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Introductions
Current : iSCB team/HiTS

platform Marseille
Former: ADST team, NCATS, NIH 

Bethesda MD USA
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H2L Optimization – FBDD/LBDD

Fragment 
Screening

▪ Diverse Focused Database
▪ Conformational Sampling

X-ray

Growing

Chemical Library 
Design

▪ Machine Learning
▪ SVM/RF

Oriented Libraries

Hit Identification

“DOTS” *:
An integrated strategy

To accelerate the 
Hit-to-Lead Process

“Fr-PPIChem” *:

A PPI-Oriented 

Chemical library

Virtual Screening

▪ Molecular Dynamics
▪ Docking

▪ Pharmacophore filtering

Strategies in Drug Discovery

*Open Science Programs



Séminaire Interne Jeudi 11 Janvier 2018

Chemical Library Design

▪ Machine Learning
▪ SVM/Random Forest

PPI-oriented Libraries

Hit Identification

Learn from 

known inhibitors
to identify 

new inhibitors

Strategies in Drug Discovery
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v2.0 (MedChem) using updated algorithms, ADMET Filters
➢National Program (ANR) => 10.314 Compounds PPI-Library

B. VILLOUTREIX /
M. MITEVA

PARIS Descartes
O. SPERANDIO
Institut Pasteur

P. BONNET

ORLEANS

M.O. FAUVARQUE

CEA GRENOBLE

J.C. GUILLEMOT

AFMB, MARSEILLE

J.C. RAIN
M.E. GOURDEL

PARIS

PPICHEM

X. MORELLI (Coordinator)
P. ROCHE

MARSEILLE

PPICHEM

10,000 cpds

New Larger Version of 2P2I3D

Bosc et al ACS Chem Biol. 2020 15(6): 1566–1574 

“Fr-PPIChem” : a French National Initiative
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“Fr-PPIChem” : a French National Initiative

PPI-focused Chemical Libraries

Fr-PPIChem

10,314 cpds

>40 sets of plates distributed (4 USA)

>20 Targets screened @ iSCB

No IP

Xavier Morelli (xavier.morelli@inserm.fr)
Philippe Roche (philippe.roche@inserm.fr)
Caroline Barette(caroline.barette@cea.fr)

Machine Learning

https://chembiofrance.cn.cnrs.fr/fr/composante/chimiotheque#prestation-0-5

Bosc et al ACS Chem Biol. 2020 15(6): 1566–1574 

33 Plates (3 µl @10mM per well)

mailto:xavier.morelli@inserm.fr
mailto:philippe.roche@inserm.fr
mailto:marie-odile.fauvarque@cea.fr
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Drug Chemical Space is nearly infinite…

Number of compounds that 
could be synthesized ?

30.106

Commercial 
Compounds

≈1020

Dune du Pilat
(sand grains)

0.000000000000000000000000000000000000000000000000003%
of possible synthetic compounds

MW < 500 Da

≈1063



Finding a new drug is an almost unattainable challenge…

Hopkins, The druggable genome, Nat Rev Drug Discov, 2002

Sir James W. Black
(Prix Nobel 1988)

Drug Original Indication New Indication

Aspirin Inflammation, pain Antiplatelet, Cancer

Bupropion Depression Smoking cessation

Disulfiram Alcoholism Melanoma

Doxepin Depressive disorder Antipruritic

Gemcitabine Antiviral Cancer

Methotrexate Cancer Psoriasis, rheumatoid arthritis

Minoxidil Hypertension Hair loss

Sildenafil Angina Erectile dysfunction (Viagra®)

Thalidomide Morning sickness Leprosy

Tretinoin Acne Leukemia

“Off-target concept”: 
The drug acts on new targets, out 
of the original scope, with a new 
therapeutic indication

Both the targets & the indications 
are new.



