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Abstract: The epidermal growth factor receptor (EGFR) family has been validated as a 

successful antitumor drug target for decades. Known EGFR inhibitors were exposed to distinct 

drug resistance against the various EGFR mutants within non-small-cell lung cancer (NSCLC), 

particularly the T790M mutation. Although so far a number of studies have been reported on the 

development of third-generation EGFR inhibitors for overcoming the resistance issue, the design 

procedure largely depends on the intuition of medicinal chemists. Here we retrospectively make 

a detailed analysis of the 42 EGFR family protein crystal complexes deposited in the Protein 

Data Bank (PDB). Based on the analysis of inhibitor binding modes in the kinase catalytic cleft, 

we identified a potent EGFR inhibitor (compound A-10) against drug-resistant EGFR through 

fragment-based drug design. This compound showed at least 30-fold more potency against 

EGFR T790M than the two control molecules erlotinib and gefitinib in vitro. Moreover, it could 

exhibit potent HER2 inhibitory activities as well as tumor growth inhibitory activity. Molecular 

docking studies revealed a structural basis for the increased potency and mutant selectivity of 

this compound. Compound A-10 may be selected as a promising candidate in further preclinical 

studies. In addition, our findings could provide a powerful strategy to identify novel selective 

kinase inhibitors on the basis of detailed kinase–ligand interaction space in the PDB.
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Introduction
The epidermal growth factor receptor (EGFR) family plays a central role in signal 

transduction pathways associated with cell growth, survival, and differentiation.1  

It contains four members: EGFR (HER1), HER2, HER3, and HER4, and all four 

members share high structural homology, mainly composed of an extracellular ligand-

binding domain, a single transmembrane domain, and an intracellular tyrosine kinase 

domain.2 Overexpression of EGFR and HER2 leading to aberrant signaling has been 

observed in a range of human tumor types, particularly non-small-cell lung cancer 

(NSCLC).3 Therefore, targeting EGFR and HER2 by small-molecule tyrosine kinase 

inhibitors (TKIs) is an attractive approach for cancer therapy. The success of the first-

generation EGFR TKIs (gefitinib4 and erlotinib,5 Figure 1) triggered the development of 

a number of anti-EGFR small-molecule agents in the past 10 years. Subsequently, the 

two known inhibitors, namely lapatinib6 and afatinib7 (Figure 1), as second-generation 

EGFR TKIs were approved by US Food and Drug Administration (FDA) for the treat-

ment of breast cancer (2007) and NSCLC (2012), respectively.

Activating mutations in EGFR occur in exons 18–21 encoding the kinase 

domain (Figure 2A). To date, there are dozens of gene mutations reported,8 which 
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Figure 1 Successfully approved EGFR kinase inhibitors.
Abbreviations: EGFR, epidermal growth factor receptor; NSCLC, non-small-cell lung cancer.

could be divided into TKI-sensitive EGFR mutants and 

TKI-resistant EGFR mutants according to the response to the 

first-generation EGFR TKIs. Among the sensitive mutations, 

the two common mutations are in-frame deletions as to the 

LREA motif of exon 19 (45% of EGFR mutations) and the 

L858R mutation of exon 21 (40% of EGFR mutations).9,10 

The G719 point mutation (G719A, C, or S, about 3% of 

EGFR mutations) also contributes to increasing the affinity 

of EGFR to TKIs.11 With regard to the resistant mutants, 

the T790M mutation in the EGFR gatekeeper residue could 

be observed in 50% of EGFR-mutant tumors with acquired 

resistance to erlotinib or gefitinib.12 Besides, small insertions 

(ins NPG, ins SVQ)13 in exon 20 and three other point muta-

tions (L747S,14 D761Y,15 and T854A16) have been associated 

with acquired resistance.

According to the paradigm of kinase inhibitors, EGFR 

TKIs can be simply classified into type I and type II inhibi-

tors (Figure 2B and C). Furthermore, whether the acrylam-

ide group (the structure of afatinib, Figure 1) exists within 

this kind of molecule becomes one criterion that can be 

used to differentiate the covalent inhibitor. Besides, pay-

ing more attention to the inhibitor type and key mutations 

in the tyrosine kinase domain contributes to overcoming 

TKI-resistance issue when designing new EGFR TKIs. 

Recently, there have been many reports on the design and 

synthesis of novel EGFR small-molecule inhibitors as third-

generation EGFR TKIs for overcoming drug resistance.17–19 

However, their design protocols appear a bit rough, and the 

optimization of molecules largely depends on the individual 

experience of the researcher. With the number of EGFR 

protein crystal complexes with small molecules increasing 

every year, we attempted to carry out a detailed analysis 

of these 42 kinase domain crystal complexes that covered 

several main EGFR mutants and small-molecule ligands 

with much structural diversity. Meanwhile, guided by the 

valuable information provided, we adopted a powerful 

tactics to develop a novel mutant-selective EGFR kinase 

inhibitor against EGFR T790M based on fragment-based 

drug design (FBDD).

Methods
PDB collection and protein structure 
superposition
All available protein structures in the PDB were downloaded 

(accessed at 28 May 2014). After careful curation, there 

were 42 EGFR family protein tyrosine kinase were screened. 

Many PDB entries possessed 2–4 tyrosine kinase domains, 

and only one in each entry was retained for superposing. 

