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Mechanism of allosteric coupling into and through the plasma 
membrane by EGFR

Julie K.L. Sinclair†,#, Allison S. Walker†,#, Amy E. Doerner†, and Alanna Schepartz†,§,*

†Department of Chemistry, Yale University, New Haven, CT 06520-8107, USA

§Department of Molecular, Cellular, and Developmental Biology, Yale University, New Haven, CT 
06520-8103, USA

SUMMARY

EGFR interacts through its extracellular domain (ECD) with seven different growth factors. These 

factors induce different structures within the cytoplasmic juxtamembrane segment (JM) of the 

dimeric receptor and propagate different growth factor-dependent signals to the cell interior. How 

this process occurs is unknown. Here we apply diverse experimental and computational tools to 

show that growth factor identity is encoded by the EGFR transmembrane helix (TM) into discrete 

helix dimer populations that differ in both cross location and cross angle. Helix dimers with 

smaller cross angles at multiple cross locations are decoded to induce an EGF-type coiled coil in 

the adjacent JM, whereas helix dimers with larger cross angles at fewer cross locations induce the 

TGF-α-type coiled coil. We propose an updated model for how conformational coupling across 

multiple EGFR domains results in growth factor-specific information transfer, and demonstrate 

that this model applies to both EGFR and the related receptor ErbB2.

eTOC Blurb

The mechanism by which EGFR communicates growth factor-dependent signals to the cell 

interior is unknown. Here we show that growth factor identity is encoded into discrete TM helix 

dimers. These dimers induce different coiled coil structures within the juxtamembrane region that 

correlate with downstream signaling.
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INTRODUCTION

The Epidermal Growth Factor Receptor (EGFR) (Carpenter and Cohen, 1979) is a canonical 

receptor tyrosine kinase (RTK) with diverse roles in cell health and disease (Yarden and 

Sliwkowski, 2001). Like other RTKs, EGFR receives a stimulus when a growth factor binds 

its extracellular domain (ECD) and communicates this signal to the cell interior to initiate 

diverse signaling outcomes (Kovacs et al., 2015). The signal must travel faithfully over more 

than 200 amino acids, through a membrane-embedded transmembrane helix (TM) and the 

adjacent cytosolic juxtamembrane region (JM) to promote assembly of an activated, 

asymmetric, tyrosine kinase (TK) domain dimer (Kovacs et al., 2015; Lemmon et al., 2014). 

The structures of isolated ECD and TK domains (Brewer et al., 2009; Ferguson et al., 2003; 

Jura et al., 2009; Lu et al., 2010; Ogiso et al., 2002; Zhang et al., 2006) have been defined at 

high resolution, and together with computational studies (Arkhipov et al., 2013) and low-

resolution EM images (Mi et al., 2011) of near full-length receptor dimers, offer preliminary 

clues to how individual domains cooperate and communicate as one.

Confounding the analysis of EGFR information transfer is the fact that the receptor ECD 

binds seven different growth factors. Different factors induce different structures locally 

within the isolated ECD (Arkhipov et al., 2013; Freed et al., 2017; Liu et al., 2012; Scheck 

et al., 2012; Wilson et al., 2009), promote different long-range structure within the 

cytoplasmic juxtamembrane segment (JM) (Doerner et al., 2015; Scheck et al., 2012), and 

propagate different growth factor-dependent signals to the cell interior (Ebner and Derynck, 

1991; Roepstorff et al., 2009; Wilson et al., 2012). Growth factors EGF and HB-EGF induce 
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an activated EGFR whose dimeric JM coiled coil contains a Leu-rich hydrophobic interface 

(the ‘EGF-type coiled coil), while TGF-α, AR, ER, and EPI induce a coiled coil with a polar 

interface (the ‘TGF-α-type coiled coil) (Doerner et al., 2015) (Figure 1). JM coiled coil 

identity is also dictated by TK domain mutational state and pharmacologic status: the 

constitutively active, drug-resistant T790M/L858R EGFR dimer contains the TGF-α-type 

coiled coil but is transformed into the EGF-type state by class III tyrosine kinase inhibitors 

(Lowder et al., 2015).

It was recently proposed that biased signaling through EGFR is defined by the strength of 

the ligand-bound dimer, with high-affinity ligands (EGF and TGF-α) promoting strong 

dimers and low-affinity ligands (ER, and EPI) promoting weaker dimers (Freed et al., 2017). 

However, this proposal does not explain the observation that the high-affinity ligand TGF-α 
induces formation of the same JM coiled-coil as the low-affinity ligands ER and EPI, but not 

the same coiled-coil induced by high-affinity EGF (Doerner et al., 2015). Nor does it explain 

why cell-responses induced by TGF-α are more similar to those induced by EPI or AR than 

they are to those induced by EGF (Wilson et al., 2012). These inconsistencies suggest that 

mechanisms other than ligand-bound dimer stability and kinetics must be considered to fully 

understand how EGFR translates growth factor identity into cell behavior.

In this work we focus on how growth factor identity is transmitted through the EGFR TM 

helix to induce alternative structures within the cytoplasmic JM. Our studies begin with a 

chemical biology tool, bipartite tetracysteine display (Luedtke et al., 2007; Scheck and 

Schepartz, 2011), to confirm that EGFR activation by different growth factors leads to 

different structures at the inner membrane junction between the TM and JM domains. We 

then employed an established cysteine crosslinking assay (Lu et al., 2010) to establish the 

existence of two discrete TM helix populations whose identity tracks with both growth 

factor identity and growth factor-induced JM coiled coil structure. Guided by these results, 

we developed computational models of the EGFR TM-JM helix dimer that revealed a direct 

relationship between TM cross location and angle and the formation of alternative coiled 

coils within the JM. Importantly, this work identified a point mutation in the N-terminal 

GXXXG motif of the TM that controls JM coiled coil structure, irrespective of the identity 

of bound growth factor. This point mutation is found naturally within ErbB2 and accurately 

predicts the identity of the JM coiled coil formed within this receptor homodimer. Together, 

our empirical and computational results reveal how growth factor-dependent structural 

differences are encoded by the formation of alternative TM helix dimer populations and 

subsequently decoded into different JM coiled coils. These results increase our 

understanding of allosteric coupling within a canonical cell surface receptor.

RESULTS

Evaluating growth-factor dependent structural changes at the TM-JM junction with 
bipartite tetracysteine display

Our first experiments made use of bipartite tetracysteine display (Luedtke et al., 2007; 

Scheck and Schepartz, 2011) to test the hypothesis (Scheck et al., 2012) that growth factor-

dependent structural differences within the ECD induce different TM dimer populations. 

This chemical biology tool makes use of the bis-arsenical dye ReAsH (Adams et al., 2002), 
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which becomes fluorescent only when bound to four cysteine side chains in a discrete 

tetracysteine motif (Walker et al., 2016). In this way, induced ReAsH fluorescence provides 

a readout of protein assembly and/or protein partnerships (Doerner et al., 2015; Lowder et 

al., 2015; Luedtke et al., 2007; Scheck et al., 2012). To apply bipartite tetracysteine display 

to monitor EGFR TM interactions, we made use of a previously reported EGFR variant 

(CCL-1), containing Cys substitutions at two positions (648 and 649) at the TM-JM junction 

(Figure 1). When expressed on the cell surface, CCL-1 binds ReAsH and fluoresces whether 

EGF is added to the media or not (Scheck et al., 2012). Because of the strict requirements 

for ReAsH fluorescence (Walker et al., 2016), this result implies that when full-length EGFR 

dimers are assembled on the surface of live cells, the two TM-JM junctions are proximal 

whether EGF is bound to the ECD or not and hence, whether the receptor exists in an active 

or auto-inhibited state.

In this work, we first asked whether the two EGFR TM-JM junctions would also be 

proximal when the ECD was bound to TGF-α in place of EGF, as these two growth factors 

induce the formation of different coiled coils within the JM region (Doerner et al., 2015). 

More broadly we wondered whether the ability of CCL-1 to bind ReAsH and fluoresce 

would correlate with the induced growth factor-specific JM coiled coil structure (Doerner et 

al., 2015).

Growth factor-dependent changes in ECD conformation are transmitted through the 
membrane to the TM-JM junction and correlate with JM coiled coil structure

To evaluate whether CCL-1 would bind ReAsH and fluoresce when activated by other 

growth factors, CHO-K1 cells expressing CCL-1 or CCH-1 (a positive control that binds 

ReAsH in an EGF-dependent manner (Scheck et al., 2012)) were stimulated with saturating 

concentrations of EGF, TGF-α, HB-EGF, BC, AR, EPI, or ER, incubated with ReAsH, 

washed, and immuno-stained to visualize EGFR-expressing cells. Using TIRF microscopy 

(TIRF-M), we quantified the level of induced ReAsH fluorescence in these cells as a 

function of both EGFR variant (CCL-1 or CCH-1) and growth factor identity (Figure 2).

As reported previously, cells expressing CCH-1 exhibited a significant (1.5–1.7-fold) 

increase in ReAsH fluorescence when treated with EGF, HB-EGF, and BC, and no 

significant increase when treated with TGF-α, AR, ER, or EPI; cells expressing CCL-1 

exhibited a 1.4-fold increase in ReAsH fluorescence whether they were treated with EGF or 

not (Figure 2) (Doerner et al., 2015; Scheck et al., 2012). When cells expressing CCL-1 were 

treated with TGF-α, AR, ER, or EPI, however, little or no increase in ReAsH fluorescence 

was observed relative to background; the only growth factor that led to a significant increase 

in ReAsH fluorescence was HB-EGF. Indeed, treatment of CCL-1 with TGF-α, AR, ER, 

EPI, or BC led to a decrease in ReAsH fluorescence relative to untreated cells. These trends 

indicate that the ability of CCL-1 to bind ReAsH and fluoresce depends on growth factor 

identity, and in a manner that tracks with induced JM coiled coil structure: activation by 

EGF and HB-EGF induces the EGF-type JM coiled coil and high levels of ReAsH 

fluorescence in cells expressing CCL-1, whereas activation by TGF-α, AR, EPI, and ER 

induces the TGF-α-type JM coiled coil and little or no ReAsH fluorescence. The implication 

is that the structure of EGFR dimers at the TM-JM junction is not fixed, but rather depends 
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on the identity of the growth factor bound to the ECD. These observations support the 

hypothesis that different EGFR-activating growth factors induce different conformations in 

the ECD that are faithfully transmitted through the membrane, using the TM helix as a 

conduit (Doerner et al., 2015; Scheck et al., 2012).

