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Molecular 
features:
MW, LogP,
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DME1 DME2 ABC1 …

identified novel anti-inflammatory candidates displaying activity

against phospholipase A2 (PLA2) and human leukotriene A4

hydrolase (LTAH4-h). First, they devised a common pharmaco-

phore that combined relevant features from both targets. Then,

they carried out independent structure-based VLS runs, filtering

out all conformations that did not match the common pharma-

cophore. Notably, none of the compounds eventually reported to

be active would have been identified by simply testing top-ranking

molecules.

Kernel methods and, in particular, support vector machines

(SVMs) are versatile and efficient strategies already used in single-

target screening processes. They are emerging as particularly suitable

tools for multitarget-oriented campaigns [81]. The main downside of

combined approaches is that, because every screening paradigm is

prone to errors, the combination of multiple screening runs is bound

to increase the number of false positives significantly. Ma and

colleagues demonstrated that, at least for structurally related targets

such as kinases, it is possible to train multiple SVMs using only

single-target inhibitors and to identify dual inhibitors by combining

common hits [82]. They still used multiple runs, but they managed

to discriminate between unspecific pan inhibitors and inhibitors

specific for a given target combination. Moreover, if the training is

performed on known multitarget compounds, it is possible to bypass

the need to process the same library multiple times. However, this
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FIGURE 5

Single-target and multitarget virtual ligand screening approaches. (a) In single-target virtual ligand screening (VLS) a compound library is systematically
screened via ligand- or structure-based methods, or both . Each compound is assigned a predicted activity score and the library is ranked accordingly. Molecules
in the top-ranking fraction proceed to further testing. (b) In multitarget VLS the same library of compounds is screened independently against different
targets and the overlapping hits proceed to further testing.
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Percentage of drugs metabolized  by different CYPs
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…
CYP 1

1A2 4%         
1B1

2HI4            3PM0

CYP 19
19A1
3EQM 

CYP 11
11A1
3NAO

8A1
21AG, 3B6H

7A1
3DAX

3A4 40%
1TQN, 1W0E, 1W0F, 1W0G, 

2J0D, 2V0M, 3NXU

2A6 
1Z10, 1Z11, 2FDU, 

2FDV, 2FDW, 2FDY, 
3EBS

2A13
2P85, 2PG5, 
2PG6, 2PG72B6

3IBD

2C8
1PQ2, 2NNH, 

2NNI, 2NNJ, 2VN0

2C9 10%
1OG2, 1OG5, 

1R9O

2C18
2H6P

2D6 30%
2F9Q, 

3QM4 
2E1 

3E4E, 3E6I, 3GPH, 
3KOH, 3LC4

2R1
3C6G, 3CZH, 

3DL9

CYP 2 CYP 3

CYP 7 CYP 8

CYP 450: major drug metabolizing enzymes 

Martiny V.Y. & Miteva MA. J. Mol. Biol. 2013
Isvoran et al. Drug Discovery Today 2017



} CYP 2C9
} Metabolizing ~10 % of drugs
} Highly polymorphic isoform
} >60 alleles

CYP 450: major drug metabolizing enzymes 

} Strong flexibility

Drugs substrates of CYP2C9



¨ MD of  CYP 2C9 :  5 x 50 ns

¨ Most populated clusters: 40 centroids 
for each CYP 2C9 system 

CYP 2C9 flexibility: Generation and selection of ensemble conformations

Louet et al. Plos One  2018

Diclofenac

Losartan



Interaction energies for the integrated ML approach 
to predict inhibitors of CYP 2C9

CYP2 C9
Sélection  de 

conformations par 
MD 

WT 5
A477T 6

Structures Chemical library

Training set
~4K inhibitors      
~3K non-inhibitors

External test set
~1K inhibitors
~700 non-inhibitors

Conformation 
selection 

Docking-scoring of 
5 substrates on 40 centroids 

identified novel anti-inflammatory candidates displaying activity

against phospholipase A2 (PLA2) and human leukotriene A4

hydrolase (LTAH4-h). First, they devised a common pharmaco-

phore that combined relevant features from both targets. Then,

they carried out independent structure-based VLS runs, filtering

out all conformations that did not match the common pharma-

cophore. Notably, none of the compounds eventually reported to
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Kernel methods and, in particular, support vector machines

