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Abstract: 

Dabrafenib is an anticancer drug currently used in the clinics, alone or in combination. 

However, dabrafenib was recently shown to potently activate the human nuclear receptor 

pregnane X receptor (PXR). PXR activation increases the clearance of various chemicals 

and drugs, including dabrafenib itself. It may also enhance cell proliferation and tumor 

aggressiveness. So, there is a need for rational design of a potent protein-kinase B-Raf 

inhibitor devoid of binding to the secondary target PXR and resisting rapid metabolism. By 

solving the crystal structure of dabrafenib bound to PXR, and analyzing its binding mode into 

both PXR and its primary target, B-Raf-V600E, we were able to derive new compounds with 

nanomolar activity against B-Raf and no detectable affinity for PXR. The crystal structure of 

B-Raf in complex with our lead compound revealed a sub-domain swapping of the activation 

loop with potentially important functional implication for a prolonged inhibition of B-Raf 

V600E. 

 

Introduction 

Dabrafenib (DB) is an ATP-competitive inhibitor of the B-Raf serine/threonine kinase involved 

in the regulation of the mitogen-activated protein kinase (MAPK) pathway by phosphorylating 

MEK that in turn phosphorylates Erk-21. It was developed to specifically target the V600E 

activating mutation of B-Raf, which is observed in more than 40% of melanom2. DB is 

currently approved for the treatment of advanced melanoma and metastatic non-small cell 

lung cancer with a B-Raf-V600E mutation1. It shows good initial response rates and improved 

overall survival of B-Raf-V600E mutant cancer patients, but unfortunately, resistance is 

rapidly acquired3. To limit resistance, combination with MEK inhibitors, such as trametinib, is 

now more frequently used in the clinics4. DB treatment also suffers from a so-called 

paradoxical effect5, i.e. appearance of secondary tumors. Indeed, while inhibiting the growth 

of B-Raf-V600E harboring cell lines (e.g. A375), the drug induces an opposite behavior in 
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wild-type B-Raf cells (HL60). It is also promoting growth and metastasis of tumor cells with 

RAS mutations3. It may also play a role in skin lesions such as squamous cell carcinomas6. 

This poor overall outcome of DB treatment may be also related to low in vivo stability 

and its unfavorable fate within human bodies. Indeed, DB is known to be rapidly metabolized, 

first by CYP2C8 to form hydroxyl-DB that is further oxidized by CYP3A4 to produce carboxy-

DB. The latter metabolite accumulates and slowly but spontaneously loses its carboxylate 

group to form desmethyl-DB3. This rapid metabolism of DB (half-life of 5h) severely 

decreases its effectiveness and implies its use at very high doses (150 mg twice daily). 

Accordingly, the level of DB in the body alternates between high concentrations likely 

impacting unwanted secondary targets such as other protein-kinases, and potentially low 

concentrations with only partial inhibition of its primary target B-Raf V600E, the wild-type B-

Raf or the related C-Raf (IC50 of 0.7, 5.2, and 6.3 nM, respectively according to Rheault et al7 

but IC50 of 5.4, 2.7, and 1.5 nM by Zhang et al5). This alternation is expected to favor 

resistance appearance on a long-term treatment. Of note, partial inhibition of B-Raf could 

favor the paradoxical effect through the deleterious activation of B-Raf and/or C-Raf through 

allosteric regulation8. 

In addition, DB has been described as an inducer of major actors of drug metabolism 

such as several cytochromes P450 (CYP3A4, CYP2C9, CYP2C8, CYP2C19) and some 

UGT enzymes through an undisclosed mechanism3. We recently demonstrated that DB is a 

potent agonist of the human pregnane X receptor (PXR) and, therefore, a strong inducer of 

several P450s9, two properties that clearly account for the poor pharmacokinetics profile of 

this anticancer drug. Indeed, PXR plays a critical role in liver and gastrointestinal metabolism 

in regulating most metabolizing enzymes (including, for example, CYP3A4) or transporters at 

the transcriptional level10. As such PXR is a key regulator of the mammalian xenobiotic 

response and drives clearance of many exogenous substances such as pollutants and 

drugs. Furthermore, activation of PXR is also involved in detrimental effects including drug-

drug interactions (DDI), resistance to cancer therapy or accumulation of toxic metabolites. 
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Therefore, some drugs or drug candidates have been already shown to activate PXR and 

some examples of drug re-design have been described11. 

For long-term treatments as in cancer therapy, more detrimental impact may come into 

play. PXR has been shown to be involved in the modulation of tumor progression and can 

behave either as a tumor suppressor or as an enhancer12. PXR is expressed in various 

cancerous tissues where its activation has been shown, in some cases, to increase cell 

proliferation and tumor aggressiveness13,14. Specifically, PXR regulates the expression of a 

gene, fgf19, which is involved in colon cell proliferation13. In addition, activation of PXR can 

accelerate cell cycle progression via inhibition of some Foxo transcription factors15. However, 

in various cancers, including melanoma, higher PXR expression does not correlate with 

poorer overall survival at 1 or 2 years (see www.proteinaltas.org). On the contrary, higher 

expression of downstream cytochromes P450 (CYP3A4, CYP2C9 and CYP2C8) seems to 

decrease the survival rate at 1 or 2 years (www.proteinaltas.org). Accordingly, these 

conflicting results suggest that further studies are needed to properly decipher the impact of 

PXR activation.  

In this context, it is therefore important to take into account the potential of PXR 

activation in the rational development of anticancer drugs and of their combinations to 

prevent premature drug metabolism, limit DDI and, maybe more importantly, reduce also the 

risk of adverse events such as induction of secondary tumors. In this regard, there is a 

growing interest in modifying and re-designing existing drugs (or drug-candidates) in order to 

reduce their deleterious side effects and acquired resistances, for instance by slowing down 

their fast metabolism rates. 

In this study, we solved the crystal structure of DB bound to the PXR ligand binding 

domain (LBD). Structural analysis brought unprecedented highlights into the interactions of 

DB with PXR, and allowed the rational design of new derivatives remaining highly active 

against B-Raf but devoid of binding capacity to PXR. To limit organic synthesis and cell 

http://www.proteinaltas.org/
http://www.proteinaltas.org/
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assays to the most promising derivatives, we set-up an integrated approach combining 

virtual synthesis, docking and screening with the use of dedicated models based on machine 

learning. Additionally, the crystal structure of our lead compound bound to B-Raf V600E 

revealed an unanticipated structural rearrangement of the protein with putative implications 

for the pharmacological output. 

 

RESULTS 

Structure of PXR in complex with DB 

 

Figure 1. Chemical structures of original compounds and selected frameworks. Known inhibitors of B-

Raf are displayed: A) Dabrafenib, B) Encorafenib, C) PLX7922 and D) bound ligand in PDB4CQE. For 

each framework specific substituents are shown in bold. 

 

We recently identified DB (see Figure 1A) as a potent PXR agonist with an EC50 of 87 nM9. 

To gain atomic-level information on the mode of binding of DB to PXR, we solved the crystal 

structure of the PXR-LBD in complex with this compound at a resolution of 2.28 Å (Table 

S1). The PXR-LBD adopts the canonical active conformation of nuclear receptors, with its C-

terminal activation helix H12 capping the ligand binding pocket (LBP) (Supporting Information 

Figure S1). DB could be positioned unambiguously in the electron density (Figure 2A) that 

was well defined for the entire compound, indicating that DB is well stabilized in the LBP, in 

line with its strong activity. DB forms mainly van der Waals interactions with LBP residues 
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and only one hydrogen bond is observed between the nitrogen atom of the sulfonamide 

moiety and Ser247 in helix H3 (Figure 2A). Surprisingly, none of the polar atoms of the 

sulfonamide moiety, the aminopyrimidine and thiazole rings appear to be engaged in a direct 

or water-mediated hydrogen bond with any LBP residues. DB adopts a U-shape 

conformation, with the aminopyrimidine and the difluorophenyl rings being within van der 

Waals distance (3.60 Å) to each other. The difluorophenyl ring and the sulfonamide moiety 

reside between helices H3 and H11, and closely adjacent to H12, whereas on the other side 

of the pocket, the tert-butyl group is nested into the so-called aromatic π-trap composed of 

Phe288, Trp299, and Tyr30616. Comparison of this structure with that of PXR in complex with 

the reference agonist SR12813 reveals that the binding sites of DB and SR12813 largely 

overlap, in agreement with their similar PXR agonistic activities (Figure 2B). These two 

ligands share a tert-butyl moiety that orients the same way in PXR. From this PXR-DB 

complex, several chemical routes for optimizations could be envisioned: decrease the 

hydrophobic interactions observed with the terminal difluorophenyl ring, the terminal tert-butyl 

group and/or promote van der Waals clashes. 