Based on the sequence of wild-type EGFR protein (PDB 

code: 1M17), the other 41 EGFR protein sequences were 

aligned together by Discovery Studio 3.5 (Figure 3A). All 

the structures of kinase domains were superposed based on 

the sequence alignment above.

Chemistry general
All chemicals and reagents of analytical grade used were pur-

chased from Aldrich (USA). The melting points (uncorrected) 

were determined on an XT4MP apparatus (Taike Corp., Bei-

jing, People’s Republic of China). All the 1H NMR spectra 

were recorded on a Bruker DPX 300 model Spectrometer 

at 25°C with tetramethylsilane and solvent signals allotted 

as internal standards, and chemical shifts are reported in 
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ppm (d). ESI-MS spectra were recorded on a Mariner System 

5304 mass spectrometer. Elemental analyses were performed 

on a CHN-O-Rapid instrument and were within 0.4% of the 

theoretical values. Thin-layer chromatography was performed 

on glass-backed silica gel sheets (silica gel 60 GF254) and 

visualized in UV light (254 nm). Column chromatography 

was performed using silica gel (200–300 mesh) eluting with 

ethyl acetate (EtOAc) and petroleum ether.

3-Chloro-4-(3-(trifluoromethyl)phenoxy)aniline (4)
This was prepared according to the following procedure. 

To a solution of dimethylformamide (DMF, 20  mL) was 

added K
2
CO

3
 (2  g), 2-chloro-1-fluoro-4-nitrobenzene  

(1, 1.75 g, 10.0 mmol), and 3-(trifluoromethyl)phenol (2, 1.62 g,  

10.0  mmol) at room temperature, and then gradually 

heated up to 80°C for 4  hours. Water (60  mL) was then 

added to the mixture, and the mixture was extracted with 

EtOAc. The organic layer was washed three times with 

saturated brine (30 mL), dried over anhydrous Na
2
SO

4
, and 

concentrated in vacuo. The crude product was purified by 

column chromatography to get compound 3, a light yellow 

powder, in 80% yield. A mixture of 2-chloro-4-nitro-1- 

(3-(trifluoromethyl)phenoxy)benzene (3, 1.58 g, 5.0 mmol, 

dissolved in 20 mL 70% EtOH containing 1 mL AcOH) and 

Figure 2 Mutations in EGFR kinase domain and topological distribution of the binding pockets in the catalytic cleft.
Notes: (A) TKI-sensitive and resistant mutations. (B) Subregions of binding pockets of EGFR with DFG-in conformation and DFG-out conformation. A, adenine binding 
pocket; R, ribose pocket; P, phosphate pocket; E0, entrance pocket 0; E1, entrance pocket 1; E2, entrance pocket 2; K, small region in the deep front pocket; BP-I, back 
pocket I; BP-II, back pocket II; BP-III, back pocket III; BP-IV, back pocket IV. (C) Mapping the ligands (Erlotinib in 1M17 EGFR protein and lapatinib in 1XKK EGFR protein) 
into subregions of the binding pockets in the 3D view.
Abbreviations: EGFR, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor; BP, back pocket; LREA, Leu-Arg-Glu-Ala; NPG, Asn-Pro-Gly; SVQ, Ser-Val-Gln; 
DFG, Asp-Phe-Gly.
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Fe (1.5 g) was stirred and heated at 80°C for 6 hours. After 

cooling down to room temperature, the reaction mixture 

was alkalinized by the addition of concentrated ammonia 

(10  mL). The insoluble material was removed by filtra-

tion through Celite, and the filtrate was evaporated under 

reduced pressure. The remaining solution was extracted with 

EtOAc for column chromatography. The EtOAc layer was 

collected and purified by silica gel column chromatography 

(EtOAc:petroleum ether =1:1, v/v) to give amine 4.  Yield: 

72%, white solid. 1H NMR (CDCl
3
) δ 7.38 (t, 1H, J =8.0 Hz), 

7.23–7.32 (m, 1H), 7.11 (s, 1H), 7.04 (dd, 1H,  J =7.8, 

2.3 Hz), 6.92 (d, 1H, J =8.6 Hz), 6.79 (d, 1H, J =2.7 Hz), 

6.59 (dd, 1H, J =8.6, 2.7 Hz), 3.72 (br s, 2H).

6-Chloro-N-(3-chloro-4-(3-(trifluoromethyl)
phenoxy)phenyl)quinazolin-4-amine (7)
This was prepared according to the literature procedure.20 

2-Amino-5-chlorobenzonitrile 5 (3.04  g, 20  mmol) was 

suspended in dimethylformamide dimethyl acetal (10 mL), 

and the mixture was refluxed for 2 hours. The resulting mix-

ture was cooled to room temperature for 2 hours. The white 

precipitate in the mixture was filtered, washed with ethyl 

ether, and dried to give (E)-N′-(4-chloro-2-cyanophenyl)-

N,N-dimethylformimidamide 6 (Yield: 90%). A mixture of 

6 (2.07 g, 10 mmol, 1.0 equiv) and compound 4 (1.1 equiv) 

was heated and stirred at reflux in acetic acid (20 mL) for 

2 hours. The white precipitate that formed was filtered hot, 

washed with hot acetic acid and diethyl ether, and dried to 

give the desired compound 7 (Yield: 83%).

