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SUMMARY

Effective inactivation of the HER2-HER3 tumor driver has remained elusive because of the 

challenging attributes of the pseudokinase HER3. We report a structure-function study of 

constitutive HER2-HER3 signaling to identify opportunities for targeting. The allosteric activation 

of the HER2 kinase domain (KD) by the HER3 KD is required for tumorigenic signaling and can 

potentially be targeted by allosteric inhibitors. ATP binding within the catalytically inactive HER3 

KD provides structural rigidity that is important for signaling, but this is mimicked, not opposed, 

by small molecule ATP analogs, reported here in a bosutinib-bound crystal structure. Mutational 
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disruption of ATP binding and molecular dynamics simulation of the apo KD of HER3 identify a 

conformational coupling of the ATP pocket with a hydrophobic AP-2 pocket, analogous to EGFR, 

that is critical for tumorigenic signaling and feasible for targeting. The value of these potential 

target sites is confirmed in tumor growth assays using gene replacement techniques.

In brief

Campbell et al. undertake a structure-function analysis of the HER2-HER3 kinase domains when 

HER2 is overexpressed in cancers. The analysis confirms the critical role of this kinase dimer in 

this cancer type and identifies multiple new opportunities for the design of first-in-class allosteric 

inhibitors for this disease.

Graphical Abstract

INTRODUCTION

The treatment of cancers by targeting their driving kinase oncogenes is a highly rational and 

validated treatment approach, producing profound remissions in the majority of patients with 

targetable kinase oncogene-driven cancers, replacing cytotoxic chemotherapies (Chapman 

et al., 2011; Kantarjian et al., 2002; Maemondo et al., 2010; Shaw et al., 2013). However, 

the treatment of HER2-amplified breast cancers has not followed this paradigm, and HER2-

targeting kinase inhibitors have minimal or modest activities by themselves (Blackwell et al., 

2010; Burstein et al., 2008; Martin et al., 2013; Swaby et al., 2009). What sets HER2 apart 

is that it is activated by gene amplification and massive overexpression rather than mutation 

or fusion events. In addition, the critical role of its dimerization partner HER3 makes for 

a two-component tumorigenic driver, creating additional complexity in this target (Holbro 

et al., 2003; Lee-Hoeflich et al., 2008; Vaught et al., 2012). HER3 is not only essential 

for tumorigenesis but also functions in mediating drug resistance that becomes apparent 

when HER2 inhibitors are used to suppress HER2-HER3 signaling. This is because HER3 
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expression is highly dynamic and functionally linked with downstream negative feedback 

signaling, and the rapid compensatory upregulation of HER2-HER3 signaling following 

drug exposure allows for a 2-log increase in signaling output, presenting a stoichiometric 

barrier that has thus far remained outside the therapeutic index of all current pharmaceutical 

technologies, including best-in-class reversible and irreversible inhibitors acting at the active 

site of the HER2 kinase domain (KD) (Amin et al., 2010; Garrett et al., 2011; Sergina et 

al., 2007). There are HER2 isoforms, splice variants, and mutations in both human HER2-

amplified cancers and in mouse Neu-driven tumors that show increased homodimerization 

and more aggressive biology (Hart et al., 2020; Siegel et al., 1994); however, HER3 remains 

an essential partner for tumorigenesis (Vaught et al., 2012). It has become clear that the 

highly effective treatment of HER2-amplified cancers requires combined inhibition of the 

functions of HER2 and HER3. But HER3 presents a challenging target for inhibition using 

current pharmaceutical strategies. Its function in HER2-amplified cancers is engaged in 

a ligand-independent manner, and antibodies targeting its extracellular domain (ECD) are 

unable to inhibit its signaling functions in these cancers (Blackburn et al., 2012; Garner 

et al., 2013; Kugel et al., 2014; McDonagh et al., 2012; Schoeberl et al., 2010; Campbell 

et al., 2022). Its KD is catalytically inactive and functions as an allosteric activator of the 

HER2 kinase (Guy et al., 1994; Jura et al., 2009b). This makes it much more challenging 

for functional targeting and is not suited for the standard pharmaceutical platforms for 

developing kinase inhibitors. Developing effective small molecule inhibitors of HER2-HER3 

KD signaling requires deeper insights into the structural features of this complex that are 

engaged during tumorigenic signaling. We have performed a structure-function analysis of 

the HER2 and HER3 KDs to identify additional functional liabilities that can provide a 

mechanistic basis for next generation therapeutics.

RESULTS

We established an experimental system in CHO cells mimicking the expression levels and 

the ligand-independent constitutive phosphorylation of HER2 and HER3 that is observed 

in HER2-amplified cancer cells (Figure S1A). This was done because massive HER2 

overexpression in cancer cells promotes ligand-independent modes of dimerization and 

signaling that is likely mechanistically distinct from canonical ligand-dependent modes 

of dimerization and physiologic signaling in cells with normal levels of HER2, and thus 

development of therapeutics based on the physiologic ligand-dependent modes often do 

not translate well to the pathologic ligand-independent signaling occurring in cancer cells. 

In the physiologic ligand-induced mode of signaling, the KDs of the HER family are 

activated through an asymmetric interaction wherein the C-lobe of an activator kinase 

interfaces with the N-lobe of a receiver kinase (Jura et al., 2009b; Kovacs et al., 2015; 

Qiu et al., 2008; Zhang et al., 2006). Constitutive HER2 autophosphorylation and HER3 

transphosphorylation induced by the pathologic state of HER2 overexpression remain 

dependent on this allosteric mode of KD activation as seen by mutational disruption of 

this interface (Figures 1A–1D). The activating C-lobe interfaces are more difficult to disrupt 

by single mutation but are better disrupted by triple mutation (Figures 1B and 1D). All 

homotypic and heterotypic activation of the HER2 KD is channeled through its N-lobe 

receiver site such that mutation of this receiver interface results in total loss of HER2 and 
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HER3 phosphorylation and signaling (Figures 1B and 1C). This N-lobe receiver site in the 

HER2 KD forms a hydrophobic groove potentially suitable for small molecule inhibitor 

binding (Figure S2).

The HER3 KD functions as an obligate allosteric activator and is itself catalytically inactive, 

despite high-affinity binding of ATP (Claus et al., 2018; Jura et al., 2009b; Shi et al., 

2010). The role and relevance of ATP binding for the HER3 KD remains to be defined, 

but emerging evidence suggests a function in structural stabilization (Claus et al., 2018; 

Mendrola et al., 2013). We undertook an exploration of how occupation of the ATP pocket 

affects HER3 KD structure in this model of HER2-driven constitutive signaling. First, 

we determined whether displacement of ATP from HER3 KD by high-affinity-binding 

small molecule ATP analogs, all previously characterized as type I inhibitors, could have 

an effect. However, none of the small molecules suppressed constitutive HER3 signaling 

driven by HER2 overexpression (Figure 1E). Lack of the inhibitory effect of drug binding 

on HER3 signaling might be a consequence of the ability of these ATP-mimetic drugs 

to preserve the same conformation of the HER3 pseudokinase domain as ATP binding. 

This is supported by the effect of a K742M mutation in HER3, which disrupts ATP 

binding (Honegger et al., 1987; Shi et al., 2010), on HER3 phosphorylation (Figures 1F 

and 1G). In the presence of a K742M mutation, HER3 phosphorylation was significantly 

impaired under conditions of overexpression, to an extent comparable with the effect of 

V945R mutant that directly disrupts the allosteric function of the HER3 C-lobe. Hence the 

structural effect of ATP binding is critical for HER3 function even under conditions of 

HER2 overexpression. The function of HER3 impacts HER2 autophosphorylation, as well 

as HER3 transphosphorylation. HER2 autophosphorylation is higher if HER3 is present and 

competent to activate the HER2 KD compared with when HER2 autophosphorylation is 

driven entirely by homodimers (best seen in Figures 1C, 1F, and 1G), consistent with the 

notion that the HER3 KD is a better activator for the HER2 KD compared with the HER2 

KD itself.

To obtain deeper insights into the effects of drug binding to the HER3 KD, we determined 

the crystal structure of the HER3 KD/bosutinib complex to a resolution of 2.5 Å (Figures 2A 

and S3; Table S1). In this structure, HER3 KD adopts the so-called Src/CDK-like inactive 

conformation (Figure 2A), which is the same conformation that HER3 adopts when bound 

to the ATP analog AMP-PNP (root-mean-square deviation [RMSD] = 0.39 Å) (Jura et al., 

2009b; Shi et al., 2010). The identical conformational states in the AMP-PNP and bosutinib-

bound structures are achieved despite significantly different binding modes employed by 

bosutinib and the nucleotide (Figure 2A). This would support the notion that nucleotide 

pocket occupancy of HER3 plays an important structural role in HER3 signaling, and pocket 

vacancy is disruptive to the activating function of HER3.

Because there is no current pharmaceutical approach to induce a state of nucleotide pocket 

vacancy, we sought a deeper understanding of the structural effect that ATP binding might 

have on the conformation of the HER3 pseudokinase that may identify surrogate approaches 

more feasible for pharmaceutical targeting. The stabilizing effect of ATP is likely propagated 

through regions proximal to its binding site within the HER3 pseudokinase domain, and 

some of these are known to undergo conformational changes in related kinases. One such 

Campbell et al. Page 4

Cell Rep. Author manuscript; available in PMC 2022 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



region located in the N-lobe of the KD is referred to as an AP-2 pocket in the epidermal 

growth factor receptor (EGFR) (Jura et al., 2009a). The AP-2 pocket adopts different 

conformations in the crystal structures of the inactive and active states of the EGFR KD. In 

the inactive conformation, the AP-2 pocket accommodates a portion of the EGFR C-terminal 

tail in a number of reported EGFR crystal structures (Figure S4A). In the structures of the 

active EGFR kinases, the C-terminal tail is displaced and the AP-2 pocket adopts a more 

closed conformation (Figures S4B and S4C). Similar conformational changes are observed 

in the Src tyrosine kinase in which the AP-2 pocket is engaged by the SH2-KD linker 

region in the inactive state and closes in the active state of the Src kinase (Breitenlechner 

et al., 2005; Xu et al., 1997). The physiological relevance of these interactions for kinase 

autoinhibition have been investigated for both EGFR (Jura et al., 2009a) and Src (Gonfloni 

et al., 1999).

