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Abstract

The human epidermal growth factor receptor (HER) tyrosine kinases homo- and hetero-dimerize
to activate downstream signaling pathways. HER3 is a catalytically impaired member of the HER
family that contributes to the development of several human malignancies and is mutated in a
subset of cancers. HER3 signaling depends on heterodimerization with a catalytically active
partner, in particular EGFR (the founding family member, also known as HER1) or HER2. The
activity of homodimeric complexes of catalytically active HER family members depends on
allosteric activation between the two kinase domains. To determine the structural basis for HER3
signaling through heterodimerization with a catalytically active HER receptor, we solved the
crystal structure of the heterodimeric complex formed by the isolated kinase domains of EGFR
and HER3. The structure visualized HER3 as an allosteric activator of EGFR and revealed a
conserved role of the allosteric mechanism in activation of HER family members through
heterodimerization. To understand the effects of cancer-associated HER3 mutations at the
molecular level, we solved the structures of two HER3 kinase mutants, each in a heterodimeric
complex with the kinase domain of EGFR. These structures, combined with biochemical analysis
and molecular dynamics simulations, indicated that the cancer-associated HER3 mutations
enhanced the allosteric potential of HER3 by redesigning local interactions at the dimerization
interface.
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Introduction

Receptor tyrosine kinases play a major role in the process of converting diverse extracellular
cues into the activation of distinct intracellular signaling networks. The activity of the
human epidermal growth factor receptors (HERS) controls indispensable signaling processes
in both the developing and adult organism through the stimulation of pathways that regulate
cellular proliferation, survival, and motility (1). The human genome contains four HER
genes, encoding the founding member EGFR (also known as HER1 or ERBB1), HER2 (also
known as ERBB2), HER3 (also known as ERBB3), and HER4 (also known as ERBB4).
Activation of the HER family of receptors occurs upon binding of extracellular ligands that
promote receptor oligomerization and catalytic activation of the intracellular kinase
domains. Subsequent phosphorylation of intracellular regions of the receptors triggers
recruitment and activation of downstream components, initiating signaling cascades. A
feature that enables the HER family of receptors to control diverse signaling outputs is their
ability to utilize their phosphorylation sites in a combinatorial manner through receptor
heterodimerization. The combined outputs from specific pairs of HER family members are
important for many fundamental biological processes, including heart function (2, 3), the
proliferation of Schwann cells (4), and neurogenesis (5).

The formation of heterodimeric complexes is particularly relevant for signaling by HERS.
The kinase domain of HER3 contains several inactivating substitutions that result in an
almost complete loss of catalytic activity, and HER3 is thus denoted as a pseudokinase
receptor. Consequently, HER3 has not been demonstrated to signal as a homodimer, but
rather to efficiently dimerize with and become phosphorylated by its heterodimerization
partners, primarily EGFR and HER2 (6-8). Signaling pathways activated by heterodimeric
complexes containing HER3 are essential for proper embryogenesis and development (1, 9).
Heterodimerization of HER3 with EGFR or HER2 also plays a role in oncogenic signaling
by the HER family (10-16), and contributes to cellular mechanisms that cause resistance to
cancer therapeutics targeting EGFR and HER2 (13, 17, 18). The design of next-generation
inhibitors that could overcome this developed resistance is now focused on directly targeting
HER3 or HER3-containing heterodimers (15).

Cancer genomics studies have identified the first HER3 mutations in primary human tumors
(19-21). Interestingly, the missense mutations located in the catalytically inactive HER3
kinase domain are the strongest gain-of-function substitutions (19). However, signaling by
these HER3 mutants still requires the presence of a catalytically active HER partner,
suggesting that these mutations enhance signaling only when HER3 forms heterodimeric
complexes. The molecular mechanism behind the activating effect of HER3 mutations has
not been described, but the identification of cancer mutations in this critically important
receptor underscores the need to understand how HER3 forms active complexes with other
members of the HER family under both normal and oncogenic conditions.

Current structural understanding of the molecular mechanism underlying catalytic activation
of HER family of receptors is informed by studies of homodimeric complexes, formed by
the catalytically active HERs, primarily EGFR and HER4 (22, 23). Catalytic activation of
these complexes relies on the formation of an asymmetric head-to-tail dimer between the
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two kinase domains (22). In this dimer, the kinase domain of one receptor (the “activator”
kinase) allosterically activates the kinase domain of the dimerization partner (the “receiver”
kinase). This mechanism effectively yields one activated kinase molecule per receptor dimer
(the receiver), which is thought to phosphorylate tyrosine residues in both receptor subunits’
cytoplasmic tails. In this arrangement, the allosteric activator kinase does not require
catalytic activity. Biochemical studies indicate that HER3 functions as the allosteric
activator kinase in dimers with other HERs (24) and is therefore capable of functionally
participating in the active heterodimeric complex as both upstream activator and
downstream substrate.

Here, we solved the crystal structure of an active complex formed by the isolated kinase
domains of HER3 and EGFR. This structure illustrated how HER family of receptors
utilizes conserved binding interfaces to enable combinatorial signaling in response to
extracellular cues. We also report crystal structures of two heterodimeric complexes formed
by the kinase domain of EGFR and mutant kinase domains of HER3 identified in cancer
patients. We leveraged these structural insights into HER3-containing heterodimers to
mechanistically explain how HER3 cancer mutations increase HER3-dependent signaling.
These studies revealed a mechanism for the aberrant activation of members of the HER
family in cancer through the enhancement of their noncatalytic allosteric “activator”
function. These results emphasize the utility of specific inhibition of the allosteric function
of HERs as an approach to expand the available pool of HER-targeted therapeutics.

