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Abstract
High-resolution X-ray crystal structures determined in the past six years dramatically influence our
view of ligand induced activation of the epidermal growth factor receptor (EGFR) family of receptor
tyrosine kinases. Ligand binding to the extracellular region of EGFR promotes a major domain
reorganization, plus local conformational changes, that are required to generate an entirely receptor
mediated dimer. In this activated complex the intracellular kinase domains associate to form an
asymmetric dimer that supports the allosteric activation of one kinase. These models are discussed
with emphasis on recent studies that add details or bolster the generality of this view of activation of
this family of receptors. The EGFR family is implicated in several disease states, perhaps most
notably in cancers. Activating tumor mutations have been identified in the intracellular and
extracellular regions of EGFR. The impact of these on understanding of EGFR activation and its
inhibition are discussed.
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I. Introduction
The epidermal growth factor receptor (EGFR) is historically the prototypical receptor tyrosine
kinase (RTK). It was the first of this large family of transmembrane receptors to be cloned; the
first for which the importance of ligand mediated oligomerization in the activation of the
enzyme was appreciated; and the first for which a clear connection between aberrant receptor
function and cancer could be drawn (58,67, and references therein).

It is now well accepted that the first step in RTK activation involves ligand-induced receptor
dimerization or alteration of a pre-existing dimers (57). This leads to stimulation of the
intracellular kinase domain and tyrosine autophosphorylation in trans. Phosphorylated
tyrosines act as recruitment sites for down stream signaling molecules containing SH2 and/or
PTB domains. The cascade of events that are initiated following activation of EGFR represent
some of the most extensively studied sets of signal transduction pathways. Many of the
principals governing the regulation of such pathways were elucidated from studies of EGFR
signaling (15,69).
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In normal physiological settings EGFR, and the other three homologous members of the EGF
receptor family (see next section), regulate key events in coordination of cell growth,
differentiation and migration (15). EGFR itself is critical in epithelial development, and other
members of the family are essential for cardiac development and/or have well studied roles in
mammary glands and the nervous system (7). Aberrant signaling from all 4 receptors, through
misregulation of the receptors or of their ligands, has been implicated in diseases including
nervous system disorders and many cancers (7,34,49). For example, EGFR activation in
epithelial tumors has been linked with more aggressive disease and poorer outcomes. Drugs
that inactivate EGFR through interaction with either the extracellular or intracellular regions
of EGFR are intensively studied in the clinic (49).

This review will consider the impact of high-resolution structural studies upon our current
understanding of EGFR regulation. The starting point is the model of ErbB receptor activation
that was proposed in 2003 based on structural data available at that time (8,40). Since 2003,
significant new information has been published that increases the sophistication of this model
and/or adds new facets that were not previously considered. It is to these studies that I will
devote the majority of this review.

II. The Epidermal Growth Factor Receptor family of receptor tyrosine kinases
The EGFR family of RTKs comprises 4 members (collectively referred to as the ErbB or HER
family): EGFR itself, ErbB2 (HER2/Neu), ErbB3 (HER3) and ErbB4 (HER4). Like all RTKs,
each ErbB receptor comprises a large extracellular region, a single spanning transmembrane
(TM) domain, an intracellular juxtamembrane (JM) region, a tyrosine kinase domain and a C-
terminal regulatory region (Fig. 1A). The ligands that regulate ErbB receptors can be separated
into two main groups (Fig. 2): the ‘EGF agonists’ that activate EGFR, and the neuregulins
(NRG) that bind ErbB3 and ErbB4 (69). There are at least 7 different EGF agonists: EGF,
transforming growth factor α (TGFα), amphiregulin (AR), betacellulin (BTC), epigen (EPN),
epiregulin (EPR) and heparin binding EGF-like growth factor (HB-EGF) (30). Of these, a sub-
set can also activate ErbB4, and are known as the bispecific ligands (BTC, EPR and HB-EGF).
ErbB3 and ErbB4 are regulated by multiple differently spliced variants of the 4 different NRG
gene products (20). Each ErbB ligand contains an EGF-like core domain of about 60 amino
acids (Fig. 2) that is sufficient for its biological activity (30). ErbB2 has no known soluble
ligand and has been proposed play a role in ErbB receptor activation by forming heterodimers
with other liganded ErbB family members (14,69). ErbB2 is also distinguished from other
members of this receptor family in that overexpression of ErbB2 causes ligand independent
cell transformation (18). As shown in Fig. 2, and discussed in detail below, ErbB2 also turns
out to be an outlier structurally.

The extracellular regions of EGFR family members contain two homologous ligand binding
domains (domains I and III) and two cystine rich domains (domains II and IV; Fig. 1). The
only other RTKs with a similar extracellular domain arrangement are members of the insulin
receptor (IR) family, which share the same domain I/II/III organization, but the membrane
proximal cystine rich domain IV of ErbB receptors is replaced by fibronectin type III domains
in the IR family. By contrast with the EGFR and IR families most other RTKs have extracellular
regions comprised of immunoglobulin or fibronectin type III domains (32). Just as they are
distinct in their domain composition, so do the IR and ErbB families differ from other RTKs
in their mechanisms of ligand activation (66).