 

 

Figure 2. Interaction of dabrafenib with PXR and B-Raf. Close up view of the interactions of dabrafenib 

(DB) (A) and SR12813 (B) with residues of the LBP of PXR-LBD, in the same orientation, showing the 

similar space occupied by the two ligands. Residues of the aromatic π-trap are marked with an 

asterisk. The simulated annealing Fo-Fc omit map around the ligand is represented in A (in green). (C) 

Structure of B-RafV600E in complex with DB indicated that the tert-butyl group of the drug lies at the 

edge of the ATP-binding cavity and points towards the solvent. Oxygen, nitrogen, sulfur, phosphorous 

and fluorine atoms are colored in red, blue, yellow, orange and light blue, respectively. 
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Modeling of encorafenib binding into PXR 

Because encorafenib (hereafter ECF; Figure 1B) is another B-Raf inhibitor which is both 

used in the clinics and related in structure to DB1, we wondered if it could bind to PXR. 

Indeed, this compound was shown to be also an activator of PXR – although to a lower 

extent than DB – in our cell-based reporter assays (Table 1). Unfortunately, we failed so far 

to co-crystallize ECF-bound PXR. This prompted us to dock this drug and all its derivatives 

or analogues present in a focus dataset (PubChemAssay AID:125756617) into the newly 

solved crystal structure of PXR bound to DB, using the program PLANTS18 through an 

interface recently developed in the server @TOME (Docking results can be seen in: 

http://atome.cbs.cnrs.fr/EG/PXR-encorafenib). Those compounds share with DB, a common 

core made of three connected aromatic cycles harboring distinguishing substitutions. Two 

main binding modes were observed. One is similar to that of DB and is more frequently 

observed for the compounds harboring a large substituent on the sulfonamide group. An 

alternative binding mode was also predicted in which the aminopyrimidine ring and the 

central phenyl are swapped compared to the mode of binding of DB. This mainly occurred for 

compounds harboring a small substituent on the sulfonamide group (such as methyl, as in 

ECF). Hence, despite the loss of the large difluorodiphenyl moiety (replaced by a tiny methyl 

group) and the presence of a polar extension on the amino-pyrimidine ring, ECF was still 

predicted to bind to PXR to some extent. But, the lower hydrophobic surface of ECF 

suggested it would have a lower affinity for PXR with predictions in the sub-micromolar range 

in agreement with our experimental evidence. From this screening survey, several chemical 

routes for optimizations could be envisioned: modify the methyl sulfonamide, the isopropyl 

group attached to the thiazole ring and/or promote van der Waals clashes. In parallel, 

modification of the polar substituent on the aminopyrimidine appeared a complex issue (B-

Raf affinity, cell penetration) while PXR seemed to readily accommodate such an extension. 

Finally, the chlorine atom added on the central phenyl ring seemed not a major change 

http://atome.cbs.cnrs.fr/EG/PXR-encorafenib
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affecting the interaction with PXR while it may impact favorably the interaction with B-Raf-

V600E (see below). 

 

An intermediate molecule in between DB and ECF 

While the replacement of the large difluorophenyl moiety of DB by a tiny methyl group (as in 

ECF) would impact to some extent the affinity and possibly the mode of binding to PXR, it is 

also expected to drastically lower the affinity for the primary target B-Raf. Indeed, the 

corresponding difluorophenyl in DB points into a buried and hydrophobic sub-pocket. Hence, 

a compromise was envisioned following a previous example set up to lower the paradoxical 

effect5. In this study, the resulting compound harboring an ethylmethylamine group on the 

sulfonamide group (PLX7922; Figure 1C) was a significantly weaker inhibitor of B-Raf (12 nM 

vs 0.5 nM for DB). We thought that an isosteric but more hydrophobic version could be more 

effective. Nevertheless, it might not be sufficient to decrease drastically the binding to PXR 

according to the above virtual screening. 

 

Another alternative to DB and ECF 

Interestingly, a compound (Figure 1D; named hereafter CQE as in the PDB ID 4CQE and 

corresponding to compound 2019) harboring a large and polar cyclopropylpiperidine moiety 

on the thiazole ring instead of the tert-butyl moiety of DB, has been reported to have a low-

nanomolar activity against B-Raf V600E. The crystal structure of this compound bound to B-

Raf V600E (PDB ID 4CQE) shows the alkylated piperidine pointing toward the solvent while 

contacting the glycine-rich loop and the the catalytic site. However, the interaction of this 

compound with PXR was not measured. Based on the binding mode of DB in PXR, the large 

cyclopropylpiperidine would clash too severely into the aromatic π-trap at the bottom of the 

PXR pocket, thus preventing such a binding mode. Alternative binding modes would require 

significant rearrangements of the PXR ligand binding pocket that are hard to predict. As a 

whole, these data suggested that the presence of such a large and polar substituent on the 
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thiazole group would be detrimental regarding PXR binding while it would be well 

accommodated by B-Raf V600E. 

 

Selection of a common core for a focused optimization 

The above results prompted us to further evaluate the overall chemical structure of DB and 

search for a combination of derivatizations that could prevent binding to PXR while 

maintaining a strong activity against the primary target B-Raf. Further comparisons of DB 

and the three other compounds was undertaken to search for feasible and promising 

modifications (Figure 1). 

First of all, these four compounds share a common architecture with an isosteric core 

built from an aminopyrimidine (but in CQE having a closely related aminopyridine) directly 

connected to a 5-atom heterocycle (a thiazole but in ECF which harbors a pyrazole of similar 

shape), which in turn is attached directly to a fluorophenyl ring (with an additional chlorine in 

ECF) that harbors a sulfonamide group. More subtle variations were also detected such as 

the distinct position of one fluorine atom present on the difluorophenyl moiety in DB and CQE 

(Figure 1). CQE also harbors an acetyl group on its aminopyridine ring while DB and 

PLX7922 have no substituent on their aminopyrimidine moiety. As mentioned above, ECF 

differs from the other three compounds by the presence of a chlorine atom on the central 

phenyl ring and a polar extension on its aminopyrimidine. Interestingly, ECF19, PLX79225 and 

CQE have all been proposed to promote lower paradoxical effect20, and represent, therefore, 

promising alternative frameworks in order to produce better behaved derivatives of DB. 

However, for reason of synthesis accessibility and cost (of the aminopyridine or the pyrazol), 

the aminopyrimidine-thiazole pair connected to a central phenyl ring has been chosen as the 

most attractive scaffold for further elaborations. On this scaffold, various variations similar to 

those described above could be envisioned to bring the best combination of pharmaceutical 

behavior (high affinity for B-Raf and not PXR, possibly low paradoxical effect, cell 

penetration, good pharmacokinetical properties …). The most obvious ones, corresponded to 
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the addition of chlorine atom on the central phenyl ring (as in ECF; Figure 1B), variations on 

the sulfonamide group like a sec-butyl (to mimic PLX7922; Fig. 1C) or a o,m-difluorophenyl 

instead of a o,o-difluorophenyl (as in CQE; Figure 1D) and finally the addition of an acetyl 

group on the aminopyrimidine (to mimic CQE; Figure 1D). Finally, the most diverse 

substitutions of the C2 position of the thiazole were planned to replace the tert-butyl group. 

 

Table 1. Structures and biological activities of DB and new compounds. 

 

     B-Raf V600E PXR 

     Inhib. Prolif. Bind. Activ. 

