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Abstract

The cell surface receptor for epidermal growth factor (EGFR), a receptor tyrosine kinase, is a key 

player in normal cell growth and proliferation. Mutations in this receptor often lead to oncological 

transformation and other pathologies. Because of its representation of the receptor tyrosine kinase 

family and its important role in health and disease, a broad range of studies have been carried out 

in many laboratories to investigate the structural basis for transmembrane receptor activation and 

the resulting assembly of cytosolic signaling components. This review highlights two approaches 

our laboratory has taken to gain more detailed information about both aspects: Surface patterned 

ligands to examine recruitment of the signaling machinery, and mutational analysis to examine the 

regulatory role of EGFR’s juxtamembrane segment.

Graphical Abstract

Keywords

Receptor tyrosine kinase; surface patterned ligands; signaling complex; juxtamembrane segment; 
actin cytoskeleton

I. Introduction

Epidermal growth factor receptor (EGFR) is a member of the ErbB family of receptor 

tyrosine kinases and is among the most studied cell surface receptors, both in terms of 
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structure-function analysis, and as a prototype oncogene whose multiple mutations give rise 

to clinically relevant cancers in a number of different cell types. Recent reviews cover a 

broad range of these related topics [1, 2]. This review highlights two different approaches 

our laboratory is taking to characterize particular aspects of EGFR structure and signaling 

mechanisms. To address spatially defined assembly of signaling complexes resulting from 

activation of this receptor, we use micron-scale patterned ligands containing EGF. To 

characterize the juxtamembrane region of EGFR that is critical for its regulation in cells, we 

use mutational analysis. We summarize our studies in the context of existing literature on 

this receptor, with the goal to provide new insights into the mechanism by which this 

receptor mediates its complex signaling cascades and the regulation of this process.

II. Surface-patterned EGF reveals spatial recruitment of EGFR and signaling 

components

We investigated the association of signaling proteins with EGFR using biotinylated EGF 

bound to streptavidin that is covalently coupled in an ordered array of micron-sized 

(fluorescently labeled) features on silicon surfaces (Fig 1; [3]). For our general purposes we 

utilized an NIH-3T3 cell with a very low level of endogenous EGFR and created new lines 

stably expressing this receptor (or mutated variants; see Sec. III). We visualized EGFR and 

co-associating proteins with fluorescence confocal microscopy, using genetically encoded 

fluorescent proteins or fluorescently labeled specific antibodies or other probes. We 

previously showed that these stably expressed wt EGFR respond appropriately to soluble 

EGF and do not undergo spontaneous activation [13], which can be a consequence of over-

expression in transiently transfected cells [19].

For analysis, we quantified two-color colocalization by calculating Pearson’s cross-

correlation coefficients or by a new radial analysis method we developed initially for this 

study [3]. The latter method takes advantage of the spatially defined patterned features and 

calculates the ratio of on-feature to off-feature fluorescence intensity, averaging over 

multiple features. This radial analysis allows these fluorescence ratios to be compared, such 

as features located under the cell periphery compared to those located

under the cell center. As expected, EGFR concentrates in the same pattern as the EGF-

modified features (Figure 1B), and we also detected stimulated tyrosine phosphorylation that 

is spatially confined to these same regions. In addition, we observed recruitment of 

phosphorylated paxillin to activated EGFR at these patterned features, as well as recruitment 

of EGFP-Ras, MEK, and phosphorylated Erk. Recruitment of each of these proteins 

evidently occurs in a process that depends on actin polymerization and generation of 

phosphoinositides, as this recruitment is prevented in the presence of respective 

pharmacological inhibitors.

Consistent with dependence on actin polymerization, we found that F-actin also concentrates 

in these patterned regions, with somewhat greater concentration at more peripherally located 

patterned features under each cell. Interestingly, we also found that β1 integrins (e.g., α4β1, 

α5β1) co-cluster with patterned EGF, and this occurs to a much greater extent in the cell 

periphery compared to accumulation at patterned features near the cell center. By 
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comparison, stimulated phosphorylation of tyrosines co-clusters with patterned EGF to the 

same extent in the center and at the periphery of the cell [3]. In preliminary experiments, we 

found evidence that eGFP-labeled β3 integrins also cluster at EGF patterned features, but the 

mechanism for redistribution of these integrins remain to be determined (D. Wakefield, 

unpublished results).

