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SPECIAL  FOCUS: THE ROLE OF TRANSMEMBRANE DOMAINS IN ADHESION REVIEW

How Do Cells “Get the Message”?

From simple prokaryotes to complex eukaryotes, signal transduc-
tion in between cells is vital to organize populations of individual 
cells up to extremely complex multicellular organisms. Cellular 
signaling not only allows cells to communicate with each other 
but also allows cells to sense their inanimate environment and 
to interact and communicate with it. Signals arriving at a cer-
tain cell can be highly diverse and can range from single photons 
or mere physical force to ions and complex signaling molecules 
that have been produced by other cells. The extreme diversity 
of signals arising from or reaching a cell has led to a similar 
complexity on the part of the entities that recognize them—the 
receptors. Although individual signals can be rather diverse, all 
signals typically have to cross a cellular membrane, which sepa-
rates the extracellular milieu from the more ordered intracellular 
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environment. Some of the incoming signals are able to cross 
a membrane on their own, such as photons or hydrophobic  
signaling molecules. However, since a biological membrane does 
not allow the passage of charged or large hydrophilic molecules 
per se, cells have evolved a diverse repertoire of membrane inte-
gral receptors, which either selectively enable a signal to cross a  
membrane or convert the information of an extracellular signal 
into a different (intracellular) form that is then subsequently  
processed by a cell.

Since many diseases are directly related to a dysfunction of 
such membrane integral receptors and the resulting successive 
transduction of misinformation,1 the principles guiding receptor 
function have received much attention in the past decades. An 
intimate knowledge about the structure and function of trans-
membrane (TM) receptors may offer the opportunity to manipu-
late disturbed cellular signaling processes by the development of 
new and advanced pharmaceuticals.

This review focuses on the question how eukaryotic cell  
surface receptors transduce incoming signals to the intracellular 
space via their transmembrane domains (TMDs) with a special 
emphasis on the role of the TMDs in signaling by members of the 
tyrosine kinase receptor superfamily, the epidermal growth factor 
receptors (EGFR), also known as HER or ErbB receptors.

Principles of Transmembrane Signaling

Membrane proteins make up to 30% of all genes in pro- and 
eukaryotes2 and about 50% of all currently available drugs target 
membrane integral proteins, such as cell surface receptors.3

Enzyme-linked receptors are α-helical membrane proteins 
that often consist of an extracellular ligand binding domain, a 
TMD and an intracellular domain, which mediates downstream 
signal transduction within a cell. Based on the enzymatic activity 
linked to the receptor, six types of enzyme-linked TM receptors 
are primarily distinguished:4 (1) Receptor guanylyl cyclases; (2) 
receptor serine/threonine kinases; (3) histidine kinase associated 
receptors; (4) receptor-like tyrosine phosphatases; (5) tyrosine 
kinase associated receptors and (6) receptor tyrosine kinases 
(RTKs).

Although the functional implications are largely elusive, 
some of these receptors are suggested to form homo- and/or  
heterooligomers in the presence or the absence of a ligand, and 
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Among the many transmembrane receptor classes, the receptor 
tyrosine kinases represent an important superfamily, involved 
in many cellular processes like embryogenesis, development 
and cell division. Deregulation and dysfunctions of these 
receptors can lead to various forms of cancer and other diseases. 
Mostly, only fragmented knowledge exists about functioning 
of the entire receptors, and many studies have been performed 
on isolated receptor domains. In this review we focus on the 
function of the ErbB family of receptor tyrosine kinases with 
a special emphasis on the role of the transmembrane domain 
and on the mechanisms underlying regulated and deregulated 
signaling. Many general aspects of ErbB receptor structure 
and function have been analyzed and described. All human 
ErbBs appear to form homo- and heterodimers within cellular 
membranes and the single transmembrane domain of the 
receptors is involved in dimerization. Additionally, only defined 
structures of the transmembrane helix dimer allows signaling 
of ErbB receptors.
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simple single-span TM proteins are only poorly understood 
today. Because of the many technical problems associated with 
the analyses of TM receptors (and TM proteins in general), often 
only isolated receptor domains are characterized rather than 
the full length receptor. However, research on isolated receptor 
parts only leads to a fragmented knowledge about the receptor 
function, and it typically remains an open question if the iso-
lated domains would behave the same in the full length receptor  
context in vivo.

In the following paragraphs we will briefly discuss advances in 
understanding the function of different families of TM receptors 
with a single TM α-helix. Information about the functioning of 
other single-span TM receptors, which have been characterized 
to some extent in the past, are very helpful to understand and 
evaluate the principles governing human ErbB receptor function. 
Remarkably, the principles underlying signal transduction via 
human ErbB receptors (and human RTKs in general) appear to 
be similar to the principles guiding signal transduction via other 
single-span TM receptors, such as cadherins or the Epo receptor.

Examples of Transmembrane Signaling:  
Single-Spanning Transmembrane Receptors

In the few cases where detailed structural information is available 
about the TMDs of single-spanning TM receptors, these struc-
tures are devoid of other domains, and the in vivo mechanisms 
can only be deduced by a complementary approach where differ-
ent studies with individual domains are compared and combined. 
Typically, it is essentially not understood how individual members 
of receptor families with a single TM helix transmit signals across 
a membrane via the TMD, but the following examples highlight 
two representatives where the mechanism of signal transduction 
is understood to some extent.

The role of the TMD in functioning of human cadherins, 
where an intracellular ligand binding event translates to cell-
cell adhesion, is partly understood. Classical or type 1 cadherins  

it has already been shown in some cases that individual TMDs 
can contribute to oligomerization (as further outlined below). 
Ligand binding to a receptor is assumed to result in a structural 
re-arrangement of a signaling incompetent inactive to an active 
state. A structural rearrangement in a signal receiver domain is 
transmitted across the membrane by the TMD resulting in recep-
tor activation and downstream signaling events. But how are the 
signals transmitted across a membrane by a single TM segment?

The exact motions of individual TM helices occurring  
during signal transduction processes are still only rudimentarily 
understood but TM signal transduction must involve changes 
in the topography of individual TMDs with respect to the  
membrane and to each other. Four kinds of potential movements 
of individual TM helices were recently described,5,6 which could 
be involved in TM signaling without counteracting restrictions 
defined by the lipid bilayer (see Fig. 1). (1) Individual helices 
can move in the membrane plane and form transient interac-
tions (translational motion) and such interactions could involve 
defined interaction motifs (see below). (2) Individual TM heli-
ces can move perpendicular to the membrane (piston motion).  
(3) Transverse helix movements along an axis parallel to the 
membrane (pivot motion) result in tilting of individual helices or 
in changes in the tilt angle. (4) Rotation of the helices along an 
axis perpendicular to the membrane results in a reorientation of 
intra- and extracellular domains, as do all movements described 
above. Structural reorientations of the soluble domains are key 
for signal transduction across a membrane.

