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ABSTRACT  

The emergence of the C797S mutation in EGFR is a frequent mechanism of resistance to 

osimertinib in the treatment of non-small cell lung cancer (NSCLC). In the present work, we 

report the design, synthesis and biochemical characterization of UPR1444 (compound 11), a new 

sulfonyl fluoride derivative which potently and irreversibly inhibits EGFRL858R/T790M/C797S 

through the formation of a sulfonamide bond with the catalytic residue Lys745. Enzymatic 

assays show that compound 11 displayed an inhibitory activity on EGFRWT comparable to that of 

osimertinib, and it resulted more selective than the sulfonyl fluoride probe XO44, recently 

reported to inhibit a significant part of the kinome. Neither compound 11 nor XO44 inhibited 

EGFRdel19/T790M/C797S triple mutant. When tested in Ba/F3 cells expressing EGFRL858R/T790M/C797S, 

compound 11 resulted significantly more potent than osimertinib at inhibiting both EGFR 

autophosphorylation and proliferation, even if the inhibition of EGFR autophosphorylation by 

compound 11 in Ba/F3 cells was not long lasting. 
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1. INTRODUCTION  

The epidermal growth factor receptor (EGFR) is a tyrosine kinase receptor that transduces 

proliferation signals [1]. Activating mutations in the EGFR gene concur to the insurgence of 

non-small cell lung cancer (NSCLC). The two most frequent EGFR alterations found in NSCLC 

occur at the intracellular kinase domain and are represented by deletion of five exon-19 residues 

(E746-A750), that occurs immediately before the αC-helix, and exon-21 replacement of an 

arginine for leucine (L858R) in the activation segment [2] These structural alterations cause 

ligand-independent EGFR activation promoting tumor insurgence and progression in NSCLC 

patients [3]. Deletion 19 (del19) and L858R mutation also sensitize NSCLC to the treatment 

with EGFR tyrosine kinase inhibitors (TKIs) [4]. NSCLC patients with activating mutations 

respond to first generation EGFR inhibitors gefitinib (1) and erlotinib (Fig. 1) until resistance 

emerges [5]. The most frequent mechanism of resistance to gefitinib and erlotinib is the 

acquisition of the gatekeeper mutation T790M [6], which hampers the effect of these TKIs [7]. 

Development of second-generation TKI irreversible agents [8] containing a Michael acceptor 

able to alkylate Cys797 (i.e., afatinib, 2 and dacomitinib) allows to circumvent T790M-induced 

resistance [9], but at the cost of a marked toxicity due to the concurrent inhibition of EGFRWT 

[10]. Replacement of the 4-anilinoquinazoline nucleus of afatinib with a 2-anilinopyrimidine 

core [11] led to a third generation of TKIs, exemplified by rociletinib (CO-1686, 3) [12] and 

osimertinib (AZD-9291, 4) [13] that are able to potently and irreversibly block L858R/T790M 

and del19/T790M EGFR isoforms, while sparing EGFRWT and thus reducing side effects [14]. 

Osimertinib was approved for treatment of NSCLC patients harboring T790M mutation [15] and 

more recently has become the front-line treatment for NSCLC patients with activating mutations 

on EGFR [16].  
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T790M-positive NSCLC patients treated with osimertinib develop resistance through different 

mechanisms, which include both on-target and off-target alterations [17]. The most frequent 

acquired mutation occurring on-target is C797S mutation [18]. The replacement of Cys797 with 

a less reactive serine residue prevents the formation of covalent bond between EGFR and the 

acrylamide warhead, making osimertinib clinically ineffective [19]. In the current scenario, the 

discovery of inhibitors targeting EGFR C797S variants represents an urgent therapeutical need 

for the treatment of NSCLC.  

Distinct medicinal chemistry strategies are currently being followed to identify fourth-

generation EGFR inhibitors, which must be active on osimertinib-resistant C797S variants [20]. 

An effective approach is represented by reversible inhibitors undertaking tight interactions with 

the catalytic lysine (Lys745) and neighboring residues [21]. Illustrative classes of inhibitors 

exploiting this strategy are trisubstituted imidazoles [22], pyrimidopyrimidinones [23], 

pyridoindole [24] and macrocyclic aminobenzimidazoles [25], with the last two chemotypes 

including compounds able to induce tumor regressions in EGFRdel19/T790M/C797S xenograft mice 

models. The detrimental effect of C797S mutation can also be overcome by allosteric inhibitors. 

These compounds recognize a back-pocket proximal to the ATP binding site, the size of which is 

controlled by the position of the αC-helix [26], stabilizing the inactive state of EGFR. However, 

the activity of this class of compounds is restricted to the EGFRL858R/T790M/C797S variant, while 

allosteric inhibitors fail to block the activity of EGFRdel19/T790M/C797S mutant [27]. 
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Fig. 1. Chemical structures of selected EGFR inhibitors. 

An alternative option in the search for fourth-generation EGFR inhibitors is represented by 

covalent agents, particularly in light of the biochemical properties of T790M/C797S variants of 

EGFR which possess high affinity for ATP [28]. Covalent agents, being able to form a stable 

bond with the active site, can overcome competition with ATP and thus efficiently inhibit EGFR 

activity in cells and tissues [29]. This approach, however, requires the identification of a 

nucleophilic residue alternative to Cys797 featured by favorable properties [30]. This 

nucleophile should be i. proximal to the ATP binding site, ii. accessible to convenient warheads 

[31], iii. surrounded by an environment increasing reactivity [32], iv. featured by a fundamental 

biological role [33] so that it would be less prone to mutation than non-essential residues. The 

catalytic lysine of EGFR (and other kinases) complies with all these requirements and has thus 

emerged as “hot-spot” for covalent drug design.  
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In principle, different warheads could interact with the amine group of Lys745 [34] giving an 

alkyl or an acyl derivative, and the sulfonyl fluoride group has recently attracted interest as a 

potential sulfonylating agent of protein therapeutic targets [35]. Efforts in this direction have led 

to XO44 (5), a sulfonyl fluoride derivative able to covalently modify EGFRL858R/T790M/V948R by 

forming a sulfonamide bond with Lys745 [36]. When added to intact cells, XO44 modified 133 

endogenous kinases [36], implying that the targeting of a highly conserved residue dramatically 

hampers selectivity. The marked promiscuity of XO44 could be attributed to: i. excessive 

reactivity of the sulfonyl fluoride warhead or ii. the presence of the 3-aminopyrazole scaffold 

that, being insensitive to the stereoelectronic properties of the “gatekeeper” residue within the 

ATP binding site [36], ensures the engagement of the vast majority of the kinome [37]. When a 

subtype-selective hinge binding scaffold is employed, promiscuity can be reduced [38] even with 

sulfur(VI) fluoride warheads [39].  

The assessment of the potential of EGFR catalytic lysine as a targetable site to devise EGFR 

selective compounds overcoming C797S mutation and of the suitability of a sulfonyl fluoride 

warhead to this end requires the availability of a selective inhibitor active on osimertinib-

resistant cell lines. Following the hypothesis that the lack of selectivity of XO44 is due to 

scaffold promiscuity, such a compound could result from the insertion of the sulfonyl fluoride on 

an EGFR-selective scaffold, adjusting the link geometry to favor the formation of a sulfonamide 

bond with Lys745.  

We report here the design, synthesis and biochemical characterization of a class of 2-anilino-5-

chloro-pyrimidine derivatives bearing warheads potentially able to form a covalent bond with 

Lys745. The ability of the compound to inhibit C797S variants of EGFR was assessed through a 

panel of enzymatic assays based on time-resolved fluorescence resonance energy transfer (TR-
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FRET) technology, while the molecular mechanism of inhibition was elucidated through high-

resolution mass spectrometry (HRMS). Finally, the most promising compound was evaluated for 

its ability to inhibit EGFR autophosphorylation and proliferation of Ba/F3 cells expressing 

EGFRL858R/T790M/C797S or EGFRdel19/T790M/C797S. 

2. RESULTS AND DISCUSSION 

2.1 Design and synthesis of 2-anilino-5-chloropyrimidines targeting EGFRL858R/T790M/C797S 

Potential EGFR inhibitors carrying electrophilic groups belonging to distinct chemical classes 

(Fig. 2) were designed linking the 2-anilinopyrimidine hinge binding scaffold, shared by third-

generation EGFR-TKIs and known to confer selectivity versus EGFR T790M mutants [40], with 

a set of warheads (WAs) reported to react with free amines in solution or within a protein 

environment [31]. 

 

Fig. 2. Set of substituents installed on the 2-anilinopyrimidine hinge binding group of third-

generation EGFR inhibitors.  

 

HN

N

O
N

N

N

Cl

NH

O

H
N

O
Cl

H
N

SO2F

H
N

O

H
N

S
OO

W

O

O

F

H
N

SO2F

alkylating warheads

acylating warhead

sulfonylating warheads

W:

W:

W:

6

7

8

9

10

11

H
N CH3

O

12 non-covalent compoundW:

SO2F



 8 

The selected WAs might modify the catalytic lysine through different reaction mechanisms 

including i. alkylation [41] (chloroacetamide 6, vinyl sulfonamide 7), ii. acylation [42] (activated 

ester 8) and iii. sulfonylation [43] (aliphatic or aromatic sulfonyl fluorides 9, 10 and 11). A 2-

anilinopyrimidine devoid of a reactive electrophilic centre (compound 12) was prepared as 

prototypical non-covalent agent, to be used as a negative control in enzymatic assays.  

