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ABSTRACT
Treatment of non-small-cell lung cancers (NSCLCs) harboring primary EGFR 

oncogenic mutations such as L858R and exon 19 deletion delE746_A750 (Del-19) 
using gefitinib/erlotinib ultimately fails due to the emergence of T790M mutation. 
Though WZ4002/CO-1686/AZD9291 are effective in overcoming EGFR T790M by 
targeting Cys797 via covalent bonding, their efficacy is again limited due to the 
emergence of C797S mutation. New agents effectively inhibiting EGFR T790M without 
covalent linkage through Cys 797 may solve this problem. We presented here crystal 
structures of EGFR activating/drug-resistant mutants in complex with a panel of 
reversible inhibitors along with mutagenesis and enzyme kinetic data. These data 
revealed a previously un-described hydrophobic clamp structure in the EGFR kinase 
which may be exploited to facilitate development of next generation drugs targeting 
EGFR T790M with or without concomitant C797S. Interestingly, mutations in the 
hydrophobic clamp that hinder drug binding often also weaken ATP binding and/or 
abolish kinase activity, thus do not readily result in resistance to the drugs.

INTRODUCTION

The epidermal growth factor receptor (EGFR) is 
an important therapeutic target for non-small-cell lung 
cancers (NSCLCs) [1–5]. The 4-anilinoquinazoline 
based reversible EGFR tyrosine kinase inhibitors 
(TKIs) gefitinib and erlotinib have been demonstrated 
effective in treating advanced NSCLC with EGFR 
mutants [4–8]. Unfortunately, in most of the cases, 
NSCLCs with EGFR activating mutations eventually 
develop resistance to these drugs, and in at least half of 

the relapsed cases the resistance is caused by a single 
secondary mutation in EGFR that leads to Thr to Met 
substitution at residue 790 (T790M), the gate-keeper 
residue [9–12]. 

We previously showed that T790M mutation 
dramatically increases the ATP binding affinity of the 
oncogenic activating mutants and weakens the binding 
affinity of the drugs, hence reducing the potency of any 
ATP-competitive inhibitors [13]. This study suggested 
that to simply remove the steric hindrance of TKIs is 
not sufficient, and that a new drug must bind to T790M-

                                                       Research Paper



Oncotarget13653www.impactjournals.com/oncotarget

bearing EGFR with much higher affinity than gefitinib/
erlotinib binding to the activating mutants (EGFR L858R 
or Del-19) to overcome the enhanced ATP binding. 
Multiple strategies could be applied to fulfill this task, 
including covalent/irreversible inhibition (strategy I), 
super-high-potency non-covalent/reversible inhibition 
(strategy II) and non-ATP-competitive inhibition (strategy 
III, also known as allosteric inhibition). In cooperation 
with other groups, we and our colleagues have successfully 
developed an irreversible inhibitor WZ4002 (strategy I) 
[14] and an allosteric inhibitor EAI045 (strategy III) [15] 
to overcome drug-resistant EGFR mutations.

The irreversible inhibitors such as WZ4002 [14], 
AZD9291 [16] and CO-1686 [17] carry a Michael acceptor 
functional group to irreversibly alkylate a cysteine residue 
(C797) in the ATP binding site of EGFR, thus overcoming 
the problem of the enhanced ATP binding. In clinic 
studies, treatment with either CO-1686 or AZD9291 
has resulted in more than 50% response rate in NSCLC 
patients bearing EGFR T790M, and are associated with 
substantially less skin toxicity than typically observed for 
first generation EGFR TKIs [17, 18]. Recently, AZD9291 
was approved by FDA for the treatment of patients with 
metastatic EGFR T790M mutation-positive NSCLC who 
have progressed on or after EGFR TKI therapy [19].

Despite the success of AZD9291 in clinical trials, 
it remains a deep worry that patients receiving the 
treatment may ultimately develop acquired resistance 
to this (and other third-generation) new agents. Indeed, 
mutations L718Q, L844V and C797S were identified in 
drug resistant clones after N-ethyl-N-nitrosourea (ENU) 
mutagenesis screen in EGFR mutant (sensitizing alone 
or with concurrent EGFR T790M) Ba/F3 cells in a lab 
research. Importantly, EGFR C797S cause resistance to 
all three tested third-generation inhibitors WZ4002, CO-
1686 and AZD9291; cells containing an EGFR sensitizing 
mutation, Del-19 or L858R, in conjunction with L718Q, 
L844V or C797S retain sensitivity to quinazoline based 
EGFR inhibitors gefitinib and afatinib [20]. More recently, 
the EGFR C797S mutation was identified in cell-free 
plasma DNA from subjects with advanced lung cancer 
whose tumors had developed resistance to AZD9291, 
proving that the C797S drug-resistance mutation is 
clinically relevant [21], and L718Q mutation was also 
identified in a 71-year old woman with advanced lung 
adenocarcinoma harboring the L858R mutation who 
became resistant to AZD9291 [22].

Most recently, we reported the discovery of 
EAI045, a novel inhibitor of EGFR that can overcomes 
EGFR L858R/T790M and L858R/T790M/C797S [15]. 
The EAI compounds were developed through high-
throughput screening as allosteric inhibitors purposely 
to overcome EGFR T790M (strategy III), and later found 
effective to T790M/C797S, too. However, EAI045 must 
be used in combination with Cetuximab, and it is less 
effective to T790M/C797S with concurrent exon-19 

deletion (Del-19) mutations. Hence EAI045 may not 
be an optimal agent to treat all EGFR C797S-related 
drug-resistant lung cancers, and new agents to inhibit 
EGFR L858R/T790M/C797S and Del-19/T790M/
C797S, ideally without the help of a second agent such 
as Cetuximab, are needed.

