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Abstract
Epidermal growth factor receptor (EGFR) and its family members, ErbB2, ErB3 and ErB4, are
receptor tyrosine kinases which send signals into the cell to regulate many critical processes including
development, tissue homeostasis, and tumorigenesis. Central to the signaling of these receptors is
their intracellular kinase domain, which is activated by ligand-induced dimerization of the receptor
and phosphorylates several tyrosine residues in the C-terminal tail. The phosphorylated tail then
recruits other signaling molecules and relays the signal to downstream pathways. A model of the
autoinhibition, activation and feedback inhibition mechanisms for the ErbB kinase domain has
emerged from a number of recent structural studies. Meanwhile, recent clinical studies have revealed
the relationship between specific ErbB kinase mutations and the responsiveness to kinase inhibitor
drugs. We will review these regulation mechanisms of the ErbB kinase domain, and discuss the
binding specificity of kinase inhibitors and the effects of kinase domain mutations found in cancer
patients from a structural perspective.
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1. Background
The EGFR (epidermal growth factor receptor) family receptor tyrosine kinases (EGFR/ErbB1,
ErbB2, ErB3 and ErB4) are cell surface receptors which, upon activation by their ligands, send
signals to the cell to regulate many important processes [1–3]. The signaling is initiated by
binding of a ligand (e.g. EGF) to the extracellular region of these receptors, which then
transduce the signal to the intracellular region through the single transmembrane helix. The
intracellular tyrosine kinase domain then phosphorylates several tyrosine residues in the C-
terminal tail of the receptor, which recruits PTB and SH2 domains-containing signaling
proteins and relay the signal to downstream signaling pathways.

*Address correspondence to: rbose@im.wustl.edu, xuewu.zhang@utsouthwestern.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Exp Cell Res. Author manuscript; available in PMC 2010 February 15.

Published in final edited form as:
Exp Cell Res. 2009 February 15; 315(4): 649–658. doi:10.1016/j.yexcr.2008.07.031.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Over two decades ago, Schlessinger and colleagues proposed the ligand-induced dimerization
mechanism for EGFR activation [1,4,5]. Despite extensive investigation, how ligand
engagement induced EGFR dimerization remained unclear. The breakthrough was made a few
years ago by several groups, whose structural studies on the extracellular regions of the EGFR
family members showed that the ligand induces a dramatic conformational change in the
receptor which promotes dimerization by exposing elements of the dimer interface that are
buried prior to ligand binding [6–11].

The remaining question was then how dimerization of the extracellular region induced
activation of the intracellular portion of the receptor and downstream signaling pathways [2].
For other tyrosine kinases such as insulin receptor and Src, dimerization induces activation of
the intracellular kinase domain by allowing trans-autophosphorylation of one or several
tyrosine residues in the so-called activation loop, which normally cannot be performed in cis
due to the geometric restraints [12,13]. The activation loop is located at the mouth of the active
site between the N-terminal (N-lobe) and the C-terminal lobes of the kinase domain. It usually
serves as a switch in kinase regulation by converting between an unphosphorylated, closed
conformation and a phosphorylated, open conformation that blocks and supports substrate
binding, respectively. Phosphorylation of the corresponding tyrosine in EGFR, Tyr845,
however does not seem to be critical for EGFR activation [14]. (Residue numbers used
throughout this article are based on the mature EGFR protein sequence. This numbering scheme
can be converted to the plus signaling peptide numbering convention by adding 24 to the residue
number.) Consistent with this conclusion, the first crystal structure of the EGFR kinase domain
adopts an active conformation, with Tyr845 in the activation loop unphosphorylated [15].
These observations led to the hypothesis that the kinase domain of EGFR is constitutively
active. However, trans-autophosphorylation of the C-terminal tail can only take place when
two receptor molecules are brought into close proximity by ligand-induced dimerization. This
simplistic mechanism, however, fails to explain why the long (>200 residues) and presumably
flexible C-terminal tail does not enter the active site of the kinase domain that is within the
same receptor molecule and undergo phosphorylation in cis in the absence of the ligand.