The selection of the stereoelectronic properties of the linker connecting the WA to the 

peripheral aniline of the hinge binding scaffold was driven by docking simulations employing 

the X-ray coordinates of the kinase domain of EGFRL858R/T790M/V948R taken from the covalent 

adduct with XO44 (PDB code: 5U8L) [36]. In this X-ray structure, the activation loop and the 

αC-helix of the kinase domain assumes a catalytically inactive conformation creating a 

hydrophobic microenvironment around Lys745. Such a conformation may stabilize the neutral 

form of lysine basic group thus enhancing its nucleophilicity [44]. When docked into a model 

structure where the ligand had been deleted, XO44 placed its electrophilic centre at 4.0 Å from 

the nitrogen atom of Lys745 (Fig. 3A). Designed compounds placing the electrophilic centre at a 

distance not higher than 6 Å from Lys745 nitrogen while forming an H-bond with the hinge 

region of the kinase domain, similarly to rociletinib [45] and osimertinib [46] (see Table S1, 

Supplementary Data, SD, for details) were advanced to the synthesis. Representative models for 

synthetized compounds are reported in Fig. 3.  
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Fig. 3. Docking of selected compounds within EGFRL858R/T790M/V948R active site (white ribbons, 

grey carbon atoms). Important residues (M790, K745) or regions of EGFR (backbone of hinge 

region and p-loop turn) are displayed. Panel A reports the best-ranked docked pose for XO44  

(pink carbon atoms) superposed on the experimentally observed EGFR-XO44 covalent adduct 

(black carbon atoms). Best docked poses for chloroacetamide 6 (panel B, lime carbon atoms), 

ester 8 (panel C, cyan carbon atoms) and aliphatic sulfonyl fluoride 9 (panel D, green carbon 

atoms).  

The synthetic strategy adopted to obtain the EGFR inhibitors 6-12 is based on a convergent 

approach starting from commercially available 2,4,5-trichloropyrimidine (13) condensed 

regioselectively with either 3-nitro aniline to give the functionalized pyrimidine core 14a, 4-nitro 

aniline to give 14b, or 3-amino benzoic acid to give 14c (Scheme 1). These were then subjected 

to a second condensation with the anilino-piperazine fragment 15 [47] and the nitro group was 
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finally reduced to furnish 17a,b. Compound 16c was condensed with 4-fluorophenol to give the 

activated ester 8.  

 

Scheme 1. a) HCl, water, reflux; b) 15, iPrOH, p-TsOH, reflux; c) Zn0, NH4Cl, THF/water = 5:1, 

reflux,; d) 4-fluoro phenol, EDCI, triethylamine, THF, rt 88%. 

 

The amino-functionalized scaffold 17a was then elaborated to obtain the lysine-targeting 

inhibitors, by reacting with the electrophilic partner of choice (Scheme 2). Chloroacetamide-

functionalized compound 6 was prepared employing the mixed anhydride between chloroacetic 

acid and trimethylacetic acid 18. Vinylsulfonamide 7 was prepared by reacting 17a with 2-

bromoethane-1-sulfonyl chloride 19 (with concomitant elimination to yield the unsaturated 

compound) [48], while compound 9 resulted from the hetero-Michael addition of 17a to 

commercially available ethenesulfonyl fluoride 20 [49] Compound 10 was obtained by acylation 

with 3-(fluorosulfonyl)benzoyl chloride 21, prepared according to a literature procedure [50].  
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Scheme 2. a) triethylamine, THF, 0 °C to rt; b) chloroform, methanol, rt; c) pyridine, THF, 0 °C 

to rt; d) triethylamine, THF.  

Compound 11 was obtained by alkylation of 17b with 4-(bromomethyl)benzenesulfonyl 

fluoride, prepared with minor adaption to a reported procedure (Scheme 3) [51]. Finally, 

acetamide 12 was prepared by reacting 17a with acetic anhydride in pyridine. 

 

Scheme 3. a) 4-(bromomethyl)benzenesulfonyl fluoride, K2CO3, DMF, rt. 
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2.2 Inhibition of EGFRL858R/T790M/C797S  

A TR-FRET assay was setup to evaluate the ability of anilinopyrimidines 6-12 to inhibit the 

catalytic activity of recombinant EGFR bearing L858R/T790M/C797S triple mutation. Different 

concentrations of the title compounds (0.1 nM - 10 µM range) were co-incubated with enzyme, 

ATP (at a concentration equal to its Km value), and a fluoresceine-labelled poly-GT peptide for 

1h. The reaction was thus quenched and the enzyme activity was measured monitoring TR-FRET 

signals generated by the association between the phosphorylated form of the labelled poly-GT 

peptide and an europium-labelled anti-phosphoTyr antibody added to the kinase buffer (see 

Experimental Section for details). 

 Half-maximal inhibitory concentrations (IC50) for compounds 4-12 are reported in Table 

1. Osimertinib weakly inhibited EGFRL858R/T790M/C797S displaying an IC50 of 430 nM, in line with 

literature data [22,23]. The sulfonyl derivative XO44 (5) resulted slightly more potent than 

osimertinib at inhibiting EGFRL858R/T790M/C797S. Alkylating (6 and 7) and acylating (8) agents 

displayed low potency values, while sulfonyl fluorides 9-11 displayed IC50 values in line (9,10) 

or lower (11) than osimertinib.  

Compound 12, lacking a reactive warhead, displayed an IC50 value in the micromolar 

range. In this regard, the presence of a sulfonyl fluoride warhead in 9-11 appeared beneficial for 

EGFRL858R/T790M/C797S inhibition when installed on the 2-anilino-5-chloropyrimidine scaffold.  
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Table 1. Inhibitory potency (expressed as IC50) on EGFRL858R/T790M/C797S. 

Compounds Chemical structure IC50 (nM)a  
on EGFRL858R/T790M/C797S 

4 
(osimertinib) 

 

430 ± 24 

5 
(XO44) 

 

244 ± 77 

6 

 

946 ± 28 

7 

 

675 ± 150 

8 

 

> 10,000b 

9 

 

458 ± 12 
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10 

 

476 ± 51 

11 

 

110 ± 33 

12 

 

1,105 ± 48 

a Measured by TR-FRET (see Experimental Section for details). IC50 values are reported as 
mean ± standard error of the mean (n = 5). b No inhibition observed up to 10,000 nM.  

 

2.3 Time-dependency of inhibition on EGFRL858R/T790M/C797S and reversibility studies 

Presuming a covalent interaction between EGFRL858R/T790M/C797S, XO44 and sulfonyl fluorides 

9-11, we evaluated the time-dependency of their inhibitory potency. When a pre-incubation stage 

is introduced in an enzymatic assay, a reduction in the measured IC50 is observed, if a significant 

fraction of the enzyme is taken out from equilibrium by covalent labelling [52,53]. TR-FRET  

experiments were thus performed by pre-incubating XO44 or compounds 9-11 with 

EGFRL858R/T790M/C797S for 3h before adding ATP, the fluorescent poly-GT substrate, and then the 

europium-labelled anti-phosphoTyr antibody. The ALK-targeting drug brigatinib, recently 

reported to potently inhibit recombinant EGFRL858R/T790M/C797S [54], acetamide 12, and 

osimertinib were included as controls.  
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Fig. 4 reports dose-response curves for the abovementioned sulfonyl fluorides. XO44 

displayed a significant shift in the measured IC50 value (from 244 ± 77 nM to 6.0 ± 0.5 nM), with 

a 40-fold gain of inhibitory potency. Compounds 9 and 10 displayed negligible or moderate 

dependency of their potency on the time of pre-incubation, while sulfonyl fluoride 11 displayed a 

remarkable change in the inhibitory potency, with a measured IC50 value of 1.5 ± 0.2 nM, 70-

times lower than that measured without pre-incubation. The inhibitory activity of compounds 

lacking warheads (brigatinib and 12) was barely affected by pre-incubation. Brigatinib displayed 

IC50 values of 12.5 and 18.5 nM with or without enzyme pre-incubation, respectively. A similar 

behavior was displayed by acetamide 12 (Fig. S1 in the SD) which  possessed  IC50 values in the 

micromolar range in both conditions. Conversely, osimertinib does not inhibit 

EGFRL858R/T790M/C797S  at any of tested concentration (up to10 µM) after 3h pre-incubation. 
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Fig. 4. Effect of the pre-incubation time on the dose-response inhibition curves for sulfonyl 

fluorides 5 (XO44), 9-11 on recombinant EGFRL858R/T790M/C797S. Brigatinib is included as  

control. Kinase activity was measured by TR-FRET. Activity data are reported as mean ± 

standard error of the mean (n = 5).  

TR-FRET experiments were also performed by pre-incubating sulfonyl fluoride 11 with 

EGFRL858R/T790M/C797S for 3h in the presence of ATP, either at its Km (9 µM), or at a concentration 

10-fold higher (90 µM). After this inhibitor/ATP co-incubation phase, a novel aliquot of ATP 

was added (at Km concentration) together with the fluorescent poly-GT substrate. After 1h, the 

reaction was quenched and the enzyme activity was measured monitoring TR-FRET signals 

detected adding an europium-labelled anti-phosphoTyr antibody to the buffer.   

Fig. 5 reports the dose-response inhibition curves for sulfonyl fluoride 11 obtained in these 

conditions along with the curve obtained pre-incubating 11 with EGFRL858R/T790M/C797S  in 

absence of ATP. Gathered data indicate that compound 11 is able to potently inhibit 

EGFRL858R/T790M/C797S even when ATP is pre-incubated at a concentration equal to its Km. In this 

conditions, the inhibitory potency of 11 reaches the low nanomolar range  with an IC50 value (2.8 

± 0.7 nM), in line with the potency measured in absence of ATP (IC50 = 1.5 ± 0.2 nM). 

Conversely, when ATP is pre-incubated at concentration 10-fold the Km value, a shift in the 

inhibitory dose response curve is observed, with a moderate drop in the inhibitory potency on  

EGFRL858R/T790M/C797S (IC50 = 23 ± 2 nM). Overall these data indicate that at high concentration 

ATP can effectively hamper the ability of sulfonyl fluoride 11 to engage EGFRL858R/T790M/C797S 

triple mutant.   
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Fig. 5. Effect of ATP concentration of the dose-response inhibition curves for sulfonyl fluoride 

11 on recombinant EGFRL858R/T790M/C797S. No ATP (black curve), ATP at a concentration equal to 

the Km value (cyan curve) or ATP at a concentration 10-fold the Km value (blue curve) were pre-

incubated with EGFR and 11 for 3h before adding poly-GT substrate. Kinase activity was 

measured by TR-FRET. Activity data are reported as mean ± standard error of the mean (n = 5).  