Since C797S prevents covalent binding, the super-
high-potency non-covalent/reversible inhibition strategy 
(strategy II) may apply in the development of new agents 
to overcome EGFR T790M/C797S. In a previous effort 
to discover reversible inhibitors targeting EGFR T790M 
mutation, a new compound, SKLB1206, was developed 
by Pan et al. [23]. SKLB1206 is a member of the SKLB 
compounds series based on the N8-phenyl-9H-purine-2,8-
diamine scaffold targeting EGFR activating and T790M 
Mutants, ErbB2, ErbB4, and VEGFR2. Structure-activity 
relationships (SAR) studies on the SKLB compounds 
revealed that substitution at the N-9 position of the 
9H-purine ring by hydrophobic groups could generally 
enhance the potency of the compound and that only 
substituent of suitable size and geometry was optimal for 
binding to EGFR [24]. 

In the presented work here, we studied the binding 
mode of the SKLB compounds to EGFR kinase by solving 
their complex crystal structures. These data suggested the 
existence of a “hydrophobic clamp” in the ATP-binding 
pocket of the EGFR kinase that might not be fully 
exploited in previous drug discovery studies. Interaction 
between the “hydrophobic clamp” and the compounds 
can well explain the SKLB SAR data. The hydrophobic 
clamp model can also explain the previously observed 
phenomenon that WZ4003 (a non-covalent analogue 
of WZ4002) binds to EGFR rather weakly, and explain 
why the newly discovered L718Q and L844V mutants are 
resistant to WZ4002 and CO-1686. More importantly, our 
studies indicated a new strategy to design high affinity 
reversible EGFR inhibitors without covalent binding 
through Cys 797, which might provide a new way to 
overcome both L858R/T790M and Del-19/T790M with 
or without concomitant C797S mutation. In the present 
work, we also provided mutagenesis and enzyme kinetic 
data to assess a panel of hydrophobic clamp mutations 
that might incur resistance to new agents relying on the 
hydrophobic clamp structure, and found that mutations 
weakening the binding of these agents in most cases also 
weaken the binding of ATP or may abolish the tumorigenic 
potency of the mutant EGFR, thus may not readily cause 
resistance to these agents.

RESULTS

In vitro structure-activity relationship (SAR) 
study on the SKLB purine core N-9 position

Previous SAR data on cell lines indicated that the 
size and shape of the hydrophobic substituent at the N-9 
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site of the SKLB compounds (Figure 1) play important 
roles to determine the potency of the compounds, and 
that cyclopentyl is an optimal substituent to achieve the 
highest potency [24]. Since drug efficacy in inhibiting 
cell proliferation depends on many issues including drug-
binding affinity to the target kinase, cross-activity against 
other targets and cell membrane permeability of the 
compound etc., the aforementioned SAR data in the cell 
line studies do not necessarily mean that the drug binding 
potency to EGFR depends on size and shape of the N-9 
substituent in the same way. Therefore, we determined 
the IC50 values of the SKLB compounds to inhibit 
purified EGFR L858R/T790M double mutant and L858R 
single mutant kinases in vitro. As is shown in Table 1, 
introduction of methyl group on 9-site of purine does not 
significantly change the inhibition potency relative to 1. 
Nevertheless, substitution of isopropyl (3) and cyclopropyl 
(4), both containing three carbons, considerably increases 
the inhibitory activity against EGFR L858R/T790M more 
than 10 times compared with that of 1 and 2. Increasing 
the size of the hydrophobic group to cyclopentyl (5) leads 
to a significant increase of the inhibitory activity against 
EGFR L858R/T790M to about 1000 times compared with 
that of 1. However, a further increase of the size of the 
substituent, such as cyclohexyl (6), and phenyl (7), leads 
to decreased bioactivity relative to cyclopentyl, implying 
that cyclopentyl presents the most suitable substituent 
for bioactivity. Interestingly, changing the hydrophobic 
substituent at the N-9 position also affects the inhibitory 
potency toward EGFR L858R single mutation and 
cyclopentyl remains the optimal substituent that inhibits 
L858R most potently; however the magnitude of the effect 
is much smaller relative to what is observed for the L858R/
T790M double mutation. This observation indicates that to 
develop new agents against EGFR activating mutants with 

a concomitant L858R/T790M/C797S mutation conferring 
resistance to WZ4002, AZD9291 and CO-1686, the size 
and shape of the substituent at the N-9 position is critical 
design consideration.

Complex structures revealed a hydrophobic 
clamp structure in EGFR

In order to understand why the substituent at N-9 
position dictates the inhibition potency of the SKLB 
compounds, we determined the crystal structure of EGFR 
kinase domain bearing L858R or T790M (in the form of 
T790M/V948R) in complex with SKLB(3), SKLB(5)
and SKLB(6) (Figures 2A–2F, Supplementary Figures 
1, 2, 3; Table 2, Supplementary Table 1, 2). Although the 
data resolutions of the L858R complex structures were 
modest, the electron densities of the compounds were 
clear (Supplementary Figures 1 and 3). The T790M/
V948R+SKLB6 data completeness was about 89.4%, 
which might result in more noise peaks in the electron 
density maps. Fortunately, after inspecting the electron 
density maps (including the omit map), we found that the 
densities of the compound were clearly defined without 
ambiguity (Supplementary Figures 2C and 3F).  

