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ABSTRACT: Receptor tyrosine kinases (RTKs) conduct biochemical signals via lateral dimerization in the
plasma membrane, and their transmembrane (TM) domains play an important role in the dimerization
process. Here we present two models of RTK-mediated signaling, and we discuss the role of the TM
domains within the framework of these two models. We summarize findings of single-amino acid mutations
in RTK TM domains that induce unregulated signaling and, as a consequence, pathological phenotypes.
We review the current knowledge of pathology induction mechanisms due to these mutations, focusing
on the structural and thermodynamic basis of pathogenic dimer stabilization.

RECEPTOR TYROSINE KINASES: ROLE IN
BIOLOGY AND PATHOLOGY

Receptor tyrosine kinases (RTKs)1 are single-pass mem-
brane proteins with an extracellular ligand-binding domain
and an intracellular kinase domain. Members of this large
group of membrane proteins have been classified on the basis
of their structural and ligand affinity properties (1). The RTK
family includes several subfamilies, including the epidermal
growth factor receptors (EGFRs or ErbBs), the fibroblast
growth factor receptors (FGFRs), the insulin and the insulin-
like growth factor receptors (IR and IGFR), the platelet-
derived growth factor receptors (PDGFRs), the vascular
endothelial growth factor receptors (VEGFRs), the hepato-

cyte growth factor receptors (HGFRs), and the nerve growth
factor receptors (NGFRs) (2).

RTKs conduct biochemical signals via lateral dimerization
in the plasma membrane (3). All the above RTKs, with the
exception of the insulin and the insulin-like growth factor
receptors, exist in a monomer-dimer equilibrium. The dimer,
which is stabilized upon ligand binding, is the signaling-
competent structure. It is believed that the contact between
the two cytoplasmic domains in the dimer stimulates catalytic
activity and results in the intermolecular autophosphorylation
of the receptors. This activates the catalytic domains and
triggers signaling cascades that lead to the phosphorylation
of cytoplasmic substrates.

RTK-mediated signals play key roles in the regulation of
various cellular processes, such as control of cell growth,
differentiation, metabolism, and migration (3). The essential
and diverse roles of RTKs are evident from the various
developmental abnormalities and cancers that occur due to
gain-of-function RTK signaling (4, 5). In humans, signaling
irregularities can be the result of (1) the generation of
oncogenic fusion proteins (chromosomal translocation), (2)
overactivation through mutations or deletions, and (3)
overexpression as a result of gene amplification.
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Below, we provide a short overview of some RTKs that
are critical to cell life and of their role in disease.

EGFRs.The EGFR subfamily consists of four members:
EGFR (6), also designated as ErbB1, as well as ErbB2-
ErbB4. These receptors play important roles in cell growth
and differentiation during embryonic development and in
adult life. EGFR binds different ligands (including EGF and
TGFR), while no ligand has been identified for ErbB2.
Neuregulins bind to ErbB3 and ErbB4; however, ErbB3 has
no intrinsic tyrosine activity. It has been shown that all the
members of the ErbB family are capable of initializing signal
cascades as heterodimers (7). ErbB3 is phosphorylated when
it dimerizes with other EGFRs (8), and ErbB2 has been
shown to be the preferred dimerization partner for the other
EGFRs (9).

A variety of cancer cells have been shown to overexpress
members of the EGFR subfamily (4, 10). For instance,
mammary carcinoma cells overexpress ErbB2 (11), while
glioblastomas overexpress EGFR (12).

FGFRs. The four-member subfamily of the fibroblast
growth factor receptors (FGFR1-4) mediates signaling
cascades that induce cell growth, differentiation, migration
and chemotaxis, angiogenesis, and cell survival. These
receptors play a critical role in the development of the
skeletal system. They bind at least nine different FGFs; the
binding is stabilized in the presence of heparan sulfate (13).

Targeted inactivation of FGFR genes can have dramatic
consequences. FGFR1 gene disruption leads to embryonal
death (14); FGFR2 inactivation causes abnormal develop-
ment of the lungs (15), and FGFR3 inactivation results in
bone overgrowth (16). In contrast, FGFR4 null mice exhibit
no obvious phenotypes (17).

Mutations in FGFR1-3 have been implicated in numerous
skeletal and cranial disorders. More than 60 mutations, with
a very high frequency in FGFR2, are associated with a
variety of craniosynostosis syndromes (premature ossification
of the skull). Pfeiffer syndrome, characterized by additional
abnormality in the fingers, has been observed in patients
carrying mutations in FGFR1 and FGFR2. Mutations in
FGFR2 have also been observed in Crouzon, Jackson-Weiss,
Beare-Stevenson cutis gyrata, and Apert syndromes (18, 19).
Crouzon syndrome with acanthosis nigricans, commonly
associated with mutations in FGFR2, has also been associated
with a mutation in FGFR3 (20).

Deficiencies in long bone growth and development are
often the result of mutations in FGFR3. Achondroplasia, the
most common form of human dwarfism, is attributed often
to a Gly380Arg mutation in the transmembrane domain of
FGFR3 (21) and occasionally to a Gly375Cys mutation in
the same region of the protein (22). Mutations in FGFR3
have also been found in patients with hypochondroplasia, a
milder phenotype, and the much more severe thanatophoric
(lethal) dysplasias TDI and TDII (23-27).