 

The marked time dependency of the measured potency 11 indicates that this compounds might 

subtract EGFRL858R/T790M/C797S from equilibrium by sulfonylating its kinase domain. For 

compound 10, the possibility to act as covalent modifier appears less likely. To evaluate the 

reversibility of triple mutant-EGFR inhibition, a rapid dilution assay was performed. 

EGFRL858R/T790M/C797S was pre-incubated for 3h with no inhibitor (control vehicle), with 

compound 10 or 11 in saturating conditions. Acetamide 12 and XO44 were added as negative 

and positive control, respectively. The samples were diluted in a kinase buffer (containing ATP 

and the poly-GT peptide) and the activity of the enzyme was measured by TR-FRET after 

addition of a europium-labelled anti-phosphoTyr antibody (see Experimental section for details).  
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The catalytic activity of EGFRL858R/T790M/C797S pre-incubated with acetamide 12 and sulfonyl 

fluoride 10 was fully recovered after dilution, (Fig. 6). When EGFRL858R/T790M/C797S was pre-

incubated with XO44 or 11 only minor kinase activity was observed after dilution (< 25%) 

suggesting that both compounds act as irreversible inhibitors of EGFRL858R/T790M/C797S. 

 

Fig. 6. Rapid dilution assay for EGFRL858R/790M/C797S. The enzyme was pre-incubated for 3h with 

the titled compounds at ten times their IC50 values. The treated samples were diluted (100-fold) 

and the activity of the enzyme was assessed measuring the amount of phosphorylated poly-GT 

peptide 30 minutes after dilution by TR-FRET. Activity is reported as % of the control (no 

inhibitor). Data are reported as mean ± standard error of the mean (n = 5). Statistical significance 

vs No inhibitor was set at p<0.05. ***: p<0.001. 

 
We speculated that compound 11 gives persistent inhibition of the kinase due to its ability 

to efficiently sulfonylate Lys745. Docking simulations suggest that this process might depend on 

the ability of 11 to form a non-covalent complex with EGFRL858R/790M/C797S similar to that given 

by XO44, with the electrophilic group well-positioned to react with Lys745 (Fig. 7A). 

Compound 10, which can be docked into the ATP-binding site in a similar way (Fig. 7B), but 

allocating its sulfonyl fluoride group in a position not strictly superposed to that of XO44, does 

not irreversibly inhibit EGFRL858R/T790M/C797S, probably due to a sub-optimal reaction geometry.  
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Fig. 7. Best docking (panels A, B) and best covalent docking (panels C, D) poses within EGFR 

L858R/T790M/V948R (white ribbons, grey carbon atoms) for aromatic sulfonyl fluorides 11 

(panels A, C, orange carbon atoms) and 10 (panel B, D, blue carbon atoms). XO44 (pink carbon 

atoms) in its docked pose or in its covalent adduct with EGFR is reported for comparison. 

To further characterize the different activity between sulfonyl fluorides 10 and 11, covalent 

docking simulations were performed. The top-ranked poses are reported in Fig. 7C and 7D.  

While the hinge binding scaffold of 10 and 11 adopts the same binding mode, their 

phenylsulfonyl groups occupied slightly different regions of EGFR active site. Compound 11 

well superposes its phenylsulfonyl portion on the same functional group of the co-crystallized 

inhibitor XO44 (Fig. 7C). In this covalent pose, 11 can form polar interactions with the p-loop, 

similarly to XO44. Compound 10 places its phenylsulfonyl group slightly far away from XO44 
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and from the NH groups of the p-loop. Also in energetic terms, sulfonyl fluoride 11 is predicted 

to bind EGFR with higher affinity (docking score = -9.9 kcal/mol) compared to 10 (docking 

score -9.1 kcal/mol), thus accounting for the different potency observed in the TR-FRET assay.  

 

2.4 Mechanism of inhibition for compound 11 on EGFRL858R/T790M/C797S by LC-HRMS 

To corroborate the hypothesis that compound 11 irreversibly inhibits EGFRL858R/T790M/C797S by 

forming a covalent bond with Lys745, a high-resolution mass spectrometry analysis of 

EGFRL858R/T790M/C797S in the presence of compound 11 was performed. Triple mutant EGFR, co-

incubated with 11 (1:5 molar ratio) or with control vehicle (DMSO) for 1h was submitted to 

limited proteolysis by trypsin at 37°C. Analysis of the tryptic digest by LC-HRMS identified an 

ion trace corresponding to a peptide containing the catalytic lysine (IPVAIK745ELR) covalently 

bound to compound 11 (Fig. 8A).  

When EGFRL858R/790M/C797S was treated with control vehicle, the corresponding peptide was not 

found and trypsin digestion led to the formation of other two peptides containing Lys745 

(IPVAIK745, Fig. S2, Table S2 in the SD; VIKIPVAIK745, Fig. S3, Table S3 in the SD) probably 

because lysine sulfonylation by 11 prevented the cleavage of the peptide bond between Lys745 

and Glu746. This finding is consistent with the ability of trypsin to cleave peptide bonds 

involving basic amino acids.55 MS/MS analysis of these two unmodified peptides confirmed 

their identity (Fig. S4, Tables S4-S5 in the SD). Throughout analysis of collected ion signals 

indicates that Lys745 is the only residue modified by compound 11. However, as the tryptic 

digestion of EGFRL858R/790M/C797S  covers only the 55% of the amino acidic sequence of the 

kinase domain (with 19 lysine residues identified out of 27), it is not possible to rule out if other 

lysine residues were sulfonylated by compound 11. A list of the peptides containing unmodified 
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lysine residues of EGFRL858R/790M/C797S identified by our LC-HRMS analysis is reported in the 

Table S6 of the SD section.   

Characterization of the modified IPVAIK745ELR peptide by isotopic profiling confirmed that it 

was covalently bound to compound 11, with a theoretical mass for the [M+3H]3+ ion identical to 

the experimental one (Fig. 8B) and an estimated error of only -0.4 mDa (-0.78 ppm). MS/MS 

analysis of the peptide sequence showed that sulfonylation specifically occurred at the basic 

nitrogen of Lys745 (Fig. S5, Table S7, in the SD). Compound 11 thus emerged as irreversible 

inhibitor of EGFRL858R/T790M/C797S able to selectively sulfonylate its catalytic lysine.  

 

Fig. 8. LC-HRMS analysis for EGFRL858R/T790M/C797S treated with compound 11. A) Extracted 

Ion Chromatograms in ESI+ of the triply charged [M+3H]3+ ion corresponding to the Lys745-

containing peptide modified by 11. B) Mass and isotopic distribution in ESI+ for the [M+3H]3+ 

ion of the modified Lys745-containing peptide. 
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In light of the activity of compound 11 on EGFRL858R/T790M/C797S, we set to investigate its 

ability to interfere with activity of two other clinically relevant isoforms, the 

del19/T790M/C797S variant and the wild-type. When we tested the ability of 11 to inhibit 

EGFRdel19/T790M/C797S with a TR-FRET kinase assay, it resulted inactive at all the tested 

concentrations (1 nM - 10 µM range) even with 3h inhibitor pre-incubation (Fig. S6). In the 

same conditions, also XO44 failed to inhibit EGFRdel19/T790M/C797S kinase activity up to 10 µM. 

Conversely, osimertinib dose-dependently inhibited EGFRdel19/T790M/C797S giving an IC50 value of 

330 nM  (Fig. S7, in the SD), in line with the results obtained on EGFRL858R/T790M/C797S. 

We speculate that 11 and XO44 do not inhibit EGFRdel19/T790M/C797S because these compounds 

target an inactive state of the kinase which might not be accessible in the del19/T790M/C797S 

variant. Deletion of the E746-A750 peptide in EGFRdel19/T790M/C797S is supposed to stabilize an 

active conformation of the kinase, [2] in which the αC-helix assumes an inward disposition with 

Lys745 engaged in two salt bridges, one with Asp855 of the DFG motif, the other with Glu762 

of the same αC-helix, and thus not prone to react with electrophilic warheads. The inability of 

EGFRdel19/T790M/C797S to assume an inactive state has been also proposed to justify the lack of 

activity of allosteric compounds on this specific mutant [27].  

We then evaluated the ability of compound 11 to interfere with kinase activity of EGFRWT, 

using the same TR-FRET assay employed for EGFRL858R/T790M/C797S and EGFRdel19/T790M/C797S. In 

this set of experiments, gefitinib (1) and osimertinib (4) were included as control compounds. 

IC50 values obtained are summarized in Table 2. Gefitinib (1) resulted highly potent on EGFRWT 

with an IC50 value reaching the sub-nanomolar range, in line with literature data.40 Osimertinib 

and compound 11 were significantly less potent than 1 by 10- and 650- fold, respectively, which 
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is in line with the wild-type sparing character of covalent anilinopyrimidine-based EGFR 

inhibitors.   

Table 2. Inhibitory potency (IC50) on recombinant EGFRWT. 

Compounds IC50 (nM)a 
(no pre-incubation) 

IC50 (nM)a 
(3h pre-incubation) 

IC50  
Ratio  

1 
(gefitinib) 0.32 ± 0.1 0.1 ± 0.01 3.2 

 

4 
(osimertinib) 3.4 ± 1.0 0.62 ± 0.16 5.5 

 

11 210 ± 50 30 ± 4.8 7.0 
 

aMeasured by TR-FRET. IC50 values are reported as mean ± standard error of the mean (n = 3).  