Structural changes in signal receiver domains, which are 
induced by ligand binding, subsequently activate signaling  
cascades at the other side of the membrane, which can be highly 
diverse. Often, the simply stunning complexity of the triggered 
signaling network and its spatio-temporal organization in the 
cell can only be processed and illustrated with computer built 
models.7 Nevertheless, due to various technical difficulties asso-
ciated with analyses of the structure and function of membrane 
proteins,8 even the principles governing signal transduction via 

Figure 1. Principles of TM signaling. (A) Two TM helices can form transient interactions in a membrane (translational motion), which results in interac-
tions of receptor intra- and extracellular domains. (B) Movements of interacting TM helices perpendicular to the membrane plane (piston motion)  
result in structural changes in the contacts between intra- and extracellular domains. (C) A change in the crossing angle of two TM helices (pivot mo-
tion) also leads to a reorientation of water soluble receptor domains. (D) Rotations around the helix axis of two interacting TM helices lead to a rotation 
of the outer-membrane regions and positions the soluble domains differently. All these motions of TM helices would enable the transfer of a signal 
from one to the other surface of a membrane.
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then lead to a shift from one TM helix structure to another. This 
could then subsequently result in reorientation of the intracel-
lular associated Janus kinase in a way that permits receptor phos-
phorylation (rotational or pivot movement, Fig. 1). Noteworthy,  
signal transduction via the EpoR can be disturbed by the viral TM  
protein Gp55.27 The gp55-P protein of the spleen focus forming 
virus (SFFV) is able to activate the murine EpoR via its TMD 
but not the human counterpart unless a single leucine residue 
(Leu238) is mutated to a serine.28 Gp55 directly interacts with 
the TMD of the murine EpoR and thereby deregulates recep-
tor function, resulting in erythroleukemia. This observation 
suggests that TM helix-helix interactions are critically involved 
in signal transduction via the EpoR, as described previously for 
cadherins. Also in the case of the EpoR interactions of soluble 
domains appear to sterically hinder defined interactions between 
the TMDs and only upon ligand binding the TM α-helices can 
form a TM helix dimer structure, which promotes signal trans-
duction across the membrane. As discussed in the following para-
graph, this basic principle, which is similar for cadherins and the 
EpoR, appears to also control functioning of human receptor 
tyrosine kinases, such as the ErbB receptors.

Receptor Tyrosine Kinases (RTKs)

While this review focuses on the family of human ErbB RTKs, 
we briefly introduce the entire superfamily of human RTKs. 
More details about this family are discussed in the complemen-
tary review article by K. Histrova and coworkers in this issue. 
It has to be noted that generalizing descriptions are often only 
valid for the majority of the family members since human RTKs 
comprise a very large and diverse family.

In the human genome 58 different RTKs are encoded which 
are classified into 20 subfamilies.29 RTKs generally consist of an 
N-terminal extracellular ligand binding domain, a single TM 
helix and an intracellular C-terminally located kinase domain. 
Upon ligand binding to the extracellular domain most RTKs 
are believed to dimerize, which positions the intracellular kinase 
domains in a way that allows transphosphorylation of defined 
tyrosine residues. Many RTKs form specific homo- and heterodi-
mers, which highly diversifies downstream signaling events.30,31 
But how is RTK dimerization achieved?

Different domains appear to be involved in dimerization 
of RTKs. In the insulin growth factor 1-receptor (IGF1R) the 
dimer is permanently stabilized by the formation of disulfide 
bridges in between two adjacent extracellular domains,32 and 
thus this receptor is always a dimer. Therefore, at least in case 
of the human IGF1R the ligand does not directly contribute to 
the formation of dimers by connecting two monomers. While 
one ligand binds to a IGF1R monomer and the ligand bind-
ing domains of two monomers are well separated in the IGF1R 
dimer, ligand binding to the extracellular domain was reported 
to be involved in dimerization of the fibroblast growth factor 
receptor (FGFR).33 However, since this study concentrates on 
the isolated ligand binding domain, the contributions of indi-
vidual domains to the overall dimer stability cannot simply be  
deduced.

represent single spanning TM glycoproteins that mediate cell-
cell contacts in a calcium dependent manner.9 Cadherin induced 
tissue formation depends on the clustering of cells in a regulated 
and defined way. Proteins of the classical cadherin subfamily 
participate in adherent junctions and desmosomes, and they all 
possess conserved extracellular cadherin domains. Expression of 
individual cadherins is tissue specific and cadherins are involved 
in adhering cells to form and maintain a tissue during and after 
embryogenesis. Furthermore, cadherins appear to also be involved 
in certain forms of cancer (reviewed in ref. 10). Cadherins usually 
consist of an extracellular calcium binding domain, a single TM 
α-helix and an unstructured intracellular domain. The extra-
cellular domain is unable to facilitate cell-cell adhesion unless 
calcium is present, and the intracellular domain is interacting 
with members of the catenin family of proteins, which facilitate 
interactions with the cytoskeleton.11 If the intracellular part is 
activated by interaction with catenins and the cytoskeleton,12 
a signal is transferred to the extracellular domain resulting in  
lateral dimerization of the cadherins (translational movement, 
Fig. 1) and in subsequent cell-cell adhesion, which involves for-
mation of antiparallel tetramers composed of two dimers from 
adjacent cells.13 Interestingly, removal of the intracellular domains 
results in lateral dimer formation of cadherins and in subse-
quent cellular adhesion.14 Therefore, the intracellular domains 
appear to negatively regulate the adhesion event and prevent 
the rest of the protein from dimer formation. How this negative 
regulation is achieved and which receptor part of the remaining  
protein drives dimerization is, however, unknown. The extracel-
lular cadherin domain alone has an intrinsic tendency to form 
dimers in solution.15 However, the single TM α-helix of cadherins 
is able to form oligomers in vivo16 and is essential for dimerization 
of truncated cadherin variants.17,18 Thus, interactions of the single 
TM α-helix are critical for cadherin signaling and the intracel-
lular cadherin domain prevents individual cadherins from dimer 
formation, promoted by defined TM helix-helix interactions.

The human erythropoietin receptor (EpoR) is a representative 
of the family of human type one cytokine receptors. The EpoR 
is activated by erythropoietin (Epo) and is involved in survival of 
red blood cells progenitors.19 Structurally, the receptor consists of 
an extracellular Epo-binding domain, a single TM helix and an 
intracellular domain,20 which is associated with a Janus kinase 
that mediates downstream signal transduction via the Jak-STAT 
pathway.21 Although only the structure of the extracellular EpoR 
domain with a bound Epo-ligand has been solved,22 the potential 
involvement of the TMD in signal transduction is also described. 
The EpoR exists as a preformed inactive dimer,23 and interactions 
of the TMDs are involved in dimerization.24 Upon Epo bind-
ing the receptor is activated and the activation process involves 
reorientation of the extracellular domains,22 which might trans-
late to structural changes in the TMD. In the TMD sequence of 
the EpoR two polar residues are located one residue apart from 
each other. Since individual polar residues are known to stabi-
lize TM helix-helix interactions,25,26 it appears to be a possibility 
that one residue is involved in stabilizing a signaling competent 
active state, whereas the other stabilizes an inactive state. An Epo 
induced conformational change in the extracellular domain could 
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amphiregulin, betacellulin, epigen, epiregulin (to ErbB1), as 
well as four different neuregulins, which bind to ErbB3 and/or 
ErbB4 (reviewed in ref. 50). Noteworthy, no ligand binding to 
ErbB2 has been identified so far. Ligands can bind to preformed 
ErbB1 dimers51,52 and also for all other ErbB receptors preformed 
homo- and heterodimers have been observed in vivo.53 In general, 
heterooligomerization of individual ErbB receptors greatly diver-
sifies signaling events of ErbB receptors.