A number of studies have shown that purified and unliganded EGFR possesses a low level of
basal kinase activity towards substrate peptides, and EGF binding significantly stimulates the
kinase activity [4,5,16–19]. The catalytic activity of the isolated EGFR kinase domain also
increases upon treatment with reagents that induce oligomerization [20,21]. These observations
together point to a model in which the EGFR kinase domain is normally kept inactive, and an
inter-molecular allosteric interaction is required for its activation.

The detailed structural basis for the autoinhibition and allosteric activation of the EGFR kinase
domain has been revealed by a series of recent studies. In this review, we will summarize these
important observations, and discuss the effects of the Mig6 inhibitory protein, small molecular
kinase inhibitors, and EGFR mutations on kinase activity regulation, in the context of the
structural studies.

2. Autoinhibition of the EGFR kinase domain
An important line of evidence for establishing the autoinhibited state of the EGFR kinase
domain was the crystal structure that showed that the kinase domain adopts an inactive
conformation similar to that first seen in the cyclin-dependent kinase 2 and the Src family
kinases [22–25]. Two later crystal structures of the EGFR kinase domain, one bound to an ATP
analogue, AMP-PNP, and the other bound to an allosteric inhibitory peptide (see below), show
an essentially identical conformation [26,27]. These three structures, obtained in different
crystal forms with different ligands bound, strongly support that this CDK/Src-like
conformation represents the preferred autoinhibited state of the EGFR kinase domain. Recent
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crystal structural studies show that the ErbB4 kinase domain also adopts the CDK/Src-like
conformation, suggesting that ErbB4 also uses the same autoinhibition mechanism [28,29]. In
fact, the CDK/Src-like inactive conformation has now been observed in many divergent
tyrosine and Ser/Thr kinases and may be a conserved mechanism for kinase autoinhibition in
general [30–32].

A pronounced structural feature of the CDK/Src-like conformation is the distinct orientation
of an important α helix in the N-terminal lobe (N-lobe) of the kinase named helix αC (Figure
1). Compared to that in the active conformation, helix αC in the CDK/Src-like conformation
is swung out in relation to the rest of the N-lobe of the kinase. The orientation of helix αC
moves a conserved glutamate residue in the helix (Glu738) out of the active site and breaks
the catalytically important salt bridge between the side chain of Glu738 and the side chain of
a conserved Lysine in strand β3 (Lys721).

The outward displacement of helix αC is sterically coupled to a closed conformation of the
activation loop, which is incompatible with substrate peptide binding. Of particular note, the
N-terminal portion of the activation loop immediately following the conserved Asp-Phe-Gly
(DFG) motif forms a short helix. The first and fourth residues in this helix are two leucine
residues (Leu834 and Leu837), which are conserved in many kinases. The sidechains of these
two leucines point upwards and interact with the inner surface of the active site formed by
hydrophobic residues from helix αC and strand β3, β4 and β5. These interactions stabilize the
CDK/Src-like conformation by sterically hindering the formation of the catalytically important
Lys721-Glu738 salt bridge and supporting the outwardly displaced orientation of helix αC.
Leu834 and 837 are frequently mutated to arginine and glutamine respectively in human non-
small cell lung cancer patients [33–36], highlighting their important role in stabilizing the
inactive conformation of the EGFR kinase domain. These mutations will be discussed in more
detail below. The activity of the isolated kinase domain bearing the Leu834Arg mutation is
>15- fold higher than the wild type kinase domain, confirming that the activating effect of the
mutation is exerted on the kinase domain itself [26,37,38]. In addition, mutations of some other
residues involved in the hydrophobic interactions between the activation loop short helix and
the N-lobe have also been shown to promote spontaneous activation of EGFR [39].

An analysis of these inactive structures provided insights into the intrinsic stability of the EGFR
kinase domain in the CDK/Src-like inactive conformation. The top face of the N-lobe formed
by helix αC and the rest of the N-lobe in the EGFR kinase domain contains a hydrophobic
patch (Figure 1). In the CDK/Src-like conformation, some of the hydrophobic residues in this
patch are either partially or completely buried in the groove between helix αC and strands β4
and β5. In contrast, these residues are mostly exposed in the active conformation, and
consequently, the exposed hydrophobic area is much larger, which is energetically unfavorable.
The kinase domain has to overcome this free energy penalty to convert to the active
conformation, which is presumably driven by the ligand-induced dimerization of the receptor.

