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ABSTRACT: Mutations in the EGFR kinase domain are
implicated in non-small-cell lung cancer. Of particular
interest is the drug-resistant double mutant (L858R/
T790M, DM EGFR), which is not inhibited selectively by
any approved kinase inhibitor. Here we apply bipartite
tetracysteine display to demonstrate that DM and WT
EGFR differ in structure outside the kinase domain. The
structural difference is located within the cytoplasmic
juxtamembrane segment (JM) that links the kinase domain
with the extracellular and transmembrane regions and is
essential for EGFR activation. We show further that third-
generation DM EGFR-selective TKIs alter JM structure via
allostery to restore the conformation found when WT
EGFR is activated by the growth factors EGF and HB-
EGF. This work suggests that the oncogenic activity of
DM EGFR may extend beyond kinase activity per se to
include kinase-independent activities. As JM structure may
provide a biomarker for these kinase-independent
functions, these insights could guide the development of
allosteric, DM-selective inhibitors.

Mutations in the epidermal growth factor receptor
(EGFR) kinase domain are implicated in 10−35% of

non-small-cell lung cancer cases.1 One common mutation
(L858R) induces ligand-independent activation and oncogenic
signaling.1 Patients whose tumors harbor L858R EGFR often
respond to first-generation tyrosine kinase inhibitors (TKIs)2

but then regress, frequently due to a second kinase domain
mutation (T790M) that lowers inhibitor potency.3 The kinase
domains of wild-type (WT) EGFR and the drug-resistant
double mutant (DM) form are similar,4 making it difficult to
develop molecules that effectively inhibit DM EGFR at
concentrations at which WT EGFR is spared.5−9

Here we apply bipartite tetracysteine display10 to demon-
strate that DM and WT EGFR differ in structure outside the
kinase domain. The difference is located within the cytoplasmic
juxtamembrane segment (JM) that links the kinase domain
with the extracellular and transmembrane regions and is
essential for EGFR activation.11 We also show that third-
generation DM EGFR-selective TKIs, as a group, alter JM
structure via allostery to restore the conformation seen when
WT EGFR is activated by the growth factors EGF and HB-
EGF. As JM sequences are not highly conserved,12 these
findings could lead to improved DM-selective inhibitors.

Previously, we applied bipartite tetracysteine display to
characterize the conformation of the EGFR JM within intact
receptors expressed on the cell surface.13,14 We discovered that
the binding of epidermal growth factor (EGF) to the WT
EGFR extracellular domain promotes formation of a distinct
antiparallel coiled coil15 within the intracellular JM, whereas the
binding of transforming growth factor-α (TGF-α) is
communicated through the formation of a coiled coila
rotational isomerwhose helical interface is “inside-out”
compared with the JM interface formed in the presence of
EGF (Figure 1a).14 We also demonstrated that growth factors
that activate EGFR fall into distinct categories in which coiled
coil identity correlates with downstream signaling differences.14

These previous investigations were performed with a pair of
Cys-Cys EGFR variants (CCH-1 and CCH-10) that report on

Received: March 4, 2015
Published: May 14, 2015

Figure 1. (a) Models of the EGF- and TGF-α-type coiled coils
illustrating the relative Leu positions (gray balls). (b) Detection of the
EGF-type coiled coil in cells expressing CCH-1 EGFR; detection of the
TGF-α-type coiled coil in cells expressing CCH-10 EGFR.
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formation of the EGF- and TGF-α-induced JM coiled coils,
respectively (Figure 1b).13,14 When these coiled coils form
within an EGFR dimer, the assembled Cys4 motif is poised to
bind ReAsH and cause it to fluoresce. Expression of CCH-1
EGFR on the CHO-KI cell surface results in a significant
increase in ReAsH fluorescence in the presence of EGF but not
TGF-α, whereas expression of CCH-10 EGFR results in a
significant increase in ReAsH fluorescence in the presence of
TGF-α but not EGF (Figure 1b).13,14

To evaluate the state of the JM coiled coil in EGFR kinase
domain mutants, we prepared three sets of CCH-1 and CCH-10
variants harboring substitutions associated with gefitinib/
erlotinib sensitivity (L858R) or resistance (T790M and
L858R/T790M) (Figure S1A). All Cys-Cys EGFR variants
(CCX-1 and -10, where X = H (WT), 858 (L858R), 790
(T790M), or DM (L858R/T790M)) were constitutively active
when expressed in CHO-K1 cells, as determined by the extent
of autophosphorylation at Y1173 in the absence of added
growth factor. The expression levels and activities of these
CCX-1 and CCX-10 variants were comparable to those of
variants lacking the cysteine residues required for ReAsH
binding (Figure S1B).
We first applied these CCX-1 and CCX-10 variants to evaluate

the JM conformation in each EGFR mutant (L858R, T790M,
and L858R/T790M) without added growth factor. Dynasore-
treated16 CHO-K1 cells expressing each EGFR variant were
treated with ReAsH, and the level of EGFR-associated
fluorescence was determined using total internal reflectance
fluorescence microscopy (TIRF-M) (Figures 2a,b and S2).
Among CCX-1 EGFR variants, only those cells expressing
CC858-1 EGFR, harboring the L858R kinase domain mutation,
displayed a significant increase (1.5-fold, p < 0.0001) in ReAsH-
associated fluorescence in the absence of growth factor (Figure
2c). No ReAsH-associated increase in fluorescence over
background was observed for cells expressing either CC790-1
or CCDM-1 EGFR, both of which contain the T790M mutation
associated with drug resistance.
We noticed that the ReAsH fluorescence associated with