 
Activity assays were also performed pre-incubating for 3h the titled inhibitors with EGFRWT 

before adding ATP to the kinase buffer. As expected, inhibitor pre-incubation marginally 

affected the inhibitory potency of gefitinib. The IC50 values of osimertinib and sulfonyl fluoride 

11 displayed higher dependence on pre-incubation, even if that of 11 was lower than what 

observed on the L858R triple mutant (Fig. 4).  

In a rapid dilution assay, EGFRWT was pre-incubated for 3h with no inhibitor (control vehicle), 

gefitinib (1), osimertinib or 11. The samples were then diluted in a kinase buffer and the activity 

of the enzyme was measured by TR-FRET. The catalytic activity of EGFRWT pre-incubated with 

gefitinib (1) was fully recovered after dilution (Fig. 9). When EGFRWT was treated with 

osimertinib or 11, the kinase activity was only partially recovered after dilution (40% and 60%, 

respectively), suggesting that both compounds likely modify only a fraction of the available 

binding sites in EGFRWT.  

The sulfonyl fluoride warhead on the 2-anilinopyrimidine scaffold has an impact on EGFRWT 

inhibition which parallels that of the acrylamide group of osimertinib. Either way, even after pre-
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incubation the IC50 values of osimertinib and sulfonyl fluoride 11 are significantly higher than 

that of gefinitib, by 6- and 300-fold, respectively. 

 

Fig. 9. Rapid dilution assay for gefitinib, osimertinib and 11. EGFRWT was pre-incubated for 3h 

with the titled compounds ten times their IC50 values. The treated samples were diluted (x100) 

and the activity of the enzyme was assessed measuring the amount of phosphorylated poly-GT 

peptide 30 minutes after dilution by TR-FRET. Activity is reported as % of the control (No 

inhibitor). Statistical significance vs. No inhibitor was set at p<0.05. ***: p<0.001. 

 
2.6 Selectivity versus other kinases 

To further characterize the biochemical profile of compound 11, we evaluated its selectivity 

potential by testing it on a panel of sixteen kinases which included serine-threonine (AKT2, 

AMP-K, aurora kinase A, CDK2, CDK5) and tyrosine kinases (BLK, LCK, SRC) reported to be 

significantly inhibited by XO44 [36] (Fig. 10A) and serine-threonine (ERK1, IKKβ, p38α, 

ROCK1) and tyrosine kinases (FGFR4, JAK1, PDGFRα, VEGR2) reported to be spared by 

XO44 [36] (Fig. 10B)..A TR-FRET assay based on the Z’-LYTETM technology was employed in 

this case. XO44 and acetamide 12 were included as controls.  
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As expected, XO44 had a dramatic impact on the activity of the first set of kinases (Fig. 10A), 

reaching very high (90%; AKT-2, CDK5) or full inhibition (AMP-K, aurora kinase A, CDK2, 

BLK, LCK, SRC) when tested at 1 µM. Also at 100 nM concentration, XO44 significantly 

inhibited these eight kinases, with five of them showing 90% inhibition or more. On the same set 

of enzymes, compound 11 was significantly less active than XO44 at both tested concentrations 

(Fig. 10A). At 100 nM, only aurora kinase A (AURKA) was moderately inhibited (30%), while 

all the other kinases were barely affected by this compound. On this group of XO44-sensitive 

kinases, acetamide 12 (tested at 1 µM) displayed a negligible inhibitory activity, similar to that 

observed for sulfonyl fluoride 11.  

On the second set of kinases (Fig. 10B), XO44 did not displayed inhibitory activity, in line 

with literature data [36]. Sulfonyl fluoride 11 displayed significant inhibitory activity only on 

JAK1, while it spared all the other kinases included in this set of enzymes (inhibitory activity < 

25% at 1 µM). Acetamide 12 displayed some inhibitory activity only on JAK1, PDGFRα, and 

VEGR2 while it resulted inactive on all the other kinases.  

Overall, these experiments suggest that the hinge binding scaffold has a major role in 

controlling selectivity and that the installation of a sulfonyl fluoride warhead does not 

necessarily confer promiscuity for the kinome. 
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Fig. 10. Selectivity panel for compound 11 on kinases sensitive (panel A) or not sensitive (panel 

B) to XO44. Acetamide 12 was used as control. Compound 11 and XO44 were tested at 0.1 or 1 

µM while acetamide 12 was tested at 1 µM. A Z’-LYTETM kinase assay was applied. EGFR TM 

stands for EGFRL858R/T790M/C797S. Reported data represent the means of two independent 

experiments together with their standard deviations. 

 

2.7 Biological activity of compound 11 in Ba/F3 cells expressing C797S EGFR 

variants 
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As final step of our investigation we evaluated the ability of compound 11 to interfere with 

EGFR activation in Ba/F3 cells expressing EGFRL858R/T790M/C797S or EGFRdel19/T790M/C797S. 

Osimertinib and XO44 were included in the analysis. Fig. 11A and 11B shows that 1 µM 

osimertinib did not interfere with EGFR phosphorylation (stimulated by EGF) in both the cell 

models. Compound 11 and XO44 significantly inhibited EGFRL858R/T790M/C797S phosphorylation 

at 1 µM (Fig. 11A) while they did not affect EGFRdel19/T790M/C797S activity (Fig. 11B), in line with 

TR-FRET data on recombinant enzymes. The ability of compound 11 to inhibit 

EGFRL858R/T790M/C797S phosphorylation was dose-dependent and it was almost complete at the 

concentration of 500 nM (Fig. 11C).  

The persistence of EGFRL858R/T790M/C797S inhibition was evaluated by measuring receptor 

autophosphorylation after removal of the inhibitor from the cellular medium. Ba/F3 cells were 

exposed to 1 µM of compound 11 for 4 h, washed with a buffer solution, and then incubated in a 

drug-free medium for 2, 4 or 8h before stimulation with EGF (Fig. 11D). Full recovery of 

EGFRL858R/T790M/C797S autophosphorylation was observed at all time points suggesting that in this 

cell line, the inhibitory activity displayed by 11 should be ascribed to a reversible mechanism. 

We speculate that ATP, which in cells is present at millimolar concentration, competes with 

compound 11 for the same binding site hampering the formation of a covalent bond between 

Lys745 and the sulfonyl fluoride warhead. Pre-incubation experiments on recombinant 

EGFRL858R/T790M/C797S with a TR-FRET assay are supportive of this notion, as high concentrations 

of ATP dramatically affected the ability of 11 to bind the kinase domain of this triple mutant 

(Fig. 5). 

We finally examined the effect of compound 11 on cell viability by MTS assay, with XO44 

and osimertinib used as control (Fig. 11C). Compound 11 was significantly more potent than 
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osimertinib at inhibiting cell proliferation in Ba/F3 cells expressing EGFRL858R/T790M/C797S (IC50 

of 500 nM and more than 3,000 nM), respectively, in line with the inhibitory activity displayed 

on EGFRL858R/T790M/C797S autophosphorylation on the same cell line. Neither 11 nor osimertinib 

significantly affected viability of Ba/F3 cells expressing EGFRdel19/T790M/C797S consistent with 

their substantial inactivity on EGFRdel19/T790M/C797S triple mutant. The poor activity of 11 on 

Ba/F3 cells expressing EGFRdel19/T790M/C797S suggests that no other targets relevant for cell growth 

are inhibited by this compound. 

The pan-kinase derivative XO44 potently inhibited proliferation in Ba/F3 cells expressing 

EGFRL858R/T790M/C797S or EGFRdel19/T790M/C797S regardless to its effect on EGFR 

autophosphorylation, which suggests that other kinases crucial for proliferations are inhibited by 

this poorly selective compound in this cell line. Also in Ba/F3 cell lines, sulfonyl fluoride 11 

results more selective that XO44. 
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Fig. 11. Effects of compound 11 on EGFR phosphorylation and cell viability. Ba/F3 cells 

expressing EGFRL858R/T790M/C797S (panel A) or EGFRdel19/T790M/C797S (panel B) were treated with 

11, osimertinib or XO44 at 1 µM for 4h and then stimulated with 100 ng/ml EGF for 10 min. 

EGFR phosphorylation was measured on lysate proteins by western blotting. Representative 

blots of two independent experiments are shown. C) Ba/F3 cells expressing 

EGFRL858R/T790M/C797S were treated with increasing concentration of compound 11 for 4h and then 

stimulated with 100 ng/ml EGF for 10 min. The expression of the indicated proteins was 

analyzed by western blotting. D) Ba/F3 cells expressing EGFRL858R/T790M/C797S were treated with 
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1 µM 11 for 4h and then stimulated with 100 ng/ml EGF for 10 min, or after 4h drug exposure, 

extensively washed with PBS and stimulated with EGF for 10min after 2, 4, or 8h of recovery 

(R) in fresh drug-free medium. Ba/F3 cells expressing EGFRL858R/T790M/C797S (panel E) or 

EGFRdel19/T790M/C797S (panel F) were treated with increasing concentration of 11, osimertinib and 

XO44. After 72h cell viability was evaluated by MTS assay and was expressed as % of 

inhibition versus untreated control cells. Results are representative of three independent 

experiments.   

 

3. CONCLUSIONS 

While osimertinib is an effective therapeutic option for NSCLC patients harboring activating 

mutation on EGFR, with or without T790M gatekeeper alteration, the insurgence of C797S 

variant abolishes its efficacy [1,2]. Different classes of compounds have been recently reported 

to inhibit C797S EGFR variants operating through non-covalent mechanisms. Analysis of their 

binding modes reveals that many of these compounds take polar interactions with Lys745, 

suggesting that targeting the catalytic lysine might be beneficial for improving potency on 

C797S EGFR variants [21]. Crucially, Lys745 can be efficiently targeted by TKIs bearing 

sulfonyl fluoride groups, as in the case of the pan-kinase inhibitor XO44 that sulfonylates the 

catalytic lysine of EGFRL858R/T790M/V948R, as observed by X-ray crystallography [36]. 