The ErbB4 kinase domain adopts the essentially identical inactive conformation, and most of
the key residues involved in stabilizing the inactive conformation are conserved [28,29]. While
the structures of the ErbB2 and ErB3 kinase domains are not available at present, their high
degree of sequence homology to EGFR and ErbB4 suggests that they also use the same
mechanism for autoinhibition.

3. The allosteric activation mechanism
As mentioned above, some early studies pointed to a model in which the EGFR kinase domain
is normally autoinhibited, but is activated by an inter-molecular allosteric interaction upon
ligand-induced dimerization of the receptor [4,5,16–21]. More compelling evidence for this
model came from recent studies using purified kinase domain of EGFR [26]. These experiments
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showed that the isolated kinase domain is monomeric in solution and possesses low catalytic
activity. The activity dramatically increased when the local concentration of the kinase domain
was increased by attaching it to the surface of lipid vesicles. These experiments strongly suggest
that an intermolecular interaction between the isolated kinase domain induced by the high local
concentration converts the kinase from the CDK/Src-like inactive conformation to the active
conformation.

Three structures of the EGFR kinase domain, obtained under different crystallization
conditions, showed the active conformation in the same crystal form [15,26]. The inactive
conformation was seen only in crystals either with ligands that prevent activation (lapatinib or
Mig6, see below) or with a specific mutation that prevents the formation of the active crystal
form (see below) [22,26,27]. The persistent active conformation in crystals appears to
contradict the fact that the kinase domain is stable in the inactive state in solution. This apparent
paradox can be explained by the existence of a specific intermolecular interaction between the
kinase domain molecules in the crystal lattice which converts the kinase to the active
conformation. This provides a link between the structural and biochemical data for
understanding the kinase domain activating mechanism. In both cases, high local
concentrations promote the specific intermolecular interaction that is required for activating
the kinase.

Analyses of structures in the active conformation revealed two prominent dimers in the crystal
lattice; one is symmetric and the other asymmetric [26]. The symmetric dimer is mediated by
the interaction between a fragment in the C-terminal tail which is sandwiched between the N-
lobe of its own kinase domain and the C-lobe of the dimer partner. Mutational analyses showed
that this symmetric dimer is not required for ligand-induced activation of EGFR. However, it
may contribute to fine tuning of EGFR activity by exerting an autoinhibitory effect, as
suggested by Landau et al [40,41].

The asymmetric dimer is formed between the bottom of the C-lobe of one kinase monomer
(monomer B) and the top of the N-lobe of the other (monomer A) (Figure 1). It is worth pointing
out that an earlier computational study, carried out in the absence of any direct structural
information on EGFR, suggested several dimer models, one of which is an asymmetric dimer
similar to this crystallographic dimer [42]. The interaction between monomer B and A
resembles that between cyclin A and active cyclin dependent kinase 2, with the C-lobe of
monomer B taking the position of cyclin A in engaging the N-lobe of the kinase partner,
although the structure of the C-lobe of the EGFR kinase is completely unrelated to that of cyclin
[26]. This asymmetric dimer interaction is incompatible with the CDK/Src-like inactive
conformation of the kinase due to large conformational difference in the N-lobe, especially
helix αC, of the kinase domain. Taken together, these observations led to a model for the
activation of the EGFR kinase domain in which monomer B in the asymmetric dimer acts as
a cyclin-like allosteric activator for monomer A.

Mutational analyses confirm the critical role for the asymmetric dimer in the activation of
EGFR, both in the context of full length receptor in cells and the isolated kinase domain in the
lipid vesicle-based assay [26]. For example, a Val924 to arginine mutation, which disrupts the
C-lobe face of the asymmetric dimer interface but is far away from the kinase active site,
abolishes both ligand-induced autophosphorylation of the full length receptor and lipid vesicle-
induced activation of the isolated kinase domain [26,43]. This Val924Arg mutant kinase
domain has been crystallized with an ATP analogue, AMP-PNP, which shows the CDK/Src-
like inactive conformation [26]. The fact that a single point mutation located far away from
the active site leads to crystallization of the EGFR kinase in the CDK/Src-like inactive
conformation strongly supports that the CDK/Src-like conformation is the preferred inactive
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state of the kinase domain, and the active conformation seen in the original crystal form is
dependent on the asymmetric dimer interface.