Similar to the previously reported EGFR/inhibitor 
complexes [13, 14, 25–27], the SKLB compounds bind 
to EGFR in the ATP-binding cleft. The compounds 
closely associate with the hinge of the kinase, and form 
two hydrogen bonds with Met 793 amide and carbonyl. 
The 8-aniline ring occupies a hydrophobic pocket in the 
back of the ATP binding cleft, which is occupied by the 
4-aniline ring in the 4-anilinoquinazolines (gefitinib and 
erlotinib, Figure 2G and 2H) and the phenylethanamine 
ring in AEE788 (an EGFR/ErbB2 and VEGFR dual 
family kinase inhibitor, Figure 2J) [28] when binding to 

Figure 1: Chemical structures of EGFR TKIs discussed in this report. 
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EGFR. The isopropyl (SKLB(3)), cyclopentyl (SKLB (5)) 
and cyclohexyl (SKLB(6)) groups on the N-9 position 
of purine is sandwiched between Leu 718, Val 726 and 
Leu 844 side-chains, and are located within hydrophobic 
interaction distances to these side-chains (Figure 2A–2F). 
These residues engage the compounds from above and 
below through hydrophobic interactions like a clamp, thus 
we refer to them as a “hydrophobic clamp” structure of 
the kinase.

The strength of hydrophobic interactions depends 
on multiple issues including distance, area (size) and 
geometry (shape complementarity) of the hydrophobic 
groups/surfaces participating in the interaction. Too short 
or too long distances between the hydrophobic groups/
surfaces result in steric hindrance or loss of hydrophobic 
interactions, respectively, both weakening the binding 
potency of the compounds; small or incompatible 
hydrophobic surface weaken the interactions, too. It is 
noted from the complex structure that the cyclopentyl 
in SKLB(5) fits best to the hydrophobic clamp due 
to its suitable size and conformation (Figure 2B, 2E). 
Compared to the cyclopentyl substituent on N-9 position 
of SKLB(5), the isopropyl in SKLB(3) is too small to 
provide sufficient hydrophobic surface for the interaction 
with the hydrophobic clamp (Figure 2A, 2D). Although 
cyclohexyl in SKLB(6) is large, its conformation does 
not fit optimally to the hydrophobic clamp. Cyclohexyl 
tends to adopt a chair-like conformation as is seen in the 
complex crystal structures presented here. Interestingly, 
the upper half of the cyclohexyl ring is located roughly 
in the same position as the upper parts of cyclopentyl 
and isopropyl in SKLB(5) and SKLB(3), respectively, 
likely because this position is well situated between Leu 
718 and Val 726. However, for cyclohexyl, the chair-like 
conformation leaves the lower part of the ring positioned 

farther away from Leu 844 than cyclopentyl in SKLB(5) 
(indicated by black arrows in Figure 2C, 2F), thus resulting 
in weaker hydrophobic interactions with Leu 844. These 
subtle differences among SKLB 3, 5 and 6 in interaction 
with the hydrophobic clamp can therefore explain why 
SKLB(5) bearing cyclopentyl at the N-9 position binds to 
EGFR tighter than 3 and 6.

Interaction between hydrophobic clamp and 
available ATP-competitive EGFR inhibitors

Previously reported complex crystal structures 
revealed the binding modes of varied EGFR tyrosine 
kinase inhibitors (TKIs) including gefitinib, erlotinib, 
lapatinib, AEE788 and WZ4002 [14, 25–27]. In view of 
the hydrophobic clamp structure that could facilitate the 
binding of ATP-competitive inhibitors, we inspected these 
complex structures and to our surprise, we found that most 
of these old-generation agents do not fully interact with 
the hydrophobic clamp from the structural pharmacology 
view. 

The core scaffolds of the first-generation inhibitors 
(gefitinib, erlotinib, AEE788 and lapatinib etc.) are strip-
shaped without a branched substituent at the position 
analogous to the N-9 position in the SKLB compounds. 
When binding to EGFR, these agents are placed roughly in 
parallel to the hinge of EGFR through hydrogen bonding 
(Figures 2G–2J). For gefitinib and erlotinib, their aromatic 
quinazoline core is placed within significant hydrophobic 
interaction distance only to the Leu 844 side-chain as is 
observed in the complex crystal structures, while Leu 718 
and Val 726 do not contribute much to the hydrophobic 
interaction with the compounds since they are too far away 
from the quinazoline moiety. Lapatinib and AEE788 make 
more use of the hydrophobic clamp than do gefitinib and 

Table 1: IC50 values of compounds 1-7 against human EGFR L858R/T790M and L858R mutants 
(IC50s are the average values from two independent experiments

ID R1

EGFR
(L858R/T790M)

[nM]

EGFR
(L858R)