(4-((3-Chloro-4-(3-(trifluoromethyl)phenoxy)phenyl)
amino)quinazolin-6-yl)boronic acid (8)
This was prepared as follows.21 A mixture of compound 

7 (1.71  g, 3.80  mmol), 1,3-bis(diphenylphosphino)pro-

pane (156  mg, 0.38  mmol), 1,3-bis(diphenylphosphino)

propane nickel(II) chloride (205 mg, 0.38 mmol), dioxane 

(8 mL), diisopropylethylamine (1.98 mL, 11.39 mmol), and  

4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.10  mL, 

7.59 mmol) was magnetically stirred and heated via micro-

wave irradiation for 30 minutes at 160°C. After cooling to 

room temperature, the reaction was extracted with dichlo-

romethane (100 mL), and washed three times with saturated 

aqueous ammonium chloride solution (50  mL ×3). The 

organic layer was dried over anhydrous Na
2
SO

4
 and concen-

trated in vacuo. The crude product was purified by column 

chromatography to get compound 8 as a brown solid. MS 

(ESI): m/z (M+H)+ 460.

6-(2-Aminoethyl)-N-(3-chloro-4-(3-(trifluoromethyl)
phenoxy)phenyl)quinazolin-4-amine (9)
A 20 mL conical microwave vial was charged with a mag-

netic stirring bar, 2-bromoethan-1-amine (122 mg, 1 mmol), 

compound 8 (460 mg, 1 mmol), cesium carbonate (488 mg, 

1.5  mmol), tetrakis(triphenylphosphine)-palladium(0) 

(90 mg, 0.08 mmol), and dimethoxyethane (10 mL). The 

reaction mixture was magnetically stirred and heated via 

microwave irradiation for 30 minutes at 140°C. Upon cooling 

to room temperature, the reaction was concentrated in vacuo 

and purified by column chromatography to get compound 9 

as a brown solid. MS (ESI): m/z (M+H)+ 459.

N-(2-(4-((3-Chloro-4-(3-(trifluoromethyl)phenoxy)
phenyl)amino)quinazolin-6-yl)ethyl)-3-hydroxy-3-
methylbutanamide (A-10)
A mixture of 9 (0.92 g, 2 mmol), 3-hydroxy-3-methylbutanoic 

acid (0.472  g, 4  mmol), 1-(3-Dimethylaminopropyl)-3- 

ethylcarbodiimide hydrochloride (EDC⋅HCl) (0.68  g, 

3.4  mmol), 1-hydroxybenzotriazole monohydrate (HOBt) 

(0.52  g, 3.8  mmol), and triethylamine (1  mL) in DMF 

(10 mL) was stirred at room temperature for 3 days. Water 

(100 mL) was added to the reaction mixture, and the mixture 

was extracted with EtOAc (200 mL). The organic layer was 

washed with water (50 mL) and brine (50 mL), dried over 

MgSO
4
, and concentrated in vacuo. The residue was puri-

fied by silica gel column chromatography (eluent, EtOAc: 

petroleum ether =2:1, v/v) to give N-(2-(4-((3-chloro-4-(3-

(trifluoromethyl)phenoxy)phenyl)amino)quinazolin-6-yl)

ethyl)-3-hydroxy-3-methylbutanamide as a white solid. Yield: 

46%. Mp: 197°C–198°C. 1H NMR (400  MHz, DMSO, δ 

ppm): 10.12 (s, 1H, –NHCO–), 8.41 (s, 1H), 8.16 (s, 1H), 

8.01 (d, J
 
=6.72  Hz, 1H), 7.83 (d, J

 
=8.84  Hz, 1H), 7.76 

(dd, J
1 
=11.64 Hz, J

2 
=11.72 Hz, 1H), 7.38 (dd, J

1 
=7.24 Hz,  

J
2 
=7.24 Hz, 2H), 7.31–7.27 (m, 1H), 7.20 (d, J

 
=4.51 Hz, 1H), 

7.14–7.06 (m, 3H), 4.58 (s, 1H, –OH), 3.37 (t, J = 9.07 Hz, 

2H), 2.77–2.69 (m, 4H), 1.19 (m, 6H, –CH
3
). MS (ESI): 559.53 

[M+H]+; Anal Calcd for C
28

H
26

ClF
3
N

4
O

3
: C, 60.16; H, 4.69; N, 

10.02; O, 8.59; Found: C, 60.19; H, 4.49; N, 9.93; O, 8.64.

Biological assay
Cell proliferation assay (cell viability was assessed 
by MTT assay)
We evaluated the antiproliferative activities of com-

pounds A-10 against A431 (carcinomic human epithelial 

cell), H1975 (human lung cell line), and MCF-7 (breast 

cancer) cancer cells. Cell proliferation was determined 
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using the MTT dye (Beyotime Institute of Biotechnology, 

Haimen, Jiangsu, People’s Republic of China) accord-

ing to the instructions of the manufacturer. Briefly, 

5×103 cells per well were seeded in a 96-well plate, and 

grown at 37°C for 12 hours. Subsequently, the cells were 

treated with compound A-10, gefitinib, and erlotinib at 

increasing concentrations in the presence of 10% fetal 

bovine serum (FBS) for 24  hours. Afterward, 10  μL 

MTT dye was added to each well, and the cells were 

incubated at 37°C for 3–4 hours. Then all the solution in 

the wells was poured out and 150 μL DMSO was added 

to every well. The plates were read in a Victor-V mul-

tilabel counter (PerkinElmer Inc., Waltham, MA, USA)  

using the default europium detection protocol. Percent 

inhibition or GI
50

 values of compounds were calculated by 

comparison with DMSO-treated control wells.