The structure of the EGFR/HER3 kinase domain heterodimer visualizes HER3 as an
allosteric activator of EGFR

To elucidate the structural basis for the heterodimeric interactions that underlie signaling by
receptor complexes containing HER3, we pursued a crystal structure of the heterodimeric
complex of the kinase domains of EGFR and HER3. Both of these isolated kinase domains
are well-behaved monomers and each has been well characterized previously through X-ray
crystallography (22, 24). To promote formation of EGFR/HER3 heterodimers, we utilized
the EGFR-V924R mutant which prevents EGFR from functioning as an allosteric activator
kinase, thereby limiting its function to that of the receiver kinase within the active
asymmetric dimer (22). We anticipated that this property would promote specific interaction
of the EGFR kinase domain with the HER3 kinase domain, which is predicted to
preferentially occupy the activator position in heterodimeric complexes (22). In addition, we
designed the EGFR and HER3 constructs to include different fragments of the
juxtamembrane (JM) segment, a region immediately N-terminal to the kinase domain that
increases the dimerization affinity between EGFR monomers (25, 26). On the basis of
sequence conservation within this region, we hypothesized that JM segment-mediated
interactions should also promote heterodimerization between EGFR and HERS.

Initial screening, performed with equimolar concentrations of EGFR and HER3 constructs,
yielded several conditions that produced crystals of the EGFR-V924R construct alone. In
these crystal lattices, EGFR-V924R formed an inactive, symmetric dimer mediated by the
C-terminal tail fragments present in the crystallization construct that encompassed residues
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960-998. This dimer was previously reported as an autoinhibited EGFR complex (fig. S1A)
(26). We hypothesized that the presence of EGFR-V924R nucleation centers arising from
this autoinhibited symmetric dimer might have prevented the growth of crystals of the active
asymmetric complex between the EGFR and HER3 kinase domains. To favor the specific
interaction between EGFR and HER3, we introduced a double mutation into the C-terminal
tail region of the EGFR constructs (F973A/L977A) which is predicted to disrupt a
dimerization interface that stabilizes this autoinhibited, symmetric dimer. The EGFR-
V924R/F973A/L977A variant retained full function as a receiver kinase when reconstituted
with HER3 in an in vitro kinase assay (fig. S1B). Combining the EGFR construct containing
these substitutions and the C-terminal half of the JM segment (residues 658-998) with a
HER3 construct limited to the pseudokinase domain (residues 674-1001) yielded crystals of
the heterodimeric complex (fig. S1C). We biochemically confirmed that the crystals
contained both EGFR and HER3 subunits by silver staining an SDS-PAGE sample of an
isolated crystal (fig. S1D). These crystals diffracted X-rays to 3.1-A resolution and
contained an active asymmetric dimer formed between the EGFR and HERS3 kinases (Fig.
1A, Table 1).

The overall organization of the dimer formed between the EGFR and HER3 kinase domains
(Fig. 1A) is similar to those observed in the EGFR/EGFR (Fig. 1B) (22), HER2/HER?2 (Fig.
1C) (27), and HER4/HER4 (Fig. 1D) (23) homodimer structures . In all previously solved
structures of active HER homodimers, the packing of molecules in the crystal lattice results
in a daisy chain of asymmetric dimers in which every receiver kinase simultaneously
functions as the allosteric activator for the next molecule in the chain. These interactions
stabilize an active conformation in all kinase molecules, eliminating an unbiased insight into
the conformation of the activator kinase within the asymmetric dimer. In the structure of the
EGFR/HER3 complex, daisy chaining is prevented due to the inherent inability of the
catalytically impaired HERS3 to take the receiver position (24). In the EGFR/HER3
heterodimer, the HER3 pseudokinase domain is in an inactive conformation known as the
“Src/CDK-like” inactive state (28, 29) (Fig. 1A). In this conformation, the aC helix is
swung away from the active site and the N-terminal portion of the activation loop is folded
into a single helical turn. In addition, as observed in previous structures of the isolated
HERS3 pseudokinase domain (24, 30), the aC helix in HER3 is markedly shortened in
comparison to that of EGFR.

Despite large structural differences in the conformation of the N-lobe of HER3 in
comparison to the conformation of the activator kinases in previously solved asymmetric
homodimer structures (fig. S2A, B), the C-lobe of HER3 forms contacts with the EGFR N-
lobe that are analogous to the contacts visualized in homodimeric structures. The C-lobe of
the HER3 kinase domain rests on the N-lobe of the EGFR kinase domain, stabilizing a
canonical active conformation of EGFR in which the catalytically important aC helix is
swung toward the active site, allowing the conserved glutamate (Glu’38) to form a salt
bridge with the catalytic lysine (Lys’?1) at a favorable distance of 2.9 A (Fig. 2A). We found
that the chemically stabilized ATP analog (AMP-PNP), which we included in our
crystallization mix, had been hydrolyzed to its diphosphate form within the EGFR active site
(Fig. 2A). Hydrolysis of AMP-PNP has been observed in previous crystal structures of
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active ATPases (31, 32), and its occurrence in the crystals of the EGFR/HER3 complex
further emphasizes the active catalytic state of EGFR. In contrast to EGFR, the intact AMP-
PNP molecule was observed in the HER3 nucleotide-binding site (Fig. 2B).