In the present work, we have shown that covalent modification of Lys745 by a sulfonyl 

fluoride is a viable strategy to overcome the detrimental effect of C797S mutation in the case of 

EGFRL858R/T790M/C797S variant. Inspired by the activity of XO44, for the first time reported here to 

inhibit EGFRL858R/T790M/C797S, we designed and synthetized a set of electrophilic compounds 
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potentially able to form a covalent bond with Lys745, featuring a 2-anilinopyridimine hinge-

binding scaffold.  

Among the synthesized compounds, the sulfonylating agent 11 (UPR1444) emerged as the 

most promising compound, able to irreversibly inhibit EGFRL858R/T790M/C797S by covalent 

modification of the catalytic Lys745. Remarkably, the sulfonylating agent 11 (and XO44) failed 

to inhibit triple mutant EGFRdel19/T790M/C797S. Furthermore, when tested on a panel of kinases 

(with many fully inhibited by XO44), compound 11 showed negligible or low inhibition, 

confirming that, also in the case of sulfonyl fluoride derivatives, selectivity can be modulated 

with the selection of a suitable hinge binding scaffold [38].  

Our work shows that combination of a suitable scaffold and a reactive warhead targeting 

Lys745 can provide inhibition of EGFRL858R/T790M/C797S in cell-free environments and 

antiproliferative activity on osimertinib-resistant cell lines. On the other hand, the promising 

potential of sulfonyl fluorides still requires more investigations to be fully assessed. Several 

issues could limit the role of this warhead for drug development, such as chemical and metabolic 

stability or target selectivity. Moreover, as shown by the short-lasting effect in Ba/F3 cells, 

competition with ATP could hamper irreversible inhibition. Further optimization of the 

recognition portion and of the reactive warhead should be addressed toward a combination which 

may result more effective in Lys745 sulfonylation, which in turn strongly depends on the 

geometry of the interactions taken at the binding site, as shown by the present results on a 2-

anilino-pyrimidine scaffold. 
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4. EXPERIMENTAL SECTION 

4.1 Chemistry 

All chemicals were obtained from commercial suppliers and used without further 

purification. Solvents were purified and stored according to standard procedures. Anhydrous 

reactions were conducted under a positive pressure of anhydrous N2. Reactions were monitored 

by TLC, on Merck silica gel 60 F254 plates. Final compounds and intermediates were purified 

by column chromatography under “flash” conditions using Merck 230−400 mesh silica gel. 

Melting points were determined on a Gallenkamp melting point apparatus and are uncorrected. 

1H NMR and 13C NMR spectra were recorded on a Bruker AVANCE, 300 or 400 instrument. 

Chemical shifts (δ scale) are reported in parts per million (ppm) relative to the central peak of the 

solvent. ESI-MS spectra of the final products were acquired on a Thermo TSQ Quantum Access 

Max triple quadrupole mass spectrometer (Thermo, San Jose, CA, USA) equipped with a heated 

electrospray ionization (H-ESI) source. The purity of tested compounds, determined by high 

performance liquid chromatography and mass spectrometry (HPLC-MS), was greater than 95%. 

The sulfonyl fluoride probe XO44 (compound 5) was purchased by Sigma-Aldrich (Sigma-

Aldrich, Milan, Italy), while brigatinib was  purchased Selleckchem (Selleckchem, Houston, TX, 

USA). 

4.1.1 2,5-Dichloro-N-(3-nitrophenyl)pyrimidin-4-amine (14a). 2,4,5-trichloropyrimidine 

(2.89 g, 15.76 mmol) and 3-nitroaniline (1.45 g, 10.51 mmol) are suspended in i-

PrOH (30 ml). HCl (12 M, 1.3 ml, 15.6 mmol) is added and the mixture is stirred at 

80 °C for 3 h. The yellow precipitate obtained (product 14a, 2.17 g, 72%) is filtered 

and dried. 1H NMR (400 MHz, CDCl3/CD3OD) δ 8.59 (t, J = 2.2 Hz, 1H), 8.21 (s, 
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1H), 8.04 (ddd, J = 8.2, 2.2, 1.0 Hz, 1H), 7.99 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H), 7.55 (t, 

J = 8.2 Hz, 1H). 

4.1.2 2-((2-Methoxy-4-(4-acetylpiperazin-1-yl)phenyl)amino)-4-(((3-nitro)phenyl)amino)-

5-chloropyrimidine (16a). Compound 14a (2.17 g, 7.61 mmol) and aniline 15 (1.26 

g, 5.05 mmol) are suspended in i-PrOH (50 ml). PTSA*H2O (1.92 mmol, 10.09 

mmol) is added and the mixture is stirred at 80 °C for 15 h. The suspension is then 

cooled to room temperature and diluted with AcOEt, washed with NaHCO3 and 

brine. After drying in the air, the title compound (1.26 g, 50%) is obtained as a brown 

solid. 1H NMR (300 MHz, CDCl3/CD3OD) δ 8.54 (t, J = 2.2 Hz, 1H), 8.01 (s, 1H), 

7.93 (dd, J = 7.8, 2.1 Hz, 1H), 7.87 (dt, J = 7.9, 1.5 Hz, 1H), 7.81 (d, J = 8.7 Hz, 1H), 

7.47 (t, J = 8.2 Hz, 1H), 6.52 (d, J = 2.5 Hz, 1H), 6.33 (dd, J = 8.7, 2.5Hz, 1H), 3.84 

(s, 3H), 3.73 (t, J = 5.2 Hz, 2H), 3.63 (t, J = 5.1 Hz, 2H), 3.09 (dt, J = 13.9, 5.2 Hz, 

4H), 2.12 (s, 3H). 

4.1.3 2-((2-Methoxy-4-(4-acetylpiperazin-1-yl)phenyl)amino)-4-(((3-

amino)phenyl)amino)-5-chloropyrimidine (17a). Compound 16a (1.10 g, 2.21 mmol) 

is dissolved in THF (150 ml). Zinc powder (1.24 g, 22.17 mmol) and NH4Cl 1M in 

water (5 ml, 5 mmol) are added and the mixture is heated at reflux for 2 h. It is then 

cooled to room temperature and filtered on a pad of celite. The solvent is removed 

under reduced pressure and the residue is purified in a short silica column (AcOEt : 

MeOH = 9:1) to afford the title compound (965 mg, 93%) as a white solid. 1H NMR 

(400 MHz, CDCl3/CD3OD) δ 8.00 (d, J = 8.8 Hz, 1H), 7.91 (s, 1H), 7.10 – 7.03 (m, 

2H), 6.86 (ddd, J = 8.1, 2.1, 0.9 Hz, 1H), 6.56 (d, J = 2.6 Hz, 1H), 6.54 – 6.43 (m, 
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2H), 3.85 (s, 3H), 3.78 – 3.69 (m, 2H), 3.65 (t, J = 5.2 Hz, 2H), 3.10 (dt, J = 14.4, 5.1 

Hz, 4H), 2.13 (s, 3H). 

4.1.4 2,5-dichloro-N-(4-nitrophenyl)pyrimidin-4-amine (14b). 2,4,5-trichloropyrimidine 

(400 mg, 2.2 mmol) and 4-nitroaniline (1.45 g, 10.51 mmol) are suspended in i-PrOH 

(30 ml). HCl (12 M, 100 µl, 15.6 mmol) is added and the mixture is stirred at 80 °C 

for 3 h. The yellow precipitate obtained (product 14b, 502 mg, 80%) is filtered and 

dried. 1H NMR (300 MHz, CDCl3) δ 8.37 – 8.24 (m, 3H), 7.90 (s, 2H), 7.51 (s, 1H). 

4.1.5 1-(4-(4-((5-chloro-4-((4-nitrophenyl)amino)pyrimidin-2-yl)amino)-3-

methoxyphenyl)piperazin-1-yl)ethan-1-one (16b). Compound 14b (502 mg, 1.80 

mmol) and aniline 15 (320 mg, 1.3 mmol) are suspended in i-PrOH (50 ml). 

PTSA*H2O (1.92 mmol, 10.09 mmol) is added and the mixture is stirred at 80 °C for 

15 h. The suspension is then cooled to room temperature and diluted with AcOEt, 

washed with NaHCO3 and brine.  The organic layer is dried over sodium sulfate and 

the solvents are removed under reduced pressure. The crude residue is purified by 

silica gel column chromatography (DCM/MeOH = 100:2) to afford the desired 

product as a yellow powder (0.40 gr, 45 %). 1H NMR (300 MHz, CDCl3) δ 8.26 – 

8.17 (m, 2H), 8.15 (s, 1H), 7.98 (d, J = 8.6 Hz, 1H), 7.87 – 7.77 (m, 2H), 7.31 (d, J = 

16.9 Hz, 2H), 6.60 – 6.47 (m, 2H), 3.89 (s, 3H), 3.87 – 3.76 (m, 2H), 3.71 – 3.62 (m, 

2H), 3.19 – 3.11 (m, 4H), 2.16 (s, 3H). 