HER2 and EGFR kinase assay
The cytoplasmic domain (amino acids 676–1,255) of human 

HER2 and the cytoplasmic domain (amino acids 669–1,210 

containing wild-type or dual T790M/L858R mutations) of 

human EGFR were expressed as the N-terminal peptide 

(DYKDDDD)-tagged protein using a baculovirus expression 

system. The expressed HER2 kinase and EGFR kinase were 

purified by anti-FLAG M2 affinity gel (Sigma-Aldrich, USA). 

The HER2 and EGFR kinase assays were performed using 

radiolabeled [γ-32P] ATP (GE Healthcare, USA) in 96-well 

plates. The kinase reactions were performed in 50 mmol/L 

Tris-HCl, pH 7.5, 5 mmol/L MnCl
2
, 0.01% Tween-20, and 

2 mmol/L dithiothreitol (DTT) containing 0.9 μCi of [γ-32P] 

ATP per reaction, 50 μmol/L ATP, 5 μg/mL poly-Glu-Tyr 

(4:1), and 0.25 μg/mL purified HER2 or EGFR cytoplasmic 

domain in a total volume of 50  μL. To measure the IC
50

 

value for enzyme inhibition, the compounds were incubated 

with the enzyme for 5 minutes prior to the reaction at room 

temperature. Kinase reactions were initiated by adding ATP. 

After the kinase reaction was incubated for 10 minutes at 

room temperature, the reactions were terminated by the 

addition of 10% (final concentration) trichloroacetic acid. 

The [γ-32P]-phosphorylated proteins were filtered in a harvest 

plate (Millipore, USA) with a cell harvester (PerkinElmer) 

and washed free of [γ-32P] ATP with 3% phosphoric acid. 

The plates were dried, followed by the addition of 25 μL of 

MicroScintO (PerkinElmer). Radioactivity was counted by 

a Topcount scintillation counter (PerkinElmer). IC
50

 values 

and 95% confidence intervals were calculated by nonlinear 

regression analysis.

Molecular docking study
Molecular docking of designed compounds (A-1–B-10) into 

the three-dimensional X-ray structure of human wild-type 

EGFR and T790M/L858R EGFR with inactive conforma-

tions (PDB code: 3W33 and 3W2R, respectively) was carried 

out using the Discovery Studio (version 3.5) as imple-

mented through the graphical user interface DS-CDOCKER 

protocol.22 The three-dimensional structures of the afore-

mentioned compounds were constructed using Chem. 3D 

ultra 12.0 software [Chemical Structure Drawing Standard; 

Cambridge Soft corporation, USA (2010)], and then they 

were energetically minimized by using CHARMM force 

field. The crystal structures of two HER proteins complex 

were retrieved from the RCSB PDB (http://www.rcsb.org/

pdb/home/home.do). All bound waters and ligands were 

eliminated from the protein, and the polar hydrogen was 

added to the proteins. In addition, these 20 small molecules 

were also evaluated by the Glide23 sp and xp docking protocol 

implemented in the Schrodinger 2012 suite, respectively. The 

detailed docking procedure can be found in the Website of 

Schrodinger Company.

Results and discussion
Investigation into the binding pockets 
of EGFR proteins
Up to now, there are 42 EGFR family protein tyrosine kinase 

crystal complexes that are deposited in the Protein Data Bank 

(PDB, Table 1). We collected them and attempted to give a 

detailed analysis of the binding pockets and the corresponding 

ligands in the catalytic cleft. As shown in Table 1, 42 entries 

(38 entries colored red for EGFR; one entry colored blue for 

HER2; one entry colored purple for HER3; two entries colored 

green for HER4) were reported by 24 references in the past 

10 years.11,24–46 On the other hand, there were 24 small-mol-

ecule ligands with various structural moieties cocrystallized 

with EGFR family proteins. Lipophilic efficiency (LipE) was 

a promising parameter in the optimization of the lead com-

pounds, particularly leading to the discovery of PF-04217903, 

a clinical candidate as a c-MET kinase inhibitor.47 Therefore, 

we attempted to design novel EGFR inhibitors mainly by 

means of a modified LipE value (the formula is given in the 

footnote in Table 1). The AlogP-values of these 24 ligands 

were calculated by the Schrodinger 2012 suite, and their 

inhibitory activities toward the corresponding protein tyrosine 

kinases were extracted either from the reported reference or 

from the ChEMBL database.
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As to the protein conformation, there are three kinds of 

catalytic conformation (DFG-in, DFG-out, and DFG-out-like) 

among the protein crystals of kinase domains. Moreover, the 

distance between the αC carbon atoms of DxDFG.81 and EαC.24 

could be used for the classification. According to the KLIFS 

database,48 one cluster that contained structures with distances 

4–7.2 Å was marked as αC-in; the second main cluster, marked 

αC-out, contained structures with distances of 9.3 Å to .14 Å; 

the third that presented structures with distances of 7.2–9.3 Å, 

was marked as αC-out-like. However, Table 2 reveals that the 

Table 1 General information of the HER family protein kinase crystal complexes with small molecules abstracted from the PDB