When overexpressed or mutated, FGFRs are also involved
in carcinogenesis. Several FGFRs are overexpressed in
human pancreatic cancers (28). In prostate cancer, expression
of FGFR1 and FGFR4 is probably linked to tumor progres-
sion (29). FGFR subtypes and isoform expressions were
shown to be altered in pituitive adenomas (30). Chromosomal
translocations involving FGFRs are implicated in multiple
myelomas and in leukemias and lymphomas (31-34). Jang
et al. (35) has observed two mutations in FGFR2 in gastric

cancer patients. An oncogenic role has been demonstrated
for FGFR3 in human epithelial cancers and in multiple
myelomas (36, 37). Several of the mutations in FGFR3,
causing skeletal and cranial dysplasias, have also been
identified in bladder, cervical, and colorectal cancers (35-
37).

VEGFRs.The development of new blood vessels, and the
vascular system in general, is primarily regulated by the
VEGFRs, VEGFR1-3. The physiological and pathological
roles of these receptors were recently reviewed by Takahashi
and Shibuya (38) and Ferrara et al. (39). The knockout of
VEGFR1 and VEGFR2 genes in mice has been shown to
be lethal. VEGFR1 is a negative regulator of angiogenesis,
as evident from the overgrowth of endothelial cells and the
disorganization of blood vessels in mice lacking the VEGFR1
gene. The opposite is observed in mice without the VEGFR2
gene; they die due to defects in endothelial cell growth (38).

IR and IGFR.The insulin receptor (IR) signals in response
to insulin, and some of the outcomes are enhanced cellular
glucose transport and increased glycogen synthase enzymatic
activity. The IR further regulates metabolic processes such
as protein or lipid synthesis, as well as growth. Defects in
IR function can lead to diabetes and diabetes-related
complications.

The IR receptor, unlike the RTKs described above, is
constitutively dimeric. It is a disulfide-linked dimer of
heterodimeric disulfide-linked proteins (Râ monomers).
Upon ligand binding, a change is believed to occur from an
inactive to active conformation that permits receptor auto-
phosphorylation. In terms of structure and mechanism of
activation, the IR is very similar to the insulin-like growth
factor receptor (IGFR), which regulates growth, yet one
receptor cannot functionally compensate for the lack of the
other (40).

STRUCTURAL DETERMINANTS OF RTK
ACTIVATION

Extracellular Domains

The determined crystal structures of RTK extracellular
domains have provided valuable information about the
mechanism of signal transduction. The extracellular domain
structures in the presence and absence of ligand have revealed
that, at least for some RTKs, the extracellular domain is
autoinhibited in the absence of ligand. For instance, EGFR,
ErbB3, and ErbB4, which consist of four domains (I-IV),
are autoinhibited in the absence of ligand when the dimer-
ization-mediating sequence from domain II, the “dimerization
arm”, is buried and in contact with domain IV from the same
polypeptide chain (41-43). On the other hand, the ligand-
bound EGFR extracellular domain exists in an “open”
conformation that readily forms dimers. In the open EGFR
structure, the ligand (EGF or TGFR) is tightly bound to
domains I and III (44, 45) and the dimerization arm makes
contacts with the neighboring chain (46). A similar open-
closed switch mechanism has been proposed for FGFR
extracellular domains, which are composed of three immu-
noglobulin-like domains (47). In FGFRs, domains II and III
are the primary binding site for the ligands, FGF and heparin
(18, 47, 48), while domain I is believed to play a role in
autoinhibition.
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In summary, the ligand is believed to control the equilib-
rium between the open and the closed state of the extracel-
lular domains. (For general illustrations of the open and
closed conformations of the extracellular domain, see Figure
1A.) By stabilizing the open state, the ligand shifts the
equilibrium toward the active dimeric state. It should be
noted, however, that the ErbB2 extracellular domain does
not require a ligand to dimerize and its crystal structure in
the absence of ligand is open and resembles the ligand-bound
conformation of EGFR, ErbB3, and ErbB4 (49). Therefore,
it can be expected that, unlike EGFR, ErbB3, and ErbB4,
the unliganded ErbB2 extracellular domain exists primarily
in the open configuration.

The view that EGFR extracellular domains in the absence
of ligands inhibit dimerization was first proposed by Tanner
and Kyte, who carried out dimerization studies of the
extracellular domain (50). Tanner and Kyte argued that the
role of the ligand is to eliminate the steric repulsion between
the extracellular domains. However, work by Moriki et al.
(51) has suggested a different role for the ligand in the
activation of EGFR. Moriki et al. proposed that upon ligand
binding, a conformational change occurs in the preformed
dimers of the EGFR extracellular domain, and this confor-
mational change activates the receptor. The latter mechanism
is similar to the activation mechanism of constitutive dimers,
such as IR (52).

TM Domains

The most direct answer to whether the isolated TM
domains have a propensity to dimerize in the absence of the
extracellular domains and ligands comes from biophysical

studies of the isolated TM domains. Using the Toxcat assay,
Mendrola et al. (53) demonstrated that the isolated TM
domains of EGFR and the three other members of the ErbB
family, ErbB2-4, dimerize in bacterial membranes (53). Li
et al. demonstrated that the isolated FGFR3 TM domain also
dimerizes in the absence of extracellular domains and ligands
(54). FGFR3 TM dimers were observed on SDS-PAGE gels
and in lipid bilayers, and the free energy of dimerization in
lipid bilayers was determined using FRET to be-3 kcal/
mol (54) with respect to a defined standard state (55). These
results demonstrate that, at least for the TM domains of the
EGFR family and for FGFR3, the isolated TM domains have
a propensity to dimerize. Thus, the TM domains are not just
passive membrane anchors.

