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Abstract

Intercellular communication governs complex physiologic processes ranging from growth and
development to the maintenance of cellular and organ homeostasis. In nearly all Metazoa,
Receptor Tyrosine Kinases (RTKSs) are central players in these diverse and fundamental signaling
processes. Aberrant RTK signaling is at the root of many developmental diseases and cancers and
it remains a key focus of targeted therapies, several of which have achieved considerable success
in patients. These therapeutic advances in targeting RTKSs have been propelled by numerous
genetic, biochemical, and structural studies detailing the functions, molecular mechanisms of
regulation and activation of RTKs. The latter in particular have proven to be instrumental for the
development of new drugs, selective targeting of mutant forms of RTKSs found in disease, and
counteracting ensuing drug resistance. However, to this day, such studies have not yet yielded high
resolution structures of intact RTKSs that encompass the extracellular and intracellular domains and
the connecting membrane-spanning transmembrane domain. Technically challenging to obtain,
these structures are instrumental to complete our understanding of the mechanisms by which
RTKSs are activated by extracellular ligands and of the effect of pathological mutations that do not
directly reside in the catalytic sites of tyrosine kinase domains. In this review, we focus on the
recent progress towards obtaining such structures and the insights already gained by structural
studies of the subdomains of the receptors that belong to the HER/EGFR, Insulin Receptor, and
PDGFR RTK families.

Introduction

The human proteome contains 58 receptor tyrosine kinases (RTKSs) classified into 20
subfamilies (1). These integral membrane proteins are receptors for soluble extracellular or
membrane-embedded ligands that control receptor activation through the modulation of
receptor oligomerizations states. Typically, ligand binding induces receptor dimerization
and/or leads to higher-order clustering which switches on the activity of the intracellular
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kinase domains resulting in receptor phosphorylation (Figure 1A). Enhanced receptor
phosphorylation allows for the recruitment of downstream signaling pathway components
and their subsequent phosphorylation. Functions of RTKs are critically important in
development, with many of the receptors also playing key roles in the maintenance of
organismal homeostasis through adulthood (2, 3). The abnormal activation of the
homeostatic signals or reactivation of those RTKs which signal primarily during
development are detrimental to humans and results in a number of diseases. Hence, RTKs
have been an interest of therapeutic efforts for decades and on the front lines of structural
studies for just as long (4). These studies have revealed that all RTKSs feature a broadly
conserved domain architecture with an N-terminal ligand-binding extracellular domain
(ECD), a single-pass hydrophobic helical transmembrane domain (TMD), an intracellular
juxtamembrane domain (JMD), a tyrosine kinase domain (KD), and a C-terminal tail (C-tail)
typically predicted to be largely unstructured (2).

Structures of RTKs’ subdomains have showcased a variety of mechanisms that control
receptor activation and emphasize that despite conserved domain composition, individual
RTKs have evolved unique modes of regulation to control the amplitude of activity and
temporal precision of signaling (Figure 1B). In an effort to unify some of these principles,
these modes have been classified into four primary mechanisms by which ligand binding
mediates receptor oligomerization: 1) indirect ligand-mediated receptor dimerization in
which a ligand does not directly engage in the dimerization interface, 2) direct receptor-
mediated dimerization in which ligand forms the dimerization interface, 3) ligand and
receptor mediated dimerization in which both ligand and receptor contribute to the
dimerization interface, and 4) ligand and receptor mediated dimerization facilitated by
accessory molecules (5). Regardless of the model, the role of a ligand often extends beyond
passive dimerization and serves to disrupt an autoinhibited conformation of the receptor that
prevents its activation in a productive manner. Notably, some receptors are known, or are
predicted, to already form oligomers (mostly dimers) prior to ligand engagement, and in
those cases the critical role of ligand binding is to promote a conformational change in
addition to higher order oligomerization in some cases.

As much as different mechanisms guide activation of receptor ectodomains by their ligands,
the intracellular kinase domain modules also employ different strategies for catalytic
activation. Known mechanisms can be generalized into two distinct modes. The first, and
more common mechanism, is phosphorylation-dependent and entails auto-phosphorylation
of the catalytically important activation loop within the kinase domain, and/or other regions
within the intracellular domain, as a mechanism for stabilization of kinase active
conformation following ligand stimulation. The second, less common among RTKSs,
described for the human Epidermal Growth Factor Receptor (HER/EGFR) family, is
phosphorylation-independent. In HER receptors, active kinase conformation is achieved
instead through an allosteric effect of binding of one kinase domain to another, and
stabilization of the catalytic elements in a manner analogous to the effect of phosphorylation
in other kinases (6).

Existing high resolution structural insights into ligand binding interaction modes with the
extracellular domains and into catalytic mechanisms of kinase domain activation derive
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solely from the studies of those domains alone. However, key to RTK activation is the
communication between ligand binding events on the outside of the cell and kinase
activation in the cytosol. Examples of RTKSs, such as the Insulin Receptor, which
constitutively exists in a dimeric form and does not alter its oligomeric state upon ligand
binding, emphasize that signal transduction across the membrane relies on concerted
conformational changes in all receptor domains to support receptor activation. The notable
occurrence of mutations in the transmembrane domains of RTKSs associated with human
diseases points to important roles that TMDs play to ensure the proper communication
between the ECDs and the intracellular domains (ICDs) (7). Revealing how TMDs
structurally contribute to the communication between the ECDs and ICDs is essential to
uncovering the mechanisms underlying the pathological effects of such mutations. Lastly,
for most RTKSs, the stoichiometry of inactive to active oligomeric states is still very much a
matter of debate, and often single molecule cell-based measurements of the distribution of
full-length receptor oligomeric states cannot be accurately modeled by existing structures.
Hence, how all receptor domains simultaneously interact with each other prior to and post
ligand binding, ultimately answering the fundamental question of how RTK signal
transduction occurs across a membrane, can only be revealed by structures of full-length
receptors.

While remarkable progress towards obtaining high resolution structures of multi-span
transmembrane proteins has been made over the last decade using both X-ray
crystallography and cryo-electron microscopy (cryoEM) approaches (8, 9), such structures
of full-length RTKSs have yet to be solved. Experimental progress to this end has proven
difficult owing to challenges in expressing, solubilizing, and stabilizing full-length RTKSs in
homogeneous conformational and oligomeric states. In this review, we discuss the progress
towards revealing structures of full-length RTKSs and the novel knowledge gleaned from such
efforts for three RTK families: the HER/EGFR family, the Insulin Receptor (IR) family and
Platelet-Derived Growth Factor Receptor (PDGFR) family, all of which apply unique
mechanistic features for activation (Figure 1B).

EGFR: Breaking symmetry for activation

Knowledge learned from structures of individual domains.