Our finding that phosphorylated Erk concentrates at the EGF-modified features is 

particularly notable, because association of this MAP kinase with activated EGF receptors 

had not been previously detected, athough EGF-stimulated activation of this Ras-MEK-Erk 

signaling cascade is well established [4]. That this association of stimulated phospho-Erk 

with activated EGFR depends on actin polymerization suggests EGFR-recruited F-actin 

serves to stabilize the signaling complex. The asymmetric distribution of β1 integrins to 

peripheral features often appears with the fluorescent label extending from those features 

towards the center of the cell. Using this same patterned ligand approach in a subsequent 

study on IgE receptor-mediated signaling pathways in RBL mast cells, we determined that 

β1 integrins are delivered from an intracellular pool of recycling endosomes to features at 

the cell periphery by a trafficking and exocytotic process that depends on Ca2+ influx [5]. 

This finding is reminiscent of evidence for intracellular trafficking of integrins to the leading 

edge of chemotaxing hematopoietic cells such as neutrophils [6].

A model summarizing these findings for spatially defined assembly of signaling complexes 

by EGFR is shown in Figure 2. In this model, activation of EGFR by EGF presented at 

micron-sized patterned features stimulates tyrosine autophosphorylation by a mechanism 

similar to that achieved with soluble EGF, i.e., by EGF-induced dimerization and 

conformation changes of the EGFR extracellular segment, which causes the formation of an 

asymmetric tyrosine kinase domain dimer in the cytoplasmic segments of this pair [1, 2]. 

This activation recruits F-actin in a phosphoinositide-dependent manner, possibly mediated 

by dynamin bridging of these components [3]. F-actin localization at these activated EGFR 

complexes stabilizes the association of MAP kinase enzymes with these complexes, 

resulting in accumulation at the patterned features of detectable levels of phospho-ERK, as 

well as paxillin and PLCγ-1.

We found that activated signaling partners are less readily detected in Western blots when 

EGFR is stimulated by soluble EGF. However, we found evidence for actin-mediated 

stabilization of signaling complexes, as an optimal concentration of cytochalasin D causes 

~50% inhibition of stimulated phosphorylation of Erk by soluble EGF [3]. Thus, it appears 

that presentation of EGF in micron-scale patterned features stabilizes signaling complexes, 

and that these assemblies are smaller and more transient when activated by soluble EGF.

Unanswered Questions

The manner by which ligand is presented to specific receptors on cells may be important 

physiologically for any ligand-receptor pair and particular cell type. It will be interesting to 

determine whether assembly of signaling pathways initiated by EGFR activated by patterned 

and surface immobilized EGF is qualitatively different from that activated by EGF in 

solution. Our results with Erk phosphorylation indicate that actin polymerization contributes 

to this signaling step in both cases, but it is reasonable to posit that cells interacting with a 
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surface will have different cytoskeletal (re)arrangements than will suspended cells. To gain 

some insight, the dependence of stimulated Erk phosphorylation on actin polymerization can 

be quantitatively compared for these two different modes of ligand presentation, as well as 

for ligand presentation on a small bead. EGFR stimulation by these different modes of 

ligand presentation have been previously described [21, 22], and the physiological relevance 

of surface-bound EGFR ligands has been considered [23].

Other downstream readouts, such as PLCγ1 activation, measured by its tyrosine 

phosphorylation, can also be compared. These assessments will help to determine whether 

the strong dependence on the actin cytoskeleton we observed for phospho-Erk and other 

signaling components with surface patterned ligands are indicative of a more general role of 

F-actin polymerization in regulating downstream signaling for EGFR and potentially for 

other types of cell surface receptors.

Also of interest is the mechanism by which integrins are recruited preferentially to EGF 

patterned features in the periphery in NIH-3T3 cells, when EGFR and early signaling 

complexes associate with patterned EGF ligands to similar extents in both peripheral and 

central cell regions [3]. We anticipate some dependence of this recruitment on the actin 

cytoskeleton, which may further facilitate intracellular membrane trafficking that is targeted 

to peripheral locations. This would be consistent with our recent results with RBL mast cells 

and IgE receptors binding to patterned ligands across the cell, which caused targeted 

trafficking of β1 integrins to more peripherally located patterned ligands [5]. In that study, 

we also found evidence for trafficking of β3-containing integrins to patterned ligands from 

and intracellular pool. We hypothesize that targeted localization observed with the EGF 

patterns could be a manifestation of a chemotactic response to EGF. Future experiments 

could test this hypothesis in a more direct manner by one of several different methods of 

migration analysis [7]. Engagement of integrins at a stimulated leading edge could drive 

directional movement by force generation via these interactions [24].