The AP-2 pocket is largely conserved between EGFR and HER3, and it encompasses four 

hydrophobic residues in HER3: F704, L709, W728, and V786. The pocket adopts a partially 

open conformation in both the ATP- and bosutinib-bound HER3 structures, stabilized by 

an edge-to-face π-stacking interaction between F704 and W728 (Figures 2B, 2C, and S5). 

Most importantly, it is connected to K742 in the nucleotide-binding pocket via a network 

of hydrogen bonds within the β3/β4 strand that extends to V786 in the AP-2 pocket. The 

side chain of the preceding residue, I741, makes direct hydrophobic interactions with the 

side chains of L709 and V786 (Figure 2D). We used molecular dynamics (MD) simulations 

to investigate the dynamics of the AP-2 pocket as a function of the nucleotide occupancy 

in the ATP binding site. The AP-2 residues in the ATP-bound HER3 pseudokinase domain 

remained largely stable throughout the length of the simulation with an average RMSD of 

0.6 Å (Figures 3A and 3B). In contrast, apo HER3 and K742M HER3 mutant underwent 

larger fluctuations within the N lobe and in the AP-2 pocket in particular (Figures 3A–3D). 

These fluctuations were accompanied by a significant downward shift of the β3-β4 loop 

in the AP-2 pocket and the collapsed conformation of the P loop in the pseudo-active 

site (Figures 3B and 3D). The collapsed P loop state likely reflects loss of stabilizing 

interactions provided by the phosphate groups of the bound nucleotide. With the exception 

of the conformational changes centered on the nucleotide-binding pocket, there were no 

other structural rearrangements that were significantly different between the ATP-bound and 

apo HER3 or HER3 K742M mutant. Hence what we observe is a specific “seesaw” motion 

of the structural elements spanning from the pseudoactive site to the AP-2 pocket, pointing 

to an allosteric connection between these two sites in the HER3 pseudokinase.

To investigate whether there is allosteric coupling between the AP-2 pocket and the ATP 

binding site, we performed an N-body Information Theory (NbIT) (LeVine and Weinstein, 

2014) analysis on MD simulations of ATP-bound and apo HER3 (Figure 3E). In this 

analysis, we treated as the receiver site the residues of the P loop, the region of the ATP 

binding site farthest from the AP-2 pocket, which is an important component of the ATP 

binding site due to its involvement in mediating binding and transferring the terminal 

phosphate group of ATP. The NbIT analysis demonstrated allosteric communication in 

our simulations between the AP-2 pocket and the P loop (~2 kcal/mol), providing further 

support for the notion that the AP-2 pocket should be considered as a target site for the 

design of drugs that could affect the binding of molecules within the ATP binding site.
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The function-disabling effect of ATP loss on HER3 induced by the K742M mutation 

(Figures 1F and 1G) can be mimicked by direct mutation of the AP-2 pocket, either 

through mutation of W728, which would collapse the AP-2 pocket, or any of three surface 

residues (F704, L709, V816) that could interfere with the potential binding activities of 

the pocket (Figures 3F and 3G). All of these mutations compromise HER3 signaling to an 

extent observed for the K742M and V945R mutations. In the face of HER2 overexpression 

simulated in these experiments, constitutive ligand-independent signaling is quite high, and 

there is only an incremental increase in phosphorylation inducible by ligand. Both the 

constitutive and ligand-induced levels of signaling are considerably decreased by an AP-2 

pocket mutation (Figure 3H). These data further support the notion that the ATP binding 

pocket and the AP-2 pocket are in the same allosteric path, the integrity of which is essential 

for HER3 function.

In contrast to active kinases, pseudokinases typically do not sample many conformational 

states that could be preferentially stabilized by diverse classes of molecules occupying the 

ATP pocket (Murphy et al., 2017). But the structural rigidity offered by the occupants 

of this pocket remains paramount. Exploring this requirement through these experimental 

in vitro and in silico ATP eviction studies identifies the surface AP-2 pocket that is in 

conformational cross-talk with the ATP pocket. Similar to disruption of ATP binding in 

the pseudoactive site of HER3, mutation of the AP-2 pocket has an inhibitory effect on 

HER3 signaling, providing an alternative binding site for targeting the signaling functions 

of HER3. To evaluate the potential of the AP-2 pocket to engage small molecules (Shan et 

al., 2011), we conducted unbiased fragment binding MD simulations with randomly selected 

fragments containing aromatic rings and observed multiple transient binding events in the 

AP-2 pocket (Figure S6). Although more systematic MD studies are required to identify 

“hit” binders of the pocket, the simulations in addition to the structural studies on EGFR 

and Src kinases that demonstrate the capacity of this pocket to engage in binding of short 

polypeptide motifs (Gonfloni et al., 1999; Jura et al., 2009a) (Figure S6) underscore the 

potential for binding small molecules by the AP-2 pocket.

The importance of these KD functions within the HER3 KD on tumorigenic growth was 

confirmed in HCC1569 HER2-amplified cancer cells. Although the CHO cell studies 

described above allow highly controlled structure-function studies to be performed in 

isolation from confounding variables, the HCC1569 in vivo studies allow the testing of 

these conclusions in an actual HER2-amplified tumor, accounting for all the complexities 

of cancer cell signaling, as well as any contributions from the in vivo microenvironment, 

including the potential role of in vivo ligands. To generate this model, we eliminated the 

endogenous expression of HER3 in these cells by CRISPR-Cas9 targeting and replaced 

it with the expression of experimentally controlled HER3 constructs, including wild-type 

HER3 or versions carrying mutations at the c-lobe interface or at the AP-2 pocket (Figure 

4A). Disruption of the allosteric activating function within the HER3 KD C-lobe or 

disrupting the AP-2 helix binding activity of the HER3 KD N-lobe substantially impairs 

tumor growth (Figure 4B), confirming the essential role of these functions in tumorigenic 

signaling and the potential of these sites as targets for novel classes of pharmaceutical 

agents. It is unlikely that the engineered mutations in this study, including the HER3 C-lobe 

activating interface mutations and the HER3 AP-2 pocket mutations, are globally disrupting 
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the entire structural integrity of the HER3 KD and producing an entirely nonfunctional or 

unfolded protein. These mutations are at surface residues, mutations at different residues 

produce similar results, the mutant versions of HER3 are stable proteins, they express 

as well as the wild-type HER3 (Figures 1B–1G, 3G, 3H, and 4A), and they localize 

properly within cells (Figure S7). The tumor-suppressive effects of these mutations are 

consistent with the structural and biochemical evidence presented, supporting a specific loss 

of function inflicted by these targeted mutations.

DISCUSSION

The treatment of oncogene-driven cancers through the inhibition of their driving kinase 

oncogenes has revolutionized the field of oncology, and this treatment paradigm has now 

replaced cytotoxic chemotherapeutics in the clinical management of many oncogene-driven 

cancers (Chapman et al., 2011; Kantarjian et al., 2002; Maemondo et al., 2010; Shaw et 

al., 2013; Verweij et al., 2003). This success to date has been largely restricted to kinases 

activated through mutational or fusion events. These same drugs that are effective against 

mutation- or fusion-activated kinases are far less effective when the same kinase target is 

activated through gene amplification and overexpression (Barnes et al., 2005; Campbell et 

al., 2002; Cohen et al., 2005; Corcoran et al., 2010; Hodi et al., 2013; Landi et al., 2019; 

Nukaga et al., 2017; Soulieres et al., 2004). This includes inhibitors of HER2, which are 

far more effective in treating cancers driven by mutational activation of HER2 (Hyman et 

al., 2018) than cancers driven by amplification and overexpression of HER2 (Burstein et 

al., 2010; Martin et al., 2013). It is evident that massively overexpressed kinase oncogenes 

present a barrier that has yet to be overcome. That is not altogether surprising because the 

stoichiometry of kinase inhibition is altered by sheer abundance. Theoretical approaches 

to overcome this include a similar massive increase in drug dosage and exposure, and we 

attempted such an approach (Chien et al., 2011), but this is limited by the therapeutic index 

and bioavailability of the agents. In another approach, irreversible kinase inhibitors can 

provide substantially increased molar potency afforded by covalent binding to the KD, and 

this superiority is readily evident in vitro. But such chemical reactivity comes at a significant 

cost in expansion of off-targets, including targets within (Davis et al., 2011; Karaman et al., 

2008) and outside of the kinome family (Dittus et al., 2017; Lanning et al., 2014; Niessen 

et al., 2017), and thus the increased biochemical potency of these agents is offset by their 

limited therapeutic index. Clearly, additional approaches are needed to effectively inhibit 

massively overexpressed driver kinases.

Of the overexpressed kinase oncogenes, HER2 amplification and overexpression account 

for the largest subset of cancers. The HER2 target brings with it additional complexity in 

the form of its requisite dimerization partner HER3, which is reviewed in the Introduction. 

Although the expression of HER3 is far less than HER2 in these tumors, the expression of 

HER3 is dynamic, and HER2-HER3 signaling output is increased nearly 100-fold through 

the compensatory upregulation of HER3, unleashing a great reserve capacity inherent in 

the massively abundant HER2 (Amin et al., 2010; Sergina et al., 2007; Garrett et al., 

2011). In this structure-function study, we looked for alternative mechanistic approaches to 

interfere with HER2-HER3 transactivation that can complement current ATP analog HER2 

kinase inhibitors, increasing the potency of target inhibition. We specifically modeled the 
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state of massive overexpression in these experimental studies because overexpression may 

involve mechanisms not engaged during physiologic ligand-driven receptor dimerization and 

activation, which occur at normal levels of expression.