Although high-resolution structural studies of intact RTKs pose technical challenges that have
not yet been overcome, there is a wealth of structural data on both the extra- and intra-cellular
regions of the EGFR family. X-ray crystal structures have been determined for the extracellular
regions of all four ErbB receptors (sErbBs) in their unliganded state (6,11,12,22,25) (Fig. 2).
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The structure of the EGFR extracellular region (sEGFR) has also been determined in a dimeric
– presumably activated – state induced by binding of EGF or TGFα (26,54) (Fig. 3). Additional
insight into the mechanisms of extracellular control has also been provided by three different
structures of sErbB proteins in complex with the Fab fragments of inhibitory therapeutic
antibodies (12,24,44). The structure of the intracellular kinase domain of EGFR has also been
extensively studied in different activation states (62,68,71,74). Structural details of the
individual domains of EGFR and their homologues have been extensively reviewed elsewhere
(1,32,40) and are summarized briefly in the legend to Fig. 1.

Despite this wealth of structural information, there are important regions of EGFR for which
relatively little data are available. For example, little is known about the structure of the first
~30 amino acids of the intracellular JM region (Fig. 1A), which may play an important
regulatory role (31,48). Moreover, the most C-terminal ~190 amino acids of EGFR that
contains multiple tyrosine phosphorylation sites is poorly characterized, but is clearly
implicated in regulation of receptor activation (45).

III. The unexpected receptor mediated dimer of the extracellular region of
EGFR

In 2002 two papers published back-to-back in Cell radically changed the mechanistic view of
ligand induced EGFR dimerization. They described a dimer in which all contacts between the
two molecules were receptor-mediated (26,54). This contrasts starkly with the direct
contribution of the bound ligand to the dimer interface of other cytokine receptor and RTK
dimers that have been studied (5,8,32,57, and references therein). For many RTKs, such as
those of the platelet derived growth factor (PDGF)/Kit receptor family, the ligands themselves
are dimeric and bivalent. In Kit, each protomer in the ligand contacts a different receptor
molecule, so that the dimeric ligand effectively crosslinks the receptor into a dimeric complex
(46,72). In other cases, such as the fibroblast growth factor (FGF) receptor, accessory
molecules (heparan sulfate proteoglycans) link the two ligands to yield a bivalent complex that
effectively crosslinks two receptor molecules (59).

In the dimeric complexes formed when EGF or TGFα bind to the first three domains of sEGFR
the growth factor binding sites are distant from the dimer interface, and do not contribute
directly to dimer contacts (Fig. 3B). All contacts across the dimer interface are mediated by
domain II of the receptor – making these dimers ‘receptor-mediated’ rather than ‘ligand-
mediated’ (58). A beta hairpin, referred to as the ‘dimerization arm’, in domain II makes
extensive contacts with the domain II of its binding partner, reaching at its tip to interact with
the opposite domain I (Fig. 3B & C). EGF/TGFα are bivalent; each ligand binds simultaneously
to domains I and III of the same receptor molecule.

Structures of unliganded sErbB receptors (22,44) indicated that ‘exposure’ of the ‘dimerization
arm’ is a key event in regulation of receptor dimerization. Indeed, in the inactive/unliganded
form of sEGFR and sErbB3, the dimerization arm is buried by intramolecular interactions with
domain IV (11,22,44). The intramolecular interactions in this so-called ‘tethered’ conformation
of the receptor and the intermolecular interactions across the dimer interface are mutually
exclusive. This led to the proposal that the tethered sEGFR and sErbB3 structures represent an
autoinhibited conformation (8,22), since also seen for sErbB4 (6).

The tethered configuration of unliganded sEGFR, sErbB3 and sErbB4 also places the two
ligand-binding sites on domains I and III quite distant from one another. For a single EGF
molecule to contact these two binding sites simultaneously, a large domain rearrangement is
required in sEGFR (Fig. 3C). This domain rearrangement allows domains I and III to dock
onto the same EGF molecule, while simultaneously exposing the dimerization arm in an
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‘extended’ sEGFR conformation that closely resembles the structure observed in the dimeric
complexes with bound EGF or TGFα (going from left to right in Fig. 3C) (22).

IV. A structure based model for ligand induced EGFR dimerization
Exposure of the dimerization arm is the most obvious change induced upon binding of growth
factor ligands to the EGFR extracellular region (Fig. 3), but it remains unclear exactly how
this is achieved. The ligand-binding domains I and III are identical in structure whether bound
to ligand or not (21,44), arguing against an allosteric mechanism for ‘triggering’ exposure of
the dimerization arm. EGF (or TGFα) binds to a truncated sEGFR (sEGFR501) that cannot
form the intramolecular domain II/IV tether (with domain IV removed) only ~20–30 fold more
strongly than it binds to intact sEGFR (16,19,22). This observation suggests that the tether
provides only a modest energy barrier to the close apposition of domains I and III – of the order
of 2 kcal/mol. If the tether is this weak, it seems reasonable to suggest that the EGFR
extracellular region could exist in a dynamic equilibrium, sampling multiple conformations
including tethered and various untethered states. Binding of growth factor to domains I and III
could then trap untethered receptors in a dimerization-competent extended configuration,
driving the system towards the active dimeric form (8). There has been no direct analysis of
the structural dynamics of sEGFR invoked by this model, and this remains an important
knowledge gap in the field.

