
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
Investigating the Structure and Downstream Biology Effects of the Juxtamembrane Domain 
of the Epidermal Growth Factor Receptor

Permalink
https://escholarship.org/uc/item/90n0542c

Author
Chang, Hsun-Hui

Publication Date
2022
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/90n0542c
https://escholarship.org
http://www.cdlib.org/


 

  

Investigating the Structure and Downstream Biology Effects of the Juxtamembrane Domain of 

the Epidermal Growth Factor Receptor 

 

By 

Hsun-Hui Chang 

 

A dissertation submitted in partial satisfaction of the 

requirements for the degree of 

Doctor of Philosophy 

in 

Chemistry 

in the 

Graduate Division 

of the  

University of California, Berkeley 

 
 

Committee in charge: 
 

Professor Alanna Schepartz, Chair 
Professor Eunyong Park 

Professor Christopher Chang 
 

Spring 2023 
 
 
 
 
 



 

    

 
 
 
 
 
 
 
 
 
 
 
 
 
 

© 2022 by Hsun-Hui Chang 
All Rights Reserved



 

1  

Abstract 
 

Investigating the Structure and Downstream Biology Effects of the Juxtamembrane Domain of 
the Epidermal Growth Factor Receptor 

 
Hsun-Hui Chang 

2022 
 

The Epidermal Growth Factor Receptor (EGFR),1 also known as ErbB1 or HER1 in humans, 
is a member of the ErbB family.2 EGFR is a receptor tyrosine kinase (RTK) responsible for 
communicating cellular signaling across the plasma membrane related to cell proliferation, 
metabolism, and migration.3,4 EGFR mutations and overexpression are known to be related to 
cancer.5–7 Thus, understanding EGFR biology and the molecular mechanism of EGFR activation 
can lead to important therapeutic strategies. The importance of the juxtamembrane (JM) domain 
of the EGFR has gathered attention as evidence showed that its intermolecular and 
intramolecular interactions are crucial for EGFR function.  

In this dissertation, I describe my graduate work in four chapters detailing the study of 
the EGFR JM function and its role in regulating the downstream biology of the EGFR. 

Chapter 1: This chapter builds on the literature review and previous efforts, introducing 
the role and importance of EGFR in cellular biology, and the role of the JM domain in EGFR 
activation. In this chapter, JM structure and the manipulation to affect EGFR signaling were 
described. 

Chapter 2: This chapter describes peptides mimicking the JM domain dimer in activated 
EGFR used for high-resolution structural studies. The designs of these JM-mimicking peptides 
were detailed. Peptide synthesis, purification, and characterizations that reveal the secondary 
structure were discussed.  

Chapter 3: Looking beyond the JM domain, the structural study described in this chapter 
focused on peptides containing both the transmembrane domain (TM) and the JM domain 
segment to investigate the allosteric relationship within EGFR. Preparation and characterization 
of membrane mimics that stabilize TM-containing peptides were reported.  

Chapter 4: In the final chapter, I report a collaborative work I partake that reveals the 
effect of JM structure and conformation on EGFR biology in terms of cellular trafficking and 
receptor degradation. Another preliminary work using APEX2-based proximity labeling toward 
mass spectrometry proteomics was reported. Finally, this chapter summarized the outlook on 
future directions following the groundwork laid out in the scope of this dissertation. 
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Chapter 1. The juxtamembrane domain of the epidermal growth factor receptor is a critical 
regulatory domain for the receptor function 
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Chapter 1. The juxtamembrane domain of the epidermal growth factor receptor is a critical 
regulatory domain for the receptor function 
1.1. Introduction 
The Epidermal Growth Factor Receptor (EGFR),1 also known as ErbB1 or HER1 in humans, is a 
receptor tyrosine kinase (RTK) belonging to the ErbB family2 involved in cell proliferation, 
metabolism, and migration.3,4 It is also known to be related to many human cancers.5–7 Seven 
growth factors have been identified to bind to EGFR and regulate cellular responses.8 These 
growth factors including epidermal growth factor (EGF), transforming growth factor α (TGF-α), 
epigen (EPI), epiregulin (ER), betacellulin (BC), heparin-binding EGF (HB-EGF), and amphiregulin 
(AR). The binding of the growth factor activates EGFR and transmits extracellular information into 
distinct intracellular phenotypes (Figure 1.1).9–15  
EGFR is a single-pass transmembrane protein that is 1186-amino-acid long and consists of five 
domains. The five domains are the extracellular domain (ECD), the transmembrane domain (TM), 
the juxtamembrane domain (JM), the kinase domain (KD), and the C-terminal tail (C-tail) (Figure 
1.2.A).16 Upon binding of growth factors to its ECD, EGFR activates and dimerizes forming several 
dimerization contact points with its homodimer counterpart: ECD, TM, JM, and KD. Structural 
changes propagated from the ECD, through the TM, and the JM, and subsequently activated the 
kinase domain (KD).16–18 Autophosphorylation of the EGFR leads to C-term phosphorylation 
patterns that could be recognized by intracellular protein partners to transduce information to 
downstream signaling pathways (Figure 1.2.B). The EGFR activation mechanism was revealed 
from high-resolution structures of the EGFR ECD bound the growth factors (EGF,19,20 TGF-ɑ,20,21 
EPI,13 and ER13), showing distinct structures induced by specific growth factors. However, these 
studies only answered how growth factor identities were decoded by the ECD. The questions on 
how this information is propagated across the membrane allosterically via EGFR activation 
remain abundant. Since the 2000s, the 37-residue small segment at the intracellular side 
juxtamembrane domain (JM) has gathered attention.22–26 It is believed to be the key to how EGFR 
encodes information decoded from ECD, and subsequently facilitated autophosphorylation and 
protein partner interaction. 
 
1.2. The juxtamembrane domain  
The juxtamembrane domain is a short segment following the C-terminal of the TM, located at 
the center bridging the EGFR signal-receiving domain ECD, and the functional KD. Abnormality in 
this region is discovered to be related to cancer: (i) Mutation within the JM can was found in lung 
cancer,27 and (ii) binding to inhibit JM dimerization suppressed cancer cell proliferation.28 These 
finding that the abnormal JM domain activity is oncogenic hinted at the important regulatory role 
JM serves in EGFR signal transduction. 
The deletion of the JM segment significantly affects EGFR function. EGFR constructs lacking JM 
segment showed reduced dimerization in vitro,23 reduced tyrosine kinase activity (~65-95% in 
vitro; 95% in cellulo),25 and reduced catalytic efficiency (~10-70 fold reduction in kcat/Km in 
vitro).23 EGFR constructs where the JM was replaced by an unstructured sequence (GGS)10 
resulted in reduced autophosphorylation in cellulo.22 
The importance of the JM domain can be explained by its structural importance in the activated 
EGFR dimer. The JM domain can be further divided into JM-A and JM-B segments (Figure 1.2.A). 
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In an activated EGFR dimer, the JM-A segment forms α-helices and assembles into an antiparallel 
coiled coil and interacts with the plasma membrane,23,29 and the JM-B interacts with the KD. The 
JM-B segment contributes to the stabilization of the active asymmetric kinase dimer.17 
Crystallography structure of EGFR27 and HER423,30 reveal interactions between the JM-B and 
kinase domain. In this crystal structure, the JM-B connected to the asymmetric ‘receiver’ kinase 
latches around the C-lobe of the ‘activator’ kinase (Figure 1.3). This was further collaborated by 
alanine scanning mutagenesis of the JM-B identifying the residue responsible for interactions 
that affect growth-factor-dependent autophosphorylation activity in cellulo.27 
 
1.3. JM-A coiled coil conformation encodes the identity of the ECD-bound growth factor  
The mechanism proposed on charge-stabilization between the plasma membrane and JM-A 
coiled coil conformation23,29 lead to the hypothesis that there is a relationship between JM-A 
structure tunability and EGFR signaling. To investigate the JM-A conformation, Schepartz and 
colleagues made use of a chemical biology tool called the bipartite tetracysteine display.31–33 
(Figure 1.4) Bipartite tetracysteine display uses a bis-arsenical dye as ReAsH31–34 (Figure 1.4.A) as 
a fluorescence sensor. The ReAsH dye is fluorogenic when the two arsenic center coordinate to 
the four proximate Cys side chains, restricting the rotational motion of the As-Aryl bond rotation 
that quenches the fluorescence (Figure 1.4.A).35 Thus, this chemical tool is useful in reporting on 
protein conformation, commonly used to detect the presence of coiled coil conformation.31,33 
With properly designed tetracysteine motifs, ReAsH fluorescence assay can report on protein 
conformation even in complex environments such as mammalian cells.31,32 
In the initial study done in the Schepartz group, Scheck and colleagues designed a series of full-
length EGFR variants with rationally placed Cys side chain pairs in the JM region to test the 
hypothesis that the intracellular JM-A segment assembles into an antiparallel coiled coil upon 
EGF binding in cellulo.36 Results reported that when mammalian cells expressing full-length EGFR 
were treated with EGF, the JM-A dimer adopts an antiparallel coiled coil conformation,36 
consistent with previously reported JM-A structure (Figure 1.4.B).23  
This ‘EGF-type’ conformation, the coiled coil dimer is characterized by a hydrophobic inter-helix 
interface resembling a leucine-zipper (with L655, L658, and L659 interacting with the coiled coil 
counterpart), and exposing the charged residues (K652, R656, R657, E661, and E663) on the 
outside of the coiled coil.23,36 An alternatively coiled coil conformation was observed when cells 
expressing EGFR were treated with TGF-α. This “TGF-α type’ conformation forms an inter-helix 
interface exhibiting polar interaction and exposing hydrophobic leucine residues (Figure 1.4.C).36 
This 2012 work done by Scheck and colleagues demonstrated the presence of two distinct JM-A 
coiled coil dimer conformations induced allosterically by growth factor EGF and TGF-α binding.  
The subsequent work done by Doerner and colleagues investigating seven different growth 
factors binding on EGFR revealed that these growth factors bring about ‘EGF-type’ and ‘TGF-α-
type’ outcomes. EGF or HB-EGF binding to EGFR induced hydrophobic inter-helix interface ‘EGF-
type’ coiled coil while TGF-ɑ, EPI, ER, and AR binding induced polar inter-helix interface ‘TGF-α-
type’ coiled coil (Figure 1.5). A third conformation with an intermediate coiled coil interface was 
also identified with the binding of BC.37 Notably, the division between the EGF-type growth factor 
(EGF, HB-EGF) and the TGF-ɑ-type growth factor (TGF-ɑ, EPI, ER, and AR) correlates to the 
downstream signaling outcomes elicited by these two groups of growth factors.11,13–15 EGF, HB, 
or BC leads to greater receptor downregulation and a shorter signaling pulse, whereas activation 
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with TGF- ɑ,15 AR, ER,13 or EPI13 promote receptor recycling,9,11,38 sustained signaling,39,40 and 
increased cell proliferation.41,42 These previous studies revealed that binding of a growth factor 
to the ECD induces the formation of one of the two rotationally isomeric coiled coil 
conformations of the JM, demonstrating the allosteric relationship between the ECD and the JM 
domains of EGFR.  
 
1.4. Allosteric coupling of the JM-A coiled coil structures to the TM domains of EGFR 
As described in the previous section, the allosteric relationship between the ECD and the JM has 
been reported. Rationally, the subsequent investigation focused on how the allosteric network 
communicates the extracellular ECD structural information to the intracellular JM. Overlaying 
crystal structures of the EGFR EGF-bound ECD19 and TGF-ɑ-bound ECD21 exhibit clear structural 
differences in ECD subdomain IV. Thus, the attention was expended on the TM, the domain that 
sits between the ECM and the JM, which has been hypothesized to propagate ECD structural 
changes across the membrane. To probe TM structure, Sinclair and colleagues first focused on 
probing the TM homodimer structural interaction via inter-chain cross-linking experiments 
(Figure 1.6.A).43 Using a series of EGFR variants of single cysteine substitution within the TM, the 
authors were able to identify changes in TM dimer cross-linking with dependent on the ECD 
growth factor binding. The level of EGFR TM (particularly at residues 624-629) cross-links was 
high when ECD binds EGF, HB-EGF, BC and low when binds TGF-ɑ, AR, demonstrating a growth-
factor-dependent TM dimer conformation (Figure 1.6.B). The authors then investigated the 
structural relationship between the TM and the JM in silico via molecular modeling (Rosetta-
MPDock)44–46 and Monte Carlo simulations (MPRelax)45–47 starting with the reported the NMR 
structure of the TM-JM fragment.48 The EGFR TM-JM conformational in silico landscape yielded 
TM-JM conformations distribution with the following observations: (i) larger TM cross-angles 
were associated with the formation of the TGF-ɑ-type coiled coil within the JM, and (ii) 
differences in the TM helix dimer cross-location translate into different JM coiled coil 
conformation (Figure 1.6.C). 
Finally, the authors studied TM mutants at the traditional GXXXG motif49–51 to investigate the 
effects on the JM coiled coil conformation. GXXXG motif residues (G625, G628, or A629) were 
mutated to either a small, non-polar residue (Ala or Gly), bulky and hydrophobic residue (Phe), 
or amino acids (G625I and G628V) that affect EGFR activity. G625I and G628V were reported to 
disrupt the dimerization of TM.52,53 G628V resulted in reduced levels of receptor internalization 
and persistent EGFR activation and signaling towards MAPK.54 Using bipartite tetracysteine 
display and mutagenesis, Sinclair and colleagues identified TM mutations that can switch the JM 
conformation bias to either the EGF-type or TGF-ɑ-type coiled coil.  
 
1.5. Decoupling of the JM-A coiled coil conformation and the growth factor identity  
In the previous section, I described the work by Sinclair and colleagues to identify TM mutations 
that can switch the JM conformation bias to either the EGF-type or TGF-ɑ-type coiled coil (Figure 
1.6).55 A set of EGFR variants with a single mutation on the Gly residue at position 628 were 
identified. When Gly was mutated to another small, non-polar residue Ala (G628A), the mutation 
was conservative and was assumed to exhibit no significant changes in structure. The effect on 
JM thus was expected to be consistent with the wild type. When Gly was mutated to bulky and 
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hydrophobic residue Phe (G628F), the JM conformation exhibited the EGF-type coiled coil when 
treated with either EGF or TGF-ɑ. When Gly was mutated to known mutation Val (G628V),54 the 
JM conformation exhibited the TGF-ɑ-type coiled coil in cases when the receptor was treated 
with EGF or TGF-ɑ. This set of G628 mutations demonstrated allosteric control of the JM domain 
with TM mutations, as well as decoupled the JM coiled coil conformation and the ECD-bound 
growth factor identity.  
1.6. The juxtamembrane domain is a hotspot for cellular interactions  
In addition to its role in supporting kinase activation, the JM region of EGFR is also a hotspot of 
interactions with diverse cellular components, many of which modulate EGFR signaling and 
downstream biology. One example is the electrostatic interaction of basic residues in the JM-A 
with the anionic phospholipids present in the inner leaflet of the cell membrane.29,56,57 This 
interaction provides an additional layer of receptor auto-inhibition in the absence of growth 
factor activation,26,56 by reducing the proximity of JM-A helices from adjacent monomers thereby 
preventing their dimerization. The JM region has also been shown to interact with many 
intracellular proteins, such as calmodulin,29,58–62 the Nck adaptor protein,63 the stimulatory GTP 
binding protein (GaS),64 the phosphatidylinositol-4-phosphate kinase (PI4P, or PIP),65 the protein 
kinase C (PKC),66–69 p38 MAPK,70,71 AP2,72,73  TRAF4,74 and ARNO (Figure 1.7).75 Table 1 lists the 
details of (1) the experiments evaluating these interactions, (2) the binding sites of these protein 
interactors, and (3) their observed and proposed biological effects. Notably, the JM contains 
many sites and cryptic motifs that were recognized by intracellular machinery to elicit receptor 
upregulation (T669; phosphorylation by p38MAPK reduces EGFR downregulation), receptor 
downregulation (T654; phosphorylation by protein kinase C attenuates EGFR activity), a dileucine 
motif (recognized by AP-2 for clathrin-mediated endocytosis), basolateral sorting76 and nuclear 
translocation.77 
 
1.7. Conclusion  
In this chapter, I discussed the importance of the juxtamembrane region of the EGFR to the 
receptor’s function in cellular signaling. The JM has been proven to be essential for EGFR 
activation that deletion of the JM region23,25 or replacement with unstructured sequence22 leads 
to reduced EGFR kinase activity. Both JM-A and JM-B segments are crucial to EGFR function. The 
latter interacts with the KD to support kinase dimerization and activation.17,27 The former 
encodes the ECD information discovered by the important bipartite tetracysteine display31,33 
method expanded by the Schepartz group.32,35 These studies not only revealed the allosteric 
relationship between the ECD and the JM through the discovery of distinct JM coiled coil 
conformation encoding the growth factor identity.36,37 These studies also correlated the JM 
coiled coil structure alteration to cellular responses downstream of EGFR activation events. The 
understanding of the EGFR mechanism was further broadened by the studies, focusing on the 
allosteric relationship to the TM domain. The TM cross-angles and cross-locations were 
correlated to different JM coiled coil conformation in silico.55 The decoupling of the JM structure 
with the growth factor identity ECM by TM mutations in cellulo opened the door to more 
opportunities to ask important questions with the control on JM conformation. Finally,  the role 
of JM as the interaction hotspot of cellular interactions was reviewed. These interactions are 
involved in a host of cellular biology: from kinase signaling to receptor upregulation and 



