
Fragment based

drug discovery

György M. Keserű

RCNS Hungary

FRAGNET Innovative Training Network



Drug discovery process
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Hit discovery from screening

Druglike library

 Large molecules (MW>300)

 Large library (106 compound)

 Biochemical testing

 Less diverse hits

 High affinity (1-10 mM)

Fragment library

 Small molecules (MW<300)

 Small library (103 fragment)

 Biophysical testing

 Diverse hits

 Low affinity (<100 mM)



What do we call ‚fragments’?

 Rule of 3:

⚫ MW < 300 (Nheavy < 22)

⚫ Log P < 3

⚫ Number of H-donors < 3

⚫ Number of H-acceptors < 3

 Further properties:

⚫ Number of rot. bonds < 4

⚫ Polar surface < 60 Å2

⚫ Good solubility

Simple, small, polar molecules



Why fragments are beneficial?

 They have good physchem 

profile

 A smaller library contains more 

chemical information

 Their chemical space is smaller: 

better sampling

 They bind to protein hot spots

 They provide rational 

optimization towards drugs



Fragment space is smaller

 Druglike compounds
⚫ Estimated number: 1060

⚫ Compounds in Chemical Abstract Registry: 150x106

⚫ Compounds commercially available: 106

⚫ Number of compounds screened: 105

 Fragments
⚫ Estimated number: (max 17 C, O, N, H, S, Cl atom):1011

⚫ Fragments commercially available: 105

⚫ Number of compounds screened: 103 - 104



Sampling is more efficient
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Fragment hits from a

screen of 719 fragments

J. Med. Chem. 2011, 54, 3989.

Key features of all known clinical candidates are represented in hits from a small fragment library

http://en.wikipedia.org/wiki/File:Geldanamycin.svg


Fragments bind to hot spots

Fragments form limited number of polar interactions within a small region of 

protein binding sites Keserű JCIM 2012, Vajda PNAS 2015, Shaw JMC 2019

FRAGMENTS

FRAGMENTS



Rational optimation strategies

Linking

Growing



DESIGNING FRAGMENT

LIBRARIES



What are the general features 

of a good fragment?

 Interactions
⚫ Diverse polar groups

⚫ Pharmacophore variety

⚫ Scaffold variety

 Physicochemical properties
⚫ Size, complexity

⚫ Shape

⚫ Lipophilicity

⚫ Solubility

 Synthetic vectors for growing

 Reactivity, stability, aggregation

 Synthetic tractability, cost

MW = 278 cLogP=1.84

Murray, Rees Angew. Chem. Int. Ed. 2015, 54, 2–7



Fragment sources

Boyd, Kloe DDT Technologies 2010, 7, e173



General design principles 

Physicochemical

Reactivity

Aggregator, assay

interference

Availability

Cost

Priviledged

structure

Level 1

Compound properties

Pharmacophore

diversity

Scaffold

diversity

Shape diversity

Level 2

Sampling

Level 3

MedChem

Level 4

Experimental

Analogue

accessibility

Synthetic

tractability

Stability

Purity

Solubility

Stability

Chris Swain (CMC): 1216 fragment hits, 240 publications, 174 molecular targets, 26 detection technologies



Fragment size
Polls

Libs Hits

Physicochemical

Chris Swain, CMC

Practical Fragments Blog



Fragment shape

Libs

Hits

Physicochemical

Chris Swain, CMC



Donors and acceptors

Libs

Hits

Physicochemical

Chris Swain, CMC



Lipophylicity

Libs

Hits

Physicochemical

Chris Swain, CMC



Characteristics of fragment hits

Shaw et al. J. Med. Chem. 2019, 62, 3381−3394



Sampling of the fragment space

 Scaffold diversity

 Pharmacophore diversity 

2 common bits, 3 bits in 

reference and database mols

2 common, 2 A-specific,

7 B-specific triangles

Diversity

Hubbard et al.  J Comput Aided Mol Des (2009) 23:603–620



 Shape diversity

Sampling of the fragment space

Diversity

Conventional

3D

„Clinical”