+

GemcitabineOff-target

Nucleoside Kinase Activator

dCK+
Nucleoside

Analogues

Phosphorylation

Drug Repurposing in Cancer: Turning Liabilities into Opportunities…

Masitinib

Masitinib (Masivet®)

Oral Targeted
Therapy (TKI) 

Mastocytosis

Neurological
diseases

Gastrointestinal 
stromal 

tumors (GIST)

Therapeutic 
benefit: Sensitize 

patients to 
chemotherapy

Reducing toxicity 
of therapeutic 

agents 

Maintaining 
effectiveness at 

lower doses  

Counteracting drug 
resistance initiated 

via down 
modulation

Hamman et al, Nat Commun, 2017

c-Kit -

Patrice Dubreuil & AB Science



dCK vs. Cancer …

dCK is a key enzyme in the Nucleoside Salvage 
Pathway (SP)… 



dCK vs. Cancer …

dCK is a key enzyme in the Nucleoside Salvage 
Pathway (SP)… 

… wich catalyzes the phosphorylation of 
physiologic & nucleoside analogue drugs (but dT)

+ numerous anticancer and antiviral nucleoside analogues

dC / dA / dG

Gemcitabine

P

P

PPP

PPP

dCTP / dATP / dGTP

GemcitabineTP

dCMP / dAMP / dGMP

GemcitabineMP

…. which recycles bases and 
nucleosides originating from 
the degradation of RNA and 
DNA to achieve the 
biosynthesis of 
deoxyribonucleotides, required 
for DNA replication and repair



THE HUMAN PROTEIN ATLAS

Bone marrow & lymphoid tissues

Highly expressed in bone 
marrow and lymphoid tissues

dCK vs. Cancer …



Highly expressed in bone 
marrow and lymphoid tissues

Highly expressed in lymphoid 
and myeloid cancer cell lines

THE HUMAN PROTEIN ATLAS

RNA single cell type 

Blood & Immune cells

 a               

                          

dCK vs. Cancer …



dCK vs. Deoxyribonucleotides biosynthesis Pathways…

DNA

DNA

Pyrimidine biosynthesis Pathway

KEGG: Kyoto Encyclopedia of Genes and Genomes



dCK vs. De novo & Salvage Pathways…

DNA

DNA

De novo Pathway
(synthesize pyrimidine from sugars & aminoacids)

RNRRNR

Pyrimidine biosynthesis Pathway

KEGG: Kyoto Encyclopedia of Genes and Genomes



DNA

DNA

De novo Pathway

Salvage 
Pathway

(synthesize pyrimidine 
from intermediates, , 
in their degradative

pathways))

RNR

dCK

RNR

KEGG: Kyoto Encyclopedia of Genes and Genomes

Pyrimidine biosynthesis Pathway

dCK vs. De novo & Salvage Pathways…
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De Novo Pathway Salvage Pathway

Glucose and amino acids
dC
dA
dG

CDP 
UDP 
ADP 
GDP

dCDP
dUDP
dADP
dGDP

dCTP
dATP
dGTP

DNA

dCMP
dAMP
dGMP

RNR

R
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-

dT
dU

dUTP
dTTP

dTMP
dUMP

dCTP
dUTP
dATP
dGTP

Inhibition of one pathway alone do not stop DNA synthesis

Main pathway Salvage pathway

dCK vs. De novo & Salvage Pathways…



Concept of Synthetic lethality 
(DNP + SP)

Inhibition of both pathways stops DNA synthesis
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DNA

dCMP
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dT
dU

dUTP
dTTP

dTMP
dUMP

- dCTP
dUTP
dATP
dGTP

Main pathway Salvage pathway

Nathanson et al, J Exp Med, 2014

dCK vs. De novo & Salvage Pathways…



Hypothesis: Repositioning of masitinib to develop an inhibitor of dCK ?
Increase affinity to become an inhibitor ?

c-Kit

Protein Kinase Inhibitor Nucleoside Kinase Activator

Masitinib

dCK+-

dCK vs. De novo & Salvage Pathways…



c-Kit

Protein Kinase Inhibitor Nucleoside Kinase Activator

Masitinib

dCK+-

Integrative

Multidisciplinary

Approach

dCK-

Drug repositioning 

to drug design strategy

Nucleoside Kinase Inhibitor

dCK vs. De novo & Salvage Pathways…

Hypothesis: Repositioning of masitinib to develop an inhibitor of dCK ?
Increase affinity to become an inhibitor ?