 

  6 

downregulation, from endocytosis to nuclear translocation. Overall, previous studies 
demonstrated the modulatory roles of the JM in EGFR through structural and functional studies.  
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Figure 1.1. Schematic illustration of EGFR growth factor and the diverse downstream signaling 
outcomes that are critical for cellular functions. Figure adapted from Ref. [78] 
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Figure 1.2. The epidermal growth factor receptor – structure, mechanism of activation, and 
intracellular signaling. (A) Schematic illustration of the domains of EGFR, including the 
extracellular domain (ECD), the transmembrane domain (TM), the juxtamembrane domain (JM), 
the kinase domain (KD), and the C-terminal tail (C-tail).  (B) Schematic illustration of the growth-
factor-induced EGFR activation upon EGF binding. Figure adapted from Ref. [79] 
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Figure 1.3. A model for the activated EGF receptor. Two EGF-bound EGF receptors in an active 
dimeric assembly. This model illustrated dimeric JM-A helices forming antiparallel coiled coil and 
JM-B latch around the ‘receiver’ kinase. Figure adapted from Ref. [23] 
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Figure 1.4. Using the chemical biology tool bipartite tetracysteine display to study protein 
domain conformation (A) The fluorescence sensor ReAsH dye is fluorogenic when it coordinates 
to the four proximate Cys side chains. (B) ReAsH binding to cysteine side chains of antiparallel α-
helices to detect the presence of coiled coil conformation. (C) EGFR constructs CCH-1 and CCH-10 
replacing residues in the JM-A that report either ‘EGF-type’ or ‘TGF-α-type’ coiled coils. The CCH-
1 construct has the Leu at the inter-helix interface replaced with four Cys. Thus, when a ‘EGF-
type coiled coil’ forms, the proximal Cys replace the two ethanedithiol ligands from the ReAsH 
dye and result in an increased fluorescence signal. The CCH-10 construct has the Gln and Arg polar 
residues at the inter-helix interface replaced with four Cys. Thus, when a ‘TGF-α-type coiled coil’ 
forms, the proximal Cys replace the two ethanedithiol ligands from the ReAsH dye and result in 
an increased fluorescence signal. Figure adapted from Ref. [80] 
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Figure 1.5. Growth factor identity is encoded in JM-A coiled coil conformation. EGFR exhibits 
three ligand-stimulated JM-A conformations. Activation by EGF and HB-EGF induces hydrophobic 
inter-helix interface ‘EGF-type’ coiled coil while TGF-ɑ, AR, ER, and EPI activation induces polar 
inter-helix interface ‘TGF-α-type’ coiled coil. BC-activated EGFR adopts an intermediary 
conformation. Figure adapted from Ref. [37] 
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Figure 1.6. Inter-chain cross-linking experiments studying the growth factor dependency of TM 
dimer conformation. (A) Experimental scheme of cross-linking experiments with EGFR variants 
having proximal and distal Cys residues. Upon growth factor treatment, proximal Cys residues in 
TM dimer form disulfide bonds, while distal residues do not. (B) Plot illustrating the percent of 
cross-linked EGFR observed in cells expressing each Cys variant and treated with the indicated 
growth factor. The level of EGFR TM (particularly at residues 624–629) cross-linking was high 
when ECD bound EGF, HB-EGF, BC and low when bound TGF-ɑ, AR. (C) Computational Modeling 
of the EGFR TM-JM segment with Rosetta-MPDock and MPrelax to model the EGFR TM-JM 
conformational landscape. The in silico study revealed that (i) larger TM cross-angles were 
associated with the formation of the TGF-ɑ-type coiled coil within the JM, and (ii) differences in 
the TM helix dimer cross-location translate into different JM coiled coil conformation. Figure 
adapted from Ref. [55]  
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Figure 1.7. Sequence motifs and protein binding sites in the juxtamembrane region. Schematic 
illustration of the location and sequence of known cryptic motifs and protein binding sites in the 
juxtamembrane segment of EGFR. See also Table 1.1. 
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Table 1.1. Protein interactions with the juxtamembrane domain of EGFR 

Protein 
interactor 

Interaction 
region 

Method / Construct Effect / Exp summary Ref 

Calmodulin  
(CaM) 

R645–Q660 Cross-linkage Assay / CaM and 
GST-JM (R645–Q660) 

CaM binding is Ca2+-dependent; 
pT654 inhibit binding (with 
T654D, and PKC treatment) 

[59] 

R647, T654  SPR / CaM and immobilised 
GST-JM (M644–F688)   

[58] 

R645-Q660 Radioactive probe conjugated 
JM (R645–Q660) 

The presence of Ca2+/CaM 
induced dissociation of JM from 
the PC/PS membrane 

[62] 

R645-Q660 Fluorescence probe 
conjugated JM (R645–Q660) 

[60] 

R645-Q660  FRET / EGFR TM-JM peptide 
(R645-Q660) 

The presence of Ca2+/CaM 
induced dissociation of JM from 
the POPC membrane containing 
PIP2 

[29] 

R645-Q660 EGFR Activation Assay in 
cellulo with electrophoresis 
and immunoblotting 

CaM antagonist treatment, 
CaM-KO in cells, chelation of 
Ca2+, and mutagenesis CaM-
binding domain inhibit EGFR 
activation 

[61] 

Nck adaptor 
protein 

H648, I649, 
R647-T654 

13C-1H HSQC of JM peptide 
(R645-672 and 644-674) 
titrated with unlabeled GB1-
Nck1-2 

The EGFR JM interacts with Nck 
adaptor protein 

[63] 

Stimulatory 
GTP binding 
protein  
(GaS) 

R645-R657 IP and immunoblotting of GaS 
treated with EGFR JM peptides 
(R645-R657 and 679-692) 

Phosphorylation of GaS [64] 

Phosphatidyl
inositol-4-
phosphate 
kinase 
(PI4P, or PIP) 

R645-E657  IP and immunoblotting 
of   treated with EGFR JM 
peptide (R645-R657) 

Increased PI4P kinase activity  [65]  

Protein 
kinase C 
(PKC) 

 
A431 cells / 32P labeling 
phosphorylation assay 

PKC is related to the 
phosphorylation of the EGFR  

[66,81] 

T654 A431 cells / 32P labeling 
phosphorylation assay  

Phosphorylation of T654 of the 
EGFR 

[67,68]  



 

  15 

T654 A432 cells / B82 cells 
transfected with WT- and 
T654A-EGFR / I-125 EGF 
binding assay 

Binding of EGF was lost for WT-
EGFR upon PKC activation (by 
phorbol esters) 

[82] 

T654 CHO cells transfected with WT- 
and T654E-EGFR / I-125 EGF 
binding assay  

Binding of EGF was lost for WT-
EGFR upon PKC activation; 
T654E-EGFR has lower tyrosine 
phosphorylation compared with 
WT-EGFR upon PKC activation 

[69] 

p38 MAPK T669 A431 cells / 32P labeling 
phosphorylation assay  

Identified T669 phosphorylation 
in EGFR may mediate its 
changes in the binding and 
kinase state  

[70]  

T669 MDA-MB-468 and CHO-K1 cells 
/ WT- and T669A-EGFR 
constructs / Western blotting / 
32P labeling phosphorylation 
assay  

Phosphorylation of T669 of the 
EGFR; T669 phosphorylation by 
cisplatin-induced p38 activation 
is essential for EGFR 
internalization 

[71]  

AP-2 
 

NR6 cells / L679A and L680A-
EGFR constructs / 
Internalization and recycling 
assay with I-125 EGF 
radioactivity measurements / 
Lamp-1 immunostaining and 
confocal microscopy 

L679, L680 dileucine motif is 
critical for EGFR post-
internalization endosomal 
sorting to late-
endosome/lysosome 
degradation pathway 

[72,73] 

 
PAE cells / L1010A, L1011A-
EGFR constructs / 35S-
methionine-labeled EGFR 
degradation assay  
/ I-125 EGF binding assay / 
Phosphorylation assay by 
immunoblotting 

L1010, L1011 dileucine motif is 
critical for (a) EGFR degradation, 
(b) EGFR down-regulation, and 
(c) phosphorylation of beta-2 
subunit of the clathrin adaptor 
complex AP-2 

[83] 

TRAF4 672-682 HeLa cells / 672-682 deleted 
EGFR / EGFR phosphorylation 
assay by immunoblotting / 15N 
HSQC 

TRAF4 is bind to the JM-B (672-
682) of EGFR and is essential for 
EGF-induced activation 

[74] 

ARNO  EGFR-JM 
(645-682) 

Microscale thermophoresis 
(MST) between EGFR-JM and 
Sec7 domain of ARNO / 
[1H,15N] HSQC EGFR-JM 
titrated with ARNO-Sec7 

ARNO binds to the JM region 
competes with the binding 
interaction of the JM with 
CaM and anionic phospholipids 

[75] 
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Protein 
kinase D 
(PKD) 

T654, T669 CHO-K1 cells / T654- and T669- 
phospho-mimic mutants / 
Kinase-null PKD1 mutant 
(K612W) / eGFR-EGFR for 
Raster image correlation 
spectroscopy (RICS)  

Phosphorylation of T654/T669 
by PKD shifts the monomer-
dimer equilibrium of EGF-bound 
EGFR towards the monomeric 
state; T654/T669 is PKD1 
phosphorylation site; PKD1 
activation is essential for EGFR 
monomerization; T654/T669 
phosphorylation is crucial for 
monomerization 

[84] 
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Chapter 2. Resolving high-resolution JM coiled coil conformation structure with JM-mimicking 
peptides  
2.1. Abstract 
As demonstrated in the literature review in chapter 1, the EGFR JM confirmation is an important 
allosteric switch in the EGFR activation and mechanism. Specifically, the two distinct coiled coil 
conformations—the ‘EGF-type coiled coil’ having the Leu residues at the inter-helix interface, and 
the ‘TGF-α-type coiled coil’ having the polar residues Gln and Arg at the inter-helix interface—
and their role in encoding EGFR activation information. The role and the allosteric relationship 
between JM coiled coil and the ECD or the KD have been studied with bipartite tetracysteine 
display.36,37,55 Although there have been reported NMR structures of the EGF-stimulated EGF-
type coiled coil,23,48  high-resolution JM conformation switching structures have yet to be 
reported. Inspired by previous designs23 that mimic the JM domain dimer and building off 
previously discovered JM mutations that favor the formation of EGF-type and TGF-α-type coiled 
coil JM,80 the studies described in this chapter focus on the JM-dimer-mimic peptides with these 
JM-switching mutations. The use of peptide mimics limits the molecule size for better molecular 
tumbling in structural characterization. The peptides were prepared with solid-phase peptide 
synthesis. The secondary structure and stability of the peptide were investigated with circular 
dichroism (CD). Solvent optimizations were evaluated with both CD and nuclear magnetic 
resonance (NMR) experiments. 
 
2.2. Introduction  
There are numerous powerful tools for the study of high-resolution protein structures. Cryogenic 
electron microscopy (cryo-EM) studies successfully resolved distinct ECM quaternary structures 
when bound to either EGF or TGF-α.85 The cryo-EM experiments revealed the two states of ECD 
membrane-proximal tips and the difference in the ability of EGF and TGF-α to maintain 
conformation EGF and TGF-α differ in their ability to maintain the oncological-relevant 
conformation. Cryo-EM is a powerful tool in structural biology for solving complex biological 
structures.86 It has several advantages over X-ray crystallography and NMR spectroscopy: 
requiring smaller amounts of sample and is less demanding on sample purity.86 However, 
determining protein structure at atomic resolution remains challenging, especially for domains 
smaller than ~20 kDa.87,88 Although there have been examples of α-helical structures resolved89  
and coiled coil structures studied90 with cryo-EM, the resolution of the model at best reaches 
secondary structure topology (resolution > 6  Å). This might not be enough to resolve the subtle 
rotameric differences in the ‘EGF-type’ and ‘TGF-α-type’ coiled coil of JM. Besides cryo-EM, X-ray 
crystallography is a powerful tool for revealing high-resolution structures.91–93 However, the 
concern over the technique is the effect of crystal packing on the protein structure. Dehydration 
reduces intermolecular packing spaces within the crystals, affecting atomic positions, and could 
lead to more compact side chains arrangement than the native, fully hydrated conditions.94 
Nuclear magnetic resonance (NMR) is a technique with methods used for high-resolution protein 
structural studies under solution conditions. The JM antiparallel coiled coil conformation has 
been reported to exhibit the EGF-stimulated EGF-type coiled coil conformation using JM-dimer-
mimicking peptide.23 Following these footsteps, this study aimed to resolve the alternative JM 
structure of the EGF-type and the TGF-α-type coiled coil with established NMR methods.  
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2.2.1. Peptide mimicking JM dimer forms an antiparallel coiled coil 
To investigate the JM structure, Jura and colleagues performed EGFR activity assays of alanine 
and glycine substitutions at the JM-A. Results suggested the LRRLL motif as the interaction site 
of the JM-A in the helical dimer.23 From this, the initial model was built based on the coiled coil 
model reported by Woolfson and colleagues.95 Taking the charge effect into consideration, Jura 
and colleagues deduced that parallel coiled coil conformation would be highly unlikely due to the 
close placement of several basic residues at the N-terminal ends of the two helices in a parallel 
coiled coil, making it energetically unfavorable. The finding that mutation R662E has little to no 
effect on EGFR activity also argued against the ion-paired parallel conformation (Figure 2.1.A) 
because the mutation is expected to destabilize the dimer (Figure 2.1.B). The more favorable 
antiparallel coiled coil conformation was supported and further resolved with NMR 
measurements on a 35-residue peptide. The peptide consists of two copies of the JM-A segment 
sequence attached by a 5-residue short flexible linker (Figure 2.2).23 The peptide was synthesized 
so that the first and last Leu residues in the LRRLL motif and the second Glu in the first segment 
were labeled for NMR through-space Nuclear Overhauser Effect (NOE) experiments (L655 and 
L659 were labeled with 15N, and E663 was labeled with 15N and 13C.). The NOE experimental data 
revealed the conformation of the JM-dimer-mimicking peptide assembled into an antiparallel 
coiled coil with specific antiparallel interaction. The first Leu of the LRRLL motif was at the d 
position of the helical wheel heptad and the second two Leu were at the g and a position (Figure 
2.1.C). 
 
2.2.2. JM-switching mutations at the JM 
Jura and colleagues used a JM-dimer-mimicking peptide and NOE experiments to resolve the 
EGF-type coiled coil (Figure 2.1.C). To probe the variability of the JM conformation between the 
EGF-type and TGF-ɑ-type coiled coil, mutagenesis that alters the JM conformation was 
investigated by members of the Schepartz group. Studies done by Mozumdar and colleagues 
identified EGFR variants with mutations in the JM80 that decouples the well-established 
relationship between JM coiled coil status and growth factor identity.37,55,96 In the helical 
wheel projections of a coiled coil structure, the e and g positions can form salt bridges that 
influence coiled coil stability and orientation.97 On the other hand, changes at the a and d 
positions influence the oligomeric state (Figure 2.3).98 Mozumdar and colleagues hypothesized 
that the relative stability of the EGF-type and TGF-α-type coiled coils in wild-type EGFR dimer was 
influenced by the salt bridge interactions. Predictably, the presence or absence of coiled coil-
specific salt-bridging residues at positions e and g can be used to control the coiled coil 
conformation. The removal of one or more interactions that stabilized one JM coiled coil would 
raise its free energy relative to the other and shift the equilibrium between the two structures. 
The variants identified will bias towards one or the other coiled coil, resulting in the decoupling 
of coiled coil conformation and growth factor identity.  
The identified EGFR variants are E661R and K652A/R656A (variant labeled KRAA) amino acid 
substitutions selectively disrupt salt bridges unique to either the TGF-α- or EGF-type JM coiled 
coils (Figure 2.3.A). The Glu to Arg mutation in E661R was located at distal c and c’ positions when 
the JM dimer conformation exhibits an EGF-type coiled coil but was located at proximal e and e’ 
positions in TGF-α-type coiled coil. As a result, the JM in E661R would favor the EGF-type coiled 
coil structure because the Glu to Arg charge-reversing mutation of E661R disrupts the salt bridge 
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for the stabilizing effect in the TGF-α-type coiled coil (Figure 2.3.B). In the case of K652A/R656A 
EGFR (KRAA), the four Ala residues were located at distal c,g and c’,g’ positions in TGF-α-type 
coiled coil but at proximal e,a and e’,a’ positions in EGF-type coiled coil. Thus, the JM in KRAA 
would therefore favor the formation of TGF-α-type coiled coil for the same reason of salt bridge 
disruption (Figure 2.3.B). The JM coiled coil conformations of E661R and KRAA were validated 
using the bipartite tetracysteine display method to show that the E661R and KRAA mutation 
biased the JM coiled coil to form either EGF-type or TGF-α-type coiled coil in cellulo.80 
 
2.3. Results 
2.3.1. Solid-state peptide synthesis, peptide purification, and peptide characterization 
Peptides were made adapting the reported JM-dimer-mimicking design and applying the E661R 
and KRAA mutations to bias the JM coiled coil structure into favoring the formation of either the 
EGF-type or TGF-α-type. The peptides of interest were listed in Table 2.1. The original JM-dimer-
mimicking peptide was a 35-residue peptide consisting of two identical 15-residue JM-A 
sequences (K652RTLRRLLQERELVE666) flanking a short 5-residue glycine-serine linker (N-
K652RTLRRLLQERELVE666-GSGSG-K652RTLRRLLQERELVE666-C).99 It was coined the Jura_35 peptide. 
The EGF-type-coiled-coil-favoring mutation E661R and the TGF-α-type-coiled-coil-favoring 
mutation KRAA led to the design of E661R_35 and KRAA_35 peptides (Table 2.1). The two 
mutations in E661R_35 increased the charge of the peptide from +4 to +8 in the reported sodium 
acetate buffer of pH 5.1. However, the four mutations to Ala in KRAA_35 resulted in a neutral 
peptide hence poor solubility in aqueous solutions. To increase peptide solubility, the first 
segment in the peptide design expended at the N-terminal to include six more residues from the 
TM domain to obtain an overall +4 charge at pH 5.1. The new peptide was coined the KRAA_41 
indicating the amino acid number as 41 (Table 2.1). KRAA_42 with an additional Tyr residue at 
the N-terminal of KRAA_41 for concentration determination with UV absorbance at 280 nm was 
also synthesized and purified. The peptides of interest were synthesized using a semi-automatic 
solid-phase peptide synthesis (SPPS) instrument, cleaved from the solid-support resin, lyophilized, 
and purified using reversed-phase high-performance liquid chromatography (RP-HPLC). The 
purified fractions were characterized by liquid chromatography-mass spectrometry (LC-MS) and 
analytical ultra high performance liquid chromatography (UPLC) (Figure 2.4). The RF-HPLC-
purified E661R_35 fraction contained two species with very similar retention times (Figure 2.4.B). 
Since the E661R_35 is expected to form the EGF-type coiled coil, which the structure has already 
been reported.23 The subsequent characterization will focus on the TGF-α-type-coiled-coil-
favoring KRAA_41 and KRAA_42 variants.  
 