Mapping growth factor-dependent changes in TM helix orientation in the membrane

In an attempt to more precisely define the growth factor-dependent changes in TM helix 

conformation, we made use of a previously reported (Lu et al., 2010) cysteine crosslinking 

assay that can detect different structures within the EGFR TM segment dimer when intact 

receptors are assembled on the surface of BaF3 cells. This assay employs cell lines that each 

stably express an EGFR variant harboring a single Cys substitution, and evaluates the extent 

to which each variant forms inter-chain Cys-Cys crosslinks when treated with growth factor 

(Figure 3A). As reported (Lu et al., 2010), when EGFR is activated by EGF, inter-chain Cys-

Cys crosslinking is observed when the Cys substitution is found between residues I622 and 

V627, especially at A623, T624, G625 and V627 (Lu et al., 2010). If growth factor identity 

is communicated through the plasma membrane via different TM helix conformations, then 

the pattern of Cys crosslinking should track with growth factor identity in a manner that 

correlates with induced JM coiled coil structure (Doerner et al., 2015). To test this 

hypothesis, we evaluated the extent of inter-chain Cys-Cys crosslinking in EGFR variants 

harboring a single Cys substitution within the TM proper (15 variants), the ECD-TM 

junction (2 variants), and within the ECD at positions that are proximal in the EGF- and/or 

TGF-αbound dimer structure (2 variants) (Garrett et al., 2002; Ogiso et al., 2002).

The crosslinking pattern observed in the presence or absence of EGF agrees largely with 

previous findings (Lu et al., 2010). Without EGF treatment, little or no inter-chain Cys-Cys 

crosslinks were observed when the EGFR variant carried Cys at any position within the TM 

or the ECD (Figures 3B and S2A–B). A modest level of inter-chain Cys-Cys crosslinking 

was observed when the EGFR variant contained Cys substitutions within the ECD-TM 

junction at positions 616 and 619; these residues are predicted to be proximal in structures 

resulting from MD simulations of activated ECD dimers (Arkhipov et al., 2013). With EGF 

treatment, inter-chain Cys-Cys crosslinks were observed when the EGFR variant carried a 

single Cys substitution within the ECD (at positions 279 and 602), within the ECD-TM 

junction (at positions 616 and 619) and within the N-terminal region of the TM, with the 

highest crosslinks levels observed at positions 624–628. Overall, our results agree with 

previous crosslinking results (Lu et al., 2010), with inter-chain contacts observed in an 

NMR-derived structure of an EGFR TM-JM fragment in bicelles (PDB ID: 2M20; (Endres 

et al., 2013), and with EGFR TM interfacial distances predicted by MD simulations of the 

N-terminally dimerized TM domains (Arkhipov et al., 2013).

EGF and TGF-α lead to different patterns of EGFR inter-strand Cys-Cys crosslinks

Next we asked whether this crosslinking assay could detect changes in the orientation of the 

TM helix dimer when the EGFR ECD is bound to TGF-α in place of EGF. When cells 

expressing each of the EGFR single Cys variants were treated with TGF-α, inter-chain 

crosslinks were again observed when the EGFR variant carried Cys in the ECD, the ECD-

TM junction, or in the N-terminal region of the TM, with the highest crosslinks levels 
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observed at positions 624–628 (Figures 3B and S3). Although the plots showing the yield of 

crosslinked EGFR in the presence of EGF or TGF-α are similar, clear differences are 

observed in the N-terminal region of the TM segment. Specifically, in the presence of TGF-

α, lower levels of EGFR crosslinks are observed within the TM segment when the Cys 

residues are substituted at positions 626, 627, 628, and 629, and the yield of crosslinked 

protein was roughly constant throughout this entire region (Figures 3B and S3). Outside this 

one region of the TM, the levels of inter-strand crosslinks are comparable whether the cells 

were treated with EGF or TGF-α, suggesting that the receptor dimers themselves possess 

comparable overall thermodynamic stability (Freed et al., 2017).

Growth factor-dependent EGFR inter-strand Cys-Cys crosslinks patterns correlate with JM 
coiled coil identity

With one exception, growth factors that activate EGFR fall into two categories: EGF and 

HB-EGF induce formation of an activated EGFR dimer with an ‘EGF-type’ JM coiled coil, 

whereas TGF-α, AR, ER, and EPI induce an activated EGFR dimer with an alternative, 

‘TGF-α-type’ JM coiled coil (Doerner et al., 2015) (Figure 1). If the observed differences in 

Cys-Cys inter-chain crosslinks within the TM identify structures that differentially transmit 

information through the plasma membrane, then the differences in the patterns elicited by 

EGF and TGF-α should be reproduced by other growth factors, and in a manner that tracks 

with the JM coiled coils that they each induce. To test this prediction, we performed cysteine 

crosslinking assays in the presence of HB-EGF and AR. We also performed experiments in 

which the EGFR variants were activated by BC, which induces a JM coiled coil that is an 

intermediate between the EGF- and TGF-αtype coiled coils (Doerner et al., 2015) (Figures 

3B and S3). While concentrations of 100 nM EGF, TGF-α, HB-EGF, and BC were sufficient 

to activate the complete set of EGFR variants (Figure S2C), a higher concentration of 2 μM 

AR was required to attain comparable levels of EGFR activation (Figure S2D and E). As 

very high concentrations (> 4 μM) of ER or EPI were required to attain comparable levels of 

EGFR activation, the effect of ER and EPI were not monitored in the disulfide crosslinking 

assay.

As observed when cells were activated with EGF or TGF-α, the extent of Cys-Cys 

crosslinking at many positions–within the ECD, at the ECD-TM junction, and in the C-

terminal region of the TM helix–were unaffected whether the cells were activated with EGF, 

TGF-α, AR, or HB-EGF (Figures 3B and S3). However, distinct differences were observed 

in EGFR variants containing Cys substitutions in the N-terminal region of the TM helix, 

especially between residues 624 and 629. In particular, the extent of Cys-Cys crosslinking in 

this region when cells were treated with HB-EGF and BC mirrored almost exactly the 

pattern observed when cells were treated with EGF, while the patterns observed when cells 

were treated with AR more closely resembled the pattern observed when cells were treated 

with TGF-α (Figures 3B and S3). The extent of Cys-Cys crosslinking was approximately 

equal across this region when cells were treated with TGF-α- or AR but showed a distinct 

preference for formation of a crosslink at positions 626–628 when cells were treated with 

EGF, HB-EGF, or BC. These observations suggest that activated EGFR can contain at least 

two different TM helix dimer populations; one population forms when the cells are treated 

with EGF, HB-EGF, or BC, whereas another forms when the cells are treated with TGF-α or 
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AR. The observed growth factor-dependent differences in Cys-Cys crosslinking within the 

N-terminal region of the TM support the conclusion that small but detectable (Scheck et al., 

2012) growth factor-dependent changes in ECD structure propagate into structural or 

dynamic changes within the TM region.

It has been previously proposed that the EGFR ECD adopts growth factor-specific 

conformations that propagate to the TM (Freed et al., 2017; Scheck et al., 2012; Wilson et 

al., 2009). By overlaying structures of the dimerized human EGFR ECD in the EGF-bound 

(Lu et al., 2010; Ogiso et al., 2002) and TGF-α-bound (Garrett et al., 2002) states, we and 

others identified differences (Arkhipov et al., 2013; Liu et al., 2012; Scheck et al., 2012; 

Wilson et al., 2009), especially within membrane-proximal domain IV, that could propagate 

EGF- and TGF-α-specific conformational cues through the plasma membrane. The bipartite 

tetracysteine display and Cys crosslinking results reported here confirm that different ECD-

bound growth factors induce different TM dimer populations. The fact the growth factor-

dependent crosslink yields differ only within the TM proper, and not within the ECD or at 

the ECD-TM junction, implies that the effects on TM helix dimer structure and/or dynamics 

dominate over potential changes in overall receptor dimer stability (Freed et al., 2017). The 

following experiments explore how differences in the structure and/or dynamics of the TM 

can be decoded into different coiled coils within the JM.

Exploring whether differences in TM structure or dynamics influence JM coiled coil 
structure

Rosetta is an object-oriented software suite for predicting and designing protein structures, 

folding pathways, and protein-protein interfaces (Gray et al., 2003). The updated (Alford et 

al., 2015) RosettaMP framework embodies the physical and chemical properties of proteins 

embedded in a membrane (Alford et al., 2015; Barth et al., 2007). As our inter-chain 

crosslinking results imply that growth factor identity influences TM dimer structure and 

dynamics within the membrane, we applied RosettaMP to evaluate the breadth of dimer 

structures available to the TM and their influence on the assembly of the adjacent JM coiled 

coil. Specifically, we asked whether growth factor-dependent changes in TM structure, 

intimated by the previously described crosslinking data, could facilitate the formation of 

alternative coiled coils within the JM.

Our studies began with a high-resolution NMR structure of an EGFR TM-JM fragment 

(Endres et al., 2013). This structure contains the complete TM segment (residues 618 – 640) 

and JM region (residues 641 – 673) assembled as a dimer in bicelles (Endres et al., 2013). 

The structure shows the paired TM segments assembled as a parallel, α-helical dimer that 

crosses near the N-terminus at A629. The adjacent, paired JM region appears as an 

antiparallel α-helical dimer that closely resembles the NMR structure of an engineered JM 

peptide dimer in isolation (Jura et al., 2009) and forms on the cell surface when EGFR is 

activated by EGF (Scheck et al., 2012). Although other NMR-derived structures of the 

EGFR TM segment have since been reported (Bocharov et al., 2017; Mineev et al., 2015), 

the structure we used contains both the TM segment and the coiled coil-forming portion of 

the JM (residues R653-V665) (Endres et al., 2013).
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We developed a custom workflow that employed two Rosetta scripts to model the structural 

relationship between the TM and the JM segments and evaluate whether growth factor-

dependent differences in average TM structure could promote the formation of alternative 

coiled coils within the JM (Figure 4A). First, with Rosetta-MPDock (Barth et al., 2007), we 

generated 1,000 low energy structures for the TM helix dimer and sorted them on the basis 

of helix cross location and cross angle Θ. The helix cross location was defined as the TM 

residue with the smallest distance between paired C-α positions; this distance ranged 

between 3.09 Å and 47.9 Å across all 1000 structures with an average of 6.00 ± 4.29 Å 

(Figure S4A). The cross angle Θ was defined by drawing a vector from the C-α of each 

paired crossed residue to the C-α of the residue located 4 residues towards the C-terminus 

on the same strand and calculating the angle between the two vectors (Figure 4B).