3DFrag Consortium

DDT 2013, 18, 1221

rod

disc

sphere rod

disc

sphere

rod

disc

sphere



MedChem and experimental

 MedChem considerations

⚫ Multiple synthetically accessible vectors

⚫ Should be synthesizable in <4 steps

⚫ Analogues should be available

⚫ Use racemates

 Experimental evaluation

⚫ Purity should be 95% or higher

⚫ Aqueous solubility (preferably ≥5 mM in 5% 

DMSO, or other screening co-solvents)

⚫ Stability (>24 h in solution)

MedChem

Experimental



Further considerations

 Screening technologies

 Target related aspects

 Synthesis related aspects

 Library management aspects



Target related aspects

Chris Swain, CMC

MW #Ar acid pKa

logP logD basic pKa



Synthesis related aspects

 Development of dihydroisoquinolone fragments

Substituted aromatic and heteroaromatic analogues 

Rees et al. Org. Biomol. Chem., 2016, 14, 1599–1610



Library management aspects

 Purity should be > 90-95% LC/MS

 Identity should be checked by NMR

⚫ ~15% fails QC from vendors

 DMSO stability (concentrations from 50-200 mM)

 Regular QC is needed (P&G study)

⚫ 8% had degraded after 3 months

⚫ 17% after 6 months

⚫ 48% after 12 months

 Solution storage at low temperature as liquids

Keserű et al. J. Med. Chem.  2016



A case study from Pfizer

J Comput Aided Mol Des (2011) 25:621–636



A case study from AstraZeneca

 From HCS to biophysical screening: from larger to smaller

fragment library for X-ray, NMR, SPR

 Eliminating decomposing and assay interfering fragments

 New criteria for aqueous solubility of >500 mM

 Removal reactive fragments, unattractive structures

for follow-up, undesirable chemical functionalities

 Program to design and synthesize novel fragment libraries

 Replace Ro3 with pharmacophore representation and

structural diversity

DDT 2016, 21, 1273



New trends in library design 1

 FragLite: a set of halogenated compounds expressing 

paired hydrogen-bonding motifs

 Maps interaction sites by X-ray crystallography, 

exploiting the anomalous scattering of the halogens

 Provides an assessment of druggability and can identify 

efficient starting points for the de novo design

J. Med. Chem. 2019
DOI: 10.1021/acs.jmedchem.9b00304



New trends in library design 2

 Minifrags: a novel crystallographic screening methodology

(Astex)

 High concentration aqueous soaks with a chemically diverse 

and ultra-low-molecular-weight library (HAC 5–7)

 Identifies ligand-binding hot and warm spots on proteins

Drug Discov Today (2019), https://doi.org/ 10.1016/j.drudis.2019.03.009 



New trends in library design 3

 Covalent fragments are equipped by electrophilic functionalities

 Useful to asses druggability and provides starting points for TCIs 

Keseru, EJMC, 2018, Arch. Pharm 2018

MedChemComm 2019

Cravatt, Nature, 2016



New trends in library design 4

 SpotXplorer: pharmacophore optimized fragment library

Keseru, EJMC, 2018, Arch. Pharm 2018

MedChemComm 2019

31

• Select protein fragment complexes from the PDB

- Non-Hydrogen atoms: 10-16  
- (MW: 140-230 Da, logP: 0-2, rotB: 0-3)

• Binding Pharmacophore(s)

- Features responsible for fragment binding to protein hot spot

- 2-, 3- and 4-point pharmacophores identified from x-ray structures

- Ranked by their free energy contribution estimated by docking

- Most relevant pharmacophores are collected and clustered
- Non-redundant set of fragment binding pharmacophores identified 

• Library Design

Design a library with a diverse set of pharmacophores 

that covers most of the experimentally validated set of 

non-redundant fragment binding pharmacophores



Library providers

2019



FRAGMENT SCREENING



Fragments and ligand efficiency



Intrinsic LE of the binding site



Why are fragments different to

other hits?