Although the overall architecture of the HER3 pseudokinase domain in the EGFR/HER3
heterodimer does not display large conformational changes in comparison to previously
solved monomeric HERS3 structures (24, 30) (fig. S3), the HER3 activation loop, which has
consistently been predominantly disordered in monomeric structures, is fully ordered in one
of the heterodimers in the asymmetric unit (Fig. 2B). In this dimer, the HER3 activation
loop adopts a folded conformation in which the activation loop tyrosine (Tyr84%) points
directly toward the nucleotide bound in HER3, with a closest distance of 3.4 A separating
the tyrosine hydroxyl and the triphosphate linkage of AMP-PNP. The activation loop
tyrosine is conserved throughout tyrosine kinases and plays a central regulatory role in the
activation of many of these enzymes (33). Although this closed conformation appears to be
stabilized by a nonspecific lattice contact present only in this HER3 monomer, it is in
agreement with the canonical organization of the Src/CDK-like inactive conformation.
Therefore, the observed closed conformation of the HER3 activation loop may represent a
native state in its conformational equilibrium. By analogy to other protein kinases,
phosphorylation of HER3 Tyr849 is expected to destabilize the Src/CDK-like inactive
conformation (34). Although it is currently unclear whether this conformation has specific
functional consequences for HER3-dependent signaling processes, the HER3 activation loop
is well conserved throughout evolution (fig. S4), suggesting it may be involved in regulation
of HERS.

The conformation of the EGFR kinase domain in the heterodimeric EGFR/HER3 complex is
largely unchanged compared to structures of active homodimeric EGFR complexes, with
one notable exception. The N-terminal end of the EGFR aC helix shifts ~4A outward from
the active site in the EGFR/HER3 heterodimer in comparison to its position the EGFR/
EGFR homodimer. This allows the aC helix to tuck into a shallow pocket in the C-lobe of
the HER3 kinase domain (Fig. 2C). This structural shift likely occurs due to a difference in
the identity of the C-lobe residues in this region of the activator interface, which contains an
isoleucine in HER3 (11e93%) and a serine in EGFR (Ser®33). This region has been implicated
as a determinant in activator/receiver pairing specificity (35), and our heterodimeric
structure highlights the conformational plasticity of the EGFR kinase domain, which allows
it to engage in allosteric interaction with either HER3 or EGFR activator subunits.

Juxtamembrane segment interactions enhance EGFR/HER3 heterodimerization

Previous studies on the activation mechanism of EGFR have identified an essential role of
the intracellular JM segment in the stabilization of the catalytically active kinase domain
dimer (25, 26). The sequence of the JM segment can be separated into two functionally
distinct regions (Fig. 3A). The N-terminal region, known as JM-A, is thought to directly
dimerize with the JM-A sequence of the other receptor subunit in the active receptor dimer
through the formation of a short antiparallel coiled-coil motif (26, 36, 37). The C-terminal
region of the JM segment, known as the JM-latch (or JM-B), is immediately adjacent to the
kinase domain, and, in contrast to JM-A, does not have a defined secondary structure. In the
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homodimeric crystal structures of EGFR and HER4 asymmetric dimers, the JM-latch of the
receiver kinase runs along the surface of the C-lobe of the activator kinase, creating a
narrow interaction surface ~20A in length that directly extends the central receiver/activator
interface between the two kinase domains in the dimer (25, 26, 38).

The contribution of JM segment-mediated interactions to heterodimerization of HERS is not
known. We obtained crystals of the EGFR/HER3 heterodimer only when the EGFR
construct contained the JM-latch (Fig. 1A), suggesting that this region likely supports
heterodimerization events. We found that the interaction between the JM-latch of EGFR and
the C-lobe of HER3 involved two backbone hydrogen bonds, two charge-charge interactions
(HER3 Arg%®1/EGFR Glub66 and HER3 Arg?>5/EGFR Asp®73), and a region of alternating
polar and nonpolar residues (EGFR Leu864/\/al%65/Leu%68 and HER3 GIn’90/Ser827), which
form nearly identical contacts as those observed in the EGFR/EGFR and HER4/HER4
homodimers (25)(38)(Fig. 3A).

To test the functional relevance of the JM segment-mediated interactions observed in the
crystal structure of the EGFR/HER3 heterodimer, we measured the catalytic activation of
the EGFR kinase domain in the presence or absence of the JM segments. To specifically
detect the ability of the pseudokinase domain of HERS to allosterically activate EGFR, we
utilized the EGFR-V924R mutant, which cannot function as an allosteric activator but
retains catalytic activity as a receiver kinase. We also measured the allosteric activator
function of the kinase domain of EGFR using constructs with a mutation that allows
function only as an activator, EGFR-1682Q (22). Robust kinase activity occurred only when
EGFR-V924R was mixed with the pseudokinase domain of HER3 or with the kinase domain
of EGFR-1682Q (Fig. 3B). These results indicated that, although the N-terminal end of the
EGFR aC helix is shifted in the EGFR/HER3 heterodimer in comparison to its position in
the EGFR/EGFR homodimer as shown in Fig. 2C, pairing of the isolated kinase domains in
EGFR/HER3 or EGFR/EGFR complexes resulted in approximately equal kinase activation..

The dimerization affinity of isolated kinase domains of HERs without the presence of the
JM segments is quite low (22). As previously observed (22, 24), detection of the
dimerization-driven kinase activity of the isolated kinase domain fragments required the
concentration of His-tagged constructs on the surface of Ni-NTA lipid vesicles (Fig. 3B).
Using the vesicle-based assay, we found that the presence of the EGFR JM-latch sequence
potentiated HER3-dependent activation of the kinase domain of EGFR to a similar extent as
observed for the homodimeric EGFR/EGFR interaction (Fig. 3C), indicating that the
interaction between the JM-latch of EGFR and the C-lobe of the HER3 pseudokinase
domain contributes to kinase activation.

We also investigated the importance of the JM-A dimer in EGFR/HER3 activation.
Inclusion of the complete JM segments on both activator and receiver EGFR constructs
produces in vitro kinase activity in the absence of vesicles due to increased dimerization
affinity (26). Comparison of EGFR-1682Q and HER3 kinase domain activator subunits
containing the full JIM-A regions to those lacking these JM-A regions showed that the
presence of the JM-A sequences potentiated the activity of the EGFR/HER3 kinase domain
heterodimer in solution (Fig. 3D). Overall, this analysis indicated that JM segment-mediated
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interactions are both structurally and functionally conserved among HERS, and contribute to
the activation of kinase activity by different dimerization partners.