2.3.2. The JM-dimer-mimicking peptides exhibit stable α-helical structure with the addition of 
cosolvent or detergent  
Circular dichroism (CD) is a common tool to confirm the secondary structures of peptides and 
proteins.100–102 The JM-dimer-mimicking tandem peptides were expected to exhibit two α-helices 
to form the coiled-coil structure. CD experiments were done to also monitor the stability of the 
peptides. It is helpful to confirm that the α-helical structures were maintained in the peptides for 
hours in the buffer condition, which is the time required for the collection of 2D NMR 
experiments. However, it is hard to unambiguously distinguish between random coil and α-helix 
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from the CD spectra since the sodium acetate buffer gives rise to large noise in the wavelength 
region below 200 nm that masks the characteristic CD signals of α-helix. The addition of cosolvent 
trifluoroethanol (TFE) was shown to promote the helical secondary structure of unstructured 
peptides in an aqueous buffer by providing a more hydrophobic environment.103–105 The presence 
of TFE promoted the α-helical secondary structure of the Jura_35 (Figure 2.5). However, the 
addition of TFE resulted in the precipitation of peptides KRAA_41 and KRAA_42. To address this, 
an alternative secondary structure stabilizing additive was explored. Detergent sodium dodecyl 
sulfate (SDS) has been shown to promote α-helix in the prion protein.106 The presence of SDS in 
solutions containing the KRAA_42 resulted in the stabilization of the α-helical secondary 
structure for up to 22 hrs (Figure 2.6). 
 
2.3.3. Investigating concentration-dependent oligomerization of the JM-dimer-mimicking 
peptides  
One of the ways to investigate the oligomeric state of coiled coil structure is with concentration 
effect experiments. The hypothesis is that if α-helical structures of the peptide are stabilized by 
intermolecular coiled coil interactions, the normalized CD signal will increase in intensity with 
increasing peptide concentration that favors the formation of multimers. In contrast, 
intramolecular coiled coil stabilization of α-helical results in concentration-independent CD 
spectra. Results showed no concentration dependence of α-helical secondary structure in 
KRAA_42 within the concentration range of 50–200 μM (Figure 2.7). Comparatively, Jura and 
colleagues studied the concentration-dependent line broadening of TOCSY signals of Leu methyl 
and Val methyl of Jura_35 peptide at 200 μM, 0.5 mM, and 2 mM under identical conditions.  
Concentration-dependent line broadening of the methyl groups indicates the presence of 
oligomer populations. Concentration-dependent line broadening was observed by Jura and 
colleagues when the peptide concentration increased from 0.5 mM to 2 mM.23 This was 
consistent with our finding with the CD experiments that there was no concentration 
dependence of α-helical secondary structure in JM-dimer-mimicking peptides of 50–200 μM. 
 
2.3.4. The folding of JM-dimer-mimicking peptide is transient  
1H 1D NMR of KRAA_42 was performed to examine the homogeneity of the chemical 
environment in the peptide ensemble (Figure 2.8). The experiment was first performed with 100 
μM KRAA_42 in acetate buffer containing SDS (50 mM acetate-d4, pH 5.1,23 8 mM SDS). The 
signal quality was weak (Figure 2.8.A). Thus, cosolvent dimethyl sulfoxide (DMSO) was 
introduced to the buffer as it was reported to perturb protein structure and partially stabilize 
folded conformations.106 The signal improved upon introducing 5% DMSO in the acetate buffer 
(Figure 2.8.B). However, the bulk of the signal at the amide proton chemical shift region in 
acetate buffer exhibited a resolution close to 1.0 ppm, which is not a good sign for 2D NMR 
experiments (Figure 2.8.B). Poor resolution in 1D experiments and signal broadening were results 
of sample inhomogeneity. Sample inhomogeneity does not just yield 2D NMR spectra that are 
hard to perform peak assignment, but also implies that there exhibit populations of multiple 
conformations with nanoscopic differences, hindering high-resolution structural studies. Buffer 
conditions excluding SDS and adding 5% DMSO (Figure 2.9.A) or 5% Acetonitrile (MeCN, ACN) 
(Figure 2.9.B) were tested and the signals under these conditions were improved. However, the 
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improvement was not significant enough to resolve all 42 amide-protein signals (one for each 
residue in KRAA_42) for confident 2D NMR experiments and assignments. KRAA_42 precipitation 
was observed several hours after dissolved in the prepared sample buffer. Although the CD 
experiment demonstrated a stable α-helical secondary structure of KRAA_42 with acetate buffer 
containing SDS, nanoscopic level homogeneity and overall stability of the peptide are still 
required. Table 2.2 listed solvent conditions tested for KRAA_42 stability with either acetate 
buffer or phosphate buffer; pH 5.5, 7.1, or 7.6; the presence of cosolvent DMSO, MeCN, or 
acetone. KRAA_42 was partially soluble in the conditions listed in Table 2.2. This suggests a 
drastically different solution condition from the reported pH 5.1 acetate buffer for Jura_3523 is 
essential for the structural study of peptide KRAA_42.  
To investigate the folding of JM-dimer-mimicking peptide, nuclear Overhauser effect 
spectroscopy (NOESY) combined with heteronuclear single quantum coherence (HSQC) NMR 
experiments were performed. NOESY methods reveal the spatial relationship between 
isotopically labeled nuclei.107 HSQC transduces signals from 1H to heteronuclear such as 13C and 
15N in the backbone or the side-chain. I synthesized and purified Jura_35 (Figure 2.10.B) following 
the same labeling scheme as Jura and colleagues (L655 and L659 were labeled with 15N. E663 was 
labeled with 15N and 13C.).23 15N-1H NOESY–HSQC  experiments were done on 200 μM Jura_35 in 
50 mM sodium acetate buffer of pH 5.1. The 15N-labeled L655, L659, E663 were assigned by 15N 
chemical shifts (Figure 2.10.B). The 15N-1H NOESY–HSQC spectra was compared with the results 
produced by Jura and colleagues (Figure 2.10). Jura and colleagues observed correlations 
between intra-segment through-space coupling within segment A and inter-segment through-
space coupling between segment A and segment B (Figure 2.2). The intra-segment coupling 
includes interaction between L655 amide proton and L665 Hβ, L655 amide proton and L655 Hγ, 
L655 amide proton and T654 Hγ, and L629 amide proton and L629 Hβ. The inter-segment coupling 
includes interaction between segment A L659 amide proton and segment B L655 Hδ (Figure 
2.10.A). These interactions were consistent with the model Jura and colleagues proposed of the 
EGF-type JM antiparallel coiled coil (Figure 2.1.D). However, the Inter-segment coupling 
interaction between segment A L659 amide proton and segment B L655 Hδ was not observed in 
my data, nor was the intra-segment coupling interaction between L655 amide proton and T654 
Hγ (Figure 2.10.B). The absence of through-space coupling interaction gave rise to the question 
of whether peptides under the solvent condition fold into coiled coil conformation properly.  
Jura and colleagues suggested that the JM-A peptide exhibit transient rather than stable adoption 
of helical structure in both segments A and B under the conditions of the NMR experiment.23 Jura 
and colleagues determined the secondary structure of the 15-amino-acid JM-A peptide with 
sequential NOE connectivities. Residues involved in an α-helix typically show characteristic NOE 
cross-peaks including HNHN(i, i+1), HNHN(i, i+2), HαHN(i, i+3), HαHN(i, i+4), and HαHβ(i, i+3).108–110 
However, data presented by Jura and colleagues only demonstrated NOE HNHN(i, i+1) cross-peaks 
between nine residues L658-E666 in the 15-amino-acid JM-A, and only four NOE HαHN(i, i+3) 
cross-peaks between Q660-E663. The NOE connectivities indicated that the helical structure in 
JM-A peptides is transient rather than stable. Jura and colleagues performed molecular dynamics 
of the JM-A helical dimer docking simulation with the KD to show that the intramolecular and 
intermolecular ion pairs were broken and reformed due to transient interactions with water and 
ions. Endres and colleagues also used a program based on empirical relationships between 
backbone chemical shifts and backbone dihedral angles to predict that the JM-A helix only has a 
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30% probability of helical formation.48 Taken together, the results suggested that the formation 
of an antiparallel helical dimer for the isolated peptide is transient in solution but expected to be 
α−helical in the intact protein.23,110 
 
2.4. Conclusion 
The EGFR JM confirmation was studied with bipartite tetracysteine display36,37,55 to show its 
allosteric relationship to ECD and TM in EGFR activation. However, the high-resolution JM 
conformation switching between the EGF-type and TGF-α-type coiled coil structures has yet to 
be reported. Combining previously reported designs of peptides mimic the JM domain dimer23 
and JM mutations that favor the formation of EGF-type and TGF-α-type coiled coil JM,80 Jura_35, 
E661R_35, and KRAA_42 were prepared to bias the JM coiled coil to form either EGF-type or TGF-
α-type coiled coil (Table 2.1). Circular dichroism experiments of Jura_35 and KRAA_42 showed 
that these JM-dimer-mimicking peptides exhibit stable α-helical structures with the addition of 
cosolvent or detergent. The presence of cosolvent trifluoroethanol (TFE) promoted the helical 
secondary structure of the Jura_35, while detergent sodium dodecyl sulfate (SDS) addition in 
solutions containing the KRAA_42 resulted in the stabilization of the α-helical secondary 
structure. The CD experiments revealed no concentration dependence of α-helical secondary 
structure in KRAA_42 of 50–200 μM, excluded the possibility of multimer formation in this 
concentration range. Although the CD experiments demonstrated a stable α-helical secondary 
structure of KRAA_42 with acetate buffer containing SDS, peptide precipitation was observed 
several hours after the dissolution in the sample buffer. The 1H 1D NMR results of KRAA_42 under 
various buffer conditions were not able to fully resolve all the amide proton signals for a 
convincing 2D NMR analysis (Figure 2.7 and Figure 2.8). The nanoscopic folding state of the 
isolated peptide was examined with NOE experiments. In our data, through-space coupling 
interaction between the replicated segment in the JM-dimer-mimicking peptide was absent. This 
was consistent with the previously proposed conclusion that the folding of the JM-dimer-
mimicking peptide is transient.23 The stabilization effect of SDS on KRAA_42 α-helical secondary 
structure suggested that KRAA_42 peptide was stabilized by an amphiphilic environment slightly 
resembling a plasma membrane containing phospholipids. Jura and colleagues concluded that 
proper antiparallel coiled coil folding of the peptide is expected when interactions with the kinase 
domain (KD) were observed. Arkhipov and colleagues used molecular dynamics simulations to 
suggest that the flexibility of JM-A may be due to the absence of negatively charged lipids or the 
KD. These observations suggested that structural studies of the JM domain require stabilization 
of the molecule ensemble with more interactions either with other EGFR subdomains or with the 
plasma membrane.  
 
2.5. Methods and Materials 
Materials. Dimethyl sulfoxide (DMSO) and acetone were the products of Sigma-Aldrich. 
Acetonitrile was the product of Fisher Scientific. Sodium dodecyl-d25 sulfate  
(SDS-d25) and acetic acetate-d4 were the products of Cambridge Isotope Laboratory.  
Solid-phase peptide synthesis. The peptides of interest were prepared with solid-phase peptide 
synthesis with the Biotage® Initiator+ Alstra automated single-channel microwave peptide 
synthesizer. H-Rink amide ChemMatrix resin was used as the solid support. The synthesis scale 
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was 50 μmol. SPPS utilizes an orthogonal protection scheme. The base-labile 
fluorenylmethyloxycarbonyl (Fmoc) protecting group of the α-amine was removed during 
deprotection reaction mixing in 20% piperidine (Sigma-Aldrich) in N, N-Dimethylformamide (DMF, 
Fisher Scientific) at room temperature for 5 min. The Fmoc-protected amino acid were products 
of Novabiochem except for 15N-Leu-Fmoc and 13C, 15N-Glu-Fmoc. 15N-Leu-Fmoc and 13C, 15N-Glu-
Fmoc were products of Cambridge Isotope Laboratory. The coupling reagents were 
Hydroxybenzotriazole (HOBt, Sigma-Aldrich), (2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU, Sigma-Aldrich), and N,N-
Diisopropylethylamine (DIPEA, Spectrum Chemical). The coupling mixture wad consisted of 
Fmoc-protected amino acid, HOBt, HBTU, and DIPEA with the ratio 1:1:0.98:2. The coupling 
mixture reacted with the elongating peptide by mixing at 75 °C for 5 min. The coupling condition 
for Arg residues was twice at 75 °C for 5 min. His residues were coupled twice at 50 °C for 5 min 
to avoid racemization at high temperatures. 15N-Leu and 13C, 15N-Glu were coupled at 50 °C for 
15 min. The resulting resin-bound peptide was mixed with an acidic cleavage cocktail at room 
temperature for 4 hrs to cleave the acid-labile side chain protecting group and acid-labile resin 
linker. The cleavage cocktail was consisted of 92.5% trifluoroacetic acid (TFA, Sigma-Aldrich), 
2.5% 1,2-ethanedithiol (EDT, Sigma-Aldrich), 2.5% triisopropylsilane (TIPS, Sigma-Aldrich), and 
2.5% deionized water (Millipore Milli-Q lab water system). The cleaved peptide was then 
precipitated in ice-cold diethyl ether. The precipitated peptides were dissolved in 15% (v/v) 
acetonitrile and dried with a freeze-dryer (Labconco, FreeZone 4.5 plus). 
High-performance liquid chromatography. Freeze-dried peptides were dissolved in 15% (v/v) 
acetonitrile and were purified with reverse-phase high-performance liquid chromatography (RP-
HPLC, Agilent 1260 Infinity II LC System) using C8 reverse-phase HPLC column (Vydac 208TP C8, 
Avantor). The solvents used were Milli-Q deionized water with 0.1% TFA and acetonitrile with 
0.1% TFA. The purification gradient was 30–40% B over 20 mins at a flow rate of 4 mL/min. The 
fraction was detected with a UV detector at 214 nm and 280 nm. 
Ultra high performance liquid chromatography. The purity of HPLC purified fractions was 
analyzed with reverse-phase ultra high performance liquid chromatography (UPLC, UHPLC, 
Shimadzu, Prominence HPLC) using a C18 analytical column (Agilent Poroshell 120 SB-C18 2.7 
um). The solvents used were Milli-Q deionized water with 0.1% TFA and acetonitrile with 0.1% 
TFA. The gradient was 20–60% B over 10 mins at a flow rate of 0.5 mL/min and pressured at 
~2100 psi. The fraction was detected with a UV detector at 214 nm and 280 nm. 
Liquid chromatography–mass spectrometry. The mass of HPLC purified fractions were analyzed 
using Waters ACQUITY LC-MS System with C18 Waters analytical column. 
Circular dichroism. CD data were collected using a cell of 2-mm path length (Starna 
Spectrophotometer Cells). Each reported CD value was the mean of three measurements. Data 
was expressed in terms of molar ellipticity converted from miliDegrees (mDeg) to molar ellipticity 
(M.E.) by the following relationship: 