Masitinib interacts with dCK and links to a 
pocket that overlaps with the active site 

Turning an Activator into Inhibitor

Masitinib

dC

UDP

dCK

Masitinib interacts with dCK and links to a pocket that
overlaps with the active site 



DIVERSITY-ORIENTED TARGETED SYNTHESIS: DOTS

Hoffer et al (2018) J Med Chem 61 5719-5732; Hoffer et al (2024) Nucleic Acids Res. Apr 30:gkae326.



GROWING

Nearby

Pocket

FRAGMENT LIBRARY

Screening

3D CHARACTERIZATION

BINDING MODE: X-Ray

1

Target

Reference
Fragment

Deconstruction

of Hit
(MW<300 g.mol-1)

S Betzi

T Miller

DIVERSITY-ORIENTED TARGETED SYNTHESIS: DOTS

Hoffer et al (2018) J Med Chem 61 5719-5732; Hoffer et al (2024) Nucleic Acids Res. Apr 30:gkae326.



DIVERSITY-ORIENTED TARGETED SYNTHESIS: DOTS

GROWING
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Hoffer et al (2018) J Med Chem 61 5719-5732; Hoffer et al (2024) Nucleic Acids Res. Apr 30:gkae326.



VIRTUAL CHEMICAL LIBRARY DESIGN
L Hoffer

REFERENCE

FRAGMENT

MEDCHEM

CHEMICAL REACTIONS

BUILDING BLOCK

LIBRARY

(>6M)

DIVERSITY-ORIENTED TARGETED SYNTHESIS: DOTS

Hoffer et al (2018) J Med Chem 61 5719-5732; Hoffer et al (2024) Nucleic Acids Res. Apr 30:gkae326.



VIRTUAL CHEMICAL LIBRARY DESIGN
L Hoffer

REFERENCE

FRAGMENT

MEDCHEM

CHEMICAL REACTIONS

BUILDING BLOCK

LIBRARY

(>6M)

NH2

ALL COMPOUNDS IN THE VIRTUAL LIBRARY

ARE AMENABLE TO ORGANIC SYNTHESIS

 

              

      

DIVERSITY-ORIENTED TARGETED SYNTHESIS: DOTS

Hoffer et al (2018) J Med Chem 61 5719-5732; Hoffer et al (2024) Nucleic Acids Res. Apr 30:gkae326.



CONFORMATIONAL SAMPLING
L Hoffer

DIVERSITY-ORIENTED TARGETED SYNTHESIS: DOTS

Hoffer et al (2018) J Med Chem 61 5719-5732; Hoffer et al (2024) Nucleic Acids Res. Apr 30:gkae326.



CONFORMATIONAL SAMPLING

VIRTUAL SCREENING

Docking (S4MPLE)

Scoring

Amber
SeeSAR

SELECTION (TOP)

Scoring/Ranking

4

L Hoffer

DIVERSITY-ORIENTED TARGETED SYNTHESIS: DOTS

Hoffer et al (2018) J Med Chem 61 5719-5732; Hoffer et al (2024) Nucleic Acids Res. Apr 30:gkae326.



CHEMICAL SYNTHESIS

PURCHASE

Building Blocks

5
SYNTHESIS

Robotic Synthesis

6

Accelerator Synthetizer SLT100 

S CombesP Bremond

DIVERSITY-ORIENTED TARGETED SYNTHESIS: DOTS

Hoffer et al (2018) J Med Chem 61 5719-5732; Hoffer et al (2024) Nucleic Acids Res. Apr 30:gkae326.



EVALUATION

HTRF, TSA, ITC

7

Access/Echo® 
Laboratory Workstation 

C Derviaux

DIVERSITY-ORIENTED TARGETED SYNTHESIS: DOTS

Hoffer et al (2018) J Med Chem 61 5719-5732; Hoffer et al (2024) Nucleic Acids Res. Apr 30:gkae326.