Although high-resolution structures of the HER2 KD homodimer or a HER2-HER3 KD 

heterodimer have not yet been resolved, the activating interaction between the HER2 N-lobe 

receiver site and the HER3 C-lobe activator site can be modeled based on the crystal 

structures of the active EGFR and HER4 kinase homodimers or HER3 kinase/EGFR kinase 

heterodimers (Littlefield et al., 2014; Qiu et al., 2008; Zhang et al., 2006). Our data show 

that mutations at the dimer interface that target either the receiver interface on HER2 or 

the activator interface on HER3 efficiently disrupt HER2/HER3 signaling under conditions 

of HER2 overexpression. Hence our findings suggest a potential in allosteric inhibitors 

acting at the active dimer interface as an efficient strategy in tumors driven by HER2 

overexpression. Design of such molecules is theoretically possible on the HER2 side. 

The HER2 interface at the HER2/HER3 asymmetric kinase dimer centers on a so-called 

helix αC patch, which is a hydrophobic pocket formed by the αB and αC helices and 

the β4/β5 strands in the N-terminal lobe of the KD (Figure S2). The helix αC patch 

serves as a regulatory allosteric site in a number of protein kinases (Jura et al., 2011). In 

the PDK1 kinase, the helix αC patch has been successfully targeted by small molecule 

inhibitors (Engel et al., 2006; Rettenmaier et al., 2014), setting a precedence for this strategy 

working in other kinases. In contrast, finding molecules that target the asymmetric kinase 

dimerization interface on the HER3 side will not be trivial because this side of the active 

dimer interface lacks suitable pockets that could be explored for targeting. Our data suggest 

two alternative sites on the HER3 KD that, although not directly at the dimer interface, form 

well-defined pockets and whose structural integrity is essential for HER2/HER3 signaling. 

First is the canonical nucleotide-binding pocket that is preserved in HER3 despite the fact 

that HER3 is a pseudokinase receptor and does not have the ability to hydrolyze ATP (Jura 

et al., 2009b). Disruption of ATP binding in HER3 by mutation has previously been shown 

to inhibit its signaling (Claus et al., 2018), and we further demonstrate that this requirement 

cannot be overcome by massive HER2 overexpression as seen in HER2-amplified cancers. 

These data point to an essential structural role of nucleotide coordination for signaling by 

the HER3 pseudokinase, a phenomenon noted in other pseudokinases, such as STRADalpha, 

KASR, and JAK2 (Hammaren et al., 2015; Hu et al., 2011; Zeqiraj et al., 2009). These 

observations also suggest that there may be a potential in very specifically designed 

molecules binding within the ATP pocket of the HER3 KD to serve as its inhibitors, if 

these molecules can displace ATP without satisfying structural interactions made by the 

ATP.

Alternative approaches to destabilize the ATP pocket of the HER3 KD include targeting 

sites involved in structural cross-talk with this pocket. In this effort we identify one such 

site, the AP-2 pocket on the N-lobe of HER3 KD, with mutational studies that support 

its relevance even in the face of massive HER2 expression. We originally identified the 

AP-2 pocket in the EGFR KD, although its exact functions remain to be well defined. 

This pocket engages in protein-protein interactions that have been previously identified to 

occur inter-molecularly in EGFR. Specifically, we had shown that the AP-2 pocket of one 

EGFR monomer engages the C-terminal tail fragment of another EGFR receptor resulting in 
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formation of an autoinhibited complex (Jura et al., 2009a). These observations had revealed 

the potential of the AP-2 pocket to engage in binding events that hypothetically could be 

explored for drug targeting. Although at present, we do not know if the AP-2 pocket in 

HER3 can also engage an AP-2 helix region, the conservation of the pocket among all 

HER receptors supports this possibility. If it does, the AP-2 helix region must come from 

another HER receptor (e.g., HER2) because the AP-2 helix sequence is not conserved in 

HER3 (Jura et al., 2009a). It is also possible that other motifs engage with the AP-2 pocket 

of HER3 because in the Src kinase, the AP-2 pocket engages a structurally different SH2 

domain-KD linker region (Gonfloni et al., 1999). Although the functionally important role 

of the HER3 AP-2 pocket for HER3 and its dimers with HER2 is unclear, the disruptive 

effect of AP-2 pocket mutations on HER2/HER3 signaling suggests the importance of 

the AP-2 pocket structural integrity for HER3 signaling. The mechanisms by which the 

putative small molecule binders of the AP-2 pocket might disrupt HER3 signaling remain 

speculative. Our data suggest that these compounds could signal to the ATP site and induce 

conformational changes resulting in the dissociation of the nucleotide from the active site.

Agents targeting the receiver interface of HER2 or the AP-2 pocket of HER3 may not 

have the level of potency that can phenocopy the effects seen with engineered mutations 

at these sites. But the activities of such agents would be expected to combine favorably 

with current HER2 kinase inhibitors, and the combination may provide the requisite potency 

to fully and durably inhibit HER2-HER3 signaling in HER2-amplified cancers, a task 

that is beyond the therapeutic index of current modalities. Indeed, combinations strategies 

are most likely needed to effectively inactivate massively overexpressed kinases, such as 

HER2. The highly suppressed nature of the engineered HER3-mutant tumors precludes 

the conduct of informative lapatinib combination studies, and predicting the efficacy of 

such combinations must await the development of prototype compounds, which can be 

titrated in combination studies. Combinations with extracellular domain (ECD) targeting 

biotherapeutics have and will continue to be explored, although that effort crosses into 

mechanisms beyond inhibition of oncogenic signaling. Much of the clinical progress to date 

in the treatment of HER2-amplified cancers has been on the shoulders of these classes of 

agents, including HER2-targeting antibodies and HER2-targeting antibody-drug conjugates. 

The clinical activity of these agents is mediated through immunologic mechanisms or 

through the targeted delivery of cytotoxic agents, and continued improvements in these 

mechanistic approaches are underway. However, there is little disruption of HER2-HER3 

signaling afforded by targeting the ECDs in HER2-overexpressing tumor cells (Campbell et 

al., 2022), and these approaches pursue a different mechanistic path.

Limitations of the study

This study identifies potential allosteric sites for the design of small molecules that could 

disrupt HER2-HER3 signaling, and the importance of these sites and their functional 

relevance is confirmed by mutational studies. However, it remains unknown whether small 

molecules that can bind these sites with sufficient affinity and selectivity can be identified. 

The simulations of fragment engagement with the HER3 AP-2 pocket shown in this 

study are admittedly speculative. Only a concerted drug discovery effort can establish 

the druggability of these sites and their translational potential. In this study, we have 
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interrogated the functions of allosteric sites through mutational studies and have shown that 

these engineered mutations are not destabilizing the receptors as best as can be determined 

through expression levels and localization properties. However, it remains possible that 

engineered mutations can induce unexpected or undesired conformational changes, and the 

functions of the receptors could be altered in a fashion broader than the intended narrow 

effects.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents should be directed to and 

will be fulfilled by the lead contact, Mark Moasser (mark.moasser@ucsf.edu).

Materials availability—Plasmids generated in this study are available from the lead 

contact upon request. The modified cell lines are available from the lead contact 

upon request under a material transfer agreement. The molecular dynamics trajectories 

described in this work are available for non-commercial use through contacting 

trajectories@deshawresearch.com.

Data and code availability

• Data reported in this paper will be shared by the lead contact upon request. 

The Protein Data Bank (PDB) accession code for the crystallographic structure 

reported in this paper is 6OP9 and the data is available at https://www.rcsb.org/

structure/6OP9.

• The molecular dynamics (MD) simulations were performed using the Anton 2 

supercomputer. The simulation code we used is specialized to Anton 2, but codes 

for performing MD simulation are widely available. The molecular dynamics 

trajectories described in this work are available for non-commercial use through 

contacting trajectories@deshawresearch.com.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal studies—All animal experiments were approved by the Institutional Animal Care 

and Use Committee at UCSF (IACUC).

METHOD DETAILS

Cell culture—All cells (HCC1569, SkBr3, and CHO-K1) were maintained at 37°C and 

5% CO2. HCC1569 cells were grown in RPMI1640 media, SkBr3 in DMEM Hams:F12 

media, and CHO-K1 cells in F12K media. All media was supplemented with 10% fetal 

bovine serum, penicillin, streptomycin, and L-glutamine. HCC1569 M1 cells are a subclone 

of HCC1569 that were obtained after passage of HCC1569 cells in the mammary fat pad 

of nude mice and reestablishment in monolayer culture. For use in in vitro experiments 
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lapatinib was purified from tablets (Glaxosmithkline) as previously described (Amin et al., 

2010).

Protein lysate preparation and immunoblotting—Cells were lysed in modified RIPA 

(mRIPA) buffer (1% Na Deoxycholate, 0.1% SDS, 1% NP-40 detergent, 150mM NaCl, 

10mM Na phosphate buffer) supplemented with leupeptin, aprotinin, phenylmethylsulfonyl 

fluoride, sodium vanadate and a phosphatase inhibitor cocktail, incubated on ice for 30 

min and precleared at 14,000 rpm for 10 min at 4°C. Lysates were quantified using 

the Pierce BCA assay. 30-50ug of protein lysate was denatured by boiling for 8 min 

with laemmli sample buffer and separated on 7-10% polyacrylamide gels and transferred 

to PVDF membrane at 100V for 1.5 h in the cold room. Membranes were blocked in 

3% bovine serum albumin (BSA) for 45 min and immunoblotted overnight at 4°C with 

the relevant primary antibodies and visualized using horseradish peroxidase conjugated 

secondary antibodies. These transfection assays and western blots have been performed 

multiple times and results found to be reproducible.