PDB IDa Ligands Potency [IC50, μM]b ALogPc LipEd Resolution [Å] Ref

EGFR
4LQM DJK 0.0011 3.9398 2.273874 2.50 24
4LRM DJK 0.00442 3.9398 2.120559 3.53 24
4LL0 DJK 0.028 3.9398 1.917062 4.00 25
4LI5 1WY 0.1575 4.2063 1.617269 2.64 26
4JQ7 KJQ 0.393 5.4756 1.169846 2.73 27
4JQ8 KJ8 0.008 4.8503 1.669363 2.83 27
4JR3 KJR 0.218 4.596 1.449422 2.70 27
4JRV KJV 0.029 5.1715 1.457527 2.80 27
3W32 W32 0.075 4.9593 1.436682 1.80 28
3W33 W19 0.036 4.5139 1.649061 1.70 28
3W2O 03P 8.4 5.3616 0.94668 2.35 29
3W2P W2P 8.1 5.7835 0.880352 2.05 29
3W2Q HKI 0.066 4.7747 1.503855 2.20 29
3W2R W2R 0.019 6.0394 1.278479 2.05 29
4I22 IRE 2.05997 5.219 1.089507 1.71 30
4I23 1C9 0.00812 4.9518 1.633839 2.80 30
4I24 1C9 0.042 4.9518 1.489711 1.80 30
4HJO AQ4 0.077 4.3126 1.649471 2.75 31
4G5J 0WM 0.0005 3.8134 2.439039 2.80 32
4G5P 0WM 0.009 3.8134 2.109865 3.17 32
3UG2 IRE 2.05997 5.219 1.089507 2.50 33
3POZ 03P 0.023 5.3616 1.424626 1.50 34
3LZB ITI 0.063 5.8306 1.234977 2.70 35
3IKA 0UN 0.00377 4.7032 1.791048 2.90 36
2RGP HYZ 0.03 3.814 1.972438 2.00 37
3BEL POX 0.014 2.9785 2.636855 2.30 38
2JIU AEE 0.0276 4.8956 1.544058 3.05 11
2JIV HKI 0.066 4.7747 1.503855 3.50 11
2ITO IRE 0.1236 5.219 1.323622 3.25 39
2ITP AEE 0.0113 4.8956 1.623278 2.74 39
2ITT AEE 0.0017 4.8956 1.791313 2.73 39
2ITY IRE 0.0535 5.219 1.393303 3.42 39
2ITZ IRE 0.0026 5.219 1.644956 2.80 39
2J6M AEE 0.0109 4.8956 1.626476 3.10 39
2J5E DJK 0.00442 3.9398 2.120559 3.10 40
2J5F DJK 0.00442 3.9398 2.120559 3.00 40
1XKK FMM 0.003 5.954 1.431454 2.40 41
1M17 AQ4 0.077 4.3126 1.649471 2.60 42

HER2
3RCD 03P 0.017 5.3616 1.449111 3.21 43

HER3
4OTW DB8 –e 4.8209 –e 2.51 44
2R4B GW7 0.066 6.5925 1.089186 2.40 45

HER4
3BBT FMM 1.4 5.954 0.983183 2.80 46

Notes: aAll the HER protein kinase crystal complexes were collected from the PDB (up to 05/28/2014); bThe inhibitory activities of these compounds were directly derived 
from the corresponding references, or their geometric means calculated by all potency values within the same order of magnitude in the ChEMBL database. cCalculated by 
CANVAS of the Schrodinger suite. dLipE = p(IC50)/ALogP. eNo data.
Abbreviations: EGFR, epidermal growth factor receptor; PDB, Protein Data Bank; LipE, lipophilic efficiency.
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Table 2 General information about the mutations of the 42 HER family protein kinase domain

PDB IDa TKI-sensitive TKI-resistant Protein conformation

G719S LREA L858R T790M DFG-motif αC position (Å)b

EGFR

4LQM - L--- + - DFG-in 7.690
4LRM - - - - DFG-in 8.028
4LL0 - - + + DFG-in 9.460
4LI5 - - - - DFG-in 8.266
4JQ7 - - - - DFG-in 8.843
4JQ8 - - - - DFG-in 8.071
4JR3 - - - - DFG-in 7.903
4JRV - L--- - - DFG-in 7.929
3W32 - - - - DFG-out 12.717
3W33 - - - - DFG-out 12.846
3W2O - - + + DFG-in 8.065
3W2P - - + + DFG-in 8.109
3W2Q - - + + DFG-in 8.394
3W2R - - + + DFG-out 12.056
4I22 - LRKA + + DFG-out 12.384
4I23 - L--A - - DFG-in 7.750
4I24 - L--A - + DFG-out 12.399
4HJO - - - - DFG-out 12.327
4G5J - K--- - - DFG-in 7.807
4G5P - - - + DFG-in 8.786
3UG2 + ---- - + DFG-in 8.308
3POZ - LA-- - - DFG-out 12.430
3LZB - - - - DFG-out 11.673
3IKA - - - + DFG-in 9.314
2RGP - LR-K - - DFG-out 12.098
3BEL - - - - DFG-out 12.033
2JIU - - - + DFG-in 8.868
2JIV - - - + DFG-out-like 12.634
2ITO + - - - DFG-in 7.446
2ITP + - - - DFG-in 7.673
2ITT - - + - DFG-in 7.682
2ITY - - - - DFG-in 7.481
2ITZ - - + - DFG-in 7.717
2J6M - - - - DFG-in 7.647
2J5E - - - - DFG-in 7.394
2J5F - - - - DFG-in 7.642
1XKK - LREK - - DFG-out 11.967
1M17 - - - - DFG-in 8.037