The asymmetric dimer interface is dominated by a helix-helix packing interaction between
helix αH of monomer B and helix αC of monomer A, which keeps helix C in the active
conformation [26]. The interface buries a large hydrophobic surface area, the core of which is
contributed mainly from the hydrophobic patch alongside of helix αC that is largely buried in
the CDK/Src-like conformation but exposed in the active conformation (Figure 1). Therefore,
the asymmetric dimer stabilizes the active conformation at least in part by compensating for
the free energy penalty associated with the exposure of the hydrophobic patch in the active
conformation.

Sequence analyses show that the asymmetric dimer interface is conserved in the two other
catalytically active members in the family, ErbB2 and ErbB4, suggesting that ErbB2 and ErbB4
are likely to use the same activation mechanism. This is confirmed by a recent structural study
showing that ErbB4 also forms an asymmetric dimer essentially identical to that of EGFR and
the dimer is important for ErbB4 activation [28]. The conserved asymmetric dimer interface
also underlies the ability of different members in the EGFR family to form heterodimers to
activate one another [44]. An exception is ErbB3, which shows high sequence homology to
other members in the family at the C-lobe face of the dimer interface but not at the N-lobe face.
Unlike other members in the family, ErbB3 is a catalytically inactive kinase with several key
residues in the active site mutated. The conserved C-lobe face allows ErbB3 to function as a
cyclin-like activator for other members in the family through heterodimerization, nicely
explaining the functional role of this catalytically dead kinase. The lack of conservation on the
N-lobe face of ErbB3 is likely due to loss of selective pressure, since ErbB3 does not need to
assume the position of monomer A (the kinase monomer that is activated).

4. Effect of the Activation Loop Conformation on the Kinase Domain
The centrally located activation loop is a common critical switch for protein kinase regulation
[13]. The activation loops in active kinases all adopt the essentially identical open and extended
conformation that is capable of supporting substrate peptide binding (Figure 1). The CDK/Src-
like conformation of the activation loop is one of several different inactive conformations
observed for kinases, which contribute to kinase inhibition by blocking substrate binding and/
or stabilizing the inactive conformation. As mentioned above, phosphorylation of one or
several tyrosine residues in the activation loop of kinases such as Src and Insulin receptor is
required for conversion from the inactive to the active conformation [13,45].

All four human ErbB kinases have a Tyr residue in their activation loop (Fig 2A), prompting
the initial question of whether ErbB kinases could also use activation loop phosphorylation as
a regulatory mechanism. Multiple mutational studies in transfected cell lines have been
performed to address this question [14,46–48]. These mutational studies have provided
conflicting answers with two studies showing that the EGFR Tyr845Phe and ErbB2 Tyr877Phe
mutations have a demonstrable phenotype and two studies stating that these mutations are
without effect. A recent study using purified EGFR kinase domain found that there is only a
subtle difference in the kinase activity of WT and Tyr845Phe kinase domains [26].

In contrast, three proteomic studies of the ErbB2 signaling pathway have all observed that the
ErbB2 activation loop tyrosine residue (Tyr877) is phosphorylated and its phosphorylation
status correlates with ErbB2 activity level in intact cells (Fig. 2) [49–51]. Evidence for ErbB2
activation loop phosphorylation on Tyr877 has been obtained using two independent methods:
mass spectrometry (Fig. 2B) and immunoblotting with a phospho-specific antibody (Fig. 2C).
ErbB2 Tyr877 phosphorylation has also been demonstrated in multiple cell lines [49–51].
Treatment of ErbB2 transfected fibroblasts with an ErbB2 kinase inhibitor markedly reduced
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the level of Tyr877 phosphorylation (Fig. 2C) [49]. Similarly, a rapid increase in the
phosphorylation of ErbB2 Tyr877 was observed upon EGF treatment of a human mammary
epithelial cell line that co-expressed EGFR and ErbB2 [51]. This EGF-induced
phosphorylation of ErbB2 is likely the result of a heterodimer formation between EGFR and
ErbB2.

While structural studies have shown that the activation loops in both the EGFR and ErbB4
kinase domains are able to achieve the active conformation in the absence of phosphorylation,
it cannot be ruled out that activation loop phosphorylation can stabilize the active conformation
and contribute to the activation of kinase activity. Further functional studies remain to be
performed to pinpoint the mechanistic role of activation loop phosphorylation in the regulation
of the ErbB kinases.