Transfection of CHO-K1 cells—To recapitulate the disease state of HER2 

overexpression we used a CHO cell transient transfection model system. 10cm petri dishes 

were seeded with 3.5 X106 cells and transfected 24 h later. A total of 7ug of DNA (4.5ug 

of HER2 and 2.5ug of HER3) and 21ul of Lipofectamine 2000 were combined according 

to manufacturer’s directions and added to cells that had been washed with PBS and primed 

with 3.5mL optimem serum free media. After a 4 h incubation at 37°C the transfection 

complexes were replaced with fresh F12K media (with/without 10% FBS depending on the 

experiment). The next day cells were either treated with drug and harvested or immediately 

lysed into 375-425ul of cold modified RIPA buffer.

Immunoprecipitation—For immunoprecipitation of exogenously expressed proteins from 

CHO-K1 cells, cells were washed 1 X with PBS, lysed in mRIPA lysis buffer (400ul/10cm 

plate) so that the final concentration of proteins was between 2-5ug/ul. 150-600ug of protein 

lysate from each sample was brought up to a common volume, incubated with the targeting 

antibody. The mix was rotated overnight at 4°C and the following day immunoprecipitated 

using either Protein G Sepharose 4 fast flow beads or Streptavidin conjugated agarose beads 

at 4°C for 1-2 h. The protein-antibody-bead complexes were pelleted at 8000rpm for 2 

min and washed with cold modified RIPA buffer three times. The precipitated complexes 

were resuspended in 35ul of 2 X laemmli buffer, boiled for 8-10 min and separated on 

polyacrylamide gels. Immunoblotting was done using previously described antibodies.

Immunofluorescence assays—CHO-K1 or HCC1569 cells were seeded onto glass 

cover slips in 12 well plates that had been coated with 1ug/ml of fibronectin and dried. 

The next day cells were transfected with the relevant HER3 constructs tagged with C-

terminal SNAP tags and allowed to recover overnight. 24 h following transfection cells 

were washed in PBS and stained with SNAP-Cell 647-SiR. Following the SNAP-labeling 

substrate incubation, the cells were fixed for 10 min with 4.0% paraformaldehyde at room 

temperature. The cells were washed with PBS, incubated in 5.0 μM Hoechst 33342 (as a 

nuclear counterstain) for 2 min, and washed again in PBS. The coverslips were gently dried 
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and mounted onto glass microscope slides using ProLong Gold antifade reagent (without 

DAPI). The slides were protected from light and allowed to cure for 24 h prior to imaging. 

Slides were prepared for long-term storage by sealing the coverslips with clear nail polish 

and storing at −20°C.

DNA plasmid construction—Vector cloning was done using Gateway Cloning 

technology. HER2 and HER3 ORFs were cloned into entry vectors from Thermo-

FisherScientific (pDONR221 or pENTR4). Additionally we used pDONR223-HER3 

(ERBB3) which was a gift from William Hahn & David Root (Addgene plasmid 

# 23874; http://n2t.net/addgene:23874; RRID:Addgene_23874). Some mutant constructs 

were generated using mismatched primers and mutation-specific PCR conditions. Other 

constructs were generated using gene synthesis (Genewiz). Destination vectors used 

were pcDNA-DEST40 (contains c-terminal V5-His tags), or modified versions of this 

vector to express c-terminal 2XFlag tags (pcDNA-DEST40-2XFlag) or 2XHA (pDNA-

DEST40-2XHA) tags. Lentiviral infections were done using pLEX-ires-GFP, modified from 

pLEX_307 destination vector (gift from David Root; Addgene plasmid # 41392 ; http://

n2t.net/addgene:41392 ; RRID:Addgene_41392). The HER3-ECDΔgLuc construct consists 

of the entire Gaussia Luiferase ORF fused to a c-terminal 10AA GGS linker and fused to a 

truncated HER3 consisting of AAs 642-1342 encompassing the HER3 transmembrane and 

entire intracellular domains.

HCC1569 HER3 gene switch cell line generation—The deletion of HER3 in 

HCC1569 breast cancer cells was previously described (Ruiz-Saenz et al., 2018). Briefly, 

using CRISPR-Cas9 technology, we engineered the elimination of HER3 expression 

in HER2-amplified HCC1569 breast cancer cells. Three independent HER3 knockout 

(HCC1569-HER3KO) clones were confirmed to lack HER3 protein expression and were 

selected for further analysis. These HCC1569KO cells maintain proliferative growth in 

monolayer cell culture, but are substantially deficient in tumorigenesis in mouse xenograft 

hosts. To eliminate the role of clonal growth characteristics in the replacement experiments, 

the three separate clones of HCC1569-HER3KO cells were mixed together to generate a 

polyclonal HCC1569-HER3KO cell line and this cell line was used as the parental cell line 

for the various add-back studies described in this paper.

To generate the various HER3 add-back cell lines, HCC1569-HER3KO cells were 

transduced with wild-type or mutant versions of HER3. Mutant versions of HER3 were 

cloned into Gateway entry vectors and shuttled into the pLEX-ires-eGFP destination 

vector using lentivirus particles produced, concentrated and titered at the UCSF lentiviral 

core (https://viracore.ucsf.edu/). Briefly, viruses were produced in 10cm petri dishes 

using jetPRIME transfection reagent and 3rd generation packaging plasmids. 72hrs post 

transfection, viral supernatants were collected, filtered, concentrated, titered and frozen 

immediately at −80°C. Due to the very large size of the HER3 pLEX lentiviral plasmids 

(13.9 kB), care was taken when handling viral supernatants. For viral transduction, 

HCC1569HER3KO cells were seeded into one well of a 24-well plate. The next day cells 

were refreshed with fresh media for 6 h before transduction. Virus was thawed at room 

temperature and brought up to 700ul with RPMI media. Virus with 1 X Transdux reagent 
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was added to cells and incubated overnight at 32°C. The following day 300ul of fresh 

media was added and cells were transferred to 37°C for 6 h. At the end of the day the 

virus containing mix was replaced with fresh RPMI media. 96-120hrs post transduction, 

cells were selected with 1ug/ml of puromycin for at least 2 weeks. Our pLEX lentiviral 

construct contains the puromycin resistance gene as well as an IRES eGFP viral backbone. 

Fluorescence activated cell sorting was used to isolate and pool eGFP positive cells and 

exogenous HER3 expression was confirmed by western blotting of the Myc-His tag. Pooled 

cells were grown in 0.25ug/ml puromycin to maintain exogenous HER3 expression. The 

re-expression of HER3 in HCC1569HER3KO cells restores tumorigenic growth, although 

with a slower growth rate than the parental HCC1569 cells.

Mouse tumor growth assays—All animal experiments were approved by the 

Institutional Animal Care and Use Committee at UCSF (IACUC). A total of 5X106 

HCC1569 M1 cells in 100ul (50% matrigel:50% serum free media) were implanted 

subcutaneously or into the mammary fat pad (where indicated) into NSG mice. Tumor 

growth was measured weekly starting about 4 weeks post cell implantation or when 

tumors became large enough to measure. When tumors reached the maximum size allowed 

under our IACUC guidelines, mice were euthanized and tumor tissue was fixed in 10% 

buffered formalin for 48 h or flash frozen on a dry ice ethanol bath and stored at −80°C. 

For studies involving treatments, mice were randomized into treatment arms when the 

average tumor size of the entire cohort reached ~150mm3. Lapatinib was purchased from 

Glaxosmithkline (TM Tykerb), tablets pulverized and administered as a suspension in 0.5% 

hydroxypropylmethylcellulose and 0.2% Tween 80 by oral gavage in two daily doses for a 

total of 40 mg/day of lapatinib.

Protein purification and crystallography—The human HER3 kinase domain 

fragment, residues 674-1001 (numbering shown with/without the 19-aa signal sequence) 

was expressed in SF9 cells using the Bac-to-Bac expression system and purified as 

previously described (Jura et al., 2009b). The construct contained N-terminal polyhistidine 

tag, which was cleaved prior to crystallization. The HER3/bosutinib complex was formed 

by dilution of DMSO-solubilized bosutinib into crystallization buffer (10 mM Tris pH 

8.0, 150 mM NaCl, 1 mM DTT, 1 mM TCEP) to a final concentration of 210 uM. 

HER3 kinase domain was then added to a final concentration of 6 mg/mL (160 uM). 

The complex was crystallized in the hanging drop format by diluting the above solution 

with an equal volume of mother liquor containing 100 mM MES pH6.7, 10% PEG 20,000. 

Crystals were cryoprotected by soaking in a solution containing mother liquor plus 30% 

glycerol, then 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. Data 

processing was completed using mosflm and scala. Two datasets were merged to obtain 

greater completeness in the high resolution shells. The crystal structure was determined by 

molecular replacement using a structure of the HER3 kinase domain bound to AMP-PNP 

(PDB ID 3KEX) after removal of the ligand (Jura et al., 2009b). A positive electron density 

corresponding to bosutinib was visible in the ATP binding site immediately after molecular 

replacement. After two rounds of manual model building and automated refinement using 

COOT and Phenix, respectively, bosutinib was built into the positive density and the 
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structure was refined to completion (Adams et al., 2010; Emsley et al., 2010). Detailed 

statistics for data collection and refinement can be found in Table S1.