 R1 R2 R3 R4 
IC50 
(nM) 

IC50 
(nM) 

Tm 
(°C) 

EC50 
(µM) 

DB  
tert-butyl 

H 

 

 
o,o-difluoroPh 

H 0.7-5* 0.457 5.0 0.0872 

1a 

 

 
4-piperidine 

H  
sec-butyl 

H 
85% 

(1 µM)** 
ND ND ND 

2a 

 

 
azetidine 

H 

 

 
o,m-difluoroPhl 

H 2.1 32.8 ND > 30 

2b 

 

 
pyrrolidine 

H 

 

 
o,m-difluoroPh 

H 1.7 11.2 ND 9.79 

2c 

 

 
2-piperidine 

H 

 

 
o,m-difluoroPh 

H 1.7 5.12 2.8 5.16 

2d 

 

 
2-piperazine 

H 
 

o,m-difluoroPh 

H 5.9 127 0.43 > 30 
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3a  
tert-butyl 

Cl 

 

 
o,m-difluoroPh 

H 3.6 1.73 6.8 0.0814 

3b 

 

 
5-morpholine 

Cl 
 

o,m-difluoroPh 

H 2.0 2.06 2.2 2.28 

4a 

 

 
cyclopropylpiperidine 

H 

 

 
o,m-difluoroPh 

H 4.4 1.68 2.4 6.21 

4b 

 

 
3-piperidine 

H 

 

 
o,m-difluoroPh 

H 4.5 44.1 ND > 30 

4c 

 

 
5-morpholine 

H 
 

o,m-difluoroPh 

H 6.0 3.77 1.2 11.5 

4d  
aminopropyl 

H 

 

 
o,m-difluoroPh 

H 6.3 39.5 ND > 30 

5a 

 

 
cyclopropylpiperidine 

H 

 

 
o,m-difluoroPh 

 
acetyl 

ND 1.48 ND 10.8 

5b  
aminopropyl 

H 

 

 
o,m-difluoroPh 

 
acetyl 

7.6 208 ND > 30 

Notes * refers to activity values in the litterature
5,7

, ** refers to inhibition percentage at 1,000 nM. 

 

Further analysis of the tert-butyl moiety for better optimization 

Careful inspection of the crystal structures and above virtual screening results suggested that 

the replacement of the tert-butyl group on the thiazole by a larger and more hydrophilic 

moiety could impact the binding modes into PXR while maintaining the binding mode on B-

Raf-V600E, as suggested by the above compound CQE Indeed, the structures of B-Raf or B-

RafV600E in complex with DB (PDB IDs 5CSW and 4XV2, respectively) indicated that the 
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tert-butyl group of the drug lies at the edge of the ATP-binding cavity and points towards the 

solvent5,21 (Figure 2C). 

Furthermore, this tert-butyl group is subjected to chemical modifications by P450s so 

that its replacement by a more stable moiety would further decrease metabolism and 

excretion rate of the resulting drug. Importantly, the known metabolites of DB seem not to 

provide valuable alternatives according to virtual docking and affinity predictions by means of 

standard scoring function and also by molecular mechanics Poisson−Boltzmann surface area 

(MMPBSA) computations22. Using these approaches, two of the metabolites (hydroxymethyl- 

and desmethyl-DB) were predicted to have only slightly lower affinity for both B-Raf V600E 

and PXR, while the more polar carboxy-DB would no longer bind any of them. This new 

results match the above analysis regarding the van der Waals interactions deduced from the 

crystal structure survey. But, a precise and quicker evaluation of many other substitutions 

(hereafter labeled R1; Table 1) of the tert-butyl group would be required to select out a small 

subset of optimal derivatives. 

 

Set up of a machine learning model to guide tert-butyl replacement 

Virtual screening of a rather large number of potential substitutions was considered but 

required a fine ranking of the resulting compounds prior to moving toward organic synthesis 

and activity testing. Obviously, this could not be performed in a reasonable time by using 

MM-PBSA calculations, a too CPU-demanding approach. On the contrary, virtual screening 

allows rapid generation of plausible docking poses for many chemical compounds but at the 

expense of the quality of the affinity prediction. This drawback can be partially compensated 

by expert human/manual survey of the docking poses but at the expense of the overall 

throughput. So, we turned to combine classical docking simulation supplemented with 

machine learning technique to predict affinity as precisely as possible. 

First, we docked into B-Raf, a large set of 2193 compounds with known IC50 against 

B-Raf V600E (extracted from BindingDB23) using the PLANTS module implemented in our 
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server @TOME24. This tool allows us to perform in parallel virtual docking in 20 distinct 

conformations of B-Raf (upon selection by ligand similarity). This led to satisfactory docking 

of most of the compounds. Then, we trained various affinity prediction models on generated 

structure-based descriptors, extended with global ligand-based molecular descriptors using 

the Random Forest algorithm and 10-fold cross-validation as previously described24. This led 

to predicted pIC50 values ranging from 7.0 to 8.5 (RMSE: 0.74, r_pearson: 0.72 and R2: 

0.52) showing Gaussian-like curves with little outliers. This suggested that the predictions 

were not very discriminative. To gain in precision and to alleviate any possible bias due to 

sub-optimal docking, we switched to a more focused dataset (derivatives of DB and ECF 

from one patent application; PubChemAssay AID:1257566) using a ligand-based approach. 

In this case, several machine learning models were trained using different type of fingerprints 

(MACCS, Pubchem …) as molecular descriptors and the two algorithms Random Forest (RF) 

and Support Vector Machine (SVM). Parameter optimization was performed and the 40 most 

important features from the different fingerprints were selected and used for a new round of 

training with these two algorithms. This led to two models, named, hereafter, ‘RF-selected’ 

and ‘SVM-selected’ showing significant improvement of both their RMSE (down to 0.54) and 

R2 values (up to 0.68) in 10-fold cross-validation, while default fingerprints stand at higher 

RMSE (up to 0.8) and lower R2 (down to 0.35). The ’RF-selected’ predictions have the most 

pronounced discrimination and cover the largest affinity range (7.2 to 9.5), whereas the 

’SVM-selected’ predictions cover a smaller range (7.8 to 8.6) in lower agreement with 

experimental values. Interestingly, the two models appeared more discriminative with two 

small subsets of compounds (28 and 60 chemical entities, respectively) showing significantly 

higher affinity (RF model: pIC50 > 8.8 and ‘SVM-model’: pIC50 >8.3) while the remaining 

gathered around lower values (‘RF-model’: <pIC50> ~ 8.3 and ‘SVM-model’: <pIC50> ~ 8.1). 

Of note, the 28 best compounds for the ‘SVM-selected’ model also ranked among the best 

for the ‘RF-selected’ one. Furthermore, in these two models, the best combination of 

substitutions seemed to be those harboring the extra chlorine atom on the central 
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fluorophenyl (R2) by a margin while the worst came out to be the one with a sec-butyl (R3) 

instead of the difluorophenyl. These results suggested that we had in hand several tools to 

finely tune the selection of optimal combination of substituents. 

 

In silico screening for optimal derivatizations  

The simplest synthetic route to replace the tert-butyl group harbored by the thiazole ring of 

DB is to react a thioamide compound onto the desired scaffold. Accordingly, using a 

dedicated KNIME pipeline25, a range of 179 thioamide compounds available from Enamine 

Chemical Supplier was virtually reacted onto the common scaffold in combination with 

focused substitutions on two other positions of interest (mainly sec-butyl or a difluorophenyl 

for R3 and H or Cl for R2, Table 1). The resulting compounds were docked into B-Raf 

binding sites using PLANTS through the interface in @TOME (see above). This allowed 

docking into multiple conformations of the protein-kinase and use of co-crystallized 

compound as a pharmacophoric shape restraint in each of the templates selected for virtual 

screening. This led to satisfactory docking of most of the compounds 

(http://atome.cbs.cnrs.fr/EG/BRaf-PO6). In parallel, docking into PXR was performed for 

counter-selection (http://atome.cbs.cnrs.fr/EG/PXR_human_P06). Then, the affinities were 

predicted using our best performing ML models, ’SVM-selected’ and ’RF-selected’. For the 

R2 position, the chlorine atom appeared to bring slightly better affinity compared to a 

hydrogen atom. Similarly, the larger difluorophenyl in R3 increased the binding affinity to B-

Raf compared to the smaller sec-butyl moiety. For the R1 position, ‘SVM-selected’ showed 

28 substitutions (shown in Figure 3) lying out with significantly better predictions (pIC50 > 

8.35 or 8.41) from the bulk (pIC50 < 8.25 or 8.27). Those substitutions were also among the 

best according to the model ‘RF-selected’ (pIC50 > 8.78 or 8.89 versus pIC50 < 8.40 or 8.71 

for the bulk). 