The HER/ErbB family of receptor tyrosine kinases consist of four highly related members
(EGFR, HER2, HER3 and HER4), which are indispensable for embryonic development and
frequently misregulated in diseases through mutations, gene amplification, and
overexpression. Alterations in EGFR and HER2 are most frequent. EGFR is over-expressed
in 60% of non-small cell lung cancer (NSCLC) tumors and mutated in 25% of glioblastoma,
and less frequently in tumors of the Gl tract (10-12). HER2 amplification accounts for over
one in five cases of breast cancer, and in recent years HER2 mutations have been
increasingly found across different tumor types (13-15). HER3 is a unique member of the
HER family due to the lack of catalytic activity, but nevertheless plays an essential role in
the activation of other HER family members during development (16). In adults, under
pathological conditions, HER3 overexpression hyperactivates the HER2 and EGFR
signaling pathways and contributes to resistance to treatments targeting HER2-

IUBMB Life. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Diwanji et al.

Page 4

overexpressing breast cancers, and NSCLC tumors carrying activating EGFR mutations (17,
18). Heterodimerization of HER receptors is a characteristic feature of this family and is
particularly essential for signaling by the catalytically impaired HER3 or by HER2, which is
an orphan receptor with no known ligand. HER receptor heterodimers generate unique
signaling outputs determined by the combinatorial signaling properties of the receptor pair.
For example, the HER2/HERA4 heterodimer plays a role in cardiomyocyte and neural
development and the EGFR/HER3 heterodimer has been implicated in driving some forms
of pancreatic cancer and resistance to anti-HER2 breast cancer treatments (19-21).

HER receptors share overall domain structure, revealed over the years by X-ray
crystallography and NMR solution structures of individual domains. In the ECD region, all
four HER family members contain four conserved subdomains: 2 leucine-rich domains
(subdomains | and I11) and 2 cysteine-rich domains (subdomains Il and V). A comparison
of the apo-EGFR ECD and EGF-bound EGFR ECD crystal structures revealed a significant
conformational change within the ECD induced by ligand binding. In the unliganded state,
subdomain Il intramolecularly folds onto subdomain IV and a motif in subdomain Il termed
the “dimerization arm” is obscured in this “tethered” conformation (22-24) (Figure 2A).
When the ligand contacts the binding site in subdomains | and 111, subdomains Il and IV
coordinate a 130° rigid-body rearrangement to expose the dimerization arm in the
“extended” conformation (Figure 2A). Exposed dimerization arms of adjacent monomers
intermolecularly contact each other to form a heart-shaped back-to-back EGFR ECD
homodimer (25). Interestingly, the ECD dimer interface is built entirely by the ECD, and the
ligand does not directly participate in the interface. The ligand, therefore serves as an
allosteric activator that stabilizes the EGFR ECD in the extended state leading to receptor
dimerization. The structural analysis of ECDs of other HER receptors is less extensive, but
points to the conservation of ligand-induced conformational changes during receptor
dimerization, with one exception. The ECD of the orphan receptor, HER2, seems to adopt
only an extended conformation (26). The extended HER?2 state slightly deviates from the
ligand-bound extended conformations of other HER receptors and its unique features likely
contribute to the fact that HER2 extracellular domain does not constitutively dimerize. As a
result, under physiologic levels of expression HER2 signaling is dependent on
heterodimerization with other HER receptors.

Although critical links between ligand-induced ECD subdomain reorganization and
intracellular KD activation remain unknown, NMR spectroscopy and cross-linking studies
on peptides corresponding to the receptor transmembrane domains (TMDSs) provide
evidence that the single-pass helical TMD, especially in the context of a receptor dimer, may
play an active role as a conduit for the extracellular to intracellular relay in signal. All HER
receptors contain a putative dimerization motif, originally described in glycophorin A, the
GxxxG motif where “x” is any hydrophobic amino acid. EGFR, HER2, and HER4 TMDs
have two such GxxxG motifs, one located at the N-terminus of TMD and the other in the C-
terminal region (27). Curiously, the catalytically inactive HER3 has only the N-terminal
motif. Crosslinking of EGF-bound EGFR dimers on the cell surface showed homodimeric
contacts within the N-terminal GxxxG motif thus correlating receptor activation with a
specific TMD conformation (28). Molecular dynamics simulations and mutagenesis studies
further support a role for the C-terminal GxxxG motif in stabilizing an inactive EGFR dimer
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conformation (29, 30). The selective interactions between the two defined motifs is thought
to impact the relative orientation of the transmembrane domains in the plasma membrane,
which in turn can affect the conformations of the JIMD and KD (Figure 2B).

In the first EGFR kinase domain crystal structure, the EGFR kinase adopted an active
conformation in the absence of activation loop phosphorylation (31). This distinct feature of
EGFR led to a hypothesis that EGFR might be constitutively in an “on” state. However, a
structure of the EGFR kinase in complex with lapatinib visualized an autoinhibited state of
the Kinase (32) and multiple activating mutations within EGFR were discovered in NSCLC
patients that mapped to the key inhibitory interactions visualized in the EGFR-lapatinib
structure (33). These findings supported the notion that under homeostatic conditions, EGFR
remains in the autoinhibited state (Figure 2C). Analysis of crystal lattice interactions in
EGFR structures in which the kinase domain adopted an active conformation led to
identification of an asymmetric dimeric assembly of kinases that supported stabilization of
an active state in one of the kinases (Figure 2C). This extensive and hydrophobic dimer
interface was validated by mutagenesis as essential for ligand-induced EGFR activation (6).
In the asymmetric dimer, kinase activity is induced in one partner (the receiver) that engages
its N-lobe with the C-lobe of another kinase (the activator), a mechanism reminiscent of
cyclin-dependent kinases (CDKSs) activation by their allosteric activators, cyclins (6, 34).
This mechanism is conserved in the HER family, and underlies activation of HER2 and
HERA4 kinases, and of HER3-containing heterodimers (35-37). In such heterodimers, the
catalytically inactive HER3 adopts the position of an allosteric activator and serves to
stabilize an active conformation of its dimerizing partner’s kinase domain. In fact, one of the
determinants of HER3’s lack of activity is the absence of an intact receiver interface. A
recent study proposed that under certain circumstances, such as the presence of lapatinib
which binds HER2 with high affinity, the HER2/HER3 kinase domain heterodimer may also
adopt a head-to-head orientation upon stimulation with the HER3 ligand, neuregulin (NRG)
(38). This interface was first observed in the crystal lattice of the HER3 kinase domain
structure supporting head-to-head HER3 homodimers (39). The relevance of this dimeric
organization of HER kinases for receptor signaling remains unknown.

Subsequent studies expanded the boundaries of the EGFR asymmetric dimer to encompass
the intracellular juxtamembrane domain (JMD), a segment that connects the kinase domain
with the transmembrane domain. The JMD domain of the receiver kinase was found in
crystal structures of EGFR and HER4 to interact with the C-lobe of the activator kinase in
the asymmetric kinase dimer (40, 41). This interaction further stabilizes the dimer and
significantly increases dimerization affinity. It also participates in stabilization of HER3-
containing asymmetric heterodimer with EGFR (36). In this case, the JIMD of EGFR which
takes a receiver position in the heterodimer binds to the C-lobe of HER3. The inactive HER3
receptor, which is deficient as a receiver kinase, carries sequence alterations in the JIMD
region relative to other HER receptors, likely because it evolved without pressure to
conserve determinants of the functional receiver. Together with the kinase domain, the JIMD
region establishes an asymmetry of receptor interactions on the cytosolic face resulting in
one receiver interface, one activator interface, one JMD domain and corresponding C-lobe
patch unoccupied. This open-ended state has long been proposed to drive multimerization of
HER receptors, the evidence of which is briefly discussed in the next paragraph.
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Receptor Multimerization.