III. Mutagenesis reveals a regulatory role for the juxtamembrane polybasic 

sequence of EGFR

McLaughlin et al. [8] first proposed that EGFR is structurally constrained to prevent 

spontaneous activation of its tyrosine kinase activity by electrostatic interactions. These 

comprise positively charged basic residues, both in the cytoplasmic juxtamembrane segment 

and on the tyrosine kinase domain surface, interacting with negatively charged 

phospholipids at the inner leaflet of the plasma membrane. Supporting this hypothesis, the 

authors showed that a peptide corresponding this juxtamembrane segment (645–660) binds 

tightly to membrane vesicles containing negatively charged phosphatidyl inositol-4,5-

bisphosphate (PIP2) and is displaced by Ca2+/calmodulin complexes, also exhibiting a net 

negative charge. They suggested that this calmodulin-dependent activation of EGFR is 

accomplished upon stimulated elevation of cytoplasmic Ca2+ in cells. Because EGF does not 

routinely mobilize cytoplasmic Ca2+ in all cell types in which it activates EGFR tyrosine 

kinase activity, it seems unlikely that this is a general mechanism for EGF-dependent 

activation of EGFR. For the same reason, it is unlikely that Ca2+ binding to PIP2 serves as a 
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general mechanism for competition with PIP2/juxatamembrane interactions. Furthermore, 

deletion of this juxtamembrane segment results in a non-functional receptor [9, 10; 25], 

indicating some positive contributions of the juxtamembrane segment to signaling and 

making this deletion construct less useful for elucidating the normal functional roles of this 

segment.

Two other studies support the view that the juxtamembrane segment helps facilitate EGFR 

signaling. Michailidis et al. [11] mutated up to eight basic residues in the juxtamembrane 

segment to neutral asparagines, and they observed partial inhibition of EGF-stimulated 

autophosphorylation. Mutation of the first three arginines in this sequence (645–647) 

resulted in a ~50% decrease in stimulated EGFR tyrosine phosphorylation, and a similar 

decrease in a more downstream readout, the activation of a Ca2+-dependent chloride channel 

in Xenopus oocytes. Additional mutations in the eight basic residues in this juxtamembrane 

sequence did not further inhibit these responses significantly. Because a peptide containing 

this juxatmembrane sequence bound to PIP2 in a surface plasmon resonance assay, but failed 

to bind when these eight residues were neutralized to asparagines, the authors concluded that 

these basic residues in the intact receptor bind to membrane phosphoinositides. They then 

showed that stimulated phosphorylation of EGFR in oocytes is inhibited by wortmannin, a 

phosphoinositide (PI) kinase inhibitor, or co-expression of synaptojanin, a PI5-phosphatase. 

They further showed that co-expression of a PI5-kinase with EGFR enhances stimulated 

tyrosine phosphorylation of EGFR, altogether providing evidence that manipulation of PIP2 

levels regulates stimulated EGFR activity. Importantly, they showed that EGFR in which the 

eight basic residues in the juxtamembrane region were mutated to asparagines fails to be 

activated by PI5-kinase overexpression, providing strong evidence that these residues (or a 

subset) are involved in functional regulation of EGFR by PIP2. Similar conclusions were 

reached for EGFR expressed in mammalian cells [11].

In a complementary study, molecular dynamics simulations predicted that, even in the EGFR 

activated dimer, these basic residues (645–647) can associate with PIP2 in the inner leaflet of 

the plasma membrane, supporting the notion that these associations contribute positively to 

EGF-stimulated EGFR activation [12]. This is despite the fact that the sequence containing 

these residues forms an anti-parallel helix between the activated dimers that also sequesters 

hydrophobic side chains, which normally insert into the inner leaflet of the plasma 

membrane in unstimulated EGFR [1].

We investigated the structure-constraining regulatory role for basic residues in the 

juxtamembrane segment in activated EGFR, testing the hypothesis that these positively 

charged amino acids suppress basal EGFR activity in cells [8]. We began this study by 

sequentially mutating potentially positive amino acid residues in this juxtamembrane 

segment to alanines. Mutation of the first four arginines in this sequence, together with a 

histidine, did not detectably alter cell transformation by this receptor when stably expressed 

in mouse NIH 3T3 cells, but an additional mutation of the first lysine in this sequence to 

yield a construct that we named EGFR Mut R1-6 caused a dramatic change in receptor 

phenotype (Figure 3). This Mut R1-6 construct exhibited a low level of spontaneous tyrosine 

phosphorylation, and, more importantly, this mutation caused EGF-independent, anchorage-

independent cell proliferation in a standard soft agar assay [13]. Thus, this construct 
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effectively caused a transforming phenotype similar to that observed in EGFR with several 

single amino acid point mutations that originated from human cancers [14, 15].