 

http://atome.cbs.cnrs.fr/EG/BRaf-PO6
http://atome.cbs.cnrs.fr/EG/PXR_human_P06
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Figure 3. Chemical structures of 28 best substitutions for the tert-butyl. In silico generated molecules 

were docked and evaluated using a dedicated Random Forest model (RF-selected; see text). 

 

In agreement with the above structural analysis, among the best B-Raf substituents R1 

attached to the thiazole ring, eleven appeared to correspond to small and rather hydrophobic 

substituents (8.34 < pIC50 < 8.42 by the ‘SVM-selected’ model). Unfortunately, most of those 

substituents (such as the isopropyl chain) would perfectly fit the PXR binding site. Three 

aromatic substituents (8.42 < pIC50 < 8.45) were also found but the quality of their 

interactions with B-Raf was questioned. This was mainly due to seemingly unfavorable 

orientation of these aromatic rings and a lack of strongly favorable interactions while the 

presence of methylene group connecting these rings to the thiazole suggested an important 

and unfavorable entropy cost. The best substituents were four polar groups (8.44 < pIC50 < 

8.49): two aminocycloalkyles (pyrazol and piperidine) group and two short aminoalkyl chains 
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(aminoethyl and aminopropyl). These four modifications seemed to be able to form favorable 

polar interactions with neighboring residues (N580, N581, or D594). Finally, a hydroxyl 

group, two methoxyalkyl chains and a pyrrole were also detected among the 28 best 

modifications. As representative of the four above substitutions, we selected the aminopropyl 

and the piperidine as promising substituents although we could wonder about their cell 

penetration (especially with the terminal amino group). 

By analogy with the above results, we selected the cyclopropylpiperidine that was 

already present in CQE20 as a reference substitution. We also selected a morpholine moiety 

attached to the thiazole ring by a carbon atom instead of the nearby nitrogen as usually 

observed in other drug compounds. This original connection would allow the formation of a 

hydrogen bond to the aspartate D594 (either directly or through a water molecule). Of note, 

the three selected heterocycloalkyl moieties (piperidine, morpholine and 

cyclopropylpiperidine) are well known to bring very favorable pharmacokinetics properties 

and are frequently encountered in drugs. MMPBSA was again applied to confirm the overall 

predictions from the machine learning and visualization survey for the four selected R1 

substituents (aminopropyl, piperidine, morpholine, and cyclopropylpiperidine). Compared to 

DB (-380 kJ/mol), lower affinities for B-Raf were predicted with the following ranking: 

cyclopropylpiperidine (-300 kJ/mol) > piperidine (-270 kJ/mol) ~ morpholine (-285 kJ/mol) > 

aminopropyl (-250 kJ/mol).  

 

Functional characterization of DB analogs 

The first molecule synthesized and tested was based on the selected common scaffold 

harboring in R3 a sec-butyl (as for PLX7922, Figure 1C) and in R1 a piperidine instead of the 

tert-butyl (Table 1). However, this compound (1a) showed a sharply decreased activity 

against B-Raf (with only 85% inhibition at 1000 nM) compared to DB. Hence removing the 

halogenated phenyl ring in R3 was not further studied experimentally. We synthesized and 

tested a series of four compounds harboring as R1 group various aminocycloalkyl of 4 to 6 
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atom rings (2a-2d). While highly potent on the purified enzyme B-Raf-V600E (1.73-5.92 nM), 

they were much less active against A375 cell proliferation, probably due to cell penetration 

issue (Table 1 and Supporting Information Figure S3). 

In order to evaluate the impact of chlorine atom for R2 on the central phenyl ring (as in ECF, 

Figure 1B) on the binding to B-Raf and PXR, two other molecules were synthesized and 

tested. One derives from DB itself with a tert-butyl in R1 (3a) while the second harbors a 5-

morpholine group in R1 (3b). Interestingly, these two compounds were highly active on 

purified B-Raf V600E, with IC50 of 3.6 nM and 2.0 nM, respectively (Table 1) and also on the 

wild-type enzyme (1.7 and 1.6 nM, respectively). These experimental data confirmed the 

predicted benefit of adding a chlorine atom for binding to B-Raf. Of note, these compounds 

showed better activity against wild-type enzyme than mutated B-Raf V600E. As expected, 3a 

is highly potent in activating PXR (EC50 = 81 nM), whereas 3b was much less potent with 

EC50 of 2.3 µM. Thus, in agreement with our predictions, the chlorine atom is not sufficient to 

explain the differences between DB and ECF regarding their binding to PXR. As expected, 

common scaffold harboring a chlorine atom in R2 and a tert-butyl substituent in R1 still 

activates strongly PXR while the morpholine group in R1 prevents this in our cellular model. 

This confirms the importance of large and polar substituents on the thiazole group to 

disentangle B-Raf and PXR binding. 

Then, we designed and synthesized another series of four molecules based on the 

common scaffold with a o,m-difluorophenyl in R3, and in R1, four different moieties sharing a 

cycloalkyl chain with one or two nitrogen atoms (e.g. pyrrolidine) (Table 1). The resulting 

compounds could be synthesized straightforwardly and were shown to be effective in the low 

nanomolar range (4a: 4.4 nM, 4b: 4.5 nM; 4c: 6.0 nM, and 4d: 6.3 nM) against B-Raf V600E, 

placing them at an activity level similar to that of DB (0.8-5.4 nM), in perfect agreement with 

the various predictions described above. All these chemicals had a good antiproliferative 

activity in A375 cells (IC50 values are displayed in Table 1; see also Figure 4A). The most 

active compound was DB (IC50 0.44 nM) while ECF and 4a (cyclopiperidine) were slightly 
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less active (IC50: 1.29-1.47 nM), and 4c (morpholine) was the least active compound (IC50 of 

3.8 nM). Having shown the activity of DB analogs on its primary target, we next evaluated the 

potential transactivation of PXR by DB and the designed analogues in a reporter cell line26. 

The maximal activities and EC50 values of the compounds are displayed in Table 1 (see also 

Figure 4A and Supporting Information Figure S2). They were categorized into three potency 

groups: weak (EC50 > 10 µM), moderate (10 µM > EC50 > 1 µM), and strong (EC50 < 1 µM) 

activators. DB is a strong activator (EC50 = 87 nM) while ECF is a moderate one in 

agreement with the loss of the difluorophenyl group favorably interacting with PXR. 

As we wondered whether cell penetration might be an issue due to the four polar 

substitutions and to better match the related CQE, we synthesized a second series differing 

by an acetyl group attached to the amino group of the pyrimidine (substituent in R4). The 

acetylated version seemed less stable (in weeks) and only one IC50 could be determined on 

purified B-Raf V600E (7.6 nM for the aminopropyl substituted compound 5b; Table 1). On 

cell culture, 5a showed activity of 1.5 nM which is very similar to its unacetylated version 4a 

(1.7 nM) while acetylation appeared too labile. 

 Finally, we checked direct PXR binding for a subset of representative ligands 

including DB and SR12813 using TSA experiment. It confirmed that ligand with low PXR 

activation actually bind less well to PXR-LBD (Figure 4C and Table 1). Noteworthy, the 

apparent binding correlates well with the hydrophobicity of the compounds as estimated 

using XLogP (Figure 4D). 
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Figure 4. Cell assays for PXR activation and antiproliferative B-Raf activity. (A) Results of 

antiproliferative assays showing concentration response curves for DB, 4a, 4c, and 5a in A375 

melanoma cancer cells. A375 cells were treated with chemicals for 5 days and cell survival was 

measured using MTT assay. Results are expressed as percentage of the maximal response obtained 

with untreated cells. Data are the mean (SD) of three to five independent experiments. (B) Results of 

luciferase assays showing concentration response curves for DB, 4a, 4c, and 5a in HG5LN 

GAL4hPXR cells. Results are expressed as percentage of the maximal response obtained in presence 

of 3 µM SR12813. Data are the mean (SD) of three to five independent experiments. (C) Relative 

differential melting temperatures  (Tm) determined for PXR-LBD in presence of various compounds 

(2c, 2d, 3a, 3b, 4a, 4c, DB and SR12813). Data are represented as mean (SD) (n = 6). (D) Correlation 

curve between Tm and the XLogP (calculated with RDKit). 