Cancer-associated mutations in the HER3 kinase domain map to the active dimer interface

Several HER3 mutations have been identified in primary human tumors (19-21). These
mutations confer increased signaling potential to the mutant HER3 when it is coexpressed
with a catalytically active HER family member (19). Three strongly activating cancer-
associated HER3 mutations -- Q790R, S8271, and E909G -- localize to the pseudokinase
domain of HER3. In agreement with previous studies (19), we found that the kinase domain
mutations do not increase the catalytic activity of the HER3 pseudokinase (fig. S5).
However, mapping the pseudokinase domain mutations onto the structure of the EGFR/
HERS3 heterodimer unveiled a common theme in their distribution. Although the mutations
are not concentrated in a single region of the HER3 pseudokinase domain, each mutation sits
at the periphery of the EGFR/HER3 dimerization interface (Fig. 4A). Thus, we hypothesized
that cancer mutations in the HER3 pseudokinase domain modulate the ability of HER3 to
function as an allosteric activator.

To gain structural insight into the functional role of the HER3 mutations, we solved the
structures of the EGFR/HER3-Q790R and EGFR/HER3-E909G complexes (Table 1). Asin
the crystal structure of EGFR with the wild-type HER3 pseudokinase domain, the EGFR
kinase domain carried the V924R/F973A/L977A mutations and contained the JM-latch
fragment. In each complex, EGFR was bound to ADP, a result of AMP-PNP hydrolysis in
the active site of EGFR, and the HER3 subunit was bound to AMP-PNP (Fig. S6). Both
EGFR/mutant HER3 complexes had an almost identical overall structure as that of the
EGFR/wild-type HER3 heterodimer (Fig. 4B). These results indicated that the HER3 Q790R
and E909G mutations are compatible with the architecture of the asymmetric dimer that
supports allosteric activation of EGFR by HER3. Thus, we hypothesized that the cancer-
associated mutations may enhance HER3 signaling by stabilizing the asymmetric dimer
interface. Although we could grow crystals of the EGFR/HER3-S8271 heterodimer under
the same crystallization conditions, we were unable to obtain diffraction-quality crystals of
this heterodimer. However, we predict that this complex adopts an overall structure similar
to that observed in the EGFR/HER3-Q790R and EGFR/HER3-E909G dimers.

A subset of HER3 cancer-associated mutations promote the interaction between the
kinase domain and the juxtamembrane latch

The HER3 mutations Q790R and S8271 are located in the region of the HER3 kinase
domain that interacts with the EGFR JM-latch (Fig. 4A, 5A). Consequently, we reasoned
that these mutations might enable increased HER3-dependent activation of EGFR through
the stabilization of the JM-latch interface. We measured the ability of the HER3-Q790R and
HER3-S8271 mutant kinase domains to allosterically activate the EGFR-V924R kinase
domain construct, which lacks the JM-Ilatch, in the vesicle-based in vitro kinase assay. In
this context, the wild-type HER3 kinase domain and the two mutants allosterically activated
EGFR similarly (Fig. 5B). However, in the vesicle-based assay with the EGFR-V924R
kinase containing the JM-latch, both the Q790R and S8271 HER3 mutants were more
effective at activating EGFR kinase activity than was the wild-type HER3 kinase domain
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(Fig. 5C). This enhancement was even more pronounced in solution-based experiments, in
which the role of IM segment-mediated interactions can be assessed independently from the
vesicle-mediated increase in local protein concentration. In solution, the wild-type HER3
kinase domain produced a modest activation of the EGFR construct containing the JM-latch,
whereas the Q790R and S8271 HER3 mutant kinase domains exhibited substantially
increased allosteric activator function in stimulating EGFR activity (Fig. 5D). Thus, the
Q790R and S8271 mutations improved the allosteric activator function of HER3 by
enhancing interaction with the EGFR JM-latch sequence.

Inspection of the region of the JM-latch interface containing HER3 GIn’%0 and Ser827
revealed a nonoptimal interaction motif: Three hydrophobic residues from the EGFR subunit
(Leu®04, Valb65 and Leub8) alternate with two polar residues from the HER3 C-lobe
(GIn790 and Ser827) (Fig. 5A). This structural configuration suggested that the Q790R and
S8271 substitutions might functionally redesign this interface through the introduction of
stabilizing interactions. Indeed, the crystal structure of the EGFR/HER3-Q790R heterodimer
showed that the Q790R substitution resulted in a hydrogen bond between the arginine
guanidinium headgroup and the backbone carbonyl of EGFR GIub86 (Fig. 5A). This
hydrogen bond is inaccessible to the shorter side chain of the glutamine residue in wild-type
HERS3.

To further investigate the hypothesis that the Q790R mutant enhances the interaction
between the EGFR and HERS3 kinases, we performed molecular dynamics simulations
starting from the crystal structure of the EGFR/wild-type HER3 heterodimer. In this
heterodimer the EGFR JM-latch lost contact with the HER3 C-lobe over time (Fig. 5E, F).
The simulation data indicated that, although the presence of the JM-latch contributed to
EGFR/HERS heterodimer formation, this interaction was relatively weak, at least in the
context of the EGFR fragment containing only the kinase domain and JM-latch. In contrast,
inclusion of the Q790R mutation in the HER3 kinase domain resulted in a stable JM-latch
interface that persisted over the 9-us simulation (Fig. 5E). The additional hydrogen bond
observed in the EGFR/HER3-Q790R crystal structure was readily apparent in the molecular
dynamics simulations.