To date, numerous cell imaging approaches have provided evidence that following ligand
binding HER receptors form higher-order receptor assemblies on cell surface. Early data
point to an EGF-induced assembly of EGFR tetramers (42, 43), whereas more recent high
resolution fluorescent microscopy imaging reveals the formation of progressively larger
EGFR clusters (5-20 receptors) upon ligand exposure (43-46). While our understanding of
the composition, organization, and regulation of these receptor assemblies is far from
complete, molecular dynamics simulations studies revealed a putative oligomerization
domain within subdomain IV of the EGFR ECD, which is distinct from the canonical ECD
dimerization interface (45). Mutation of this interface reduced EGFR multimerization
observed through stepwise photobleaching in Xenopus oocytes (45). Higher order
oligomerization has also been observed for other members of the HER family, including
HER2 and HER3 (44, 47) and the RNA aptamer-based experiments have identified a
multimerization site in the subdomain IV of HER3 in the context of HER2-HERS3 hetero-
oligomers (48).

Multiple variables have been shown to influence the extent of higher order-oligomerization
of HER family of receptors, including kinase activity, the nature of a dimerization partner
and of a bound ligand. For example, the addition of a kinase inhibitor or the ablation of
kinase activity by mutations in the asymmetric dimer interface reduced EGFR cluster
formation, suggesting an important role of the kinase domain-mediated interactions in
stabilizing higher-order oligomers (44, 49). In another example, addition of neuregulin-1
(NRGL1), the cognate ligand for HER3, stimulated HER3 clustering only in the presence of
HER?2 but not of EGFR demonstrating that oligomerization states might be unique for
different receptor pairs (44). Finally, some data indicate that the local receptor milieu and
ligand-specificity not only influence receptor clustering but also the mechanism of kinase
activation in the clusters, as HER3 phosphorylation by EGFR proceeds through different
mechanisms in complexes induced by EGF compared to the ones induced by NRG (44).

Not surprisingly, higher-order oligomers have been linked to distinct downstream signaling
outcomes. For example, inhibition of EGFR multimerization through mutations in
subdomain 1V selectively reduces phosphorylation of a proximal C-tail tyrosine and
downstream extracellular signal-regulated kinase (ERK) phosphorylation (45). In another
example, an RNA aptamer that selectively inhibits formation of higher order HER2/HER3
oligomers but not their heterodimerization negatively affected only HER2 phosphorylation
but preserved HER3 phosphorylation (48). EGFR, which can be selectively locked in dimers
that do not progress to higher order oligomers by covalent interaction with orthogonal
dimeric ligands, undergoes efficient autophosphorylation but the signal does not propagate
downstream to the Ras and PI13K pathways (50). These findings indicate that indeed,
dimerization may represent just one step in the assembly of a signaling-competent receptor
unit. Given the important relationship between the organization of receptors at the
membrane and downstream signaling, structural efforts geared towards characterization of
the putative higher order oligomeric states will likely provide invaluable insights into
receptors function, and will likely necessitate structural characterizations of nearly full-
length receptor fragments.
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Visualization of Full-Length EGFR and Coupling Across the Membrane.

The atomic-scale resolution structural studies on isolated receptor domains have relied
exclusively on X-ray crystallography and NMR (in the case of the TMD and JMD). While
these studies unveiled many key aspects of the EGFR activation mechanism, the
fundamental question of how the domains organize and mediate activation in the intact
receptor remains unanswered. For any RTK, solving a high-resolution full-length structure is
a considerable challenge due to numerous technical hurdles ranging from low expression
yield, challenging protein purification, poor stability of the purified protein and low
crystallization probability due to substantial conformational dynamics of full-length
receptors. Currently, there is considerable hope in the field that several of these hurdles can
be overcome by applying single-particle cryo-electron microscopy (cryo-EM) for data
collection and structure determination. As of now, four out of 58 RTKs have been
successfully purified and characterized at resolution limits of ~20A by negative-stain EM
(NS-EM) (51-54). These attempts have given us invaluable glimpses into the effects of
ligand binding on dimerization and the stability of active complex formation.

In a pioneering study four decades ago, Cohen, Gill, and colleagues reported the first
isolation of a catalytically active, detergent-solubilized endogenous full-length EGFR (55).
The sample was obtained from Triton X-100 solubilized A-431 cell membranes by affinity
purification using immobilized EGF. This detergent-solubilized EGFR retained catalytic
activity and the capacity to bind EGF, but the sample was not pure enough to pursue
thorough biochemical and structural analysis. Almost three decades later, Springer and
colleagues employed a similar detergent solubilization strategy to purify recombinantly
expressed EGFR encompassing intact ECD, TMD, JMD, and KD, missing only the C-
terminal tail predicted not to have any secondary structure (51), and thus denoted EGFR
Atail. The obtained quantity of relatively pure EGFR Atail receptor was sufficient for its
reconstitution and enzymatic characterization in a number of detergent and lipid conditions.
Kinase activity could be measured when EGF-bound EGFR Atail dimers were reconstituted
in lipid vesicles or nanodiscs, and interestingly, the presence of the Triton X-100 detergent
preserved catalytic activity better than n-Dodecyl p-D-maltoside (DDM), a common
detergent used in membrane protein structural biology (56). These studies underscored the
critical role of the reconstitution conditions for biophysical characterization of RTKSs.

Increased yields and homogeneity of the recombinant EGFR Atail enabled visualization of
particles in DDM micelles by NS-EM. Low resolution projections of previously published
EGFR ECD crystal structures correlated well with ECD masked class-averages of NS-EM
particles, bolstering confidence in the approach. Using existing crystal structures of isolated
domains, Springer and colleagues provided the first glimpses of a monomeric nearly full-
length EGFR with clear NS-EM class-averaged projection density for ECD and KD in the
same particle (Figure 2D) (51). The addition of EGF resulted in a noticeable shift to a
species with a higher Stokes radius on gel-filtration and the putative ECD of resultant class-
averages cross-correlated well with the back-to-back EGF:ECD 2:2 homodimer crystal
structure (Figure 2E). Notably, the EGFR Atail homodimer class-averages showed a
consistent ECD homodimer coupled to three distinct intracellular domain configurations of
kinase domains: (1) rod-shaped, (2) circular/heart-shaped, and (3) disjointed densities. The
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rod-shaped kinase domain arrangement was in agreement with the asymmetric kinase dimer,
such that it no longer formed in the presence of a kinase domain dimerization interface-
disrupting mutation (V924R). Although unverified, the heart-shaped kinase density was
speculated to represent an “inactive” symmetric kinase dimer while the disjointed densities
were suggestive of a kinase dissociated state. This significant conformational heterogeneity
of the intracellular domains in the receptor dimer likely captured different receptor activation
states, which was quite obvious even in the absence of atomic resolution.