5. Regulation of the kinase by the juxtamembrane region and the C-terminal
tail

As with many receptor tyrosine kinases [52–54], the activity of the EGFR kinase domain is
regulated by the intracellular juxtamembrane segment and the C-terminal tail. The C-terminal
portion of the juxtamembrane region (residues 673–685, also referred to as the N-terminal
extension of the kinase domain) is involved directly in the asymmetric activation dimer
interface (Figure 1), and mutations at this region abolish dimerization-induced kinase
activation [26]. The N-terminal portion of the juxtamembrane segment contains a highly
positively charged segment (residues 645–657), which has been shown to be required for EGFR
receptor dimerization and activation [55]. A recent study shows that this portion of the
juxtamembrane region is involved directly in regulating the formation of the allosteric
asymmetric kinase domain dimer [43]. The precise mechanism of how this is achieved awaits
a structural study of this portion of the juxtamembrane region in the context of the asymmetric
kinase dimer.

The regulatory role for the C-terminal tail of EGFR was suggested by various deletion
mutations at the C-terminal tail, which can increase autophosphorylation and/or transforming
activity of the receptor [56,57]. A portion of the C-terminal tail (residues 961–998) immediately
following the kinase domain has been included in the EGFR kinase domain proteins used for
structural and biochemical studies [15,22,26,27]. In vitro kinase assays show that removal of
part of the tail (965–998) results in higher activation levels of the kinase domain by attaching
to lipid vesicles, suggesting that the tail has a direct regulatory effect on the kinase domain
[26].

Crystal structures show that this portion of the tail makes extensive interactions with the kinase
domain [15,22,26,27,37]. The tail makes contacts with both the C-lobe and the N-lobe of the
kinase domain in all these structures, although it appears to be rather flexible, and the details
of the interactions differ in one structure from another. Of particular note, residues 971–979
in the tail in the lapatinib bound structure forms a short helix and blocks the kinase active site,
which may partially explain the autoinhibitory effect of the tail [22]. Residues 982–994 wraps
around the backside of the kinase N-lobe, and in the active crystal form, this part of the tail
mediates the symmetric dimer mentioned above, which has been proposed to play an
autoinhibitory role [40,41]. However, given that the kinase domain in this dimer adopts the
active conformation and the active site is available for substrate binding, it is not clear how
this dimeric configuration causes autoinhibition at present.
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6. MIG6-mediated feedback inhibition
Attenuation of the signal in a timely manner is a critical component of appropriate signal
transduction. In addition to the well-characterized mechanisms for downregulation of EGFR
signaling such as internalization, dephosphorylation and degradation, recent studies identified
MIG6 (mitogen-induced gene 6; also named gene 33 and RALT, receptor associated late
transducer) as a feedback inhibitor of EGFR family members that operates through a distinct
mechanism [27,58–63]. EGFR or ErbB2 activation induces the expression of MIG6, which
then binds directly to the cytoplasmic region of the receptors and inhibits their activity. Studies
using mouse models and cancer cells have shown that MIG6-mediated inhibition of EGFR is
physiologically important, and loss of MIG6 promotes tumor formation [64–67].

MIG6 is a cytoplasmic protein of ~50 kDa, only the C-terminal portion of which is involved
in binding EGFR [59,61–63]. This region of MIG6 displays sequence similarity to the non-
catalytic region of a non-receptor tyrosine kinase ACK1, which also binds to EGFR [68]. A
recent crystallographic study of the EGFR kinase domain and peptides derived from the EGFR-
binding region in MIG6 show that a 25-residues segment (residues 337–361, MIG6 segment
1) in MIG6 binds to the bottom of the kinase C-lobe, far away from the active site (Fig. 1)
[27]. The EGFR kinase domain in this structure adopts the same CDK/Src-like inactive
conformation, once again confirming that this is the preferred inactive state of the kinase. The
footprint of MIG6 segment 1 on the EGFR kinase domain overlaps largely with the C-lobe
face of the asymmetric activating dimer interface, suggesting that binding of MIG6 segment
1 can inhibit EGFR by preventing the formation of the asymmetric dimer. Biochemical
experiments confirmed this binding mode, showing that MIG6 segment 1 only inhibits kinase
activity of EGFR in the context of asymmetric dimer, but not the basal activity of the
monomeric kinase in solution. This inhibition mechanism identifies a distinct approach towards
highly specific inhibitors for the ErbB kinases, as it binds to a region that is conserved only in
this family of kinases.