M. E. (Deg × cm! × dmol"#) = 	
mDeg

10 × l	(cm) × M(molL )
 

CD spectra were recorded at 20 °C using Applied Photophysics, Chirascan spectrometer. The 
scan rate was 1 nm/s from 190 to 220 nm.  
Nuclear magnetic resonance experiments. 1H 1D NMR experiments were performed on Bruker 
900 MHz spectrometer at 303 K (30 °C) with peptides in 50 mM deuterated acetate buffer pH 5.1 
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and 10% D2O with additives specified in texts and figure captions. The 1H frequency was set to 
the water resonance. A constant relaxation delay period of 1 s was used. NMR spectra were 
processed by the Bruker TopSpin software.15N-1H NOESY–HSQC experiments were performed on 
a Varian Inova 600 MHz spectrometer equipped with triple-resonance probes and a cryoprobe. 
Experiments were performed at 293 K (20 °C). The 1H and 15N frequencies were set to the water 
resonance and 124.5 ppm. A constant relaxation delay period of 1 s was used. The NOESY mixing 
time was set at 300 ms. 2044 x 32 x 16 numbers of points were in the direct 1H, indirect 1H, and 
indirect 15N detected dimensions. The spectral widths were 12019.2 Hz, 10396.1 Hz, and 600 Hz 
for the direct 1H, indirect 1H, and indirect 15N. NMR spectra were processed with NMRPipe and 
analyzed in SPARKY. The cross-peaks were assigned by the 15N chemical shift assignment.  
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Figure 2.1. α-helical dimer in the JM-A segment (A) The modeled parallel JM-A dimers of two 
scenarios: L655 placed in a position or d position. The rotated views show ion pair interactions 
involving R662 with either E661 or E663. (B) The modeled antiparallel JM-A helical dimer, with 
L655 at the d position. The kinase-facing side shows the ion pair interaction between R656 and 
E663. (C) Effect of mutations of the residues involved in the ion pairs in the models of the parallel 
JM-A dimer (R662) and the antiparallel JM-A dimer (R656). The effect of EGFR activity was 
examined with Y1173 phosphorylation immunoblotting. (D) The models for JM-A helical dimer:  
antiparallel with L655 at the d position (left), antiparallel with L655 at the a positions(middle), 
and parallel with L655 at the d position (right). The dotted lines indicate inter-atomic contacts 
consistent or inconsistent with NOESY measurements for the JM-dimer-mimicking peptide. 
Figure adapted from Ref. [23] 
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Figure 2.2. The design of the JM-dimer-mimicking peptide Jura_35. 35-residue peptide consists 
of two copies of the JM-A segment sequence, designated segment A and segment B, attached by 
a 5-residue short flexible linker to favor the formation of an antiparallel coiled coil. A list of all 
the peptides of interest is listed in Table 2.1.  
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Figure 2.3. The design of EGFR decoupling JM-switching mutations. (A) Domain diagram of 
FLAG-tagged EGFR illustrating sequences of WT EGFR, E661R, and KRAA. (B) The hypothesis of 
the conformation-favoring effect of the JM mutants. In WT EGFR, both coiled coil conformations 
are energetically accessible, and the identity of the bound growth factor identity was coupled 
with the JM coiled coil conformation. In the E661R variant, the Glu to Arg mutation disrupts the 
salt bridge for the stabilizing effect in the TGF-α-type coiled coil, favoring the EGF-type coiled coil. 
In the KRAA variant, the four Ala mutation disrupts the salt bridge in the EGF-type coiled coil, 
destabilizing the EGF-type conformation state, and favoring the formation of the TGF-α-type 
coiled coil. Figure adapted from Ref. [78] 
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Figure 2.4. Characterization of HPLC purified Jura_35. (A) LC-MS analysis of Jura_35 in a positive 
ion mode. The arrows indicated MS intensities of multi-charged species [M-nH]n+. The theoretic 
molecular weight of Jura_35 is 4212.872. The deconvoluted molecular weight from multi-charged 
species was 4212.8.  (B) The UPLC analysis of Jura_35 showed a single species with 214 nm 
detection on a C18 reverse-phase column.  
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Figure 2.5. Characterization of HPLC purified KRAA_42. (A) LC-MS analysis of KRAA_42 in a 
positive ion mode. The arrows indicated MS intensities of multi-charged species [M-nH]n+. The 
theoretic molecular weight of KRAA_42 is 4901.6343. The deconvoluted molecular weight from 
multi-charged species was 4900.3.  (B) The UPLC analysis of KRAA_42 showed a single species 
with 214 nm detection on a C18 reverse-phase column. 
 



 

  31 

 
Figure 2.6. Characterization of HPLC purified E661R_35. (A) LC-MS analysis of E661R_35 in a 
positive ion mode. The arrows indicated MS intensities of multi-charged species [M-nH]n+. The 
theoretic molecular weight of E661R_35 is 4259.016. The deconvoluted molecular weight from 
multi-charged species was 4258.5.  (B) The UPLC analysis of E661R_35 shows a broad peak with 
a shoulder peak. Further purification revealed a modest difference in C18 reverse-phase column 
retention time. The top two UPLC elution profiles were offset for clarity.  
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Figure 2.7.  α-helical secondary structure of the JM-dimer-mimicking peptides is promoted with 
the addition of cosolvent or detergent. (A) CD spectra of Jura_35 peptide of 500 μM with 0.0, 
0.5, 1.0, and 2.0 M of trifluoroethanol (TFE). The presence of TFE enhanced the intensity of the 
characteristic signal for α-helical secondary structure at 208 and 222 nm. (B) CD spectra of 
KRAA_42 peptide of 120 μM in the presence (3.0 mM) or absence of sodium dodecyl sulfate (SDS). 
The presence of SDS enhanced the intensity of the characteristic signal for α-helical secondary 
structure at 208 and 222 nm. The α-helical secondary structure enhancement with SDS was 
observed 22 hrs after addition. CD spectra were expressed in molar ellipticity.  
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Figure 2.8. No concentration dependence of the KRAA_42 α-helical secondary structure was 
observed.  No significant changes in intensity of the characteristic α-helical CD signal for KRAA_42 
peptides at 50, 100, 150, and 200 μM in the presence of 1.0 mM SDS. CD spectra were expressed 
in molar ellipticity.  
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Figure 2.9. 1H 1D NMR spectra of KRAA_42 showed line broadening, indicating sample 
inhomogeneity (A) 1H 1D NMR of 100 μM KRAA_42 in pH 5.1 acetate buffer (50 mM deuterated 
acetate, 8 mM SDS, 10% D2O) at 303 K. Number of scans of the direct excitation was 8 scans. (B) 
1H 1D NMR of 200 μM KRAA_42 in pH 5.1 acetate buffer (50 mM deuterated acetate, 10 mM SDS, 
10% D2O, 5% dimethyl sulfoxide) at 303 K. Number of scans of the direct excitation was 8 scans. 
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Figure 2.10. 1H 1D NMR spectra of KRAA_42 in the presence of cosolvents and absent of SDS. 
(A) 1H 1D NMR of 200 μM KRAA_42 in pH 5.1 acetate buffer (50 mM deuterated acetate, 10% 
D2O) with 5% dimethyl sulfoxide at 303 K. Number of scans of the direct excitation was 8 scans. 
(B) 1H 1D NMR of 200 μM KRAA_42 in pH 5.1 acetate buffer (50 mM deuterated acetate, 10% 
D2O) with 5% acetonitrile at 303 K. Number of scans of the direct excitation was 8 scans. 
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Figure 2.11. 15N-1H HSQC–NOESY spectra of the Jura_35 to probe the through-space 
connectivity between segments A and B in JM-dimer-mimicking peptide. (A) 15N-1H HSQC–
NOESY spectrum reported by Jura and colleagues revealed both intra-segment and inter-segment 
through-space coupling interaction. (B) Replication of the reported 15N-1H HSQC–NOESY 
experiment. The inter-segment through-space coupling interactions (signal in the purple dashed 
box) were not observed under same experimental conditions. The experiments were performed 
at 293 K. The NOE mixing time was set to 300 ms.  
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Table 2.1. The JM-dimer-mimicking-peptides of interest 
Peptide Length Sequence (NàC) Expected 

structure  
Charge 

Jura_35 35 KRTLRRLLQERELVE-GSGSG-KRTLRRLLQERELVE EGF-type  4+ 
E661R_35 35 KRTLRRLLQRRELVE-GSGSG-KRTLRRLLQRRELVE EGF-type  8+ 

KRAA_35 35 ARTLARLLQERELVE-GSGSG-ARTLARLLQERELVE TGF-α-type Neutral 

KRAA_41 41 RRHIVR-ARTLARLLQERELVE-GSGSG-
ARTLARLLQERELVE 

TGF-α-type 4+ 

KRAA_42 42 YRRHIVR-ARTLARLLQERELVE-GSGSG-
ARTLARLLQERELVE 

TGF-α-type 4+ 

 
Table 2.2. Buffer conditions tested for KRAA_42 solubility  

Buffer pH SDS Cosolvent Solubility 
50 mM acetate-d4 5.5 10 mM 15% DMSO Partially soluble 
50 mM acetate-d4 5.5 10 mM 10% DMSO Partially soluble 
50 mM acetate-d4 5.5 10 mM 5% DMSO Partially soluble 
50 mM acetate-d4 5.5 10 mM 15% MeCN Partially soluble 
50 mM acetate-d4 5.5 10 mM 5% MeCN Partially soluble 
50 mM acetate-d4 7.6 10 mM 5% DMSO Partially soluble 
10 mM phosphate buffer 7.1 10 mM 5% DMSO Partially soluble 
50 mM acetate-d4 5.5 0 mM 5% DMSO  Partially soluble 
50 mM acetate-d4 5.5 0 mM 5% Acetone Partially soluble 
50 mM acetate-d4 5.5 0 mM 5% MeCN Partially soluble  
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Chapter 3. Investigating the allosteric relationship between the transmembrane and the 
juxtamembrane domain  

3.1. Abstract 
Looking beyond the JM domain, the structural study described in this chapter used peptides that 
contain both the transmembrane domain (TM) and the JM domain segment to investigate the 
allosteric relationship within EGFR. Peptides that are expected to form the EGF-type coiled coil 
and TGF-α-type coiled coil JM conformation base on previously reported mutations55 were 
synthesized and purified. Membrane mimics were explored to include lipid-peptide interactions 
and stabilize the hydrophobic transmembrane region. Bicelles and lipid nanodiscs (ND) were 
prepared as membrane mimics for peptide structural studies. The preparation and 
characterization of membrane-mimics/peptide samples particles were described. The sample 
homogeneity of membrane-mimic/peptide was examined with 1D 1H NMR experiments. 
Dynamic light scattering (DLS) was used to probe the particle size of the membrane mimic particle 
and its stability. The preparation of the membrane scaffold protein (MSP) with protein expression 
was reported and characterized. MSP was used for ND assembly. The assembled NDs were 
analyzed with size exclusion chromatography (SEC) and DLS, establishing a membrane mimic 
strategy for studying the structure of the TM and JM of EGFR with amphiphilic peptides.  
 
3.2. Introduction 
The attempt to resolve the EGF-type and TGF-α-type JM coiled coil using the JM-dimer-mimicking 
peptide was described in chapter 2. Nonetheless, despite CD characterization confirmed α-helical 
secondary structure within the prepared peptides, 1D NMR results revealed a heterogeneous 
peptide sample in the reported buffer. Moreover, 2D NMR showed a lack of proper JM coiled coil 
folding of the dimer-mimicking peptide. The transient folding of the JM-dimer-mimicking peptide 
was also observed previously.23 The results that the JM-mimicking peptide required stabilization 
by cosolvents and the knowledge that the JM domain exhibits interaction with the plasma 
membrane29,56,57,111 implies a wider structural view with more stabilizing interaction is required 
for a relevant and stable system. NMR studies showed that the JM-A helix may be a transient 
structure23,48 and dynamic relative to the TM helix.48 The absence of negatively charged lipids to 
stabilize JM-A was also proposed to give rise to its flexibility.111 Therefore, in this study, the 
peptide segment was expanded to include both the TM domain and the JM domain. In addition, 
I used membrane mimics for stability. The use of the peptide containing TM and JM segments in 
NMR structural studies were reported.29,48,112,113 However, no reports have been made on the 
allosteric relationship between the TM cross-angle and JM coiled coil conformation. Thus, I made 
use of the JM-switching mutants Sinclair and colleagues55 reported and aimed to resolve the TM 
and JM high-resolution structure. Membrane mimic bicelles and lipid nanodiscs were prepared 
to provide a membrane environment for the TM and TM peptides.  
 
3.2.1. JM-switching single mutations at the TM GXXXG motif 
Sinclair and colleagues reported single mutations at the TM domain of the EGFR that alters the 
structure of the JM coiled coil with bipartite tetracysteine display experiments.55 When G628 of 
the traditional GXXXG motif49–51 in the TM was mutated to Phe or Val, the relationship between 
the JM coiled coil conformation and the identity of the bound growth factor identity was 
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decoupled. When Gly was mutated to bulky and hydrophobic residue Phe (G628F), the JM 
conformation was the EGF-type JM coiled coil. When Gly was mutated to Val (G628V),54 the JM 
conformation was the TGF-ɑ-type JM coiled coil. Finally, when Gly was mutated to another small, 
non-polar residue Ala (G628A), the mutation was conservative and is assumed to exhibit no 
significant changes in structure. The effect on JM thus is expected to be consistent with the wild 
type. In the same paper, Sinclair and colleagues reported that in silico the formation of TGF-ɑ-
type JM coiled coil was more probable when TM cross-angles at G625 were large,55 and thus 
fewer cross-location. The TM helix dimer angle among the in-silico structures containing a TGF-
ɑ-type JM coiled coil was –36 ± 5°, and the corresponding TM-helices angle among structures 
containing an EGF-type JM coiled coil was –27 ± 6°. The studies in this chapter aimed to verify 
these structures experimentally with peptides containing TM and JM domains and high-
resolution NMR methods.  
 
3.2.2. Phospholipid bilayer membrane mimics to facilitate high-resolution structure 
determination of membrane proteins 
To study the protein and peptide sample containing hydrophobic transmembrane regions, 
membrane mimics were developed and used to stabilize the macromolecule and provide a 
native-like membrane environment to ensure the structural integrity of the determined structure. 
Detergent micelles,111,112,114,115 lipid/detergent bicelles,48,113,115,116 lipid nanodiscs (ND),114,117–124 
amphipols,125–128 and liposomes129–132 are some of the developed membrane mimics (Figure 3.1). 
They vary in popularity among scientists with preferred experimental tools and depending on the 
goal of the studies.133 For high-resolution NMR studies, homogeneity and tumbling are important 
criteria to meet. Micelles and bicelles are simple systems and small in size thus making them 
popular among NMR studies.133 However, structural studies with peptides containing EGFR TM 
and JM domain using micelles and bicelles resulted in different structures.134 Micelles are made 
by detergents to form aggregates with the hydrophilic head regions in contact with surrounding 
aqueous solvent and sequestered hydrophobic  tail regions in the micelle center (Figure 3.1). 
Micelles mostly exhibit spherical shapes but can take on ellipsoids, cylinders, and bilayer forms 
at certain conditions. Bicelles are formed by mixing either two lipid species with different carbon 
chain lengths or with a lipid species and a detergent species. Bicelles are discoidal shaped with 
the long chain lipid species forming the bilayer and the short lipid species or the detergent 
forming the disk rim (Figure 3.1). In lipid nanodiscs (NDs), lipid molecules assemble into a disc of 
lipid-bilayer with the hydrophobic chains band together by the amphipathic membrane scaffold 
protein (MSP). NDs have gained popularity for the structural and functional study of membrane 
proteins in the past two decades (Figure 3.1–3.3).118 Amphipols are short amphipathic polymers 
that substitute for the detergents in the disc-shape micelle (Figure 3.1). Amphipols have been 
shown to prevent membrane protein oligomerization by selectively adsorbing to hydrophobic 
transmembrane surfaces.127,135 Liposomes is a good candidate for artificial cells for its high 
dynamic mobility and size comparable to cells (Small unilamellar vesicles: 20–100 nm; large 
unilamellar vesicles: 100–1000 nm; giant unilamellar vesicles: 1–200 mm; Animal cells: 10–30 
mm; Plant cells: 10–100 mm).131 On the other hand, liposome is not a good choice for high-
resolution NMR studies due to their size being large and highly polydisperse. The 
abovementioned membrane mimics have been used for membrane protein structural studies. In 
this chapter, the studies focus on two of the membrane mimics—bicelles and ND. 
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Bicelles containing TM and JM segments (coined the TM-JM) have been reported to resolve the 
high-resolution TM-JM structure with NMR experiments by Endres and colleagues.48 Uniformly 
labeled 15N13C TM-JM segments were prepared in DMPC/DHPC bicelles. TM-JM segment formed 
a helical structure as indicated by 13Cɑ secondary chemical shifts and backbone dihedral angle 
predictions from backbone 13C, 15N, and 1H chemical shifts. The structural model for the TM-JM 
dimer was generated using intramolecular NOEs as distance restraints of the backbone, predicted 
side chain angles restraints, and predicted backbone dihedral angle restraints. 
Membrane scaffold protein (MSP) nanodiscs (ND) were first developed by the Sligar lab based on 
human apolipoproteinA-I (ApoA-I).136,137 MSP proteins fold into amphipathic α-helical structures 
and wrap around the lipid hydrophobic chain to form a discoidal phospholipid bilayer. Two copies 
of MSP are in an ND in an antiparallel orientation. Since the introduction of MSP ND at about two 
decades ago, it has been increasing in popularity for membrane protein studies (Figure 3.2). The 
diameter of MSP ND can be decided by the length of the MSP construct used (Figure 3.3). The 
most used MSP is MSP1D1. Removal of the N-terminal globular domain (the first 43 residues) of 
ApoA-I makes the MSP1 construct.138 A further removal of the next 20 N-terminal amino acids 
makes the MSP1D1 construct. The size of MSP1D1 ND is ~10 nm and a molecular mass of ~150 
kDa.118 There are also options for preparing smaller ND particles with truncated MSP variants. 
Deletions of helices 4 and 5 (MSP1D1 ΔH4−5) or having only H4 or H5 alone (MSP1D1ΔH4 and 
MSP1D1ΔH5) resulted in stable nanodiscs with diameters of about 7.1 and 8.4 nm (66 and 95 
kDa), respectively.118,119 MSP1D1 has been used for single-pass membrane protein studies like 
EGFR85 and human CD4,139 and granted the freedom to modify lipid type and composition. In 
summary, MSP ND is an established membrane mimetic system for membrane proteins and 
provides a native-like environment for more realistic conformational changes. 
 