Although there is no doubt that exposing the domain II dimerization arm is necessary for EGFR
dimerization, it is clearly not sufficient. Indeed, sEGFR501 remains monomeric unless EGF/
TGFα is added (19). Recent studies argue that much smaller adjustments in the conformation
of domain II at the dimer interface are also critical (16). As can be appreciated in Fig. 4,
significant local conformational changes in domain II accompany the dramatic domain
rearrangement. These changes result in a different trajectory of the dimerization arm in the
extended compared to the tethered receptor, and significantly alter the overall curvature of the
long axis of domain II (Fig. 4A). Since domain II forms the dimer interface, this change in
curvature upon ligand binding could have substantial implications for dimerization strength.

The domain II conformation remains quite similar in the tethered and extended receptors for
the first three disulfide-bonded modules, which are stabilized by interaction with domain I.
However, the structures begin to deviate significantly at disulfide-bonded module 4 (marked
with an arrow in Fig. 4A), so that domain II has a different overall curvature between disulfide-
bonded modules 5 and 8 in the tethered and extended forms. The consequences of the different
domain II curvatures can be better appreciated if the two conformations are superimposed using
the central disulfide-bonded module 5 as a reference point (Fig. 4D). In dimers constructed
from these domain II configurations, disulfide-bonded modules 2 and 6 project further into the
dimerization interface in the extended or activated structure (grey) than in the tethered or
inactive structure (green). The relative projection of these two modules into the dimer interface
allows then to form direct contacts across the dimer interface, as marked with asterisks in Fig.
4D and directly observed in the crystal structures of ligand-bound sEGFR (26,54). Mutational
analysis demonstrates that interfacial interactions from module 6 (involving D279 and H280)
contribute substantially to dimer stability, while those from module 2 (involving Q194)
contribute to a smaller extent (16). The conformation of domain II in the region of disulfide-
bonded module 6 is stabilized in part by direct interactions with domain III (Fig. 4B) (16,54).
Binding of EGF or TGFα to sEGFR drives a dramatic reorientation of domain III (compare
Figs. 3B & C), and promotes domain II/III interactions that stabilize the precise conformation
of domain II in this region (around module 6) that is required for dimerization.

It has also been suggested that domain IV contributes directly to stabilization of the ligand-
induced sEGFR dimer (8,22), although it was not present in the published dimer structures. If
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the relationship between domains III and IV remains fixed in tethered (monomeric) and
extended (dimeric) sEGFR, the two copies of domain IV are predicted to make contact across
the dimer interface (Fig. 3C). However, in studies of soluble sEGFR variants, deletion of a
putative domain IV interaction loop or indeed deletion of almost all of domain IV had only
minimal effects on dimerization strength (16). It is possible that rather weak domain IV
interactions aid in orientating the membrane proximal parts of the EGFR extracellular region
in an intact EGFR dimer at the cell surface (4). Indeed, such weak association between the
membrane proximal domains of another RTK, Kit, has recently been crystallographically
visualized in a ligand-induced dimer (72) and this could be an important theme for interactions
in the extracellular region of many RTKs.

V. Constitutively extended ErbB2 and receptor hetero-dimerization
Crystal structures of the orphan ErbB2 extracellular region revealed that it adopts an extended
configuration in which the arrangement of the four domains resembles that seen in each
molecule of a sEGFR dimer (Fig. 2) (12,25). Thus, sErbB2 resembles a constitutive, or ligand-
independent, activated conformation. This is consistent with the facts that ErbB2 (but not
EGFR) overexpression transforms cells (14,18), and that ErbB2 overexpression is associated
with a significant class of human breast cancers (51). Rather than having a growth factor
molecule bound between domains I and III – as seen in activated sEGFR – domains I and III
of sErbB2 interact directly with one another (Fig. 2), and domain I/III interactions appear to
stabilize the extended configuration of sErbB2. This close proximity of sErbB2 domains I and
III may explain the failure of countless efforts to identify a high affinity soluble ligand for
ErbB2. There is no room for a ligand to bind between domains I and III, so it has been suggested
that no such ligand exists (8,25).

Despite adopting a constitutively extended conformation (Fig. 2), sErbB2 does not
homodimerize detectably in solution (23) or even at the very high concentrations present in
the crystals used to determine its structure (25,40). When a symmetric sErbB2 homodimer is
modeled by overlaying its dimerization arm with that seen in sEGFR dimers, clashes in the C-
terminal portion of domain II (module 8) preclude satisfactory docking. As shown in Fig. 4E,
module 6 of domain II of sErbB2 (magenta) adopts the same conformation with respect to the
dimerization arm as it does in activated/extended sEGFR (gray). Moreover, the same domain
II/III interactions that stabilize this region in the sEGFR dimer are also observed in the sErbB2
structures (25). By contrast the N-terminal part of domain II in sErbB2 does not overlay with
the equivalent region in extended sEGFR (Fig. 4E). Thus, although module 6 and the
dimerization arm appear to adopt conformations in sErbB2 that are reminiscent of those
required for sEGFR homodimerization, disulfide-bonded module 2 is not positioned for
optimal interaction across a homodimeric interface, and module 8 will actually disrupt such a
symmetric interface. These observations have been interpreted to suggest that the extended
sErbB2 structure might be optimal for domain II-mediated heterodimerization of ErbB2 with
another ligand-bound (extended) ErbB receptor, in preference to homodimerization (24). For
example, X-ray scattering shows that the extracellular region of ErbB3 adopts an extended
conformation upon binding to the EGF-like domain of its ligand, neuregulin 1β1 (NRG1-β1)
without forming homodimers (17). ErbB2 and ErbB3 are well-known heterodimerization
partners (14), and extended ErbB2 may associate with NRG-bound monomeric ErbB3 in a
complex reminiscent of an asymmetric version of the dimer depicted in Figs. 3. Some evidence
has been presented for formation of an NRG-dependent sErbB2/sErbB3 heterodimer (23), and
a high resolution structural view of such a heterodimer remains an important frontier in this
field.
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VI. sEGFR autoinhibition and the tethered state
The models described above for EGF-induced dimerization of the EGFR extracellular region
assume that the crystallographically observed domain II/IV tether represents a set of
autoinhibitory interactions. If this is the case, mutations that disrupt the tether should lead to
an increased sensitivity of EGFR to activation by ligand. In the extreme case, disrupting such
an autoinhibitory tether might lead to constitutive activation of the receptor, and we might
anticipate that tether mutations will be found in patients with EGFR-dependent cancers.
Contrary to these expectations, mutations designed to disrupt all of the domain II/IV
intramolecular interactions in intact EGFR did not substantially alter cell surface activation of
the receptor, or the sensitivity of its EGF dependence (16,47,64). These results were interpreted
to suggest that the tether has a very limited autoinhibitory effect (or even none) on EGFR
activity at the cell surface.