The EGFR-Mig6 structure, however, does not explain the preferential binding of MIG6 to
EGFR in the active state [59,60,62], as the region on the kinase domain that binds to MIG6
segment 1 remains essentially identical in the inactive and active conformations of the kinase
[27]. Further studies have shown that a segment C-terminal to segment 1 (segment 2, residues
362–412) confers EGFR activation state sensitivity on MIG6. This was initially suggested by
two observations. The first is that the C-terminus of segment 1 is located close to a channel
leading to the binding site of several peptidic kinase inhibitors that bind specifically to the
kinase active site [69,70]. The second is that segment 2 in MIG6 displays high sequence
similarity to the corresponding region in ACK1, which also binds to EGFR in an activation
sensitive manner [68]. In vitro kinase assays show that a longer peptide spanning both segment
1 and 2 displays a significantly higher inhibitory potency to a constitutively active form of the
EGFR kinase domain Leu834Arg, but not the autoinhibited wild type kinase. The structural
details for the EGFR kinase domain/MIG6 segment 2 interactions are not known at the present.
It likely binds to the active site or the N-lobe of the EGFR kinase which shows a large
conformational difference between the inactive and active conformations.

7. Small Molecule Tyrosine Kinase Inhibitors
Small molecule kinase inhibitors targeting the ErbB family have been the subject of intensive
drug development and clinical trials in cancer therapy [71]. Three drugs have received FDA
approval for use in cancer patients and numerous more are moving through the clinical trials
pipeline. The FDA-approved drugs include gefitinib (Iressa) and erlotinib (Tarceva), which
are selective for EGFR, and lapatinib (Tykerb), which targets both EGFR and ErbB2. Crystal
structures of more than seven inhibitor–ErbB kinase complexes have been solved [15,22,28,

Bose and Zhang Page 7

Exp Cell Res. Author manuscript; available in PMC 2010 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



29,37,72] and we will focus on three of them. These three structures, shown in Fig.3, represent
the active and CDK/Src-like inactive conformations of EGFR with a reversible inhibitor bound
and the inactive conformation with an irreversible inhibitor bound. All three inhibitors are
ATP-mimetics and bind in the ATP-binding site.

The first inhibitor-kinase structure solved was of erlotinib bound to EGFR [15]. Erlotinib binds
to the ATP binding site of EGFR with the kinase domain adopting an active structure (Fig.
3A). The two aromatic rings of erlotinib form an interplanar angle of 42°, which directs the
acetylene group into a pocket created by Thr766, Lys721, and Leu764. Nitrogen N1 of the
quinazoline ring of erlotinib makes a hydrogen bond with Met769 amide nitrogen and N3 of
the quinazoline ring makes a water-mediated hydrogen bond with Thr766 side chain. Binding
of gefitinib to EGFR is essentially the same as erlotinib [37].

In contrast, lapatinib binds to the EGFR kinase in the CDK/Src-like inactive conformation
(Fig. 3B) [22]. Like erlotinib, the N1 of the quinazoline ring of lapatinib makes a hydrogen
bond with Met769 amide nitrogen but N3 of the quinazoline ring makes a water-mediated
hydrogen bond with a different Thr residue (Thr830). Lapatinib contains a bulky 3-
fluorobenzyl-oxy group which is accommodated by an extra hydrophobic pocket created by
the outwardly displayed helix αC in the CDK/Src-like conformation [22,25]. Simple modeling
shows that binding of lapatinib to the active kinase would result in steric clash, likely explaining
why lapatinib binds preferentially to the inactive structure.

