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Abstract

The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase involved in cell growth
that is often misregulated in cancer. Several recent studies highlight the unique structural
mechanisms involved in its regulation. Some elucidate the important role that the juxtamembrane
segment and the transmembrane helix play in stabilizing the activating asymmetric kinase dimer,
and suggest that its activation mechanism is likely to be conserved amongst the other human
EGFR-related receptors. Other studies provide new explanations for two long observed, but poorly
understood phenomena, the apparent heterogeneity in ligand binding and the formation of ligand-
independent dimers. New insights into the allosteric mechanisms utilized by intracellular
regulators of EGFR provide hope that allosteric sites could be used as targets for drug
development.

Introduction

The epidermal growth factor (EGF) was discovered in 1962 [1] and since the initial
characterization of its interaction with a cell surface receptor in 1975 [2], the epidermal
growth factor receptor (EGFR) has been one of the most intensely studied receptor tyrosine
kinases. EGFR and its relatives, human EGF receptors 2,3 and 4 (Her2, Her3 and Her4; also
known as Erb2, Erb3 and Erb4) play important roles in cell growth and differentiation and
are misregulated in numerous cancers [3]. The binding of growth factors such as EGF to
these receptors induces the dimerization and activation of their cytosplasmic kinase
domains, resulting in the phosphorylation of tyrosine residues in their C-terminal tails and
recruitment of downstream effectors [4,5].

The first structural insights into how EGF induces the activation of the receptor, came from
crystal structures of the EGFR extracellular domain with and without bound ligand, which
showed that ligand binding causes a conformational change that enables dimerization, with
the dimer interface mediated entirely by the receptor [6-9]. These findings suggested that
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EGFR might be activated by a mechanism shared by many other receptor tyrosine kinases,
in which ligand-induced dimerization brings the kinase domains close enough together to
activate each other through trans-phosphorylation [10,11]. But, unexpectedly, structural and
functional studies revealed that the catalytic domain is activated by the formation of an
asymmetric dimer in which one kinase domain, the “activator’ acts as an allosteric activator
for a second ‘receiver’ kinase domain [12] (Figure 1). This activation mechanism resembles
the activation of cyclin-dependent kinases by cyclins, with the EGFR kinase domain acting
as its own ‘cyclin ’ [11,12]. Formation of an asymmetric dimer explain how Her2, which
lacks a known ligand, is activated by Her3, which can bind ligand but has a structurally
impaired catalytic site and only residual kinase activity [9].

In this review we discuss several recent studies that have revealed more complexity and
nuance in the structural mechanisms that regulate this important family of receptors. New
structural and biochemical results explain how the juxtamembrane segment and the
transmembrane helix contribute to the activation of the receptor by stabilizing the
asymmetric kKinase dimer [13-15]. Crystal structures of the Her2, Her3 and Her4 kinase
domains suggest that the asymmetric activation mechanism of the kinase is conserved
among the other EGFR family members [16-19]. Although earlier studies uncovered the
existence of ligand-independent dimers [20-23], a single molecule study provides clearer
evidence of their existence and suggests that they could play an important role in the
activation of the receptor [24]. New EGF binding studies [25,26] and structures of the
Drosophila EGFR extracellular domain [27,28]provide evidence for negative cooperativity
in ligand binding. The allosteric nature of the activation of EGFR provides an opportunity
for other molecules to use these interactions to either activate or inhibit the receptor, and
both activator and inhibitor proteins have been identified and characterized [29,30].

The juxtamembrane segment of EGFR stabilizes the asymmetric dimer of
kinase domains

The section of the receptor located between the kinase domain and the membrane spanning
transmembrane helix is known as the juxtamembrane segment (residues 645-682, using
numbering from human EGFR and not including the signal sequence, Figure 1). The
juxtamembrane segment of EGFR was shown to be necessary for its activation [31]. A clue
for how this activation occurs came from a crystal structure of the Her4 kinase domain
bound to a small molecule inhibitor, in which the C-terminal half of the juxtamembrane
segment of the receiver kinase latches the activator kinase to the receiver [32]. Although this
aspect of the structure was not commented on in the original report, a similar
“juxtamembrane latch” was later shown to be required for full activation of EGFR auto-
phosphorylation [13] (Figure 2). Independently, a new crystal structure of the EGFR kinase
showed that the juxtamembrane latch does indeed stabilize the asymmetric dimer, and based
on this structure the authors provided a rationale for how two oncogenic mutations in the
juxtamembrane segment could enhance the activation of the kinase [14]. It is interesting that
in both the EGFR [14] and Her4 [32] structures, the kinase domain is actually in an inactive
conformation as a result of mutation (EGFR) or inhibitor binding (Her4). Nevertheless, the
kinase domains are able to form the asymmetric dimer, reinforcing the important role that
the juxtamembrane latch plays in stabilizing this interaction.