Next, we ranked the 1000 structures obtained on the basis of the distance between paired C-

α carbons at the cross location, and limited subsequent analysis to those structures whose 

cross location C-α to C-α distance was < 13 Å. This filter removed those structures–about 

5%–whose TM segments did not appreciably interact. The remaining 950 structures were 

characterized by an average contact surface area of 240 ± 71 Å2, a value slightly smaller 

than other ErbB family members, 360 ± 30 Å2 (Bugge et al., 2016). Analysis of the 950 

structures revealed TM helices crossed at nine locations (S621, I622, T624, G625, G628, 

A629, L632, V636, I640), with a significant preference for G625 (584 structures), G628 (64 

structures), and A629 (169 structures) (Figure 4C). TM dimers that crossed at G625 or A629 

were also characterized by the most favorable docking scores (Figure 4D). The median cross 

angle for structures crossed at G625 was −30.5° with a SD of 10.5° (Figure S4B), while 

structures crossed at G628 and A629 contained median cross angles of −42.4° ± 12.6 ° and 

−44.5°° ± 8.3°, respectively (Figure S4C and D). These values compare well to structurally 

characterized TM helix dimers, whose cross angles range between −74.3° and −10.3° for 

right-handed coiled coils with a median value of −25.8° (Bocharov et al., 2017; Bocharov et 

al., 2013; Bocharov et al., 2008a; Bocharov et al., 2010; Bragin et al., 2016; Call et al., 

2010; Chen et al., 2014; Endres et al., 2013; Lau et al., 2009; MacKenzie et al., 1997; 

Mineev et al., 2010; Mineev et al., 2011; Mineev et al., 2014; Muhle-Goll et al., 2012; 

Nadezhdin et al., 2012). The lowest energy structures that crossed at positions 625, 628, and 

629 were characterized by cross angles of Θ = −27.4°, −37.2° and −40.8°, respectively 

(Figure S4C–E). For comparison, the average cross angle observed in the NMR structure of 

the TM-JM dimer in bicelles (cross location A629) was −44.8° (Endres et al., 2013).

Although the preferred cross location predicted by Rosetta MPDock (G625) differed from 

the cross location observed by NMR of the TM-JM dimer in bicelles (A629), the two 

structures are extremely close: the minimum energy docked structure (crossing at G625) 

differed from the average NMR structure by only 3.17 Å in RMSD; this value is smaller 

than the RMSD among alternative experimental NMR poses, which were as large as 3.30 Å 

(Endres et al., 2013). Moreover, there exists a clear relationship between Rosetta energy and 

RMSD (Pearson’s correlation coefficient r = 0.56 p < 0.0001), with 972 of the 1000 docked 

structures having a residual value of less than 50 Rosetta energy units in a linear regression 

(Figure S4E). The high correlation between the structure determined by NMR (Endres et al., 

2013) and the lowest energy computational structures provides confidence that the Rosetta 

energy scoring function MPDock High Res 2015 (Alford et al., 2015) accurately represents 
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the potential energy of the EGFR TM-JM dimer system. In addition, the minimum energy 

docked structure we observe (which crosses at G625 with an angle of −27.4°) is virtually 

identical to that of a full-length EGFR structure generated by an all-atom simulation, which 

crosses at G625 with an angle of −31.7° (Arkhipov et al., 2013). An alternative, lower 

resolution modeling program TMDOCK also predicts that the TM region of EGFR can cross 

at G625 (Lomize and Pogozheva, 2017). More recent NMR structures of the EGFR TM also 

agree with these computationally modeled structures: the NMR structure of a dimeric EGFR 

fragment containing the TM segment and part of the JM crosses at G625 with an average 

cross angle of −38° or at A629 with an average cross angle of −40°(Bocharov et al., 2017). 

Finally, in the case of the lowest energy structures that cross at G625 or A629, we observed 

the expected relationship between the modeled C-α to C-α distances and experimental 

crosslinking yield for growth factor-treated samples (Figure 4E). The Spearman’s correlation 

coefficient representing the relationship between the G625 C-α to C-α distance and 

crosslinking yield was -0.75 and −0.63 for cells treated with EGF and TGF-α, respectively; 

the corresponding values for structures crossed at A629 were −0.74 and −0.62. The 

Spearman’s correlation coefficient representing the relationship between the G628 C-α to C-

α distance and crosslinking yield were significantly lower, −0.34 and −0.23 for EGF and 

TGF-α-treated samples, respectively, suggesting that only structures that cross at G625 and 

A629 are biologically relevant in the context of an activated receptor. Taken together, the 

agreement between the RosettaMPDock models with two different NMR structures 

(Bocharov et al., 2017; Endres et al., 2013) and two structures generated using alternative 

computational approaches (Arkhipov et al., 2013), as well as with the crosslinking 

experiment results described herein (Figure 3), provide confidence that the Rosetta MPDock 

procedure accurately represents the behavior of the EGFR TM-JM region.

Monte Carlo simulations reveal effect of TM cross location and angle on JM coiled coil 
structure

The dihedral angles of the protein backbone remain fixed during a Rosetta-MPDock 

operation, and as a result the relative orientation of the TM and JM segments in a single 

EGFR monomer do not change. To permit the relative orientations to change, we performed 

10-step Monte Carlo simulations using MPRelax (Alford et al., 2015; Barth et al., 2007; 

Yarov-Yarovoy et al., 2006) that allowed the JM region (residues 643 – 673) to relax while 

restricting the motion of the TM, and evaluated the extent to which each TM dimer 

orientation facilitated a transition from an EGF-type to a TGF-α-type coiled coil within the 

JM. To choose structures for analysis by MPRelax, we grouped the 1000 structures produced 

by Rosetta-MPDock on the basis of cross location and retained only those 753 structures 

that crossed at G625 or A629, the two favored cross locations identified by the experimental 

crosslinking data. We then distributed these 753 structures into √N bins on the basis of cross 

angle (Figure S4), where N is the number of structures that cross at that location; N = 584 

for structures that cross at G625 (24 bins) and N = 169 for structures that cross at A629 (13 

bins). MPRelax was then performed on the lowest energy structure in each significantly 

populated (>5 structures) bin. We also chose to perform MPrelax on any structures whose 

cross angle was greater than the median, because structures with very high cross angles have 

JMs that are not in contact with each other, allowing for greater conformational change in 

the JM during the relaxation experiment. We performed MPrelax on 30 structures in total. 
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Each structure was subjected to a 10-step MC simulation to generate 10,000 decoys; the 

decoy set was filtered with a custom script to remove structures whose JM coiled coil dimers 

were not antiparallel or not in contact (approximately 47%), and the remaining coiled coil 

dimers were categorized as EGF-type, TGF-α-like, or neither (Figures 5A and S5).

Several observations are evident upon examination of the structures that began the MC 

simulation crossed at G625 or A629 (Figure 5A). First, the appearance of TGF-α-type 

coiled coils was dependent on cross location, and were more favored when the TM helix 

crossed at G625 than when it crossed at A629 (Figure 5A). Second, in general, input 

structures with smaller cross angles at G625 (lower half) produced relaxed structures whose 

JM coiled coil remained in the EGF-type conformation; relaxed structures with TGF-α-type 

coiled coils were more prevalent among input structures with higher cross angles (Figure 

5A). Although overall a relatively small number of relaxed structures containing a TGF-α-

type coiled coil were observed, when the starting structure contained a TGF-α-type coiled 

coil and the MD simulation was repeated, 99% of the structures retained the TGF-α-type 

coiled coil (Figure S5C). Thus we conclude that the small number of relaxed structures 

containing a TGF-α-type coiled coil reflects the fact that the starting NMR structure 

contained an EGF-type coiled coil.

Large cross angles at G625 favor formation of a TGF-α-type coiled coil

Further examination of the relaxed structures that began the MC simulation crossed at G625 

(but not A629) revealed that those structures containing a TGF-α-type coiled coil, on 

average, contained TM helices with larger cross angles (Figure 5B). When the final structure 

after MC simulation crossed at G625, the average cross angle among structures containing a 

TGF-α-type coiled coil was −36 ± 5 degrees; the corresponding angle among structures 

containing an EGF-type coiled coil was −27 ± 6 degrees. Although the distributions 

associated with formation of the EGF- and TGF-α-type coils overlap, the observation that 

larger G625 cross angles are associated with formation of a TGF-α-type coiled coil (Figure 

5B) and that differences in TM helix cross location translate into differences in induced JM 

helix structure (Figure 5A), both support the hypothesis that TM location and cross angle 

contribute to JM coiled coil identity. Specifically, large cross angles at G625 promote 

formation of the TGF-α-type coiled coil within the JM.

Mutations in EGFR TM dimer cross locations alter JM structure and override the effect of 
growth factor identity

To further test the hypothesis that TM cross location and angle contribute to JM coiled coil 

identity, we designed EGFR variants with substitutions at positions 625, 628, and 629 within 

the TM (Figure 6A) and evaluated the JM coiled coil structure that formed upon growth 

factor activation using bipartite tetracysteine display (Figures 6B–D, S6, and S7). The first 

set of variants substituted G625, G628 or A629 with either a small, non-polar residue (Ala 

or Gly) compatible with a traditional GXXXG motif (Lemmon et al., 1994; Russ and 

Engelman, 2000; Senes et al., 2004) or a bulky, hydrophobic residue (Phe). The second set 

of variants contained two substitutions (G625I or G628V) reported to influence intracellular 

trafficking, an iconic differentiator of EGFR-activating growth factors on downstream 

biology (Heukers et al., 2013) (Figure 6A). EGFR receptors carrying G628V or G625I 
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substitutions exhibit dramatic or moderately reduced levels of receptor internalization, 

respectively, when treated with EGF (Heukers et al., 2013). In each case, the TM 

substitution was introduced into two validated EGFR variants, CCH-1 and CCH-10, that 

report on formation of the EGF-type and TGF-α-type JM coiled coil structures, respectively, 

using bipartite tetracysteine display (Doerner et al., 2015). All EGFR variants could be 

expressed in CHO-K1 cells, where they trafficked to the cell surface and underwent growth-

factor-dependent activation as determined by the level of auto-phosphorylation on the C-

terminal tail tyrosine residues and phosphorylation of Erk1/2 (Figure S6).