While all ErbB receptors are able to form homooligomers, for 
ErbB2, homooligomerization is rather weak.54 Since no ligand 
appears to exist for ErbB2, this protein is the favored partner for 
ErbB heterodimer formation.55,56 ErbB3 lacks an active intracel-
lular kinase domain,57 and thus signaling in a homooligomeric 
assembly would not be possible, which predestines also ErbB3 to 
participate in heterooligomeric assemblies.55

After ligand binding to the extracellular domain, structural 
changes in the intracellular domain, which contains the active site 
of the kinase, subsequently lead to phosphorylation of tyrosine 
residues in the juxtamembrane part and the C-terminal part of 
one ErbB monomer by the intracellular kinase domains of the 
adjacent monomer.58 Phosphorylation enables binding of defined 
adaptor proteins that bind specifically to phosphotyrosine resi-
dues and the signal is further relayed.41 These events will not be 
further discussed here and are described in more detail in several 
recent review articles (reviewed in refs. 31, 59 and 60).

In the next paragraphs we will follow signal progression from 
the ligand activated extracellular domain via the TMD to the 
intracellular domain. Which structural changes in the recep-
tor domains transmit the information of ligand binding? How 
is the ErbB receptor activity regulated? How is the signaling  
process deregulated in ErbB associated diseases? And what is the  
specific role of the TMD in signal transduction by human ErbB 
receptors?

Signal Progression: The Extracellular  
Ligand Binding Domain

The X-ray crystallographic structures of the isolated extracel-
lular domains have been solved for all human ErbB family 
members.44,46,48,49 It has been shown that the full-length ErbB1 
receptor can exist as an inactive preformed dimer,52 and it was 
initially assumed that the other family members form a stable 
dimeric structure upon ligand binding,61 except ErbB2, for 
which no ligand has been identified to date.55 However, for all 
human ErbBs, preformed dimers have now been described in 
vivo.53 Indeed, in the ErbB1 receptor two ligand molecules bind 
independently to two receptors, and thus do not directly parti-
cipate in dimer formation, which is seen in the crystal structure 
of the extracellular ErbB1 domain.44,62 While homodimeriza-
tion of individual ErbB receptor extracellular domains has been 
shown, heterodimerization of extracellular ErbB domains is only 
weak or even undetectable in vitro.63 These findings suggest that 
other receptor domains, such as the TMD, could be crucial for 
heterodimerization.

Structurally, the extracellular domain can be divided into 
four subdomains (see Fig. 2), and the structural changes that 

Noteworthy, while the IGF1R is a dimer, which is disulfide 
bridged in the extracellular domain, the isolated IGF1R TMDs 
additionally display a very strong interaction propensity and seem 
to have an important regulatory function in signal transduc-
tion.34,35 Therefore, defined interactions of the TMDs are most 
likely critically involved in IGF1R signaling, as it appears to be 
common for all members of the insulin receptor family.36-39 In a 
recent in vivo study the interaction propensities of the individual 
TMDs of all human RTKs have been determined.35 Importantly, 
all TMDs of human RTKs form stable TM oligomers, and this 
observation provides a framework for estimating potential contri-
butions of RTK TMDs to dimer formation and stability. Defined 
interactions between RTK TMDs could generally be involved in 
RTK signaling. The involvement of the TM domains in signal-
ing and dimerization of human epidermal growth factor recep-
tors has been studied by various techniques in the recent years 
and will be discussed further below. Nevertheless, the individual 
studies on the interaction propensity of isolated RTK domains 
have to be complemented by interaction studies of full length 
receptors. Only studies in a full receptor will allow to properly 
describe the role of interactions between individual domains to 
the functional mechanism of the entire receptor. An approach 
to produce an active, membrane-spanning form of ErbB1 for 
subsequent structural and functional analyzes has recently been 
described.40

After signal transduction by the TMDs to the intracellular 
RTK domains, defined tyrosine residues are trans-phosphory-
lated by the intracellular kinase domains. Once phosphorylated,  
proteins containing Src homology region 2 (SH2) or phosphoty-
rosine binding (PTB) domains specifically recognize the phos-
photyrosine residues of the intracellular RTK domain and 
mediate diverse downstream signaling events.41 Proteins contain-
ing a SH2 or PTB domain and interacting with phosphorylated 
RTKs belong to various protein classes, such as enzymes, docking  
proteins, transcription factors or regulators.

ErbB Receptors

One of the 20 families of receptor tyrosine kinases,29 which 
has been investigated in greater detail in the recent years, is the  
family of epidermal growth factor receptors (EGFRs), also known 
as HERs or ErbBs. In humans, this family contains the four  
proteins: ErbB1 (a.k.a. EGFR or HER1),42 ErbB2 (a.k.a. HER2), 
ErbB3 (a.k.a. HER3) and ErbB4 (a.k.a. HER4).43

The overall structure of the ErbB family members is similar to 
the structures of other RTK families. ErbB receptors are bitopic 
membrane proteins that contain a short single spanning TMD 
and water soluble extra- and intracellular domains (Fig. 2). The 
structures of the extra- and intracellular soluble domains of ErbB 
proteins have been solved by X-ray crystallography.44-49 Ligand 
binding to the extracellular domain results in structural altera-
tions in the extracellular domain, as well as in the TMD and 
in the intracellular domain. Different ligands can be involved 
in ErbB receptor activation, such as the epidermal growth  
factor (EGF), the transforming growth factor alpha (TGFα), 
the heparin-binding EGF-like growth factor (HB-EGF), 
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Signal Progression: The Intracellular Domain

At the cytoplasmic side of the plasma membrane a juxtamem-
brane domain of about 40 amino acids follows the ErbB TMD. 
This region was only recently identified as an important factor 
in the kinase activation process.45,70 In contrast to other RTKs, 
the ErbB juxtamembrane region is involved in activation of 
the intracellular kinase domain and does not inhibit its activ-
ity.71 Furthermore, this region contains charged residues that are 
supposed to be attached to the charged lipid head groups of the 
cell membrane.45,72 The small juxtamembrane domain is divided 
into approximately 20 residue N-terminal JM-A and C-terminal 
JM-B subdomains (Fig. 2). The JM-A subdomains of two adja-
cent ErbB receptors form an antiparallel coiled-coil structure and 
thereby this subdomain also participates in subunit interactions 
and receptor dimerization.73,74 The JM-B region contains two 
tyrosine residues that can be phosphorylated and appear to have 
a regulatory function75 (highlighted in Fig. 2).