Biochemical studies pointed to an important role for the N-terminal portion of the
juxtamembrane in the activation of the kinase [13]. In the EGFR crystal structure [14], this
region of the juxtamembrane segment forms an a helix, which protrudes from the kinase and
is not involved in stabilizing the dimer interface. This conformation allows the repeating
juxtamembrane latch interaction to stabilize a daisy chain of kinase domains in the crystal.
Nevertheless, biochemical data support a closed dimer model for kinase activation in which
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the juxtamembrane segments of the receiver and activator kinases interact with each other
[13]. In this model, the juxtamembrane latch only forms on the activator kinase and the N-
terminal juxtamembrane segment dimerizes by forming an antiparallel coiled-coil, which
has shown to be possible by NMR analysis of an isolated peptide corresponding to the
juxtamembrane segment of EGFR [13] (Figure 2).

The role of the transmembrane helices in receptor activation

The importance of the transmembrane helices of EGFR in receptor activation was made
clear by the discovery that a single substitution (Val to Glu) in the transmembrane helix of
Her2 is associated with cancer [33][34]. Recently, the structure of the transmembrane helix
of Her2 was determined in a lipid bilayer environment by NMR [15]. In this structure, two
transmembrane helices of Her2 form a symmetric dimer with tight helical packing through
an N-terminal GxxxG motif, leaving the C-terminal ends splayed apart. This is reminiscent
of the dimer formed by the transmembrane helices of Glycophorin A (GpA), which has
become a model system for studying transmembrane helical dimerization [35]. A similar
structure is observed in a heterodimer of the EGFR and Her2 transmembrane helices [36].
Although there is currently no structure of the EGFR transmembrane domain, cross-linking
and molecular dynamics studies suggest that it also forms a similar dimer [37,38].

The dimerization of the transmembrane helices through their N-terminal GxxxG motifs
could, in principle, synergize nicely with the formation of the active asymmetric kinase
dimer by providing an optimal separation of the C-terminal ends of the transmembrane
helices for the formation of an anti-parallel coiled-coil in the N-terminal portion of the
juxtamembrane segment [13] (Figure 2). Cooperation between the transmembrane helices
and juxtamembrane segments in the stabilization of the asymmetric kinase dimer could
explain why deletion of the extracellular domain can activate the EGFR kinase [39-41]. It
could also explain how the oncogenic Val to Glu substitution in the transmembrane helix of
Her2, which is hypothesized to stabilize the N-terminal packing of its transmembrane
helices [34], leads to constitutive activation of its kinase domains [42].

Surprisingly, extensive mutagenesis of the EGFR transmembrane helices, including
mutations analogous to those that activate Her2, did not appear to alter receptor function
significantly [37,43]. The free energy of transmembrane dimerization has been determined
to be relatively low [44], thus, the weak effect of mutations in this region could be an
indication that for EGFR the transmembrane helix may only play a minor role in the
stabilization of activated dimer in the context of full length receptor. In addition to the N-
terminal dimerization motif in the transmembrane helices, EGFR, Her2 and Her4 also
contain a C-terminal GxxxG motif, that contributes to the dimerization of isolated
transmembrane segments [45]. While more work is needed to firmly establish a role for this
motif in EGFR function, modeling suggests that it could be involved in stabilizing an
inactive form of the receptor [46].

Activation of the kinase through asymmetric dimer formation is likely to be
conserved throughout the EGFR family

The allosteric mechanism for EGFR kinase activation is likely to be unique among receptor
tyrosine kinases [10,11]. However, recent results suggest that this activation mechanism is
conserved in all four EGFR family members. Crystal structures of the Her2 [19] and Her 4
[16] kinase domains reveal that these kinases can form an asymmetric dimer interface very
similar to that observed for the EGFR kinase domain [12,47]. Biochemical studies have
confirmed that activation of these kinases depend on the formation of this interface
[17,18,48].
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Her3 is regarded as a pseudo kinase due the absence of several catalytically important
residues [49]. Her3 conserves the activator surface of the asymmetric dimer interface [12]
and thus can activate other EGFR kinases by taking the activator position [17,18,48]. Recent
crystal structures of Her3 provide further rationale for why Her3 is defective as a receiver
kinase[17,18]. The N-terminal end of helix-aC, a critical component of the receiver portion
of the asymmetric dimer interface, is partially unwound and permits hydrophobic
interactions that stabilize its inactive conformation. Nevertheless, Her3 can bind ATP and
despite having no detectable activity against peptide substrates [17], it has been shown to
undergo autophosphorylation at a low rate when concentrated on lipid vesicles [18]. This is
an intriguing finding, which along with a recent study demonstrating that the pseudokinase
CASK has physiologically relevant kinase activity [50], has forced us to consider that the
residual kinase activity of pseudokinases may play a role in signaling. Further studies are
needed to see how the ability of Her3 to autophosphorylate itself carries over to its
biological function.