We first evaluated the effect of conservative substitutions at G625, G628, or A629 on coiled 

coil structure using bipartite tetracysteine display (Figures 6B and S7). Cells expressing 

variants of EGFR CCH-1 harboring a G625A, G628A, or A629G substitution exhibited little 

ReAsH fluorescence in the absence of added growth factor, as expected, but showed a 

significant increase (1.6 to 1.7-fold) only when treated with EGF. Cells expressing variants 

of EGFR CCH-10 harboring a conservative G625A, G628A, or A629G substitution also 

exhibited little ReAsH fluorescence in the absence of added growth factor, as expected, but 

showed an increase in ReAsH fluorescence (1.3 to 1.5-fold) only when treated with TGF-α. 

These results confirm that conservative substitutions within the TM segment, even at cross 

locations, have little if any effect on the transfer of information from the ECD, through the 

TM helix, and into the JM segment: activation of these EGFR variants with EGF led to 

formation of only the EGF-type JM coiled coil whereas activation with TGF-α led to 

formation of only the TGF-αtype JM coiled coil.

We next evaluated the effect of a non-conservative substitution of Phe at each of the three 

cross location residues (G625, G628, or A629). In contrast with the results obtained when 

these positions were substituted conservatively, EGFR variants with Phe at positions 625, 

628, or 629 exhibited significant changes in preferred JM coiled coil structure. Cells 

expressing variants of EGFR CCH-1 with G625F, G628F, or A629F substitutions exhibited a 

1.5 to 1.8-fold increase in ReAsH fluorescence when treated with either EGF or TGF-α 
(Figure 6C), whereas cells expressing EGFR CCH-10 variants with the same substitutions 

showed no increase in ReAsH fluorescence when treated with either EGF or TGF-α. In all 

three cases, substitution of a cross location residue with Phe (as in G625F, G628F, and 

A629F) favored EGFR dimers containing only the EGF-type JM coiled coil regardless of 

growth factor identity, effectively decoupling growth factor identity from JM structure. 

These results suggest that the EGF-type coiled coil is induced by multiple TM orientations 

and raise the possibility that the alternate TGF-αtype JM coiled coil is favored by a small 

number of highly specific TM conformations.

A hint of the TM conformation required for formation of a TGF-α-type coiled coil arose 

when we evaluated EGFR G625I and G628V, two EGFR variants that display aberrant 

receptor trafficking (Heukers et al., 2013) (Figures 6D and S7). EGFR receptors carrying the 

G628V mutation exhibit significantly reduced levels of receptor internalization, whereas the 

changes in receptors carrying the G625I mutation are smaller (Heukers et al., 2013). 

Consistent with these results, cells expressing EGFR CCH-1 and CCH-10 variants harboring 

the G625I substitution behave like WT EGFR: no increase in ReAsH fluorescence without 

added growth factor, and a significant increase (1.7-fold) upon treatment of EGFR G625I 
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CCH-1 with EGF or treatment of EGFR G625I CCH-10 with TGF-α. By contrast, cells 

expressing EGFR G628V versions of CCH-1 and CCH-10 did not behave like WT EGFR. A 

significant increase (1.5-fold) in ReAsH fluorescence was observed when cells expressing 

EGFR G628V CCH-10 were treated with either EGF or TGF-α but not in the absence of 

growth factor. Cells expressing EGFR G628V CCH-1 showed no increase in ReAsH 

fluorescence when treated with either EGF or TGF-α. Thus, upon activation, EGFR 

harboring a G628V substitution assembles into dimers containing only the polar TGF-α-

type JM coiled coil, regardless of whether it is activated with EGF or TGF-α. It is 

remarkable that a single substitution within the TM helix–a relatively conservative 

substitution of Val for Gly at position 628–can alter the identity of the coiled coil formed 

within the adjacent JM segment, in a manner that is irrespective of growth factor identity.

Predicting the structure of the JM coiled coil within ErbB2

Over a quarter of breast cancers are characterized by ErbB2 overexpression (Hynes, 2016; 

Slamon et al., 1987), and ErbB2 is the only ErbB family member that does not require a 

growth factor to stimulate receptor homo- and hetero-dimerization and kinase activation. 

ErbB2 and EGFR share a high level of sequence identity within the JM segment – 68% 

overall and 75% within the 12-residue helix-forming JM-A region (660 to 671 in ErbB2; 

residues 652 to 663 in EGFR) (Figure 7A). While the two receptors share less overall 

sequence identity within the TM domain (20%), both contain a pair of overlapping GXXXG 

motifs near the N-terminus of the TM region and another near the C-terminus (Figure 7A). 

Moreover, the predicted structure of the ErbB2 TM homodimer–as determined by solution 

NMR in lipid bicelles (PDB ID: 2JWA) (Bocharov et al., 2008b) and MD simulations 

(Arkhipov et al., 2013)–confirm the propensity of the ErbB2 TM to form stable 

homodimers.

ErbB2 is also the only ErbB family member to contain a Val residue in place of Gly at 

position 635, corresponding to G628 in EGFR (Figure 7A) (Hynes, 2016; Slamon et al., 

1987). We reasoned that if the presence of a Val at this position within the ErbB TM is 

necessary to specify formation of a TGF-α-type JM coiled coil within the JM (as observed 

with EGFR G628V), then the ErbB2 homodimer should contain a TGF-α-type JM coiled 

coil. To test this hypothesis, we generated variants of ErbB2 whose JM segments contained 

Cys substitutions at residues that corresponded to those found in EGFR CCH-1 and CCH-10 

and used bipartite tetracysteine display to evaluate the state of the JM segment in the ErbB2 

homodimers that formed. An ErbB2 variant (V635G) in which this particular Val is 

substituted by Gly (the residue in EGFR) was prepared as well.

The CCH-1 and CCH-10 versions of FLAG-tagged ErbB2 and ErbB2 V635G were expressed 

in transiently transfected CHO-K1 cells and showed evidence of robust auto-

phosphorylation within the C-terminal tail (at Y1248, Y1221/1222, and Y877) in the 

absence of added growth factor that could be inhibited by Lapatinib, an ErbB2-specific 

tyrosine kinase inhibitor (Xia et al., 2002) (Figure S6H). Using TIRF-M, we confirmed that 

these cells showed evidence of ErbB2 expression on the cell surface when treated with an 

anti-FLAG antibody, and quantified the level of induced ReAsH fluorescence. Cells 

expressing ErbB2 CCH-1 exhibited no significant increase in ReAsH fluorescence, whereas 
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cells expressing ErbB2 CCH-10 exhibited a 1.8-fold increase in ReAsH fluorescence, 

comparable to the increase seen when EGFR CCH-10 is treated with TGF-α(Figure 7B–C). 

These results confirm that the constitutively active ErbB2 homodimer contains the polar, 

TGF-α-type JM coiled coil and not the hydrophobic EGF-type coiled coil, as predicted.

As we observed the impact of a Val at EGFR position 628 to affect EGFR JM structure, we 

wondered whether the presence of Val at ErbB2 position 635 may also be sufficient in the 

context of ErbB2 to affect JM structure. We therefore evaluated the state of the ErbB2 JM 

structure in cells expressing ErbB2 CCH-1 and CCH-10 variants with a V635G mutation 

(Figure 7B and D). While cells expressing ErbB2 V635G CCH-1 exhibited no significant 

increase in ReAsH fluorescence, cells expressing ErbB2 V635G CCH-10 exhibited a 1.7-

fold increase in ReAsH fluorescence, behaving just like ErbB2 CCH-10 with a wild type TM 

sequence. The response of these ErbB2 variants to ReAsH indicates that Val at position 635 

is sufficient in the context of EGFR to specify a TGF-αtype JM coiled coil but not within 

ErbB2, perhaps because of differences in the arrangement of GXXXG motifs within the 

EGFR and ErbB2 TM sequences. Further work will be necessary to identify which other 

residues in the ErbB2 TM cooperate to dictate the ErbB2 JM coiled coil preference.

DISCUSSION

Our studies define a mechanism for how growth factor specific information can be 

transmitted from the EGFR extracellular domain (ECD), through the membrane-embedded 

transmembrane segment (TM), and into the distal cytosolic juxtamembrane segment to 

influence diverse signaling outcomes. Our results support the theory that EGFR displays 

ligand functional selectivity (Wilson et al., 2009), or biased signaling, where activation by 

different ligands stimulate distinct receptor conformations that singularly define downstream 

signaling events (Kahsai et al., 2011; Liu et al., 2012). While many RTKs respond to 

multiple ligands and effect ligand-dependent signaling, a molecular link between the 

structure of the ligand-bound receptor and its distinct ligand-mediated cellular outcome has 

not been firmly established (Thomas et al., 2011). Here, we report direct evidence that 

different extracellular EGFR ligands induce distinct conformations to the intracellular 

transmembrane region, and that these differences translate into different JM coiled coil 

conformations that correlate with downstream signaling.

Our results also provide new structural details on how the EGFR TM and JM domains are 

conformationally coupled (Arkhipov et al., 2013; Endres et al., 2013). While it has been 

previously demonstrated that conformational coupling between the EGFR TM and JM 

domains mediates the transition between inactive and active EGFR states (Arkhipov et al., 

2013; Endres et al., 2013), our work implies that specific structures adopted within the N-

terminal TM homodimer allosterically dictate the conformation in the neighboring JM coiled 

coil complex, and in a manner that can override the identity of the growth factor bound at the 

ECD. Although different growth factors may induce EGFR dimers possessing different 

equilibrium or kinetic stability, with ER and EPI inducing EGFR dimers with low stability, 

and EGF and other growth factors inducing EGFR dimers with high stability (Freed et al., 

2017), our experimental and computational results indicate that the TM helix conformational 

landscape is the primary determinant of JM coiled coil structure and hence growth factor-
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dependent signaling outcome. Further, our results show how signaling output could be 

modulated by exogenous ligands that alter coiled coil structure, as was recently 

demonstrated for certain tyrosine kinase inhibitors (Lowder et al., 2015).