[nM]
1 H 522 ± 15 5 ± 3
2 CH3 458 ± 10 3 ± 2

3 47 ± 2 5 ± 2

4 41 ± 3 2 ± 1

5 0.5 ± 0.4 0.4 ± 0.3

6 17 ± 2 4 ± 2

7 45 ± 5 1 ± 0.3

The asterisk (*) indicates the attachment point.
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Figure 2: Crystal structures of EGFR mutants in complex with varied compounds. (A) L858R + SKLB(3), (B) L858R + 
SKLB(5), (C) L858R + SKLB(6), (D) T790M/V948R + SKLB(3), (E) T790M/V948R + SKLB(5), (F) T790M/V948R + SKLB(6), (G) 
L858R + gefitinib (drawn from PDB 2itz), (H) wild-type + erlotinib (drawn from PDB 1m17), (I) wild-type + lapatinib (drawn from PDB 
1xkk), (J) L858R + AEE788 (drawn from PDB 2itt), (K) T790M + WZ4002 (drawn from PDB 3ika), (L) T790M + WZ4003, (M) T790M + 
CO-1686 (drawn from PDB 5XDK), (N) wild-type + AZD9291 (drawn from PDB  4zau) and (O) wild-type + AMP-PNP (drawn from PDB 
2itx, AMP-PNP is an analogue of ATP) complex structures are shown. The EGFR wild-type, L858R and T790M/V948R mutants are shown 
as yellow, slate and green cartoons, respectively. The compounds are shown as sticks. Hydrogen bonds are shown by black dashed lines. The 
black arrows in panels C and F indicate the lower part of the cyclohexyl (SKLB(6)) that does not fit to the interaction with Leu 844. The purple 
arrows in panels I, J, K, L, M and N indicate the moieties in lapatinib, AEE788, WZ4002, WZ4003, CO-1686 and AZD9291 that form weak 
hydrophobic interactions with the side-chain of Leu 718 but not Val 726. The red arrows in panels B, E, K and M indicate that the cyclopentyl 
in SKLB(5) and phenyl in WZ4002/CO-1686 are analogous to each other considering the interactions with the hydrophobic clamp.
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erlotinib. The furanyl ring in lapatinib and the phenyl ring 
in AEE788 (shown by purple arrows in Figure 2I and 2J) 
are located within hydrophobic interaction distance to the 
side-chain of Leu 718, but not to the side-chain of Val 
726. Although inadequately exploiting the hydrophobic 
clamp, these first-generation agents still work well in 
treating NSCLCs harboring primary EGFR oncogenic 
mutations because these mutations (L858R and Del-
19) markedly weaken the ATP binding affinity and thus 
open a therapeutic window for the inhibitors to bind to 
the kinase [27, 29]. However, since T790M significantly 
increase the binding affinity of the kinase to ATP, these 
agents would not robustly work on this mutation even if 
the steric hindrance between the Met 790 side-chain and 
the compounds are removed [13].

The newly developed non-covalent inhibitor 
SKLB(5), however, makes full use of the hydrophobic 
clamp due to the additional cyclopentyl rings attached 
to the core scaffold of the compounds (shown by red 
arrows in Figure 2B, 2E), which participates in direct 
interactions with Leu 844, Leu 718 and Val 726 side-
chains. Interestingly, it was found in the structural 
analysis that the covalent inhibitor WZ4002, CO-1686 
and AZD9291 also partly rely on the hydrophobic clamp 
to bind to EGFR, as 4-phenoxyl in WZ4002, 4-aniline in 
CO-1686 and 1-methyl-1H-indole in AZD9291 (Figure 1) 
directly interact with the hydrophobic residues (shown by 
red arrows in Figure 2K, 2M, 2N; also see Supplementary 
Figure 4) [14, 30, 31]. This observation can well explain 
the interesting finding that although L718Q and L844V 
led to resistance to WZ4002, they remained sensitive to 
quinazoline-based irreversible EGFR inhibitors afatinib 
and neratinib (which are similar to gefitinib or lapatinib, 
see Figure 1) [20].

Interaction between hydrophobic clamp and 
WZ4002/WZ4003

Covalent inhibition has been shown to be an 
effective way to overcome the EGFR T790M drug-
resistance mutation. In order to covalently link to the 
kinase through Cys 797, a branched chemical structure 
was used in WZ4002, in which a phenoxyl group was 
attached to the C-4 position of the pyrimidine core to carry 
the electrophilic acrylamide and bring it in close proximity 
to the side-chain of Cys 797 (Figure 1). Our previous 
structural studies revealed that the 4-phenoxyl moiety of 
WZ4002 passes through the hydrophobic clamp (Figures 
2K) [14]. It is structurally analogous to the N-9 substituent 
of the SKLB compounds (Figure 1; Figure 2B, 2E and 
2K; Supplementary Figure 4). Therefore, we hypothesized 
that the hydrophobic clamp structure should play some 
role in the binding of WZ4002 at least in the reversible 
binding stage as it does to the SKLB compounds; since a 
phenyl ring is not the optimal substituent for interacting 
with the hydrophobic clamp, the interactions between the 
hydrophobic clamp and WZ4002 (in the reversible binding 
stage) may not be the optimal.

In order to test the hypothesis that the hydrophobic 
clamp affects the binding of WZ4002 in the reversible 
binding stage, we determined the crystal structure of 
EGFR T790M in complex with WZ4003, a reversible 
analogue of WZ4002 (Figure 1; Figure 3). Interestingly 
and in agreement with our hypothesis, the 4-phenoxyl 
group of WZ4003 adopts a conformation obviously 
different from that observed in the T790M/WZ4002 
complex [14]. In the EGFR T790M/WZ4003 complex, 
the phenoxyl group rotates about 30 degree compared to 
its counterpart in the EGFR T790M/WZ4002 structure, 

Table 2: A summary of the crystallographic data and refinement statistics§

mutation compound Structure 
ID

Resolution
Range (Å)

Rsym
(outmost)

Completeness,
% (outmost) Rwork/Rfree

RMSD bond
length/angle

L858R SKLB(3) 5X26 50.0–2.95 0.071 (0.413) 98.2 (97.9) 0.196/0.222 0.014/1.277
L858R SKLB(5) 5X27 50.0–2.95 0.078 (0.416) 96.4 (98.7) 0.203/0.239 0.015/1.339
L858R SKLB(6) 5X28 50.0–2.95 0.067 (0.426) 99.1 (98.1) 0.209/0.250 0.013/1.235
T790M/
V948R SKLB(3) 5X2A 50.0–1.85 0.074 (0.593) 98.0 (96.4) 0.174/0.219 0.023/1.890

