outweigh the risks

 the proposed labeling (package insert) is appropriate, and 
what it should contain

 the methods used in drug manufacturing and controls 
preserve the drug's identity, strength, quality, and purity

New Drug Application (NDA)



Summary of FDA New Drug Applications (NDAs)

 Average submitted NDAs (1938 - 2011) 254.3/year

 Average approved NDAs  (1938 - 2011) 168.9/year

 Average NMEs             (1938 - 2011)  21.2/year

fda.gov



Number of approved drugs by the US FDA 

 2007-2015: average 30 approved NMEs/year

 2013-2022: average 43 approved NMEs/year

NME – New Molecular Entity

BLA – Biologics License Application Mullard, A. (2023) 2022 FDA approvals. Nature Review Drug Discovery



Stages of drug discovery

Jones, AW (2019) Perspectives in Drug Discovery 





Taylor Wang (2020) Honor’s Thesis: The Relationship 
Between Pharmaceutical R&D Spending and NME 
Development, University of California, Berkeley 



Total New Medical Entities by Pharma Company 1999-2018. 

Modified from "R&D efficiency of leading pharmaceutical companies – A 20-

year analysis"
ALEX ZHAVORONKOV, PHD



Spending more in R&D does not mean more NMEs

Taylor Wang (2020) Honor’s Thesis: The Relationship Between Pharmaceutical R&D Spending and NME Development, University of 
California, Berkeley | Department of Economics 



Phase success and likelihood of approvals (LOA) rates of academic drug discovery and 
development that was begun between 1991 and 2010. NDA/BLA, new drug application/biologics 
license application.

A submitted NDA has a high chance of approval

Takebe, T et al. (2018)  The Current Status of Drug Discovery and Development as Originated in United States Academia: The Influence of Industrial 
and Academic Collaboration on Drug Discovery and Development. Clin Transl Sci. Nov; 11(6): 597



Structure-based drug design (SBDD)

 Develop new drug candidates for a 

disease

 Protein target relevant for the disease

 Relies on knowledge of the protein 3D 

structure

 Find compounds that block (or enhance) 

protein activity by binding to:

 catalytic site

 allosteric site (better for selectivity)

 Structural information of protein-ligand 

interaction is used to develop new 

compounds with increased potency and 

selectivity

Tyr46

Arg221

Cys215

Gln262

Gln266

H2O 11

Asp181

PTP1B co-crystallised with OBA



Examples of drugs developed using SBDD

 Dorzolamide (Merck, 1995) – first SBDD approved drug (anti-glaucoma 
agent; carbonic anhydrase inhibitor)

 Imatinib (Novartis, 2001) – first anti-cancer drug substantially different 
from previous anti-cancer drugs (inhibitor of the tyrosine kinase bcr-abl )

 Vemurafenib (Roche, 2011) – first FBDD approved drug (late stage 
melanoma; inhibitor of B-Raf (V600E)) - only 6 years from fragment to 
approval!



Structure-based drug discovery (SBDD)

+ 
Early ADMET-PK



The essentials of a SBDD project
 Protein:

 Easily overexpressed to high amounts

 Stable (ideally can be frozen or lyophilised)

 Folded

 Suitable for structural biology: i.e. crystallised into robust (compound 
soaking) and high-symmetry crystals (reduced acquisition time)

 Chemical library:
 High-purity (> 95%)

 High amounts (up to 50 mg)

 Highly soluble in DMSO and water

 Without reactive or unstable molecules

 Infrastructure and technology:
 Wet-lab with biophysical equipment 

 High-field NMR spectrometers

 Crystallography facility and access to synchrotron

 CryoEM facility

 Chemistry support 



NMR in drug discovery
 Construct optimization of the target protein

 NMR screening and hit validation

 Map the ligand-binding site

 Characterize the protein-ligand interaction 

 Protein-ligand structure determination

15N

1H1H

folded largely unfolded

Protein
Protein + 
compound 

15N

1H



15N

1H1H

Is the protein folded?

Protein A Protein B

Nicely folded Largely unfolded

 Improve construct/NMR conditions

~ 200 amino acid residues



NMR screening and validation

 NMR detects ligand binding mM nM

 Specific binding can be distinguished from unspecific 
binding

 False positive identification

 Different pH, salt, buffer or redox conditions can be 
chosen



Saturation Transfer Difference (STD) 
experiments 

 Fast
 Unlabelled protein
 Low protein concentrations (~20 
M)

 Compound soluble in buffer 
(maximum DMSO levels 20%)

 Binding epitope can be inferred

Problems:

 STD signals but non-specific 
interaction

 No STD signals but specific binding

1D screening

irradiation

protein

1D

STD

Signals indicate binding of the 
compound to the protein

ligand



Chemical shift 
perturbations mapping

1H

Protein
Protein + compound 

15N

2D screening

Protein
Protein + ligand

 Identifies specific binding epitopes

 Requirements:


15N-labelled protein

 Assignment and 3D structure of the protein



Hit validation

Significant shifts

Positive hit

Protein precipitation

False positive hit 

Protein

Protein + 4456-0499

Protein

Protein + 4696-0682

IC50 = 610 nM IC50 = 300 nM



Determining the protein-ligand affinity (KD)

Limitations:

 Simple systems

 Fast exchange

 mM μM binding

 Higher affinities – other 
techniques e.g. ITC

15N

1H

Ligand titration by NMR

Characterizing protein-ligand interactions



Determining how the ligand exerts its action

Inhibition of the interaction with biological partners

15N  A +
B

15N  A

B

15N  A

B

15N  A

+

B

15N  A

B

C

C

T2 estimation

~ 27 kDa
~ 37 kDa

~ 37 kDa ~ 33 kDa



3D structure determination

 3D structure determination of protein-
ligand complexes

 High-resolution – fine details of ligand-
protein interactions can be determined 
and used to improve affinity or selectivity 
of the compound 

 Crystallography: fast (once you get 
crystals!)