4.1.6 1-(4-(4-((4-((4-aminophenyl)amino)-5-chloropyrimidin-2-yl)amino)-3-

methoxyphenyl)piperazin-1-yl)ethan-1-one (17b). Compound 16a (103 mg, 0.20 

mmol) is dissolved in THF (15 ml). Zinc powder (126 mg, 2.17 mmol) and NH4Cl 

1M in water (0.5 ml, 0.5 mmol) are added and the mixture is heated at reflux for 2 h. 
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It is then cooled to room temperature and filtered on a pad of celite. The crude 

residue is purified by silica gel column chromatography (DCM/MeOH 10:0.5) to 

afford the desired aniline (40 mg, 43%). 1H NMR (300 MHz, Chloroform-d) δ 8.11 

(d, J = 8.8 Hz, 1H), 7.98 (s, 1H), 7.36 – 7.28 (m, 3H), 6.86 (s, 1H), 6.77 – 6.66 (m, 

2H), 6.51 (d, J = 2.5 Hz, 1H), 6.42 (dd, J = 8.8, 2.5 Hz, 1H), 3.85 (s, 3H), 3.78 (t, J = 

5.2 Hz, 2H), 3.65 – 3.53 (m, 2H), 3.22 – 3.02 (m, 4H), 2.14 (s, 3H). 

4.1.7 3-((2,5-dichloropyrimidin-4-yl)amino)benzoic acid (14c). 2,4,5-trichloropyrimidine 

(619 mg, 3.37 mmol) and 3-amino benzoic acid (462 mg, 3.37 mmol) are suspended 

in water (20 ml). HCl (12 M, 100 µl, 1.2 mmol) is added and brought to reflux. The 

suspension is stirred at reflux for 2 h, then cooled to room temperature and the 

precipitate that is formed is recovered by suction filtration and washed with water. 

Compound 14c (508 mg, 53%) is obtained as a white amorphous solid. 1H NMR 

(400 MHz, DMSO-d6) δ 9.69 (s, 1H), 8.41 (s, 1H), 8.18 (m, 1H), 7.87 (d, J = 10.4 

Hz, 1H), 7.75 (d, J = 10.4 Hz, 1H), 7.52 (t, J = 10.4 Hz, 1H).  

4.1.8 3-((2-((4-(4-acetylpiperazin-1-yl)-2-methoxyphenyl)amino)-5-chloropyrimidin-4-

yl)amino)benzoic (16c). Compound 14c (113 mg 0.40 mmol) and aniline 15 (99 mg, 

0.40 mmol) are suspended in i-PrOH (3.5 ml). PTSA*H2O (76 mg 0.40 mmol) is 

added and the mixture is stirred at 80 °C for 15 h. The suspension is then cooled to 

room temperature and diluted with AcOEt. The organic phase is washed with brine 

and dried over Na2SO4. After filtration and evaporation of the solvent, the crude 

material is purified by flash column chromatography (petroleum ether/ AcOEt 6:4 

with increasing amounts of MeOH, 1% then 5% and finally 10%) to furnish 16c (134 

mg, 66%) as a brown amorphous solid. 1H NMR (300 MHz, CDCl3/CD3OD) δ 8.13 
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(bs, 1H), 7.95 (s, 1H), 7.88 (d, J = 12.0, 1H), 7.83 (d, J = 10.8 Hz, 2H), 7.4 (t, J = 

10.4 Hz, 1H), 6.53 (d, J = 3.2 Hz, 1H), 6.34 (dd, J = 8.7, 3.2 Hz, 1H), 3.84 (s, 3H), 

3.73 (t, J = 5.2 Hz, 2H), 3.63 (t, J = 5.1 Hz, 2H), 3.09 (m, 4H), 2.13 (s, 3H). 

4.1.9 4-fluorophenyl 3-((2-((4-(4-acetylpiperazin-1-yl)-2-methoxyphenyl)amino)-5-

chloropyrimidin-4-yl)amino)benzoate (8).Compound 16c (39 mg, 0.08 mmol) is 

dissolved in THF (2 ml). DIPEA (30 ml, 0.17 mmol) is added, followed by 4-fluoro 

phenol (30 mg, 0.27 mmol) and 1-etil-3 (3-dimetilaminopropil) carbodiimide (EDCI 

15 mg, 0.1 mmol). The solution is stirred at room temperature for 18 h. The solvents 

are removed under reduced pressure and the crude material is subjected to flash 

column chromatography (Et2O, with increasing amounts of MeOH, 3% and then 5%) 

to afford 8 (13 mg, 28%) as a white solid. Mp: 127 – 130 °C. 1H NMR (400 MHz, 

CDCl3/CD3OD) δ 8.46 (t, J = 2.0 Hz), 8.01 (s, 1H), 7.99 (dt, J = 7.6, 1.2 Hz, 1H), 

7.92 (d, J =  8.8 Hz), 7.87 (m, 1H), 7.54 (t, J = 8.0 Hz, 1H), 7.11 (m, 4H), 6.60 (d, J 

= 2.4 Hz, 1H), 6.30 (dd, J = 8.0, 2.4 Hz), 3.88 (s, 3H), 3.73 (t, J = 5.2 Hz, 2H), 3.63 

(t, J = 5.2 Hz, 2H), 3.05 (m, 4H), 2.14 (s, 3H). 13C NMR (100 MHz, CDCl3/CD3OD) 

δ 170.15, 165.19, 161.51, 159.09, 157.57, 156.56, 154.06, 149.46, 146.86, 138.80, 

129.54, 128.87, 128.40, 125.74, 125.08, 123.11, 123.03, 122.49, 120.37, 115.85, 

115.62, 108.36, 100.99, 55.29, 50.40, 50.07, 46.22, 41.46, 20.34. MS (ESI): m/z: 

calcd for C30H28ClFN6O4 [M+H]+: 590.18; found: 590.87. 

4.1.10 N-(3-((2-((4-(4-Acetylpiperazin-1-yl)-2-methoxyphenyl)amino)-5-chloropyrimidin- 

4-yl)amino)phenyl)-2-chloroacetamide (6). To a solution of chloroacetic acid (124 

mg, 1.31 mmol) in anhydrous THF (2 ml) are added DIPEA (230 μl, 1.32 mmol) and 

pivaloyl chloride (140 μl, 1.13 mmol). After stirring at room temperature for 20 min, 
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a suspension of aniline 17a (97 mg, 0.21 mmol) in anhydrous THF (3 ml) is added 

and the mixture is stirred for 1 h before being diluted with water. The mixture is 

extracted with AcOEt and the organic layer is washed with water and brine, dried 

over Na2SO4 and concentrated under reduced pressure. Purification of the solid 

residue by silica gel column chromatography (DCM + 3% MeOH) and crystallization 

from EtOH/water 7:3 afford the title compound 6 (61 mg, 54%) as colorless crystals. 

Mp: 172 °C. 1H NMR (400 MHz, CDCl3/CD3OD) δ 7.94 (s, 1H), 7.94 (d, J = 11.8 

Hz, 1H), 7.79 (t, J = 2.1 Hz, 1H), 7.42 (q, J = 2.1 Hz, 1H), 7.39 (t, J = 2.0 Hz, 1H), 

7.32 (d, J = 7.9 Hz, 1H), 6.55 (d, J = 2.6 Hz, 1H), 6.37 (dd, J = 8.8, 2.5 Hz, 1H), 4.13 

(s, 2H), 3.86 (s, 3H), 3.73 (t, J = 5.2 Hz, 2H), 3.66 (t, J = 5.2 Hz, 2H), 3.10 (dt, J = 

14.1, 5.2 Hz, 4H), 2.13 (s, 3H); 13C NMR (100 MHz, CDCl3/CD3OD) δ 170.00, 

165.41, 157.59, 156.13, 153.86, 149.41, 146.79, 138.50, 137.79, 129.07, 122.73, 

120.54, 119.12, 116.23, 114.36, 108.70, 104.38, 101.05, 55.55, 50.70, 50.38, 46.35, 

42.91, 41.56, 20.85. MS (ESI): m/z: calcd for C25H28Cl2N7O3 [M+H]+: 544.16; 

found: 543.86. 

4.1.11 N-(3-((2-((4-(4-acetylpiperazin-1-yl)-2-methoxyphenyl) amino)-5-chloropyrimidin-

4-yl) amino) phenyl) ethene sulfonamide (7). A mixture of compound 17a (90 mg, 

0.19 mmol) and triethylamine (0.6 ml, 0.43 mmol) is dissolved in tetrahydrofuran (2 

ml) and cooled with and ice-water bath. A solution of 2-bromoethane-1-sulfonyl 

chloride 19 (59 mg, 0.28 mmol) in tetrahydrofuran is added dropwise. The mixture is 

stirred under nitrogen for 24 h, then the solvent is removed. The crude product 

purified by silica gel column chromatography (toluene/acetone = 1:1) to afford 7 as a 

white solid (15 mg, 14%). Mp: 118 – 122 °C. 1H NMR (400 MHz, CDCl3/CD3OD) δ 
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7.99 – 7.91 (m, 2H), 7.59 (d, J = 5.3 Hz, 1H), 7.35 – 7.07 (m, 5H), 7.01 – 6.95 (m, 

1H), 6.65 – 6.54 (m, 2H), 6.49 (dd, J = 8.8, 2.5 Hz, 1H), 6.23 (d, J = 16.6 Hz, 1H), 

5.92 (d, J = 9.9 Hz, 1H), 3.87 (s, 3H), 3.75 (t, J = 5.2 Hz, 2H), 3.68 (t, J = 5.1 Hz, 

2H), 3.14 (dt, J = 22.4, 5.2 Hz, 4H), 2.15 (s, 3H). 13C NMR (100 MHz, 

CDCl3/CD3OD) δ 170.13, 157.72, 156.23, 153.77, 149.66, 146.98, 139.06, 137.76, 

135.50, 129.22, 127.27, 122.61, 120.84, 118.49, 115.86, 114.48, 108.74, 104.44, 

101.12, 55.40, 50.63, 50.28, 46.32, 41.54, 20.62. MS (ESI): m/z: calcd for 

C25H28ClN7O4S [M+H]+: 558.17; found: 557.86. 

4.1.12 2-((3-((2-((4-(4-Acetylpiperazin-1-yl)-2-methoxyphenyl)amino)-5- chloropyrimidin-

4-yl)amino)phenyl)amino)ethane-1-sulfonyl fluoride (9). Aniline 17a (200 mg, 0.43 

mmol) is dissolved in chloroform/MeOH 1:1 (10 ml) and ethenylsulfonyl fluoride 

(120 μl, 1.45 mmol) is added. The solution is stirred at room temperature for 3 h. 