HER2
3RCD - LR-- - - DFG-out 10.997

HER3
4OTW - IEDK L858V - DFG-out 13.635

HER4
2R4B - LN-- - - DFG-out 11.299

3BBT - LK-- - - DFG-out 12.537

Notes: aAll the HER protein kinase crystal complexes collected from the PDB (up to 05/28/2014); bThe distance between the αC carbon atoms of DxDFG.81 and EαC.24.
Abbreviations: TKI, tyrosine kinase inhibitor; PDB, Protein Data Bank; EGFR, epidermal growth factor receptor; LREA, Leu-Arg-Glu-Ala; LRKA, Leu-Arg-Lys-Ala; LREK, 
Leu-Arg-Glu-Lys; IEDK, Ile-Glu-Asp-Lys; DFG: Asp-Phe-Gly.

range of distances should be revised as follows: 7.394–9.460 Å 

for αC-in, and 10.997–13.635 Å for αC-out. Considering the 

pose of the DFG motif and the position of the αC-helix, we 

extracted the binding modes in the catalytic cleft of all the  

42 EGFR protein crystal complexes (Figures S1 and S2). In 

addition, we also presented all the mutations in the kinase 

domains of the 42 EGFR proteins according to sequence 

alignment based on the 1M17 wild-type protein (Table 2), in 
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α
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α α

Figure 3 Analysis of binding pockets extracted from 42 HER family proteins with small-molecule ligands.
Notes: (A) Alignment of these 42 tyrosine kinase domains using the Discovery studio 3.5 based on the sequence similarity. (B) Structure of the EGFR kinase domain, 
with important structural elements labeled according to KLIFS database (I–VIII = β-sheets I–VIII; linker = loop connecting the hinge to αD-helix). (C) Conservation of the  
85 amino acids in the catalytic cleft of 42 HER kinase inhibitor complexes. This picture was drawn by WebLog 3.4.
Abbreviations: gl, G-rich loop; bl, loop connecting αC-helix to IV; GK, gatekeeper; cl, catalytic loop; DFG, Asp-Phe-Gly; xDFG, DFG-motif plus one preceding amino acid 
residue; al, activation loop.

which there were 12 entries containing T790M gatekeeper 

mutation.

In order to investigate the binding pockets of EGFR 

proteins, all the 42 EGFR protein–ligand complexes were 

superposed together based on the 1M17 protein template 

(Figure  3A). Correspondingly, 24 small-molecule ligands 

that could be divided into type I and II inhibitors were also put 

together in the same coordinate space. Accordingly, impor-

tant structural features of the kinase domain were labeled 

as in Figure 3B: β-sheets I–VIII, G-rich loop (gl), bl = loop 

connecting αC-helix to IV, gatekeeper, linker, catalytic loop 

(cl), DFG-motif, activation loop (al), and the αC-helix in the 

N-terminal domain. The 85 conserved amino acids mentioned 

in the KLIFS database48 were obtained through the sequence 

alignment of 42 EGFR proteins (Figures S1 and S4). Even 

though there were HER2/3/4 proteins among these protein 

complexes, the 85 conserved amino acids still seemed highly 

similar (Figure 3C).

The protein–ligand interaction space could provide new 

insights into the structural requirements of kinase binding 

that will be useful in ligand discovery and design studies. 

Therefore, in the context of a systematic analysis of the EGFR 

binding pocket space, we attempted to design new EGFR 

inhibitors through portraying the 24 superposed ligands 

carefully in the further step. We first decomposed the 24 

crystal ligands into 25 different fragments with two aromatic 

rings (Figure 4), and then put them into the corresponding 

subregions of the binding pocket (Table S1). Interestingly, 
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Figure 4 Flowchart of the whole knowledge-based hierarchical drug design strategy.

based on the analysis of these 75 fragments covering 25 

different scaffolds, it was notable that the same scaffold 

derived from different inhibitors (even though a different type 

of inhibitor) was located in the same subregions or pocket 

context. Subsequently, this experience led to the hypothesis 

that we could complete the drug design by employing the 

different moieties from different subregions in the binding 

pocket. For validating the reasonableness of drug design, we 

finally synthesized the targeted compound and evaluated its 

biological activity (Figure 4).

Design EGFR TKIs based on the study 
of the binding pockets
Because fragments with two aromatic rings (MW: 200–300 Da) 

were superior to fragments with one or three aromatic rings in 

FBDD, we collected all the fragments with two aromatic rings 

from the 42 crystal ligands and annotated the corresponding 

source ligand. According to the values of LipE of each protein 

item, we reckoned the matched values of fragment lipophilicity 

efficiency (formula in Table S1) of each fragment. Furthermore, 

in order to develop new EGFR TKIs for overcoming the T790M 

mutation, we meanwhile marked these important fragments 

retrieved from the protein crystal complexes with T790M 

mutations as the preference scaffolds when designing small 

molecules (Table S1).