MD simulations—Simulation systems were prepared by placing the HER3 KD in either 

the presence or absence of bound ATP (based on PDB ID: 3KEX (Jura et al., 2009b)) 

in a cubic simulation box with periodic boundary conditions (~81 Å per side, containing 

~55,000 atoms). Waters were represented explicitly, and Na+ and Cl− ions were added to 

neutralize the system and achieve physiological salinity of 150 mM. The systems were 

parameterized with the Amber99SB*-ILDN (Best and Hummer, 2009; Hornak et al., 2006; 

Lindorff-Larsen et al., 2010) force field with TIP3P water (Jorgensen et al., 1983), and 

Amber parameters for ATP were used with torsion coefficients obtained from fitting to 

quantum calculations. The systems were each equilibrated on GPU Desmond using a mixed 

NVT/NPT schedule (Bergdorf et al., 2015). MD simulations were performed on the special-

purpose machine Anton (Shaw et al., 2014) in the NPT ensemble with T = 310 K and 

P = 1 bar using a variant (Lippert et al., 2013) of the Nosé-Hoover (Hoover, 1985) and 

the Martyna-Tobias-Klein algorithm (Martyna et al., 1994). The simulation time step was 

2 fs; the r-RESPA integration method was used, with long-range electrostatics evaluated 

every three time steps. The electrostatic forces were calculated using the u-series method 

(Predescu et al., 2019) with a 1.37-nm cutoff for the electrostatic pairwise summation. A 

9-Å cutoff was applied for the van der Waals calculations.

Mutual information between residues making up the AP-2 pocket (transmitter) and the 

ATP-binding site (receiver) for the WT HER3 kinase domain were calculated using N-body 

Information Theory (NbIT) (LeVine and Weinstein, 2014). The AP-2 pocket was defined 

as a selection of the residues 683, 685, 689, 690, 709, 718, 720, 756, and 767, and the 

ATP-binding as the residues of the P loop (696–704). The NbIT calculation was performed 

on three representative 10 μs trajectories, and only the Cα and Cβ atoms of each residue 

were included the calculation.

Unbiased MD simulations of HER3 interacting with chemical fragments—These 

simulations were similar to the previously reported simulations of small-molecule binding 

of Src kinase (Shan et al., 2011), in that the protein and the small molecules were not 

subjected to any biasing force. The HER3 simulation system, containing ~55,000 atoms, was 

prepared with a similar protocol to that described above. 16 fragments containing aromatic 

rings and ranging between 200 and 300 kDa with logP <3 were randomly selected from 

the eMolecules database; these fragments were placed at random positions away from the 

protein. Two 10-μs unbiased simulations were performed independently in the presence of 

bound ATP and Mg at the orthosteric site.

QUANTIFICATION AND STATISTICAL ANALYSIS

The quantitative mouse tumor volume data is shown as the mean value with error bars 

showing the standard error of the mean (SEM). The sample sizes are shown below each 

graph including the beginning sample size and the surviving sample size over the time 

course of the experiments. The graphs were plotted using Excel. Statistics for the crystal 

structure analysis are provided in Table S1.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

This work was supported by National Institutes of Health grants CA122216 (to M.M.M.) and GM109176 (to 
N.J.), the Susan G. Komen Foundation (grant CCR14299947 to N.J.; postdoctoral fellowship grants to M.R.C.), 
the American Association for Cancer Research-Genentech BioOncology Fellowship (to M.R.C.), and the Ramón 
Areces Foundation (to A.R.S.). The authors would like to thank James Lee for his technical assistance with 
cell-based studies.

REFERENCES

Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, Echols N, Headd JJ, Hung LW, Kapral 
GJ, Grosse-Kunstleve RW, et al. (2010). PHENIX: a comprehensive Python-based system for 
macromolecular structure solution. Acta Crystallogr. D Biol. Crystallogr 66, 213–221. [PubMed: 
20124702] 

Amin DN, Sergina N, Ahuja D, McMahon M, Blair JA, Wang D, Hann B, Koch KM, Shokat KM, 
and Moasser MM (2010). Resiliency and vulnerability in the HER2-HER3 tumorigenic driver. Sci. 
Transl. Med 2, 16ra17.

Barnes DJ, Palaiologou D, Panousopoulou E, Schultheis B, Yong AS, Wong A, Pattacini L, Goldman 
JM, and Melo JV (2005). Bcr-Abl expression levels determine the rate of development of 
resistance to imatinib mesylate in chronic myeloid leukemia. Cancer Res. 65, 8912–8919. [PubMed: 
16204063] 

Bergdorf M, Baxter S, Rendleman CA, and Shaw DE (2015). Desmond/GPU Performance as of 
October 2015, D. E. Shaw Research Technical Report DESRES/TR-2015-01.

Best RB, and Hummer G (2009). Optimized molecular dynamics force fields applied to the helix-coil 
transition of polypeptides. J. Phys. Chem 113, 9004–9015.

Blackburn E, Zona S, Murphy ML, Brown IR, Chan SK, and Gullick WJ (2012). A monoclonal 
antibody to the human HER3 receptor inhibits euregulin 1-beta binding and co-operates with 
Herceptin in inhibiting the growth of breast cancer derived cell lines. Breast Cancer Res. Treat 134, 
53–59. [PubMed: 22169894] 

Blackwell KL, Burstein HJ, Storniolo AM, Rugo H, Sledge G, Koehler M, Ellis C, Casey M, 
Vukelja S, Bischoff J, et al. (2010). Randomized study of Lapatinib alone or in combination with 
trastuzumab in women with ErbB2-positive, trastuzumab-refractory metastatic breast cancer. J. Clin. 
Oncol 28, 1124–1130. [PubMed: 20124187] 

Breitenlechner CB, Kairies NA, Honold K, Scheiblich S, Koll H, Greiter E, Koch S, Schafer W, Huber 
R, and Engh RA (2005). Crystal structures of active SRC kinase domain complexes. J. Mol. Biol 
353, 222–231. [PubMed: 16168436] 

Burstein HJ, Storniolo AM, Franco S, Forster J, Stein S, Rubin S, Salazar VM, and Blackwell 
KL (2008). A phase II study of lapatinib monotherapy in chemotherapy-refractory HER2-positive 
and HER2-negative advanced or metastatic breast cancer. Ann. Oncol 19, 1068–1074. [PubMed: 
18283035] 

Burstein HJ, Sun Y, Dirix LY, Jiang Z, Paridaens R, Tan AR, Awada A, Ranade A, Jiao S, Schwartz 
G, et al. (2010). Neratinib, an irreversible ErbB receptor tyrosine kinase inhibitor, in patients with 
advanced ErbB2-positive breast cancer. J. Clin. Oncol 28, 1301–1307. [PubMed: 20142587] 

Campbell MR, Ana Ruiz-Saenz A, Zhang Y, Peterson E, Steri V, Oeffinger J, Sampang M, Jura N, 
and Moasser MM (2022). Extensive conformational and physical plasticity protects HER2-HER3 
tumorigenic signaling. Cell Rep. 38, 110285. [PubMed: 35108526] 

Campbell LJ, Patsouris C, Rayeroux KC, Somana K, Januszewicz EH, and Szer J (2002). 
BCR/ABL amplification in chronic myelocytic leukemia blast crisis following imatinib mesylate 
administration. Cancer Genet. Cytogenet 139, 30–33. [PubMed: 12547154] 

Campbell et al. Page 15

Cell Rep. Author manuscript; available in PMC 2022 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Chapman PB, Hauschild A, Robert C, Haanen JB, Ascierto P, Larkin J, Dummer R, Garbe C, Testori 
A, Maio M, et al. (2011). Improved survival with vemurafenib in melanoma with BRAF V600E 
mutation. N. Engl. J. Med 364, 2507–2516. [PubMed: 21639808] 

Chien AJ, Koch KM, Auerback G, Rugo HS, Melisko M, Park JW, Khanafshar E, Ordovas KG, and 
Munster PN (2011). A phase I dose-escalation study of 5-day intermittent oral lapatinib therapy 
with biomarker analysis in patients with HER-2-overexpressing breast cancer. J. Clin. Oncol 27, 
e11077.

Claus J, Patel G, Autore F, Colomba A, Weitsman G, Soliman TN, Roberts S, Zanetti-Domingues 
LC, Hirsch M, Collu F, et al. (2018). Inhibitor-induced HER2-HER3 heterodimerisation promotes 
proliferation through a novel dimer interface. Elife 7, 16ra7.

Cohen EE, Kane MA, List MA, Brockstein BE, Mehrotra B, Huo D, Mauer AM, Pierce C, Dekker 
A, and Vokes EE (2005). Phase II trial of gefitinib 250 mg daily in patients with recurrent and/or 
metastatic squamous cell carcinoma of the head and neck. Clin. Cancer Res 11, 8418–8424. 
[PubMed: 16322304] 

Corcoran RB, Dias-Santagata D, Bergethon K, Iafrate AJ, Settleman J, and Engelman JA (2010). 
BRAF gene amplification can promote acquired resistance to MEK inhibitors in cancer cells 
harboring the BRAF V600E mutation. Sci. Signal 3, ra84. [PubMed: 21098728] 

Davis MI, Hunt JP, Herrgard S, Ciceri P, Wodicka LM, Pallares G, Hocker M, Treiber DK, and 
Zarrinkar PP (2011). Comprehensive analysis of kinase inhibitor selectivity. Nat. Biotechnol 29, 
1046–1051. [PubMed: 22037378] 

Dittus L, Werner T, Muelbaier M, and Bantscheff M (2017). Differential Kinobeads profiling for 
target identification of irreversible kinase inhibitors. ACS Chem. Biol 12, 2515–2521. [PubMed: 
28876896] 

Emsley P, Lohkamp B, Scott WG, and Cowtan K (2010). Features and development of coot. Acta 
Crystallogr. D Biol. Crystallogr 66, 486–501. [PubMed: 20383002] 

Engel M, Hindie V, Lopez-Garcia LA, Stroba A, Schaeffer F, Adrian I, Imig J, Idrissova L, 
Nastainczyk W, Zeuzem S, et al. (2006).Allosteric activation of the protein kinase PDK1 with 
low molecular weight compounds. EMBOJ. 25, 5469–5480.