T790M/
V948R SKLB(5) 5X2C 50.0–2.05 0.082 (0.482) 98.7 (98.0) 0.175/0.202 0.017/1.594

T790M/
V948R SKLB(6) 5X2F 50.0–2.20 0.106 (0.566) 89.4 (79.8) 0.202/0.240 0.014/1.325

T790M WZ4003 5X2K 50.0–3.20 0.041 (0.415) 100.0 (100.0) 0.226/0.244 0.009/1.082
§ See Supplementary Table 1, 2 and 3 for additional statistics of data collection and structure refinement.
Rsym=∑|Ii - <Ii>|/∑Ii, where Ii is the average intensity of symmetry-equivalent reflections.
Rwork=∑|Fo-Fc|/∑Fo where Fo and Fc are observed and calculated structure factor amplitudes, respectively.
Rfree is the Rcryst for reflections excluded from the refinement.
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and brings the propionamide (analogous to the acrylamide 
in WZ4002) farther away from the side-chain of Cys 
797 (Figure 3A). This observation indicated that the 
4-phenoxyl group in WZ4002/WZ4003 is not optimal for 
bringing the propionamide/acrylamide in proximate to 
Cys 797 likely due to the interaction with the hydrophobic 
clamp, which may also explain the observation that 
WZ4003 binds to EGFR T790M rather weakly [14]. 
Although the 4-phenoxyl is not an optimal design for 
reversible binding of WZ4002 to EGFR, it still contributes 
to the binding rather than preventing it as was indicated 
by the observation that a phenyl at this position (such 
as SKLB(7)) enhances the binding of the compounds to 
EGFR comparing to no substation (SKLB(1)) or methyl 
(SKLB(2)) [24]. 

It is then deduced that mutations of the hydrophobic 
clamp may affect the binding affinity of WZ4002 to EGFR 
presumably in the reversible binding stage, and in some 
cases results in resistance to this agent, which would 
explain why L718Q and L844V mutations render EGFR 
T790M resistant to WZ4002 in vitro [20]. It is clear that 
Gln with a hydrophilic side-chain at residue 718 would not 
fit to the interaction with the WZ4002 phenoxyl. While 
in the case of L844V, although valine is a hydrophobic 
residue, it does not fit optimally to the interaction with 
the WZ4002 phenoxyl, because valine side-chain is 
much shorter than leucine side-chain, resulting in too 
long distance to the WZ4002 phenoxyl group for strong 
hydrophobic interaction. 

Impact of hydrophobic clamp mutations on 
SKLB(5) drug efficacy

Since hydrophobic interactions are sensitive to 
distance, surface area and geometry, we hypothesized that 
mutations of the hydrophobic clamp (L718X, V726X and 
L844X) may affect the binding affinity of any inhibitor 
that interacts with it, such as the SKLB compounds. 
However, efficacy of the ATP-competitive inhibitors 
is not solely determined by the binding affinity of the 
compounds, but also by ATP binding affinity. Therefore 
the ATP binding affinity should be considered, too. What’s 
more, certain mutations may interfere with the kinase 
function, e.g. shutting-down the activity of the kinase. 
These mutations may not result in drug-resistance in clinic 
even if they abolish the binding of the drugs. Therefore 
we sought to learn how some representative hydrophobic 
clamp mutations may interfere with drug binding, ATP 
binding and kinase activity of EGFR.

We tried to express a panel of EGFR hydrophobic 
clamp mutations on the background of L858R/T790M 
double mutation, i.e. L858R/T790M plus L718Q, L718N, 
L718V, L718F, V726T, V726A, V726F, V726L, L844N, 
L844V and L844F in sf9 insect cells for kinetic studies. 
Unfortunately, several of these triple mutants were not 
well-behaved and could not be purified to homogeneity, 

including L718Q and L844V, the two mutants that were 
found to be resistant to WZ4002 and CO-1686 in a lab 
mutagenesis study [20]. Finally we were able to prepare 
only five triple mutants, i.e. L858R/T790M/L718F, 
L858R/T790M/L718V, L858R/T790M/V726F, L858R/
T790M/V726T and L858R/T790M/L844F. We then 
studied the kinetics of these mutants. L858R/T790M/
C797S, a confirmed triple mutation conferring resistance 
to AZD9291/WZ4002/CO-1686 in which the third 
mutation C797S is not from the hydrophobic clamp of 
EGFR, was also included in our assays. 

Consistent with our prediction, most of the 
hydrophobic clamp mutants remarkably weakened the 
binding affinity of SKLB(5), which partly relies on 
hydrophobic interactions with the hydrophobic clamp 
structure to bind to the kinase, while the non-hydrophobic-
clamp mutant C797S did not alter the binding affinity of 
the compound much since it does not rely on covalent 
linkage with Cys 797 to bind to the kinase (Table 3). 
Interestingly, L718V mutation enhanced the binding of 
SKLB(5), indicating that the Valine side-chain provided 
even better hydrophobic interaction than the Leucine side-
chain to interact with the cyclopentyl of SKLB(5).