Our results show that growth factors fall into two main classes with respect to the population 

of TM dimers they induce – EGF and HB-EGF induce one family of TM structures, whereas 

TGF-α, AR, ER, and EPI induce another. This segregation matches how growth factors 

segregate with respect to induced JM structure: EGF and HB-EGF induce an EGF-type 

coiled coil, whereas TGF-α, AR, ER and EPI induce a TGF-α-type coiled coil (Doerner et 

al., 2015). This segregation also matches how growth factors segregate with respect to 

downstream signaling: TGF-α, AR, EPI are more likely to induce proliferation than EGF, 

HB-EGF, and BC (Wilson et al, 2012), and receptors bound to TGF-α, AR, EPI are 

recycled, while those bound to EGF, HB-EGF, and BC are degraded (Roepstorff et al, 2009). 

These observations of downstream signaling behavior and receptor trafficking are more 

consistent with growth factor classification based on TM and JM conformation than with a 

classification based on EGFR dimer strength (Freed et al., 2017).

How might conformational differences in the TM and/or JM regions bias signaling? First, it 

is possible that proteins known to bind to the JM region and induce various signaling 

pathways, such as calmodulin (Martin-Nieto and Villalobo, 1998), Nck adaptor protein 

(Hake et al., 2008), GαS (Poppleton et al., 2000), PKC (Hunter et al., 1984), and p38MAPK 

(Takishima et al., 1988), are recruited preferentially by one JM conformation. Many EGFR 

up- and down-regulation sites are located within the JM including: a threonine 

phosphorylated by protein kinase C (Hunter et al., 1984; Morrison et al., 1993) and a second 

threonine residue phosphorylated by p38MAPK (Takishima et al., 1988; Winograd-Katz and 

Levitzki, 2006); and basolateral sorting (Guo et al., 2013) and nuclear translocation motifs 

(Lin et al., 2001). Different JM conformations could interact preferentially with different 

lipids. Lastly, alternative JM conformations could traffic differently or interact differently 

with the surface of the asymmetric kinase dimer to further propagate conformational 

changes through the kinase domains and influence differential C-terminal tail 

phosphorylation (Wilson et al., 2009).

Overall, our studies highlight the role of the EGFR TM domain in communicating precise 

activation signals through the plasma membrane by identifying subtle but distinct TM dimer 

populations that are directly encoded by the identity of the bound growth factor. We propose 

that the ability of the EGFR TM to adopt more than one N-terminal dimer conformation is 

the key to how EGFR translates the specific signals of multiple growth factors through the 

plasma membrane (Wilson et al., 2012). Conformational changes in the TM domain upon 

growth factor binding to the ECD have been observed in other RTKs that have multiple 

growth factor binding partners – for example, the binding of fibroblast growth factors FGF1 

and FGF2 to the FGFR3 extracellular receptor domain promotes different distances in the C-

termini of the dimerized TM domains (Sarabipour and Hristova, 2016). While our findings 

emphasize the significance of the TM domain for EGFR signaling, they simultaneously 

highlight the TM domain as a vulnerability in receptor signaling. Although oncogenic 

mutations in the TM domain of EGFR are underreported, pathogenic mutations located in 

the TM domains of other RTKs are notorious (Li and Hristova, 2006). Our approach for 
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using empirical and computational techniques to revise the model of EGFR TM 

conformational dynamics provides a generalizable strategy for expanding the structural 

understanding of RTK TM domains, with or without aberrant mutations.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact Alanna Schepartz (Alanna.Schepartz@yale.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

CHO-K1 cells and BaF3 cells were transfected and cultured as indicated in method details.

METHOD DETAILS

Cell Culture—CHO-K1 cells were purchased from ATCC and maintained at 37 °C, 5% 

CO2, in F12K Medium (Corning) supplemented with 10% fetal bovine serum and pen-strep 

(100 I.U./mL penicillin and 100 μg/mL streptomycin). Cell densities were determined with a 

Cellometer® Auto T4 automated counter. Transient transfection of CHO-K1 cells was 

performed via use of the TransIT-CHO Transfection Kit, according to the manufacturer’s 

instructions (Mirus Bio LLC).

BaF3 cells were generously donated by the Springer Group (Harvard University; (Lu et al., 

2010)), and maintained at 37 °C, 5% CO2 in RPMI-1640 Medium (Invitrogen) 

supplemented with 10% fetal bovine serum, 10 ng/mL interleukin-3 (IL-3), and pen-strep 

(100 I.U./mL penicillin and 100 μg/mL streptomycin). BaF3 cells stably expressing EGFR 

constructs were maintained in medium that was additionally supplemented with 1 mg/mL 

G418. Stable transfection of BaF3 cells was performed via use of the Nucleofector® 

machine with the Amaxa® Cell Line Nucleofector® Kit V, according to the manufacturer’s 

instructions (Lonza, Cologne, Germany). Populations of BaF3 cells stably expressing the 

EGFR constructs were selected/maintained by fluorescence-activated cell sorting (FACS) by 

immuno-staining for EGFR with an anti-EGFR antibody (AbCam product #ab231, rat 

monocolonal) and anti-rat AlexaFluor-647 conjugated antibody (AbCam product 

#ab150167, goat polyclonal) and by monitoring for GFP expression (GFP gene located in 

same plasmid as EGFR) (Dr. Kenneth Nelson, Yale Cell Sorting Facility).

DNA Constructs—EGFR constructs for the cysteine crosslinking and related activation 

assays, to be transfected into BaF3 cells, were generously donated by the Springer Group 

(Harvard University)(Mi et al., 2008b). Briefly, the sequences of the full-length EGFR with 

C-terminal protein C epitope and C-terminal hexahistidine and streptavidin binding protein 

affinity tags were modified into the pIRES2-GFP vector.

All other EGFR DNA constructs (for the Bipartite Tetracysteine Display and related 

activation assays in CHO-K1 cells) were cloned from a pcDNA3.1 plasmid, generously 

donated by the Kuriyan Group (University of California, Berkeley), containing the sequence 

of the full-length EGFR with an N-terminal FLAG tag (Scheck et al., 2012). Mutations were 
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introduced into the wild-type, CCH-1, CCH-10, or CCL-1 EGFR sequences by use of the 

Quikchange Lightning site-directed mutagenesis kit (Agilent), according to the 

manufacturer’s instructions, with the primers (purchased from Integrated DNA 

Technologies) listed in Table S1. DNA constructs were amplified with XL-10 Gold 

Ultracompetent cells (Agilent Technologies).

ErbB2 DNA constructs (for the Bipartite Tetracysteine Display and related activation assays 

in CHO-K1 cells) were cloned by amplifying and inserting the ErbB2 gene (from the 

pcDNA3.1Zeo+-Her2-YFP plasmid; (Liu et al., 2007)), generously donated by Dr. Sassa 

(Okinawa Institute of Science and Technology), into the pcDNA3.1 plasmid, to yield the 

sequence of the full-length ErbB2 with an N-terminal FLAG tag. Mutations were introduced 

into the wild-type ErbB2 sequences by use of Quikchange Lightning site-directed 

mutagenesis kit (Agilent), according to the manufacturer’s instructions, with the primers 

(purchased from Integrated DNA Technologies) listed in Table S1. DNA constructs were 

amplified with XL-10 Gold Ultracompetent cells (Agilent Technologies).

Cell-Based Assays

Bipartite Tetracysteine Display Assay – i.e Surface ReAsH Labeling Studies and Total 
Internal Resonance Fluorescence (TIRF) Microscopy: ReAsH labeling was accomplished 

as described previously (Doerner et al., 2015), by treating CHO-K1 cells that were 

transiently transfected with EGFR or ErbB2 constructs with endocytosis inhibitors (ATP 

synthesis inhibition cocktail [10 mM NaN3, 2 mM NaF, 5 mM 2-deoxy-D-glucose] or 40 

μM Dynasore in F12-K media, as indicated) for 1 h at 37°C. Cells were then stimulated 

with/without 100 ng/mL of high-affinity growth factors (EGF (16.7 nM), TGF-α (16.7 nM), 

HB-EGF (10.3 nM), and BC (11.1 nM)) or 2 μg/mL of low-affinity growth factors (AR (182 

nM), ER (370 nM), and EPI (333 nM)) for 30 min at 4°C, prior to labeling. Cells were then 

washed once with endocytosis inhibitor-containing F12K media before incubation with 

ReAsH labeling solution (2 μM ReAsH, 20 μM BAL in F12K media) for 60 min at 37°C. 

Cells were then washed and incubated with endocytosis inhibitor-containing F12K media 

supplemented with 100 μM BAL for 10 min at 37°C. The media was removed, and the cells 

were fixed using 4% paraformaldehyde for 25 min at RT. Cells were then washed with dPBS 

and blocked with 10% BSA in dPBS for 30 min at 37°C. Cells were then labeled with 

primary antibody (mouse anti-Flag, 1:1000 dilution in 10% BSA in dPBS) for 1 h at 37°C, 

washed three times with 10% BSA in dPBS, then incubated with secondary antibody 

(AlexaFlour488-conjugated goat anti-mouse, 1:2000 dilution in 10% BSA in dPBS) for 1 h 

at 37°C. Cells were then washed two times with 10% BSA in dPBS, washed once with 

dPBS, then nuclear-stained with Hoescht 33342 (1.62 μM in dPBS) for 5 min at 37°C. Cells 

were then washed once with dPBS and stored in dPBS at 4°C, prior to imaging.