It should be noted that the dimerization propensity of the
studied RTK TM domains is low when compared to the
dimerization propensity of the only well-characterized TM
dimer, glycophorin A (GpA) (54, 56). This finding is not
surprising: unlike glycophorin A, which is a stable dimer
in the erythrocyte membrane, RTKs exist in a monomer-
dimer equilibrium under physiological conditions. Given the
critical role that RTKs play in the control of vital biochemical
processes, the ratio between monomers and dimers in the
membrane needs to be tightly controlled, and a weak
dimerization propensity allows for such a tight control (54).

The question about the relative contributions of the
extracellular domain and the TM domain to the dimerization
process in the absence of the ligand is yet to be answered.
Is dimerization in the absence of ligand driven by the
conformational fluctuations of the extracellular domain (41,
47) or by the TM domain? It is likely that both domains
contribute, but their relative contributions are unknown.
Furthermore, the catalytic domains also likely contribute to
the dimerization process (57, 58).

In one study, aimed at elucidating the relative contributions
of the extracellular domain and the TM domain, Tanner and
Kyte showed that the extracellular EGFR domains dimerize
strongly only in the presence of the TM domains (50). The
dissociation constant of the extracellular domains, when
attached to the TM domains, was estimated to be least 10000-
fold smaller, as compared to the dissociation constant of the
isolated extracellular domains. Furthermore, the interactions
of the isolated TM domains can be detected, at least in
membranes (53, 54, 59), while no interactions between the
extracellular domains can be detected in solution in the
absence of ligand (50, 60). While these studies may seem to
point to the importance of the TM domain contribution,
caution needs to be exercised because the likelihood of dimer
formation is predicted to increase 106-fold when the proteins
are confined to a membrane (61). Therefore, the relative
contributions of the three RTK domains in the formation of
unliganded dimers should be investigated further.

Structural Link between the TM and the Catalytic
Domains

Bell et al. (62) have observed that the activation of a RTK
occurs only for a specific TM dimer interface. The rotation
of the dimer interface leads to periodic oscillations in kinase
activity. Furthermore, inserting residues into the C-terminal
TM flanking region, which causes the kinase domain to rotate
with respect to the TM domain, restores the kinase activity

FIGURE 1: Two models of RTK-mediated signaling. The difference
between the two models is in the conformation and activity of the
unliganded dimer. In model A, the unliganded dimer (3A) is active.
The ligand (blue) stabilizes the dimer but does not change the dimer
structure (4A). In model B, the unliganded dimer (3B) is inactive.
Ligand binding induces a structural change to an active dimer (4B).
EC is the extracellular domain, TM the transmembrane domain,
and IC the intracellular catalytic domain.
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of the inactive receptors. These experiments have demon-
strated that the RTK TM dimer interface contains the critical
structural information that positions the catalytic domains
in such a way that they can phosphorylate each other. In
view of this finding, it is not surprising that replacing the
TM domain of a receptor with the TM domain from a
different receptor sometimes does not lead to the expected
activation. For instance, exchanging the TM domain of the
insulin receptor with the highly dimerizing TM domain of
GpA inhibited insulin signaling (63). Introducing the GpA
TM into NeuT did not lead to transformation of COS-7 cells,
even though the receptors were dimerizing (64). Constructs
consisting of the extracellular and TM domain of EGFR,
fused to the catalytic domain of NGFR, inhibited the
differentiation of PC12 cells (65).

In other cases, substituting the TM domain of a receptor
with another TM domain produced an active receptor. For
instance, the insertion of the TM domain of NeuT into the
PDGFâ receptor led to constitutive activation of the chimeric
receptor (66). The introduction of the FGFR3 TM domain
into Neu did not affect receptor phosphorylation (67).
Introducing the TM domain of NeuT into IR led to ligand-
independent activation (68). It could be hypothesized that
in the experiments described in this paragraph, the catalytic
domain orientation was not affected by the TM domain
substitution, thus yielding an active receptor.

Two Models of RTK Signaling

On the basis of the knowledge about changes in extracel-
lular domains upon ligand binding and the role of the TM
domains in maintaining an active RTK dimer, two models
can be proposed for the mode of activation of RTKs. The
models, depicted as consecutive equilibrium processes
(steps), are shown in panels A and B of Figure 1.

Model A (Figure 1A). In the first step (IA), the closed
autoinhibited conformation and the open conformation of the
extracellular domain are in equilibrium. Ferguson et al. (41)
have estimated that for EGFR, 80-97% of the EGFR
extracellular domain is autoinhibited at equilibrium. It can
be expected that this equilibrium will be different for different
RTKs. For instance, unlike EGFR, the ErbB2 extracellular
domain is expected to be predominantly in the open
conformation (49).

In the second step (IIA), equilibrium exists between mono-
mers (with the extracellular domain in the open configura-
tion) and dimers. The dimer is expected not to be very stable
in the absence of the ligand (structure 3A) but is greatly
stabilized upon ligand binding (step IIIA, structure 4A).