Garner AP, Bialucha CU, Sprague ER, Garrett JT, Sheng Q, Li S, Sineshchekova O, Saxena P, Sutton 
CR, Chen D, et al. (2013). An antibody that locks HER3 in the inactive conformation inhibits 
tumor growth driven by HER2 or neuregulin. Cancer Res. 73, 6024–6035. [PubMed: 23928993] 

Garrett JT, Olivares MG, Rinehart C, Granja-Ingram ND, Sanchez V, Chakrabarty A, Dave B, Cook 
RS, Pao W, McKinely E, et al. (2011). Transcriptional and posttranslational up-regulation of 
HER3 (ErbB3) compensates for inhibition of the HER2 tyrosine kinase. Proc. Natl. Acad. Sci. U S 
A 108, 5021–5026. [PubMed: 21385943] 

Gonfloni S, Frischknecht F, Way M, and Superti-Furga G (1999). Leucine 255 of Src couples 
intramolecular interactions to inhibition of catalysis. Nat. Struct. Biol 6, 760–764. [PubMed: 
10426955] 

Guy PM, Platko JV, Cantley LC, Cerione RA, and Carraway KL 3rd. (1994). Insect cell-expressed 
p180erbB3 possesses an impaired tyrosine kinase activity. Proc. Natl. Acad. Sci. U S A 91, 8132–
8136. [PubMed: 8058768] 

Hammaren HM, Ungureanu D, Grisouard J, Skoda RC, Hubbard SR, and Silvennoinen O (2015). ATP 
binding to the pseudokinase domain of JAK2 is critical for pathogenic activation. Proc. Natl. Acad. 
Sci. U S A 112, 4642–4647. [PubMed: 25825724] 

Hart V, Gautrey H, Kirby J, and Tyson-Capper A (2020). HER2 splice variants in breast cancer: 
investigating their impact on diagnosis and treatment outcomes. Oncotarget 11, 4338–4357. 
[PubMed: 33245725] 

Hodi FS, Corless CL, Giobbie-Hurder A, Fletcher JA, Zhu M, Marino-Enriquez A, Friedlander P, 
Gonzalez R, Weber JS, Gajewski TF, et al. (2013). Imatinib for melanomas harboring mutationally 
activated or amplified KIT arising on mucosal, acral, and chronically sun-damaged skin. J. Clin. 
Oncol 31, 3182–3190. [PubMed: 23775962] 

Holbro T, Beerli RR, Maurer F, Koziczak M, Barbas CF 3rd, and Hynes NE (2003). The ErbB2/ErbB3 
heterodimer functions as an oncogenic unit: ErbB2 requires ErbB3 to drive breast tumor cell 
proliferation. Proc. Natl. Acad. Sci. U S A 100, 8933–8938. [PubMed: 12853564] 

Campbell et al. Page 16

Cell Rep. Author manuscript; available in PMC 2022 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Honegger AM, Dull TJ, Felder S, Van Obberghen E, Bellot F, Szapary D, Schmidt A, Ullrich A, 
and Schlessinger J (1987). Point mutation at the ATP binding site of EGF receptor abolishes 
protein-tyrosine kinase activity and alters cellular routing. Cell 51, 199–209. [PubMed: 3499230] 

Hoover WG (1985). Canonical dynamics: equilibrium phase-space distributions. Phys. Rev. A Gen. 
Phys 101, 1695–1697.

Hornak V, Abel R, Okur A, Strockbine B, Roitberg A, and Simmerling C (2006). Comparison of 
multiple Amber force fields and development of improved protein backbone parameters. Proteins 
65, 712–725. [PubMed: 16981200] 

Hu J, Yu H, Kornev AP, Zhao J, Filbert EL, Taylor SS, and Shaw AS (2011). Mutation that blocks ATP 
binding creates a pseudokinase stabilizing the scaffolding function of kinase suppressor of Ras, 
CRAF and BRAF. Proc. Natl. Acad. Sci. U S A 108, 6067–6072. [PubMed: 21441104] 

Hyman DM, Piha-Paul SA, Won H, Rodon J, Saura C, Shapiro GI, Juric D, Quinn DI, Moreno V, 
Doger B, et al. (2018). HER kinase inhibition in patients with HER2- and HER3-mutant cancers. 
Nature 554, 189–194. [PubMed: 29420467] 

Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, and Klein ML (1983). Comparison of simple 
potential functions for simulating liquid water. J. Chem. Phys 79, 926–935.

Jura N, Endres NF, Engel K, Deindl S, Das R, Lamers MH, Wemmer DE, Zhang X, and Kuriyan J 
(2009a). Mechanism for activation of the EGF receptor catalytic domain by the juxtamembrane 
segment. Cell 137, 1293–1307. [PubMed: 19563760] 

Jura N, Shan Y, Cao X, Shaw DE, and Kuriyan J (2009b). Structural analysis of the catalytically 
inactive kinase domain of the human HER3 receptor. Proc. Nat. Acad. Sci. U S A 106, 21608–
21613.

Jura N, Zhang X, Endres NF, Seeliger MA, Schindler T, and Kuriyan J (2011). Catalytic control in 
the EGF receptor and its connection to general kinase regulatory mechanisms. Mol. Cell 42, 9–22. 
[PubMed: 21474065] 

Kantarjian H, Sawyers C, Hochhaus A, Guilhot F, Schiffer C, Gambacorti-Passerini C, Niederwieser 
D, Resta D, Capdeville R, Zoellner U, et al. (2002). Hematologic and cytogenetic responses to 
imatinib mesylate in chronic myelogenous leukemia. N. Engl. J. Med 346, 645–652. [PubMed: 
11870241] 

Karaman MW, Herrgard S, Treiber DK, Gallant P, Atteridge CE, Campbell BT, Chan KW, Ciceri 
P, Davis MI, Edeen PT, et al. (2008).A quantitative analysis of kinase inhibitor selectivity. Nat. 
Biotech 26, 127–132.

Kovacs E, Zorn JA, Huang Y, Barros T, and Kuriyan J (2015). A structural perspective on the 
regulation of the epidermal growth factor receptor. Annu. Rev. Biochem 84, 739–764. [PubMed: 
25621509] 

Kugel CH 3rd, Hartsough EJ, Davies MA, Setiady YY, and Aplin AE (2014). Function-blocking 
ERBB3 antibody inhibits the adaptive response to RAF inhibitor. Cancer Res. 74, 4122–4132. 
[PubMed: 25035390] 

Landi L, Chiari R, Tiseo M, D’Inca F, Dazzi C, Chella A, Delmonte A, Bonanno L, Giannarelli 
D, Cortinovis DL, et al. (2019). Crizotinib in MET-deregulated or ROS1-rearranged pretreated 
non-small cell lung cancer (METROS): a phase II, prospective, multicenter, two-arms trial. Clin. 
Cancer Res 25, 7312–7319. [PubMed: 31416808] 

Lanning BR, Whitby LR, Dix MM, Douhan J, Gilbert AM, Hett EC, Johnson TO, Joslyn C, Kath JC, 
Niessen S, et al. (2014). A road map to evaluate the proteome-wide selectivity of covalent kinase 
inhibitors. Nat. Chem. Biol 10, 760–767. [PubMed: 25038787] 

Lee-Hoeflich ST, Crocker L, Yao E, Pham T, Munroe X, Hoeflich KP, Sliwkowski MX, and Stern 
HM (2008). A central role for HER3 in HER2-amplified breast cancer: implications for targeted 
therapy. Cancer Res. 68, 5878–5887. [PubMed: 18632642] 

LeVine MV, and Weinstein H (2014). NbIT-a new information theory-based analysis of allosteric 
mechanisms reveals residues that underlie function in the leucine transporter LeuT. PLoS Comput. 
Biol 10, e1003603. [PubMed: 24785005] 

Lindorff-Larsen K, Piana S, Palmo K, Maragakis P, Klepeis JL, Dror RO, and Shaw DE (2010). 
Improved side-chain torsion potentials for the Amber ff99SB protein force field. Proteins 78, 
1950–1958. [PubMed: 20408171] 

Campbell et al. Page 17

Cell Rep. Author manuscript; available in PMC 2022 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lippert RA, Predescu C, Ierardi DJ, Mackenzie KM, Eastwood MP, Dror RO, and Shaw DE (2013). 
Accurate and efficient integration for molecular dynamics simulations at constant temperature and 
pressure. J. Chem. Phys 139, 10B621_1.

Littlefield P, Liu L, Mysore V, Shan Y, Shaw DE, and Jura N (2014). Structural analysis of the 
EGFR/HER3 heterodimer reveals the molecular basis for activating HER3 mutations. Sci. Signal 
7, ra114. [PubMed: 25468994] 

Maemondo M, Inoue A, Kobayashi K, Sugawara S, Oizumi S, Isobe H, Gemma A, Harada M, 
Yoshizawa H, Kinoshita I, et al. (2010). Gefitinib or chemotherapy for non-small-cell lung cancer 
with mutated EGFR. New Engl. J. Med 362, 2380–2388. [PubMed: 20573926] 

Martin M, Bonneterre J, Geyer CE Jr., Ito Y, Ro J, Lang I, Kim SB, Germa C, Vermette J, Wang 
K, et al. (2013). A phase two randomised trial of neratinib monotherapy versus lapatinib plus 
capecitabine combination therapy in patients with HER2+ advanced breast cancer. Eur. J. Cancer 
49, 3763–3772. [PubMed: 23953056] 

Martyna GJ, Tobias DJ, and Klein ML (1994). Constant pressure molecular dynamics algorithms. J. 
Chem. Phys 101, 4177–4189.