This Mut R1-6 construct was largely expressed at the plasma membrane, similar to the wild 

type EGFR. Thus, mutation of the first three arginines in this sequence to alanines did not 

alter its normal plasma membrane expression or its responsiveness to EGF [13]. We also 

identified a mutant similar in sequence to Mut R1-6, but with a single additional 

spontaneous mutation in residue L393 that caused the receptor to be fully retained in the 

endoplasmic reticulum (ER). This point mutation (L393H) was sufficient to cause full ER 

retention when introduced into a wt EGFR, and it did not cause any basal phosphorylation 

by itself. However, remarkably, the ER-retained version of Mut R1-6 was also transforming 

in the soft agar assay, indicating a lack of requirement for cell surface expression for this 

property. Dissection of the signaling pathways activated by Mut R1-6 indicated a strong 

dependence on PI3-kinase and mTOR, with some role for the MAP kinase signaling cascade 

[13]. In summary, these results established that basic residues in the juxtamembrane segment 

play a critical role in regulating the basal activity of EGFR, suggesting that their association 

with negatively charged phospholipids, including phosphoinositides, mediate this regulation.

A model for EGFR activation that is consistent with these findings is depicted in Figure 4. In 

this model, binding of EGF to sites in domains I and III causes a conformational change that 

exposes the dimerization interface in domain II [16]. Dimerization with a second EGFR 

causes additional changes in the interaction between the transmembrane helices. These 

interactions lead to rearrangements in the juxatmembrane segments to form an anti-parallel 

alpha helix such that threonine side chains, which are buried in the inner leaflet of the 

plasma membrane prior to activation, become sequestered in the helix core, while at least 

some of the positively charged side chains of the basic amino acids in this sequence still 

associate with negatively charged phospholipids at the inner leaflet. This structural alteration 

is accompanied by conformational changes in the tyrosine kinase domains that lead to 

formation of an asymmetric dimer pair in which the C-terminus of the activating kinase 

inserts in the active site of the receiving kinase [1].

Interestingly, the negative cooperativity that is normally observed for a second EGF binding 

to EGFR dimers appears to depend on the juxtamembrane segment. Tethering this region to 

the inner leaflet of the plasma membrane via palmitoylation abolishes the negative 

cooperativity and substantially reduces autophosphorylation (by ~80%) [20]. These findings 

further highlight regulation by, and structural changes occuring in, the juxtamembrane 

segment to facilitate coupling between the extracellular segment and the kinase domain 

during EGFR activation.

Unanswered Questions

The constitutive activation observed for EGFR Mut R1-6 raises the question of its 

oligomeric state. Although this mutant may spontaneously dimerize, some evidence 

indicates that the highly oncogenic deletion mutant EGFRvIII is both active as a monomer 

and intracellularly retained [17]. This question may be addressed for Mut R1-6 with 

chemical crosslinking approaches to capture potential dimers. A highly soluble, non-

membrane-permeable crosslinker, such as bissulfosuccinimidyl suberate, can be used to 
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capture EGFR dimers at the cell surface [18], while a membrane-permeable crosslinker, 

such as disuccinimydyl propionate, can be used to capture intracellular EGFR dimers. 

Analysis by western blotting should reveal dimers formed by Mut R1-6 in the presence or 

absence of its ligand, EGF. Appearance of dimers under these experimental conditions 

would indicate that the R1-6 mutation facilitates spontaneous EGFR dimers in an activated 

conformation. Comparing R1-6 and R1-6(L393H) mutations with permeable and non-

permeable chemical crosslinkers is likely to yield interesting results, indicating whether 

dimers of these mutants form spontaneously at the plasma membrane compared to the ER 

membrane. No appearance of dimers under these experimental conditions would not be 

definitive, but would point to the possibility that R1-6 and/or R1-6(L393H) facilitate kinase 

activation in EGFR in the absence of dimerization.

IV. Concluding Remarks

EGFR and its interacting partners represent a complex molecular machine that plays 

fundamental roles in cell growth and division. As such, its activation is highly regulated, and 

the perturbation of this regulation by changes in its environment or by mutational changes 

that relieve structural constraints on spontaneous activation can give rise to uncontrolled 

cellular responses, which often lead to unregulated cell proliferation and oncogenesis. 