HKI-272 is an irreversible inhibitor of the ErbB kinases. It possesses an acrylamide-like or
crotonamide moiety, which can form a covalent bond with nucleophiles such as thiol groups.
When bound in the ATP binding pocket of EGFR, the crotonamide group forms a bond with
Cys 773 located in the hinge region of the kinase (Fig. 3C) [72]. Lung cancer cases bearing
the gefitinib-sensitizing EGFR mutations can become gefitinib-resistant through the
acquisition of a second mutation Thr766Met. Even in the presence of this mutation, these
tumors remain sensitive to HKI-272 [73,74]. The crystal structure of HKI-272 bound to EGFR
Thr766Met shows the kinase domain in an inactive structure with helix αC displaced outward,
similar to the lapatinib-bound structure [72]. The covalent bond between Cys773 and the
crotonamide group of HKI-272 was seen, and hydrogen bond interactions of the quinazoline
ring of HKI-272 with hinge region residues on EGFR were similar to other inhibitor bound
structures.

Despite the high degree of sequence similarity in the active site of different members in the
ErbB family, the ErbB kinases show strikingly different sensitivity to these kinase inhibitors
(Table 1). Erlotinib and gefitinib are potent inhibitors of EGFR, but are much weaker inhibitors
of ErbB2 and ErbB4. In contrast, lapatinib has similar Ki’s for EGFR and ErbB2 but is 100-
fold less potent inhibitor of ErbB4 [22]. Extensive structure-activity relationship studies have
been conducted on the chemical structure of the small molecule inhibitors to tailor specificity
towards various kinases (reviewed in [75]), but the amino acid residues in the ErbB kinase
domains which cause these differences in inhibitor specificity remain unclear. Comparison of
the lapatinib-EGFR structure with that of lapatinib-ErbB4 shows that the residues that contact
lapatinib are conserved between EGFR and ErbB4 [22,28].

An alternative mechanism that may lead to differential inhibitor specificity is the dynamic
equilibrium of the kinase between different conformations. This mechanism has been used to
explain the strong preference of imatinib (Gleevec) for the Abl kinase over the closely related
Src family kinases [76]. Considering the different conformational preference of the kinase
inhibitors discussed above, the dynamic equilibrium between the active, CDK/Src-like and
possibly other inactive conformations of the ErbB kinase domains may have an important role
in determining their sensitivity to these inhibitors. This notion is supported by recent studies
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showing that certain activation mutations found in lung cancers are more sensitive toward
gefitinib, which prefers the active conformation (see below).

8. ErbB mutations in Lung Cancer
Mutations in the EGFR kinase domain have been identified in approximately 10% of human
non-small cell lung cancer cases and produce cancers that are very sensitive to treatment with
gefitinib and erlotinib [34–36]. The most common mutations observed in the EGFR kinase
domain are 1) Leu834Arg and Leu837Gln point mutations in the activation loop, 2) small in-
frame deletions in exon 19 which commonly delete Leu723-Ala726 but can affect a variable
number of codons ranging between residues 722 to 735, 3) Gly695X point mutations in the P-
loop (X=Cys, Ser, or Ala), and 4) small in-frame insertions or duplications in exon 20 [33].
The deletions in exon 19 and the insertions in exon 20 fall on either side of the αC helix. These
mutations are activating and cause oncogenic transformation of cell lines [37,77]. Similar exon
20 in-frame insertion mutations in ErbB2 have been found in 1.6% of non-small cell lung
cancer cases and these insertions add amino acids to the C-terminal end of the ErbB2 αC helix
[78]. In cell culture, the EGFR Leu834Arg, Gly695X, and exon 19 deletion mutations result
in enhanced sensitivity to gefitinib and erlotinib, but the EGFR or ErbB2 exon 20 insertions
result in resistance to these kinase inhibitors [34,79,80].

As described above, Leu834 plays an important role in stabilizing the CDK/Src-like inactive
conformation of the EGFR kinase domain. The Leu834Arg mutation likely destabilizes the
CDK/Src-like conformation and shifts the equilibrium toward the active conformation, leading
to kinase activation as well as higher sensitivity to gefitinib [26,37]. This is supported by the
fact that the Leu834Arg EGFR kinase domain shows >15-fold more activity than wild-type
EGFR in in vitro kinase assays [26,37,38].

Similarly, the Gly695Ser mutation activates the kinase by ~10 fold [37]. Gly695 is located at
the P-loop of the kinase, which adopts a conformation that favors a glycine at the 695 position
and plays a role in stabilizing the CDK/Src-like conformation of the kinase. The Gly695Ser
mutation destabilizes this conformation of the P-loop, and in turn destabilizes the CDK/Src-
like conformation and favors the active conformation, [37]. Consistently, crystal structures of
the Leu834Arg and Gly695Ser mutations demonstrate that both mutations are easily
accommodated in the active conformation of EGFR.