Negative Cooperativity in the binding of EGF to EGFR

A long-standing puzzle concerning the activation of EGFR is why EGF binding leads to a
“concave-up” Scatchard plot. This result has been interpreted to mean that there are two
populations of EGFR, a small population with high affinity, and a larger population with
lower affinity [51]. Based on an analysis of EGF binding as a function of receptor
concentration, it has recently been shown that the concave-up Scatchard can instead be
explained by negative cooperativity, i.e., the binding of one EGF molecule to an EGFR
dimer weakens the affinity for EGF at the other binding site in the dimer [25,26]. Negative
cooperativity depends on the ability of the extracellular domain to dimerize, and on the
presence of the juxtamembrane region (even without the kinase domain) [26].

A surprising finding was that the nature of the concentration dependent binding of EGF to
EGFR implies that receptor monomers and unbound receptor dimers have the same affinity
for EGF [26]. This is counterintuitive because one would expect that if a ligand induces
dimerization of a receptor, then it should have higher affinity for receptor dimers. This is
likely to be a property of the phosphorylated receptor because when phosphorylation is
prevented by mutations, EGFR dimers appear to bind EGF more tightly then monomers, as
would be expected in a ligand-induced dimerization model [25,26]. The full implications of
this observation for receptor structure and function have yet to be fully explored, but the
data suggest that there could be structural differences between phosphorylated and
unphosphorylated receptor that effect ligand binding.

A crystal structure of the extracellular domain of Drosophila EGFR (dEGFR), bound to its
ligand Spitz suggested a potential mechanism for negative cooperativity [28] (Figure 3). In
this structure, the two extracellular domains in the dimer have different structures. Both have
ligand bound, but whereas one resembles the structure of the EGFR-EGF complex [9], the
other has the ligand more loosely bound and resembles the extended conformation seen in
the unliganded Her2 and dEGFR structures [27]. This asymmetry in binding sites provides
an explanation for the negative cooperativity of Spitz binding to the dEGFR extracellular
domain. It is tempting to speculate that a similar asymmetry in ligand binding may apply to
members of the human EGFR family, and this could explain the observed negative
cooperativity of EGF binding to EGFR. We await the results of further studies to probe this
connection.

The role of ligand-independent dimerization in EGFR activation

Over the past 15 years several studies have demonstrated that EGFR can dimerize in the
absence of ligand [20-23], yet the relevance of this phenomenon for regulation has not yet
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been firmly established. A recent study in which EGFR dimerization was tracked in living
cells at the single molecule level, provides new insights into both the dynamics and function
of ligand-independent dimerization [24]. Extracellular domain antibody fragments (Fab)
were labeled with quantum dots and used to observe the diffusion of endogenous EGFR in a
variety of cell types. EGFR was found to transition between states of high and low mobility
in the absence of ligand, which the authors interpreted as a transition between monomers
and dimers. EGF binding to the receptor led to a dramatic drop in the diffusion constant,
possibly due to linkage to signaling complexes or actin.

An important finding of this study was that EGF binding only occurred when the receptor
was in a dimeric state, implying that ligand-independent dimerization may play an essential
role in EGFR activation by priming the receptor for ligand binding. By examining cell lines
with a variety of EGFR expression levels, the authors observe that while the frequency of
dimerization is concentration-dependent, the relationship between ligand-independent
dimerization and both ligand-binding and activation of the receptor is conserved. This
observation suggests that ligand-independent dimerization could still play an important role
in receptor function, even when the level of ligand-independent dimerization is low [52].

Although ligand-independent dimerization appears to be a fairly robust phenomenon, there
are several unanswered questions about its structure and function. A potential solution to the
mystery of how kinase activity is prevented is provided by an inactive kinase domain
reported originally in 2009 [53], but also observed in a more recent crystal structure [54].
The dimer is stabilized by the C-terminal tails of the kinase domains, which are both in the
inactive conformation. The C-terminal tails in this structure also occlude the docking of the
juxtamembrane latch [13]. Although a clear link between this inactive kinase dimer and
receptor auto-inhibition has yet to be established, an auto-inhibitory mechanism involving
the C-terminal tail could help to explain the oncogenic effect of C-terminal tail deletions
[55]. Further complicating our understanding of receptor structure in the plasma membrane
is the observation that ligand binding induces the formation of higher order clusters of
EGFR (tetramer or higher) [21,56][57]. It remains to be seen whether the formation of these
clusters is a result of kinase activity and effector recruitment [57], or a necessary step in
receptor activation [21].