Small molecule inhibitors that stabilize an active conformation of the EGFR kinase domain
result in formation of predominantly rod-shaped kinase domain structures in NS-EM
averages of the EGFR Atail, indicative of the active asymmetric kinase dimers (51). This
stabilizing effect was reported even in a ligand-independent manner (57). In these ligand-
free EGFR dimers, ectodomains adopted multiple conformations, each time coupled to a
single asymmetric kinase dimer. These findings suggest that, in the absence of the constrains
of the physiological milieu, kinase domain-mediated interactions are sufficient to promote
receptor dimerization in an inside-out signaling mode, without engagement of ECDs. This
observation is consistent with experiments showing that the oncogenic mutations can
promote kinase dimerization even in the presence of the ECD dimer blocking therapeutic
antibody, cetuximab (57, 58).

The direct visualization of multiple intracellular domain configurations in the presence of
one consistent extracellular domain arrangement, and vice-versa, by NS-EM supports the
existence of a loose linkage between the extracellular and intracellular domains in the full-
length EGFR. In the structure of the EGFR ECD homodimer bound to EGF, the seven
residue-long linker that connects the ECD to TMD is disordered, arguing against a rigid
connection between these two domains (28). The flexibility of the linker and the variability
in linker length across the HER family further support its passive role in receptor activation.
While, it is possible that in the presence of transmembrane or intracellular receptor domains,
the linker region adopts a defined conformation, the biochemical studies on full-length
EGFR and molecular dynamics simulations of the isolated EGFR transmembrane domains
corroborate the model of loose linkage (59). Isolated transmembrane domains from HER
receptors efficiently dimerize in vitro (60), but disulfide cross-linking of systematically
inserted cysteine residues within the ECD domain IV and linker region and within the TMD
of EGFR showed that only the first two N-terminal helical turns of the TMD come in close
proximity upon EGF stimulation (28). These findings contrast with the presence of extensive
transmembrane helical interactions observed in other GxxxG motif-containing single-span
membrane helices present in proteins such as Glycophorin A and Integrins (61, 62).
Furthermore, no single mutation can be identified within TMD or Domain IV (C2) interface
that reduces ligand-dependent dimerization and signaling by EGFR (28). Altogether these
findings suggest that the TMD-mediated interactions are not a primary driving force of
receptor dimerization but likely play a role in concert with other receptor domains in
stabilization of the active state. Their structural interrogation in the context of a full-length
receptor structure will be of essence to delineate their actual contribution to dimerization.

Understanding the structural connection between the ECD, TMD and ICD domains has
important ramifications for defining if and how EGFR activation is regulated by a transition
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between ligand-free preformed “inactive” dimers to ligand-induced active dimers. Several
studies have provided evidence for the existence of such inactive dimers (40, 42, 63, 64). It
is difficult to rationalize how the independence of extracellular and intracellular components
would prevent aberrant kinase activation within the inactive dimer. One possibility is that
inactive-active dimer transitions are regulated by electrostatic interactions with the plasma
membrane, a variable that was not faithfully recapitulated in the NS-EM experiments in
which membrane environment was approximated by a detergent micelle. Long time scale
molecular dynamics (MD) simulations of full-length EGFR embedded in a membrane show
that electrostatic interactions between the intracellular domain EGFR and the inner
membrane leaflet are critical in the maintenance of the equilibrium between a ligand-free
inactive dimer and ligand-bound active dimer (65). These studies suggested that in the
absence of ligand the JMD interacts with the inner membrane leaflet while the ECD
domains hold the N-termini of the TMD domains apart favoring the TMD interactions
through the C-terminal regions. The addition of EGF causes the ectodomain to reposition the
TMD from a C-terminal dimer (proposed to be inactive) to an N-terminal dimer (active), as
previously observed by cysteine mutagenesis (28). These changes are associated with the
loss of interactions between the JMD domain and the membrane, facilitating the formation
of the juxtamembrane latch and asymmetric kinase dimer. The simulations also supported an
autoinhibitory role of the apo ECD (not bound to a ligand) in preventing receptor activation.
This more “rigid” coupling model of the cross-talk between the extracellular and
intracellular receptors domains suggested by the MD simulations has been further supported
by in vivo experiments on intracellular IMD-KD constructs and direct visualization of an
“active” conformation of TM-JMD dimer in lipid bicelles by NMR (30). The complete
understanding of how these domains are coupled with each other in the full-length receptor
will be greatly facilitated by its structure.

EGFR has multiple activating ligands that vary in structure and nature of induced
downstream signals (66). These variegated responses to ligands might be in part a result of
unique conformations adopted by EGFR depending on the nature of a bound ligand. Seven
growth factor ligands are known to activate EGFR: the high affinity ligands: EGF,
transforming growth factor-a (TGFa), betacellulin (BTC), and heparin binding EGF-like
growth factor (HB-EGF), and low affinity ligands: epiregulin (EREG), amphiregulin
(AREG), and epigen (EPGN). Bipartite tetracysteine display-based experiments revealed
that stimulation with EGF, but not with TGFa, supports formation of the antiparallel coiled-
coil dimer by the JIMD domains, indicating that activation of the receptor by ligands does not
always follow the same mechanism and that these ligand-specific structural modes might be
responsible for unique signaling outcomes (67, 68). Most recently, structures of the EGFR
ECD with low affinity ligands EREG and EPGN revealed that they bind to the ECD in
conformations distinct from those stabilized by high affinity ligands such as EGF and TGFa
(69). EGF and TGFa cause a bend in subdomain Il enabling extensive homodimer contacts.
The result is a symmetric, heart-shaped ligand-bound ECD homodimer (Figure 2A). In
contrast, EREG enforces a less extensive asymmetric homodimer interface through an
unbent subdomain I1 closely reminiscent of the Drosophila EGFR (dEGFR) ECD dimer
bound to the ligand, Spitz (70). Lacking the bend in subdomain Il also, EPGN-bound ECD
of EGFR does not even crystallize as a dimer, but as a monomer analogous to the ECD of
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the orphan receptor, HER2, which does not homodimerize (71, 72). The inability to induce
stable dimer conformation, rather than lower binding affinity, seems to be the primary reason
why EREG and EPGN are deficient in inducing EGFR dimerization compared to other high
and low affinity ligands: EGF, TGFa, and AREG (69). The ability to promote only transient
rather than stable dimerization has been proposed as a mechanism that explains the unique
effects EREG and EPGN have on downstream EGFR signaling. Whether unique structural
features of EREG and EPGN-induced ECD dimers are also coupled to unique
conformational changes in the TMD and kinase domain regions awaits analysis that can only
be brought by a structure of full-length EGFR.