CC858-1 EGFR (1.5-fold) was lower than that observed for
EGF-stimulated cells expressing CCH-1 EGFR (2.0-fold)
(Figure 2c). To provide additional evidence for formation of
the EGF-type JM coil in L858R EGFR, we generated a second
set of EGFR variants whose Cys-Cys arrangement also reports
on formation of the EGF-type coiled coil. These variants,
derived from the previously studied CCH-2 (Figure S3A),13

carry Cys residues at the a and e positions of the JM heptad
repeat as opposed to the a and d positions utilized in CCH-1.
All CCX-2 variants harboring kinase domain substitutions were
constitutively active at levels that were comparable to the
analogous CCX-1 variants (Figure S3B). CHO-K1 cells
expressing CC858-2 EGFR exhibited a 1.9-fold increase (p <
0.0001) in normalized ReAsH fluorescence in the absence of
growth factor (Figure S3C,D). No ReAsH-associated increase
in fluorescence over background was observed upon examina-
tion of cells expressing either CC790-2 or CCDM-2 EGFR. Taken
with the results obtained with the CCX-1 variants, these results
support the conclusion that constitutively active L858R EGFR
adopts the EGF-type JM coil in the absence of growth factor
stimulation.
We next employed the analogous CCX-10 variants to probe

for the TGF-α-type coiled coil. Dynasore-treated CHO-K1 cells
expressing each CCX-10 variant were treated with ReAsH, and
the level of EGFR-associated fluorescence was detected using

TIRF-M (Figure 2b). Only cells expressing CCDM-10 EGFR
displayed a significant increase (1.6-fold, p < 0.0001) in ReAsH-
associated fluorescence in the absence of growth factor (Figure
2d). No ReAsH-associated increase in fluorescence over
background was observed when cells expressing either CC858-
10 or CC790-10 EGFR were examined. Thus, while con-
stitutively active L858R EGFR adopts only the EGF-type JM
coil, the L858R/T790M double mutant adopts only the TGF-
α-type coiled coil. The implication is that coiled coil structure
reflects not only growth factor identity on the cell surface13,14

but also kinase mutational state. The structural changes induced
in the kinase domain by T790M are transmitted allosterically
through >120 amino acids, beyond the kinase domain, into the
adjacent JM.
Identical results were observed when cells expressing CC858-

1, CC858-10, and CC858-2 were stimulated with EGF or TGF-α
before ReAsH treatment (Figures 2 and S2B). Among variants
that report on the EGF-type JM coil, only CC858-1 and CC858-2
EGFR displayed a significant increase in fluorescence (1.5−1.9-
fold, p < 0.0001), in a manner irrespective of growth factor
treatment (Figures 2c and S3C,D). The observation that

Figure 2. (a,b) TIRF images of cells expressing FLAG-tagged CCX-1
or CCX-10 EGFR (green) and treated with ReAsH (red). (c,d) Fold
increase in expression-corrected ReAsH fluorescence over background
of cells expressing CCX-1 or CCX-10 ± EGF or TGF-α. Error bars,
s.e.m. ****p < 0.0001, **p < 0.01 from one-way ANOVA with
Bonferroni post-test.
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L858R EGFR retains the EGF-type JM structure even when
stimulated with TGFα suggests that the structural effects of
L858R substitution dominate over those related to growth
factor identity. In a similar way, CCDM-10 EGFR displayed a
significant increase (1.6-fold, p < 0.0001) in ReAsH
fluorescence, regardless of added ligand (Figures 2d and
S2B), indicating that DM EGFR adopts the TGF-α-type coil
even when stimulated with EGF.
Several irreversible TKIs in preclinical or clinical develop-

ment effectively inhibit DM EGFR (IC50 < 100 nM, Figure
3a).5−9 Afatinib,6 a recently approved second-generation TKI,

inhibits WT, L858R, and DM EGFR,6 while three third-
generation molecules display measurable DM EGFR selectivity:
WZ-4002,5 AZD-9291,8 and CO-1686.7 Comparison of the
structure of the T790M EGFR kinase domain (residues 698−
984) when bound to WZ40025 and afatinib17 reveals only small
(albeit significant) differences in local inhibitor−receptor
interactions; the structures are otherwise virtually super-
imposable (RMSD ∼0.67 Å). Both structures, which lack the
JM region as well as the TM and extracellular domain, contain
the activation helix in the active, “DFG-in” conformation. Our