Labeled cells were then monitored via TIRF microscopy, conducted on a Leica 

microsystems AM TIRF MC DMI6000B fitted with an EM-CCD camera (Hamamatsu) with 

HCX PL APO 63x/1.47 oil corrective objectives, as described previously (Doerner et al., 

2015). Images were analyzed as described previously (Doerner et al., 2015; Scheck et al., 

2012).
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Western Blot Analysis of EGFR Autophosphorylation: Western blot analysis of EGFR 

autophosphorylation in transiently transfected CHO-K1 cells was accomplished as described 

previously (Doerner et al., 2015). CHO-K1 cells that were transiently transfected with 

EGFR constructs were collected (5 × 105 cells) and resuspended in 200 μL of serum free 

F12K media, stimulated with/without 100 ng/mL of high-affinity growth factors (EGF (16.7 

nM), TGF-α (16.7 nM), HB-EGF (10.3 nM), and BC (11.1 nM)) or 2 μg/mL of low-affinity 

growth factors (AR (182 nM), ER (370 nM), and EPI (333 nM)) for 5 min at 37°C, pelleted, 

washed with serum free F12K media, pelleted, then lysed in 100 μL of lysis buffer (50 mM 

Tris, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1% Triton X-100, pH 7.5, 1 x complete 

protease inhibitor cocktail (Roche), 1x Phos-Stop), on ice for 1 hr. Clarified cell lysates were 

then subjected to reducing 10% polyacrylamide SDS-PAGE electrophoresis and transferred 

to immuno-blot PVDF membranes. Membranes were blocked with 5% milk in TBS-T 

Buffer (50 mM Tris, 150 mM NaCl, 0.1% Tween, pH 7.4) for 1 hr followed by an overnight 

incubation at 4°C of indicated primary (rabbit or mouse) antibodies. Blots were then washed 

with TBS-T and incubated with either anti-rabbit or anti-mouse goat horseradish peroxidase 

conjugate secondary antibodies (Cell Signaling Technology) for 1 h at room temperature, 

then washed with TBS-T. Blots were then visualized using Clarity Western ECL reagents 

(BioRad), and intensities of immuno-stained bands measured with ImageJ 64 (Schneider et 

al., 2012).

Western blot analysis of EGFR autophosphorylation in stably transfected BaF3 cells was 

accomplished by collecting BaF3 cells (2 × 106 cells) and resuspending in 1 mL of serum 

free RPMI-1640 media for 4 h at 37°C, 5% CO2. BaF3 cells were then treated with or 

without 100 nM EGF, TGF-α, HB-EGF, or BC or 2 μM AR for 5 min at 37°C, 5% CO2 in 1 

mL of serum-free RPMI-1640 media. Cells were then pelleted and washed with cold 

Dulbecco’s PBS, twice. Cells were then then lysed with 60 μL of Lysis Buffer (25 mM 

HEPES, pH 7.4, 150 mM NaCl, 1% Triton X-1000, 10% glycerol, 1 mM sodium 

orthovanadate, 1 x complete protease inhibitor cocktail (Roche), 1x Phos-Stop), on ice for 1 

hr. Clarified cell lysates were then subjected to reducing 10% polyacrylamide SDS-PAGE 

electrophoresis and transferred to immuno-blot PVDF membranes. Membranes were 

blocked with 5% milk in TBS-T Buffer (50 mM Tris, 150 mM NaCl, 0.1% Tween, pH 7.4) 

for 1 hr followed by an overnight incubation at 4°C of either rabbit anti-EGFR (Cell 

Signaling Technology, #2232) or rat anti-phospho-tyrosine (Millipore, clone 4G10) primary 

antibodies. Blots were then washed with TBS-T and incubated with either anti-rabbit or anti-

rat goat horseradish peroxidase conjugate secondary antibodies (Cell Signaling Technology) 

for 1 h at room temperature, then washed with TBS-T. Blots were then visualized using 

Clarity Western ECL reagents (BioRad), and intensities of immuno-stained bands measured 

with ImageJ 64 (Schneider et al., 2012).

Western Blot Analysis of ErbB2 Autophosphorylation: Western blot analysis of ErbB2 

autophosphorylation in transiently transfected CHO-K1 cells was accomplished, similarly to 

how EGFR autophosphorylation assays were performed (Doerner et al., 2015). CHO-K1 

cells that were transiently transfected with ErbB2 constructs were collected (5 × 105 cells) 

and resuspended in 200 μL of serum free F12K media, then treated with/without 10 μM 

Lapatinib for 30 min at 37°C. Cells were then pelleted, washed with serum free F12K 
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media, pelleted, then lysed in 100 μL of lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM 

EDTA, 1 mM NaF, 1% Triton X-100, pH 7.5, 1 x complete protease inhibitor cocktail 

(Roche), 1x Phos-Stop), on ice for 1 hr. Clarified cell lysates were then subjected to reducing 

10% polyacrylamide SDS-PAGE electrophoresis and transferred to immuno-blot PVDF 

membranes. Membranes were blocked with 5% milk in TBS-T Buffer (50 mM Tris, 150 

mM NaCl, 0.1% Tween, pH 7.4) for 1 hr followed by an overnight incubation at 4°C of 

indicated primary (rabbit or mouse) antibodies. Blots were then washed with TBS-T and 

incubated with either anti-rabbit or anti-mouse goat horseradish peroxidase conjugate 

secondary antibodies (Cell Signaling Technology) for 1 h at room temperature, then washed 

with TBS-T. Blots were then visualized using Clarity Western ECL reagents (BioRad), and 

intensities of immuno-stained bands measured with ImageJ 64 (Schneider et al., 2012).

Cell surface Disulfide Crosslinking Assay—BaF3 cells (2 × 106 cells) were collected 

and resuspended in 1 mL of serum free RPMI-1640 media for 4 h at 37°C, 5% CO2. BaF3 

cells were then treated with or without 100 nM EGF, TGF-α, HB-EGF, or BC or 2 μM AR 

for 5 min at 37°C, 5% CO2 in 0.5 mL of serum-free RPMI-1640 media. Cells were then 

pelleted and washed with cold Dulbecco’s PBS, twice. Cells were then resuspended in 45 μL 

of HS Buffer (25 mM HEPES, pH 7.4, 150 mM NaCl) containing 15 μg/mL of 2-

bromopalmitate for 1 h at room temperature. Cells were then permeabilized by 2 cycles of 

freezing on dry ice for 10 min and thawing at room temperature. Permeabilized cells were 

treated with CuSO4-o-phenanthroline (500 μM Cu(II), 2 mM 1,10- phenanthroline) at room 

temperature for 10 min. Cells were lysed by adding 25 μL Lysis Buffer (25 mM HEPES, pH 

7.4, 150 mM NaCl, 1% Triton X-1000, 10% glycerol, 1 mM sodium orthovanadate, 1 × 

complete protease inhibitor cocktail with EDTA (Roche)) containing 10mM N-
ethylmaleimide (NEM) on ice for 1 h. Clarified lysates were then subjected to non-reducing 

10% polyacrylamide SDS-PAGE electrophoresis and transferred to immuno-blot PVDF 

membranes. Membranes were blocked with 5% milk in TBS-T Buffer (50 mM Tris, 150 

mM NaCl, 0.1% Tween, pH 7.4) for 1 h, followed by an overnight incubation at 4°C of 

rabbit anti-EGFR (Cell Signaling Technology, #2232) primary antibody. Blots were then 

washed with TBS-T and incubated with anti-rabbit horseradish peroxidase conjugate 

secondary antibody (Cell Signaling Technology) for 1 h at room temperature, then washed 

with TBS-T. Blots were visualized using Clarity Western ECL reagents (BioRad), and 

intensities of immuno-stained bands measured with ImageJ 64 (Schneider et al., 2012). The 

percent of crosslinked EGFR was calculated from the equation:

%X‐link = IX‐link/[IX‐link + Imonomer],

where IX-link and Imonomer represent the intensity of the bands corresponding to the EGFR 

dimer (340 kD) and monomer (170 kD) molecular weights, as detected by the anti-EGFR 

antibody (Cell Signaling Technology, #2232).

Computational Studies

Docking of TM-JM monomers: We used the NMR structure reported by Endres et al as the 

starting point for our computational studies (PDBID: 2M20) on the TM-JM region of EGFR. 

We used the Pymol mutagenesis feature to restore the M626L mutation present in the 
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structure back to its native amino acid methionine. We generated the span file required for 

docking using the OCTOPUS server (Viklund and Elofsson, 2008) and the octopus2span 

script provided with Rosetta. OCTOPUS predicted that residues I622-L642 are embedded in 

the membrane. We then used Rosetta MPdock to generate 1,000 different docked structures 

of the TM-JM dimer. The following command was used to execute Rosetta MPdock:

  mp_dock.linuxgccrelease -in:file:s PDB_FILENAME -in:file:native

  <PDB_FILENAME> -in:file:fullatom -nstruct 1000 -score:weights

  mpframework_docking_fa_2015.wts -mp:setup:spanfiles egfr.span -

  mp:scoring:hbond -docking:partners A_B -docking:dock_pert 3 8 -

  packing:pack_missing_sidechains 0

Where PDB_FILENAME indicates the name of the pdb file and egfr.span is the span file 

generated by OCTOPUS.

Choice of docked structure for relaxation simulations: The docked structures were first 

grouped by cross location. Because only the minimum energy structures that crossed at 

G625 and A629 were consistent with the observed cross-linking, we only considered 

structures that cross at G625 or A629 for the relaxation simulations. We then further 

classified structures by cross angle – structures were broken into √N groups based on their 

cross angle, where N is the number of structures that that cross location. Then, the lowest 

energy structure from each group with a cross angle greater than or equal to 27° for 

structures that crossed at G625 or 40.8° for structures that crossed at A629 were chos en for 

the starting point for a relaxation simulation. These cross angles were chosen as the smallest 

cross angles because they are the minimum energy cross angles for those cross positions.

Relaxation of TM-JM monomers: Structures were relaxed using the Rosetta MPrelax 

program. The following command was used to execute the MPrelax program:

  rosetta_scripts.linuxgccrelease –parser:protocol SCRIPT_FILENAME –in:file:s

  PDB_FILENAME –nstruct 10000 –mp:setup:spanfiles egfr.span –

mp:scoring:hbond –

  relax:jump_move false –packing:pack_missing_sidechains 0 –out:pdb

Where SCRIPT_FILENAME is the file name of the following script, PDB_FILENAME 

indicates the name of the pdb file, and egfr.span is the span file generated by OCTOPUS. 