Insulin Receptor: Conformational rearrangements within the Covalent

Dimer

Insights from the Domain Structures.

The Insulin Receptor Family consists of three members: Insulin Receptor (IR), Insulin-like
Growth Factor-1 Receptor (IGF1R), and Insulin Receptor-Related Receptor (InsRR). Insulin
and IGF-1 serve as cognate ligands for IR and IGF1R, respectively. Like HER2, InsRR is
considered to be an orphan receptor but, uniquely, it becomes activated by elevated pH and
may play a role in the compensatory response to metabolic alkalosis by the kidney (73). One
a and one B subunit comprise each IR, IFG1R, and InsSRR monomer. The entire a subunit
exists extracellularly whereas the  subunit contains a short ECD, TMD, JMD, KD, and C-
tail (Figure 3A). An extracellular covalent disulfide bond connects the two subunits to form
a mature receptor, also referred to as app monomer (74). Collectively, the extracellular
portion of the ap monomer contains the following subdomains: two leucine-rich domains
(L1 and L2), a cysteine-rich region (CR), two fibronectin type 11l domains (Fnl and Fn2)
and an insert domain (IDa) on the & monomer, and ID-B and Fn3 on the p monomer (Figure
3A and B). The insert domain is located within the Fn2 domain and contains the proteolytic
site which generates a and p monomers upon cleavage. Additional disulfide bridges (two for
IR and four for IGF1R) connect the a. subunits from adjacent ap monomers to form the
physiologic ayp, heterotetramer (functional dimer) (75). As a result, unlike most other
RTKSs, receptors in the IR family exist on the membrane as covalently linked dimers.

Constitutive dimerization of the Insulin Receptor Family members poses a critical question
of basal state regulation: how is kinase transphosphorylation prevented between two
monomers already in close proximity in the absence of ligand? While very little is known
about regulation of InsRR, the activation mechanisms of IR and IGF1R have been studied
quite extensively and they are highly conserved among the two receptors. The emerging
picture of IR family activation posits that in the basal state, the receptor is interlocked in the
inactive conformation by a set of autoinhibitory interactions established by both the
extracellular and intracellular modules. When triggered by binding of their cognate ligands,
insulin or IGF1, respectively, the IR and IGF1R receptors undergo a conformational change
that releases these autoinhibitory interactions activating the kinase domains. The
intracellular locks located within the juxtamembrane and kinase domain have been
understood quite well at the structural level. In the inactive state, the activation loop
physically blocks the substrate binding site on the kinase domain and restricts ATP binding
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to the nucleotide pocket (Figure 3C) (76). Following autophosphorylation on three tyrosine
residues, the activation loops of IR and IGF1R kinases undergo a major conformational
change that opens up the substrate binding and ATP binding sites (Figure 3C) (77). These
three phosphorylation events are required to fully activate the kinase (78). The N-terminally
adjacent juxtamembrane domains of IR and IGF1 receptors provide additionally
autoinhibitory interactions prior to ligand binding. Specifically, a highly conserved tyrosine
residue located within the JMD (Y984 in IR) makes several hydrophobic interactions with
the kinase N-lobe that stabilizes an unproductive conformation of helix C (79). This JMD-
imposed autoinhibition is released in the fully autophosphorylated states of the IR and
IGF1R kinase domains, and in the structures in which the intact IMD segment is present,
this is achieved through the formation of a symmetric dimer mediated by a new
conformation of JMD. In this dimer, the JMDs do not form intramolecular autoinhibitory
interactions with their respective kinase domains but cross over to interact intermolecularly
with the N-lobe of another kinase (Figure 3C) (80). In this context, the JIMDs form distinct
interactions with the a.C helices than those observed in the inactive state and contribute to
stabilization of the active kinase conformation. Thus, in IR and IGF1R the JMD segment
serves both inhibitory and activating roles and emerges as a critical structural component
coupling ligand binding to kinase activation.

Over the years, extensive structural and biochemical studies have been undertaken in an
effort to understand how ligand binding to the constitutive dimeric IR and IGF1R receptors
initiates the conformational changes in the ECD that are ultimately propagated to the kinase
and juxtamembrane domains resulting in kinase activation (81). Mutagenesis studies
revealed that there are two symmetric ligand binding sites within the IR and IGF1 receptors,
and each of these sites is composed of two interfaces called Site 1 and Site 2 that encompass
residues from both ap monomers within the a,B, dimer (82). Site 1 is composed of residues
contributed by the L1 domain on one ap monomer and by the residues from aCT domain
on the other ap monomer. Site 2 is composed of residues from the Fnl and Fn2 domains on
the opposite ap monomer that contributed the L1 interface. When both interfaces are
engaged with a ligand, the ligand binds with high affinity. The lower affinity ligand
interactions reflect engagement of the ligand with only one of the interfaces. Hence, there is
a number of binding modes that the ligand may adopt when engaging the receptor dimer but
receptor activation is achieved through high affinity binding when both interfaces of the
composite ligand binding site are engaged (83). Additionally, there is negative cooperativity
between the two equivalent composite insulin binding sites implying an asymmetric state
within the receptor dimer upon ligand binding (84). Thus, the current model of IR activation
by insulin is that a single molecule of insulin binds to one of the two equivalent composite
sites (each comprised of both Sites 1 and 2) with a 1:1 insulin:IR stoichiometry and that the
binding of a second molecule of insulin to the other composite site exhibits reduced affinity
as compared to the first.

Until recently, there were no structures of the full-length liganded ectodomains of the IR
family of receptors, and the proposed models describing ligand-induced conformational
changes were derived from the analysis of the crystal structures of the unliganded
ectodomain of the IR a B, dimer and of fragments of the IR ectodomain, bound to insulin
(85-87). These fragments encompassed first four domains of IR (L1, CR, L2 and Fn1l) and
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the aCT domain fused at the C-terminus of Fnl. In the unliganded state the ECD adopts an
inverted “U”-shaped conformation (or “V”-shaped conformation) in which reciprocal
interactions between the L2 domain of one ap monomer and Fnl domain of another a.
monomer form the base of the U shape and are oriented most distally part from the
membrane, while the Fn2 and Fn3 domains form arms of the U shape and connect to the
membrane (Figure 3B). As a result, the C-termini of the ECD in the unliganded state are
significantly separated (by ~120A). This separation would structurally affect the relative
orientation of the TMD, JMD and KD domains, which based on the structures of unliganded
ECDs are predicted to also be separated in the unliganded receptor. The structures of the
liganded IR ECD fragments, while revealing the molecular basis for ligand binding to the
receptor, did not provide conclusive insight into how the overall conformation of the ECD
might change upon ligand binding. Based on these structures and biochemical studies (88), it
was originally proposed that only small conformational changes occur in the ECDs upon
ligand binding, including a slight twist within the ECDs upon binding of the first ligand to
allow for the binding of another ligand molecule resulting with little change in relative TMD
separation within the a,p, dimer (81, 89).