3.3. Results 
3.3.1. Protein synthesis, purification, and characterization 
The TM-JM segment of interest was an updated version of the TM-JM reported by Endres and 
colleagues which the structure was resolved with NMR experiments.48 Endres and colleagues 
prepared the uniformly labeled 15N13C TM-JM protein with E. coli BL21(DE3) protein expression. 
The purification strategy was to express TM-JM in the inclusion body, thus the construct included 
insoluble fusion tags TrpΔDLE leader peptide at the N-terminal and ΔEpsilon at the C-terminal. 
To cleave the insoluble fusion tags with cyanogen bromide (CNBr) cleavage reaction, Endres and 
colleagues mutated two Met in the TM-JM sequence into Leu and Ile. In this work, the TM-JM 
segment was a 50-residue synthesis product. The stepwise coupling of solid-phase peptide 
synthesis provides a high level of freedom to prepare proteins with site-specific mutation (TM 
mutations G628F, G628V, and G628A that controls JM coiled coil) and isotopic labeling of 
selected residues (TM cross-location residues: G625, A629, V636 to measure nuclear distances 
and deduce cross-angle; JM coiled coil residue: L655 and R657. Two L655 residues in the JM 
antiparallel coiled coil come in close contact in the EGF-type coiled coil. Two L655 residues in the 
JM antiparallel coiled coil come in close contact in TGF-ɑ-type coiled coil.) (Figure 3.4). The TM-
JM protein variant of interest is listed in Table 3.1. The TM-JM protein consists of 34 amino acids 
from the TM sequence and 15 amino acids from the JM-A sequence. An additional Tyr residue 
was designed at the N-terminal concentration determination with UV absorbance at 280 nm. The 
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peptides of interest were synthesized using a semi-automatic solid-phase peptide synthesis (SPPS) 
instrument, cleaved from the solid-support resin, lyophilized, and purified with reversed-phase 
high-performance liquid chromatography (RP-HPLC). The purified fractions were characterized 
by liquid chromatography-mass spectrometry (LC-MS) and analytical ultra high performance 
liquid chromatography (UPLC) (Figure 3.5). 
 
3.3.2. Characterization of TM-JM protein in bicelle membrane mimic 
The bicelle samples were prepared using DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) 
and DHPC lipids (1,2-dihexanoyl-sn-glycero-3-phosphocholine) following previously reported 
methods.48 The q value (also called q factor), defined as the ratio between the long-chain and the 
short-chain phospholipid, DMPC/DHPC, was 0.25 (Figure 3.6.A and B).48,140 The bicelle samples 
were prepared in 10 mM potassium phosphate buffer (pH 6.2, 1 mM EDTA, 1 mM DTT) The TM-
JM protein concentration was 0.3 mM. The lipid concentration was 45 mM (for a protein-to-lipid 
ratio of 1:150).48 Dynamic light scattering (DLS) measured the sizes of bicelles prepared without 
(empty bicelles) and with the TM-JM protein as 4.43 ± 1.04 nm (Figure 3.6.C) and 5.4 ± 0.9 nm 
(Figure 3.6.D) in diameter, comparable to the reported value.48 The NMR sample was prepared 
in the same method but with deuterated lipids DMPC-d54 and DHPC-d22 and included 7% D2O 
in the phosphate buffer. 1H 1D NMR of bicelle-TM-JM was performed to examine the 
homogeneity of TM-JM protein in the bicelle membrane mimic environment (Figure 3.7). The 
signal in the amide proton chemical shift region for the TM-JM protein had resolutions of ~0.5 
ppm. Typically, the number of signals at the amide proton chemical shift region corresponds to 
the number of residues in the protein. Each amide proton gives rise to a unique chemical shift. 
Thus, the expected number of peaks for the TM-JM protein is ~50 peaks. Nonetheless, the 
observed number of peaks was ~14 peaks at 298 K (Figure 3.7.B). The TM-JM protein construct 
consists of 34 amino acids from the TM sequence and 15 amino acids from the JM-A sequence. 
Thus, the resolved 14 peaks could be from the 15 residues in the flexible JM region while the 
motions of the TM residues were restricted in the bicelle phospholipid bilayer. Increasing the 
experimental temperature from 298 K (Figure 3.7.B) to 311 K (Figure 3.7.A) resolved more peaks 
to ~19 peaks. Raising in temperature to improve resolution can be explained by the ‘tumbling 
problem’, during which large molecules like proteins tumble relatively slowly in solution 
producing greatly broadened spectral lines as a result of fast transverse relaxation.141 Higher 
temperature increased the tumbling of the bicelle-TM-JM and resolved additional peaks. The 
stability of the bicelle-TM-JM through time was examined with DLS experiments (Figure 3.8). The 
diameter of the bicelle-TM-JM particles was 5.4 ± 0.9 nm on the same day of bicelle-TMJM 
preparation. However, aggregation of bicelle-TM-JM in the solution was evidenced by DLS 
measurement of a 56 ± 22 nm diameter after a day, even though no visible precipitation was 
observed with the naked eye. Appropriate bicelle optimization is required for the bicelle-TM-JM 
sample system. Parameters for optimization include the selection of lipids and detergents,113 q 
value,48,140 and final lipid concentration.140,142 
 
3.3.3. Characterization of membrane scaffold protein (MSP) and nanodisc (ND) 
An alternative membrane mimetic system is the MSP ND. The most common membrane scaffold 
protein MSP1D1 (Figure 3.3) was chosen for the nanodisc preparation. The reported size of 
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MSPD1 ND is ~9.7 nm in diameter85,118,143 and has been used for EGFR structural study.85 The 
plasmid for MSP1D1 expression was purchased from Addgene with an N-terminal His-tag, a TEV 
cleavage site, and the MSP1D1 in its construct. His7-MSP1D1 was expressed in E. coli BL21(DE3) 
(Figure 3.9) and purified by affinity chromatography with Ni-NTA agarose resin (Figure 3.9.A). 
The purified His7-MSP1D1 was subjected to TEV protease to cleave the fusion protein. The His-
tag was removed by another purification step with Ni-NTA agarose resin, with MSP1D1 in the 
flow-through and wash fraction, but the cleaved His-tag and the his-tagged TEV protease was 
eluted by the imidazole-containing elution buffer (Figure 3.9.B). The purified MSP1D1 was 
visualized with SDS-PAGE (sodium dodecyl sulfate–polyacrylamide gel electrophoresis) (Figure 
3.9.B) and characterized with LC-MS (Figure 3.9.C). 
The method for lipid nanodisc assembly was adopted from previously reported methods.85,139 
The assembly process started by mixing and dissolving MSP1D1, membrane protein, and selected 
phospholipids in an aqueous solution with detergent. The following steps were gradual removal 
of the detergents using hydrophobic adsorbent media, such as Bio-beads SM-2 and Amberlite 
XAD-2, or by dialysis.136,144,145 During the detergent removal step, MSP ND self-assembles into the 
discoidal structure with a phospholipid bilayer at the center, wrapped around by the amphipathic 
α-helices of MSP (Figure 3.1.C). The phospholipids chosen for ND assembly were POPC (16:0-18:1 
PC, 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine) and POPS (16:0-18:1 PS, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine) with the composition of 85% POPC and 15% POPS.  There 
were several justifications for this selection: (a) Phosphatidylcholine (PC) is the main component 
in the mammalian cell plasma membrane (with ~5–10% PS)146; (b) POPC and POPS have 
reasonable liquid-crystalline phase-transition temperatures (–2 °C for POPC and 14 °C for 
POPS)118; most importantly (c) 85% POPC and 15% POPS stabilize the TM conformation consistent 
with the reported structure.48,55,111 To characterize the MSP1D1 lipid ND, empty ND was 
assembled (ND without the TM-JM protein) and fractionated by size exclusion chromatography 
(SEC). The size of MSP1D1 ND is ~10 nm and a molecular mass of ~150 kDa.118 The SEC column 
was a HiLoad 16/600 Superdex 200pg column with a fractionation range of 10–600 kDa, ensuring 
monodispersing the species in SEC fractions. SEC trace showed three species from the nanodisc 
assembly mixture (Figure 3.10.A). Liquid chromatography (LC) of the three species was compared 
to MSP1D1 and POPC/POPS-lipid-mixture standards (Figure 3.10.B). LC retention time resolved 
the MSP1D1 protein and POPC/POPS-lipid-mixture from the nanodisc assembly mixture. Semi-
quantitative characterization with LC showed that the peak 1 of the SEC fraction was mostly 
consisted of POPC/POPS lipid. Considering the structure and arrangement of MSP and 
phospholipid in the nanodisc, the higher the lipid-to-MSP ratio, the larger the planar region of 
the discoidal nanodisc and thus the larger the nanodisc size. The peak 2 was presumably larger 
in size than the peak 3 for the larger lipid-to-MSP ratio. This interpretation was collaborated by 
DLS measurements. The DLS determined the size of the three species to be 31.6 ± 9.8 nm, 10.9 ± 
3.1 nm, and 7.9 ± 1.9 nm.  
 
3.4. Conclusion 
High-resolution structural studies of the JM conformation with protein segments require a 
system that contains the TM and the phospholipid membrane to imitate the JM-membrane 
interaction.29,56,57,111 The aim of this study was also to reveal the allosteric relationship between 
the TM cross-angle and JM coiled coil conformation55 at high structural resolution. The selected 
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phospholipid bilayer membrane mimics to facilitate high-resolution structure determination of 
the TM-JM proteins were bicelles and nanodiscs. Bicelles are discoidal-shaped structures that are 
relatively simple to prepare. However, the bicelle-TM-JM sample experienced the ‘tumbling 
problem’ as shown by 1H 1D NMR. Bicelle-TM-JM aggregated after a day from bicelle preparation, 
forming particles that about 10-fold in larger than the initial size. The stability and molecular 
tumbling of bicelle samples requires improvement via appropriate bicelle optimization, including 
the choice of lipid species,113optimizing q value,48,140 and optimizing final lipid 
concentration.140,142 
The other membrane mimic prepared and characterized was the lipid nanodiscs (ND). The most 
used membrane scaffold protein variant MSP1D1 was prepared with E.coli expression and 
purified by affinity chromatography. Lipid nanodisc self-assembled as the detergent was slowly 
removed from the assembly mixture.85,139 The POPC/POPS nanodisc was assembled and 
fractionated by SEC. The SEC resolved three species from the nanodisc assembly mixture with 
varying lipid-to-MSP ratios and sizes. Building on these data, the work that follows is assembling 
nanodiscs that contain the TM-JM protein. Characterization of nanodisc-TM-JM is described in 
chapter 4 as one of the future directions.  
 