Putting these fragments together (Figure  5A), it was 

clearly seen that the 4-anilinoquinazoline moiety (Fragment 

1-11) was more effective than others such as pyrrolo[2,3-d]

pyrimidin (Fragment 1-9), benzylfuro[2,3-d]pyrimidin 

(Fragment 1-10), and phenylthieno[3,2-d]pyrimidin (Frag-

ment 1-14) when focused on the adenine binding and K 

subpockets (A/K regions). Additionally, fragments 1-3 and 

1-16 located in the back pocket performed better than the oth-

ers, especially 1-16, which can be selected as the preferential 

scaffold for targeting EGFR kinase with T790M mutation. 

Thus, we simply provided a rough procedure for producing 

new templates of EGFR inhibitors by combining the effec-

tive fragments located in the A/K subpockets and in the back 

pockets (Figure 5B) and paying attention to the fragments in 

the A/R subpockets (1-5, and 1-19~1-22). In this study, for 

producing highly effective EGFR inhibitors, we adopted the 

technique of combining fragments 1-11 and 1-6. As seen in 

Figure 5C, considering the values of 1-6, which contained 

seven detailed fragments extracted from seven unique protein 

kinase crystal complexes (Table S1, 1-6-1: 3W2O; 1-6-2: 

3W2P; 1-6-3: 3W2R; 1-6-4: 3W32; 1-6-5: 3W33; 1-6-6: 

3POZ; 1-6-7: 3RCD), we employed the fragments in the back 

pockets of 3W32 and 3W2R as the other part of new templates 

(A series and B series). The next step was to finish the process 

of drug design based on these two templates.

As mentioned above, the modifications of the 6,7-positions 

of the new templates produced 20 new EGFR inhibitors 

(Figure  6, A-1–B-10). Based on a detailed investigation 

of the ligand-related references, these composed moieties 

located in the R/P subregions were mainly extracted from 

ten kinds of crystal ligands as follows: DJK, KJ8, KJV, 

03P, HKI, IRE, AQ4, 0WM, FMM, and 1C9 (chemical 

structure in Figure S2).

For these 20 new molecules, we evaluated their perfor-

mance by molecular docking study based on the wild-type 

EGFR protein (PDB code: 3W33) and the dual T790M/

L858R mutant protein (PDB code: 3W2R). With the aim 

of obtaining more precise outcome, the three docking 

protocols, CDOCKER docking, Glide sp docking, and 

Glide xp docking, were adopted. The detailed results are 
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Figure 5 Rational drug design procedure.
Notes: (A) Analysis of 75 fragments with two aromatic rings covered 25 various scaffolds derived from the 42 small-molecule ligands above. (B) Fragment-based drug 
design strategy based on analysis of two ring fragments. (C) One example produced between fragment 1-11 and fragment 1-6; it could give rise to two promising templates  
(A series and B series) located in the A, K, and BP-I–IV regions.
Abbreviation: BP, back pocket.

shown in Table  S2. For most of the compounds in the 

CDOCKER docking study, this kind of algorithm could not 

search enough refined poses, possibly because this protocol 

could not perform well when small molecules possessed 

more rotatable bonds, particular compounds B-1–B-10.  

In addition, it was clearly noted that, in comparison with the 

control W2R and W19, compound A-10 performed better 

in a series of molecular docking studies, no matter whether 

3W33 or 3W2R protein was used. Therefore, based on this 

kind of screening result, compound A-10 can be regarded 

as important candidate for chemical synthesis and biology 

evaluation.

Validation of availability of the design 
strategy
The detailed synthesis of compound A-10 is described in 

the “Methods” section. Figure  7 shows that 2-chloro-1-

fluoro-4-nitrobenzene (1) as the starting material can directly 
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Figure 6 Successfully designed EGFR type II kinase inhibitors.
Abbreviation: EGFR, epidermal growth factor receptor.

react with 3-(trifluoromethyl)phenol (2) to give 2-chloro-

4-nitro-1-(3-(trifluoromethyl)phenoxy)benzene (3), the 

subsequent reduction of which by Fe can produce 3-chloro-4- 

(3-(trifluoromethyl)phenoxy)aniline (4). On the other hand, 

cyclization of quinazoline mediated by dimethylformamide 

dimethyl acetal, together with compound 4, finally produced 

6-chloro-N-(3-chloro-4-(3-(trifluoromethyl)phenoxy)phenyl)

quinazolin-4-amine (7). Replacement of the halogen atom 

at the 6-position of compound 7 with boric acid moiety and 

subsequent amidation of the intermediate could generate the 

target compound A-10.

As to compound A-10, we examined the inhibitory activ-

ity of the compound against EGFR protein tyrosine kinase 

(Table  3), whose half maximal inhibitory concentration 

(IC
50

) values could reach up to 9.8 nM, 33 nM, and 19 nM 

for EGFR
wild-type

, EGFR
T790M/L858R

, and HER2, respectively, 

which are obviously superior to that of the two control 

molecules (gefitinib and erlotinib). Although this compound 

seemed to be less comparable to gefitinib or erlotinib in its 

inhibition toward EGFR
wild-type

, it showed at least 30-fold 

more potency against EGFR T790M than the two control 

molecules erlotinib and gefitinib in vitro. Moreover, it is 

worth noting that A-10 exhibited more potent activity against 

HER2 protein.