This model has been revised by an elegant reexamination of the insulin bound IR and
unliganded ECDs structures and accompanying biochemical studies which support an
alternative model for ligand-dependent receptor activation (90). Reinterpretation of the
insulin-bound IR ECD structure revealed a potential hinge-like motion in the ECD upon
ligand binding. Such motion would bring the TMDs into close proximity to each other in the
presence of ligand. The striking ECD motion supports a model stating that physical
separation of the TMDs may be a mechanism by which IR family members remain inactive
without ligand. Several lines of evidence corroborate this model. Deletion of all or part of
the ECD increases receptor autophosphorylation, indicating that the function of the ECD in
the absence of ligand is autoinhibitory (91, 92). While the solution structure of the IR TMD
in detergent micelles, solved by NMR, yielded a monomeric state of the TMD (Figure 3E),
cross-linking studies are consistent with the propensity of the TMD to dimerize, in the
micelle environment (93). Finally, the first structures of the full-length IR ECD in complex
with insulin recently solved by cryoEM (94, 95) revealed significant conformational changes
that are induced within the a,, dimer upon ligand binding (Figure 3B). These changes
include movement of the L1, CR and L2 subdomains of one ap monomer and the Fn3 of
another ap monomer, together with the aCT domain of one of the monomers to generate the
ligand binding site. Because of the disulfide bonding between two ap monomers, these
conformational changes are predicted to significantly affect both monomers, and influence
the orientation of both Fn3 domains, which are most proximal to the plasma membrane, and
hence propagate to the TMD domains. Interestingly, one of the constructs used to produce a
cryo-EM ectodomain structure features a C-terminal leucine zipper that holds the two Fn3
domains in close proximity and this construct recapitulated high affinity for insulin as
observed with full-length IR (95). Satisfyingly, these conformational changes become
rationalized through recent advancements in structural analysis of full-length IR discussed
next.
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Structural snapshots of full-length IR receptors.

The incomplete understanding of the conformational changes induced by ligand binding to
the covalent dimers of the Insulin Receptor Family members and the critical role of
conformational coupling within the constitutive dimer for the maintenance of low basal
kinase activity, provides a highly motivating incentive towards obtaining high resolution
full-length structures of these receptors in the presence and absence of a ligand. The EM-
rooted efforts towards this goal span nearly four decades. The first EM studies of ligand-
bound full-length IR revealed a T-shaped conformation of the a,p, heterotetramer, both in
detergent and upon reconstitution in liposomes (96-98). These pioneering studies hinted to a
lack of substantial conformational shift within ectodomains upon ligand binding, lending
more credence to the “twist” model of ligand binding in which invoked conformational
changes during receptor activation are subtle.

Most recent NS-EM analysis of full-length IR reconstituted in lipid nanodiscs hints to a
different mechanism and corroborates the insights gained through crystallographic and EM
structural analyses conducted on isolated domains by depicting a significant conformational
shift in relative positions of TMDs upon insulin binding (54). Nanodiscs are circular pieces
of lipid bilayer in which lipids are encircled by helical membrane scaffold proteins (MSPs)
and which spontaneously assemble around purified recombinant membrane proteins upon
removal of a surfactant (99). Both the size and lipid composition of the nanodiscs may be
modulated, rendering them a powerful tool for reconstitution of membrane proteins for
biophysical and structural studies. The nanodiscs employed to visualize full-length IR also
significantly helped to unambiguously demarcate the relative positions of the TMDs in the
receptor dimer. In the absence of insulin, NS-EM class-averages of IR particles converged to
a U-shaped density with the majority of these particles connected to two circular densities
consistent with the presence of two nanodiscs per receptor particle (Figure 3F). The
dimensions of the U-shaped projection densities are in close agreement with crystal
structures of the apo-ECD dimer. The remarkable presence of two distinct nanodiscs per
receptor in class averages can be interpreted as a sign of significant separation of TMDs in
the absence of ligand, as originally suggested by the structure of the apo-IR receptor (85)
and later reasserted by Kavran and colleagues (90). The addition of insulin dramatically
shifts the conformational distribution from mostly two-nanodisc U-shaped averages to one-
nanodisc T-shaped averages. The single nanodisc in insulin bound particle averages suggests
the close juxtaposition of TMDs induced by ligand binding. These T-shaped averages are
reminiscent of the earlier EM studies and are consistent with the recently solved cryo-EM
structures of the full ectodomains of the insulin-bound IR (94).

Although still not at atomic resolution, the work by Gutmann and colleagues significantly
improved our mechanistic understanding of IR activation mechanism and further illustrated
the power of full-length RTK structural biology in elucidating the effects of ligand on
receptor structure. It is now evident that ligand binding in the IR family precipitates a
significant conformational change within the ectodomains that enables TMD dimerization
and likely activation of the kinase domains by close juxtaposition. Based on these
observations, the separation of kinase domains by widely splayed TMDs provides one
mechanism by which the covalent dimeric receptors of the IR family maintain a low basal
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activity in the absence of ligand. Additional mechanisms in addition to TMD separation
involving the interaction between the intracellular JIMD and the KD likely further contribute
to maintaining low basal trans-phosphorylation activity. A high-resolution full-length
structure of an IR family receptor will be invaluable in revealing additional mechanisms that
control ligand-dependent activation of this RTK class.

PDGFRp and c-KIT: Membrane proximal regions show off in the full-length

arena

Insights from the Domain Structures.

The PDGFR family is more diverse than the EGFR and IR families and consists of five
broadly related receptors: PDGFRa, PDGFRp, KIT receptor (also known as stem cell factor
(SCF) receptor), colony-stimulating factor 1 receptor (CSF1R), and the Fms-like tyrosine
kinase 3 receptor (FLT3, also known as FLK2) (2). The unifying feature of all five receptors
is the presence of five immunoglobulin-like (Ig-like) domains (D1-D5) within the
ectodomain, and the intracellular juxtamembrane domain module (JMD) followed by the
kinase domain (Figure 4A). The kinase domains of the PDGFR family of receptors feature
an insertion of linker domains with variable intervening sequences within the kinases’ C-
lobes (2). One remarkable property of this family of receptors is their responsiveness to
structurally diverse ligands, such as short chain a-helical bundle cytokines that activate KIT,
CSF1R, and FLT3 or structurally unrelated p-strand cystine-knot fold growth factor ligands
bind PDGFRa and PDGFRp (100, 101).