DIVERSITY-ORIENTED TARGETED SYNTHESIS: DOTS

The ChemoDOTS (web server generating the virtual librairies) will be available Q3 2023 / Q1 2024

Hoffer et al (2018) J Med Chem 61 5719-5732; Hoffer et al (2024) Nucleic Acids Res. Apr 30:gkae326.



Characterization

Binding mode: X-Ray

dCK

Virtual Screening

Docking

dCK

Structure modifications

099
AB

100
ABC

101
ABCD

dCKi1

Design

Focused Library

+

Selection

Ranking (Scoring)

>500
Designed

compounds

TURNING AN ACTIVATOR INTO INHIBITOR



Evaluation

Evaluation: TSA, cellular

76
Synthesized
compounds

Synthesis

Synthesis

Milestone 
modifications

affinity

an
tip

ro
liferative

dCK stabilization 
(+ Tm, C)
Cellular dCK inhibition 
(IC50, nM)

TURNING AN ACTIVATOR INTO INHIBITOR



Characterization

Binding mode: X-Ray

Target

30
Crystal

structures

Modifications:
Cycle A → Di-amino
Linker B-C → N-propyl
Linker C-D → Direct
Linker D-E → Sulfonamide
Cycle D → CF3

TURNING AN ACTIVATOR INTO INHIBITOR



‘(pre)Lead’ Compound & in vivo validation (CCRF-CEM/T-ALL model)

In vivo cell-line-derived xenograft

IC50< 100

BID  QD  BID  QD  BID

CDX

OR0642
CCRF-CEM

T-ALL
EC50 = 2.6nM

Median
Survival

26
29
25
48

-- Control
-- dT
-- OR0642
-- dT+OR0642



Ex vivo patient-derived xenograft 

In vivo patient-derived xenograft 

‘(pre)Lead’ Compound & in vivo validation (PDX / T-ALL)

PDX

PDX

UPNT525
T-ALL

CONTROL

dT 37 µM

OR0642 250 nM

dT + OR0642

Median Survival

26
38
66



From a Drug Repositioning to a Structure-Based Drug Design program

‘chemoDOTS’ t a  fo m d a ‘d K’ a t vato , Ma  t   b,   to a    h b to : 
from µM to sub-nM IC50’s 

OR0642 validation in vitro, ex vivo and in vivo (CDX & PDX) 

Conclusions & Perspectives
C

O
N

C
LU

SI
O

N
S

Developing orally-compatible version (on going synthesis)

PDX studies (on low & highly proliferative patient samples)

Biomarkers correlation (w/ single seq RNA from patient samples)

Preclinical regulatory studies in 2025

Phase I in 2025-2026

P
ER

SP
EC

TI
V

ES
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https://chemodots.marseille.inserm.fr/

https://chemodots.marseille.inserm.fr/


ChemoDOTS webserver functionality

Step 2 : Chemical Reactions Step 3 : Undesired Structures

Step 4 : Library Design Step 5 : Post-Processing

Chemical Reactions 

can be selected

Ex : Sulfonamides

Chemical Functions are 

automatically detected

1650 compounds 

generated

77 compounds 

discarded
MW

% %

LogP

Donors

%

Acceptors

%

Rings

%

Properties of the library can 

be adjusted to improve its 

drug-likeness

It is possible to select undesired sub-structures 

(ex Nitro groups). These sub-structures will be 

discarded from the final chemical library

Rapid: generates ~1000 molecules per second
Practical: all building blocks commercially available
Integrated:  ompou d  p odu  d    “  ady to do k” fo mat