3.5. Methods and Materials 
Materials. DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and DHPC lipids (1,2-
dihexanoyl-sn-glycero-3-phosphocholine) for the assembly of bicelles were the products of 
Avanti Polar Lipids. DMPC-d54 (1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine) and DHPC-d22 
lipids (1,2-dihexanoyl-d22-sn-glycero-3-phosphocholine) were the products of MilliporeSigma. 
POPC (16:0-18:1 PC, 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine) and POPS (16:0-18:1 PS, 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine) for the assembly of nanodisc were the 
products of Avanti Polar Lipids. 2,2,2-Trifluoroethanol-d3 (TFE-d3) was the product of Sigma-
Aldrich. The plasmid pMSP1D1 was purchased from Addgene. The E.coli BL21 (DE3) competent 
cells was a product of New England Biolabs. Miller’s Luria Broth (LB Broth) powder was the 
product of Thomas Scientific.  Isopropyl-β-D-thiogalactopyranoside (IPTG) was a product of 
Fisher Scientific. Dulbecco’s phosphate buffered saline (DPBS) was a product of ThermoFisher 
Scientific. cOmplete™ EDTA-free protease inhibitor cocktail tablets were products of Roche Life 
Science. Triton X-100 was a product of Research Products International. The Ni-NTA nickel-
charged agarose resin was a product of Qiagen. The TEV protease was obtained from Berkeley 
QB3 MacroLab. The Mini-PROTEAN TGX precast gels and the Precision Plus Dual Color Standards 
were products of Bio-Rad Laboratories. 
Solid-phase peptide synthesis. The peptides of interest were prepared with solid-phase peptide 
synthesis with the Biotage® Initiator+ Alstra automated single-channel microwave peptide 
synthesizer. H-Rink amide ChemMatrix resin was used as the solid support. The synthesis scale 
was 50 μmol. SPPS utilizes an orthogonal protection scheme. The base-labile 
fluorenylmethyloxycarbonyl (Fmoc) protecting group of the α-amine was removed during 
deprotection reaction mixing in 20% piperidine (Sigma-Aldrich) in N, N-Dimethylformamide (DMF, 
Fisher Scientific) at room temperature for 5 min. The Fmoc-protected amino acid were products 
of Novabiochem except for 15N-Leu-Fmoc and 13C, 15N-Glu-Fmoc. 15N-Leu-Fmoc and 13C, 15N-Glu-
Fmoc were products of Cambridge Isotope Laboratory. The coupling reagents were 
Hydroxybenzotriazole (HOBt, Sigma-Aldrich), (2-(1H-benzotriazol-1-yl)-1,1,3,3-
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tetramethyluronium hexafluorophosphate (HBTU, Sigma-Aldrich), and N,N-
Diisopropylethylamine (DIPEA, Spectrum Chemical). The coupling mixture consisted of Fmoc-
protected amino acid, HOBt, HBTU, and DIPEA with the ratio 1:1:0.98:2. The coupling mixture 
reacted with the elongating peptide by mixing at 75 °C for 5 min. The coupling condition for Arg 
residues was twice at 75 °C for 5 min. His residues were coupled twice at 50 °C for 5 min to avoid 
racemization at high temperatures. The resulting resin-bound peptide was mixed with an acidic 
cleavage cocktail at room temperature for 4 hrs to cleave the acid-labile side chain protecting 
group and acid-labile resin linker. The cleavage cocktail consisted of 92.5% trifluoroacetic acid 
(TFA, Sigma-Aldrich), 2.5% 1,2-ethanedithiol (EDT, Sigma-Aldrich), 2.5% triisopropylsilane (TIPS, 
Sigma-Aldrich), and 2.5% deionized water (Millipore Milli-Q lab water system). The cleaved 
peptide was then precipitated in ice-cold diethyl ether. The precipitated peptides were dissolved 
in 15% (v/v) acetonitrile and dried with a freeze-dryer (Labconco, FreeZone 4.5 plus). 
High-performance liquid chromatography. Freeze-dried peptides were dissolved in 15% (v/v) 
acetonitrile and were purified with reverse-phase high-performance liquid chromatography (RP-
HPLC, Agilent 1260 Infinity II LC System) using C8 reverse-phase HPLC column (Vydac 208TP C8, 
Avantor). The solvents used were Milli-Q deionized water with 0.1% TFA and acetonitrile with 
0.1% TFA. The purification gradient was 30–40% B over 20 mins at a flow rate of 4 mL/min. The 
fraction was detected with a UV detector at 214 nm and 280 nm. 
Ultra high performance liquid chromatography. The purity of HPLC purified fractions was 
analyzed with reverse-phase ultra high performance liquid chromatography (UPLC, UHPLC, 
Shimadzu, Prominence HPLC) using a C18 analytical column (Agilent Poroshell 120 SB-C18 2.7 
um). The solvents used were Milli-Q deionized water with 0.1% TFA and acetonitrile with 0.1% 
TFA. The gradient was 20–60% B over 10 mins at a flow rate of 0.5 mL/min and pressured at 
~2100 psi. The fraction was detected with a UV detector at 214 nm and 280 nm. 
Liquid chromatography–mass spectrometry. The mass of HPLC purified fractions were analyzed 
using Waters ACQUITY LC-MS System with C18 Waters analytical column. 
Bicelle sample preparation. The bicelle sample was prepared following previously reported 
methods.48 The bicelle sample was prepared by dissolving freeze-dried purified TM-JM protein in 
TFE (to a final TM-JM protein concentration of 0.3 mM), mixed with DMPC and DHPC at a protein 
to lipid ratio of 1:150, and q factor of 0.25.140  The mixture was dried to a film with N2 gas 
overnight. The dried film was resuspended in sample buffer (10 mM potassium phosphate, pH 
6.2, 1 mM EDTA, 1 mM DTT) by vortexing vigorously for several minutes followed by incubation 
on ice for 15 min and at 37°C for 15 min. Bicelle-TM-JM samples were subjected to at least 3 
freeze-thaw cycles until a clear solution was obtained.  
Dynamic light scattering. Dynamic light scattering measurements were performed with a 
Malvern Zetasizer Nano ZS instrument equipped with a 532 nm laser. For Bicelle size 
measurements, the refractive index was set to 1.45, absorption was set to 0.001. The dispersant 
parameters for the phosphate buffer were viscosity = 0.8869 cP and refractive index = 1.33. For 
nanodisc size measurements, the refractive index was set to 1.45, absorption was set to 0.001. 
The dispersant parameters were viscosity = 0.9133 cP and refractive index = 1.3 for the 10 mM 
sodium phosphate buffer containing 150 mM NaCl. Each size data was an average of triplicate 
measurements. 
Nuclear Magnetic Resonance Experiments. 1H 1D NMR experiments were performed on Bruker 
900 MHz spectrometer at 298 K and 311 K. The 1H frequency was set to the water resonance. A 
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constant relaxation delay period of 1 s was used. NMR spectra were processed by the Bruker 
TopSpin software. 
MSP1D1 expression and purification. The plasmid pMSP1D1 was purchased from Addgene. 
pMSP1D1 construct encodes an N-terminal His-tag and TEV cleavage site between the His-tag 
and MSP1D1 (His7-TEVsite-MSP1D1). The plasmid was introduced to the E.coli BL21(DE3) 
competent cells with the transformation protocol that came with the New England Biolabs 
competent cell product via a heat shock method. Cells were grown in LB media at 37 °С and 225 
rpm for ~2.5 hrs until reaching optimal cell density of OD 0.6–0.8 before isopropyl-β-D-
thiogalactopyranoside (IPTG) was added to reach a final concentration of 1 mM to induce the 
production of the target protein. After 4.5 hrs of induction at 37 °С and 225 rpm, cells were 
harvested by centrifugation at 4300 g and 4 °C for 20 min. Cell pellets were resuspended in 
Dulbecco's phosphate-buffered saline (DPBS) supplemented with cOmplete™ EDTA-free 
protease inhibitor cocktail tablets and 1% Triton X-100. 2.5 mL of buffer was used per gram of 
cell pellets. The cell suspension was stored at –80 °C. Cells were lysed with EmulsiFlex-C3 high-
pressure homogenizer and the lysate was cleared with centrifugation at 11419 g and 4 °C for 30 
mins. The protein expression and cell lysis were confirmed with SDS-PAGE. The cleared lysate 
was added to Ni-NTA nickel-charged agarose resin and rotated at room temperature for 2.5 hrs 
and loaded to an empty column 1.5 cm in diameter. The flow-through was collected for SDS-
PAGE characterization. The column was washed with four bed volumes of each of the following: 
(1) 40 mM Tris/HCl, 0.3 M NaCl, 1% Triton, pH 8.0; (2) 40 mM Tris/HCl, 0.3 M NaCl, pH 8.0; (3) 40 
mM Tris/HCl, 0.3 M NaCl, 50 mM imidazole. The purified His7-TEVsite-MSP1D1 fractions were 
combined and dialyzed against TEV protease cleavage buffer (50 mM Tris-HCl pH 8.0, 0.5 mM 
EDTA, 1 mM DTT) using slide-a-lyzer 3,500 MWCO cassettes G2 at 4 °C overnight. His7-TEVsite-
MSP1D1 was cleaved at RT for ~2 hrs with using 1 mg TEV protease per 20 mg substrate. After 
cleavage, the reaction mixture was dialyzed against 20 mM Tris, pH 8.0, 150 mM NaCl using slide-
a-lyzer 3,500 MWCO cassettes G2 (ThermoFisher Scientific) at 4 °C overnight. The dialyzed 
mixture was added to Ni-NTA nickel-charged agarose resin and rotated at room temperature for 
2.5 hrs and loaded to an empty column 1.5 cm in diameter. The flow-through was collected for 
SDS-PAGE characterization. The column was washed with 3 bed volumes of each of 20 mM Tris, 
pH 8.0, 150 mM NaCl, and eluted with 20 mM Tris, pH 8.0, 150 mM NaCl, 200 mM imidazole. The 
cleavage reaction and final purification were confirmed with SDS-PAGE using Mini-PROTEAN TGX 
precast gels and Precision Plus Dual Color Standards. The MSP1D1 was in flow-through and the 
washes, while the TEV protease and the His-tag were eluted by imidazole-containing elution 
buffer. The fractions containing purified MSP1D1 were combined, and the yield was determined 
using a microvolume UV-Vis spectrophotometer (NanoDrop 2000 Spectrophotometer, Thermo 
Scientific). The yield of purified MSP1D1 was ~31 mg (~1.4 µmol) per liter of LB expression media. 
The purified MSP1D1 was dialyzed against nanodisc assembly buffer (20 mM Tris-HCl, pH 7.4, 100 
mM NaCl, 0.5 mM EDTA) at 4 °C overnight, and concentrated to ~2 mg/mL using Amicon Ultra-
15 Centrifugal Filter Unit 10 kDa MWCO (Sigma-Aldrich). The MSP1D1 solution was aliquoted, 
freeze-dried, and stored at –80 °C until further use. 
Preparation of empty MSP1D1 nanodisc. The procedure for the reconstitution of lipid nanodiscs 
was modified from previously described methods.85,136,139 Lipid mixture of 85% POPC and 15% 
POPS was prepared to 50 mM in lipid buffer (20 mM Tris-HCl pH 7.4, 100 mM sodium cholate). 
The resulting lipid/detergent stock solution was clear after 10 mins of gentle agitation at 37 °C. 
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The freeze-dried MSP1D1 was redissolved with the original amount of DI water. Appropriate 
volumes of MSP1D1 solution and lipid/detergent stock solutions were combined to obtain a 
mixture of MSP:POPC:sodium cholate with a molar ratio of 1:40:80.  The assembly mixture was 
incubated on ice for 30 mins. Bio-beads SM-2 (Bio-Rad) were added to the assembly mixture to 
remove the detergent sodium cholate and initiate self-assembly of MSP1D1 lipid nanodiscs. 
Bofore use, Bio-Beads were washed with 3 volumes of methanol, 10 volumes of water, and 10 
volumes of assembly buffer. About 0.6 g of wetted Bio-Beads SM-2 were added per milliliter of 
assembly mixture. The first batch of Bio-beads SM-2 and the mixture were rotated at 4 °C 
continuously for 1 hr. The first batch of Bio-beads SM-2 was removed and a second batch was 
added to the mixture, and the sample was incubated overnight at 4 °C. A third and final batch of 
Bio-beads SM-2 was added to replace the second batch and rotated continuously at 4 °C for 2 hrs. 
Bio-beads SM-2 was cleared through centrifugation two times at 14,000 rpm for 10 mins. The 
mixture was fractionated by size-exclusion chromatography (SEC) using HiLoad 16/600 Superdex 
200pg column (product of Cytiva, fractionation range: 10 to 600 kDa) operated on an ÄKTA Pure 
Protein Purification System (Global Life Sciences Solutions USA LLC). The SEC buffer was 10 mM 
sodium phosphate. pH 7.4, 150 mM NaCl, and the flow rate was 0.5 mL/min for fractionation.  
Liquid Chromatography–Mass Spectrometry. The mass of the TM-JM protein and the MSP1D1 
protein was analyzed with Agilent 6540 QTOF LC-MS System on an Agilent Poroshell C8 column. 
The deconvolution analysis was done with Agilent MassHunter Qualitative Analysis Navigator and 
Protein Deconvolution Software.  
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Figure 3.1. Common membrane mimetic systems for protein with transmembrane regions. The 
figure listed some of the membrane mimetic systems: micelle, reverse micelle, lipid/detergent 
bicelle, lipid nanodiscs, styrene-maleic acid lipid particles (SMALP), amphipols, lipopeptides, and 
peptidase. The membrane mimics utilize detergents, amphiphilic proteins, or amphiphilic 
polymers to stabilize phospholipid bilayers in the solution. Figure adapted from Ref. [133] 
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Figure 3.2. The number of publications including the search terms “membrane protein” and 
“nanodiscs” with or without “NMR” from the year 2003 to 2020. Nanosdiscs has gain popularity 
since its invention in 2002 for the structural and functional study of membrane proteins both in 
studies with NMR and without. Figure adapted from Ref. [118] 
 
 
 
 
 
 
 
 
 
 
 



 

  49 

 
 

Figure 3.3. Structure, variants, and the assembly scheme of lipid nanodiscs. (A) The structure of 
membrane scaffold protein (MSP) lipid nanodiscs. MSP nanodiscs are made up of two copies of 
the MSP (green) forming amphiphilic helices and surrounding a patch of a phospholipid bilayer 
(orange). The size of a lipid nanodisc is typically 6.3–12.8 nm. (B) Available MSP variants with 
varying numbers of amphiphilic helices have been used for solution-NMR studies. The most 
common is the MSP1D1. There are truncated versions for smaller nanodiscs (MSP1D1ΔH4, 
MSP1D1ΔH5,118,119 MSP1D1ΔH4-5, MSP1D1ΔH4-6, MSP1D7) that are attractive for NMR due to 
their smaller size. There are also extended versions (MSP1E1D1, MSP1E2D1, MSP1E3D1) for 
larger nanodiscs. (C) The assembly scheme of the nanodisc assembly process. Detergent (gray), 
lipids, MSP, and membrane protein of interest (blue) are dissolved in the assembly mixture in the 
appropriate ratio. The detergent is removed to initiate the nanodisc self-assembly process. The 
stoichiometry between the MSP and the lipids is defined by the size of the final nanodisc and the 
accessible surface area (ASA) of the used lipids and can be reliably estimated using geometric 
considerations.143,147  Figure adapted from Ref. [118] 
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Figure 3.4. Structural allosteric relationship between the TM domain and the JM domain. (A) 
Illustration of TM-JM segments in a membrane system. The two models illustrate a single 
mutation at the GXXXG motif at the TM domain of the EGFR that alters the structure of the JM 
coiled coil. The smaller TM cross-angle corresponds to the EGF-type JM coiled coil and the larger 
TM cross-angles correspond to the TGF-ɑ-type JM coiled coil.55 (B) The structure of the TM and 
JM segment in DMPC/DHPC bicelle modeled from distance and angle restraints obtained from 
NMR experiments. The zoom-in inserts highlight the residue interactions at the cross-location of 
TM and the coiled coil interface of JM. The pink boxes indicate favorable residue options for 
isotopic labeling to probe TM cross-angle (G625, A629, and V636) and JM conformation (L655 
and R656). Figure adapted from Ref. [48] (C) Helical wheel projection of the JM coiled coil. The 
projection shows the contact between residues L655 in the EGF-type JM coiled coil and residues 
R656 in the TGF-ɑ-type JM coiled coil. Thus, L655 and R656 are favorable isotopic label sites for 
probing either the EGF-type or the TGF-ɑ-type coiled coil. In each case, only a set of NOE signals 
will arise from the NMR measurements.  
 
 
 
 
 
 
 



 

  51 

 
 
Figure 3.5. Characterization of HPLC purified WT-TM-JM protein. (A) LC-MS analysis of WT-TM-
JM protein in a positive ion mode. The arrows indicated MS intensities of multi-charged species 
[M-nH]n+. The theoretic molecular weight of WT-TM-JM is 5769.119. The deconvoluted molecular 
weight from multi-charged species was 5768.0 (B) The UPLC analysis of WT-TM-JM protein 
showed a single species with 214 nm detection on a C18 reverse-phase column. 
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Figure 3.6. Parameter and characterization of bicelles. (A) The structure of a DMPC/DHPC bicelle. 
The long carbon chain DMPC forms the planar area of the discoidal bicelle and the short carbon 
chain DHPC forms the rim of the bicelle. Figure adapted from Ref. [148] (B) Illustration of the 
bicelle formed with different q values (or q factor). In detergent/lipid bicelles, q is defined as the 
ratio of lipid-to-detergent. In bicelles make up of long-chain and short-chain lipids, q is defined 
as the ratio between the long-chain and the short-chain phospholipid. The larger the q is, the 
larger the planar portion of the formed bicelle. Figure adapted from Ref. [149] (C) Dynamic light 
scattering (DLS) measurements of empty bicelles determined the size of 4.43 ± 1.04 nm in 
diameter (D) DLS measurements of bicelle-TM-JM determined the size of 5.4 ± 0.9 nm in diameter. 
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Figure 3.7. 1H 1D NMR spectra of bicelle-TM-JM. Amide region of the 1H NMR of bicelle-TM-JM 
at (A) 311K and (B) 298 K.  
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Figure 3.8. DLS experiments of bicelle-TM-JM. DLS measurements of bicelle-TM-JM were 
performed (A) on the day of bicelle-TM-TM preparation and (B) a day after bicelle-TM-JM 
preparation. The size of the prepared bicelle-TM-JM aggregated from 5.4 ± 0.9 nm to 56 ± 22 nm 
in diameter after a day in ambient condition.  
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Figure 3.9. Protein expression and purification of MSP1D1. (A) SDS-PAGE image tracked MSP1D1 
expression and purification using His-tag affinity to Ni-NTA agarose resin. Lanes 1–4 represent 1) 
Protein mass standards, 2) Pre-IPTG-induction, 3) Post-IPTG-induction, and 4) Cleared lysate 
before Ni-NTA purification. The red box indicates the separated His7-MSP1D1 of 24.8 kDa. (B) 
SDS-PAGE image tracked His7-MSP1D1 cleavage reaction and MSP1D1 purification using Ni-NTA 
agarose resin to remove the His-tag and TEV protease from the cleavage mixture. Lanes 1–4 
represent 1) Protein mass standards, 2) TEV protease, 3) Pre-TEV-protease-cleavage, and 4) Post-
TEV-protease-cleavage. The red box indicates the separated MSP1D1 of 22.0 kDa. The MW of 
TEV protease is 27.0 kDa (C) The purified MSP1D1 was characterized with QTOF LC-MS System. 
The deconvolution analysis was done to show the purified MSP1D1 with a mass of 22.1 kDa. 
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Figure 3.10. Size exclusion chromatography and liquid chromatography–mass spectrometry 
analysis of MSP1D1 nanodisc assembly. (A) SEC trace resolved three species from the nanodisc 
assembly mixture. (B) Liquid chromatography of the three species was compared to MSP1D1 and 
POPC/POPS-lipid-mixture standards. The mass of all five samples was confirmed with QTOF mass 
spectrometry. The LC signal in the black box corresponded to the MSP1D1 mass and the signal in 
the brown box corresponded to the POPC/POPS mass. The inserted values are DLS measurement 
results of the monodispersed species. The sizes of the three species were 31.6 ± 9.8 nm, 10.9 ± 
3.1 nm, and 7.9 ± 1.9 nm. 
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Table 3.1. The TM-JM protein of interest 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Protein  Sequence (N à C) TM-JM Expected structure  
WT Y-KIPSIATGMVG648ALLLLLVVALGIGLFMRRRHIVR-

KRTLRRLLQERELVE 
TM:  smaller cross-angle 
JM: EGF-type 

G628F Y-KIPSIATGMVFALLLLLVVALGIGLFMRRRHIVR-
KRTLRRLLQERELVE 

TM: smaller cross-angle 
JM: EGF-type 

G628V Y-KIPSIATGMVVALLLLLVVALGIGLFMRRRHIVR-
KRTLRRLLQERELVE 

TM: larger cross-angle 
JM: TGF-α-type 

G628A Y-KIPSIATGMVAALLLLLVVALGIGLFMRRRHIVR-
KRTLRRLLQERELVE 

TM: smaller cross-angle 
JM: EGF-type 
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Chapter 4. Summary and analysis of participated projects, partially completed projects, and 
future directions 

Disclosure and authorship 
This chapter contains material adapted from a manuscript submitted to the 

peer-reviewed journal eLife for review: 
“Coiled coil control of growth factor and inhibitor-dependent EGFR trafficking and 

degradation”, Mozumdar, D., Chang, S. H.-H., Quach, K., Doerner, A., Zhang, X., Schepartz, A. 
 