The script used to define the parameters of the MPrelax is:

  <ROSETTASCRIPTS>

         <SCOREFXNS>

                    <memb_hires weights= mpframework_docking_fa_2015.wts/>

         </SCOREFXNS>

         <MOVERS>
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                    <AddMembraneMover name=add_memb>

                    </AddMembraneMover>

                    <MembranePositionFromTopologyMover name=init_pos>

                    </MembranePositionFromTopologyMover>

                    <FastRelax name=fast_relax scorefxn=memb_hires 

repeats=10>

                               <MoveMap>

                                           <Chain number =1 chi=0 bb=0/>

                                           <Chain number =2 chi=0 bb=0/>

                                           < Jump number=1 setting=0/>

                                           <Span begin=1 end=120 chi=0 bb=0/>

                                           <Span begin=26 end=60 chi=1 bb=1/>

                                           <Span begin=86 end=120 chi=1 

bb=1/>

                               </MoveMap>

                    </FastRelax>

         </MOVERS>

         <PROTOCOLS>

                    <Add mover=add_memb/>

                    <Add mover=init_pos/>

                    <Add mover=fast_relax/>

         </PROTOCOLS>

  </ROSETTASCRIPTS>

QUANTIFICATION AND STATISTICAL ANALYSIS

Bipartite Tetraysteine Display Assay Analysis—For bipartite tetracysteine display 

experiments, raw data from TIRF microscopy were analyzed using ImageJ 64 (Schneider et 

al., 2012). Fluorescence intensities of ReAsH and AlexaFluor 488 (EGFR levels) were 

quantified, and fold increase of ReAsH relative to background was normalized for EGFR 

expression levels. Normalized values of ReAsH fold increases were plotted with Prism 

version 7.0 (for Mac, GraphPad Software, La Jolla California USA, www.graphpad.com), 

where n represents number of cells quantified, and error bars represent the standard error of 

the mean. One-way ANOVA followed by Bonferonni multiple comparisons test was 

performed using GraphPad Prism version 7.0.

Cysteine Crosslinking Assay Analysis—For cysteine crosslinking experiments, raw 

images of the anti-EGFR stained immuno-blots were analyzed using ImageJ 64 (Schneider 

et al., 2012). Intensities of immuno-stained protein bands corresponding to the monomeric 

(170 kD) and dimeric (340 kD) EGFR molecular weights were quantified. The percent of 

crosslinked EGFR was then calculated from the equation: %X-link = IX-link /[IX-link + 

Imonomer], where IX-link and Imonomer represent the intensity of the bands corresponding to 

the EGFR dimeric (340 kD) and monomeric (170 kD) molecular weights, as detected by the 

anti-EGFR antibody. Values of crosslinked EGFR were plotted with Prism version 7.0 (for 

Mac, GraphPad Software, La Jolla California USA, www.graphpad.com), where error bars 

represent the standard error of the mean of 6 independent crosslinking experiments.
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Autophosphorylation Quantification Analysis—For phosphorylation experiments, 

raw images of the anti-EGFR- and anti-phosphotyrosine-stained immuno-blots were 

analyzed using ImageJ 64 (Schneider et al., 2012). Levels of autophosphorylated EGFR 

were calculated from the equation: pY/EGFR, where pY represents the intensity of the 

immuno-stained band corresponding to phosphotyrosine as detected by the anti-

phosphotyrosine antibody at 170 kDa, and EGFR represents the intensity of the immuno-

stained band corresponding to EGFR as detected by the anti-EGFR antibody at 170 kDa. 

Calculated pY/EGFR values were then normalized to the pY/EGFR value obtained from the 

100 nM EGF-treated “parental” EGFR variant (C3M for the D279C/H280A, Y602C, 

G616C, and I619C variants; C6M for the I622C, A623C, T624C, G625C, M626C, V627C, 

G628C, A629C, L630C, L631C, V635C, A637C, L638C, G639C, and L642C variants). 

Values of pY/EGFR were plotted with Prism version 7.0 (for Mac, GraphPad Software, La 

Jolla California USA, www.graphpad.com), where error bars represent the standard error of 

the mean of 6 independent autophosphorylation experiments.

Analysis of Docking Studies—The 1,000 docked structures where then analyzed by a 

custom python script. The script first loads all the pdb files generated by MPdock and 

determines the coordinates of all C-α carbons in the pdb file. The script then calculates the 

distance between all matching pairs of C-α carbons from each monomer along the backbone 

of the TM helix (residues P620-R627). The cross location was defined as the pair of C-α 
carbons in the TM with the smallest distance between them. If this minimum distance was 

greater than 13 Å, the structure was discarded from further analysis. The cross angle was 

then calculated by generating one vector for each helix that started at the cross location and 

ended at the C-α at the i+4 position one helical turn down from the cross location. These 

vectors where then used to calculate the cross angle using the formula:

θ = cos−1 A · B
‖A ‖‖B ‖

Where A and B are the vectors generated for each monomer. The python script used to 

calculate cross location and angles of the docked structures is available on request.

Analysis of Relaxation Simulations—In order to determine which of the relaxed 

structures formed the EGF-type- or the TGF-α-type coiled coil we wrote a script to 

automatically sort the structures. First the script filters out coiled coils that are not 

antiparallel. In order to be considered antiparallel, the distance between the C-terminal 

amino acid (E663) of one helix to the N-terminal amino acid of the other helix (R653) must 

be less than the distance between the two C-terminal amino acids of each coil. In addition 

the angle between vectors draw from the N- to C-terminus of each coiled coil must be 

greater than 90°. After filtering out coiled coils that are not antiparallel, the script classifies 

the remaining coiled coils based on which pair of faces of the coiled coils are closest 

together. The four faces of the coiled coils are defined as – face 1: L655, L659, E663; face 2: 

T654, L658, R662; face 3: R653, R657, E661 or R657, E661, V664; face 4: R656, Q660, 

L664. Classifications are based on what is known about which tetracysteine motifs bind 

ReAsH when EGFR is stimulated by EGF or TGF-α (Doerner et al., 2015). Coiled coils 
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with face 1 on the first coiled coil being closest to face 1 are defined as EGF-type. If face 3 

on the first coiled coil is closest to face 3 on the second coiled then the structure is classified 

as TGF-α type. All other coiled coils are classified as other or ambiguous because it is not 

obvious which, if any CCH motifs would be capable of binding ReAsH in these structures

DATA AND SOFTWARE AVAILABILITY

Software—PRISM 7.0 was used to process bipartite tetracysteine display assay data and 

make the graphs (GraphPad Software, La Jolla California USA, www.graphpad.com). The 

OCTOPUS server (http://octopus.cbr.su.se/) was used to predict the membrane topology of 

the EGFR TM-JM region. Rosetta version 2016.13 was used to perform all Rosetta 

simulations and all simulations were run on the Yale High Performance Computing cluster. 

All custom scripts were written in the Anaconda build of Python 2.7 (https://

www.continuum.io/downloads) and are available at https://github.com/schepartzlab/

EGFR_TM_analysis.

Data Resource—Coordinates from the NMR-derived structures of the EGFR TM-JM 

fragment in bicelles (PDB ID: 2M20) were utilized for computational simulations (Endres et 

al., 2013).

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyconal Anti-EGFR Cell Signaling Technology Cat#2232; RRID: AB_331707

Mouse monoclonal anti-
Phosphotyrosine, Clone 4G10

Millipore Cat#05-321; RRID: AB_309678

Goat polyclonal anti-Rabbit, 
HRP-conjugated

Cell Signaling Technology Cat#7074; RRID: AB_2099233

Goat polyclonal anti-Mouse, 
HRP-conjugated

Cell Signaling Technology Cat#7076; RRID: AB_330924

Rabbit monoclonal anti-
Phospho-EGF Receptor 
Tyr1173 (53A5)

Cell Signaling Technology Cat#4407; RRID: AB_331795

Rabbit polyclonal anti-
Phospho-EGF Receptor 
Tyr1086

Cell Signaling Technology Cat#2220; RRID: AB_823485

Rabbit polyclonal anti-
Phospho-EGF Receptor Tyr 
1068

Cell Signaling Technology Cat#2234; RRID: AB_331701

Rabbit monoclonal anti-
MAPK (Erk1/2) (137F5)

Cell Signaling Technology Cat#4695; RRID: AB_390779

Rabbit polyclonal Her2/ErbB2 Cell Signaling Technology Cat#2242; RRID: AB_331015

Rabbit polyclonal anti-
Phospho-Her2/ErbB2 Tyr 
1248

Cell Signaling Technology Cat#2247; RRID: AB_331725

Rabbit monoclonal anti-
Phospho-Her2/ErbB2 Tyr 
1221/1222 (6B12)

Cell Signaling Technology Cat#2243; RRID: AB_490899

Rabbit polyclonal anti-
Phospho-Her2/ErbB2 Tyr 877

Cell Signaling Technology Cat#2241; RRID: AB_2099407
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REAGENT or RESOURCE SOURCE IDENTIFIER

Rabbit monoclonal anti-
p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) (20G11)

Cell Signaling Technology Cat#4376; RRID: AB_331772

Rabbit monoclonal anti-β-
Actin (D6A8)

Cell Signaling Technology Cat#8457; RRID: AB_10950489

Mouse monoclonal (M2) anti-
Flag

Sigma Aldrich Cat#F3165; RRID: AB_259529

Goat polyclonal anti-Mouse, 
AlexaFlour®488-conjugated

ThermoFisher Scientific Cat#A11001; RRID: AB_2534069

Rabbit polyclonal anti-HPC4 Cell Signaling Technology Cat#68083; AB_915040

Rat monoclonal anti-EGFR AbCam Cat#ab231; RRID: AB_2293306

Goat polyclonal anti-Rat, 
AlexaFluor®647-conjugated

AbCam Cat#ab150167

Chemicals, Peptides, and Recombinant Proteins

F-12K Medium Mediatech Inc. Cat#10-025-CV

RPMI-1640 Medium ThermoFisher Scientific Cat#11875-093

Fetal Bovine Serum (FBS) – 
Heat Inactivated

Sigma Aldrich Cat#F4135

Penicillin/Streptomycin ThermoFisher Scientific Cat#15140122

Dulbecco’s Phosphate 
Buffered Saline (dPBS)

ThermoFisher Scientific Cat#14190

Recombinant Mouse 
Interleukin-3 (IL-3) carrier-
free

BioLegend Cat#575504

Non-enzymatic Cell 
Dissociation Solution

Sigma Aldrich Cat#C5914

cOmplete, Mini Protease 
Inhibitor Tablets

Roche Applied Science Cat#11836153001

PhosSTOP Phosphatase 
Inhibitor Cocktail Tablets

Roche Applied Science Cat#04906837001

Unlabeled recombinant human 
Epidermal Growth Factor 
(EGF)

Corning Cat#CB40052

Unlabeled recombinant human 
growth factors (Amphiregulin, 
Betacellulin, Epigen, 
Epiregulin, Heparin- Binding 
EGF)