For ATP-competitive inhibitors, the efficacy of 
the drugs must be evaluated by comparing the relative 
binding affinity of the drugs and ATP to EGFR, i.e. Ki/
Km, as was indicated in our previous studies (Ki, the 
inhibition constant; Km, the Michaelis-Menton constant) 
[27]. Interestingly, most hydrophobic clamp mutations not 
only weakened the binding affinity of the compounds, but 
also weakened the binding affinity of ATP, among which 
the most remarkable ones were L858R/T790M/V726F and 
L858R/T790M/L844F (Table 3). This observation is not 
surprising, since the hydrophobic clamp structure is rather 
conserved in kinases (Figure 4A) and it interacts with 
ATP (Figure 2O), which indicates that any mutation in the 
hydrophobic clamp that weakens the drug binding may 
also affect ATP binding, as was observed in our studies. 
The overall effect of these mutations on drug binding and 
ATP binding was that no significant resistance to SKLB(5) 
was observed in our study. 

Impact of the hydrophobic clamp mutations on 
EGFR kinase activity

Inspired by the observation that the hydrophobic 
clamp mutations may weaken ATP binding, we sought to 
ask if these mutations may also impair kinase activity. The 
idea is that if a mutation turns off the kinase activity, even 
if it confers resistance to the drug, it would be of no harm 
in clinic. We therefore measured the activity (in terms of 
kcat) of the purified L858R/T790M/L718F, L858R/T790M/
L718V, L858R/T790M/V726F, L858R/T790M/V726T, 
L858R/T790M/L844F, L858R and EGFR-WT (Figure 
4B). Interestingly, according to the data, the introduction 
of most mutations led to a significant decrease of kinase 
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activity. In particular, mutations L858R/T790M/L718F, 
L858R/T790M/V726F, L858R/T790M/L844F and L858R/
T790M/V726T decreased the activity of the kinase to 
similar to or lower than that of the wild-type EGFR, thus 
potentially turned off the oncogenic potential of these 
mutations. Notably, although L718F and V726T could 
render EGFR L858R/T790M less sensitive to SKLB(5), 
they also significantly destroyed the activity of the kinase. 
Therefore it is deduced that these mutations, although 
may render cells resistant to the drugs in vitro, would not 
readily cause disease relapse in clinic.

DISCUSSION

Treatment of NSCLCs driven by EGFR activating 
mutations including L858R and exon-19 deletions using 

anti-EGFR TKIs are effective in the beginning but 
ultimately fails due to the emergence of drug-resistance. 
Our previous studies on the major drug-resistant EGFR 
T790M mutation indicated that the mutation not only 
weakens drug binding through steric hindrance, but 
enhances ATP binding [13]. Therefore to simply modify 
the inhibitors to avoid the steric hindrance with Met 790 
side-chain is not enough. A new drug to overcome T790M 
must gain substantial potency toward EGFR to compete 
off ATP binding. The third-generation drugs including 
AZD9291, CO-1686 and WZ4002, achieved this goal 
through covalent linkage to the chemically active Cys 
797 side-chain, and would therefore lose their activities 
to EGFR if this residue is mutated. Under this situation, 
new agents not depending on covalent linkage through Cys 
797 (reversible inhibition) are demanded. What’s more, the 

Figure 3: EGFR T790M + WZ4003 complex crystal structure. (A) Superimposition of T790M + WZ4003 (reported here) and 
T790M + WZ4002 (drawn from PDB 3ika). The WZ4002 and WZ4003 bound EGFR structures are shown as green and light-blue cartoons, 
respectively. The key residues are shown as sticks with the same color scheme as the protein cartoons. WZ4002 and WZ4003 are shown 
as yellow and purple (carbon atoms) sticks, respectively. (B) Omit maps of WZ4003. The blue and green meshes indicate the 2Fo-Fc and 
Fo-Fc omit maps contoured at 1.0σ and 3.0σ, respectively. The omit maps were calculated after removing the coordinates of WZ4003 from 
the structure and refining the structure (simulated annealing beginning at 300K) to remove bias introduced by the WZ4003 coordinates.
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new agents still have to (1) specifically target the EGFR 
mutants harboring T790M and (2) very potently bind to 
the EGFR kinase to compete off ATP substrate. The studies 
on the third-generation drugs have accumulated a lot of 
knowledge about how to design the compounds to gain 
specificity targeting the T790M mutation, while how to 
significantly increase the drug binding potency to EGFR 
not depending on the covalent linkage remain a problem.

Inspired by the previous SAR studies on the 
SKLB compounds, we sought to answer why the N-9 

substituents of these compounds dictate the inhibition/
binding potency toward EGFR. Through analysis of a 
panel of EGFR+SKLB complex crystal structures we 
identified L718, V726 and L844 as the key residues to 
directly interact with the N-9 substituents of SKLBs, 
which explained why these substituents significantly 
affect the inhibition potency/binding affinity of SKLBs 
to EGFR. We named this structure as “hydrophobic 
clamp” because these hydrophobic residues engage the 
compounds from both sides like a “clamp”. L718 and 

Figure 4: Impact of the hydrophobic clamp mutations on EGFR kinase activity. (A) Sequence alignment of EGFR and 
other important kinase enzymes discussed in this report. Residues of the hydrophobic clamp are denoted by ovals. (B) Comparison of 
the activity of the wild-type, L858R/T790M and L858R/T790M plus the hydrophobic clamp mutants. The fold activity of wild-type and 
mutant enzymes was calculated by determining the kcat for each protein with saturating ATP and 5mM ENAEYLRVA peptide substrate and 
dividing by the kcat for the wild-type enzyme. Error bars indicate the standard deviation of the triplicate measurements. The active enzyme 
concentrations of every kinase samples were determined by titrating the protein samples with the tight-binding inhibitor SKLB(5) (see 
Methods).
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V726 are located in the β-sheet adjacent to the P-loop in 
N-lobe, while L844 is located in C-lobe (Figure 2). Since 
previous structural studies have revealed that considerable 
P-loop conformational changes and N-lobe/C-lobe 
relative orientation changes mainly occur in EGFR kinase 
structures in active versus inactive states, we intentionally 
studied two major types of the EGFR kinase structures, i.e. 
the active conformation structures (the L858R structures, 
Figure 2A, 2B, 2C) and the inactive conformation 
structures (the T790M/V948R structures, Figure 2D, 2E, 
2F). These structures clearly showed that no matter in 
active or inactive conformations, the hydrophobic clamp 
residues retain direct and close engagement with the 
compounds.