This chapter describes experiment initiated by Dr. Deepto Mozumdar on investigating the effect 
of JM coiled coil conformation on EGFR trafficking. I had significant contributions in the project 
and led to its submission to the peer-reviewed journal eLife currently under review. The aim of the 
second ongoing project is to investigate the effect of JM coiled coil on the interactome of EGFR 
proximity labeling and mass spectrometry. This work was performed with Dr. Deepto Mozumdar.  
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Chapter 4. Summary and analysis of participated projects, partially completed projects, and 
future directions 

4.1 The effect of the JM-A coiled coil structure on EGFR trafficking and degradation 
Previous reports have described the coupling between JM structure and the ECD growth factor 
identity and coupled the coiled coil conformation to the EGF-type and TGF-α-type downstream 
effect.11,13–15 Nonetheless, a detailed understanding of the effects the JM coiled coil has on EGFR 
biology is desired. Using JM-switching mutation to control the JM coiled coil, this section 
describes the effect of the JM structure on the EGFR signaling pathway in terms of receptor 
trafficking and receptor degradation.  
 
JM coiled coil controls the pathway of receptor trafficking: Previously described JM-switching 
JM mutations (E661R & KRAA) and the JM-switching TM mutations (G628F & G628V) were used 
to control the JM coiled coil in CHO-K1 cells transfected with defined EGFR. Confocal microscopy 
was used to observe the trafficking of FLAG-tagged EGFR stained with fluorophore-conjugated 
antibodies. The pathway of EGFR traffics to is defined as follows: The degradative pathway was 
defined as EGFR trafficking into the late endosome labeled by Rab7 biomarker and subsequently 
degraded in the lysosome. The recycling pathway was defined as EGFR trafficking into the 
recycling endosome marked by Rab1115 and eventually recycled back to the plasma membrane 
(Figure 4.1). Results showed that the JM coiled coil structure was both necessary and sufficient 
to direct the pathway of EGFR trafficking. At 40 mins time point after EGF- or TGF-α-induced 
endocytosis, the WT and G628A EGFR co-localization was growth factor-dependent while the JM-
switching JM mutations (E661R & KRAA) (Figure 4.2) and the JM-switching TM mutations (G628F 
& G628V) (Figure 4.3) were not. When stimulated with EGF, WT and G628A EGFR co-localized 
preferentially with Rab7 and not Rab11, when stimulated with TGF-α, WT and G628A EGFR co-
localized preferentially with Rab11 and not Rab7. In contrast, E661R EGFR and G628F EGFR that 
forms the EGF-type coiled coil co-localized preferentially with Rab7 whether stimulated with EGF 
or TGF-α and not with Rab11. On the other hand, KRAA EGFR and G628V EGFR that forms TGF-
α-type coiled coil co-localized preferentially with Rab11 whether stimulated with EGF or TGF-α 
and not with Rab7. To sum up, when JM coiled coil conformation was controlled by mutations, 
the trafficking pattern was directed by the JM coiled coil status: when JM exhibited the EGF-type 
coiled coil conformation, EGFR trafficked along the degradative pathway regardless of growth 
factor identity of either EGF or TGF-α, whereas when JM exhibited the TGF-α-type coiled coil 
conformation, EGFR trafficked along the recycling pathway regardless of growth factor identity 
of either EGF or TGF-α.  
 
Coiled coil control of EGFR degradation: The effect on endocytic trafficking with the JM-
structure-controlling mutants was presumed to also affect in the lifetime of EGFR. 
Immunoblotting experiments examining EGFR abundancy at 90 mins after EGF or TGF-α 
stimulation was performed to examine EGFR lifetime and degradation (Figure 4.4). In the case of 
WT EGFR and conservative mutation G628A, the lifetime of EGFR depends on growth factor 
identity in the expected manner.11,15 Following EGF stimulation, WT and G628A EGFR levels 
decrease rapidly, and the fraction of intact EGFR detected after 90 mins was low (41-46%), 
whereas the fraction of intact EGFR detected after 90 mins was high when cells were stimulated 
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with TGF-α (92%). By contrast, the JM-switching TM mutants affect EGFR degradation in a 
growth-factor-independent manner. G628F EGFR degraded rapidly regardless of whether the 
receptor was activated with EGF or TGF-α 90 min following EGF or TGF-α treatment. G628V EGFR 
degraded slowly following treatment with EGF or TGF-α. Immunoblotting experiments of EGFR 
abundance at 90 mins pre-incubated with the lysosomal inhibitor chloroquine150 or the 
proteasomal inhibitor lactacystin151 confirmed that the EGFR degradation occurred through the 
lysosomal degradation pathway since the lysosomal inhibitor chloroquine prevented EGFR 
degradation (Figure 4.4). 
In summary, single-point TM mutations and the long-range effects on JM conformation was 
necessary and sufficient to dictate the pathway of intracellular trafficking and degradation of 
EGFR.   
 
4.2 Efforts toward understanding the effect of JM structure on the EGFR interactome using 
proximity labeling and mass spectrometry proteomics  
In chapter 1, studies were reviewed to demonstrate the JM domain as a hotspot for cytosolic 
interactions from cytosolic proteins29,58–75 to the inner leaflet of the plasma membrane.29,56,57 We 
hypothesized that differences in EGFR biology may result from altered interactome recruited by 
alternative JM coiled coil structure (Figure 4.5). To probe the differences in the interactome, 
mass spectrometric methods have been previously used to characterize the interacting partners 
of EGFR following activation with growth factors EGF and TGF-α.15,152,153 Alice Ting’s group has 
developed a proximity labeling method engineering ascorbate peroxidase APEX2 to proteins of 
interest that biotinylates interacting protein partners in cellulo.154–157 Here we propose APEX2-
based proximity labeling experiments to identify the interacting partners of WT, G628F, and 
G628V EGFR that control the JM-A coiled coil into the EGF-type or TGF-α-type structure 
respectively.  

Preliminary results: Peroxidase APEX2 was engineered at the C-terminal of the EGFR of variants 
(Figure 4.5.A): WT, G628A, G628F, G628V, kinase-inactive K721M,27,158,159 TKI-resistant 
L834R/T766M EGFR (or the double-mutant, DM EGFR),160 and the peroxidase-inactive EGFR-
D208N-APEX2.161 The cloned constructs were transfected into CHO-K1 cells, and the expressions 
were evaluated with immunoblotting experiments (Figure 4.6.B). We observed that all FLAG-
tagged variants were expressed in CHO-K1 cells. The EGFR kinase activity was examined with 
immunoblotting experiments by comparing the C-tail tyrosine residue (Y1045 and Y1068) 
phosphorylation upon growth factor treatment. The immunoblotting analysis compared the WT 
EGFR, the kinase-dead K721M EGFR, and the engineered EGFR-APEX2. The K721M was the 
negative control (Figure 4.6.C–F). WT EGFR was robustly phosphorylated at both Y1045 and 
Y1068 following the treatment with either EGF or TGF-α, and not phosphorylated in the absence 
of growth factor. EGFR-APEX2 was phosphorylated at both Y1045 and Y1068 following growth 
factor treatment at levels comparable to WT EGFR. No auto-phosphorylation activity was 
observed at either tyrosine residues in the K721M EGFR in the absence and presence of EGF or 
TGF-α.  

Secondly, we evaluated the peroxidase activity of EGFR-APEX2 using a fluorescence-based assay 
using Amplex red. The activity of the peroxidase catalyzes the non-fluorescent Amplex red into 
fluorescent Resorufin in the presence of H2O2 (Figure 4.6.G).154 The temporal changes in 
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fluorescence provides a robust and instantaneous readout of the peroxidase activity of APEX2 to 
evaluate the APEX2 activity in the cloned constructs (Figure 4.6.H). Both APEX2 and EGFR-APEX2 
peroxidases were active, even though the activity of EGFR-APEX2 was slightly weaker and slower 
compared to APEX2. No detectable peroxidase activity was observed with the negative control 
D208N APEX2. Even though slightly reduced, the enzymatic activity of APEX2 in the fusion 
construct was still significantly retained. The APEX2 enzymatic activity is critical for the 
subsequent proximity labeling experiments. Thus, it may be worthwhile to investigate and 
optimize peroxidase activity of the engineered EGFR APEX2. One direction is studying the effect 
of the construct on APEX2 activity by varying the linker length between EGFR and APEX2 or 
changing the APEX2 position in the construct.  

Next, the cellular localization of EGFR variants was evaluated with immunofluorescence imaging 
to emsure that the EGFR-APEX2 constructs correctly localizes at the plasma membrane. Confocal 
microscopy was used to observe the FLAG-tagged EGFR stained with fluorophore-conjugated 
antibody (Figure 4.7). The immunofluorescence images showed that the engineered constructs 
were expressed and localized correctly on the plasma membrane of the CHO-K1 cells.  

Finally, in cellulo biotinylation reactions were examined with immunoblotting experiments 
before submitting for mass spectrometry analysis. The method for characterizing the in cellulo 
biotinylation of the APEX2 fusion construct and the streptavidin pull-down experiments were 
described previously.155 Cells expressing the EGFR-APEX2 constructs were treated with biotin 
phenol prior to stimulating with growth factors EGF or TGF-α. Cells were treated with H2O2 to 
initiate the biotinylation reaction at specific time points after growth factor stimulation (0–8 mins: 
to identify early interactors; 40–90 mins: to identify later interactors). Cells were lysed and the 
cleared lysate was analyzed with Western blotting using streptavidin-HRP antibody visualized 
using Clarity Western ECL reagents (Figure 4.8.A). In the negative control (D208N-APEX and 
APEX2 lacking either BP or H2O2), only the endogenous biotinylated proteins (130, 75, and 72 kDa) 
were observed. For APEX2 and EGFR-APEX2 (with and without growth factor treatment), strips 
of biotinylated proteins were separated and visualized with Western blotting. The EGFR-APEX2 
resulted in biotinylation profiles different from that of APEX2 (Figure 4.8.A). Biotinylated proteins 
in cell lysates were enriched using streptavidin beads. Bands of biotinylated proteins were 
resolved for EGFR-APEX2 catalyzed in cellulo biotinylation reaction samples (Figure 4.8.B). These 
were promising results to lay out the groundworks leading up to mass spectrometry proteomics 
studies to map the interactome of EGFR at short and long time points after growth factor 
stimulation and explore the effect of JM coiled coil using JM-switching mutants.  

4.3. Future directions for the JM coiled coil structural studies  
In chapter 3, the work to prepare JM coiled coil structural studies using TM-JM protein and 
membrane mimics has faced challenges in sample stability and protein homogeneity. Although 
these are not trivial challenges, some future directions can be outlined.    
For DMPC/DHPC bicelle-TM-JM samples, optimization of the preparation process could be 
explored via optimizing parameters such as the q value 48,140 and the lipid concentration.140,142 
On the other hand, DMPC and DHPC have relatively high phase transition temperatures (24 °C118 
and 49 °C162, respectively), raising the question of whether there was efficient mixing during the 
bicelle preparation procedure to form properly aligned DMPC/DHPC bicelles. Thus, the steps and 
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conditions in the bicelle preparation protocol are potentially optimizable. One can also explore 
other lipid options seeking out lipid with lower phase transition temperatures.113 However, the 
optimal q value and the lipid concentration will be altered with different lipid systems. 
DMPC/DHPC bicelles remain the best understood and used bicelle system. One study found that 
doping cholesterol sulfate in DMPC/DHPC bicelles widen the temperature range for optimal 
alignment (from 32–36 °C for DMPC/DHPC-only bicelles to 25–50 °C for cholesterol-sulfate-
doped bicelles),163 demonstrating another direction to optimize bicelles. Additionally, the correct 
insertion geometry of the TM-JM protein into the bicelle can be examined with oriented circular 
dichroism (OCD) to distinguish the state of the membrane-bound α-helical peptide between 
membrane-surface-bound, obliquely tilted, and fully inserted transmembrane orientation using 
characteristic OCD line shape around 208 nm.164 
In chapter 3, I established the first ever usage of nanodisc in our research group. The 
characterizations of empty MSP1D1 nanodisc laid the groundwork for succeeding nanodisc-TM-
JM preparation and characterization. The analysis for nanodisc-TM-JM with SEC and LC-MS 
characterization will be aided by existing characterizations of empty MSP1D1 nanodisc. The 
shape, size, and dynamics of the nanodiscs can be characterized by small-angle X-ray scattering 
(SAXS).120,165 The insertion of TM-JM protein in the nanodisc can be characterized using 
hydrogen-deuterium exchange mass spectrometry (HDX-MS) discerning the solvent-exposed 
residues from the transmembrane residues by the rate of deuterium exchange in a deuterated 
buffer.122  
 