In model A, the structure of the dimer is similar in the
absence and presence of the ligand. The unliganded dimer
(structure 3A) is active, because the TM domains interact
via the correct dimerization motif, and the catalytic domains
are oriented correctly. Upon ligand binding, the dimer is
stabilized without major structural changes (structure 4A).
Several lines of evidence appear to support this model. First,
the structure of the open configuration of the ErbB2
extracellular domain in the absence of ligand is very similar
to that of the EGFR configuration in the presence of ligand,
supporting the idea that no conformational change occurs in
the open state upon ligand binding (49). Second, a basal level
of autophosphorylation exists for RTKs, maybe due to active

unliganded dimers, which ensures the maximum sensitivity
of the system and a swift response (47). Third, ligand-
independent activation is observed for many pathogenic
mutants (67, 69), which further suggests that unliganded
dimers can be active.

Model B (Figure 1B). In model B, the unliganded dimer
(structure 3B) is inactive. The conformation of the extracel-
lular domain in the absence of the ligand is different from
the ligand-bound conformation. Furthermore, in the absence
of ligand, the TM domains do not interact through the correct
dimerization motif, and as a consequence, the catalytic
domains are inactive. A conformational change has been
proposed to occur in the extracellular domain upon ligand
binding (step IIIB), leading to the rotation of the whole
receptor (51, 57). Now, the correct TM domain dimerization
motifs “lock” into place, thus positioning the catalytic
domains in a signaling-competent orientation (structure 4B).
Model B is similar to models proposed for receptors believed
to be constitutively dimeric. It should be noted, however,
that the activation of constitutively dimeric receptors (IR,
IGFR, and non-RTK receptors) does not necessarily involve
only rotation. In one model of IR activation, ligand binding
brings the TM domains closer together, allowing a closer
approach of the catalytic subunits (52). A model for the
activation of the growth hormone receptor involves rotation
of the subunits within the dimer, as well as a vertical
movement (70). The erythropoetin receptor is believed to
be activated by a combined scissor movement and subunit
rotation (reviewed in ref71).

When considering the two models of activation depicted
in Figure 1, it should be kept in mind that some TM domains
are believed to have two dimerization motifs and are thus
capable of forming active and inactive dimers, while other
TM domains are characterized by a single dimerization motif
(53, 72). It can be hypothesized that the TM domains with
a single dimerization motif follow model A, while the ones
with two dimerization motifs follow model B. Future work
should investigate this possibility.

A key question, pertaining to the exact mode of activation,
is that about the link between the extracellular domain and
the TM domain, which, we believe, is still to be investigated
in detail. Model B (Figure 1B) suggests a strong structural
link between the extracellular domain and the TM domain,
while the two domains could be structurally uncoupled in
model A. The experiments of Moriki et al. (51) suggest that
the ligand-induced rotation of the EGFR extracellular domain
is transmitted to the TM domain, thus supporting model B.
On the other hand, activating cysteine mutations occur in
consecutive residues close to the N-terminal flank of RTK
TM domains, such as the FGFR3 TM domain (see below).
Therefore, the region between the extracellular domain and
the TM domain may be flexible. Future experiments that
shed light on the coupling between the extracellular domain
and the TM domain will therefore be useful in understanding
how RTKs signal, and in particular if their activation follows
model A or model B.

ROLE OF RTK TM DOMAINS IN DISEASE

Pathogenic Mutations in the TM Domains of RTKs

The strongest supporting evidence that TM domains are
critical in RTK signaling is the list of pathogenic mutations
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identified in the TM domains (see Table 1). Interest in RTK
TM domain mutations first arose with the discovery of an
oncogenic version of the rat homologue of ErbB2, NeuT.
Overactivation of this oncogenic receptor was found to be
the result of a Val664Glu mutation in its TM domain (73,
74). Another mutation at the same residue (Val664Gln) was
also found to lead to full oncogenic activation of the receptor
(75). Later, it was demonstrated that the overactivation was
due to an increase in the level of receptor association (76).

The discovery of the oncogenic Val664Glu and Val664Gln
mutations in NeuT prompted investigators to search for
similar TM mutations in cancer patients. However, despite
the fact that overexpression of ErbB receptors is frequently
found in cancers, very few incidents of cancer-inducing TM
mutations have been identified so far in ErbB receptors. One
example is the Ile654Val mutation in ErbB2, associated with
an elevated risk for breast cancer (77). More oncogenic
mutations have been identified in the TM domains of the
FGFR family. Otsuki et al. (78) identified a FGFR3
Gly382Asp mutation in a multiple myeloma cell line. The
Ala391Glu, Gly370Cys, Gly380Arg, and Tyr373Cys muta-
tions in FGFR3 have been associated with bladder carcino-
mas (37). In FGFR4, the Gly388Arg mutation has been
shown to accelerate tumor progression in cancer patients (79).

The members of the FGFR receptor subfamily are critical
for the development of the skeletal system, and therefore,
abnormal developments (dysplasias) of the bones have been
linked to mutations in the TM domain of FGFRs. The
disruption of endochondral ossification due to mutations in
FGFR3 results in several forms of dwarfism, including
achondroplasia (associated with the Gly380Arg and G375Cys
mutations) and thanatophoric dysplasia (due to the Gly370Cys,
Ser371Cys, and Tyr373Cys mutations) (80, 81). The
Ala391Glu mutation in FGFR3 is linked to Crouzon syn-
drome with acanthosis nigricans (20). In FGFR1, several
patients with osteoglophonic dysplasia have been shown to
carry the Tyr372Cys and Cys379Arg mutations (82). The
Tyr375Cys and Ser372Cys mutations in FGFR2 lead to
Beare-Stevenson cutis gyrata syndrome, characterized by
cranial abnormalities and wrinkled skin (83, 84).