Recent studies employing small angle X-ray scattering (SAXS) suggest that a reevaluation of
the role played by the tethered configuration of EGFR is required (17). Solution SAXS studies
could readily distinguish between the tethered and extended conformations of sEGFR, sErbB3
and sErbB2 at low resolution. However, mutated forms of sEGFR lacking all of the
crystallographically-observed domain II/IV interactions thought to stabilize the tethered
conformation gave SAXS-derived molecular envelopes that were barely distinguishable from
those seen for wild-type tethered sEGFR. Thus, disrupting the domain II/IV tether interactions
via mutations is insufficient to drive sEGFR into a significantly extended conformation. The
failure of equivalent mutations in full length EGFR to affect receptor activation is therefore
likely to reflect their failure to alter the receptor’s conformation, rather than discerning the
importance of the tethered state on the cell surface.

If direct domain II/IV interactions do not hold sEGFR in a tethered or compact conformation,
what does? As pointed out by Dawson et al., (17) the relative orientation of domains II and III
are very similar in tethered sEGFR and in domain I/II/III fragments from the IR family (1).
This comparison suggests that the region of polypeptide linking disulfide-bonded module 8 of
domain II with domain III (marked with an arrowhead in Fig. 4C) may be unexpectedly rigid.
Rigidity of this linkage could play a significant part in maintaining the EGFR extracellular
region in a tethered-like conformation. Consistent with this notion, mutation of a cysteine in
the domain II module 8 disulfide bond causes a partial gain-of-function in the C. elegans EGFR
ortholog Let-23 (37). Conserved prolines in this region may also contribute to local mainchain
stability, consistent with the relatively low crystallographic temperature factors (B-factors)
observed in this region in each tethered sErbB receptor. By contrast the B-factors in disulfide-
bonded module 8 in the ligand bound dimers are higher than average, suggesting that in the
extended configuration this region is under strain. Additional stabilization of the tethered
configuration could come from oligosaccharides, not fully visualized in the X-ray crystal
structures.

VII. Extracellular EGFR mutations in cancer
Somatic mutations were recently identified in glioblastomas that map to the extracellular region
of EGFR, and a subset of these shown to enhance receptor activation (Fig. 4F) (41). Several
of these mutations fall in the vicinity of the intramolecular tether (e.g. P572L and G574V) and
could destabilize domain II/IV interactions – although these mutations are not likely to be
sufficient for EGFR activation given the discussion presented above. Other mutations cluster
in different parts of the extracellular region. One group falls close to disulfide-bonded module
8 of domain II, and could affect the mainchain rigidity in this region – although the effects of
these mutations on EGFR activation was not reported. Another cluster of mutations at the
domain I/II interface is interesting. In the tethered receptor, A265 from disulfide-bonded
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module 5 of domain II packs against the aliphatic portion of R84 from domain I (Fig. 4F).
Mutations at either of these positions leads to EGFR activation (41), which could possibly
result from alterations in the conformation of domain II.

Further studies of the effects of these mutations (and their combinations) on the conformational
properties of the EGFR extracellular region should provide important insight into the structural
restraints that keep sEGFR in a tethered-like conformation, and into the energetic barriers to
its extension and dimerization.

VIII. Activation of the intracellular tyrosine kinase domain of EGFR
The unique mechanism of ligand-induced dimerization is not the only feature that sets EGFR
apart from other RTKs. Recent structural studies of the intracellular EGFR tyrosine kinase
domain (EGFR-TK) also suggest that it is regulated through an unexpected set of interactions
(74), with the formation of an asymmetric kinase domain dimer being critical.

The first reported crystal structures of EGFR-TK revealed a conformation with characteristics
of an activated kinase (62), based on the structural features of its activation loop and the
orientation of the C-helix (in the N-terminal lobe). Although the apparently constitutive
adoption of such an active conformation was surprising, it was consistent with the fact that
EGFR is unusual in not requiring activation-loop phosphorylation to promote its activity
(27). These structures suggested a notable absence of autoinhibitory interactions in the EGFR
kinase domain, by contrast with the well-defined interactions that maintain the kinase domains
from the insulin receptor, FGF receptor, and other RTKs in their inactive states (33). From
among the possible interpretations of this structural view (reviewed by Burgess et al., 8),
elegant studies from the Kuriyan laboratory (74) argue that crystal packing mimics interactions
found in an active receptor dimer, which lead to activation of EGFR-TK through an allosteric
mechanism.