The juxtamembrane region is followed by the kinase domain. 
While initially a symmetric orientation of the active kinase 
domains was assumed, recent structural and biochemical stud-
ies suggest an asymmetric head to tail orientation of the kinase 
domains in the activated dimer.45,70,73 Due to this asymmetry, the 
two kinase domains in a dimer can have different functions: the 
kinase domain of one monomer is termed the receiver kinase and 
is activated by the activator kinase of the other monomer. The 

occur in the extracellular domain upon ligand binding have been  
elucidated by comparing the structures of the ErbB1 extracel-
lular domain with and without a bound ligand.44,64 Domains I 
and III are mainly involved in ligand binding, whereas domains 
II and IV form interactions in the absence of a ligand, result-
ing in a tethered conformation that separates the ligand bind-
ing domains of the inactive receptor.49 Although this interaction 
may only have a minor contribution to formation of the tethered  
conformation, this tether also exists in solution.65 However, a 
merely untethered state does not necessarily activate the recep-
tor.66 In order to obtain a mechanistic understanding of extracel-
lular domain movements upon ligand binding, it will be necessary 
to identify all restraints, which keep the extracellular domain in 
such an auto-inhibited tethered state.

Upon ligand binding to the ErbB1 extracellular domains 
of a preformed dimer, different patches on the ligand surface 
interact with domain I and III.44 The ligand thereby forms a 
bridge between these two domains and stabilizes a conforma-
tion, where the two domains are both in close proximity to each 
other and bound to the ligand. The involved structural changes 
disrupt interactions between domains II and IV resulting in 
formation of an extended or untethered receptor conformation. 
A region known as the dimerization arm44 is exposed after this 
structural rearrangement (Fig. 2 and DA), and dimer forma-
tion is strengthened by interaction of two such dimerization 
arms from two adjacent activated ErbB1 receptors. Whereas 
dimerization of ErbB receptors is facilitated by the dimerization 
arm in the extracellular domain, in case of ErbB3 and ErbB4 
it was initially assumed that the ligand binds to both subunits 
of the dimer, resulting in defined interactions of the extracellu-
lar domains.62,67 However, recent data suggest a ligand binding 
model similar to ErbB1.46,49,65,68

No ligand appears to exist for the ErbB2 receptor, and the  
soluble extracellular domain of ErbB2 always resides in the 
extended state.48 However, since, for example, the ErbB2 extra-
cellular domain is always present in an untethered conforma-
tion with little intracellular kinase activity, even an untethered 
extracellular ErbB domain appears to be insufficient for signal 
transduction to the intracellular part. The extracellular domain 
of an invertebrate ErbB from the fruit fly Drosophila melano-
gaster (dEGFR) is, like ErbB2, also present in an untethered 
extended conformation in the absence of ligands, although, 
unlike for ErbB2, numerous ligands are described to activate 
this receptor.66 Thus, solely the formation of the untethered 
extracellular domain and exposure of the dimerization arm is 
insufficient to drive effective kinase signaling in the intracel-
lular part. Auto-inhibition appears to be facilitated by another 
mechanism in dEGFR when compared to human ErbB recep-
tors. A rearrangement of the juxtamembrane part of domain IV 
in the ErbB extracellular domain was also suggested to partici-
pate in signal transduction, but the exact mechanism remains 
unclear.69

Finally, a signal received at the extracellular surface of the 
membrane induces a complex signaling cascade within a cell 
and this cascade is triggered by an activation of the intracellular 
kinase domains.

Figure 2. Domain structure of ErbB receptors. The extracellular ligand 
binding domain is composed of four subdomains (I-IV) and the  
dimerization arm (DA). Upon ligand binding to domain I and III, the 
tether between domain II and IV is released leading to exposure of the 
dimerization arm. The extracellular domain of ErbB1 is shown (pdb 
code: 1nql). The structure of the ErbB2 TMD was used and the position 
of two GxxxG-like motifs is highlighted (pdb code: 2jwa). The intracel-
lular domain consists of the juxtamembrane domain and regulatory 
tyrosine residues are highlighted. The kinase domain is shown in red 
(pdb code: 3gop). The unstructured C-terminal domain is not shown.
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Ligand binding has been shown to induce homodimerization of 
the ErbB1 extracellular domains in detergent, although dimeriza-
tion was far more efficient in the additional presence of the ErbB1 
TMD,79 which further suggests an important role of the TMDs 
in ErbB receptor function. The isolated TMDs of human ErbBs 
can form homodimers as well as heterodimers,80-82 and it has been 
suggested that defined TM helix-helix interactions are involved 
in ErbB signaling. In a recent in vitro analysis of ErbB1-4 TM 
peptide homo- and heterooligomerization a dimerization hier-
archy for ErbB receptor homo- and heterooligomerization was 
proposed, solely based on the observed interaction tendencies 
of the isolated TMDs.82 However, it has to be mentioned that 
due to technical reasons some amino acids of the peptides were 
mutated when compared to the original human TMD sequence. 
Furthermore, since synthetic peptides were analyzed in detergent 
micelles, potential contributions of different interaction motifs 
within the ErbB TMD for dimerization were not analyzed or 
defined (as further discussed below). Peptides corresponding to 
the ErbB1 and ErbB2 TMDs, respectively, are able to interrupt 
signaling of the full length ErbB receptor in living cells,34,83,84 
most likely by interfering with the ErbB TMD of the full length 
receptor.

Taken together, these observations strongly suggest that 
defined interactions of the TM domains are involved in ErbB 
signaling in vivo.

TM Helix-Helix Interactions  
Can Involve Defined Interaction Motifs

In recent years the TMDs of membrane proteins have received 
increasing attention since mutations in TMDs are often related 
to diseases and are involved in many functional aspects of  
membrane proteins.1,85

A simple folding pathway of membrane proteins has been  
suggested about two decades ago to involve two steps.86 According 
to this model, individual TM helices integrate in a first stage 
independently into a membrane and subsequently interact with 
each other to form higher-ordered oligomeric structures in a  
second, independent step. Based on this simplifying model, inter-
actions between TM α-helices are a key aspect in folding of integral  
membrane proteins, and interactions of individual transmem-
brane helices in a membrane environment are uncoupled from 
their membrane integration. However, in recent years many 
structures of α-helical membrane proteins have been solved and it 
became obvious that this simplistic model can not describe fold-
ing of more complex membrane proteins, which contain reentry 
loops or half-spanning TM helices.87 Nevertheless, the two-stage 
model still provides a useful framework for understanding inter-
actions of individual single TM helices within membranes, as in 
the case of ErbB receptors.

In recent years the TM helix of human glycophorin A (GpA) 
became a paradigm for studying the second step of the two-stage 
model. The single GpA TM helix forms a rather stable, non- 
covalently associated homodimer, and dimerization is largely medi-
ated by the seven residue motif L75 IxxGVxxGVxxT.87-89 Subsequent 
studies have shown that especially the GxxxG motif is important 

kinases are supposed to switch between the two positions in order 
to activate each other via transphosphorylation.73 The unstruc-
tured juxtamembrane JM-B subdomain from the receiver kinase 
was also shown to form interactions with the C-terminus of the 
kinase domain of the activator kinase.47

In ErbB1, the C-terminal tail succeeding the kinase domain 
is about 225 amino acids long. This domain contains tyrosine 
residues, which become phosphorylated upon receptor activation 
and serve as docking sites for phosphotyrosine binding proteins. 
Upon activation, the intracellular ErbB kinase domains use the 
γ phosphate group from an ATP molecule for transphosphory-
lation of the receiver kinase. Upon transphosphorylation of the 
activated receptors, signaling factors that contain SH2 or PTB 
domains bind to these phosphorylated sites and further relay 
the signal.41 SH2 domain containing proteins occur in enzymes, 
adaptors, scaffold proteins, signal regulators and transcription 
factors. PTB containing proteins, on the other hand, serve as a 
platform for the binding of many downstream signaling mole-
cules. The functions of all these downstream effectors are very 
diverse like proliferation, cell migration and adhesion. These 
events are described in great detail in other reviews (reviewed in 
refs. 41 and 58) and will not be further discussed here.