McDonagh CF, Huhalov A, Harms BD, Adams S, Paragas V, Oyama S, Zhang B, Luus L, Overland R, 
Nguyen S, et al. (2012). Antitumor activity of a novel bispecific antibody that targets the ErbB2/
ErbB3 oncogenic unit and inhibits heregulin-induced activation of ErbB3. Mol. Cancer Ther 11, 
582–593. [PubMed: 22248472] 

Mendrola JM, Shi F, Park JH, and Lemmon MA (2013). Receptor tyrosine kinases with intracellular 
pseudokinase domains. Biochem. Soc. Trans 41, 1029–1036. [PubMed: 23863174] 

Murphy JM, Mace PD, and Eyers PA (2017). Live and let die: insights into pseudoenzyme 
mechanisms from structure. Curr. Opin. Struct. Biol 47, 95–104. [PubMed: 28787627] 

Niessen S, Dix MM, Barbas S, Potter ZE, Lu S, Brodsky O, Planken S, Behenna D, Almaden C, 
Gajiwala KS, et al. (2017). Proteome-wide map of targets of T790M-EGFR-directed covalent 
inhibitors. Cell Chem. Biol 24, 1388–1400.e1387. [PubMed: 28965727] 

Nukaga S, Yasuda H, Tsuchihara K, Hamamoto J, Masuzawa K, Kawada I, Naoki K, Matsumoto 
S, Mimaki S, Ikemura S, et al. (2017). Amplification of EGFR wild-type alleles in non-small 
cell lung cancer cells confers acquired resistance to mutation-selective EGFR tyrosine kinase 
inhibitors. Cancer Res. 77, 2078–2089. [PubMed: 28202511] 

Predescu C, Lippert RA, Lerer AK, Towles B, Grossman JP, Dirks RM, and Shaw DE (2019). The U-
Series:A Separable and Accurate Decomposition for Electrostatics Computation, (in preparation).

Qiu C, Tarrant MK, Choi SH, Sathyamurthy A, Bose R, Banjade S, Pal A, Bornmann WG, Lemmon 
MA, Cole PA, and Leahy DJ (2008). Mechanism of activation and inhibition of the HER4/ErbB4 
kinase. Structure 16, 460–467. [PubMed: 18334220] 

Rettenmaier TJ, Sadowsky JD, Thomsen ND, Chen SC, Doak AK, Arkin MR, and Wells JA (2014).A 
small-molecule mimic of a peptide docking motif inhibits the protein kinase PDK1. Proc. Natl. 
Acad. Sci. U S A 111, 18590–18595. [PubMed: 25518860] 

Ruiz-Saenz A, Dreyer C, Campbell MR, Steri V, Gulizia N, and Moasser MM (2018). HER2 
amplification in tumors activates PI3K/Akt signaling independent of HER3. Cancer Res. 73, 
3645–3658.

Schoeberl B, Faber AC, Li D, Liang MC, Crosby K, Onsum M, Burenkova O, Pace E, Walton Z, 
Nie L, et al. (2010). An ErbB3 antibody, MM-121, is active in cancers with ligand-dependent 
activation. Cancer Res. 70, 2485–2494. [PubMed: 20215504] 

Sergina NV, Rausch M, Wang D, Blair J, Hann B, Shokat KM, and Moasser MM (2007). Escape from 
HER-family tyrosine kinase inhibitor therapy by the kinase-inactive HER3. Nature 445, 437–441. 
[PubMed: 17206155] 

Shan Y, Kim ET, Eastwood MP, Dror RO, Seeliger MA, and Shaw DE (2011). How does a drug 
molecule find its target binding site? J. Am. Chem. Soc 133, 9181–9183. [PubMed: 21545110] 

Shaw AT, Kim DW, Nakagawa K, Seto T, Crino L, Ahn MJ, De Pas T, Besse B, Solomon BJ, 
Blackhall F, et al. (2013). Crizotinib versus chemotherapy in advanced ALK-positive lung cancer. 
N. Engl. J. Med 363, 2385–2394.

Shaw DE, Grossman JP, Bank JA, Batson B, Butts JA, Chao JC, Deneroff MM, Dror RO, Even 
A, and Fenton CH (2014). Anton 2: raising the bar for performance and programmability in 

Campbell et al. Page 18

Cell Rep. Author manuscript; available in PMC 2022 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a special-purpose molecular dynamics supercomputer. Proc. Int. Conf. High Perform. Comput. 
Netw. Storage Anal. SC14, 41–53.

Shi F, Telesco SE, Liu Y, Radhakrishnan R, and Lemmon MA (2010). ErbB3/HER3 intracellular 
domain is competent to bind ATP and catalyze autophosphorylation. Proc. Natl. Acad. Sci. U S A 
107, 7692–7697. [PubMed: 20351256] 

Siegel PM, Dankort DL, Hardy WR, and Muller WJ (1994). Novel activating mutations in the 
neu proto-oncogene involved in induction of mammary tumors. Mol. Cell. Biol 14, 7068–7077. 
[PubMed: 7935422] 

Soulieres D, Senzer NN, Vokes EE, Hidalgo M, Agarwala SS, and Siu LL (2004). Multicenter phase 
II study of erlotinib, an oral epidermal growth factor receptor tyrosine kinase inhibitor, in patients 
with recurrent or metastatic squamous cell cancer of the head and neck. J. Clin. Oncol 22, 77–85. 
[PubMed: 14701768] 

Swaby R, Blackwell K, Jiang Z, Sun Y, Dieras V, Zaman K, Zacharchuk C, Powell C, Abbas R, and M 
T. (2009). Neratinib in combination with trastuzumab for the treatment of advanced breast cancer: 
a phase I/II study. J. Clin. Oncol 27, 1004.

Vaught DB, Stanford JC, Young C, Hicks DJ, Wheeler F, Rinehart C, Sanchez V, Koland J, Muller WJ, 
Arteaga CL, and Cook RS (2012). HER3 is required for HER2-induced preneoplastic changes to 
the breast epithelium and tumor formation. Cancer Res. 72, 2672–2682. [PubMed: 22461506] 

Verweij J, van Oosterom A, Blay JY, Judson I, Rodenhuis S, van der Graaf W, Radford J, Le Cesne 
A, Hogendoorn PC, di Paola ED, et al. (2003). Imatinib mesylate (STI-571 Glivec, Gleevec) is an 
active agent for gastrointestinal stromal tumours, but does not yield responses in other soft-tissue 
sarcomas that are unselected for a molecular target. Results from an EORTC Soft Tissue and Bone 
Sarcoma Group phase II study. Eur. J. Cancer 39, 2006–2011. [PubMed: 12957454] 

Xu W, Harrison SC, and Eck MJ (1997). Three-dimensional structure of the tyrosine kinase c-Src. 
Nature 335, 595–602.

Zeqiraj E, Filippi BM, Goldie S, Navratilova I, Boudeau J, Deak M, Alessi DR, and van Aalten DM 
(2009). ATP and MO25alpha regulate the conformational state of the STRADalpha pseudokinase 
and activation of the LKB1 tumour suppressor. PLoS Biol. 7, e1000126. [PubMed: 19513107] 

Zhang X, Gureasko J, Shen K, Cole PA, and Kuriyan J (2006). An allosteric mechanism for activation 
of the kinase domain of epidermal growth factor receptor. Cell 125, 1137–1149. [PubMed: 
16777603] 

Campbell et al. Page 19

Cell Rep. Author manuscript; available in PMC 2022 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• HER3 allosteric function is critical for HER2-amplified cancer growth

• The HER2 kinase receiver interface is a potential target site for therapeutics

• The HER3 ATP binding site occupancy is required for activation function

• The HER3 AP-2 pocket is a targetable site that is in cross-talk with the ATP 

pocket
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Figure 1. HER2 overexpression drives constitutive HER2-HER3 phosphorylation using the 
canonical allosteric activation mechanism and requires pseudoactive site occupancy in HER3
(A) Schematic depiction of the mutations drawn on cartoon representations of the kinase 

domains of HER2 and HER3. Amino acid (aa) numbering is based on the nascent reading 

frame.

(B) CHO-K1 cells were cotransfected to overexpress HER2 and to express HER3, such as 

to generate constitutive HER2 autophosphorylation (lane 1) and HER3 transphosphorylation 

(lane 5). After 24 h, cell signaling was assayed as shown. Wild-type (WT) constructs 

were compared with mutants in the indicated combinations. The HER2 N-lobe mutant 
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(I714Q) is a defective allosteric receiver, whereas the HER2 C-lobe mutant (V956R) is 

an impaired allosteric activator but competent receiver. HER3 is catalytically inactive and 

thus an obligate allosteric activator, and the HER3 C-lobe mutant (V945R) is an impaired 

allosteric activator.

(C) CHO cells were transfected as in (B) using WT HER2 and HER3 in additional 

combinations. The HER2 C-lobe mutant (V956R) is an impaired allosteric activator. The 

HER3 single C-lobe mutant (V945R) is an impaired allosteric activator but retains some 

activation function. The HER3 triple C-lobe mutant (I938R-V945R-M949R) is an even more 

impaired allosteric activator.

(D) CHO cells were transfected as in (B). The HER2 C-lobe activation function can 

similarly be further impaired by triple mutation. The double banding of HER3 observed 

in these CHO-K1 cell transfections is due to differential glycosylation (Figure S1B).

(E) CHO cells were cotransfected to overexpress HER2 and express HER3 and were treated 

with DMSO or either of three small molecules that bind the HER3 KD with high affinity. 

These were administered at 1 μM for 1 h. The binding KDs for HER3 binding are as follows: 

bosutinib 0.8 nM, PP-242 120 nM, and dasatinib 18 nM (Davis et al., 2011). The affinities 

for HER2 KD are >1,400 nM for these drugs. The dephosphorylation of Src is shown as a 

positive control for bosutinib and dasatinib, which also inhibit Src.