Step 2 : Chemical Reactions Step 3 : Undesired Structures

Step 4 : Library Design Step 5 : Post-Processing

Chemical Reactions 

can be selected

Ex : Sulfonamides

Chemical Functions are 

automatically detected

1650 compounds 

generated

77 compounds 

discarded
MW

% %

LogP

Donors

%

Acceptors

%

Rings

%

Properties of the library can 

be adjusted to improve its 

drug-likeness

It is possible to select undesired sub-structures 

(ex Nitro groups). These sub-structures will be 

discarded from the final chemical library

Step 4

Step 2 : Chemical Reactions Step 3 : Undesired Structures

Step 4 : Library Design Step 5 : Post-Processing

Chemical Reactions 

can be selected

Ex : Sulfonamides

Chemical Functions are 

automatically detected

1650 compounds 

generated

77 compounds 

discarded
MW

% %

LogP

Donors

%

Acceptors

%

Rings

%

Properties of the library can 

be adjusted to improve its 

drug-likeness

It is possible to select undesired sub-structures 

(ex Nitro groups). These sub-structures will be 

discarded from the final chemical library

Step 5

Step 2 : Chemical Reactions Step 3 : Undesired Structures

Step 4 : Library Design Step 5 : Post-Processing

Chemical Reactions 

can be selected

Ex : Sulfonamides

Chemical Functions are 

automatically detected

1650 compounds 

generated

77 compounds 

discarded
MW

% %

LogP

Donors

%

Acceptors

%

Rings

%

Properties of the library can 

be adjusted to improve its 

drug-likeness

It is possible to select undesired sub-structures 

(ex Nitro groups). These sub-structures will be 

discarded from the final chemical library

Step 6

Step 3 : commercial libraries

Different commercial 
building block 
libraries can be 
selected with diverse
compositions and size



ANTINEOPLASTIC 
ISOCITRATE DEHYDROGENASE-1 (IDH1) INHIBITOR 
r/rAML IDH1mut

ChemoDOTS utility: retrospective hit to lead for approved drugs

Credit: Dominique Douguet

OLUTASIDENIB
(approved in 2022 - RIGEL PHARMS INC) 



Credit: Dominique Douguet

>80k synthetically accessible analogs generated in ~2 min



1 difference with the drug Olutasidenib:
N-demethylation

Olutasidenib

Credit: Dominique Douguet

131 analogs have a pyridinone group as in the drug Olutasidenib



ChemoDOTS integration with virtual screening to select synthesis priorities

Characterization

Binding mode: X-Ray

IDH1:6U4J

Virtual Screening

Docking

IDH1:6U4J

Design

Ready to dock library

+

Selection

Ranking (Scoring)

Olutasidenib



ChemoDOTS ongoing utilization: hit to lead optimization of novel CD47-

SIRPα immune checkpoint inhibitors

IC50 ≈ 1 mM

Hit

compound

IC50 ≈ 10 µM

Validated 

lead-like 

compound

A low-affinity hit identified from screening was refined into

a high-affinity lead-like inhibitor of S IRPɑ-CD47 interaction

Activation
Chemical 

library design

Virtual 

screening
Synthesis

★

≈ 20,000

compounds

105

compounds

95

compounds

Lead 

molecule

IC50 ≈ 100 nM

90%

10%

CD47-S IRPɑ

complex

S IRPɑ closed

conformation

S IRPɑ open

conformation

Inhibitor-S IRPɑ

complex

SIRPɑ

WT

0%

SIRPɑ

Q52K/R

100%

PhD Student : M. Storder

PhD Student: G. Charifi-Hoareau



Continuous improvement and Perspectives 

Automated 
proposition of 
activated fragment

Update with latest robust 
chemical reactions (e.g. C-C 
coupling)

CovaDOTS

Growing/Linking1 Fragment

Lys Lys

Transform reversible ligands into covalent inhibitors

Incorporate linking and 
covalent design strategies

Direct integration in 
fragment screening 
libraries



Continuous improvement and Perspectives 

Automated 
proposition of 
activated fragment

Update with latest robust 
chemical reactions (e.g. C-C 
coupling)

CovaDOTS

Growing/Linking1 Fragment

Lys Lys

Transform reversible ligands into covalent inhibitors

Incorporate linking and 
covalent design strategies

Direct integration in 
fragment screening 
libraries

Intelligent library 
refinement

ChemoDOTS
GOLD LIBRARY

Virtual screen

Hit ID strategies
CryptoDOTS
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