TLC analysis reveals a conversion of about 40-50%. The mixture is diluted with 

AcOEt and washed with saturated aqueous NaHCO3. The organic layer is 

consequently washed with water and brine, dried over Na2SO4 and concentrated 

under reduced pressure. Purification of the solid residue by silica gel column 

chromatography (toluene/EtOH 95:5) affords the title compound (33 mg, 13%) as a 

white solid. Mp: 89 °C. 1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 8.7 Hz, 1H), 8.05 

(s, 1H), 7.23 – 7.16 (m, 2H), 7.00 (d, J = 2.0 Hz, 1H), 6.90 – 6.80 (m, 1H), 6.54 (d, J 

= 2.5 Hz, 1H), 6.48 (dd, J = 8.8, 2.6 Hz, 1H), 6.45 – 6.36 (m, 1H), 3.87 (s, 3H), 3.81 

– 3.73 (m, 4H), 3.67 – 3.55 (m, 4H), 3.11 (dt, J = 12.5, 5.2 Hz, 4H), 2.15 (s, 3H). 13C 

NMR (100 MHz, CDCl3) δ 169.02, 155.57, 146.31, 139.41, 130.01, 120.91, 111.92, 

108.71, 108.64, 106.34, 104.68, 101.09, 55.69, 50.82, 50.50, 49.95, 49.81, 46.30, 
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41.42, 38.19, 21.38. MS (ESI): m/z: calcd for C25H30ClFN7O4 [M+H]+: 578.17; 

found: 577.90. 

4.1.13 3-((3-((2-((4-(4-acetylpiperazin-1-yl)-2-methoxyphenyl)amino)-5-chloropyrimidin-

4-yl)amino)phenyl) carbamoyl) benzenesulfonyl fluoride (10). A solution of aniline 

17a (50 mg, 0.1 mmol) in 2 ml of anhydrous tetrahydrofuran is added dropwise to a 

solution of 3-(fluorosulfonyl)benzoyl chloride 21 (0.5 mmol) in 1ml of pyridine 

placed at 0°C. The reaction is stirred at 0°C for 10min then the solvent is removed 

under reduced pressure. The crude residue is purified by silica gel column 

chromatography (toluene/acetone 7:3) to afford 10 as a white amorphous solid (14 

mg, 21%). 1H NMR (300 MHz, CD3OD) δ 8.51 (t, J = 1.8 Hz, 1H), 8.32 (dt, J = 7.9, 

1.4 Hz, 1H), 8.20 – 8.07 (m, 1H), 8.02 – 7.88 (m, 3H), 7.78 (t, J = 7.9 Hz, 1H), 7.59 

– 7.49 (m, 1H), 7.34 – 7.29 (m, 2H), 7.20 – 6.99 (m, 2H), 3.81 (s, 3H), 3.54 (m, 4H), 

2.91 (dt, J = 20.0, 5.2 Hz, 5H). MS (ESI): m/z: calcd for C30H29ClFN7O5S [M+H]+: 

653.16; found: 653.86. 

4.1.14 4-(((4-((2-((4-(4-acetylpiperazin-1-yl)-2-methoxyphenyl)amino)-5-chloropyrimidin-

4-yl)amino)phenyl) amino) methyl) benzenesulfonyl fluoride (11). Compound 17b 

(60 mg, 0.1 mmol), 4-(bromomethyl) benzenesulfonyl fluoride (35 mg, 0.13 mmol) 

and potassium carbonate (40 mg, 0.25 mmol) were dissolved in 3 ml of degassed 

DMF and stirred 2 hrs at 40°C. The reaction is cooled to room temperature and 

diluted with toluene and solvent removed under reduced pressure. The crude residue 

is purified by silica gel column chromatography (DCM/MeOH 10:0.2) to afford 11 

as a white solid (30 mg, 35%). Mp: 188 – 192 °C. 1H NMR (400 MHz, 

CD3OD/CDCl3) δ 8.12 (d, J = 8.8 Hz, 1H), 8.03 – 7.90 (m, 3H), 7.71 – 7.54 (m, 2H), 
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7.46 – 7.31 (m, 2H), 7.27 (s, 1H), 6.85 (s, 1H), 6.67 – 6.54 (m, 2H), 6.51 (d, J = 2.5 

Hz, 1H), 6.41 (dd, J = 8.8, 2.5 Hz, 1H), 4.53 (s, 2H), 3.85 (s, 3H), 3.77 (t, J = 5.2 Hz, 

2H), 3.67 – 3.57 (m, 2H), 3.07 (dt, J = 10.3, 5.2 Hz, 4H), 2.14 (s, 3H). 13C NMR (101 

MHz, CD3OD/CDCl3) δ 170.14, 157.60, 156.94, 152.82, 149.68, 149.19, 146.54, 

145.48, 131.21, 130.96, 128.82, 128.54, 128.10, 127.92, 125.41, 123.04, 120.24, 

112.74, 108.76, 104.08, 101.14, 55.41, 50.90, 50.32, 47.27, 46.32, 41.52, 20.61. MS 

(ESI): m/z: calcd for C30H31ClFN7O4S [M+H]+: 640.13; found: 640.10. 

4.1.15 N-(3-((2-((4-(4-Acetylpiperazin-1-yl)-2-methoxyphenyl)amino)-5-chloropyrimidin-4-

yl)amino)phenyl)acetamide (12). Aniline 17a (49 mg, 0.11 mmol) is dissolved in 

pyridine (1 ml) and acetic anhydride (15 μl, 0.16 mmol) is slowly added. The 

mixture is stirred at room temperature for 30 min and diluted with water. The 

obtained precipitate is recovered by suction filtration and dried. Crystallization from 

water (10% MeOH added) affords the title compound (44 mg, 82%) as colorless, 

needle-like crystals. Mp: 168 °C. 1H NMR (400 MHz, CDCl3/CD3OD) δ 7.96 (dd, J 

= 8.9, 1.3 Hz, 1H), 7.94 – 7.91 (m, 1H), 7.69 (s, 1H), 7.43 (dd, J = 7.6, 2.3 Hz, 1H), 

7.36 – 7.30 (m, 1H), 7.27 (t, J = 8.0 Hz, 1H), 6.54 (d, J = 2.5 Hz, 1H), 6.45 – 6.31 

(m, 1H), 3.85 (s, 3H), 3.73 (t, J = 5.2 Hz, 2H), 3.65 (t, J = 5.2 Hz, 2H), 3.09 (dt, J = 

18.4, 5.3 Hz, 4H), 2.13 (s, 3H), 2.11 (d, J = 1.2 Hz, 3H). MS (ESI): m/z: calcd for 

C25H29ClN7O3 [M+H]+: 510.19; found: 509.93. 

4.2 Molecular Modelling  

4.2.1 Docking. Docking simulations were performed with Glide 7.9 software [56] 

employing the crystal structure of the EGFRL858R/T790M/V948R where Lys745 is 

sulfonylated by XO44 and the kinase domain domain adopts an inactive 
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conformation (PDB code 5U8L) [36]. EGFR-XO44 covalent adduct was submitted 

to the protein preparation procedure implemented in Maestro 11.6 [57], which 

includes addition of hydrogen atoms and assignment of tautomeric state to His 

residues. The prepared EGFR-XO44 model was submitted to a geometric 

optimization in gas phase with OPLS3 force field [58], to a root mean square 

displacement (RMSD) value of 0.3 Å, to resolved unfavorable Van der Waals 

contacts. After optimization, XO44 was deleted from the active site and the atom 

type of the terminal nitrogen of Lys745 was conveniently modified. As recent 

investigations show that when the EGFR assumes an inactive conformation the 

basicity of this residue is depressed (estimated pKa = 7.3) [44], Lys745 was 

modeled in neutral form. The geometry of the model was further optimized by 

energy minimization (OPLS3 force field) in implicit water (GB/SA model) to an 

energy gradient of 0.01 kcal/(mol Å) and resulting structure employed for docking 

studies. The docking grid was centered on the centered of mass of the position 

occupied by XO44 in its covalent adduct with EGFR. Three-dimensional models of 

compounds 5-11 were built using Maestro and their geometries were optimized by 

energy minimization (OPLS3 with GB/SA model) to an energy gradient of 0.01 

kcal/(mol ·Å). Docking simulations were performed starting from minimum energy 

conformations of compounds 5-11, using a docking grid centered on Lys745. 

Enclosing and bounding boxes were set to 20 and 14 Å on each side, respectively. 

Van der Waals radii of the protein atoms were not scaled, while Van der Waals 

radii of the ligand atoms with partial atomic charges lower than |0.15| were scaled 

by 0.8. Standard precision (SP) mode was applied [59].  
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4.2.2 Covalent docking. Covalent docking simulations were performed using the covalent 

docking  protocol [60] implemented in Glide 7.9 software, using the crystal 

structure of the EGFRL858R/T790M/V948R, where Lys745 is sulfonylated by XO44 and 

the kinase domain adopts an inactive conformation (PDB code 5U8L). Following 

the same procedure applied in non-covalent docking simulations, the prepared 

protein structure was modified by removing the inhibitor and by modelling the 

Lys745 in its neutral form. The grid for covalent docking simulations was centered, 

for each ligand, on the position of the inhibitor in its non-covalent binding mode. 

Hydrogen-bonding constraints were applied, in order to retrieve docking poses in 

which the hinge-binding region moiety of the ligands takes polar contacts with the 

NH group of Met793 backbone. All the other parameters were set to their default 

values. 10 binding poses were collected for each ligand and ranked by their Prime 

energy. As the Prime energy is not suitable for comparing different ligands, the 

cdock affinity score, which measures the estimated affinity of the ligand to the 

protein for non-covalent binding prior to reaction, was calculated and used to 

compare the best Prime energy-ranked binding modes of 10 and 11. 