Numerous structural studies of the PDGFR family members revealed that all known PDGFR
family ligands form dimers themselves and promote receptor dimerization by directly
bridging two receptors together (100). This binding mode is quite distinct from that observed
in the HER/EGFR and IR families. Despite conserved domain composition of the ECDs,
there is a remarkably diversity and plasticity with which ectodomain/ligand complexes
assemble in the PDGFR family (101). In the crystal structures of KIT and PDGFRpB
ectodomains the D2 and D3 Ig-like domains make extensive interactions with the cognate
dimeric ligands (Figure 4B). Although the relative orientation of the D2 and D3 Ig-like
domains does not significantly change between the ligand-free and ligand-bound
conformations of the ECD, ligand binding has an allosteric effect on the orientation of the
distal D4 and D5 Ig-like domains. The D4 and D5 domains, which are most proximal to the
plasma membrane, are brought into closer proximity in the liganded receptor dimer. This
results in homotypic contacts between the D4 and D5 domains observed in the structures of
the liganded KIT ectodomain dimer (102). These “zipper-like” interactions contributed by
the Ig-like subdomains of the ectodomain concluding in the homotypic interactions within
the membrane proximal regions are predicted to propagate across the plasma membrane
resulting in kinase activation (103). Importantly, several activating KIT mutations identified
in various human cancers localize in the D5 domain (104) and modulate the strength of the
homotypic D5-D5 contacts as well as cooperation between the D4 and D5 domains (105),
suggesting that these mutations directly compromise the receptor’s activation mechanism.
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The “zipper-like” interactions are predicted to operate for all PDGFR family members (103),
except for FLT3. In FLT3, the interactions between the dimeric ligand and receptor
ectodomains are more compact (Figure 4C). Most importantly, the homotypic interactions
between the membrane proximal domains do not form and the residues that participate in
such interactions in other PDGFR family of receptors are not conserved in FLT3 (106).
Interestingly, there is a functional murine isoform of FLT3 in which the D5 domain is
entirely missing (107), suggesting that the D5 domain is largely dispensable for FLT3
activation. It is still possible that homotypic interactions between the membrane-proximal
regions in the FLT3 receptor are promoted by other receptor domains, including the TMD
and intracellular modules. These relationships will only be possible to assess in the context
of full-length receptor structures. The homotypic interactions observed in the ectodomain
structures of the KIT receptor are poised to promote proximity of the TMDs, underscoring
the potential role of active coupling between the conformation of ectodomains and the
interaction between TM helices in signal transduction across the membrane. The isolated
TM module of PDGFR has the propensity to dimerize in the /n vitro reconstituted
membranes (108) and is dimeric according to molecular dynamics simulations and NMR
measurements in lipid bilayers (109) (Figure 4D). An activating mutation within the TM
domain module has been identified in KIT in mastocytosis (110). Interestingly, this mutation
results in a replacement of a phenylalanine to a cysteine (F522C) in a region of the TMD
proximal to the extracellular membrane leaflet, suggesting a potential role of this mutation
in creating non-physiological disulfide bonds.

In stark contrast to the documented activating role of JMD in EGFR and IR families of
receptors, this region in the PDGFR family receptors is only known to participate in kinase
inhibition. Through a set of elaborate and remarkably conserved interactions spanning across
N- and C-lobe of the kinase domains, the JMD stabilizes the inactive conformation of KIT,
FLT3 CSFR1 and PDGFR kinases (Figure 4E) (101, 111). Upon ligand binding sequential
tyrosine autophosphorylation within the JMD dislodges the JIMD from the intradomain
active site crevice between the kinase domain N- and C-lobes, allowing the activation loop
to adopt an active conformation (112, 113). The autoinhibitory role of the JIMD might be of
particular importance for the maintenance of low basal activity of the PDGFR family of
RTKs due to the absence of other autoinhibitory interactions, such those established by the
ectodomains in the IR and HER/EGFR families. Consequently, multiple mutations in the
JMD regions of the PDGFR family members have been reported in diseases, including
tandem duplications within the FLT3 JMD accounting for 15-30% of acute myeloid
leukemia (AML) cases (114) and point mutations in the JIMD of PDGFRa in gastrointestinal
stromal tumors (GISTs) (115).

Structural snapshots of full-length KIT and PDGFR receptors.

The demonstrated structural diversity of ligand/ectodomain interaction modes and the extent
to which membrane proximal regions engage in homotypic interactions suggests that
fundamental mechanisms for activation of the PDGFR family members will be unique and
distinct for each receptor. How these interactions couple to the activation of the intracellular
domains, which in receptors like KIT and PDGFRp have been shown to form stable
complexes (116, 117), remains unknown. Low resolution structural analyses of two full-
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length PDGFR family receptors provide first clues to the answers to these questions. The
NS-EM projections of KIT in a 2:2 complex with stem cell factor (SCF) (52), and of
PDGFRp in a 2:2 complex with the platelet derived growth factor B (PDGF-B) (53), reveal
ectodomain dimeric contacts previously underappreciated by crystal structures (Figure 4F—
G). In the liganded crystal structure of KIT ectodomain dimer, the ligand mediates all dimer
contacts (Figure 4B) (102). The ectodomain crystal structure closely agrees with the full-
length NS-EM projection density within the region spanning the D1-D3 Ig-like domains but
the superposition of the crystal structure over the projection density demonstrates a notable
angular divergence in D4 and D5 relative to D1-D3 suggestive of even more extensive
homotypic interactions than originally suggested by crystal structures (Figure 4F). It is likely
that the presence of transmembrane and intracellular domains further constrains D4 and D5
orientation extending their homotypic interactions.

Full-length PGDFRp projection density and corresponding 3D reconstruction further
reinforce that homotypic contacts between the membrane-proximal D4 and D5 Ig-like
domains within the receptor ectodomains is a shared feature within the PDGFR family (with
the notable exception of FLT-3) (Figure 4G). Homotypic contacts provide a structural
rationalization for puzzling PDGFRp oncogenic mutations in the D4 and D5 domain and the
biochemical observation that PDGF has a lower affinity for the PDGFR fragment that
contains only D1-D3 domains fragment compared to the full ectodomains spanning the D1-
D5 domains (101). In the case of PDGFRp, D4 and D5 may act to optimally position D1-
D3 for ligand-receptor interactions. Incidentally, affinity of the KIT ectodomain for its
cognate ligand, SCF, is the same with and without the presence of the D4 and D5 domains,
suggesting inherent variations between activation mechanisms of different members of the
PDGFR family, despite overall structural similarities (53, 118).

The presence of membrane-proximal homotypic ectodomain interactions within a liganded
receptor dimer support the hypothesis that activation of PDGFR family of receptors relies on
the juxtaposition of transmembrane and intracellular components as proposed in the HER/
EGFR and IR families. The 3D reconstruction of the NS-EM data from the analysis of full-
length PDGFRp shows that volumes corresponding to the ectodomains converge into a
“funnel” before entering the putative detergent micelle indicating increase in proximity of
extracellular juxtamembrane components upon ligand binding (Figure 4G) (53). 2D
projections of c-KIT similarly demonstrate a constriction at the dimeric interface preceding
density corresponding to the detergent micelle (Figure 4F) (52). In both NS-EM studies, the
densities corresponding to the kinase domains appear larger than the dimensions of a single
KIT or PDGFR kinase domain and two closely positioned kinase domains may be
accommodated in the density. The relatively low resolution of these studies prevents high
confidence modeling of a kinase dimer. Intriguingly, a modeled PDGFR asymmetric
arrangement of kinase domains, reminiscent of the asymmetric dimerization interface of the
EGFR kinase domains, fits in the density quite well. Further studies are needed to explore
the possibility of such a dimer, and thus far, there is no biochemical data supporting the
existence and importance of an asymmetric kinase domain arrangement for activation of
PDGFR family of kinases.
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Conclusions