Since we were not able to solve a crystal structure of the EGFR/HER3-S8271 complex, we
used molecular dynamics simulations to gain structural insight into the role of this mutation
in increasing the allosteric potential of HER3. Similarly to the Q790R mutation, simulation
of the EGFR/HER3-S8271 heterodimer also showed a stabilized JM-latch interaction (Fig.
5E). Additionally, these simulations suggested the presence of a molecular interaction
unique to the EGFR/HER3-S8271 complex. The HER3 S8271 mutation appeared to drive the
formation of a stabilizing hydrophobic cluster comprised of EGFR Leu®4/val®5, and
HER3 Leu’?Y/11e827 (Fig. 5A). This hydrophobic grouping is disrupted in the wild-type
EGFR/HERS heterodimer by the polar nature of the wild-type HER3 Ser827 side chain.

A previous study characterized an activating cancer-associated mutation on the opposite side
of this interface, the EGFR V665M substitution in the JM-latch sequence (25). EGFR V665
is located directly across from the GIn"9 and Ser827 residues in HER3 (Fig. 5A). The EGFR
V665M substitution was proposed to facilitate formation of a small hydrophobic cluster,
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similar to the HER3 S8271 mutation (25). Thus, activating cancer-associated mutations on
either side of the JM-latch binding site appear to redesign the interaction network connecting
these five residues, leading to a stabilized interface between the activator and receiver kinase
domains.

The HER3-E909G cancer-associated mutation disrupts an electrostatic network at the
activator/receiver interface

Another cancer-associated mutation, HER3 E909G, lies in the section of the activator/
receiver interface formed by the kinase domains of HER3 and EGFR (Fig. 4A, 6A). In
agreement with a previous study (39), we found that the E909G mutation enhanced the
allosteric activating potential of the HER3 pseudokinase domain in vitro (Fig. 6B). We did
not observe any major alteration in the dimerization interface in the structure of the EGFR/
HER3-E909G heterodimer (Fig. 4B, 6A). This result suggested that the E909G mutation
might primarily enhance EGFR/HER3 dimerization affinity rather than, as was previously
postulated (39), increasing the catalytic rate of the activated EGFR.

We compared the dimerization affinity of the EGFR kinase domain with wild-type and
E909G mutant HER3 by measuring the in vitro kinase activity of EGFR-V924R under a
titration with either wild-type or E909G HERS3 constructs. Both the EGFR-V924R and
HERS3 constructs contained the full IM segments (the JIM-A regions and the JM-latch),
allowing the observation of robust kinase activity in solution-based experiments. In the
presence of increasing concentrations of either wild-type HER3 or the E909G mutant, we
were able to achieve maximal EGFR activity, an indication of saturated binding (Fig. 6C).
Comparison of the K, values from these titrations showed that the HER3-E909G mutant
kinase domain had ~5-fold increased affinity for EGFR-V924R as compared to the wild-
type HER3 kinase domain. In addition, the HER3-E909G mutant elicited a ~2-fold
enhanced catalytic rate of the EGFR kinase at HER3 concentrations that saturated the
EGFR/HERS3 dimer. These results indicated that the HER3-E909G mutant enhanced both
kinetic parameters of HER3 allosteric activator function, but that the majority of the in vitro
activating effect of the E909G substitution derived from enhanced EGFR/HER3
dimerization affinity.

Although the structures of the wild-type and HER3-E909G heterodimeric complexes with
EGFR did not show large conformational changes in this region, we noted the presence of a
cluster of charged residues that surround Glu®® (Fig. 6A). HER3 Glu%? lies across the
EGFR/HERS3 interface from the EGFR Lys®4 Glub87 and Glu’19 positions. The presence
of three closely spaced negatively charged residues adjacent to only one positively charged
side chain creates an unfavorable electrostatic network that is likely inhibitory to EGFR
dimerization with the wild-type HER3. Thus, we predicted that neutralization of the
repulsive charge across the interface, due to the HER3 E909G substitution, increased the
dimerization affinity between the EGFR and HER3 kinase domains.

Furthermore, we predicted that modulation of the acidic electrostatic network (Fig. 6A)
through the mutation of other glutamates, EGFR GIu®87 and Glu’10, should phenocopy the
activating effect of the HER3-E909G mutant. We measured the HER3-mediated activation
of EGFR-V924R kinase domains with the E687A or E710A mutation and observed that the
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EGFR E687A mutation increased HER3-mediated EGFR activity (Fig. 6D). The E710A
mutation had a less pronounced effect, likely because it is a less stable component of the
interaction network due to its position on a flexible loop (fig. S7). Although neither mutation
fully replicated the highly activating effect of the HER3-E909G kinase domain, we note that
substitutions in the N-lobe of the EGFR kinase domain are likely to have pleiotropic effects
due to the direct mutation of a regulatory subdomain of the kinase, which may partially
obscure a gain-of-function phenotype. We were unable to produce a sample of the E687A/
E710A double mutant due to the instability of this EGFR construct.