Patterned, immobilized EGF [3], has enabled visualization of stable complexes of activated 

EGFR with paxillin, PLCγ-1, and members of the MAP kinase casade, together with F-

actin, and supports the view that molecular machines are assembled as a consequence of 

effective ligand-receptor engagement. Detection of phosphotyrosine on EGFR and phospho-

Erk as part of these complexes confirms their functional activation. This approach can be 

further utilized to assess the activation status of associated PLCγ-1, and its capacity to 

initiate Ca2+ mobilization. Mechanical contributions to cellular responses, such as 

participation of integrins in responses of surface-adherent cells can also be further 

investigated with this approach.

Our mutational studies on EGFR provide direct evidence that basic residues in its 

cytoplasmic juxatmembrane segment play an important role in regulating the basal activity 

of this receptor in the absence of its ligand, EGF. Mutation of as few as five of these basic 

residues to uncharged amino acids is sufficient to convert the unliganded receptor from 

quiescent to active, conferring a transforming phenotype on the cells in which this receptor 

is expressed [13]. It is now clear that the balance between activated and quiescent EGFR is 

intricately regulated, both by charged amino acids in the juxtamembrane segment, and by 

effective dimerization of EGFR in the plasma membrane. Studies in which just a few 

additional mutations of positively charged amino acids in the juxtamembrane segment 

prevent EGFR activation [9, 11], with no detectable basal activation, indicate how delicately 

the charge balance in this region regulates receptor activity. At the same time, moderate 

overexpression of the wild type EGFR is sufficient to confer spontaneous activation, 

confirming that the formation of a threshold level of active dimers can be driven by mass 

action, independent of ligand binding [19].

Studies described in this review are necessarily limited in scope, and, in general, many of the 

complex features that contribute to activation of EGFR and consequent assembly of its 
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signaling machine remain to be determined. Research efforts continue in many laboratories 

to delineate regulated activation of EGFR, as a prototype cell surface receptor and as a key 

player in health and disease. Future studies will undoubtedly uncover new aspects by which 

cell activation by EGFR is regulated in vivo, and how disruption of that regulation leads to 

cancer and other pathologies.
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Abbreviations

EGFR epidermal growth factor receptor

EGF epidermal growth factor

MAP kinase mitogen-activated protein kinase

PIP2 phosphatidylinositol-4,5-bisphosphate

Mut R1-6 EGFR mutant with six residues mutated to alanines in the 

juxtamembrane segment

PLCγ-1 phospholipase Cγ-1.
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Highlights

Micron-scale patterned EGF stimulates the formation of localized signaling complexes.

F-actin stabilizes these complexes, including the MAP kinase cascade.

β1-containing integrins are recruited preferentially to peripheral patterns.

Mutational analyses reveal a regulatory role for the polybasic juxtamembrane sequence

This charge neutralization causes constitutive EGFR activation & cell transformation.
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Figure 1. 
Fabrication of micron-scale patterned features of immobilized EGF (A) and localization of 

EGFR expressed in NIH 3T3 cells at these patterned features (red) as detected with 

genetically encoded fluorophores or fluorescently labeled, specific antibodies (green) (B). 

Adapted from [3].
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Figure 2. 
Schematic of proteins and lipids associated with EGFR when activated by EGF localized to 

micron-scale patterned features. Components observed directly in these studies are described 

in text. Not shown are β1 integrins, which are trafficked from recycling endosomes to the 

plasma membrane at EGF-localized, peripheral features (see text).
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Figure 3. 
Wild-type and mutant EGFR constructs used in studies. The juxtamembrane (JX) sequence 

is shown, with basic amino acids in bold and mutated residues underlined TM = 

transmembrane. GFP indicates the C-terminal location of the eGFP tag, when present. From 

[13].
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Figure 4. 
Steps in EGFR activation. (a) Inactive EGFR. (b) EGFR is activated upon ligand binding. 

This induces a conformational change in extracellular domains I, II, and III. (c) The 

activated receptor dimerizes with another EGFR monomer driven by extracellular 

interactions. Domains I and II contribute to the binding site for EGF, and domain II 

contributes the dimerization interface; binding of a single EGF ligand to the activated dimer 

represents negative cooperativity when EGFR is in this state [2]. (d) Intracellular region then 

assumes the asymmetric kinase conformation. (e) The receiving receptor (blue) trans-

phosphorylates tyrosine residues in the activating receptor’s (red) tail region.
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