Structures of EGFR-TK bound to the therapeutic inhibitor lapatinib (68) and of an EGFR kinase
mutant bound to AMP-PNP (74) revealed that EGFR-TK can also adopt a characteristic
inactive structure (Fig. 5A) with clear intramolecular autoinhibitory interactions. The two
inactive EGFR-TK structures are virtually identical to one another, and resemble inactive forms
of cyclin-dependent kinases (CDKs) and Src-family kinases (33). In each case, a short helical
region in the activation loop packs against the catalytically-critical C-helix, which contains a
conserved glutamate that must form an ion pair with a lysine that coordinates ATP’s α- and
β-phosphates. The C-helix is displaced (and this ion pair is disrupted) by interaction with the
activation loop in inactive EGFR-TK, Src-family, or CDK kinases.

Mutations that disrupt the interactions between the C-helix and activation loop (Fig. 5) activate
EGFR-TK (13,56,74), and are clinically very important (see below). Interestingly, the C-helix/
activation loop interactions are also incompatible with the packing of EGFR-TK molecules in
crystals of the active state. In numerous crystals of active EGFR-TK, an asymmetric dimer can
be identified in which the helical C-lobe of one EGFR-TK molecule abuts the N-lobe of its
neighbor in the crystal, in an interaction that is highly reminiscent of the activating interaction
between helical cyclins and the cyclin dependent kinases (CDKs) (35,74). This asymmetric
dimer occurs in the crystal lattice of all cases where the active conformation is observed for
EGFR-TK, and interactions of the C-helix of one EGFR-TK molecule (in the N-lobe) with the
C-lobe of its neighbor (Fig. 5B) appear to disrupt the autoinhibitory interactions described
above (and stabilized by the inhibitor lapatinib). In fact, EGFR-TK could only be crystallized
in its inactive conformation in the presence of lapatinib (68) or with a mutation that disrupts
the CDK/cyclin-like dimer (74). Moreover, mutations designed to disrupt the asymmetric
dimer interface shown in Fig. 5B prevented EGF-activation of the intact EGFR (74).
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Thus, contrary to initial suggestions, EGFR-TK does adopt an autoinhibited conformation in
the absence of ligand-induced dimerization, as observed for most other RTKs. However, the
mechanism of EGFR-TK activation is quite unique. Whereas most RTKs reach full activity
following trans-autophosphorylation of their kinase domains within a dimer, EGFR-TK forms
an asymmetric dimer that allosterically activates the kinase domain.

IX. Intracellular EGFR mutations in cancer
The importance of EGFR-TK autoinhibition is underscored by the growing numbers of somatic
EGFR mutations reported in certain cancers, particularly in non-small cell lung cancer
(NSCLC). In clinical NSCLC trials with EGFR-targeted tyrosine kinase inhibitors (TKIs), a
small subset of patients showed dramatic initial responses, and this response correlated with
the occurrence of somatic mutations in exons 18 to 21 in the EGFR kinase domain (56,61).
Point mutations in the nucleotide binding loop (the P-loop; exon 18) or in the activation loop
(exon 21), and deletions immediately preceding the catalytically important C-helix all lead to
enhanced sensitivity to TKIs. In vitro cellular and biochemical studies have shown that these
alterations activate the EGFR kinase domain, leading to ligand-independent signaling that is
effectively inhibited by the TKIs (56). The initial patient response to TKIs therefore appears
to reflect inhibition of constitutive, oncogenic, signaling by EGFR in their tumors.

Each class of EGFR-TK mutations found in NSCLC (Fig. 5C) is likely to destabilize the
inactive conformation of the EGFR kinase domain (71,74). For example the L834R substitution
(L858R in kinase mutation literature) disrupts interactions between the helical turn in the
activation loop and the C-helix in the inactive conformation (Fig. 5A,C). L834 is relatively
surface exposed in the active state. Similarly, deletions in the region preceding the C-helix also
remove interactions likely to stabilize the inactive conformation of the activation loop (74).
The occurrence and properties of these cancer mutations thus strongly argue that in inactive
EGFR, as for most other RTKs (32), the kinase domain adopts an autoinhibited state. Normal
activation requires ligand-induced dimerization that promotes allosteric activation of EGFR-
TK. The cancer mutations circumvent the need for ligand activation by disrupting interactions
that maintain the kinase in its autoinhibited inactive state.

X. Mechanism of EGFR activation at the cell membrane
In Fig. 6 an overall model is presented that combines structural information for EGFR on the
outside and on the inside the membrane. In the resting state, EGFR is shown with its
extracellular region in the tethered configuration and its kinase domain in the inactive form.
Ligand binding to the extracellular region induces receptor-mediated dimerization that brings
the intracellular domains into close proximity, and promotes the association of the kinase
domains in an asymmetric dimer. In the asymmetric EGFR-TK dimer, one molecule is
activated through interaction of its N-lobe with the C-lobe of the cyclin-like activator (shown
in the inactive conformation). It is thought that the activated kinase phosphorylates the C-
terminal tail of the activator (cyclin-like) receptor. In a subsequent step (not shown) it is
proposed that the roles of the two receptors switch, such that both intracellular domains can
become trans-autophosphorylated.