Mechanism of Pathogenic TM Dimer Stabilization

Mutations in the TM domains are believed to cause
receptor overactivation by stabilizing the RTK dimer (67,
74-76, 85). Wild-type RTKs and RTKs containing mutations
in the TM domains, expressed at identical levels (i.e.,

identical rate of synthesis and subcellular localization),
exhibit different mitogenic activities. The mutants, linked
to disease, are overactivated, as determined by measuring
the level of autophosphorylation and the ability to transform
cells (67, 85). Furthermore, at least in the case of the
Val664Glu mutation in NeuT, the transforming activity has
been directly linked to dimer stabilization (76).

Currently, it is accepted that TM dimer stabilization often
occurs via specific, mutant amino acid-mediated contacts,
discussed below. A second mechanism, specific to TM
domains with two dimerization motifs, may be the stabiliza-
tion of inactive TM dimers (discussed in ref72 and not
reviewed here).

Structural Requirements for TM Dimer Stabilization Due
to Pathogenic TM Domain Mutations. As discussed above,
the structure of the TM domain dimer ensures that the
catalytic domains are oriented correctly with respect to each
other and that the whole receptor is signaling-competent. Li
et al. (86) have therefore proposed that only TM mutations
that stabilize the dimer without altering the orientation of
the helices in the TM dimer can be overactivating. While
some modest changes could be tolerated, a dramatic change
in the TM dimer interface should render the receptor inactive.
For overactivation to occur due to TM domain mutations,
(1) the mutant TM dimer needs to be more stable and (2)
the wild-type and mutant TM dimer structures have to be
similar, particularly at the C-terminal end (see also Figure
2). This hypothesis could explain why engineered (not
naturally occurring) mutations, expected to be stabilizing,
do not always cause receptor overactivation (87, 88). If this
structural hypothesis is correct, RTK TM dimer structure

Table 1: Pathogenic RTK TM Domain Mutations

FGFR1 Tyr372Cys osteoglophonic dysplasia (82)
Cys379Arg osteoglophonic dysplasia (82)

FGFR2 Ser372Cys Beare-Stevenson cutis gyrata syndrome (83)
Tyr375Cys Beare-Stevenson cutis gyrata syndrome (83)

FGFR3 Gly370Cys thanatophoric dysplasia I (26), bladder cancer (37)
Ser371Cys thanatophoric dysplasia I (25)
Tyr373Cys thanatophoric dysplasia I (26), bladder cancer (37)
Gly375Cys achondroplasia (22)
Gly380Arg achondroplasia (21)
Gly380Arg achondroplasia with acanthosis nigricans (112)
Val381Glu hypochondroplasia (113)
Gly382Asp multiple myeloma (78)
Ala391Glu Crouzon syndrome with acanthosis nigricans (20)
Ala391Glu bladder cancer (37)

FGFR4 Gly388Arg tumor progression (79)
ErbB2 Ile654Val increased risk of breast cancer (77)

FIGURE 2: Pathogenic interactions, believed to contribute to the
stability of mutant RTK TM domain dimers. (A) A putative
hydrogen bond between Glu391 (orange) and Ile387 (magenta) in
the pathogenic Ala391Glu FGFR3 mutant, linked to Crouzon
syndrome with acanthosis nigricans and bladder cancer (86). (B)
Putative cation-π interactions between Arg380 (red) and aromatic
residues (green) in the achondroplasia-causing Gly380Arg FGFR3
mutant. These cation-π interactions likely compensate for the
electrostatic repulsion between the two arginines in the mutant
dimer. The comparison of these two mutant structures with the wild-
type FGFR3 TM dimer structure (86) shows that the mutations
induce modest changes in the relative orientation of the two helices
close to the C-terminus (not discussed here in detail). Thus, the
orientation of the catalytic domains is likely not perturbed due to
the mutations, in accordance with the structural hypothesis discussed
here.
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determination would be key to understanding RTK signaling.
Therefore, the development of routine structure determination
techniques in the future will help us better understand how
mutations in the TM domains of RTKs cause disease.

The only method that has so far produced a detailed
structure of a TM dimer in detergent micelles is high-
resolution NMR. Furthermore, a single structure has been
determined, the structure of the GpA TM dimer (89). RTK
TM domains have much weaker dimerization propensity than
GpA, and it is not clear if their structure can be determined
in micelles by high-resolution NMR. Solid state NMR, which
interrogates the TM dimers in their native environment, the
lipid bilayer, can be an alternative method that addresses
specific structural questions (90, 91). An approach combining
mutagenesis and dimerization propensity studies has been
used to determine the structure of the GpA dimer (92). The
idea behind this approach is to (1) mutate residues believed
to mediate helix-helix contacts and (2) assess the dimer-
ization propensities of these mutants. If the mutated residues
participate in the dimer interface, the dimer will be desta-
bilized. Thus, critical residues that mediate dimerization can
be identified. This “mutagenesis” method, however, is based
on an assumption, which may not be always correct: a single
TM dimer structure exists for all mutants, and a destabilizing
mutation affects the monomer-dimer equilibrium but does
not alter the dimer structure. This approach has been
successful for the stable GpA (93) and BNIP3 dimers (94),
but it is not clear if it works for the weakly dimerizing RTK
TM domains.