Signal Progression: A Potential Role of the TMD

Initially, the TMD of ErbB receptors were regarded as a short 
protein domain that only anchors the receptor in the cell  
membrane, and this domain was often omitted at all from early 
considerations regarding receptor function. The individual TM 
α-helices were considered to connect the extracellular domains 
of ErbB receptors with the intracellular kinase domains and 
activation was suggested to involve a translational movement 
of individual, monomeric RTKs without a direct involvement 
of the TMDs. However, this simple model has already been 
challenged by the observation that the IGF1R forms a disul-
fide linked preformed dimer. Reports indicating the presence of 
preformed inactive ErbB1 dimers52 and of chimeric variants of 
ErbB2 that form strong dimers but are inactive in vivo76 favor a 
more flexible mechanism, which involves an interplay between 
the soluble domains and the TMD in receptor activation. Thus, 
rearrangements of preformed, dimeric ErbB structures could be 
involved in ErbB signaling. Furthermore, a potential role of the 
ErbB TM domains has been emphasized when it was demon-
strated that the TMDs of ErbB receptors are vital for the recep-
tor function and can even be involved in receptor dysfunctions 
leading to diseases (as further discussed below). Interestingly, 
truncation of the extracellular domain of human ErbB recep-
tors often leads to constitutively activated ErbB dimers, even in 
the absence of a ligand.77,78 This indicates that the extracellular 
domain exerts an auto-inhibitory function, as described above 
for cadherins and the EpoR, and emphasizes a critical function 
of the TMDs in receptor activation and signal transduction. In 
addition, introduction of a flexible linker between the extra-
cellular domain and the TMD activates the receptor,69 which  
suggests that the autoinhibitory effect of the extracellular domain 
is thereby uncoupled from the remaining receptor domains.45 
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region with individual cysteine residues has shown that only a 
subset of the cysteine mutants showed transforming activity by 
stabilizing an active ErbB structure due to the formation of a  
disulfide bond.99 Based on these data it was suggested that defined 
interactions in the α-helical juxtamenbrane region are needed 
to activate the receptor dimer. Ligand binding to the extracel-
lular domains was suggested to induce a rotation or twist in the  
juxtamembrane as well as in the TM region, which subsequently 
results in receptor activation.52 When a dimerization induc-
ing motif with two glutamate residues was shifted periodically 
across a simple TMD, which replaced the native TMD of the rat 
homolog of human ErbB2, different protein conformations were 
promoted in the absence of a ligand. The kinase activity of this 
modified RTK was activated only when the kinase domains of 
two monomers were positioned in a specific rotational confor-
mation.100 Thus, only certain orientations of the TMDs allow 
intracellular kinase activation, and rotations of the TM helices 
are coupled to the intracellular kinase activity.

Almost 20 years ago it was noted that the single TM domains 
of several RTKs contain a characteristic GxxxG-like motif, 
which is also know as Sternberg-Gullick motif, and a function 
of this motif in TM signaling has been proposed.101 Each TMD 
of the individual human ErbB receptors contains two distinct 
GxxxG-like motifs, one in the N-terminal (towards the extracel-
lular space) and one in the C-terminal part (towards the intracel-
lular space) (Fig. 3). Only the human ErbB3 protein contains 
just a single GxxxG-like motif in its N-terminal TMD segment 
and interactions of the C-terminus seem to be facilitated by an 
unknown interaction motif.102 Since members of the ErbB family 
form various homo- and heterodimers, the N-terminal GxxxG-
like motif could be critical for heterodimer formation whereas the 
C-terminal motif mediates homodimerization.103 Recently, the 
propensity of the human ErbB1-4 TMDs to homooligomerize 

for dimerization of the GpA TM helices.89,90 
While this motif has initially been identified 
to mediate dimerization of the GpA TM 
helix, it was later shown that the motif can 
in general create a framework for TM helix 
dimerization, and this motif was found to be 
highly overrepresented in TM α-helices.91,92 
The two glycine side chains are roughly posi-
tioned on the same side of a helix, and thus 
the GxxxG motif leads to a void in the space 
occupied by the TM α-helix side chains. 
Two helices that contain such a motif can 
come in close proximity to each other, pack 
tightly and strong helix packing promotes 
further interactions between other residues 
of the two helices. Besides glycine, other 
small amino acids can also mediate helix-
helix interactions in a more general (small)-
xxx-(small) or GxxxG-like motif.80,93-95 
However, the presence of a GxxxG-like 
motif does not necessarily stand for an inter-
action since the sequence context around a 
GxxxG(-like) motif is also highly important 
and can determine the actual strength of a given TM helix-helix 
interaction mediated by such a motif.96,97 Moreover, individual polar 
amino acids have been shown to drive TM helix-helix interactions 
and other amino acid motifs have been identified in recent years to 
mediate specific interactions of individual TM helices (reviewed in 
ref. 98). Nevertheless, the most prominent interaction motif still is 
the GxxxG motif, and GxxxG-like motifs have been identified in 
several cases in recent years to be involved in mediating and stabi-
lizing defined TM helix-helix interactions. These studies as well as 
many others have shown that defined interactions in TM helices are 
structurally important.

The progresses of the recent years, which have advanced our 
global understanding of membrane protein folding as well as of 
the principles governing TM helix-helix interactions, are also sig-
nificantly promoting our understanding of TM receptor func-
tioning. While it is often only rudimentarily understood how 
ligand binding at the extracellular domain is transmitted via 
the TMD of RTKs, specific and promiscuous interactions of the 
TMDs are most likely critically involved in ErbB signaling.

Interaction Motifs in the TMDs are Involved  
in ErbB Signaling

While many observations had indicated that interactions of the 
ErbB TMDs are critically involved in ErbB signaling, intro-
ducing the strongly dimerizing GpA interaction motif into the 
ErbB2 TMD sequence resulted in receptor dimerization but not 
in receptor activation.76 Since, as discussed above, TM helix-helix 
interactions appear to be crucial for ErbB signaling, this result 
indicates that the TMDs do not have to simply interact somehow, 
but specific interactions of the TMDs might have to induce or 
stabilize a defined structure of the TM helix dimer. Replacement 
of a series of individual amino acids in the ErbB2 juxtamembrane 

Figure 3. NMR structure of the ErbB2 TMD in detergent (PDB-ID: 2jwa). (A) Side view of two ErbB2 
TMD helices with highlighted GxxxG-like motifs and top view with highlighted orientation of the 
interaction motifs. (B) Ribbon and space filling representation of the two interacting helices with 
highlighted interaction motifs and the position of Val664 is indicated as well. (C) Helical-wheel 
representation of the ErbB2 TMD. Colors change every four residues for clarity. The SxxxG and 
the GxxxG motifs are highlighted. The angle between the two interaction motifs corresponds to 
approximately 120°.
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energy barrier between these two states appears to be relatively 
low, the TM structure can probably switch between these two 
stages, most likely induced by small structural changes in the 
extracellular ligand binding domain. Noteworthy, the structure 
of the ErbB2 TMD does not show a defined persistent groove  
connecting the two motifs with each other. Such a groove 
would be essential if the two TMDs of a dimer smoothly move 
along the helix axes from one TM conformation into the other 
in a screw-like fashion. Thus, the two helices probably have to 
bounce from one structure into the other, and this switch could 
involve a transient separation of the TM helices. However, the 
TMDs could separate and re-associate. Since the extra- and 
intracellular domains can also stabilize homotypic interactions 
(see above) the TMDs would remain in close spatial proximity.