 

In conclusion, our compounds 4a, 4c, 5a, and 5b are the least potent at activating 

PXR, with EC50 in the 6-15 µM range. In conclusion, the corresponding chosen 

derivatizations successfully prevent activation of PXR in a cellular environment at the slight 

expense of the affinity for the primary target. 
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Crystal structure with DB derivative 4c 

While our best compound 4a was expected to perfectly mimic CQE with its 

cyclopropylpiperidine in R1, the second best compound, 4c was predicted to bring a 

favorable interaction with a buried water molecule due to its differently oriented morpholine 

moiety in R1. So, we engaged in the determination of the structure of its complex with B-Raf-

V600E. Recombinant B-Raf-V600E was successfully over-expressed in E. coli after several 

rounds of optimizations. The purified protein could be co-crystallized with one of our lead 

compounds 4c. Crystals grew slowly (2-3 weeks) and diffracted to 2.3 Å resolution. 

Straightforward molecular replacement and subsequent refinement led to very good 

refinement statistics (Table S1). The overall structure looks very similar to the previously 

solved structures. Indeed, as seen in diverse crystallographic B-Raf structures, the newly 

determined structure presents the typical "back-to-back" interface with a second monomer 

from a symmetric unit cell. One molecule of inhibitor was detected in each of the two 

independent monomers (Figures 5A and 5B). The interactions observed between the ligand 

and the protein recapitulate most of those previously described for two related compounds: 

DB and CQE (Figure 5C). However, major changes are detected in the region of the 

morpholine moiety that points toward the solvent while being sandwiched between the 

Glycine-rich loop and the floor of the ATP-binding site near the 578-KxxN-581 motif and the 

nearby catalytic aspartate D594 (Figure 5D). Indeed, the nitrogen atom of the morpholine 

group points toward the aspartate side-chain and seems to interact with it through a water 

molecule that is also hydrogen-bonded to the nitrogen atom of the thiazole group. 

Accordingly, this structure matched our prediction and confirmed the favorable interactions 

that the morpholine group can form. Compared to tert-butyl in DB, the morpholine induced an 

opening of the binding site by pushing outward the glycine-rich loop (Figure 5D). 
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Figure 5. Crystal structure of B-Raf V600E in complex with lead compound 4c. (A) The refined 

crystallographic B-Raf V600E structure (chain A in orange but for the swapped segment in firebrick, 

and chain B in blue but for the swapped segment in cyan) with the designed ligand 4c (electron 

density in cyan). The dimeric structure shows a domain swap of the activation loop. Residues in the 

vicinityof 4c are shown in line representation. (B) The co-crystallized ligand 4c. Ligand is shown as 

stick and its electron density (omit map) is shown in cyan. (C) As in B. but for the presence of the 

surrounding protein residues in blue sticks. (D) Protein-protein superposition of B-Raf liganded with 

either DB (PDB ID 4XV2, in magenta) or compound 4c (this study; PDB ID 7P3V, in blue). 

 

Interestingly, it became apparent during the final steps of the refinement process that a 

sub-domain swapping involving the region 597-631 has occurred. Indeed, the activation loop 

(in cyan or firebrick; Figure 5A) now protrudes far into the helical C-terminal domain (C-lobe) 

of the neighboring protomer. Additionally, the two facing C helices interact through a new 

and large area, and with their respective G-rich loop. The latter seems to be stabilized in a 
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more ‘open’ conformation due to the presence of the morpholine group. However, the ligand 

is not in direct contact with any residue of the partner protomer. 

 

 

Figure 6. The B-Raf/4c complex forms fiber in crystals. (A) Classical back-to-back B-raf dimer. (B) B-

Raf V600E fiber deduced from the two complementary dimer interfaces (back-to-back and face-to-

face). (C) Face-to-face dimer of B-Raf V600E induced by the new compound 4c and the resulting 

domain swapping of the activation loop (the color code is the same as in Figure 5). The 2-fold 

symmetry axes are depicted by black dashed lines and ovals. 

 

Due to this sub-domain exchange, the new structure showed another dimeric interface 

that can be described as a "face-to-face" interface (Figures 5A and 6C) in contrast to the 

"back-to-back" interface of the classical B-Raf dimer (Figure 6A). At this new interface, the 

two protomers are highly interlaced (Figure 6B). In the B-Raf/4c structure, the activation loop 
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is partially structured in chain A and it adopts a completely well-defined loop in chain B. In 

this chain, we observed clearly an -helix starting from W604 and running up to Q612, 

followed by a one-turn helical structure, and again another -helix from P622 to Q628 (Figure 

5A, in cyan). In chain A, residues 598-613 are not well defined, but the residue stretching 

from S614 to A621 form a helical turn followed by a clear -helix from P622 to D629. The 

latter -helix is swapped with the facing protomer and located at the exact same position as 

in a non-swapped conformation (Figure 5A, in firebrick). As a result, a rather large portion of 

the total solvent-accessible area of the two chains is identified at this interface (15.6% and 

15.8%), and the portion of residues involved is as large as 23.9%. In addition, 32 hydrogen 

bonds and 9 salt bridges are established between the two chains in the crystal structure. 

Thus, the interface is estimated to be stable in solution. As both dimer interfaces (the 

classical "back-to-back" (Figure 6A) and the new "face-to-face" (Figure 6C) are large in size 

and are expected to be stable in solution, a long fiber-like macromolecular structure is 

expected to form (Figure 6B). This particular feature may have important implication for the 

functioning of B-Raf upon ligand-induced swapping. A possible impact of the new "face-to-

face" domain-swap dimer on the downstream signaling cascade, especially the activation of 

the protein kinase MEK (being a direct substrate) was investigated by structural 

superposition of the new dimer structure with the crystallographic complex of B-Raf and MEK 

(PDB ID 6U2G27). Clearly, the structure of the crystallographic B-Raf domain-swap dimer is 

not compatible with MEK binding, as the MEK binding site overlaps partially with the second 

B-Raf domain-swap protomer. Of note, re-refinement of the crystal structure of Braf-V600E 

complex with CQE (PDB ID 4CQE) revealed an identical domain swapping. This original 

structural property may participate in the lower paradoxical effect of CQE and, therefore, we 

predict that this feature may be extended to our lead compound although further 

experimental validation is necessary to fully demonstrate this point. 
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DISCUSSION AND CONCLUSION 

Our previous study9 demonstrated for the first time that DB is a potent activator of PXR in 

various cell lines over-expressing this nuclear receptor. We further demonstrated that DB-

mediated PXR activation was associated with enhanced expression of several PXR-target 

genes, which is in accordance with increased expression of CYP2B6 and CYP3A4 previously 

observed in hepatocytes upon DB treatment3. While DB usually inhibits the proliferation of 

cancer cells by targeting B-Raf-V600E, it was also shown to induce the proliferation of tumor 

cell lines expressing wild-type B-Raf and an oncogenic mutant of RAS, a small G-protein 

regulating RAF protein5. 

Though its precise mechanism is not completely understood, PXR activation can, in 

some cases, result in accelerated cell cycle progression via the inhibition of Foxo 

transcription factors15, or the increase of fgf19 expression13. Conversely, PXR may also act 

as a tumor suppressor12. Accordingly, tacking into account potential PXR activation, while 

maintaining the activity against B-Raf, appears to be an important dual-purpose strategy as it 

would decrease too rapid clearance, unfavorable DDI and possibly also decrease some 

undesirable or paradoxical effects. 

Our current study revealed the binding mode of DB to the PXR LBD thanks to the first 

crystal structure of this complex. DB is a rather large ligand that makes numerous contacts 

with the residues of the PXR-LBP and fills a volume similar to that occupied by the reference 

agonist SR12813. These data not only support the strong PXR agonist property of DB but 

also provide invaluable information for the development of DB analogues with dissociated 

activities on B-Raf and PXR. 

In this project, we designed novel inhibitors of B-Raf devoid of binding and activation of 

PXR. Many affinity prediction techniques, from virtual screening to machine learning, were 

set up to guide the design and synthesis of a small set of novel compounds. These 

compounds were successfully evaluated on the purified protein-kinase B-Raf as well as on 

cell lines A375 showing inhibitory activity equivalent to the parent compound. In parallel, it 
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was also demonstrated that those new compounds differ from DB as they showed little 

binding as well as weak or no activation of PXR. 