(SVMs) are versatile and efficient strategies already used in single-

target screening processes. They are emerging as particularly suitable

tools for multitarget-oriented campaigns [81]. The main downside of

combined approaches is that, because every screening paradigm is

prone to errors, the combination of multiple screening runs is bound

to increase the number of false positives significantly. Ma and

colleagues demonstrated that, at least for structurally related targets

such as kinases, it is possible to train multiple SVMs using only

single-target inhibitors and to identify dual inhibitors by combining

common hits [82]. They still used multiple runs, but they managed
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specific for a given target combination. Moreover, if the training is
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Single-target and multitarget virtual ligand screening approaches. (a) In single-target virtual ligand screening (VLS) a compound library is systematically
screened via ligand- or structure-based methods, or both . Each compound is assigned a predicted activity score and the library is ranked accordingly. Molecules
in the top-ranking fraction proceed to further testing. (b) In multitarget VLS the same library of compounds is screened independently against different
targets and the overlapping hits proceed to further testing.
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Best RF and SVM models for CYP2C9  
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85.55
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90.57
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Experimental validation of drugs 
predicted as inhibitors of CYP 2C9

RF Prediction

720 molecules 
Predicted as “I” by RF,  SVM and IE

Chemical
Diversity
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109 molecules

18 molecules from 
15 diversity classes

tested  in vitro

8 new drugs  (IC50)  ”I” of CYP 2C9:
IC50 = 67 nM for vatalanib
IC50 = 10-20 uM for piriqualone,                                         

ticagrelor and cloperidone
IC50 = 40-80 uM for 4 other drugs

IE Prediction

Goldwaser et al Plos Comput Biol 2022

4500 small-molecule drugs 

ToxME
Collab. Pr. MA. Loriot



Uridine 5’-diphosphate - glucuronosyltransferase (UGT)

35 % of phase II drug metabolism

bilirubin

UGT 1A1 : 15% of all UGT drug metabolism

irinotecan (SN38), raloxifene , 
estrogens, lamotrigine, 
protease inhibitors

drugs

Testa et al. Drug Discov. Today 2012
Oda et al. Drug Metab. Pharmacokinet. 2015



H39 S38

F153

H39 S38

F153

H39

F153

P194 F217

L175

quercetin

raloxifene

Dudas et al. iScience 2022 

UGT 1A1 structure, dynamics and ligand interactions
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BCRP (ABCG2)  
Breast Cancer Resistance 
Protein

´ 2  transmembrane domains (TMD)

´ 2 nucleotide-binding domains (NBD)

2 x TMD

2 x NBD

P-gp (ABCB1) 
P-glycoprotein 

´ Energy of ATP hydrolysis to translocate substrates 
across membrane

´ Exports endogenous substrates, toxins, drugs 

Inward occluded Outward Inward Outward

ATP-binding cassette 
transporters  
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Kinetically excited targeted MD (ketMD) 
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Dudas B, Decleves X, Cisternino S, Perahia D, Miteva MA. 
Comput Struct Biotechnol J. 2022



Dudas B, Decleves X, Cisternino S, Perahia D, Miteva MA. 
Comput Struct Biotechnol J. 2022

Substrate translocation of BCRP
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Performance of  our AI models
predicting inhibitors of BCRP

Predicted

Non-inhibitors Inhibitors Experimental

97 6 103 non-
inhibitors

3 132 135 inhibitors

Accuracy =  96,2 %
Sensitivity =  97.8 % 
Specificity =  94.2 %

External dataset
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against phospholipase A2 (PLA2) and human leukotriene A4

hydrolase (LTAH4-h). First, they devised a common pharmaco-

phore that combined relevant features from both targets. Then,

they carried out independent structure-based VLS runs, filtering

out all conformations that did not match the common pharma-

cophore. Notably, none of the compounds eventually reported to

be active would have been identified by simply testing top-ranking

molecules.