Hydrogen Bonds.One possible mechanism of mutant TM
dimer stabilization is hydrogen bonding. Indeed, some
pathogenic mutations introduce amino acids with hydrogen
bonding capabilities, such as Glu. The role of Glu/Gln
hydrogen bonding in the stability of the oncogenic Neu
mutant (NeuT) has been studied (91, 95). Polarized FTIR
and magic angle spinning NMR spectroscopy revealed that
the side chain of Glu664 is protonated and participates in
hydrogen bonding (95). Measurements of interhelical dis-
tances further demonstrated that Glu/Gln664 in one helix
interacts with Gly665 in the other helix (91). As in NeuT,
the mutant Glu residue in the Ala391Glu FGFR3 mutant,
linked to Crouzon syndrome with acanthosis nigricans and
cancer, has been hypothesized to form hydrogen bonds (86).
A structural model, created with CHI (96-98) and Insight
II, shows the putative hydrogen bond in the mutant Ala391Glu
FGFR3 TM domain in Figure 2A (see ref86 for details).

Disulfide Bonds.Not surprisingly, some of the pathogenic
mutations in RTK TM domains are mutations to cysteines
(81). The cysteine residues are expected to form disulfide
bonds and stabilize the dimer such that tyrosine kinase
activity is stimulated, even in the absence of a ligand. While
disulfide bonding has not been demonstrated directly, the
effect of the pathogenic Gly370Cys, Ser371Cys, Tyr373Cys,
and Gly375Cys FGFR3 mutations on dimerization and
downstream signaling has been studied. The extent of mutant
receptor dimerization, phosphorylation, and downstream
MAPK activation was found to depend on the position of
the mutation, thus implying specific Cys-mediated stabilizing
interactions (69).

The idea that two unpaired Cys residues from the two
polypeptide chains form a disulfide bond and stabilize the
dimer is intuitive and straightforward. However, wild-type

RTKs also have unpaired cysteines. For instance, wild-type
VEGFR1, FGFR1, and FGFR2 have cysteines in their TM
domains. Furthermore, the FGFR3 TM domain has a wild-
type Cys in position 396 that does not cause overactivation.
Molecular modeling of the wild-type FGFR3 dimer suggests
that the two wild-type cysteines face away from the interface
(86). We reason that if the two wild-type position 396
cysteines from the two polypeptide chains come into contact
due to thermal fluctuation-induced helix unwinding and form
a disulfide bond in the membrane cytoplasmic interface, then
a large structural perturbation will be introduced that will
uncouple the TM domain from the catalytic domain and
inhibit signaling. Therefore, it can be expected that a putative
Cys396-mediated disulfide bond will stabilize an inactive
FGFR3 dimer. If a cysteine residue, however, occurs between
the TM domain and the extracellular domain, as in the case
of the pathogenic FGFR3 cysteine mutants, the cysteine
residue may participate in disulfide bond formation without
interfering with the orientation of the TM domain and the
catalytic domains. Then, the signaling-competent dimer will
be stabilized, and the receptor will be overactivated.

It should always be kept in mind that disulfide bonds do
not form in reducing environments, such as the cytoplasm.
What about the membrane environment? The question of
whether disulfide bonds form between native cysteines in
membranes has not been explored in detail. Furthermore, it
is not known if the probability for disulfide bonding is
different in the two interfacial regions (extracellular and
cytoplasmic) of the plasma membrane.

Another interesting observation is that the mutation of any
of four consecutive FGFR3 residues (370-373) to Cys can
cause receptor overactivation (99). On the basis of this
finding, we could hypothesize that this region (the N-terminal
flank of the TM domain) is rather flexible and/or not
R-helical. This hypothesis has implications for the mecha-
nism of RTK signal transduction, as depicted in the two
models in Figure 1. As discussed above, structural flexibility
and a weak structural coupling between the extracellular
domain and the TM domain would support model A of RTK
activation.

Cation-π Interactions.Recently, You et al. addressed the
effect of the Gly380Arg mutation on FGFR3 TM dimer
stability (100). This mutation is linked to achondroplasia,
the most common form of human dwarfism (21). Previously,
Webster and Donoghue have shown that this mutation
increases the level of phosphorylation of FGFR3 and of a
chimeric Neu/FGFR3 receptor and have proposed that dimer
stabilization occurs via Arg-mediated hydrogen bonding (67).
You et al. (100), however, have shown that the mutation
does not alter the dimerization energetics of the isolated
FGFR3 TM domain. This finding is surprising, since Arg-
mediated dimer stabilization can be expected on the basis
of the observed elevated level of autophosphorylation
reported by Webster and Donoghue. More surprising,
however, is probably the fact that the Gly380Arg mutation
does not destabilize the FGFR3 TM dimer. Two previous
reports have demonstrated that mutations to Arg in TM helix
dimers are destabilizing (101, 102). In this respect, the
finding that Arg380 does not affect the stability of the FGFR3
TM dimer is unexpected: even if Arg380 faces away from
the dimer interface (i.e., even if it is exposed to lipids), there
should be electrostatic repulsion between the two guani-
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dinium groups. Computer modeling of the mutant TM dimer
structure using CHI (96-98) has produced a model in which
Arg380 is surrounded by Phe384 on the same helix and
Tyr379 and Phe383 on the neighboring helix (Figure 2B).
In this geometry, no Arg-mediated hydrogen bonds can be
identified. However, cation-π interactions, identified by
CAPTURE (103), may play an important role in dimer
stabilization and may compensate for the electrostatic repul-
sion between the two Arg residues such that the dimer
stability is not altered due to the mutation. The putative
structure of the Arg380 FGFR3 mutant, stabilized by
cation-π interactions, is shown in Figure 2B.