The binding mode of the designed drug candidate 4c in its primary target B-Raf was 

confirmed by X-ray crystallography. The resulting crystal structure also revealed an original 

domain swapping never described before for B-Raf protein-kinase while it has been 

described for several other serine/threonine kinases such as Chk2 and other 

serine/threonine kinases28. Non-classical auto-phosphorylation has been predicted to result 

from such swapped dimer which brings the activation loop from one monomer to the 

entrance of the second protomer. In our case, serine S614 would be brought in the vicinity of 

the ATP binding site and the catalytic center. Interestingly, a phosphorylation on this site has 

been detected and displays an inhibitory activity29. If confirmed this would add another 

favorable twist to this new type of compounds. 

In addition, the swapped dimer being compatible with the standard back-to-back 

dimerization of B-Raf, the new compound could induce formation of fibers. The size of these 

interfaces (back-to-back and face-to-face) suggests that they could occur in a cellular 

context. Interestingly, such a domain swapping masks the interaction surface of B-Raf with 

MEK and would therefore prevent downstream signaling. As the same sub-domain swapping 

can be detected into the previously published structure PDB ID 4CQE, we wonder if it could 

play a role in the lower paradoxical effect noticed for the co-crystallized compound (CQE). 

Altogether, our results are of clinical importance as DB dramatically impacts its own 

metabolism or that of other drugs or medications, in particular MEK inhibitors such as 

trametinib, which is used in combination with DB for the treatment of metastatic melanoma. 

Thus, these results strongly argue for assessing the ability of newly developed drugs to 

activate PXR, in order to limit their detoxification or the potential increase in cancer cell 

proliferation. 

In conclusion, a rational drug design approach was successfully set up to improve a 

drug already in the clinic but suffering from high PXR activation. Our results suggest also 
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novel facets to the so-called paradoxical effect in link with both PXR activation and fiber 

formation due to subdomain swapping in the primary target B-Raf-V600E. 

 

EXPERIMENTAL SECTION 

Reagents and chemicals 

SR12813 was purchased from Sigma-Aldrich (Saint Quentin Fallavier, France). Dabrafenib 

was purchased from Euromedex (Souffelweyersheim, France). Drugs were solubilized in 

DMSO and stored at -20°C. 

 

Cell lines 

A375 cells have been ordered to ATCC. The HG5LN GAL4-hPXR cell line was already 

described26. Briefly, Hela cells were stably transfected with the GAL4RE5-Glob-Luc-SVNeo 

plasmid and the pSG5-GAL4(DBD)-hPXR(LBD)-puro plasmids leading to the HG5LN GAL4-

hPXR cell line. 

A375 cells were cultured at 37°C under humidified 5% CO2 atmosphere in phenol red 

(DMEM)-F12 medium (Thermofisher, Villebon sur Yvette, France) supplemented with 1% 

penicillin/streptomycin, 5% fetal calf serum (FCS). HG5LN GAL4-hPXR were cultured at 

37°C under humidified 5% CO2 atmosphere in the same medium supplemented with 

1 mg/ml G418 and 0.25 µg/ml puromycin. 

 

PXR transactivation assays 

HG5LN GAL4hPXR cells were seeded in 96-well white opaque flat bottom plates at 25,000 

cells per well in 100 µL of DMEM-F12 without phenol red supplemented with 

penicillin/streptomycin (1%) and dextran-coated charcoal-treated fetal calf serum (DCC-FCS) 

(5%) (test medium). Compounds were added 24h later using automated workstation (Biomek 

3000, Beckman Coulter, Villepinte, Paris) and cells were incubated at 37°C for 16h. Then, 
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test medium was removed and 50 µL of test medium containing luciferin at 0.3 mM were 

added per well. Luciferase activity was measured for 2s in intact living cells after 10 min 

stabilization using a MicroBetaWallac luminometer (PerkinElmer). Each compound was 

tested at various concentrations in three independent experiments at least. For each 

experiment, tests were performed in quadruplicates for each concentration, and data are 

expressed by means values with standard deviations. Individual agonist concentration 

response curves were fitted using the sigmoid concentration response function (log(agonist) 

vs. response-variable slope) of a graphics and statistics software program (GraphPad Prism, 

version 5.0). EC50 (effective concentration for half-maximal luciferase activity) values were 

calculated from equations used to fit the data in this graphic software. To analyze 

significances, we compared individual compound treatments with controls using one-way 

analysis of variance (ANOVA) with the help of GraphPad Prism software. 

 

Cell proliferation assays 

A375 cells are provided from ATCC. Cell proliferation was assessed using the standard MTT 

assay as previously described30. Briefly, A375 cells were seeded in 96-well plates (1,000 

cells per well) in the same test medium than HG5LN GAL4hPXR cells and treated with 

increasing concentrations of the different compounds. The medium containing the chemicals 

was renewed at day 3. At day 5, cells were washed with PBS three times and 0,1 ml of MTT 

solution (0.5 mg/ml) was added to each well. After incubation (4h), viable cells cleaved the 

MTT tetrazolium ring into a dark blue formazan reaction product, whereas dead cells 

remained colorless. The MTT-containing medium was gently removed and DMSO was 

added to each well. After shaking, the plates were read in absorbance at 540 nm. Results 

were expressed as percentage of proliferation with respect to the chemical-free control 

(100%). Data were obtained by concentration response curves plotted as percentage of 

proliferation versus concentration of the products. Individual concentration response curves 
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were fitted using the sigmoid concentration response function of a graphics and statistics 

software program (GraphPad Prism, version 5.0). IC50 (half maximal inhibitory concentration) 

values were calculated from equations used to fit the data in this graphic software. To 

analyze significances, we compared individual compound treatments with controls using one-

way analysis of variance (ANOVA) with the help of GraphPad Prism software. 

PXR Crystal structure 

The human PXR-LBD (130-434) was co-produced with a fragment of the steroid receptor 

coactivator-1 (SRC-1, 623-710) to enhance PXR stability, and purified as described 

previously31. Crystals of the hPXR-LBD/dabrafenib complex were obtained by dry co-

crystallization32. 1 μL of protein (3 mg/mL) was mixed with 1 μl of precipitant (100 mM 

imidazole pH 7.0, 10% (v/v) isopropanol) on a dry drop of concentrated ligand (0.7 μL at 

10-4 M), and let equilibrated against a reservoir of 500 μL of precipitant. Crystals appear in 

24h. Diffraction data were collected on the ID30B beamline at the European Synchrotron 

Radiation Facilities (λ = 0.9793 Å, 100K), Grenoble, France. Data were processed and 

scaled with XDS and XSCALE33. Crystals belong to space group P43212. The structure was 

solved and refined using Phenix34 and COOT35. The percentage of residues located in the 

favored Ramachandran plot region is 97.4% (calculated with MolProbity36). Data collection 

and refinement statistics are summarized in Supplementary Table 3. Figures were prepared 

with PyMOL (http://pymol.org/). 

 

PXR thermal shift assays 

To evaluate the binding of compounds (DB, SR12813, 2c, 2d, 3a, 3b, 4a, 4c), the relative 

melting temperatures (Tm) of PXR-LBD in an empty form (DMSO) or loaded with a ligand 

were determined by measuring the unfolding of the protein as function of increasing 

temperature with a Tycho NT.6 (Nanotemper). The changes in the intrinsic fluorescence of 

the protein, detected at both 350 nm and 330 nm from tryptophan and tyrosine residues, are 

http://pymol.org/
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measured during the thermal slope, from 35 to 95°C. PXR-LBD complexes were prepared by 

mixing 3 µl of pure protein at 40 µM (20 µM final) with 3 µl of ligand at 200 µM (100 µM final) 

in a buffer containing Tris 50 mM pH 8.5, NaCl 150 mM, Glyc 5%, DTT 2 mM, and incubated 

for 30 min at room temperature before measurements. The Tms were obtained by fitting the 

fluorescence data (350 nm/330 nm ratio) from 6 independent experiments with a Boltzmann 

model using the GraphPad Prism software. The Tms were obtained by subtracting the Tm 

of the empty form from the Tm of the bound forms. 