R&D Systems, Inc. Cat#262-AR, 261-CE, 6629-EP, 1195-EP

Unlabeled recombinant human 
Transforming Growth Factor-
α (TGF-α)

Sigma Aldrich Cat#T7924; CAS: 105186-99-0

CuSO4 Fisher Scientific Cat#C493; CAS: 7758-99-8

N-ethylmaleimide Alfa Aesar Cat#AA40526-03; CAS: 128-53-0

1,10-phenanthroline Acros Organics Cat#AC157530050; CAS: 66-71-7

2-BromoPalmitic Acid MP Biomedicals LLC Cat#0520676601

XL-10 Gold Ultracompetent 
Cells

Agilent Technologies Cat#200315

iBlot PVDF membranes Life Technologies Cat#IB401031
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mini-PROTEAN® TGX™ 

Precast Gels (10% 
polyacrylamide)

Bio-Rad Laboratories, Inc. Cat#456-1036

Clarity™ Western ECL 
reagents

Bio-Rad Laboratories, Inc. Cat#1705060

Glass Bottom Dishes (35 mm 
Dish, 14 mm Glass Diameter)

MatTek Cat#P35G-1.5-14-C

Fibronectin Sigma Aldrich Cat#F1141; CAS: 86088-83-7

British Anti-Lewisite (BAL; 
2,3-Dimercapto-1-propanol)

Acros Organics Cat#AC115300250; CAS: 59-52-9

Lapatinib Cayman Chemical Company Cat#11493-10; CAS: 231277-92-2

Critical Commercial Assays

Quikchange Lightning Site-
Directed Mutagenesis Kit

Agilent Technologies Cat#210519

TC-ReAsH™ II In-Cell 
Tetracysteine Tag Detection 
Kit (Red Fluorescence), for 
live-cell imaging

ThermoFisher Scientific Cat#T34562

Deposited Data

EGFR TM-JM structure in 
bicelles

(Endres et al., 2013) PDB: 2M2O

Experimental Models: Cell Lines

Hamster: CHO-K1 cells ATCC CRL-9618

Mouse: BaF3 cells Laboratory of Timothy 
Springer; (Lu et al., 2010; 
Mi et al., 2008a)

N/A

Oligonucleotides

List of mutagenesis primers 
used this study

This study Table S1

Recombinant DNA

C3M EGFR, pIERS2-GFP Laboratory of Timothy 
Springer; (Lu et al., 2010; 
Mi et al., 2008a)

N/A

C6M EGFR, pIERS2-GFP Laboratory of Timothy 
Springer; (Lu et al., 2010; 
Mi et al., 2008a)

N/A

Flag-tagged EGFR, pcDNA3.1 Laboratory of John Kuriyan; 
(Scheck et al., 2012; Zhang 
et al., 2006)

N/A

ErbB2-YFP, pcDNA3.1Zeo+ Laboratory of Toshihiro 
Sassa and Ichi Maruyama; 
(Liu et al., 2007)

N/A

Software and Algorithms

Prism 7.0 GraphPad Software, La Jolla 
California USA

www.graphpad.com

ImageJ 64 (Schneider et al., 2012) https://imagej.nih.gov/ij/

Rosetta version 2016.13 (Alford et al., 2015) https://www.rosettacommons.org/

OCTOPUS membrane protein 
topology prediction server

(Viklund and Elofsson, 
2008)

http://octopus.cbr.su.se/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Python 2.7 (Anaconda build) Continuum Analytics, 
Austin, TX USA

https://www.continuum.io/downloads

Yale High Performance 
Computing Cluster

Yale University, CT USA http://research.computing.yale.edu/services/high-performance-computing

Other

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

The Epidermal Growth Factor Receptor (EGFR) is critical to the biology of many 

common epithelial cancers, and since its discovery has served as a model for 

understanding how information is transmitted through the plasma membrane to affect 

diverse signaling outcomes. EGFR interacts through its extracellular domain (ECD) with 

seven different growth factors. These factors induce different structures within the 

cytoplasmic juxtamembrane segment (JM) of the dimeric receptor and propagate 

different growth factor-dependent signals to the cell interior. How this process occurs is 

unknown. Here we apply diverse experimental and computational tools to show that the 

identity of the growth factor bound to the EGFR ECD is encoded by the EGFR 

transmembrane helix (TM) into discrete helix dimer populations that differ in both cross 

location and cross angle. Helix dimers with smaller cross angles at multiple cross 

locations are decoded to induce one coiled coil in the adjacent JM, whereas helix dimers 

with larger cross angles at fewer cross locations induce an alternative coiled coil. Our 

results reveal a direct correlation between TM helix population, downstream signaling, 

and JM coiled coil conformation, and allow us to accurately predict the JM coiled coil 

structure in the related ErbB2 homodimer. We propose an updated model for how 

conformational coupling across multiple EGFR domains results in growth factor-specific 

information transfer, and demonstrate that this model applies to both EGFR and the 

related receptor ErbB2. The empirical and computational approach used to revise the 

model of EGFR TM conformational dynamics represents a generalizable strategy for 

expanding the structural and energetic understanding of RTK TM domains, with or 

without aberrant mutations, that could inform the design of selective inhibitors.
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Highlights

• Different activating growth factors induce different TM dimer structures in 

EGFR.

• Growth factor-dependent TM dimers differ in both cross location and angle.

• TM dimer structure correlates with JM structure and downstream signaling.

• Conformational coupling across EGFR domains communicates growth factor 

identity.
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Figure 1. Monitoring growth factor-dependent assembly at the TM-JM junction using bipartite 
tetracysteine display
Sequence of the transmembrane (TM) and juxtamembrane (JM) regions of WT EGFR 

alongside those of EGFR CCH-1 and CCL-1. GXXXG motifs are identified by orange lines. 

The helical wheel diagrams show axial views of inter-helix packing in EGF-type and TGF-

α-type coiled coils.
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Figure 2. EGFR TM-JM junction structure is growth factor-dependent
(A) Representative TIRF-M images of cells illustrating ReAsH labeling (red fluorescence) 

and FLAG-tagged CCL-1 EGFR expression (green fluorescence) in the absence or presence 

of EGF, TGF-α, BC, HB-EGF (100 ng/mL) or AR, ER, or EPI (2 μg/mL). Scale bars 

represent 10 μm. (B) Quantification of TIRF-M results, from “n” cells, as a fold increase in 

expression-corrected ReAsH fluorescence over background. Error bars represent SEM. 

***p<0.001 and ****p<0.0001 from one-way ANOVA with Bonferroni post-analysis 

accounting for multiple comparisons. For detection of growth factor-stimulated 

phosphorylation of EGFR (CCL-1 and CCH-1) and Erk, see Figure S1.

Sinclair et al. Page 33

Cell Chem Biol. Author manuscript; available in PMC 2019 July 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. EGFR TM dimer structure is growth factor-dependent
(A) Experimental scheme. EGFR variants containing a single Cys within the ECD or TM are 

treated with growth factor and Cu(II)-1,10-phenanthroline. Cys residues proximal in a 

growth factor-induced TM dimer form disulfide bonds whereas distal residues do not. (B) 

Plot illustrating the % crosslinked EGFR observed in cells expressing each Cys variant. 

Values shown represent the average of six biological replicates; the error bar represents 

SEM. The observed crosslinking pattern was unaffected by antibody identity (anti-EGFR vs. 

anti-HPC4) (Figure S2B). See also Figures S2 and S3.
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Figure 4. Computational modeling of the EGFR TM
(A) Rosetta MPdock and MPrelax were used to model the EGFR TM-JM conformational 

landscape. (B) Cross angles were calculated from vectors draw from the cross position (i) to 

the residue one turn down the helix (i+4). (C) Distribution of cross locations predicted by 

Rosetta MPdock. (D) Minimum docking score of the lowest energy structure crossed at each 

location shown. (E) Correlation between the observed experimental crosslinking efficiency 

at each TM position (Figure 3B) and the C-α-C-α distance in the minimum energy structure 

that crosses at G625, G628, or A629. See also Figure S4.
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Figure 5. Relaxation of docked structures
(A) Plots illustrating how the magnitude of the cross angle at G625 and A629 prior to 

relaxation influences JM coiled coil identity after relaxation is complete. (B) Plots 

illustrating the distribution of cross angle magnitudes at G625 and A629 in output structures 

containing EGF- or TGF-α-type coiled coils. See also Figure S5.
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Figure 6. Point mutations within the TM can influence JM coiled coil structure
(A) Sequences of the TM and JM regions of WT and variants with point mutations within 

the TM. GXXXG motifs are noted with orange lines. JM residues substituted with Cys in 

CCH-1 or CCH-10 EGFR are indicated with green (L655 and L659) or blue dots (R656 and 

Q660), respectively. (B–D) Quantification of TIRF-M results, from “n” cells, as a fold 

increase in expression-corrected ReAsH fluorescence over background of CHO-K1 cells 

expressing CCH-1 or CCH-10 EGFR, when treated with/without EGF or TGF-α (100 ng/

mL). Error bars represent SEM. *p<0.1, **p< 0.01, ***p<0.001 and ****p<0.0001 from 

one-way ANOVA with Bonferroni post-analysis accounting for multiple comparisons. See 

also Figures S6 and S7; and Table S1.
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Figure 7. The ErbB2 homodimer contains only a TGF-α-type coiled coil within the JM
(A) Sequences of the TM and JM regions of WT EGFR and ErbB2. GXXXG motifs are 

noted with orange lines. Conserved residues are highlighted in yellow. JM residues 

substituted with Cys in CCH-1 or CCH-10 ErbB2 are indicated with green (M663 and L667) 

or blue dots (R665 and Q668), respectively. (B) Representative TIRF-M images of CHO-K1 

cells expressing FLAG-tagged WT or V635G CCH-1 and CCH-10 ErbB2 after ReAsH 

treatment. Scale bars represent 10 μm. (C and D) Quantification of TIRF-M results, from 

“n” number of cells, as a fold increase in expression-corrected ReAsH fluorescence over 

background of CHO-K1 cells expressing WT, CCH-1, or CCH-10 ErbB2 (with/without a 

V635G mutation in the TM domain). Error bars represent SEM. ***p<0.001 and 

****p<0.0001 from one-way ANOVA with Bonferroni post-analysis accounting for multiple 

comparisons. See also Figure S6 and Table S1.
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