It should be noted that direct observation of stabilizing
interactions, such as hydrogen bonds, disulfide bonds, or
cation-π interactions, is problematic. In soluble proteins,
such interactions are usually inferred from the determined
crystal structures. As TM dimer structures are very demand-
ing to determine, direct identification of stabilizing interac-
tions is currently a challenge.

Thermodynamics of Pathogenic Stabilization

Many questions of interest pertain to the thermodynamics
of the dimerization process. These include the following.
What is the “correct” dimerization energy for normal RTK
signaling? How much excess dimerization energy is required
for persistent activation of the receptors and, therefore, for
induction of pathologies? The dimerization propensity of
RTK TM domains has been probed using the TOXCAT and
ToxR assays (53, 59), FRET (54, 104), and analytical
ultracentrifugation (56). Recently, the change in the free
energy of dimerization of a RTK TM domain due to a
pathogenic mutation was determined in lipid bilayers using
FRET (55, 86). In this study, the change in the free energy
of dimerization due to the pathogenic FGFR3 Ala391Glu
mutation was measured to be-1.3 kcal/mol (86). This
seemingly modest value was shown to have a significant
effect on the equilibrium between monomers and dimers,
thus providing a plausible mechanism for pathogenesis due
to the Ala391Glu mutation.

As discussed above, pathogenic TM domain mutations are
not expected to significantly alter the structure of the TM
domain dimer or, as a consequence, the structure of the whole
receptor. On the basis of this assumption, it has been
proposed that the measured value of-1.3 kcal/mol could
be the mutation-induced change in the dimerization free
energy that transforms normal FGFR3 signaling into patho-
genic in the context of the whole receptor (86). This
hypothesis could be tested in the future by comparing the
mutation-induced change in dimerization propensities of the
isolated TM domains and of the whole receptors in cells.

Pathogenic RTK TM domain mutations are often domi-
nant, and the cells of the affected heterozygotes express both
wild-type and mutant proteins. For instance, the Ala391Glu
mutation in the TM domain of FGFR3 is autosomal
dominant. A method for characterizing the energetics of
heterodimerization in lipid bilayers using FRET was recently
developed and used to determine the propensity for het-
erodimer formation between the wild-type FGFR3 TM
domain and the Ala391Glu mutant (105). The heterodimer
was shown to be more stable than the wild-type homodimer
by -0.6 kcal/mol. Furthermore, this method allows quantita-

tive predictions of shifts in the overall monomer-dimer
equilibrium, thus shedding light on pathology induction
mechanisms in heterozygotes.

Effects of Receptor Expression and Ligand Concentration

Li et al. (86) have proposed that mutation-induced changes
in the receptor dimer fraction in cells can be observed only
for a certain range of receptor concentrations in the plasma
membrane. This concentration range is determined by (1)
the difference in dimerization propensities between wild-
type and mutant receptors and (2) the dimerization propensity
of the wild-type receptor. Figure 3 illustrates the dependence
of the relative increase in the dimer fraction on the expression
level and the dimerization propensities of the wild-type and
mutant receptors (see the figure caption for details). The
relative increase in the dimer fraction due to TM mutations
should also depend on the availability and the concentration
of the ligand, since the dimerization propensity of the
receptors depends on the ligand concentration (discussed in
detail in ref86).

FIGURE 3: Increase in receptor dimer fraction due to a pathogenic
mutation depends on three parameters: (1) the difference in
dimerization propensities between wild-type and mutant receptors,
(2) the dimerization propensity of the wild-type receptor, which in
turn depends on the ligand concentration, and (3) the receptor
concentration in the plasma membrane. The functional dependence
of the receptor dimer fraction on receptor concentration in the
membrane is shown for an arbitrary dimerization propensity of the
wild-type receptor (solid line). The dashed line depicts a higher
dimer fraction due to a pathogenic mutation (86). The figure
illustrates that the relative increase in dimer fraction ([∆D]/[D],
where [D] is the wild-type dimer fraction and [∆D] is the increase
due to the mutation) depends on the receptor concentration in the
membrane. For example, the relative increase in dimer fraction
[∆D1]/[D1] for concentration “1” equals∼2 such that the dimer
fraction increases 3-fold due to the mutation. However, a 100-fold
increase in expression level will result in an only∼10% increase
in dimer fraction ([∆D2]/[D2] ∼ 0.1 for concentration “2”) due to
the same mutation. Note that the dimerization propensity of the
wild-type receptors in the plasma membrane, determining the exact
position of the solid line, is yet to be characterized [the difference
between the solid and the dashed lines corresponds to-1.3 kcal/
mol (86)]. This is a challenging task since the dynamic monomer-
dimer distribution in the plasma membrane is expected to depend
on the concentration of the available ligand (86) but may be
accomplished in the future using FRET. Until this is accomplished,
the dependence of the receptor dimer fraction on the expression
level, as well as the increase in the receptor dimer fraction due to
pathogenic mutations, cannot be predicted quantitatively.
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Cellular Studies: Effects on Downstream Signaling

Usually, pathogenic TM domain mutations result in
enhanced receptor dimerization, in enhanced receptor phos-
phorylation, and in cell transformations. For instance, the
Val664Glu mutation in NeuT increases the level of phos-
phorylation of the NeuT receptor and induces cell transfor-
mation (74, 75). The Arg380 achondropalsia mutation
increases the level of phosphorylation of FGFR3 and of a
chimeric Neu/FGFR3 receptor (67).