 

Small molecule datasets  

In this study, two ligand datasets were used for model training that differ in size, molecular 

diversity and overall data quality:  

• BindingDB BRAF-V600E (2018) with annotated IC50 affinity measures - 2193 molecules  

• PubChemAssay AID:1257566 with annotated IC50 affinity measures (produced by one 

laboratory and labelled as confirmatory) - 103 molecules.  

Note that the BindingDB BRAF-V600E dataset contains also the PubChemAssay molecules.  

 

Substituent variation as thioamides  

The different extensions attached to the various scaffolds are purchasable fragments that 

contain the reaction entity (thioamide) for addition to the scaffolds (from Enamine Chemical 

Supplier: 179 fragments). The complete molecules were synthesized in silico using KNIME 

pipelines using RDKit nodes, which additionally removes protecting groups BOC, phthalimide 

and benzyl carbamate.  

 

Investigation on applicability domain  

To ensure that the training datasets are eligible for prediction, we first investigate on the 

chemical space that is covered by the different molecular datasets. Here, the chemical space 

s is captured by performing principal component analysis on the PubChem fingerprints of the 
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two training sets BindingDB BRAF-V600E and PubChemAssay AID: 1257566. In order to 

ensure that these sets can be trustfully used to predict the new molecules, the chemical 

series based on our scaffold (also represented in PubChem dataset) are projected onto the 

PCs of the two training datasets. Additionally, the small PubChemAssay training set was also 

projected onto the PCs of the larger BindingDB BRAF-V600E dataset. Noteworthy, the 

molecules are contained in the much larger BindingDB dataset. All those subsets have a 

very similar location on the PC scatter plots spanned by the BindingDB BRAF-V600E 

dataset. Furthermore, all molecules based on our scaffold are covered by the PC scatter plot 

spanned by the PubChemAssay. Additionally, the affinity ranges covered by the two training 

sets are large and similar for both datasets, although, the distribution of the PubChemAssay 

is more skewed to higher affinities than the large BindingDB BRAF-V600E dataset.  

 

Machine learning for affinity prediction  

For all analysis, calculations and machine learning the R language (version 3.4.4) and 

RStudio are used. First, to obtain an overview of the data exploratory data analysis is 

performed. For the training of all machine learning models in this study mainly the R package 

caret (version 6.0-81) is used. In order to avoid over-fitting of the models 10-fold cross 

validation repeated 10 times is used for all models. Training of machine learning algorithms 

in regression mode: 

In a first approach structural data from a docking campaign of the BindingDB BRAF-V600E 

(2018) dataset on our @TOME server24 is employed. Here, every molecule is docked into 20 

different protein structures in parallel using PLANTS18 and the 20 co-crystallized ligands as 

molecular shape restraints. Subsequently, the generated complexes are evaluated by 

different metrics on the server. The whole procedure is repeated for the same set of 

molecules with different initial 3D conformations and different partial charges. Finally, global 

ligand-based molecular descriptors (e.g.: molecular weight, number of rotatable bonds, 

XlogP,..) are added and engineered. This forms the final dataset that is used for the broad 
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structure-based affinity prediction. The complete procedure is explained in more details in a 

previous publication24. 

 

Tailored ligand-based affinity prediction 

PubChemAssay AID:1257566 entitled ”Raf/Mek amplified luminescence proximity 

homogeneous assay” is used to set up the tailored ligand-based prediction models. The 

tailored approach follows a rather traditional QSAR approach, as it is based on different 

types of fingerprints (FPs) computed through the rcdk package36 on the PubChemAssay 

dataset composed of 103 molecules. The FP types are: 

• MACCS - 166 bit MACCS keys described by MDL from RDKit: Open-source 

cheminformatics (http://www.rdkit.org).  

• PubChem - 881 bit FPs defined by PubChem  

• extended - hashed FPs, with a default length of 1,024 bits and default search depth of 6, 

considers paths of a given length and takes rings and atomic properties into account  

• graph - hashed FPs, with a default length of 1,024 bits and default search depth of 6, 

considers connectivity  

• shortestpath - hashed FPs, with a default length of 1,024 bits and default search depth of 6, 

based on the shortest paths between pairs of atoms and takes into account ring systems, 

charges...  

• circular - implementation of the ECFP6 fingerprint, with a length of 1,024 bits and default 

search depth of 6. Choices for initial bit length and search depth are made based on 

recommendations provided by ChemAxon 

(https://docs.chemaxon.com/display/docs/Chemical+Fingerprints). For all six FP types bits 

with zero variance across the 103 molecules are removed, which leads to reduced FP bit 

sizes of 51 for MACCS, 141 for PubChem, 238 for extended, 156 for graph, 691 for 

shortestpath, and 428 for circular FPs. In order to exploit the FP data in an exhaustive way, 

http://www.rdkit.org/
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two different, widely used algorithms, Support Vector Machine (SVM) with a radial kernel, 

and Random Forest (RF) are employed on all six FP sets individually.  

 

Investigation on variable importance 

During model training optimal parameters were selected by caret’s automatic grid search 

with 10 values per parameter (tuneLength = 10). In the case of RF variable importance is 

tracked during training as the mean decrease in node impurity. Moreover, quantile Random 

Forest (qRF) is employed on all six FP types with variable importance tracking. qRF is a 

generalisation of random forest. It gives a non-parametric way of estimating conditional 

quantiles for high-dimensional predictor variables. The trained qRF models show lower 

cross-validation performances than the RF models. Therefore, qRF is only used for variable 

importance confirmation, not for affinity prediction. Additionally, two further algorithms, 

Multivariate Adaptive Regression Splines (MARS) and Boruta, an all-relevant feature 

selection wrapper algorithm, are employed to identify important variables for all six FP types. 

MARS is a non-parametric regression technique that automatically models nonlinearities and 

interactions between variables. It can be seen as an extension of linear models. Boruta 

iteratively compares importance of attributes with importance of shadow attributes, created 

by shuffling original ones. It does a sharp classification of features rather than ordering. 

Being an all-relevant method, it aims to find all features connected with the decision and 

therefore, it also includes redundant features. By default, the ranger package Random Forest 

implementation is used. 

In analogy to the problem-solving principle of ”Occam’s Razor” we seek a model with the 

smallest number of descriptors that yield a reasonable model. Therefore, the results of the 

four algorithms employed for investigating variable importance are compared and the most 

distinct features, the most highly ranked by the algorithms are extracted for every FP type 

and subsequently combined as custom ’selection’ comprising 40 FPs. On this selection new 

‘SVM- and ‘RF-models’ are trained. For comparison, ‘SVM- and ‘RF-models’ are also trained 
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on the combination of all generated FPs (not including the ones with zero variance). The 

’selected’ models and ’all’ models are compared with the previously trained models on single 

FP types by performance on cross-validation during training. Remarkably, the ’selected’ 

‘SVM- and ‘RF-models’ show the best performance, with lowest RMSE and highest squared 

R values. They are followed by the ‘SVM all model’, whereas the ‘RF all model’ is situated 

much lower, in the midfield among all trained ‘SVM- and ‘RF-models’. In general, the SVM 

algorithm shows slightly improved performances over RF on the same FPs.  

 

MM-PBSA calculation 

For MM-PBSA calculation the 50-ns MD production trajectories were reduced to 501 frames 

each, by extracting a frame every 100 ps. The resulting snapshots of the MD simulations 

were utilized for post-processing free energies by the single-trajectory MM-PBSA method 

implemented in g_mmpbsa38. Different dielectric constants ( = 2,4,6,8,12,20) were tested for 

the binding pocket, while the solution dielectric constant was kept constant at  = 80. 

Calculations are performed based on a homogeneous medium with a range of dielectric 

constants for the solute, an ionic strength of 150 mM, an ionic radius of 0.95 Å for positive 

charged ions and 1.81 Å for negative charged ions, and a solvent probe radius of 1.4 Å. An 

example configuration file for g_mmpbsa is provided within the supplements of Section 3.7.1. 

Other parameters influencing the grid dimensions of the calculation, such as ’cfac’, 

’gridspace’ and ’fadd’ were varied from suggested defaults (1.5, 0.5, and 10, respectively) 

showing only marginal variations in the results and therefore not further changed. 