There is structural information for all but the most C-terminal half dozen amino acids of the
extracellular region, which link to the presumably helical TM domain. The TM helices of ErbB
receptors have been shown to self (and hetero)-associate in membranes (50). Although TM
interactions of this sort may aid in stabilizing the dimer, or in orienting its components,
mutations that disrupt TM domain association do not influence receptor signaling (10, 36; J.M.
Mendrola & M.A. Lemmon, unpublished data).
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On the intracellular side of the membrane, several key pieces of information remain missing
– as implied in Fig. 6. There is no reliable structural information for the first ~30 amino acids
of the intracellular JM region. By analogy with other RTKs, this region may play a regulatory
role – possibly contributing to autoinhibition (31). A basic stretch at the beginning of this JM
region has been reported to associate with acidic lipids in the inner leaflet of the membrane
and this could promote association of the kinase domain itself with the membrane through
electrostatic interactions (48). Membrane tethering of this type is proposed to have an
autoinhibitory influence on EGFR, which is reversed when calcium/calmodulin (Ca/CaM)
binds to the JM region and dissociates it from the membrane. Once released from the membrane
the intracellular domains are proposed to come together to form the asymmetric dimer outlined
above. If the asymmetric dimer depicted in Fig. 6 forms with its TM domains in contact, the
JM region will have to adopt an extended structure in order to link the N-termini of the two
kinase domains, which are separated in this model by ~50Å.

The C-terminal ~190 amino acids of EGFR have not yet been resolved in any crystal structure.
Circular dichroism studies indicate a significant amount of secondary structure in this region
(42). Hydrodynamic studies show that the relationship between the large C-terminal regulatory
region and the tyrosine kinase domain is altered upon autophosphorylation (9). FRET studies
indicate that the C-terminal and TK domains become separated – to give a more extended
molecule – following activation and phosphorylation (43), possibly reflecting loss of
intramolecular interactions. It is intriguing that the side-chains of Y974 and Y992 in the C-
terminal domain, two of the EGFR autophosphorylation sites (60), make well-defined
interactions with the tyrosine kinase domain (68,74). Disruption of interactions like this could
be responsible for the changes in overall intracellular region structure upon EGFR
autophosphorylation, and could in turn influence enzymatic activity of the tyrosine kinase
domain. The C-terminal region of EGFR may thus play an autoinhibitory role (65), and
autophosphorylation could reverse this through the types of conformational changes seen in
hydrodynamic and FRET studies. A structural view of this region remains one of the key
challenges in this field.

XI. EGF receptor family as targets for anticancer therapy
Therapeutic agents that target both the extracellular and intracellular regions of ErbB receptors
are in clinical use and/or development. There are many excellent reviews covering this area,
see for example (2,49,53,73). Here, comments are restricted to the impact of structural studies
on understanding the mechanisms of receptor inhibition by these drugs. Several monoclonal
antibodies with clinical efficacy that bind the EGFR or ErbB2 extracellular regions have been
studied. An EGFR-targeted antibody (cetuximab/Erbitux™) binds directly to the ligand-
binding site on domain III (44), and will also sterically block the transition from the tethered
to extended states depicted in Fig. 3. An ErbB2-targeted antibody (pertuzumab, Omnitarg™)
impedes receptor dimerization by binding directly to the domain II (presumed)
heterodimerization site in ErbB2 (24). Perhaps the most well-known of the ErbB-targeted
antibody therapeutics (trastuzumab/Herceptin™) binds to domain IV of the ErbB2
extracellular domain (12). This appears to block ErbB2 ectodomain shedding that occurs when
ErbB2 is expressed at very high levels and that is linked to oncogenesis (52). Although these
direct effects on ErbB receptor signaling contribute to the inhibitory effects of the antibodies,
antibody-dependent cellular cytotoxicity also plays a significant role in each case. Based on
the structural models for ligand-induced ErbB receptor activation described above, it is highly
likely that antibodies with other modes of binding to ErbB receptor extracellular regions will
prove to be very valuable. One obvious example would be antibodies that stabilize the tethered
conformation.
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The small molecule tyrosine kinase inhibitors (TKIs) all bind to the ATP-binding site of the
kinase domain and structural details of a number of these inhibitors bound to EGFR-TK have
been reported (62,68,71,74). Some of the TKIs, notably erlotinib/Tarceva™ and gefitinib/
Iressa™, bind to the active configuration of EGFR-TK (62,71). By contrast, lapatinib/
Tykerb™ binds to (and appears to stabilize) the inactive, autoinhibited form of EGFR-TK
(68). As described above, numerous EGFR mutations in NSCLC and head-and-neck cancer
have been reported that appear to destabilize the autoinhibited conformation of EGFR-TK
(56,61), and screening patients for these mutations can aid in treatment decisions. It should be
noted that these mutations destabilize the EGFR-TK conformation preferred by lapatinib
(68), but stabilize the conformation bound by erlotinib (62), getitinib and other TKIs (71). The
presence of these mutations may therefore indicate the use of erlotinib/gefitinib-type drugs
rather than the more bulky lapatinib. This example illustrates how a structural understanding
of the effects of both mutations and therapeutic inhibitors on autoinhibitory interactions can
have important clinical implications.