(F) CHO-K1 cells were transfected as in (A) using WT or mutant HER2 and HER3 

constructs. The HER3 K742M mutant is defective at ATP binding. Lane 8 was treated 

with 1 μM lapatinib for 1 h. This image was cropped down from 13 lanes for clarity.

(G) CHO-K1 cells were transfected as in (C) using WT or mutant HER2 and HER3 

constructs.
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Figure 2. Bosutinib reinforces the Src/CDK-like conformation of the HER3 pseudokinase domain
(A) Cartoon representation of crystal structures of HER3/bosutinib (PDB: 6OP9; left) 

and HER3/AMP-PNP (PDB: 3KEX; middle) and their overlay (right). Carbon atoms of 

bosutinib are shown in magenta; those of AMP-PNP are shown in yellow. The HER3/

bosutinib complex adopts a Src/CDK-like inactive conformation in which helix C (blue) is 

rotated away from the active site, the activation loop (red) adopts a tethered conformation, 

and the DFG-aspartate (D852) adopts a DFG-in position. The methoxy substituent of 

bosutinib’s quinoline ring extends in the same direction as the ribose sugar of AMP-PNP, 
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but the 2,4-dichloro-5-methoxyaniline fragment lies 4–8 Å away from the triphosphate 

linkage. Weaker electron density corresponding to the N-propoxy-N-methylpiperazine 

moiety indicated that this region of bosutinib does not interact strongly with HER3. T787 

is a gatekeeper residue, and K742 is the “catalytic” lysine. Numbering corresponds to 

the nascent reading frame (top) or mature protein without the signal peptide (low, in 

parentheses).

(B) The AP-2 pockets in the inactive EGFR kinase (PDB: 3GT8) and the HER3 kinase 

(PDB: 3KEX) are displayed in magenta and magnified in the panels to the right of full 

kinase domains shown in surface representation. Hydrophobic residues within the pockets 

are shown in a sticks and dot representation. Numbering corresponds to the nascent reading 

frame (top) or mature protein without the signal peptide (low, in parentheses).

(C) Conservation of the AP-2 pocket residues in HER receptors. Magenta ovals show HER3 

numbering.

(D) The spatial relationship between the AP-2 pocket and the nucleotide-binding pocket 

in the HER3 kinase domain (PDB: 3KEX). K742 interacts with the V786 via hydrogen 

bond interactions within the β3/β4 strand. Side chains of I741 make direct hydrophobic 

interactions with V786 and L709.
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Figure 3. Conformation cross-talk between the surface AP-2 pocket of the HER3 KD and the 
pseudo-active site
(A) RMSD plot from MD simulations of the ATP-bound and apo HER3 pseudokinase states.

(B) The superimposed cartoon images of the ATP-bound and apo HER3 final pseudokinase 

states showcase inward movement of the β3-β4 loop and the collapse of the P loop in the 

apo state.

(C) RMSD plot from MD simulations of the ATP-bound WT, apo WT, and apo K742M 

HER3 pseudokinase states.
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(D) The superimposed cartoon images of the ATP-bound WT, apo WT, and apo K742M 

HER3 final pseudokinase states showcase inward movement of the β3-β4 loop and the 

collapse of the P loop in the apo state.

(E) Left: plot of mutual information in kcal/mol between the transmitter (AP-2 pocket: 

residues 683, 685, 689, 690, 709, 718, 720, 756, and 767; side chains shown in green in 

right panel) and receiver (P loop: residues 696–704; side chains shown in yellow in right 

panel) sites, showing ~2 kcal/mol mutual information in both the absence (WT apo) and 

presence (WT ATP) of ATP. Error bars reflect standard deviation. Right: illustration of the 

normalized per-residue contribution to co-information in apo and ATP-bound simulations of 

HER3; “min” and “max” refer to the minimum and maximum values among all possible 

residues across all simulations. Residues colored dark red contribute most to communication 

between the AP-2 pocket and the P loop.

(F) CHO-K1 cells were transfected to overexpress HER2 and to express the indicated WT 

or mutant HER3 constructs. The surface residues F704, L709, and V786 were mutated to 

impair the binding affinity of the AP-2 pocket.

(G) W728 was mutated to collapse the AP-2 pocket.

(H) The effect of ligand stimulation was studied on the F704 AP-2 pocket mutant.
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Figure 4. HER2-HER3 allosteric transactivation and HER3 AP-2 pocket functions are required 
for the growth of HER2-amplified tumors in vivo
(A) HCC1569 human HER2-amplified breast cancer cells were engineered to eliminate 

HER3 expression by CRISPR-Cas targeting (HCC1569-HER3KO). To eliminate the role 

of clonal growth characteristics in the replacement experiments, we mixed together three 

separate clones of HCC1569-HER3KO cells to generate a polyclonal HCC1569-HER3KO 

cell line (lane 2), and this cell line was used as the parental cell line for the various add-back 

experiments. These were then transduced to re-express WT HER3 (lane 4) or experimental 

mutant HER3 constructs. Experimental add-backs included a HER3 C-lobe mutant defective 
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at allosteric activation (HER3 I938R/V945R/M949R) and a HER3 with a mutated AP-2 

pocket (F704D). The expression of firefly luciferase (lane 3) constitutes a negative control 

cell type. The add-back HER3 constructs contain C-terminal myc tags.

(B) The indicated engineered versions of HER2-amplified HCC1569 tumor cells were 

inoculated subcutaneously in NSG mice, and tumor volumes were measured over time. The 

number of surviving mice along the time course of the animal studies is shown for each arm 

underneath, and the sample size reduction over time in some arms reflects the removal of 

mice for euthanasia because of large tumor sizes as mandated by guidelines. The error bars 

reflect SEM.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-HER2 SantaCruz Biotechnology C-18 #284

Anti-HER3 SantaCruz Biotechnology 5A12 #81455

Anti-HER3 biotin SantaCruz Biotechnology C-17/custom

Anti-myc SantaCruz Biotechnology 9E10 #40

Anti-actin SantaCruz Biotechnology I-19 #1616

Anti-HA SantaCruz Biotechnology Y11 sc-805

Anti-HA SantaCruz Biotechnology F-7 sc-7392

Anti-p-HER3 Y1289 Cell Signaling Technology 4791

Anti-p-HER2 Y1248 Cell Signaling Technology 2247

Anti-myc Cell Signaling Technology 71D0 #2278

Anti-streptavidin Cell Signaling Technology 3999

Anti-Akt Cell Signaling Technology 4058

Anti-phospho-Akt Cell Signaling Technology 9271

Anti-MAPK Cell Signaling Technology 9102

Anti-phospho-MAPK Cell Signaling Technology 9101

Anti-Flag Clontech 635691

Anti-rabbit IgG-HRP GE Healthcare NA9340

Anti-mouse IgG-HRP Cell Signaling Technology 7076

Anti-goat IgG-HRP SantaCruz Biotechnology 2020

Anti-mouse IgG Alexa 546 Invitrogen A11630

Chemicals, peptides, and recombinant proteins

Lapatinib GlaxoSmithKline Tykerb

Fetal bovine serum Gemini Bioproducts 100-106

Penicillin-Streptomycin-Glutamine ThermoFisher 10378016

Heregulin β1 SigmaAldrich H0786

Phosphatase inhibitor cocktail Roche 04906845001

Lipofectamine 2000 ThermoFisher 11668500

JetPrime transfection reagent Polyplus 101000015

Transdux reagent SystemsBio LV850A-1

Optimem media ThermoFisher 31985070

Protein G Sepharose 4 fast flow GE Healthcare 17-0618-02

Streptavidin conjugated agarose SigmaAldrich 85881

Streptavidin HRP Cell Signaling Technology 3999

ProLong Gold antifade reagent Life Technologies P36930

Hoechst 33342 ThermoFisher 62249

VectaShield anti-fade with DAPI Vector Laboratories H-1200
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REAGENT or RESOURCE SOURCE IDENTIFIER

SNAP Cell 647-SiR New England Biolabs S9102S

Paraformaldehyde Alfa Aesar 43368

Transdux reagent SystemsBio LV850A-1

Puromycin ThermoFisher A1113802

Critical commercial assays

Pierce BCA assay ThermoFisher 23227

QuikChange II Site-directed mutagenesis kit Stratagene 200521

Deposited data

HER3 KD bound to AMP-PNP Protein Data Bank PDB: 3KEX

Experimental models: Cell lines

Hamster: CHO-K1 Chinese hamster ovary cells ATCC CCL-61

Human: SkBr3 breast cancer cells ATCC HTB-30

Human: HCC1569 breast cancer cells ATCC CRL-2330

Experimental models: Organisms/strains

NSG (NOD-scid IL2Rgammanull) mice Jackson Labs 005557

Recombinant DNA

pDONR221 ThermoFisher 12536017

pENTR4 ThermoFisher A10465

pDONR223-HER3 gift from William Hahn & David Root - 
Addgene

23874

pDEST40-2XFL ThermoFisher/modified 12274015

pDEST40-2XHA ThermoFisher/modified 12274015

pDEST40-nSNAP2XHA ThermoFisher/modified 12274015

pDEST40-cSNAP2XFL ThermoFisher/modified 12274015

pLEX-IRES-GFP destination modified from pLEX307, gift of David Root, 
Addgene

41392

Software and algorithms

Visual Molecular Dynamics http://www.ks.uiuc.edu/Research/vmd/ Version 1.9.3

PyMol software https://pymol.org/2/ Version 2.3

The molecular dynamics (MD) simulations were performed using the 
Anton 2 supercomputer. The simulation code we used is specialized to 
Anton 2, but codes for performing MD simulation are widely available.

N/A

Other

Glass slides ThermoFisher 12-550-15

Bac to Bac Baculovirus Expression System ThermoFisher 10359016
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