All of the residues involved in the acidic cluster surrounding HER3 Glu®%® are highly
conserved in the HER family (Fig. 6E), suggesting that this interaction network might play a
role in regulating the activation of other HER family members. We therefore, investigated
whether a mutation in EGFR analogous to the HER3-E909G substitution (EGFR-E907G,
introduced in the context of the 1682Q mutant) enhanced the allosteric activator function of
the EGFR kinase domain toward EGFR-V924R receiver kinase domain using the vesicle-
based in vitro kinase assay. EGFR-E907G exhibited an ~8-fold enhancement in activator
activity compared with the kinase domain of EGFR-1682Q, which was similar to the ~7-fold
enhancement provided by the HER3 E909G substitution (Fig. 6B, F). Thus, the activator-
enhancing effect of this mutation was not HER3-specific, but rather represented a general
effect on the function of the activator kinase domain.65

Discussion

One of the defining features of the EGFR family is their ability to engage in heterodimeric
signaling complexes, enabling connections to distinct biological outputs. Although many
studies have improved our understanding of the molecular architecture of active
homodimeric HER complexes (22, 23, 25, 26, 37, 40-46), no direct structural insights into
the interaction between subunits of heterodimer HER complexes have been made. Studies of
HER homodimers have revealed that the molecular mechanisms underlying receptor
activation, which involve both the extracellular and intracellular domains, are highly
conserved between different homodimeric complexes. Here, we reported a structural
visualization of an active complex between two different HER family members, EGFR and
HERS3. The heterodimeric EGFR/HERS3 structure demonstrated that this pairing of HERs
also utilizes the highly conserved set of interactions located within the kinase domains and
JM segments that characterize the interactions between HER homodimers. This mechanistic
conservation highlights that conserved binding interfaces have evolved to enable
combinatorial receptor pairing, thereby providing diverse and tailored signaling output from
differential growth factor stimulation.

During the course of our analysis, we identified two nonoptimal interaction motifs in the
EGFR/HERS allosteric dimerization interface (Fig. 5A, 6A). Although the protein-protein
interfaces containing these regions are essential for receptor activation, biochemical analysis
and molecular dynamics simulation indicated that these interactions are relatively weak and
transient in nature. We posit that these nonoptimal interactions exist for the precise purpose
of controlling receptor activation. By weakening the individual domain interactions in the
allosterically activated state of the dimeric HER complex, these inhibitory motifs help to
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suppress the possibility of aberrant receptor activation caused by the extensive dimer
interface. Although our structure-function analysis focused on the EGFR/HER3
heterodimer, the principles derived in our experiments are likely applicable to other HER
complexes, including the disease-relevant HER2/HER3 heterodimer. Residues involved in
the JM-latch interaction (26) and the electrostatic cluster surrounding HER3 Glu%%® (Fig.
6E) are conserved in all HERs.

The EGFR/HERS3 heterodimer structure also provided insight into the disease-relevant
HERS3 pseudokinase in its role as an allosteric activator of catalytically active HER family
members. HERs are often aberrantly expressed or mutated in human cancers. These
mutations generally facilitate oncogenic signaling by increasing catalytic activity of the
receptor (47). Unless oncogenic mutations in HER3 restore catalytically required residues,
enhanced function as a catalytically active kinase is not an activating mechanism applicable
to HER3. Our structural and biochemical analyses of cancer-associated mutations in the
HERS3 pseudokinase domain revealed an alternative mechanism by which HER complexes
can undergo aberrant activation. The crystal structures of active heterodimeric EGFR/HER3
complexes showed that several gain-of-function cancer-associated mutations in the HER3
pseudokinase domain localize to the periphery of the EGFR/HERS interaction interface.
These missense mutations alter the protein-protein interface used by the HER3 pseudokinase
to allosterically activate the EGFR kinase domain. Thus, these mutations act by increasing
the allosteric activator function of a HER family member, underscoring the importance of
the allosteric activation mechanism used by this set of receptors.

A conceptually similar mechanism for enhancing HER3 signaling has been described in
breast cancer cells treated with an inhibitor targeting the active site of HER2 (13). In these
cells, increased allosteric potential of HER3 is achieved through increased abundance of
HERS3, driving an amplified amount of HER2/HERS3 signaling which buffers against HER2
inhibition. Whether catalytically active HERs are also deregulated in human disease through
the direct enhancement of their allosteric function remains to be investigated. We searched
the literature for evidence of the EGFR-E907G substitution, which increased the allosteric
activator function of the EGFR kinase domain in vitro. Cell-based experiments have
identified this sequence alteration as the top hit in a screen for EGFR mutants with
resistance to an ATP-competitive inhibitor (48). It is tempting to speculate that the EGFR-
E907G substitution may be found in future studies as a bona fide oncogenic mutant or as a
variant driving drug resistance.

Our finding that the identified gain-of-function mutations in the HER3 pseudokinase domain
enhance the allosteric activator potential of HER3 supports the development of next-
generation inhibitors that target this allosteric function. Furthermore, our analysis of the
EGFR/HERS heterodimer provides a structural framework for this drug development effort
by visualizing HER3 in an active complex with one of its catalytically active EGFR
dimerization partners.
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Materials and Methods

Cloning and protein purification

The human HER3 kinase domain fragment, residues 674-1001 (numbering without the 19-
aa signal peptide) and the EGFR kinase domain, residues 672-998 (numbering without the
24-aa signal peptide), were expressed in SF9 cells using the Bac-to-Bac expression system
(Invitrogen) and purified as previously described (22, 24). Mutations were introduced by
QuikChange site-directed mutagenesis (Stratagene) and confirmed by DNA sequencing.
Constructs including the full JM segments contained HER3 residues 648-1001 and EGFR
residues 645-998. The EGFR construct including only the JM-latch extension contained
residues 658-998.