In addition, the antiproliferative activities of compound 

A-10 are shown in Table  4. In accordance with kinase 

inhibition of A-10, it could meanwhile disturb the pro-

liferative activities of three different cancer cells (A431: 

overexpression of wild-type EGFR; H1975: overexpression 

of dual mutation EGFR; MCF-7: overexpression of HER2), 

and performed better than the two EGFR drugs. Therefore, 

based on preliminary biological assay, it can be regarded as 
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Figure 7 Synthesis of compounds A-10.
Notes: Reagents and conditions: (a) DMF, K2CO3, 80°C, 4  hours; (b) Fe, 70% EtOH, AcOH, reflux, 6  hours; (c) Dimethylformamide dimethyl acetal, 70°C–75°C;  
(d) Compound 4, AcOH, 70°C–75°C; (e) NiCl2(dppf), 1,3-bis-(diphenylphosphino)propane, pinacol borane, diisopropylethylamine, dioxane, MW, 160°C, 15  minutes;  
(f) NH2CH2CHBr, Pd(PPh3)4, Cs2CO3, DME, MW, 140°C, 15 minutes; (g) EDC⋅HCl, HOBt, Et3N, 3-hydroxy-3-methylbutanoic acid, DMF, 3 days.
Abbreviations: DMF, dimethylformamide; EtOH, ethanol; AcOH, acetic acid; MW, molecular weight; HOBt, 1-hydroxybenzotriazole monohydrate.

Table  3 Enzyme activities of compound A-10 against human 
EGFR and HER2 kinases

Compound EGFR IC50 (nM) HER2  
IC50 (nM)Wild type T790M/L858R

Gefitinib 3.9 .1,000 658
Erlotinib 2.6 .1,000 920
A-10 9.8 33 19

Abbreviation: EGFR, epidermal growth factor receptor.

Table 4 In vitro cellular activities of A-10

Compound Cellular IC50 (nM)a

A431 (wild-type) H1975 (T790M/L858R) MCF-7

Gefitinib 98 .4,000 .1,000
Erlotinib 62 .4,000 .1,000
A-10 41 127 94

Notes: aAntiproliferative activity was measured using the MTT assay. Values are the 
average of two independent experiments run in triplicate. Variation was generally 5%.

an important clinical candidate in the development of the 

third-generation EGFR inhibitors.

To understand better the potency and relative selectiv-

ity for EGFR T790M, we predicted the binding modes of 

compound A-10 at the binding site of EGFR protein by 

molecular docking (Figure 8). It turned out that irrespec-

tive of whether the docking study was performed on 3W2R 

(Figure 8B–D) or 3W33 protein (Figure 8E–H), compound 

A-10 could bind the cleft tightly, in which the moiety 

(1-chloro-2-(3-(trifluoromethyl)phenoxy)benzene) played 

a key role in the kinase selectivity. For example, comparing 

3W2R with 3W33, the orientation of this fragment seemed 

reversed, probably due to the fact that the gatekeeper muta-

tion (T790M) could change the volume of the pocket context 

(BP-I subpocket). There is one more point to note: no matter 

whether the docking study was used by CDOCKER or Glide, 
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Figure 8 The predicted binding poses of the most potent compound A-10 with EGFR tyrosine kinase.
Notes: (A) Chemical structure of A-10. (B) The binding mode of A-10 in the active pocket of EGFR protein (PDB code: 3W2R, T790M/L858R) predicted by Glide docking 
standard precision (sp). (C) The binding mode of A-10 in the active pocket of EGFR protein (PDB code: 3W2R, T790M/L858R) predicted by Glide docking extra precision 
(xp). (D) The original crystal ligand W2R; (E) The binding mode of A-10 in the active pocket of EGFR protein (PDB code: 3W33, wild-type) predicted by CDOCKER docking. 
(F) The binding mode of A-10 in the active pocket of EGFR protein (PDB code: 3W33, wild-type) predicted by Glide docking standard precision (sp). (G) The binding mode 
of A-10 in the active pocket of EGFR protein (PDB code: 3W33, wild-type) predicted by Glide docking xp. (H) The original crystal ligand W19.
Abbreviations: EGFR, epidermal growth factor receptor; PDB, Protein Data Bank; xp, extra precision.

the binding mode of A-10 in the active pocket remained 

unchanged.

Conclusion
T790M mutation is a common mechanism of drug resistance 

to EGFR kinase inhibitors. A mixture of various approaches 

based on FBDD and structure-based drug design can be applied 

to identify novel agents specifically against drug resistance or 

oncogenic mutations implicated in human cancers. However, 

most of these approaches seemed a bit rough, so that the 

optimized compounds could not go further in the complicated 

biological assay. In this paper, based on the analysis of the 

binding pocket space of the EGFR family protein tyrosine 

kinase and the rationale of FBDD, we provided a unique 

strategy for developing a new EGFR inhibitor and identified 

a novel EGFR kinase inhibitor (A-10) that was effective  

in vitro against EGFR with dual T790M/L858R mutation. 

Thus, compared to the common protocol in medicinal 

chemistry, this kind of protocol in the field of drug design 

seems to be more precise. Besides, further studies are needed 

to determine whether this EGFR inhibitor will be clinically 

effective in in vivo models harboring the EGFR T790M 

mutation.
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