Kernel methods and, in particular, support vector machines

(SVMs) are versatile and efficient strategies already used in single-

target screening processes. They are emerging as particularly suitable

tools for multitarget-oriented campaigns [81]. The main downside of

combined approaches is that, because every screening paradigm is

prone to errors, the combination of multiple screening runs is bound

to increase the number of false positives significantly. Ma and

colleagues demonstrated that, at least for structurally related targets

such as kinases, it is possible to train multiple SVMs using only

single-target inhibitors and to identify dual inhibitors by combining

common hits [82]. They still used multiple runs, but they managed

to discriminate between unspecific pan inhibitors and inhibitors

specific for a given target combination. Moreover, if the training is

performed on known multitarget compounds, it is possible to bypass

the need to process the same library multiple times. However, this
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FIGURE 5

Single-target and multitarget virtual ligand screening approaches. (a) In single-target virtual ligand screening (VLS) a compound library is systematically
screened via ligand- or structure-based methods, or both . Each compound is assigned a predicted activity score and the library is ranked accordingly. Molecules
in the top-ranking fraction proceed to further testing. (b) In multitarget VLS the same library of compounds is screened independently against different
targets and the overlapping hits proceed to further testing.
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Kernel methods and, in particular, support vector machines

(SVMs) are versatile and efficient strategies already used in single-

target screening processes. They are emerging as particularly suitable

tools for multitarget-oriented campaigns [81]. The main downside of
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prone to errors, the combination of multiple screening runs is bound
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colleagues demonstrated that, at least for structurally related targets

such as kinases, it is possible to train multiple SVMs using only

single-target inhibitors and to identify dual inhibitors by combining

common hits [82]. They still used multiple runs, but they managed

to discriminate between unspecific pan inhibitors and inhibitors

specific for a given target combination. Moreover, if the training is
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such as kinases, it is possible to train multiple SVMs using only
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hydrolase (LTAH4-h). First, they devised a common pharmaco-

phore that combined relevant features from both targets. Then,
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out all conformations that did not match the common pharma-

cophore. Notably, none of the compounds eventually reported to

be active would have been identified by simply testing top-ranking
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Kernel methods and, in particular, support vector machines
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target screening processes. They are emerging as particularly suitable

tools for multitarget-oriented campaigns [81]. The main downside of

combined approaches is that, because every screening paradigm is

prone to errors, the combination of multiple screening runs is bound

to increase the number of false positives significantly. Ma and
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Single-target and multitarget virtual ligand screening approaches. (a) In single-target virtual ligand screening (VLS) a compound library is systematically
screened via ligand- or structure-based methods, or both . Each compound is assigned a predicted activity score and the library is ranked accordingly. Molecules
in the top-ranking fraction proceed to further testing. (b) In multitarget VLS the same library of compounds is screened independently against different
targets and the overlapping hits proceed to further testing.
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identified novel anti-inflammatory candidates displaying activity

against phospholipase A2 (PLA2) and human leukotriene A4

hydrolase (LTAH4-h). First, they devised a common pharmaco-

phore that combined relevant features from both targets. Then,

they carried out independent structure-based VLS runs, filtering

out all conformations that did not match the common pharma-

cophore. Notably, none of the compounds eventually reported to

be active would have been identified by simply testing top-ranking

molecules.

Kernel methods and, in particular, support vector machines

(SVMs) are versatile and efficient strategies already used in single-

target screening processes. They are emerging as particularly suitable

tools for multitarget-oriented campaigns [81]. The main downside of

combined approaches is that, because every screening paradigm is

prone to errors, the combination of multiple screening runs is bound

to increase the number of false positives significantly. Ma and

colleagues demonstrated that, at least for structurally related targets

such as kinases, it is possible to train multiple SVMs using only

single-target inhibitors and to identify dual inhibitors by combining

common hits [82]. They still used multiple runs, but they managed

to discriminate between unspecific pan inhibitors and inhibitors

specific for a given target combination. Moreover, if the training is

performed on known multitarget compounds, it is possible to bypass

the need to process the same library multiple times. However, this
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OUTPUTINPUT 

DME: CYP 2D6, 2C9, 3A4
UGT 1A1                                                       
SULT 1A1, 1A3

ABC: BCRP, P-gp



Conclusions and Perspectives

´ ketMD: original approach to study efflux mechanisms of ABC 
transporters for further prediction of inhibitors and substrates

´ Integration of SB and ML/DL methodologies to predict inhibitors 
and substrates of DME  and ABC transporters

´ Multiscale models        

´ Helpful  to predict DDI  for safer drugs in drug discovery and 
clinics
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