It has been suggested that one of the TMD motifs is mainly 
responsible for ErbB homooligomerization whereas the other 
one may be responsible for heterooligomerization.103 ErbB 
heterooligomerization is not significantly facilitated by the 
extracellular ligand binding domains,63 and deletion of the 
intracellular domain still allows homo- and heterooligomeriza-
tion of ErbB receptors.54 Thus, the TMDs could be critically 
involved in defined oligomerization, and one TMD interaction 
motif could further strengthen homooligomerization whereas 
the other strengthens heterooligomerization. However, both 
GxxxG-like motifs of the human ErbB proteins can be involved 
in the formation and/or stabilization of both ErbB TM homo- 
and heterodimers,102 and it is likely that specific interactions 
in the soluble domains mainly determine formation of defined 
dimers. Additional structures of different ErbB heterooligom-
ers could answer the question whether the N- and C-terminal 
motifs are further responsible for homo- and heterooligomeric 
contacts, respectively. However, generating a population of pure 
heterodimers between different ErbB TMDs will be challeng-
ing since all ErbB TM helices form homodimers as well as het-
erodimers, which results in formation of different homo- and 
heterodimeric structures.

GxxxG-like interaction motifs appear to be conserved in 
ErbB TM helices from mammals and other vertebrates (see Fig. 
4). In ErbB1 and ErbB4 homologous proteins the two motifs in 
the two helix segments appear to be conserved, whereas in several 
cases only a single motif is present, such as in the TM helix of 
the ErbB2 and ErbB3 homologs as well as in the homolog from 
Caenorhabditis elegans. In a recent study a cryptic, not yet iden-
tified interaction motif in the TMD of the ErbB homolog from 
Drosophila melanogaster has been proposed.66 In the case of the 
human ErbB3 TMD other residues can form interactions in the 
C-terminal part of the TMD and these interactions are medi-
ated by a yet uncharacterized cryptic TMD interaction motif.102 
Interestingly, when two GxxxG-like motifs are present in a 
TMD (Fig. 4), the distance between these two motifs is always  
conserved. Therefore, not only the existence of two motifs 
appears to be critical and conserved but also the distance in 
between these two motifs. This observation further supports a 
model where activation of the kinase domain is controlled by a 
pivot movement of the TM helices, which also includes a rota-
tion of the two helices with respect to each other.

within the E. coli inner membrane has been followed with a 
genetic system.80 While this study has demonstrated that all the 
ErbB TM domains form homooligomers within a membrane, 
the role of the conserved GxxxG-like motifs for heterodimeriza-
tion was not addressed and also the involvement of the GxxxG-
like motifs in homodimer formation and stabilization was not  
conclusively explained. For ErbB1 and ErbB3 the motif within the 
N-terminal helix part did not appear to be involved in homodi-
merization of the TM helix, whereas the corresponding motifs 
in the ErbB2 and ErbB4 TMDs were. Similarly, the GxxxG-like 
motifs within the C-terminal helix parts of ErbB1 and ErbB2 
appeared to mediate and to stabilize a TM helix dimer, whereas 
the C-terminal motif of ErbB4 did not. Surprisingly, the single 
GxxxG-like motif in the ErbB3 TM helix was suggested to not 
be critical for stabilizing the helix dimer, although the TM helix 
strongly dimerized. Thus, while this study has clearly shown a 
homodimerization propensity for all ErbB TMDs, it could not 
conclusively answer the role of the individual ErbB TM helix 
parts and of the two GxxxG-like motifs for dimer formation.

To elucidate the potential role of two conserved GxxxG-
like motifs for mediating and/or stabilizing homo- and hetero- 
oligomeric interactions of the human ErbB TMDs, the inter-
action propensities of the N- or C-terminal GxxxG-like motifs 
of all human ErbB family members and the potential to medi-
ate ErbB TM homo- and heterooligomerization were subse-
quently analyzed.102 This study has clearly demonstrated that the 
TMDs of all ErbB receptors form specific and stable homo- and  
hetero-oligomers in a biological membrane, although effects of 
the other ErbB domains of the dimerization propensity were 
also not considered at all. Nevertheless, the results clearly indi-
cate that not only the extracellular or intracellular domains are 
involved in oligomerization of ErbB receptors but also the TMD 
can contribute to the specificity of oligomerization in vivo. The 
C- and N-terminal parts of the ErbB TMDs were found to  
differ in their tendency to form oligomers. The N-terminal motif 
of the ErbB TMDs was found to mediate and stabilize a slightly 
stronger interaction than the C-terminally located motif. A  
suggested more stable TM structure mediated by the N-terminal 
GxxxG-like motif is supported by the recently solved solid-state 
NMR structure of the ErbB2 receptor TMD dimer. Here, the 
N-terminal SxxxG motif is located at the dimer interface and is 
mainly involved in the interactions between the two helices. The 
TM dimer structure stabilized by this N-terminal GxxxG-like 
motif is supposed to represent the active state of the receptor.104 
Thus, the isolated receptor TMDs form a TM helix dimer stabi-
lized by the N-terminal GxxxG-like motif, which is in line with 
the afore mentioned observed higher interaction propensity of 
the N-terminal part of the ErbB receptor TMD.

Computational mapping studies of the ErbB2 TMD struc-
ture have identified two local energy minima, which could  
correspond to an active and inactive TMD structure. In the two 
energy minima the TM dimer is stabilized by the two respective 
GxxxG-like motifs.105 The two interaction motifs in the ErbB2 
TMD are distinctly oriented on the TM α-helix (Fig. 3), so that 
only one motif (N- or C-terminal) can interact with the respec-
tive motif on the adjacent helix at a time. Since the calculated 
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It has to be mentioned that some ErbB recep-
tors form additional higher ordered oligom-
ers. Upon activation of ErbB1, the formation of 
tetrameric assemblies was reported,106 and a side-
by-side interaction of two dimers was suggested. 
Nevertheless, currently no concept has emerged 
about how these higher ordered oligomers could 
form and which domains are involved in this addi-
tional oligomerization step.