Detecting fragment binding



Generic FBS protocol



Curated library



Characterised target protein I

Expression and purification



Characterised target protein II

Interactions



Roboust assay



Secondary Screening
NMR Spectroscopy

Binding Affinity
ITC / SPR/ FP 

Primary Screening
Thermal Shift / SPR / NMR

X-Ray

Thermal Shift

SPR

FP

ITC

NMR

Christina Spry

Fragment screening methods



The impact of screening technologies

Keserű et al. J. Med. Chem.  2016



Fragment validation



Characterisation of hits



Problems in orthogonal assays



Compound issues



Compound stability I

Degradation product is inactive



Compound stability II

Parent compound is inactive



Buffer effects



Experimental error



Characterising protein-

fragment complexes



Advancing w/o X-ray structure



FRAGMENT OPTIMIZATION



You have a fragment and what?

⚫ Fragment chemical space could 

be better sampled

⚫ Fragment screening could provide 

diverse chemotypes

⚫ Fragments are better starting 

points providing increased 

operational freedom to medchem 

optimizations

But fragments are significantly less potent compared to HTS hits and leads

• Their detection is challenging

• They should be effectively optimized to reach the required potency



Fragment Optimization 

• Typical properties of starting points

– Low MW, polar, low affinity (high mM, or mM)

• Optimization workflow

– Significant increase in size

– Significant improvement in affinity

– High operational freedom owing to the small and polar 

starting point

• Anticipated outcome

– Balanced affinity, size and lipophilicity



Optimization

Increase activity

Improve selectivity

Optimize ADME/phys-chem

properties

phys-chem property 

optimizationAffinity  ☺

lipohilicity

molecular weight

Activity increase

Clinical candidateStarting point
(HTS, Fragment,…)

Nat. Rev. Drug Discov., 2007, 6, 881

Nat. Rev. Drug Discov., 2009, 8, 203



Features of fragment optimizations

 Significant change in 

⚫ Potency

⚫ Size (heavy atom count, molecular weight)

 What are the specific features of successful 

fragment optimizations?

 Analysis of published fragment optimizations



Affinity change

Resulting dev cand



Size change



Lipophilicity change



Ligand efficiency change

LE - size dependent

SILE - size independent



LE and SILE

SILE (size-independent) is more informative



LLE and LELP

LLE = pKi - LogP

Ligand-lipophilicity efficiency

LELP = logP/LE

ligand-efficiency-dependent 

lipophilicity



Ligand efficiency metrics in 

fragment optimizations 

Process
pPot

change

MW

change

logP

change

LE

change

SILE

change

LLE

change

LELP

change

HTS based 

opt.
1.39 51.5 0.27 0.02 0.58 1.1 0.1

Fragment opt. 2.74 186.9 1.33 -0.04 0.70 1.4 4.8

Fragment opt. 

(successful)
3.10 165.5 0.48 -0.01 0.86 2.6 1.0

Lead opt. 

(successful)
2.08 89.9 0.05 0.01 0.85 2.1 -1.1

mean of property changes

Keserű, Makara NRDD 2009; Perola JMC 2010; Keserű, Ferenczy JMC 2013, Hopkins, Keserű, Leeson, Rees, 

Reynolds NRDD 2014, Ferenczy, Keserű unpublished 2014



Effect of hit detection method

Bio-NMR Bio-Xra NMR-Vir NMR-Xra Vir-Xra

pIC50
hit 4.75-3.53 4.74-3.56 3.53-4.73 4.73-3.56

opt 7.68-6.70 7.68-7.13a

MW
hit 223-190 235-190

opt

HA
hit 15.5-13.0 15.0-13.0 17.0-13.0

opt

LE
hit 0.40-0.31 0.31-0.38

opt 0.37-0.32

LLE
hit 3.10-1.36 3.10-1.83 1.36-3.00 3.00-1.83b

opt 4.55-3.17

LELP

hit 4.05-5.65

opt 7.62-10.51

SILE
hit 2.19-1.53 2.19-1.68 1.53-2.02

opt 2.91-2.45 2.91-2.57

Significant (p<0.05) differences in selected metrics 

Biochemical

NMR

X-ray

Virtual screening



Fragment optimization

strategies



Fragment growing

CDK inhbitor



Fragment linking



Fragment merging



Case studies

 Classic FBDD

 FBDD without structural information

 Covalent FBDD

 Pharmacophore optimized FBDD

 Photoaffinity FBDD



Plexxicon B-Raf inhibitor

 B-RafV600E is the most frequently observed oncogenic mutation

 Screen of 20,000 compounds (150 – 350 Da) at 200uM against Pim-1, p38, and CSK

 238 compounds with >30% @ 200uM subjected to crystallography: >100 structures solved

 7-Azaindole included among hits (IC50 > 200uM) but had different binding modes in the ATP 

site of the 4 asymetric units of Pim-1

 But its derivatives showed conserved binding mode across 3 different kinases!