Intracellular regulators of EGFR kinase activity may use allosteric
mechanisms

Although we have known about intracellular regulators of EGFR activity for years [58,59],
recent studies have suggested that these regulators could work by interfering with or
promoting allosteric mechanisms of activation [29,30]. A crystal structure of the EGFR
kinase domain in complex with the inhibitor Mig6, suggests that this inhibitor works in part
by occluding the activator interface and preventing asymmetric dimer formation [30].
Cytohesins were recently demonstrated to be the first known intracellular activators of
EGFR activity [29]. Although the structural mechanism for this activation is not yet
understood, the authors provide strong evidence that cytohesins enhance the activation of
already dimerized receptors, by facilitating conformational rearrangements upon directly
binding to the kinase domain or the juxtamembrane segment.

The existence of cytosplamic regulators of EGFR activity suggests that it may be possible to
design drugs to modulate EGFR activity via allosteric interfaces. In the EGFR kinase, helix
aC helps to form a hydrophobic pocket in the receiver kinase that is critical for the
activation of the kinase. A similar hydrophobic pocket is involved in the allosteric regulation
of several kinases [11]. Recently, small molecules targeting the PDK1 hydrophobic pocket
were discovered that either activate or inhibit the kinase [60,61]. A similar strategy could be
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used to design inhibitors of EGFR family kinase domains that would block activation of the
receptor through the asymmetric dimer interface. Such a compound would create a new
class of EGFR family inhibitors that have the potential for increased specificity since they
would not target highly conserved active site.

Conclusions

Like a Russian doll, each new insight into the regulation of EGFR opens up new surprises.
Instead of a simple two-step model for activation, recent studies suggest that there are
multiple layers in the regulation of EGFR activity. In the absence of ligand, EGFR is in a
concentration-dependent equilibrium between monomers and dimers. Ligand-independent
dimerization may inhibit kinase activity [13] and may also be a prerequisite for EGF binding
[24]. In addition to promoting extracellular domain dimerization, EGF binding must also
reorient the receptor in such a way that allows the transmembrane, juxtamembrane and
kinase domains to form the activating asymmetric dimer [13,14]. This orientation may be
sensitive to both the stoichiometry of ligand binding and the phosphorylation state of the
receptor [26,28].

The complexity of the EGFR regulation mechanism, though potentially vexing for those
who crave elegant simplicity, is likely reflective of the critical role the receptor plays in
determining the fate of the cell. Great progress has been made in understanding this
mechanism by combining insights gained from structures, with increasingly sophisticated
biophysical techniques for monitoring receptor oligomerization and activation. In addition to
being intellectually satisfying, these studies have the potential to have important impacts on
cancer treatment, because each insight gained into the allosteric regulatory mechanisms of
the receptor could provide a new strategy for drug development targeting EGFR or one its
family members.
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Figure 1. A simple model for EGFR activation

Activation of EGFR by binding of EGF results in the formation of the asymmetric kinase
dimer, and phosphorylation of the C-terminal tail of the receptor. Note that in the absence of
ligand EGFR is shown as a monomer, but it ligand-independent dimer may also form
[20-24].
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Figure 2. Structural model for the activated receptor

Our current structural model for the activated receptor, based on crystal structures of the
extracellular and kinase domains [12-14,32,62]. The transmembrane helices and the anti-
parallel coiled-coil are modeled based on NMR studies [13,15]. Note that the extracellular
domain is extends upon ligand binding stabilizing an extensive dimer interface. This
extended conformation provides the proper spacing for the transmembrane domains to
dimerize via the N-terminal GxxxG motif, the JM-A region to forms an anti-parallel coiled-
coil, and the active asymmetric kinase dimer to be stabilized by the juxtamembrane latch.
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Figure 3. Structural model for Negative Cooperativity

The extracellular domain is shown in four possible states observed in published crystal
structures of dEGFR [27,28] and human EGFR [6] extracellular domains. Cartoon diagrams
below structures depict conformational rearrangements in each state. In the unliganded
structure, as observed for dEGFR and Her2 [27], domain | and domain Il are collapsed on
each other in both molecules of the dimer, occluding the ligand binding site and bending
domain Il in a way that would weaken dimerization. When one ligand binds as observed in a
structure of dEGFR bound to a mutant of Spitz [28], it creates a wedge between domain |
and domain 111 that allows for extensive contact, while the other molecule of the dimer is in
a conformation similar to the unbound state. Note that the asymmetric arrangement in this
dimer allows for close packing of domain I1, stabilizing the dimer interface. A second ligand
can bind in this asymmetric dimer in an apparently weaker interaction as seen in the
structure of dEGFR bound to Spitz [28], which does not wedge domains | and I11 apart, but
maintains the asymmetry required for the tight dimer interface. When two ligands are tightly
bound as seen in the crystal structure of human EGFR bound to EGF [6], the imposed
symmetry of the dimer weakens the dimer interface. Figure was adapted from [28].
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