The three RTK families discussed in this review exemplify uniqueness of ectodomain
architecture, ligand binding modes and kinase-mediated interactions. The kinase domains of
the HER/EGFR family do not require activation loop phosphorylation for activity unlike the
other RTKSs and their ligands do not participate in the extracellular dimer interface. IR is a
constitutive covalent dimer, activated via structural rearrangements induced by still
incompletely understood ligand binding poses. The cognate ligands of the PDGFR family of
RTKSs directly bridge receptor monomers in the dimer, and through close juxtaposition of the
transmembrane domains, promote release of kinase autoinhibition via phosphorylation of the
juxtamembrane domain. Ultimately, high-resolution full-length structures of RTKs are
essential to reveal how these unique structural features act in concert to mediate signaling
across membrane in each individual case. Any future high-resolution structural efforts will
likely need to consider modelling the membrane environment to account for regulatory
interactions at the protein/membrane interface that have been implied by a number of
insightful studies (30, 65). For a number of RTKSs, the presence of non-catalytic co-receptors
and cytosolic cofactors might also be necessary to stabilize conformational states for high
resolution determination. The technological developments of cryo-EM mark this as an
exciting time to finally visualize these complex interactions, uncovering a deeper
understanding of RTK activation which may reveal nuances in currently established dogma
about their homeostatic and oncogenic signaling.
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Figure 1. Ligand-induced activation of RTKs.
(A) Multiple modes of oligomerization have been proposed at different steps of RTK

activation in response to ligand binding. In general, ligand binding promotes the formation
of a productive oligomer in which an active conformation of the kinase is stabilized. Pink
dots depict sites of autophosphorylation. (B) Summary of unique features of the activation
mechanisms operative in the HER (EGFR/ErbB), IR and PDGFR receptor families.
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Figure 2. Towardsthe structure of the full-length EGFR.
(A) Ribbon representation of the crystal structures of the unliganded EGFR ectodomain

(PDB ID: INQL), EGF ectodomain bound to EGF (PDB ID: 3NJP) or bound to epiregulin
(PDB ID: 5WBY7). (B) Cartoon representation of the NMR structure of the EGFR
TMD/IMD dimer solved in lipid bicelles (PDB ID: 2M20). (C) Ribbon representation of the
crystal structures of the inactive EGFR V924R kinase domain (PDB ID: 5CNO) and an
active EGFR kinase domain shown in the asymmetric dimer form in complex with the HER3
kinase, which serves here as an allosteric activator of EGFR (PDB ID: 4RIW). (D)
Representative NS-EM class averages of unliganded EGFR Atail receptors solubilized in
DDM (figure adapted with permission from Mi et al, 2011). (F) Representative NS-EM class
averages of EGFR Atail receptor dimers in the presence of EGF (figure adapted with
permission from Mi et al, 2011).
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Figure 3. Towardsthe structure of the full-length I nsulin Receptor.
(A) Left, subdomain organization within the extracellular portion of the IR ap monomer.

Right, disulfide bonds between two ap monomers form the covalent IR dimer. (B) Ribbon
representation of the crystal structures of the unliganded IR ectodomain (PDB ID: 4ZXB,
Fab molecules present in this structure have been removed for clarity) and bound to Insulin
(PDB ID: 6CEB), demonstrating the characteristic U-shaped (OFF) and T-shaped (ON)
architecture of the ECD dimer. (C) Ribbon representation of the crystal structures of the
inactive IR kinase domain (PDB ID: 1IRK) and fully active IR kinase domain (PDB ID:
1IR3) in which all activation loop tyrosines are phosphorylated. In both structures activation
loop tyrosines are shown in stick and dot representation. (D) Ribbon representation of the
crystallographic dimer formed by the two IR kinase domains in the active conformation via
exchange of the JMD domain (PDB ID: 4XLV). The JMD domain is marked in purple in the
cyan-colored IR kinase monomer. In both monomers activation loop tyrosines are shown in
stick and dot representation. (E) Cartoon representation of the NMR structure of the IR
TMD domain solved in micelles (PDB ID: 2MFR) reveals a kink in the N-terminal portion
of the TM helix, attributed to the presence of Gly 960 and Pro 961. (F) Representative NS-
EM class averages of glycosylated full-length IR receptor dimers in the absence and
presence of bound insulin, reconstituted in lipid nanodiscs (figure adapted with permission
from Gutmann et al, 2018).
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Figure 4. Towardsthe structures of the full-length PDGFR family of receptors.
A) Left, five Ig-like subdomains constitute the extracellular domain of receptors in the

PDGFR family. Right, contacts made by the Ig-like subdomains in the liganded structure of
the KIT extracellular domain. Tyrosine phosphorylation (marked by pink dots) in the JIMD
and kinase regions releases the autoinhibition and activates the kinase. (B) The left panel
shows a ribbon representation of the crystal structure of the unliganded KIT ectodomain
(PDB ID: 2EC8). This construct crystallizes as a monomer, depicted here using color code
introduced in (A). A second monomer (colored grey) shown in the left panel was generated
by the alignment of the 2EC8 monomer structure on the KIT ectodomain active dimer
induced by the binding of the KIT ligand, SCF, shown on the right panel in ribbon
representation (PDB I1D: 6CEB). This alignment illustrates that ligand binding changes the
relative orientation of the D4 and D5 domains promoting homotypic interactions between
these domains in the liganded KIT dimer. (C) Ribbon representation of the crystal structure
of the FLT3 ectodomain dimer in complex with the FL ligand (PDB ID: 3QS9). (D) Cartoon
representation of the NMR structure of the PDGFRB TMD domain solved in micelles (PDB
ID: 2L6W) reveals a potential dimerization interface between two TM helices. Two alanine
residues in this interface are depicted in stick and dot representation. (E) Ribbon
representation of the crystal structures of the inactive KIT kinase domain (PDB ID: 1T45)
showecasing the inhibitory interactions made by the JMD domain (left), and of the active KIT
kinase domain (PDB ID: 1PKG) (right). Two phosphorylated tyrosine residues in the JMD
segment of KIT are depicted in stick and dot representation. (F) Left panel, upper row shows
representative NS-EM class averages of full-length KIT. The lower row shows representative
raw particles. Right panel depicts a three-dimensional reconstruction and domain assignment
of SCF- induced dimeric KIT complex. The ECD, TM, membrane proximal D4 and D5
domains and kinase dimer are marked (figure adapted with permission from Opatowsky et
al, 2014). (G) The left panel shows a representative 2D NS-EM class average of the full-
length PDGFRp dimer in complex with PDGF-B. Individual receptor domains are marked.
The right panel shows the corresponding 3D reconstruction with atomic models of the ECD
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and TMD obtained by X-ray crystallography fitted into the density (figure adapted with
permission from Chen et al, 2015).
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