A Model Emerges: TMD Interactions 
Control ErbB Receptor Activation

The above described structural features of the 
individual ErbB domains as well as the observed 
structural rearrangements indicate a mechanism 
of ErbB activation and signaling. As previously 
described, the general mode of action of ErbB 
receptors appears to be comparable to cadherins 
and to the EpoR. The ErbB receptors are most 
likely present as preformed dimers in the cell  
membrane. Receptor dimerization is (at least 
partly) mediated by the C-terminal half of the 
ErbB TM helix, although interaction of two helices 
via the N-terminal motif is energetically favored. 
This energetically favored TM helix interaction 
is hindered by the structure of the extracellular ligand binding 
domain in its ligand free form, and thus the TM helix dimer is 
in an energetically less favored state, comparable to a strained 
spring. Ligand binding induces structural changes in the extra-
cellular domain, and upon ligand binding the autoinhibitory 
tether in the extracellular domain is removed and two adjacent 
dimerization arms can interact (Fig. 5). A structural rearrange-
ment of the dimeric structure of the ligand binding domain 
induces or allows a shift of the inactive TM structure, which is 
stabilized by the C-terminal interaction motif (that orients the 
kinase domains in an inactive state) to the energetically favored 
N-terminal interaction motif (that orients the kinase domains in 
an active state). This screw-like rotation of approximately 120° 

Figure 4. Alignment of ErbB receptor TMD sequences 
from different species. The sequences were derived 
from the ExPASy proteomics server (http://www.ex-
pasy.org) and the TMD was identified by the TMHMM 
server (http://www.cbs.dtu.dk/services/TMHMM-2.0). 
GxxxG(-like) motifs are highlighted.

Figure 5. A model of ErbB TM signaling. The preformed ErbB dimer is 
stabilized in the TM region by the C-terminal GxxxG-like motif. The  
energetically preferred TM structure stabilized by the N-terminal motif 
is hindered because of a steric barrier defined by the soluble extracellu-
lar domain. Ligand binding induces structural rearrangements in the  
ligand binding domain and allows the “strained spring” to relax, 
and the TM structure switches into the structure stabilized by the 
N-terminal GxxxG-like motif of the TMD as well as by interactions of 
the dimerization arms. This structural rearrangement places the two 
intracellular kinase domains into a different position resulting in kinase 
activation and in downstream signaling.
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This further supports the above suggested role of the TMD in 
signal progression and the notion that distinct interaction motifs 
are associated with the active or inactive state of the receptor. A 
corresponding amino acid exchange in the human ErbB2 recep-
tor also leads to constitutive receptor activation.111 Interestingly, 
Val664 is located directly in between the two interaction motifs 
on one side of the helix (see Fig. 3B and C). The interaction  
tendency of the mutated human ErbB2 TMD is lowered,80 and 
thus, in line with a rotational coupling mechanism, an induced 
change in the TM structure probably stabilizes or creates an 
interaction that promotes kinase activation. It has been suggested 
that the Val664 → Glu mutation favors a TM dimer structure 
which is stabilized by a different amino acid motif involving 
amino acids Ile659, Ala661, Val663 and G665 from the Neu* 
TMD.116

Furthermore, an amino acid exchange from isoleucine at posi-
tion 655 to valine in the TMD of human ErbB2,117 was shown to 
increase the risk of breast cancer.118 The residue Ile655 is located 
directly in front of the serine residue of the N-terminal SxxxG 
motif of the ErbB2 TMD, which stabilizes the active receptor 
conformation. Thus, residues close to the SxxxG motif appear to 
be of key importance for the activity of the receptor. This finding 
again points towards an important role of the TMD in signal 
progression.

Interestingly, the avian erythroblastosis virus (AEV) encodes a 
truncated version of an ErbB homologue.78 This viral version of an 
ErbB receptor (v-ErbB) is truncated in the extracellular domain 
and essentially only contains the TMD and the intracellular 
kinase domain. v-ErbB is able to transform murine cells that have 
been infected by a murine retrovirus encoding for v-ErbB.78,119 
Interestingly, the sequence of the v-ErbB TMD (Fig. 4) contains 
an N-terminal as well as a C-terminal GxxxG motif, which have 
been shown to be involved in stabilization of defined TM helix 
structures (see above). Since constitutively active v-ErbB does 
not contain the large extracellular domain, the dimeric v-ErbB 
structure is most likely stabilized by the N-terminal GxxxG 
motif, in line with the above proposed model that the extracel-
lular domain is responsible for the auto-inhibition of the receptor 
and the observations that ErbB variants truncated in the extracel-
lular domain are constitutively active.74,120 However, while this  
concept explains the function of the N-terminal GxxxG motif 
of the v-ErbB TMD, the function of the C-terminal GxxxG 
motif remains open. In the human ErbB proteins this motif was  
suggested to stabilize an inactive receptor dimer, which forms due 
to restrictions defined by the extracellular ErbB domains. The 
v-ErbB protein does not contain this large domain, and thus the 
tether is absent. Therefore, the presence of a C-terminal located 
interaction motif might indicate that also the v-ErbB can rest 
in an inactive dimeric conformation, which is stabilized by the 
C-terminal GxxxG motif. Since the activity of v-ErbB involves 
defined interactions of the TMD it is tempting to design drugs 
that modulate TM interactions involved in signaling,121 and it 
could be possible to block the activity of v-ErbB by a synthetic 
peptide that interacts with the TMD. Synthetic peptides that 
bind to the ErbB2 TMD have been shown to be able to inhibit 
interactions in truncated and full length receptor constructs 

corresponds to a transition from a preformed, inactive dimer to 
an active dimer (Fig. 3A and C). The rearrangement of the TM 
dimer structure results in a subsequent reorganization of the 
intracellular kinase domain structure and in kinase activation. 
Interestingly, in the inactive state, where the TM helix dimer 
is stabilized by the C-terminal GxxxG-like motif, the ends of 
the two TM helices are in closer proximity than in the active 
state, which is stabilized by the N-terminal motif. Thus, the 
N-termini of the kinase domains are also in closer proximity in 
the receptor inactive state, and not only the orientation of the 
kinase domains with respect to each other but also the distance 
in between these domains could be critical for kinase function.

The suggested model, which explains how ligand binding 
to the extracellular ErbB domain can be communicated across 
the membrane by the TMD, is in line with many of the above 
mentioned observations and highlights the very important role of 
the human ErbB TMDs in receptor signaling. Very likely, other 
interactions, such as interactions of the juxtamembrane region 
with each other and with lipids or interactions of the extracellular 
domain, are also involved in receptor activation. These interac-
tions are not directly considered and the proposed (simplifying) 
model focuses on the important function of the ErbB TMD in 
receptor activation and signaling.