Exploiting the hydrophobic clamp structure 
described in this study would potentially serve as a new 
approach to improve the drug binding affinity of any 
ATP-competitive inhibitors. Through careful tailoring 
the inhibitor structure to fully exploit the hydrophobic 
clamp structure, it is possible to dramatically increase the 
drug binding potency to the kinase as was shown in the 
SAR studies on the SKLB compounds [24]. It is noted 
that the hydrophobic clamp structure described here is 
not only found in EGFR, but also found in many other 
popular kinase targets such as Src, Abl, ALK, KIT, FLT3, 
BTK and PDGFRb etc. (Figure 4A). This is not surprising 
since the hydrophobic clamp structure is involved in ATP 
binding, but developing new agents making use of this 
structure may cause problem in drug selectivity. The 
similar problem has been handled in the development of 
the third-generation drugs (WZ4002/CO-1686/AZD9291) 
targeting Cys 797 because several other kinases have a 
cysteine residue analogous to Cys797 in EGFR. It turned 
out that after careful designing the chemical structure of 
the inhibitors, the specificity problem could be solved. 
The knowledge gained in the development of the third-
generation drugs would therefore potentially be applied 
in the design of new hydrophobic-clamp-dependent 
reversible inhibitors to improve their selectivity against 
the EGFR mutations.

In this study we also managed to evaluate, 
through mutagenesis and enzyme kinetic assays, if 
the hydrophobic clamp mutations would readily cause 
resistance to any drugs that depending on the hydrophobic 
clamp to bind to EGFR. Our data showed that most of 
such mutations studied in our work not only weakened the 
drug binding, but also weakened ATP binding, thus did not 
result in significant resistance to the drug; what’s more, 
most of these mutations also very significantly decrease 
the kinase activity, potentially turning off its oncogenic 
potency. On the other hand, though the hydrophobic clamp 
mutations, namely L718Q and L844V, have been shown 
to be resistant in cell line studies [20], they seem to be 
seldom seen in patients compared to C797S. We therefore 
speculate that although the hydrophobic clamp mutations 
might still be a new source of drug-resistance, the problem 
may not be so stringent as is expected. Taken together, 
the information gained from these studies may be helpful 
in directing the development of next generation drugs to 
overcome the EGFR L858R/T790M/C797S and Del-19/ 
T790M/C797S drug-resistance mutations.

MATERIALS AND METHODS

Purification of recombinant proteins

Constructs spanning residues 696-1022 of the 
human EGFR and bearing the mutations were expressed 
and purified using a baculovirus/insect cell system as 
described [27]. Baculovirus stocks expressing the different 
EGFR mutants were used to infect Sf9 insect cells. After 
harvesting, the insect cells were broken by sonication in 
lysis buffer (20 mM Tris, 150 mM NaCl, 3 mM KCl, 1% 
glycerol, 1 mM PMSF, 1 mM TCEP, 20 mM Imidazole, 
pH 8.0) supplemented with a protease inhibitors cocktail. 
Clarified cell lysates were incubated with chelating 
sepharose beads charged with Ni2+ (GE Healthcare) for 
2 hours at 4°C and proteins eluted with elution buffer (20 
mM Tris, 500 mM NaCl, 1% gycerol, 0.5 mM TCEP, 300 
mM Imidazole, pH 8.0). And then the eluted protein were 

Table 3: Inhibition constants (Ki) and predicted drug efficacy (shown by Ki/Km) of SKLB(5) to 
representative EGFR hydrophobic clamp mutants
Mutants Ki (nM) Km, ATP (μM) Ki/Km (×10-3)
L858R/T790M 3.2 11.0 ± 0.3 0.3

+L718F 63.3 22.3 ± 3.7 2.8

+L718V 1.4 43.7 ± 1.1 0.03

+V726F 84.9 113.4 ± 4.0 0.7

+V726T 34.4 17.2 ± 1.3 2.0

+L844F 80.1 121.1 ± 8.2 0.7

+C797S 7.0 13.2 ± 0.4 0.5
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concentrated and applied to gel-filtration chromatography 
using a Superdex 200 column (GE Healthcare) to further 
purify the proteins. Purified proteins were dispensed into 
aliquots, flash-frozen in liquid nitrogen and stored at −80°C.