The in-frame deletions in EGFR exon 19 involve residues that are located in the loop between
strand β3 and helix αC. The activating effects of these mutations are predicted to be due to
destabilization of the CDK/Src-like conformation, as the β3-αC loop packs against and
stabilizes the short helix formed by the activation loop [26]. Thus, by disrupting the inactive
conformation, these oncogenic mutations are able to drive cell proliferation in the lungs to
produce human lung cancers.

9. Concluding Remarks
The past 5–7 years have significantly enhanced our knowledge of the ErbB kinase domain.
Important questions that remain to be addressed include the structural relationship between the
kinase domain and the juxtamembrane domain and the C-terminal tail, and how exactly they
participate in regulation of the kinase domain. Further understanding of the role of the
activation loop in kinase regulation is also required. Finally, the allosteric activation and
inhibition mechanisms revealed by the asymmetric dimer and EGFR-Mig6 structures pave the
way to new modes of targeting the ErbB family. The potential of developing peptidomimetic
or allosteric drugs will offer significant treatment advances for cancer and other diseases that
involve dysregulation of the ErbB tyrosine kinase family.
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Figure 1.
Autoinhibition, activation and feedback inhibition of the EGFR kinase domain. The EGFR
kinase domain is autoinhibited by adopting the CDK/Src-like inactive conformation (left panel)
[26]. The N-terminal portion of the activation loop (red) forms a short helix which packs against
the N-lobe of the kinase and stabilizes the outwardly displaced conformation of helix αC (aqua).
Upon ligand induced dimerization of the receptor, the kinase domain forms the asymmetric
activating dimer (middle panel) [26]. In this dimer, monomer B activates monomer A by acting
as a cyclin-like activator. The hydrophobic patch in the N-lobe of monomer A (yellow ellipse)
is buried in the dimer interface. MIG6 is upregulated immediately after EGFR activation and
serves as a feedback inhibitor. MIG6 segment 1 (yellow) binds the C-lobe face of the
asymmetric dimer interface, sterically hindering the formation of the asymmetric dimer (right
panel) [27].
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Figure 2.
Identification of Tyr877 phosphorylation site in ErbB2 kinase domain from [49]. (A) Multiple
sequence alignment of the kinase domains of human EGFR, ErbB2, ErbB4, Src, and insulin
receptor. The phosphopeptide identified by MS in (B) is underlined. Black and gray arrows
mark the conserved tyrosine residue and EGFR Leu834, respectively. The activation loop is
indicated by horizontal arrows. (B) MS/MS spectra of the peptide, LLDIDETE(pY)
HADGGKVPIK, bearing the phosphotyrosine residue at Tyr877 of ErbB2. The charge state
of the parent ion is +3, thus yielding both +1(upper line) and +2 charged daughter ions (lower
line) on fragmentation. The mass difference corresponding to the phosphotyrosine residue,
y11 minus y10 ion, is seen in both +1 and +2 charged fragment series. (C) ErbB2-transfected
NIH3T3 fibroblasts or BT-474 breast cancer cells which overexpress endogenous ErbB2 were

Bose and Zhang Page 16

Exp Cell Res. Author manuscript; available in PMC 2010 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



treated with the ErbB2 inhibitor, PD168393, for 1 hour and immunoblotting performed with
phospho-Tyr877 specific ErbB2 antibody or anti-total ErbB2 antibody.
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Figure 3.
Structures of EGFR kinase domain bound to small molecule kinase inhibitors. (A) Erlotinib -
EGFR structure [15]. (B) Lapatinib - EGFR structure [22]. (A) HKI-272 - EGFR structure
[72]. The upper panels show the entire EGFR kinase domain with inhibitor bound, revealing
the active (A) and inactive (B and C) conformations of EGFR. The lower panels show close-
up views of the bound inhibitors.
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Table 1
Inhibition Constants (Ki) for Erlotinib, Gefitinib, and Lapatinib (from reference [22]).

EGFR ErbB2 ErbB4

Erlotinib 0.7 nM 1.0 μM 1.5 μM

Gefitinib 0.4 nM 870 nM 1.1 μM

Lapatinib 3 nM 13 nM 347 nM
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