Furthermore, FGFR3, in the presence of the pathogenic
Gly370Cys, Ser371Cys, Tyr373Cys, and Gly375Cys muta-
tions, dimerizes in 293T cells in a ligand-independent way,
while the wild type dimerizes only upon FGF stimulation.
Receptor phosphorylation (in 293T cells) and MAPK activa-
tion levels (in L8 myoblasts) show a strong correlation with
the severity of the corresponding phenotypes. They are the
highest for Gly370Cys and Ser371Cys, two mutants causing
lethal phenotypes (69).

The outcomes of such cellular studies, however, are often
cell-specific. For instance, the Gly380Arg mutation in
FGFR3 results in constitutive activation of the receptor in
the absence of ligands in 3T3 (fibroblast), L6 (myoblast),
and C2-7 (myoblast) cells (67, 106), but not in 293 (kidney),
PC12 (adrenal), and RCJ (chondrocyte) cells (106-108). An
increase in the level of phosphorylation due to the Gly375Cys
FGFR3 mutation was observed in 293 cells, but not in PC12
cells (69, 109). Measurements of MAPK activation showed
that pathogenic cysteine mutants in FGFR3 induce ligand-
independent activation in L8 myoblasts, but not in RCJ
chondrocytes (69).

One obvious explanation for the observed cell-specific
responses is differences in downstream signaling. Differences
in response have also been attributed to the potential
interactions of overexpressed receptors with endogenous ones
(69, 107). The outcomes could be further affected by the
particular concentrations of receptors in the plasma mem-
brane (see Figure 3), as determined by receptor expression
level, trafficking, and downregulation.

Cellular Studies: Downregulation of the Mutant
Receptors

The activity of RTKs must be tightly regulated, and thus,
different mechanisms have evolved for the attenuation and
termination of RTK-mediated signals. Such mechanisms
include (1) autoinhibition mediated by the extracellular
domains or the catalytic domains, (2) antagonistic ligands,
(3) hetero-oligomerization with kinase-inactive mutant recep-
tors, (4) inhibition by phosphatases, and (5) receptor en-
docytosis and degradation (3, 47). Mutations that interfere
with these regulatory mechanisms can lead to persistent
activation of the receptors and to pathologies.

Pathogenic mutations in the TM domains of RTKs have
been shown to interfere with at least one of the inhibitory
mechanisms mentioned above, namely, downregulation and
internalization of the activated dimeric receptors. Monso-
nego-Ornan and colleagues (108) have demonstrated that the
mutant Gly380Arg receptors are downregulated slowly such
that they accumulate in the plasma membrane. Cho et al.
(110) have shown that the same mutant escapes lysosomal
degradation and is recycled back to the plasma membrane,
thus amplifying FGFR3-mediated signaling. Yamada et al.

(111) have measured the rate of ligand-induced receptor
internalization of IR and IR mutants. Replacing the TM
domain of IR with that of nontransforming Neu reduced the
rate of internalization, while the introduction of the G933P934
f A933A934 double mutation increased it.

How can a TM domain mutation, supposedly hidden inside
the membrane, affect downregulation? One mechanism could
be a mutation-induced change in protein topology. Some of
the pathogenic mutations are mutations to hydrophilic
residues and might affect the disposition of the receptor in
the bilayer. The achondroplasia Arg380 mutation was shown
to induce a shift in the FGFR3 TM domain in model bilayers
(X. Han and K. Hristova, manuscript in preparation). A TM
domain shift could in turn affect the ubiquitination of FGFR3
and its subsequent downregulation. Yamada et al. (111) has
attributed the differences in IR internalization to different
mobilities of the wild-type IR and the mutants from microvilli
to nonvillous domains prior to internalization. Future work
should explore in greater detail the molecular mechanism
behind the slow RTK downregulation due to TM domain
mutations.

A LOOK AHEAD

Above all, this review underscores the important questions
that are yet to be answered in arriving at a better understand-
ing of the mechanism of RTK signaling in health and disease.
While changes in the conformation of the extracellular
domains upon ligand binding have been elucidated from
recent crystal structures, the exact mechanism of signal
transduction from the extracellular space to the cytoplasm
is yet to be determined. No doubt, the TM domains will be
shown to play an important role in the process.

The debate about the mechanism of RTK signal trans-
duction in health and disease will continue in the future, at
least until crystal structures of whole receptors, the wild type
and mutants in various signaling states, become available.
In the nearer future, the development of routine methods for
determining structures of isolated wild-type and mutant TM
domain dimers will help us better understand the structural
determinants of TM mutation-induced pathologies. A method,
based on FRET, has been developed for measurements of
dimerization propensities of the isolated TM domains (wild-
type and mutant homodimers and heterodimers) in the native
lipid bilayer (55, 105). Thus, the dimerization energetics of
various RTK TM domains can now be determined in the
membrane environment. Next, a question arises if quantita-
tive measurements of dimerization propensities can be carried
out for the whole receptors in cells. If this is accomplished,
it will allow us to directly correlate receptor dimerization in
the plasma membrane with receptor autophosporylation
levels. This line of research will eventually allow us to
develop a comprehensive model of unregulated cell signaling
by RTKs.
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