Crystallization and structure determination

Crystals used in this study were prepared by 
hanging drop vapor diffusion. The reservoir solution 
for growing the inhibitor-free L858R crystals was 0.1M 
Hepes pH7.8, 40% PEG400, 0.15M NaCl, 5mM tris(2-
carboxyethyl)-phosphine (TCEP). The SKLB compounds 
were introduced into the inhibitor-free L858R crystals 
by soaking the crystals for 4 hours at room temperature 
in the crystallization buffer supplemented with 1mM 
compound. The reservoir solution for growing T790M/
V948R crystals was 0.1M Bis-Tris 5.0, 22.5% PEG3350, 
5mM TCEP in the presence of 1mM AMP-PnP and 
10mM MgCl2. T790M/V948R naturally crystallized in 
two different crystal forms (C2 or P21), both diffracting 
well. The soaking was done by first washing the crystals 
in the mother liquor (0.1M Bis-Tris 5.0, 22.5% PEG3350, 
5mM TCEP) twice and then soaking the crystals in the 
soaking buffer (mother liquor supplemented with 1mM 
SKLB compound) for 4 hour. During the soaking, the 
soaking buffer was changed three times by transferring the 
crystals into fresh soaking buffer in order to completely 
replace AMP-PnP with the compounds. The reservoir 
solution for growing the inhibitor-free T790M crystals was 
0.1M Glycine pH8.0, 38% PEG300, 0.1M NaCl, 5mM 
tris(2-carboxyethyl)-phosphine (TCEP). The compound 
WZ4003 was introduced into the inhibitor-free T790M 
crystals by soaking the crystals for 2 hours at room 
temperature in the crystallization buffer supplemented 
with 1mM compound.

Diffraction data of the L858R+SKLB(3), 
L858R+SKLB(5) and L858R+SKLB(6) complex 
crystals were collected on beamline ID24E at 100K at 
Argonne National Laboratory. Diffraction data of the 
T790M/V948R+ SKLB(3), T790M/V948R+ SKLB(5) 
and T790M/V948R+ SKLB(6) complex crystals were 
collected on the in-house x-ray diffraction system 
composed of a Bruker MicroStar X-ray generator 
and a Mar345dtb detector. Diffraction data of the 
T790M+WZ4003 complex crystals were collected on 
beamline BL19U1 at 100K at Shanghai Synchrotron 
Radiation Facility (SSRF). The diffraction data were 
processed using HKL3000 [32]. The L858R+SKLB, 
T790M/V948R+SKLB and T790M+WZ4003 complex 
structures were solved by molecular replacement with 
Phaser  [33] using the previously determined EGFR 
L858R+ANP structure (PDB ID 2itv)  [27], EGFR V948R 
structure (PDB ID 2GS7)  [34] and T790M structure (PDB 
ID 2JIT) [13] as the search models, respectively. CNS [35] 
was then used to obtain a less biased model (by simulated-
annealing) and calculate the sigmaA weighted 2Fo-Fc 

and Fo-Fc maps for manual inspection and adjustment. 
Repeated rounds of manual refitting and crystallographic 
refinement were then performed using COOT [36] and 
Phenix [37]. The inhibitor was modeled into the closely 
fitting positive Fo-Fc electron density and included in 
following refinement cycles. Topology and parameter 
files for the inhibitor were generated using PRODRG 
[38]. The crystal diffraction data and refinement statistics 
were summarized in Table 1 and Supplementary Table 
S1, S2 and S3. The L858R+SKLB(3), L858R+SKLB(5), 
L858R+SKLB(6), T790M/V948R+SKLB(3), T790M/
V948R+ SKLB(5), T790M/V948R+ SKLB(6) and 
T790M+WZ4003 complex crystal structures have been 
deposited in Protein Data Bank (PDB) with entry IDs 
5X26, 5X27, 5X28, 5X2A, 5X2C, 5X2F and 5X2K, 
respectively.

Kinase inhibition assay

Kinase inhibition potency in Table 1 was measured 
using radiometric assay provided by Kinase Profiler 
service. Briefly, each kinase (5-10 mU) was incubated 
with a serially diluted solutions of compounds 1-7 in 25 
μL reaction solutions. The reaction was initiated by adding 
the Mg-ATP mix. After incubation for 40 minutes at room 
temperature, the reaction was stopped by adding 5 μL of 
3% phosphoric acid solution. 10 μL of the reaction was 
then spotted onto a Filtermat A and washed three times 
for 5 minutes in 75 mM phosphoric acid and once in 
methanol prior to drying and scintillation counting. ATP 
concentrations used in the assays were equal to the Km’s 
of the corresponding enzymes. Staurosporine was used as 
the positive control.

EGFR kinetic parameters in Table 3 were 
determined in triplicate using the ATP/NADH coupled 
enzyme assay method in a 96-well format as described 
[13]. The reaction mixture contained 1.0 mg/ml BSA, 
2 mM MnCl2, 1 mM phospho(enol) pyruvic acid (PEP; 
Sigma-Aldrich; catalogue no. P7002), 2 mM TCEP, 0.1 
M MOPS 7.4, 5 mM synthesized peptide ENAEYLRVA, 
1/50 of the final reaction mixture volume of pyruvate 
kinase/lactic dehydrogenase enzymes from rabbit 
muscle (Sigma-Aldrich; catalogue no. P-0294), 0.5mM 
NADH. To determine Km, ATP at varied concentration 
was added last to start the reaction. Steady-state initial 
velocity data were drawn from the slopes of the A340 
curves and fit to the Michaelis-Menten equation to 
determine Vm and Km. To assure that our derived kcat 
parameters reflected concentrations of active enzyme, 
we determined the active enzyme concentration of 
every kinase preparation by titration of the samples 
with the tight binding inhibitor SKLB(5) (see below for 
the Morrison Equation).

The raw data to calculate Ki were dose response 
curves done by fixing ATP concentration and changing 
inhibitor concentration in the assays. The Ki

app value was 
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first determined using the Morrison Equation (for tight-
binding substrate competitive inhibition): 
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All Km and Ki values were determined using this 
method in triplicate, and the mean values and standard 
deviation were then calculated.
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