Finally, a sobering aspect of the use of TKIs in EGFR-dependent NSCLC is the occurrence of
resistance mutations, in particular the T790M mutation (61). This mutation is predicted to clash
with inhibitors such as erlotinib or gefitinib (71). Irreversible inhibitors of similar chemical
structure (anilinoquinazolines) have been reported to inhibit T790M EGFR-TK (39), and may
represent vialble treatment alternatives. Further structural studies are needed to define the
optimal inhibitors.

XII. Outstanding questions
A major outstanding issue is precisely how to correlate the structural and biophysical studies
that have been the focus of this review with EGFR activation at the cell surface. Since early
studies of EGFR it has been known that there are two affinity “classes” for EGF binding to its
cell surface receptor (28,29). These classes are evident in curvilinear Scatchard plots for EGF
binding that have been interpreted as indicating a high-affinity (2% - 5%) class and a low-
affinity (the remainder) class of sites (3). Several studies attempt to correlate these states with
the structure-based model for dimerization of the extracellular region of EGFR with conflicting
conclusions (38,47,64). It is likely that the low affinity states correspond to the binding of EGF
to form a symmetric dimer akin to that in the crystal structures (55). The nature of the high
affinity states is less clear, yet of critically importance since this class of receptors is likely the
mediator of normal EGFR activation (63). One suggestion is that these high affinity receptors
may be preformed oligomers, for which there is some evidence (70). An intriguing and untested
possibility is that the extracellular region of EGFR in the high affinity ligand bound state is
not symmetrical, but rather mirrors the asymmetry of the intracellular dimer that is proposed
in the allostreric activation of the EGFR-TK.

SUMMARY POINTS
1. Ligand binding to the extracellular region of EGFR induces an entirely receptor

mediated symmetric dimer.

2. The arrangement of the domains of the extracellular region of EGFR is dramatically
different in the unliganded and ligand bound states.

3. Ligand binding induces local conformational changes in domain II of sEGFR that are
critical for dimerization.

4. The EGFR-TK is activated allosterically in an asymmetric homodimer.

5. EGFR is autoinhibited by interactions in the extracellular region, tyrosine kinase
domain and possibly also from the JM and C-terminal regions.
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6. Cancer mutations in both the extracellular region and kinase domain can activate
EGFR most likely by destabilizing the inactive, autoinhibited state.

FUTURE ISSUES
1. A structure of an intact ErbB receptor, or of the entire intracellular region, would

clearly be highly informative.

2. Additional high-resolution structures of ligand induced homo- and hetero-dimers of
sErbB receptors will confirm (or not) current models proposed based on available
data.

3. Determination of the features that distinguish the population of cell surface EGFR
that binds ligand with high affinity is key to gaining a complete understanding of
normal receptor activation.

4. A molecular understanding of differences in cellular responses to stimulation by
different ErbB ligands.

5. The role of ligand independent EGFR dimerization/clustering needs to be clarified.

6. Full characterization of the effects of cancer mutations on EGFR (and other ErbB)
activity and application of this information to development of optimal therapeutic
strategies for patients bearing such mutations.

7. Greater appreciation of similarities and differences in the mechanisms of activation
of the EGF and IR receptor family.
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MINI-GLOSSARY
ErbB receptors 

The members of the EGFR family of RTKs

EGFR/ErbB1/HER1 
ErbB2/HER2/neu, ErbB2/HER3, ErbB4/HER4

EGF-agonists 
The growth factor ligands that activate EGFR

Tethered sEGFR 
The configuration of the 4 domains of the extracellular region of EGFR that is
observed in crystal structures of all unliganded/inactive sEGFR, sErbB3 and
sErbB4

Extended sEGFR 
The configuration of the 4 domains of the extracellular region of EGFR in the
ligand bound form. This is a model based on the crystal structure of the EGF and
TGFα complexes with sEGFR in which the domains I, II and III plus the first
disulfide-bonded module of domain IV are observed. The remainder of domain
IV is added based on the domain III/IV relationship observed in tethered
structures of sEGFR. This configuration is also observed the crystal structures of
the entire extracellular region of unliganded sErbB2
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ACRONYMS
EGFR  

epidermal growth factor receptor

EGF  
epidermal growth factor

JM  
juxtamembrane

RTK  
receptor tyrosine kinase

sEGFR/sErbBs 
the soluble extracellular region of EGFR or of the ErbB receptors

sEGFR501  
a truncated sEGFR that terminates at amino acid 501, after the first disulfide-
bonded module of domain IV