Crystallization and data collection

To form the EGFR/HER3 asymmetric dimer, an equimolar amount of HER3 (residues
674-1001) and EGFR-V924R/F973A/L977A (residues 658-998) were combined in
crystallization buffer (10 mM Tris pH 8.0, 150 mM NaCl, 1 mM DTT, 1 mM TCEP, 2 mM
AMP-PNP, 5 mM MgCl,) to a final concentration of 7 mg/mL total protein. This
crystallization mix was combined with an equal volume of mother liquor (100 mM HEPES
pH 7.5, 14% PEG-6K, 200 mM MgCl,) and incubated in the hanging drop format to
produce crystals. After incubation at room temperature for ~15 days, individual crystals
were cryoprotected by soaking in mother liquor plus 20% glycerol and flash frozen in liquid
nitrogen. Diffraction data was collected on beamline 8.3.1 of the Advanced Light Source at
the Lawrence Berkeley National Laboratory in Berkeley, CA. Mosflm10 and Scalall were
used to index, integrate, and scale the diffraction data. Data from two nonoverlapping sweep
angles were collected from opposite ends of the same crystal and merged to obtain a highly
complete dataset. Crystals of the EGFR/HER3 heterodimers carrying cancer-associated
HER3 mutations were grown using a mother liquor composed of 100 mM HEPES pH 7.5,
15% PEG-5K MME, 5 mM MgCl,, and 500 mM ammonium acetate, at a total protein
concentration of 10 mg/mL.

Phasing and structure determination

We solved the phase problem by molecular replacement with the HER3 and EGFR kinase
domains (PDB IDs 3KEX (24) and 2GS6 (22), respectively) after the removal of all ligands.
Following a determination of the predicted number of kinase domains in the asymmetric
unit, we utilized Phaser (49) to place HER3 and EGFR kinase domains in an unbiased
fashion. Manual model building in COOT (50) and automated refinement in Phenix (51)
were used alternately to refine the structure to completion. Detailed statistics for data
collection and refinement can be found in Table 1.

In vitro kinase assay

Kinase activity was measured using a continuous enzyme-coupled reaction system as
previously described (22). The reaction buffer contained 20 mM Tris pH 7.5, 10 mM MgCl,
and 500 pM ATP. Poly 4Glu:Tyr peptide (Sigma) was used as the phosphorylation substrate
at a concentration of 1 mg/mL. Small unilamellar vesicles were produced by extrusion
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through a membrane containing 100 nm pores (Whatman) using a mix of 90% DOPC and
10% Ni-NTA-DGS lipids (Avanti Polar Lipids). The kinetic analysis described in Figure 6
was performed using GraphPad Prism software.

Molecular dynamics

Simulations were initiated from the crystal structure of the EGFR/HERS3 kinase domain
heterodimer and included residues 664-960 of EGFR and 680-960 of HER3. The
heterodimer was placed in the middle of a cubic simulation box (with periodic boundary
conditions) of 128 A per side. Explicitly represented water molecules were added to fill the
system, and Na* and CI~ ions were included to maintain physiological salinity (150 mM)
and to obtain a neutral total charge for the system. Each simulation contained approximately
200,000 atoms in total. The systems were parameterized using the TIP3P water model (52)
and the Amber99SB*-ILDN force field (53-55), which was developed based on Amber99
(56) and Amber99SB (57), with Amber03 charges used to model the side-chains of Arg,
Lys, Glu, and Asp. The simulation systems were equilibrated in the NPT ensemble at 1 bar
and 300 K for 4 ps. Equilibrium molecular dynamics simulations were performed on the
special-purpose machine Anton (58) in the NPT ensemble at 310 K and 1 bar, using the
Nose-Hoover thermostat and barostat (59) and Martyna-Tobias-Klein barostat (60) with
relaxation times of 1.0 ps and 10.0 ps, respectively, and a time step of 2.5 fs. Bond lengths
to hydrogen atoms were constrained using a recently developed implementation (61) of M-
SHAKE (62). Lennard-Jones and Coulomb interactions were calculated using a force-shifted
cutoff of 9.5 A (63).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Crystal structure of the EGFR receiver/HERS3 activator kinase domain heterodimer

compared to homodimeric complexes of HER kinase domains. (A) EGFR/HER3
heterodimer (PDB ID: 4RIW), (B) EGFR/EGFR homodimer (PDB ID: 2GS6), (C) HER2/
HER2 homodimer (PDB ID: 3PP0), and (D) HER4/HER4 homodimer (PDB ID: 3BCE). All
structures are aligned on the N-lobe of the receiver kinase domain.
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Figure2.
Detailed structural features of the EGFR/HERS heterodimer. (A) Top: electron density for

the ADP/Mg** complex observed in the EGFR active site (at 3.0 o above the mean value).
The difference electron density maps shown in all panels were calculated using a model of
the protein at a refinement stage before the inclusion of the nucleotide. Bottom: detailed
view of the EGFR active site, showing an optimal catalytic center. (B) Top: Electron density
for the AMP-PNP/Mg** complex bound to the HER3 nucleotide-binding site (3.0 o).
Bottom: Stable conformation of the HER3 activation loop enables visualization of Tyr849 in
one of the HER3 subunits in the asymmetric unit. (C) Conformational variability observed at
the N-terminus of the aC helix in the EGFR/HERS3 (top) and EGFR/EGFR (bottom, PDB
ID: 2GS6) asymmetric dimers. In all panels, carbon atoms contained within the a.C helix are
blue and activation loop sequences are red.
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Figure 3.
Contribution of the JM segment to EGFR/HER3 heterodimerization and EGFR activation.

(A) Cartoon diagram showing the architecture of the asymmetric kinase domain dimer
formed by HER family proteins. Insets show a detailed view of the JM-latch interfaces
observed in the EGFR/HER3 heterodimer and the EGFR/EGFR homodimer (PDB ID:
3GOP). (B) The activity of the receiver kinase domain EGFR-V924R in the presence of
indicated activator kinase domains in the vesicle-based in vitro kinase assay. (C) Activity of
the kinase domain EGFR-V924R construct containing the JM-latch (green) in the presence
of indicated activator kinase domains in the vesicle-based in vitro kinase assay. (D) Activity
of the kinase domain EGFR-V924R construct containing the full JM segment (red and
green) measured in solution in the presence of the indicated activator kinase domains with or
without the JIM-A segment (red). Error bars in all figures represent the standard deviation of
three independent measurements.