4.4. Materials and Methods  
Materials. Antibodies. Goat polyclonal anti-rabbit, horseradish peroxidase (HRP)-conjugated 
(#7074), goat polyclonal anti-mouse, HRP-conjugated (#7076), rabbit monoclonal anti-vinculin 
(#13901), rabbit monoclonal anti-Rab7 (D95F2) XP (#9367), Rab11 (D4F5) XP Rabbit mAb (#5589), 
anti-mouse IgG (H+L) and F(ab')2 fragment Alexa Fluor 555-conjugate (#4409) were products of 
Cell Signaling Technologies (CST). Mouse monoclonal (M2) anti-FLAG (#F1804) was a product of 
Sigma-Aldrich. Goat anti-mouse IgG (H+L) Alexa Fluor 488 (#A11008) was a product of 
ThermoFisher Scientific. Streptavidin-HRP (#3999) was a product of Cell Signaling Technology. 
Chemicals and recombinant proteins. F-12K medium (#10-025-CV), Dulbecco’s phosphate 
buffered saline (DPBS) (#14190), fetal bovine serum (FBS)–heat inactivated (#11082147), 
penicillin/streptomycin (#1514012), non-enzymatic cell dissociation solution (#13151014), 
Hoechst 33342, iBlot PVDF membranes (#IB401031) were products of ThermoFisher Scientific. 
FugeneHD transfection reagent (E2311) was a product of Promega. TransIT-CHO transfection kit 
was a product of Mirus Bio. Fetal bovine serum (FBS)–heat inactivated (#F4135), bovine serum 
albumin (#9048-46-8), and fibronectin (#F1141) were products of Sigma-Aldrich. cOmplete, mini 
protease inhibitor tablets (#11836170001), and PhosSTOP phosphatase inhibitor cocktail tablets 
(#04906837001) were products of Roche Life Science. Recombinant human EGF protein (#236-
EG) and recombinant human TGF-a protein (#293-A) were products of R&D Systems. Mini-
PROTEAN® TGXTM Precast Gels (10% polyacrylamide) (#456-1036), and Western ECL reagents 
(#1705060) were products of Bio-Rad Laboratories. Lactacystin, proteasome inhibitor 
(#ab141411), and chloroquine diphosphate, apoptosis and autophagy inhibitor (#ab142116), 
were products of AbCam. Biotin phenol was a product of Fisher Scientific. Pierce™ 660nm protein 
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assay reagent was a product of ThermoFisher Scientific. Amplex red assay kit was a product of 
Life Technologies.  
Cell culture. CHO-K1 cells (ATCC) were cultured in F12K Medium supplemented with 10% FBS and 
Pen-Strep (100 I.U./mL penicillin and 100 mg/mL streptomycin) at 37 °C in a CO2/air (5%/95%) 
incubator (NuAire). Cells were transfected using the TransIT-CHO Transfection Kit or FugeneHD, 
following instructions and protocols provided by the manufacturers. Cell densities for all 
mammalian cell lines were determined with a Cellometer Auto T4 automated counter.  
Cloning and mutagenesis. All EGFR DNA variants 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. Mutations were introduced into 
the EGFR sequences using Quikchange Lightning site-directed mutagenesis kit (Agilent 
Technologies) following the manufacturer’s instructions, with primers purchased from Integrated 
DNA Technologies. All DNA variants were amplified with XL-10 Gold Ultracompetent cells (Agilent 
Technologies). 
Immunofluorescent labeling, confocal microscopy, and image analysis. Immunofluorescent 
labeling and confocal microscopy to assess the localization of EGFR variants expressed in CHO-K1 
cells were carried out as described previously15 with slight modifications. CHO-K1 cells expressing 
FLAG-tagged EGFR variants were serum starved overnight (~12 hrs) and subsequently incubated 
without or with 100 ng/mL of EGF (16.7 nM) or TGF-α (16.7 nM) for 1 hr at 4 oC for growth factor 
binding. Cells were then washed with DPBS and incubated with serum-free media at 37 oC for 40 
mins to allow endocytosis. Cells were then fixed using fixing buffer (4% paraformaldehyde in 
DPBS) for 15 mins at room temperature. Cells were washed with DPBS and incubated with 
blocking buffer (5% normal goat serum (CST), 0.3% Triton X-100 in DPBS) for 1 hr at 37 oC. Cells 
were then labeled with indicated primary antibodies overnight (~12 hrs) at 4 oC (mouse M2 anti-
FLAG, rabbit anti-Rab7, or rabbit anti-Rab11 with 1:1000 dilution in antibody dilution buffer (1% 
BSA, 0.3 % Triton X-100 in DPBS)). Cells were then washed three times with DPBS and 
subsequently incubated with secondary antibodies (Goat anti-rabbit Alexa Fluor 488 or goat anti-
mouse Alexa Fluor 555 with 1:500 dilution in antibody dilution buffer) for ~2 hrs at room 
temperature. Cells were then washed twice with DPBS and nuclear stained with Hoescht 33342 
(1.62 mM in DPBS) for 2 mins at room temperature. Cells were then washed twice with DPBS and 
stored in DPBS at 4oC, prior to imaging. Laser-scanning confocal microscopy experiments of 
labeled immunofluorescent samples were performed at room temperature on an inverted Zeiss 
LSM 880 laser-scanning confocal microscope equipped with a Plan-Apochromat ×63/1.4 
numerical aperture oil immersion lens and a diode 405 nm laser, an Argon 458, 488, 514 nm laser, 
a diode-pumped solid-state 561 nm laser and a 633 nm HeNe laser with standard settings. DAPI, 
Alexa Fluor 488, and Alexa Fluor 555 dyes were excited with 405-, 488-, and 546-nm laser lines. 
The pinhole size was set to 1 airy unit. Images were acquired at a nuclear section with fixed 
thresholds. Image acquisition was performed with ZEN software (Carl Zeiss). Raw images were 
exported as .lsm files. Images were analyzed using ImageJ software.166 Colocalization of EGFR 
with endocytic biomarker (Rab7 or Rab11) was evaluated as Manders’ Colocalization Coefficient 
(MCC)167 which represents the sum of intensities of green pixels (due to Rab7 or Rab11) that also 
contain red (due to FLAG-tagged EGFR) divided by the total sum of green intensities. 
Colocalization was evaluated using JACoP (Just Another Colocalization Plugin)168 in ImageJ. MCC 
values for each condition obtained from multiple cells collected over at least 2 biological 
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replicates were pooled and represented as Mean with S.E.M using GraphPad Prism 8.4.3. For 
EGFR-APEX2 construct localization experiments, the procedure was similar to that described 
above except that Triton X-100 was omitted in the blocking buffer and antibody dilution buffer 
to avoid solubilizing the plasma membrane. The staining process only included primary antibody 
mouse M2 anti-FLAG with secondary antibody Alexa Fluor 555-conjugated goat anti-mouse and 
the nuclear-stain Hoescht 33342. Laser-scanning confocal microscopy experiments were 
performed at room temperature on an inverted Leica STELLARIS 8 microscope (Leica 
Microsystems) equipped with a Leica DMi8 CS scanhead, a HC Plan-Apo 63x/1.4NA water 
immersion objective Confocal imaging was carried out using either HyD S or HyD X detectors in 
analog or digital mode. 
Western blot analysis of EGFR expression and autophosphorylation. Western blot analysis of 
EGFR expression in transfected CHO-K1 cells was described previously37,55 with slight 
modifications. CHO-K1 cells expressing FLAG-tagged EGFR variants were serum starved overnight 
(~12 hrs) and subsequently incubated without or with 100 ng/mL of EGF (16.7 nM) or TGF-α (16.7 
nM) for 1 hr at 4 oC for growth factor binding. Cells were then washed with DPBS and incubated 
with serum-free media at 37 oC for 0–90 mins and lysed in 100 mL of lysis buffer (50 mM Tris, 150 
mM NaCl, 1 mM EDTA, 1 mM NaF, 1% Triton X-100, pH 7.5, 1x cOmplete protease inhibitor 
cocktail, 1x PhosStop). Clarified cell lysates were subjected to reducing SDS-PAGE electrophoresis 
and transferred to immuno-blot PVDF membranes. Membranes were blocked with 5% milk in 
TBST buffer (50 mM Tris, 150 mM NaCl, 0.1% Tween 20, pH 7.4) for 1 hr followed by overnight 
incubation at 4 oC of indicated primary (rabbit or mouse) antibodies. Blots were washed with 
TBST buffer and incubated with either anti-rabbit or anti-mouse goat horseradish peroxidase 
conjugate secondary antibodies for 1 hr at room temperature, then washed with TBST buffer. 
Blots were then visualized using Clarity Western ECL reagents on a ChemiDoc instrument (Bio-
Rad), and intensities of immuno-stained bands were measured with ImageJ. FLAG signals (total 
EGFR) were normalized to the vinculin loading control and normalized signal for the condition 
without any growth factor treatment. For all experiments with proteasomal or lysosomal 
inhibitors, the experiments were carried out with CHO-K1 cells as described above with the 
additional pretreatment with 10 μM Lactacystin or 100 μM Chloroquine for 1 hr at 37oC prior to 
growth factor treatment. The quantification of Western blot data sourced from at least 2 
biological replicates and represented as Mean with S.E.M using GraphPad Prism version 8.4.3 
Amplex red assay to detect peroxidase activity. Cellular lysates from CHO-K1 cells expressing 
FLAG-tagged variants were prepared as described for western blot analyses. The total protein 
concentrations in the clarified cell lysates were quantified using Pierce™ 660nm protein assay 
reagent. According to the Amplex red assay kit instructions, 20 μg of protein in the sample was 
diluted in 100 μL of DPBS pH 7.4 and was set up in 96-Well 360-μL clear flat bottom assay 
microplate, non-treated black polystyrene (Corning). A 2x reaction mixture was prepared by 
mixing 25 μL of 10 mM Amplex UltraRed stock (to a final concentration of 50 μM), 11.4 uL of 3% 
H2O2 (to a final concentration of 1 mM), and 2.5 mL of DPBS pH 7.4. Using a multichannel pipette, 
100 μL of the reaction mixture was added to a 100 μL cell lysate solution and the fluorescence at 
530/590 nm ex/em was recorded at regular intervals of 5 mins for 1 hr on a Synergy HTX 
microplate plate reader (BioTek Instruments). The clarified cell lysates from CHO-K1 cells were 
expressing APEX2, EGFR-APEX2 (with and without growth factor treatment stimulation), and 
negative controls D208N-APEX2 and DPBS. 
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Characterization of in cellulo biotinylation reaction and streptavidin pull-down enrichment. 
The described method was slightly modified from a reported protocol.155 Cells were plated into 
six-well plates, each well for a condition. Cells were transfected with APEX2, D208N-APEX2, or 
EGFR-APEX2 constructs using the TransIT-CHO Transfection Kit. Cells were incubated in 500 μM 
biotin phenol (BP) in a serum-free medium for 30 mins at 37 °C, then were treated with serum-
free media containing BP and with and without growth factors on ice for 15 mins. After growth 
factor stimulation, media were aspirated, cells were rinsed with ice-cold DPBS, and cells were 
incubated in a pre-warmed serum-free medium containing 500 μM biotin phenol (BP) for 1 min 
and 40 mins at 37 °C. Fresh 2x stock of labeling solution 2 mM H2O2 was made in DPBS and added 
in a 1:1 amount directly to the BP solution to achieve a final concentration of 1 mM. Cells were 
incubated at room temperature for 1 min and then quickly aspirated. Cells were washed three 
times with quencher solution (10 mM sodium ascorbate, 5 mM Trolox and 10 mM sodium azide 
solution in DPBS. Quencher solution was made on the same day immediately before use.). Cells 
were lysed by gentle pipetting in RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% (wt/vol) SDS, 
0.5% (wt/vol) sodium deoxycholate and 1% (vol/vol) Triton X-100, pH 7.5) supplemented with 
cOmplete™ EDTA-free protease inhibitor cocktail, 1 mM PMSF and quenchers (10 mM sodium 
azide, 10 mM sodium ascorbate and 5 mM Trolox). Suspended cell samples were left on ice for 
~2 mins and clarified by centrifuging at 14,100 g for 15 mins at 4 °C. Clarified cell lysates were 
subjected to Western blot analysis using reducing SDS-PAGE electrophoresis and transferred to 
immuno-blot PVDF membranes. Membranes were blocked with 3% (wt/vol) BSA in TBST buffer 
overnight at 4 oC.  The membrane was treated with 10 ml of 0.3 μg/ml streptavidin-HRP in 3% 
BSA in TBST at room temperature for 1 hr and washed with TBST four times for 5 mins each time. 
Blots were then visualized using Clarity Western ECL reagents on a ChemiDoc instrument (Bio-
Rad). Streptavidin pull-down of biotinylated proteins was done by preparing fresh biotinylated 
cell lysate samples as described above. The amount of protein in each clarified lysate was 
quantified by using the Pierce™ 660nm protein assay reagent. 360 μg (~90 μL) of each cell lysate 
sample was incubated with 30 μL of streptavidin magnetic beads for 1 hr at room temperature 
on a rotator. Additional RIPA buffer was added to facilitate rotation (< 500 μL). The beads were 
pelleted using a magnetic rack. The supernatant was collected and labeled ‘flow-through’. The 
beads were washed: twice with RIPA lysis buffer, once with 1 M KCl, once with 0.1 M Na2CO3, 
once with 2 M urea in 10 mM Tris-HCl, pH 8.0, and twice with RIPA lysis buffer. Biotinylated 
proteins were eluted from the beads by boiling each sample in 30 μL of 3x protein loading buffer 
supplemented with 2 mM biotin and 20 mM DTT for 10 mins. The flow-throughs and elutes were 
subjected to the Western blot analysis described above.  
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Figure 4.1. The trafficking pathway of EGFR following growth factor stimulation. For WT EGFR, 
when EGFR is stimulated with EGF, the receptor traffics the late endosome following endocytosis, 
subsequently degraded in the lysosome. When stimulated with TGF-α, the receptor traffics the 
recycling endosome following endocytosis, subsequently recycled to the plasma membrane. The 
late endosome is labeled with Rab7 as its biomarker and the recycling endosome is labeled with 
Rab11 as its biomarker.15 
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Figure 4.2. The EGFR trafficking in CHO-K1 cells was influenced by JM coiled coil conformation 
controlled by JM mutations E661R and KRAA. Confocal microscopy images of CHO-K1 cells 
expressing FLAG-tagged WT, E661R, or KRAA EGFR (false-colored red), immuno-labeled with (A) 
Rab7 (false-colored green) as a biomarker for degradative endosomes or (B) Rab11 (false-colored 
green) as a marker for recycling endosomes, 40 mins after stimulation with EGF (E) or TGF-α (T). 
Scale bars = 10 µm. (C)  Bar plots illustrating the Manders’ colocalization coefficient (MCC) of 
FLAG-tagged WT EGFR, E661R, and KRAA EGFR with either Rab7 or Rab11 40 mins after 
stimulation with EGF or TGF-α. n = # of cells. Error bars = S.E.M. ****p<0.0001, ***p<0.001, 
**p<0.01, *p<0.1, n.s. not significant, from one-way ANOVA with Tukey’s multiple comparison 
test. Figure adapted from Ref. [169] 
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Figure 4.3. The EGFR trafficking in CHO-K1 cells was influenced by JM coiled coil conformation 
controlled by TM mutations G628F and G628V. Confocal microscopy images of CHO-K1 cells 
expressing FLAG-tagged G628A, G628F, and G628V EGFR (false-colored red) and immuno-labeled 
with (A) Rab7 (false-colored green) as a marker for degradative endosomes or (B) Rab11 (false-
colored green) as a marker for recycling endosomes, 40 mins after stimulation with EGF (E) or 
TGF-α (T). Scale bars = 10 µm. (C) Bar Plots illustrating Manders’ colocalization coefficient (MCC) 
of FLAG-tagged G628A, G628F, and G628V EGFR with either Rab7 or Rab11-GFP 40 mins after 
stimulation with EGF or TGF-α (16.7 nM). n = # of cells. Error bars = S.E.M. ****p<0.0001, 
***p<0.001, **p<0.01, *p<0.1, n.s. not significant from one-way ANOVA with Tukey’s multiple 
comparison test. Figure adapted from Ref. [169] 
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Figure 4.4. Coiled coil control of EGFR degradation. (A) Western blots illustrating the level of 
FLAG-tagged WT, G628A, G628F, and G628V EGFR detected in CHO-K1 cells 90 mins after 
stimulation with or without EGF or TGF-α (16.7 nM) and without or with pre-incubation with the 
lysosomal inhibitor chloroquine, C (100 µM) or the proteasomal inhibitor lactacystin, L (10 µM) 
for 1 hr at 37 oC. (B) Plot illustrating the normalized percent of intact FLAG-tagged WT, G628A, 
G628F, and G628V EGFR. Vinculin was used as the loading control. Error bars = S.E.M.. 
****p<0.0001, ***p<0.001, **p<0.01, *p<0.1, n.s. not significant from one-way ANOVA with 
Dunnett’s multiple comparison test. Figure adapted from Ref. [169] 
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Figure 4.5. Mechanism of JM coiled coil control of EGFR biology. The alternate JM-A coiled coil 
structures can regulate EGFR biology by two possible mechanisms. (A) The two JM-A structures 
can alter the JM-A surface that interacts with the EGFR kinase thereby altering kinase positioning 
and activity thereby affecting the recruitment of diverse intracellular adaptors and down 
regulatory proteins. (B) Alternately, the different JM-A coiled coil surfaces exposed alter the 
interactome of EGFR. (C) The coiled coil dependent interactome of EGFR investigated using 
proximity labeling methodology followed by mass spectrometry proteomics analysis. Figure 
adapted from Ref. [78] 
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Figure 4.6. EGFR-APEX2 fusion retains both EGFR kinase activity and APEX2 peroxidase activity. 
(A) Domain diagram of constructs regarding the APEX2-based proximity labeling study: EGFR-
APEX2, WT EGFR, K721M-EGFR (kinase-inactive), APEX2, and D208N-APEX2 (peroxidase-inactive). 
EGFR was fused to APEX2 with a short flexible GGS linker. (B) Western blot illustrating the 
expression of FLAG-tagged APEX2, EGFR-APEX2, and D208N-APEX2 as detected with an anti-FLAG 
antibody. Tubulin was used as the loading control. (C) Western blot illustrating the expression 
(FLAG) and autophosphorylation activity of WT EGFR, EGFR-APEX2, and K721M-EGFR (negative 
control) at C-tail tyrosine residue Y1045 8 mins after stimulation with EGF (E) or TGF-α (T). (D) 
Western blot illustrating the expression (FLAG) and autophosphorylation activity of WT EGFR, 
EGFR-APEX2, and K721M-EGFR at C-tail tyrosine residue Y1068 8 mins after stimulation with EGF 
(E) or TGF-α (T). Tubulin was used as the loading control. (E) Bar plots illustrating the normalized 
percent of pY1045/FLAG for western blots shown in C. (F) Bar plots illustrating the normalized 
percent of pY1068/FLAG for western blots shown in D. Each pY-EGFR/FLAG signal was normalized 
to the signal for WT EGFR treated with EGF. Error bars represent S.E.M. ****p<0.0001, 
***p<0.001, n.s., not significant from one-way ANOVA with Dunnett’s test. (G) Reaction 
schematic illustrating the peroxidase (APEX2) mediated conversion of Amplex Red (non-
fluorescent) to Resorufin (fluorescent) in the presence of H2O2. (H) Results of Amplex red assay 
illustrating the enzymatic kinetics of the protein constructs CHO-K1 cells: APEX2 (pink), EGFR-
APEX2 (without or with 16.7 nM EGF or TGF-ɑ treatment; represented by grey, orange, and 
yellow lines respectively), D208N-APEX2 (purple; negative control). Figure adapted from Ref. [78] 
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Figure 4.7. The constructs for the APEX2-base proximity labeling study were expressed and 
correctly localized at the plasma membrane. Confocal microscopy images of CHO-K1 cells 
expressing EGFR, EGFR-APEX2, EGFR-D208N-APEX2, DM-EGFR-APEX2 (TKI-resistant 
L834R/T766M double-mutant), G628A-EGFR-APEX2, G628F-EGFR-APEX2, G628V-EGFR-APEX2, 
and K721M-EGFR-APEX2 (kinase-inactive EGFR). In all constructs, FLAG-tag was at the N-terminus 
of EGFR and stained with Alexa Fluor 555-conjugated antibody (false-colored red) and the nuclear 
stain (false-colored blue).  
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Figure 4.8. in cellulo biotinylation reactions of the APEX2 fusion constructs. (A) Western blot 
illustrating biotinylated proteins labeled in cellulo by APEX2, D208N-APEX2 (peroxidase-inactive 
APEX2, negative control), and EGFR-APEX2 (without or with 16.7 nM EGF or TGF-ɑ stimulation 
for 1 min and 40 mins). The blue arrows indicate endogenous biotinylated protein at 130, 75, and 
72 kDa. In the negative control lanes (D208N-APEX and APEX2 lacking either BP or H2O2), only the 
endogenous biotinylated proteins were visible. The pink arrows indicate additional biotinylated 
protein labeled by EGFR-APEX2. (B) Western blot illustrating biotinylated proteins after 
streptavidin pull-down enrichment experiments. The red arrows indicate biotinylated proteins 
resolved after the streptavidin pull-down enrichment treatment. 
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