ErbB Receptor TMDs in Pathological Dysfunctions

ErbB receptors have received much attention in the recent years 
because of their involvement in cancer progression, and many 
forms of cancer are caused by ErbB receptor dysfunctions 
(reviewed in refs. 85, 107 and 108). ErbB2, especially, is able to 
transform cells upon overexpression, and an ErbB2 dysfunction 
is responsible for many types of cancers.108 Treatments of these 
cancer types include the use of monoclonal antibodies, such as 
Trastuzumab109 (a.k.a. Herceptin, from Roche, Switzerland), 
which binds to the extracellular domain of ErbB2. The monoclo-
nal antibody Pertuzumab directly interferes with the dimeriza-
tion interface in the extracellular domain of ErbB2 and thereby 
sterically blocks proper interactions of the receptor.110

The above presented observations indicate an important role 
of the TMD in ErbB signaling. Mutations resulting in amino 
acid exchanges in the TMD of different RTKs (including  
members of the ErbB family) have indeed been observed to lead 
to various forms of cancer.85,111 Although the ErbB2 receptor has 
no known ligand and appears to serve exclusively as a co-receptor 
in hetero-oligomers with other ErbB family members, the rat 
ErbB2 homologue, which is termed the Neu protooncogene, is 
constitutively activated if the amino acid valine 664 is mutated 
to glutamate (termed as Neu*).112,113

Continuous receptor activation leads to development of  
cancer. Many studies have indicated that the introduced gluta-
mate residue constitutively activates the intracellular Neu* kinase 
domains by orienting them in a signaling-competent conforma-
tion that permits transphosphorylation.113-115 Subsequent studies 
have indicated that the mutation in the Neu* TMD is responsible 
for a change in helix-helix interaction and that the helices and the 
kinase domain in this variant are also rotationally coupled.100,114,115 
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likely, although both higher oligomeric states and receptors with 
a lower oligomeric state that are non-cluster-forming may coexist 
in a dynamic equilibrium.136,137

But what could cause specific organization of ErbB receptors 
(and other TM proteins) in such microdomains? The TMDs of 
the individual ErbB receptors could be crucial for the subcellu-
lar distribution of individual ErbBs in defined membrane envi-
ronments, and the membrane domain could serve as a marker 
for microdomain localization. TMDs often tend to localize in  
membranes with a hydrophobic core thickness, which matches 
about the length of the hydrophobic region of the individual 
TMDs. It has been noted already many years ago that certain 
TM helices of the Golgi membrane have on average a shorter 
TM sequence than TM α-helices residing in the plasma  
membrane,136,137 and it has been suggested that the length of the 
hydrophobic region defines subcellular sorting of a protein in the 
exocytotic pathway. Thus, the length of the hydrophobic region 
of a TM α-helix can influence and determine the membrane 
localization of a TM protein. Certain microdomains are rich in 
cholesterol and the high cholesterol content results in a signifi-
cant increase in the local membrane thickness.138 How much, 
however, the thickness of a membrane can stabilize or destabilize 
a defined ErbB TM helix dimer has not been shown yet. During 
receptor activation the TM structure of the ErbB TM α-helices 
changes and structural differences in the TM region could be 
involved in sorting of ErbBs between defined microdomains and 
the bulk lipid fraction.

In recent years it became evident that protein-lipid interac-
tions can control the structure and function of TM proteins 
and certain membrane proteins only function in a defined lipid 
environment, and e.g., certain gangliosides appear to inhibit the 
kinase activity of ErbB1.139 Gangliosides are lipids which can also 
be involved in formation of membrane microdomains and in the 
localization of ErbB1 and ErbB2 into these domains,140,141 which 
further indicates a complex network of factors controlling ErbB 
receptor microdomain organization. It has also been suggested 
that lipid microdomains form since ErbB receptors attract acidic 
lipids, such as phosphatidylinositol 4,5-bisphosphate (PIP

2
), 

which results in subsequent microdomain formation.72 All these 
observations indicate that protein-lipid interactions can also be 
involved in controlling ErbB functions in vivo, and changes 
in the structure of the TMD and the juxtamembrane regions 
could influence such protein-lipid interactions. Since in lipid 
microdomains the lipid composition differs from the bulk of the  
membrane, the physical properties of the membrane differ as well 
in such domains. Interestingly, an influence of membrane cur-
vature on oligomerization of the ErbB2 TMD has been demon-
strated in vitro,142 which suggests that changes in the local 
membrane properties may stabilize or destabilize the oligomeric 
state of the receptor.

Taken together, the presence of charged lipids, the presence 
of ligands, the kinase activity and the ErbB oligomerization 
can influence the distribution of ErbB receptors between dif-
ferent lipid environments, their function and their degradation. 
The individual TMDs of the ErbB RTKs could be involved in 
the organization of individual receptors in lipid microdomains 

and to prevent transformation of cells.83,103 Such intervening 
peptides emerge more and more as potent pharmaceuticals and 
may help to overcome resistance of cancers towards conventional 
treatments.121,122

The Next Level of Complexity: ErbB Receptor 
Organization in Lipid Microdomains

While the above described features of ErbB receptors allow 
deducing structure-function relationships, one has to keep in 
mind that the expression pattern of the individual ErbB recep-
tors varies between different cell types and tissues. It is equally 
important to consider the spatial organization of ErbB receptors 
in a membrane of a given cell.

ErbB receptors have been identified on the cell surface to be 
located in specific heterooligomer clusters and cluster formation 
depended on the added ligand.123 Clusters of ErbB1 and ErbB2 
formed upon addition of EGF and clusters of ErbB2 and ErbB3 
formed upon addition of heregulin (a.k.a. neuregulin type 1). 
These observations indicate that defined ErbB clusters can form 
and that ligands can induce such clusters. Interestingly, incuba-
tion of ErbB1 clusters with the kinase inhibitor AG1478 leads to 
the dissociation of these clusters,124 and a structural change in 
the receptor dimer could be involved.125 Other ErbB receptors 
are also known to form large clusters.126,127

It has been shown that ErbB1 is organized in caveolae, 
which represent cholesterol-rich invaginations in the plasma  
membrane caused by the caveolin-1 protein.128-130 Initial con-
troversial results about the ErbB1 organization in such caveo-
lae131 were later resolved by showing that a part of the ErbB1 
population is located in caveolae and the other part seems to 
be organized in other lipid microdomains within the plasma 
membrane. Temperature and the presence of ligands influence 
the relative distribution of the receptors in defined microdo-
mains.132 Upon activation of ErbB1 the receptors move out of 
the caveolae and are internalized via clathrin dependent endo-
cytosis (reviewed in ref. 133) and are eventually degraded in 
lysosomes.134 These observations indicate that microdomain 
organization can potentially control receptor activation and 
function.

Lipid microdomains are islands within a membrane that  
contain specific lipids, selectively incorporate or exclude 
membrane integral or anchored proteins and offer a micro-
environment that allows a high local concentration of certain 
membrane proteins.134 The local composition of defined lip-
ids in such microdomains can significantly differ from that 
of the bulk part of the plasma membrane.135 It is possible that 
cell specific expression levels of the individual ErbB proteins 
combined with preferred localization of certain receptors in 
lipid microdomains promotes formation of specific homo- and 
heterodimers. Microdomains containing clustered ErbB recep-
tors may represent signaling patches that are able to amplify 
receptor activation and increase the signaling output by trans-
phosphorylation of many adjacent intracellular kinase domains. 
Due to the higher local protein concentrations in lipid micro-
domains, higher ordered oligomeric structures appear to be 
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and in binding of specific lipids. Furthermore, a structural rear-
rangement of the TM helix dimer could also be critical for ErbB 
signaling in defined lipid environments. An organization of 
ErbB receptors in lipid microdomains makes it even more dif-
ficult to understand the function and regulation of ErbB recep-
tors but could offer new opportunities in the design of new 
pharmaceuticals.
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