4.3 Pharmacology 

4.3.1 Drug Treatments. Osimertinib was provided by AstraZeneca (Milan, Italy). 

Osimertinib and compounds were dissolved in DMSO (Sigma Aldrich, St Louis, 

MO, USA). Final concentration of DMSO in medium never exceeded 0.1% (v/v) and 

equal amounts of solvent were added to control cells. 

4.3.2 Cell Culture. Ba/F3 cells harboring EGFR mutations (EGFRdel19/T790M/C797S or EGFR 

L858R/T790M/C797S) were kindly provided by Dr. Pasi Janne (Dana-Farber Cancer 
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Institute, Boston, MA, USA) and were cultured in RPMI-1640 growth medium, 

supplemented with 2 mM glutamine 10% fetal bovine serum (FBS, Invitrogen, 

Carlsbad, CA, USA) at 37°C in humidified 5% CO2 incubator. 

4.3.3 Western blot analysis. Cells were treated with compounds for 4h and then stimulated 

with 100 ng/ml EGF for 10 min. Procedures for protein extraction, solubilization, 

and protein analysis by 1-D PAGE are described elsewhere [8]. Antibodies against 

pEGFR(tyr1068), EGFR, actin, and HRP-conjugated secondary antibodies were from 

Cell Signaling Technology (Beverly, MA, USA); the chemiluminescence system 

(ImmobilionTM Western Chemiluminescent HRP Substrate) was from Millipore 

(Temecula, CA, USA). Reagents for electrophoresis and blotting analysis were from 

BIO-RAD (Hercules, CA, USA).  

4.3.4 Cell viability assay. Cell viability assay was carried out by plating 20000 Ba/F3 cells 

per well into 96-well plates. On the same day the cells were treated with compounds 

and after 72h cell viability was measured using the MTS (methanethiosulfonate)-

based assay (CellTiter 96® AQueous One Solution Cell Proliferation Assay; 

Promega, Madison, WI, USA). The cell viability was calculated as % of inhibition 

versus untreated control cells. All experiments were performed at least three times. 

Statistical analyses were carried out using GraphPad Prism version 6.0 software 

(GraphPad Software Inc., San Diego, CA, USA). Results are expressed as mean 

values ± standard deviations (SD). 

4.3.5 Kinase activity assay. Invitrogen LanthaScreen® Eu Kinase Activity Assay, based on 

TR-FRET, was employed for both inhibitory potency (IC50) determination and rapid 

dilution assays (Thermo Fisher Scientific, USA). For kinase activity assays, 0.89 nM 
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recombinant GST-EGFR (WT, Part Number PV3872) or 0.38 nM of  GST-

EGFRL858R/T790M/C797S (TM, Part Number A33502) or 5.62 nM of GST-

EGFRdel19/T790M/C797S (DEL, by Promega Italia S.r.l., Part Number VA7105), 100 (for 

WT) or 200 nM (for TM and DEL) Alexa Fluor 647-Poly-GT (peptide substrate, Part 

Number PV5693) and 2.5 (for WT and DEL) or 9 µM (for TM) ATP (Part Number 

PV3227) were incubated in Kinase Buffer A (50 mM HEPES pH 7.5, 10 mM MgCl2, 

1 mM EGTA, 0.01% Brij-35) in the absence or in the presence of different 

concentrations of EGFR inhibitors (range:10 µM-40 pM) for 1 h at room temperature 

in a black, low-volume 384-well plate (Corning Inc., USA) to allow substrate 

phosphorylation. For pre-incubation experiments, gefitinib (1), osimertinib (4) and 

compounds 9-12 were pre-incubated for 3 h with the recombinant GST-kinase before 

addition of peptide substrate and ATP mixture. For pre-incubation experiments in the 

presence of ATP, 11 was co-incubated with the recombinant GST-

EGFRL858R/T790M/C797S and with ATP at a concentration equal to its Km or 10-fold 

higher (9 µM and 90 µM of ATP, respectively) for 3h, then peptide and a fresh 

aliquot of 9 µM ATP were added. After incubation with the substrate, the plate was 

added with a solution of 2 nM Eu-PY20 antibody (Part Number PV5692) and Kinase 

Quench Buffer (EDTA solution, Part Number P2825, at a final concentration of 10 

mM) in TR-FRET Dilution Buffer (Part Number PV5692) to stop reaction and 

incubated again for 30 min at room temperature to allow complexation of 

phosphorylated peptide and Eu-PY20 antibody. Then emission was recorded at i. 665 

nm corresponding to the binary complex formation between phosphorylated substrate 

and Eu-PY20 antibody and at ii. 620 nm corresponding to Eu-PY20 antibody 
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intrinsic emission. The 665/620 emission ratio was plotted against molar 

concentrations of the inhibitor (on a log scale) to obtain the inhibitor concentration-

kinase activity curve and calculate IC50 values. A Tecan Spark 10M plate reader 

(Tecan Italia Srl, Italy) was employed for data acquisition. Instrument settings were 

as follows: excitation filter: 340 nm (35 nm bandpass); emission filters: 665 nm (5 

nm bandpass); 620 nm (10 nm bandpass); delay time: 100 µs; integration time: 200 

µs; gain: optimal. Reported are mean values together with their standard error of the 

mean (n = 3-5). GraphPad Prism 5.03 (GraphPad Inc, USA) was employed for 

nonlinear fitting of experimental data to get final IC50 values.  

4.3.6 Rapid dilution assay. For rapid dilution assays, LanthaScreen® Eu Kinase Activity 

Assay procedure was optimized as follows. Recombinant GST-EGFRWT or GST-

EGFRL858R/T790M/C797 was incubated at 100-fold the operative concentration used in 

kinase activity assays together with a concentration of gefitinib (1), osimertinib (4), 

XO44 and compounds 10-12 equal to 10-fold the respective IC50 value obtained in 

the 3 h-pre-incubation activity assay. After 3 h pre-incubation, the mixture was 

diluted 100-fold in Kinase Buffer A containing Alexa Fluor 647-Poly-GT and ATP at 

the operative concentrations reported above. 30 min after dilution, a solution of 2 nM 

Eu-PY20 antibody and Kinase Quench Buffer in TR-FRET Dilution Buffer was 

added to the plate that was incubated again for 30 min at room temperature before 

TR-FRET detection. Follow-up analyses were conducted using Student's t-test. 

Statistical significance was set at p < 0.05. 

4.3.7 Selectivity Assay. Inhibitory activity for selected compounds (XO44, 11 and 12) was 

measured at 0.1 (XO44, 11) and 1 μM (XO44, 11, 12) in a set of serine-threonine 
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kinases (AKT-2, AMP-K, aurora kinase A, CDK-2, CDK-5, ERK1, IKKβ, p38α, 

ROCK-1) and tyrosine kinases (BLK, LCK, SRC, FGFR-4, JAK1, 

PDGFRα, VEGR2). The kinase activity of each enzyme was measured in the 

presence of an ATP concentration equal to the Km value, detecting the FRET signal 

generated by the kinase-catalyzed phosphorylation of a reference peptide. (Z’-LYTE 

assay, Thermo Fisher Scientific, Madison, WI, USA). Compounds were tested in 1% 

DMSO solution. 

4.4 Investigation of covalent modification of EGFRL858R/T790M/C797S by LC-HRMS 

4.4.1 Sample preparation. Recombinant EGFRL858R/T790M/C797S and 11 or control vehicle 

(DMSO) were co-incubated at 1:5 molar ratio for 1 h in Kinase Buffer A. The two 

samples underwent the following reduction/alkylation/digestion protocol. Samples 

were added with 5 µL of 50 mM ammonium bicarbonate buffer solution pH 8.0 

(ABC) and 2 μL of a 500 mM solution of dithiothreitol in 50 mM ABC, for 15 min at 

60°C; then cysteine alkylation occurred by addition of 2 μL of a 1 M solution of 

iodoacetamide in ABC buffer for 15 min at room temperature in the dark. Trypsin 

digestion took place overnight at 37 °C using 0.1 μg of trypsin per sample 

(trypsin:recombinant EGFR ratio equal to 1:10). Reaction was stopped by adding 2 

µL of a 20% v/v formic acid solution. Digested samples were then subjected to 

purification and concentration using ZipTip with C18 resin (Millipore, Part Number 

ZTC18S096), eluting peptides in 50%ACN in water added with 0.1% formic acid. 

The eluate was analysed via LC-HRMS. 

4.4.2 Mass spectrometry analysis. LC-HRMS analyses were performed on a Thermo LTQ-

Orbitrap mass spectrometer (Thermo Fisher Scientific) interfaced to a Dionex 
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Ultimate 3000 HPLC system (Thermo Fisher Scientific) by mean of an electrospray 

ionization (ESI) source. Chromatographic separation was achieved on a Phenomenex 

Synergy Fusion 80 Å column (2.1×100 mm, i.d., 4 µm) with mobile phase consisting 

of water (A) and acetonitrile (B), both added with 0.2% formic acid. The following 

gradient was used for elution: 0–5 min 2% B, 5–64 min 2–60% B, 64–65 min 60-

90% B, 65-70 min 90% B, 70-71 min 90-2% B; 71-80 min 90%B, with a flow rate of 

0.30 ml/min. ESI source was operated in positive ion mode (ESI+) with the source 

parameters optimized as follows: capillary voltage: 3 kV; capillary temperature: 275 

°C; sheath gas (nitrogen gas) flow rate: 40 arbitrary units; auxiliary gas (nitrogen 

gas): flow rate 10 arbitrary units. The data were acquired in the mass range of m/z 

200–1000 amu with resolution of 100,000 FWHM. MS/MS spectra of the peptides 

were obtained in Collision Induced Dissociation (CID) mode, setting the collision 

energy at 35 V. Xcalibur software (Version 2.3.1, Thermo Fisher Scientific, USA) 

was used for both data acquisition and processing. Proteome Discoverer software 

(Version 2.3.0.523, Thermo Fisher Scientific, USA) was employed for peptide mass 

fingerprint and covalent modification analysis.  
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