Analysis and visualization are performed with Gromacs tools, PyMol, VMD, Chimera, Python 

scripts, and provided scripts from the g_mmpbsa package.  

 

Chemical synthesis and enzymatic assay 
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Molecules were synthesized, purified and characterized by HPLC, NMR and MS by AGV 

discovery (See Supplement Information). High purity (above 95% but for 1a and 4a which 

were obtained at 93% purity) were checked using HPLC using a Waters alliance 2695 HPLC 

system with autosampler and Waters 2996 diode array detector. A Macherey-Nagel 

Nucleoshell RP18 plus column (5 μm, 4 mm x 100 mm) was used at 40°C and a flow 

rate of 1mL/min. Elution solvents were A (H2O 99.9%, H2CO2 0.1%); B (CH3CN 

99.9%, H2CO2 0.1%) with a rising gradient of B. Detection was performed on a 

210-400nm range.The LanthaScreen kinase activity (ThermoFisher, USA) assay (10 point 

titration) was used to monitor in vitro activity on recombinant protein B-Raf-V600E (5 nM) and 

B-Raf wild-type (5 nM) for all the chemical compounds. 

 

Expression and purification of B-Raf 

A Pet28a(+) vector with DNA encoding the B-Raf kinase domain residues 448-723 containing 

the V600E mutation, 16 solubilizing mutations (I543A, I544S, I551K, Q562R, L588N, K630S, 

F667E, Y673S, A688R, L706S, Q709R, S713E, L716E, S720E, P722S, and K723G -

permitting kinase domain over-expression in bacteria), encoding as well an N-terminal His 

tag, and a thrombin cleavage site between the protein and the His tag, was provided by 

Dr. Michael Grasso (Marmorstein Lab, Department of Chemistry, University of Pennsylvania, 

Philadelphia, USA). The protein was expressed in E. coli BL21(DE3) cells, with an overnight 

pre-culture at 37°C in LB, followed by 6h at 37 and an overnight incubation at 25°C on an 

auto-inductive kanamycin medium, spun down the next medium, spun down the next day, 

lysed in lysis buffer (buffer A supplemented with lysozyme), frozen, thawed, and sonicated. 

The lysate was then spun down at 18,000 rpm, and the supernatant was incubated on a His-

trap nickel column at 4°C for 1h. The supernatant was then eluted, the column washed with 

buffer A, and the B-Raf proteins eluted with buffer B (wich is buffer A supplemented with 

300 mM imidazole). Protein was then dialyzed into buffer C (wich does not contain imidazole) 



 

35 
 

and applied to a 16/60 Superdex 75 gel filtration column in a final buffer D. Protein was 

frozen and stored for future use.  

Used buffers are:  

• Buffer A (50 mM Tris, pH 7.0, 250 mM NaCl, 5% glycerol, 2 mM β-Mercaptoethanol),  

• Buffer B (Buffer A and 300 mM imidazole),  

• Buffer C (25 mM Tris, pH 7.0, 75 mM NaCl, 5% glycerol, 1 mM EDTA, 10 mM DTT),  

• Buffer D (20 mM HEPES at pH 7.0, 150 mM NaCl, 5% glycerol, 10 mM DTT).  

 

B-Raf crystallization and data collection  

B-RafV600E-16M at 9 mg/mL was mixed with 10% of a 10 mM DMSO inhibitor solution, and 

after initial screenings using the commercial kits "PACT", "PEGs-I", and "PEGs-II" from 

QIAGEN on 96-Well plates, trays were set up screening around a crystallization condition of 

100 mM BisTrisPropane at pH 7.0-8.0, 20% PEG monomethyl ether 2000/3350/4000, and 

100-350 mM Na-formate using the hanging-drop vapor diffusion method at 18°C. (a) 

Crystallization condition of 100 mM BisTrisPropane at pH 8.0, 20% PEG 3350, and 250 mM 

Na-formate. (b) Crystallization condition of 100 mM BisTrisPropane at pH 8.0, 20% PEG 

3350, and 300 mM Na-formate. Crystals were flash frozen in liquid nitrogen. X-ray diffraction 

data was collected at a wavelength of 0.979 Å and a beam size fitted to the crystal 

dimensions at the synchrotron ALBA (Barcelona, Spain), at beamline BL13-XALOC.  

 

Crystallographic structure determination 

The structure was determined by molecular replacement in PHENIX34 using Phaser using 

PDB ID 5ITA as a search model. The molecular replacement search model was used as 

monomer and had its ligand removed. Model building and refinement were performed using 

Coot35 and PHENIX34. NCS was used, as two B-Raf monomers were present in the 

asymmetric unit. The CIF file for the inhibitor was generated using the Grade Web Server (at 

http://grade.globalphasing.org). The atomic dimeric structure is refined to a final resolution of 
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2.37 Å without very good refinement statistic after modelling of a sub-domain swap. Indeed, 

after several refinement steps, there were several discrepancies apparent between the 

model and the observed data (as shown by the Fobs - Fcalc difference map in Figure 3.41a) 

and the 2Fobs - Fcalc density map indicated a continuation of the structure from one 

protomer to the neighboring one. After modelling the domain swap these discrepancies 

vanished.  
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Table S1. Data collection and refinement statistics. 

 

hPXR/Dabrafenib 

(6HJ2) 

B-Raf/4c 

(7P3V) 

Data Collection   
Space group P 43 21 2 P 21 21 21 

Cell dimensions   

    a, b, c (Å) 91.39, 91.39, 85.86 52.63, 104.85, 109.56 

    , β,  (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00 

Resolution (Å) 45.69 – 2.28 (2.36 – 2.28) 47.44 – 2.37 (2.46 – 2.37) 

Rpim 0.066 (0.532) 0.054 (0.909) 

CC1/2 0.999 (0.947) 0.998 (0.370) 

I / I 22.6 (4.4) 9.8 (0.7) 

Completeness (%) 99.9 (99.9) 99.7 (97.9) 

Redundancy 12.5 (12.7) 6.5 (5.7) 

   

Refinement   

Resolution (Å) 45.69 – 2.28 47.44 – 2.37 

No. reflections 17,132 47,443 

Rwork / Rfree 0.189 / 0.232 0.195 / 0.247 

No. atoms   

    Protein 2,157 4,191 

    Ligand/ion 39 112 

    Water 78 125 

B-factors   

    Protein 48.98 70.03 

    Ligand/ion 55.99 54.40 

    Water 51.43 63.14 

R.m.s. deviations   

    Bond lengths (Å) 0.009 0.008 

    Bond angles (°) 0.973 0.990 

*Values in parentheses are for highest-resolution shell. 
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Table S2. SMILES strings of molecules used in this work. 

The molecular formula strings and the associated biochemical and biological data are provided as a 

separate CSV file. 
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Figure S1. Whole structure of the DB-bound PXR-LBD. Secondary structure elements are 

annotated, in particular the H12 C-terminal helix (in deep cyan). Dabrafenib (DB) is 

represented in green sticks. Oxygen, nitrogen, sulfur, and fluorine atoms are colored in red, 

blue, yellow, and light blue, respectively. 
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Figure S2. Cell assays for PXR activation. Results of luciferase assays showing dose-response curves for encorafenib, dabrafenib (DB) and its 

analogues in HG5LN GAL4-hPXR cells. Results are expressed as percentage of the maximal response obtained in presence of 3 µM SR12813. 

Data are the mean (SD) of three to five independent experiments. The x-axis represents the concentration of ligand in molar. 
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Figure S3. Cell assays for antiproliferative B-Raf activity. Results of antiproliferative assays showing dose-response curves for encorafenib, 

dabrafenib (DB) and its analogues in A375 melanoma cancer cells. A375 cells were treated with chemicals for 5 days and cell survival was 

measured using MTT assay. Results are expressed as percentage of the maximal response obtained with untreated cells. Data are the mean 

(SD) of three to five independent experiments. The x-axis represents the concentration of ligand in molar. 
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Figure S4. Molecules characterizations. Hereafter, for each compound (1a, 2a, 2b, 2c, 2d, 3a, 

3b, 4a, 4b, 4c, 4d, 5a and 5b) we provide the 1H-NMR spectrum, the HPLC elution profile, 

the mass spectrometry and the UV-CD spectra. 
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