TGFα  
transforming growth factor alpha

TM  
transmembrane

TKI  
tyrosine kinase inhibitor
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FIGURE 1. The domains of EGFR
A. The extracellular region comprises 4 domains: I–IV, sometimes referred to as L1, CR1, L2
and CR2 or L1, S1, L2 and S2. Domains I (red) and III (gray with red outline) share about 37%
sequence identity, while domains II (green) and IV (gray with green outline) are cystine rich.
The N-lobe of the kinase domain is in light blue and the C-lobe in darker blue. This color
scheme is used in all figures unless otherwise noted. Amino acid numbers are noted for each
domain boundary. The conventional numbering system is used in which amino acid one of
EGFR is the assumed first amino acid of the mature protein. In some recent papers, including
those defining EGFR cancer mutations, alternative numbering is used where the signal peptide
of EGFR is included. To convert to this alternative scheme add 24 to numbers used here.
B. Representative cartoons of the domains of EGFR. Domains I and III adopt a β-helix fold,
here domain I from pdb id 1YY9 is shown. Domains II and IV adopt extended structures
comprising a series of disulfide-bonded modules. Domain IV from pdb id 1YY9 is shown with
the disulfides in stick representation and the disulfide-bonded modules numbered. There are
two types of disulfide-bonded module. One has a single disulfide bond and the intervening
loops adopt a bow-like arrangement (modules 2, 3, 5 & 6). The second type has two disulfide
bonds with consecutive cysteines linked in the pattern Cys1–Cys3 and Cys2–Cys4 (modules
1, 4 & 7). The inactive kinase is shown (pdb id 2GS7) with the ATP analogue (AMP-PNP) in
stick representation.
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FIGURE 2. The extracellular regions of ErbB receptors and their activating ligands
Two orthogonal cartoon views of each unliganded ErbB receptor (pdb ids 1NQL, 1N8Z, 1M6B
and 2AHX). The coordinates of domain III only were used to align the structures. ErbB2 is an
outlier adopting an extended rather than tethered arrangement of domains (see text). Ligands
are listed, grouped according to the receptors they activate. Cartoons of TGFα (left; pdb id
1MOX) and NRG1α (right; pdb id 1HRE) are shown in cyan as representative structures of
the EGF-like domain of ErbB ligands. The scale for the ligands is twice that used for the
receptor extracellular regions.
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FIGURE 3. Ligand induced dimerization of the extracellular region of EGFR
A. Cartoon of the tethered sEGFR (pdb id 1YY9) oriented as in the upper panel of Fig. 2.
B Cartoon of the TGFα induced dimer of sEGFR501 (pdb id 1MOX). The orientation of domain
III is as in the lower panel of sErbB cartoons in Fig. 2. The colors of the left hand molecule
have been lightened for contrast.
C. A molecular surface representation of tethered sEGFR in the same orientation as in A with
domains I and III in red, II in green and IV in gray. An ≈ 130° rotation about the indicated axis
(black dot) plus 20 Å translation into the plane of the page is required to bring domain I from
it position in the tethered structure (left) its location in the dimer (right) (22). In this model of
the sEGFR dimer, domain IV is included such as to maintain the same domain III/IV
relationship as in the tethered structure. Domains I, II and III in the dimer are from pdb id 1IVO
and are shown in the same orientation as in B.
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FIGURE 4. Conformational changes in domain II of sEGFR
A. Smoothed backbone representations of domains II from extended (gray) and from tethered
(green) sEGFR. The coordinates of domain I and the first three disulfide-bonded modules of
domain II (amino acids 1-225) were used to superimpose the two structures. The lines to the
right indicate the curvature of the long axis of domain II. Disulfide bonds are shown (A–C &
F) and disulfide-bonded modules numbered (A–E, module 1 is not shown in A, D or E).
B. Cartoon of domains I, II and III from extended sEGFR (pdb id 1MOX) oriented as in A.
The area of detailed (boxed) shows the domain II/III interactions that contribute to stabilizing
module 6. See text for details.
C. Cartoon of domains I, II and III from tethered sEGFR (pdb id 1YY9), oriented as in A. Note
the very different trajectory of the end of domain II (in black and marked with an arrowhead)
compared to part B.
D. Domain II from the sEGFR501/TGFα dimer is shown with the left hand molecule in gray
and the right hand molecule in black. Contact points across the dimer are indicated with
asterisks. Using coordinates from disulfide-bonded module 5 only, domain II from tethered
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sEGFR has been superimposed first on the right hand extended domain II (green) and then on
the left hand extended domain II (dark green) to create a model for a “dimer” of two domain
II molecules in the tethered conformation.
E. Domain II from extended (gray) and from tethered (green) sEGFR and from sErbB2
(magenta) shown in same orientation as D. See text for details.
F. Cartoon of tethered sEGFR in the same orientation as C and with the positions of somatic
mutations in glioblastoma shown in space filling representation. Those mutations that have
been show to cause activation of EGFR are underlined.
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FIGURE 5. Activation of the EGFR kinase domain
A. Cartoon of the EGFR kinase domain in the inactive conformation with AMP-PNP in stick
representation (pdb id 2GS7). The activation loop (A-loop) is in magenta and the catalytically
important C-helix is in yellow.
B. Cartoon of the asymmetric EGFR kinase domain dimer (pdb id 2GS6) with the ATP moiety
of the bound ATP-peptide conjugate in stick representation. The conformation of the activation
loop (magenta) and position of the C-helix (yellow) are consistent with an active kinase (33).
C. A cartoon view of the inactive kinase domain in the same orientation and colors as in A.
The locations of somatic mutations identified in NSCLC are indicated.

Ferguson Page 22

Annu Rev Biophys. Author manuscript; available in PMC 2009 September 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 6. Mechanism of EGFR activation
The crystal structures from EGFR are placed so as to provide a framework to consider the
mechanism of activation of EGFR at the cell membrane. The same scale is used for the cartoon
representations (plus transparent molecular surface) of the extracellular region and kinase
domain. The TM domain is shown as an α-helix (gray), also to this same scale. Regions that
have not been crystallographically defined are shown with a dashed or solid lines. The missing
stretches of the inactive kinase are shown in brown, while those of the active kinase are in
black. See text for details.

Ferguson Page 23

Annu Rev Biophys. Author manuscript; available in PMC 2009 September 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