observation that JM coiled coil structure is controlled by
structural changes induced by a single side-chain substitution in
the kinase domainreplacement of Thr at 790 with Metled
us to ask whether they might also be affected by the presence of
different tyrosine kinase inhibitors. In particular, we wondered
whether DM EGFR selectivity would correlate with allosteric
structural changes within the JM.
To probe for long-range effects of inhibitor binding on JM

coiled coil structure, we treated cells expressing CCDM-1 or
CCDM-10 EGFR with 10 μM afatinib, WZ4002, AZD-9291, or
CO-1686 for 30 min, labeled the cells with 2 μM ReAsH, and
quantified cell surface ReAsH fluorescence using TIRF-M
(Figures 3b,c and S4). Analogous experiments were performed
with single mutant EGFR variants (CC858-1 and -10 and CC790-
1 and -10); control experiments verified that the kinase
activities of all CCX-1 and CCX-10 variants were abolished
under these conditions (Figure S5).
As described above, in the absence of any inhibitor, DM

EGFR contains only the TGF-α-type coiled coil: only CCDM-10
(and not CCDM-1 EGFR) showed evidence of ReAsH binding
in the presence or absence of growth factor (Figure 2c,d).
Treatment with afatinib under conditions where DM EGFR is
fully inhibited (Figure S5) led to no significant change in the
ReAsH-dependent fluorescence of CCDM-10 and CCDM-1:
afatinib-treated cells expressing CCDM-1 showed no evidence of
ReAsH binding and fluorescence, whereas afatinib-treated cells
expressing CCDM-10 showed high ReAsH fluorescence. The
ReAsH-induced fluorescence over background of cells express-
ing any CCX-1 or CCX-10 variant is almost identical in the
presence or absence of afatinib (Figures 3b,c and S4). These
results indicate that afatinib induces no detectable change in JM
coiled coil structure: L858R EGFR retains the EGF-type
structure, and DM EGFR retains the TGF-α-like structure.
Different results were observed when cells expressing CCDM-

1 or CCDM-10 EGFR were treated with the three DM-selective
inhibitors tested: WZ-4002,5 CO-1686,7 and AZD-9291.8

Treatment with any of these three inhibitors under conditions
where DM EGFR is fully inhibited (Figure S5) resulted in
significant changes in the ReAsH-dependent fluorescence of
CCDM-10 and CCDM-1 EGFR: cells expressing CCDM-1, which
detects formation of the hydrophobic, EGF-type coiled coil,
showed high levels of ReAsH fluorescence, whereas treated
cells expressing CCDM-10, which detects the polar, TGF-α-type
coiled coil, did not (Figure 3b,c). These results indicate that
WZ-4002, CO-1686, and AZD-9291, three TKIs that selectively
inhibit DM EGFR in preference to WT EGFR,5,7,8 all induce a
long-range change in structure that flips the JM coiled coil from
the TGF-α-type conformation into the EGF-type structure.
This flip corresponds to a 150° disrotatory rotation about each
helix axis. Similar results were observed when CC790-1 and -10
EGFR were treated with the three DM EGFR-selective
inhibitors. The binding of DM EGFR-selective, third-
generation TKIs exerts an allosteric structural influence that
preferentially stabilizes the EGF-type coiled coil in the
sequence-distal juxtamembrane region.
This work provides increased resolution on how chemical

information is encoded by the prototypic receptor tyrosine
kinase EGFR. We describe that perturbations within the
intracellular kinase domain due to mutation or TKI binding
propagate over long distances to impact structure within the
JM. A similar allosteric connection exists between the JM and
the extracellular, growth-factor-binding region.14 These findings
identify the JM as a mediator of information flow initiated on

Figure 3. (a) Structures of afatinib6 (Af), WZ40025 (WZ), CO-16867

(CO), and AZD-92918 (AZ). (b,c) Fold-increase in expression-
corrected ReAsH fluorescence over background of cells expressing
CCX-1 or CCX-10 variants in the presence or absence of TKI. Error
bars, s.e.m. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 from
one-way ANOVA with Bonferroni post-test.
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both sides of the plasma membrane. More broadly, the finding
that the EGFR JM region is both allosterically responsive to
inhibitor binding and a determinant of downstream signaling14

emphasizes that EGFR is subject to a degree of conformational
complexity currently unresolved by structures of its domains in
isolation. Further, the results imply that the oncogenicity of
DM EGFR may extend beyond kinase activity per se to include
kinase-independent activities that are not sensitive to drugs like
afatinib, even when kinase activity is fully inhibited. As JM
structure may provide a biomarker for these kinase-
independent functions, these insights could guide the develop-
ment of allosteric, DM-selective inhibitors.
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■ NOTE ADDED IN PROOF
Recent clinical trial results underscore the importance of third-
generation kinase inhibitors AZD9291 and CO-1686 (rocile-
tinib) for patients with EGFR-mutant non-small-cell lung
cancer.18,19
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