73 PNAS, 2008, 105, 3041.

3-aminophenyl
a general motif based

on Pim-1 structure

3-benzyl
binds similarly

to FGFR1

PLX4720
bound to

B-Raf 



B-Raf Hit Progression

 Based on structures against 17 kinases the azaindole 3,4 and 5 

positions were targeted for chemical derivatizations

 Series & selectivity progression:

74

PNAS, 2008, 105, 3041.

Binding into a Raf
selective pocket

Selectivity of the initial fragment hits is not important!



Astex HSP90 inhibitor

 1,600 fragments were screened with a hit contained motifs 

similar to those of Radicicol (a natural product)

J. Med. Chem. 2010, 53, 5942

J. Med. Chem. 2010, 53, 5956. 

New pocket formed

with Lys58 moving

Design for interaction with Lys58

or displacement of Lys58

Compound 3

Compound 4



Astex HSP90 inhibitor

Radicicol like

scaffold



Heptares mGluR5 NAM



Fragment screening



Fragment screening



Fragment hit progression

Pyrazole series



Fragment hit progression

Pyrazole series



mGluR5 receptor structures



Fragment hit progression



Candidate optimization



FBDD without structure 

Richter mGlu2 PAM

 FBDD was mainly used for soluble proteins

 Structural studies are more challenging on membrane proteins

 Statistical view

⚫ Unless SAR exists all positions have equal chance for growing or need 

for modifications

⚫ Synthetic ease is irrelevant but we can use SAR by catalogue where 

feasible

 A ligand efficiency based strategy

⚫ LE = 0.3 – 0.4: fine-tune structure

⚫ LE > 0.4: grow (synthetic ease is relevant)

⚫ Keep or increase LE during growing by continuous fine-tuning

⚫ Follow lipophilic efficiency metrics as LLEat or LELP



Group efficiency analysis

 Assumes the molecules being compared bind in a similar fashion

 Different portions of a molecule are likely to have vastly different 

group efficiencies, pick up the lowest and modify

DDG -10,3 -1,8 -0,3 -0,6 0,3 -1,2

GE 0,6 0,3 0,3 0,6 0 1,2



Fragment optimization

clogP: 4.73

LE/LLEat: 0.56/0.35

hmGluR2 PAM EC50: 0.023 µM

Stability (h/r/m): 72/32/56 %

clogP: 3.61

LE/LLEat: 0.53/0.37

hmGluR2 PAM EC50: 0.106 µM

Stability (h/r/m): 67/59/44%

clogP: 2.68

LE/LLEat: 0.70/0.55

hmGluR2 PAM EC50: 0.066 µM

Stability (h/r/m): 47/74/18 %

N

NNF3C

clogP: 3.50

LE/LLEat: 0.54/0.38

hmGluR2 PAM EC50: 0.083 µM

Stability (h/r/m): 86/94/75 %

clogP: 3.34

LE/LLEat: 0.60/0.44

hmGluR2 PAM EC50: 0.038 

µM

Stability (h/r/m): 55/75/36 %

clogP: 3.15
LE/LLEat: 0.47 / 0.31

hmGluR2 PAM EC50: 3 µM
Stability (h/r/m): 13/60/63 %

N

NN

N

NNCl
F

N

NNBr
ClF

N

NNBr
N

NNBr



Hot spot analysis



PCP-induced hyperlocomotion in mice DOI-induced head twitch in mice

In vivo proof of concept



Conclusions

 Effective design of fragment libraries

requires a multi-level evaluation protocol

⚫ Compound properties

⚫ Coverage of the chemical space

⚫ Medicinal chemistry aspects

⚫ Experimental evaluation



Conclusions

 Fragment screening requires biophysical

approaches

 Orthogonal assays and robust validation protocols

are needed

 Fragment optimizations are best performed with

structural information

 Ligand efficiency metrics support the effective

optimization of fragments



Evolution of FBDD
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