Sci Sgnal. Author manuscript; available in PMC 2015 December 02.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Littlefield et al.

Page 22

8 EGFR/HER3 EGFR/HER3-Q790R [ EGFR/HER3-E909G

Figure4.
Cancer-associated mutations in the HER3 pseudokinase domain. (A) The gain-of-function

HER3 mutations Q790R, S8271, and E909G mapped onto a surface representation of the
EGFR/HERS3 kinase heterodimer crystal structure. (B) Crystal structures of EGFR/HER3
heterodimers carrying HER3 cancer mutations. Left: Ribbon diagram overlay of EGFR/
HER3 heterodimeric complexes containing either the wild-type or Q790R HER3 kinase
domain. Right: Ribbon diagram overlay of EGFR/HERS3 heterodimeric complexes
containing either the wild-type or E909G HER3 kinase domain.
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Figureb5.
Effect of HER3 cancer-associated mutations in the JM-latch binding site on allosteric

activator function. (A) Cartoon diagram highlighting the interaction of the JM-latch of
EGFR (green) with its binding site on the HER3 pseudokinase domain (yellow). Insets show
the side chain interaction networks observed in the wild-type EGFR/HER3 dimer (crystal
structure), the EGFR/HER3-Q790R dimer (crystal structure), and the EGFR/HER3-S8271
dimer (after 9 us of simulation). The hydrogen bond unique to the EGFR/HER3-Q790R
dimer is shown in orange dashes, while the hydrophobic cluster unique to the EGFR/HER3-
S8271 dimer is shown in dot representation. (B) Activity of the EGFR-V924R kinase
domain in the presence of the indicated HER3 kinase domain in the vesicle-based assay. (C)
Activity of the EGFR-V924R kinase domain containing the JM-latch (green) in the presence
of the indicated HER3 kinase domain in the vesicle-based assay. (D) Activity of the EGFR-
V924R kinase domain containing the JM-latch (green) in the presence of the indicated
HER3 kinase domain in solution. In B-D, the red circle in the cartoons of the dimers
represents the EGFR-V924R mutation; WT, wild-type. Error bars are plotted as the standard
deviation of three independent measurements, **p<0.001. (E) Root-mean-square deviation
(RMSD) of the alpha carbons of the EGFR JM-latch sequence observed in molecular
dynamics simulations of the EGFR/HER3 heterodimer. RMSD calculations were completed
after alignment of each trajectory snapshot on the HER3 C-lobe. (F) Molecular dynamics
simulations of the wild-type EGFR/HER3 heterodimer. Left: The native conformation of the
JM-latch sequence observed at the start of the simulation. Right: Conformation of the JM-
latch sequence observed after 9 s of simulation. This conformation is not predicted to be
stable, as the backbone hydrogen bonds and charge-charge interactions that secure the JM-
latch interface in the EGFR/HERS crystal structure are lost.
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Figure®6.
Effect of the E909G mutation on the allosteric activator function of HER3. (A) Diagram

showing the cluster of charged residues in the vicinity of HER3 GIu%0? at the activator/
receiver interface of the EGFR/HER3 dimer (left) and in the EGFR/HER3-E909G dimer
(right). (B) Activity of the EGFR-V924R kinase domain in the presence of the indicated
HER3 kinase domain constructs in the vesicle-based assay. (C) Activity of the EGFR-
V924R kinase domain upon titration with the wild-type (WT, blue) or E909G (red) HER3
kinase domain. Both EGFR and HER3 contained the kinase domains and the full IM
segments. (D) The activity of the EGFR-V924R kinase domain without additional mutation
(WT) or with the indicated mutation in the presence of the wild-type HER3 kinase domain
in the vesicle-based assay. (E) Sequence conservation of amino acid residues in the acidic
cluster surrounding GIu®%. (F) Activity of the EGFR-V924R kinase domain in the presence
of the HERG1-1682Q kinase domain containing either no additional mutations (WT) or the
E907G mutation in the vesicle-based assay. In panels B, C, D, and F, data are plotted as the
mean and standard deviation of three independent experiments, *p<0.005, **p<0.001.
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Table 1

Summary of crystallographic data and refinement. No., number

Data collection EGFR/HER3 EGFR/HER3-Q790R | EGFR/HER3-E909G
Space group P1211 P1211 p1211
Unit cell dimensions
a=65.67b= a=64.65b= a=6533b=
a b, c(A) 154.52 ¢ =86.98 | 155.05c = 86.86 155.14 ¢ =87.30
A=90.00p= A=90.00p= A=90.00p=
a, B,y () 110.94y=90.00 | 111.09 y = 90.00 110.93 y = 90.00
60.48-3.10 (3.27- | 59.77-3.10 (3.27- 60.00-3.00 (3.21-
Resolution, A 3.10) 3.10) 3.00)
Rmerge 0.191 (0.602) 0.173 (0.587) 0.176 (0.573)
1a(1) 5.2 (2.0) 6.9 (2.4) 6.5 (2.7)
Completeness (%) 97.6 (99.4) 95.4 (96.8) 99.5 (99.9)
Multiplicity 2.7(2.7) 1.7 (1.7) 3.8 (3.9)
Refinement
Resolution, A 60.48-3.10 59.77-3.10 56.78-3.00
No. unique
reflections 28,729 27,509 32,340
Rwork/Rfree 22.7/28.7 20.7/25.8 21.6/26.7
No. atoms
Protein 9,023 9,027 9,002
Ligand 120 120 120
B-factors, mean (A?)
Protein 412 60.0 45.8
Ligand 334 85.2 58.9
RMS deviations
Bond lengths (A) 0.005 0.006 0.005
Bond angles (°) 0.982 1.206 1.093
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