 NMR spectroscopy: slow and limited to 
smaller complexes (< 100 kDa)

 Cryo-EM: limited to larger complexes 
(>100 kDa), resolution usually ~3 Å



FBDD drugs (June 2023) 

Drug Company Target Disease FDA Approval

Asciminib Novartis BCR-ABL1 Cancer 2021

Erdafitinib Astex/J&J FGFR1-4 Cancer 2019

Pexidartinib Plexxikon CSF1R, KIT Tumor 2019

Sotorasib Amgen KRASG12C Cancer 2021

Vemurafenib Plexxikon B-RAFV600E Cancer 2011

Venetoclax AbbVie/Genentech Selective BCL-2 Cancer 2016

http://practicalfragments.blogspot.com/2021/10/asciminib-sixth-fragment-derived-drug.html
http://practicalfragments.blogspot.com/2019/10/the-story-of-erdafitinib-abridged.html
http://practicalfragments.blogspot.com/2015/10/fragments-in-clinic-plx3397.html
http://practicalfragments.blogspot.com/2021/05/sotorasib-fifth-fragment-derived-drug.html
http://practicalfragments.blogspot.com/2011/08/first-fragment-based-drug-approved.html
http://practicalfragments.blogspot.com/2016/04/second-fragment-based-drug-approved.html


First fragment-based drug approved 17/08/2011



The story of vemurafenib (ZELBORAF)

Vemurafenib=PLX4032

 Drug discovered at 
Plexxikon in partnership 
with Roche; Plexxikon
acquired by Daiichi Sankyo 

 6 years from fragment to 
approval!

 Treatment of late stage melanoma 

 Targets B-Raf (V600E),  a Ser-Thr
protein kinase

 50% melanomas carry this 
mutation

 B-Raf most frequently mutated 
kinase in human cancers

 Increases survival by 
approximately 5 months longer

 $9400 /month



Compound evolution

Discovery of a selective inhibitor of oncogenic B-Raf kinase with potent antimelanoma activity.
Tsai J. et al. Proc Natl Acad Sci U S A. 2008 Feb 26;105(8):3041-6

Pim-1 FGFR1 B-Raf

 Initial screen of a 20000 compound library against the ATP-binding site of 3
kinases (Pim-1, CSK, p38)

Zelboraf (PLX4032) has 
better pharmacokinetic 
properties in dogs and 
monkeys than PLX4720



PLX4720 binds preferentially to active B-Raf

Discovery of a selective inhibitor of oncogenic B-Raf kinase with potent antimelanoma activity.
Tsai J, et al. Proc Natl Acad Sci U S A. 2008 Feb 26;105(8):3041-6

DFG-in DFG-out



B-Raf(V600E) in complex with PLX4032

36
Clinical efficacy of a RAF inhibitor needs broad target blockade in 
BRAF-mutant melanoma. Bollag G, et al. Nature. 2010, 467:596

Problems: PLX4032 has 
low brain-blood barrier 
permeability



Second fragment-based drug approved 11/04/2016



The story of venetoclax (VENCLEXTA)

venetoclax=ABT-199

 Drug discovered at AbbVie 
and Genentech; Initial work 
done at Abbott

 Two decades from initial 3D 
structure to approval!

 Second generation drug for the 
treatment of chronic lymphocytic 
leukemia (CLL)

 Targets Bcl-2, a protein regulator 
of apoptosis 

 Orphan drug for the thousands of 
patients with relapsed CLL who 
have  17p deletion

 In the registration trial, 80% of 
patients showed a partial or 
complete remission



Compound evolution until ABT-263

Murray & Rees (2009) The rise of fragment-based drug discovery. Nature Chem. 1: 187-192

Fragments

Fragment-linking

+ optimization

Lead optimization

remove binding to

albumin and increase

affinity to Bcl-2  

Improvement oral

pharmacokinetics 



Compound evolution until drug

 Power of SBDD and FBDD to tackle 
difficult targets

 Violation of the Lipinski’s rule of 5 

 Contains a nitro group, a moiety 
red-flagged due to its potential for 
forming toxic metabolites



The story of Asciminib (Scemblix) 

Asciminib=ABL001

 Drug discovered at Novartis

 First allosteric inhibitor of a 
protein kinase

 Targets myristoylation site

 Treatment of Chronic 
myelogenous leukemia (CML)

 Targets BCR-ABL1 T315I, a protein 
tyrosine-kinase 

 Asciminib binds to the myristate
pocket of BCR-ABL1 and maintains 
activity against TKI-resistant ATP-
site mutations



Selecting compounds that inhibit the kinase

innactive active

Schoepfer, J et al  J. Med. Chem. 2018, 61, 18, 8120



Food for thought: SBDD in the XXI century

43

 Current world threats: 

 chemical pollution

 non-degradable drugs affecting ecosystems (wild-life)

 reduce animal testing

 limited resources

 climate change

 What can be done to reduce current problems?

 Better planning of projects including environmental impact 
studies

 Use of computational tools to reduce animal testing and 
save resources

 Can we learn from nature about drug design? Degradable 
molecules – reduce halogens

 Improve chemical synthesis



Summary

 SBDD is a powerful method for delivering new drugs 

 Strategy for screening, hit validation and optimization – lead compound

 Expertise at STB- HMGU (Protein production, NMR spectroscopy, X-ray 
crystallography, CryoEM, SBDD, Chemistry, Machine learning, Chemoinformatics)

+ 
Early ADMET-PK


