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Activation of transmembrane
cell-surface receptors via a common
mechanism? The ‘‘rotation model’’

Ichiro N. Maruyama

It has long been thought that transmembrane cell-surface receptors, such as
receptor tyrosine kinases and cytokine receptors, among others, are activated by
ligand binding through ligand-induced dimerization of the receptors. However,
there is growing evidence that prior to ligand binding, various transmembrane
receptors have a preformed, yet inactive, dimeric structure on the cell surface.
Various studies also demonstrate that during transmembrane signaling, ligand
binding to the extracellular domain of receptor dimers induces a rotation of
transmembrane domains, followed by rearrangement and/or activation of
intracellular domains. The paper here describes transmembrane cell-surface
receptors that are known or proposed to exist in dimeric form prior to ligand binding,
and discusses how these preformed dimers are activated by ligand binding.
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Introduction

Transmembrane, cell-surface receptors
transmit extracellular signals across
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cell membranes to the cytoplasm, and
include receptor tyrosine Kkinases
(RTKs) and cytokine receptors among
many others. Cell-surface receptors
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Abbreviations:

BRET, bioluminescence resonance energy trans-
fer; ECD, extracellular domain; EGFR, epidermal
growth factor receptor; Eph, ephrin receptor;
EpoR, erythropoietin receptor; ErbB, originally
named because of the homology to the erythro-
blastoma viral gene product, v-erbB; FGFR,
fibroblast growth factor receptor; Fnlll, fibronectin
type Ill; FRET, Forster resonance energy transfer;
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GCY-14, receptor-type guanylyl cyclase-14;
GHR, growth hormone receptor; ICD, intracellular
domain; IGF1R, insulin-like growth factor-1 recep-
tor; IL-6R, interleukin 6 receptor; IL-12R, inter-
leukin 12 receptor; IR, insulin receptor; IRR, insulin
receptor-related receptor; JAK, Janus kinase;
LepR, leptin receptor; NPRA, natriuretic peptide
receptor A; p75"TR, neurotrophin receptor; PRLR,
prolactin receptor; RTK, receptor tyrosine kinase;
STAT, signal transducers and activators of tran-
scription; Tar, bacterial aspartate receptor; TLR,
toll-like receptor; TMD, transmembrane domain;
TNFR, tumor necrosis factor receptor; TpoR,
thrombopoietin receptor; Trk, tropomyosin-
related kinase receptor; Tsr, bacterial serine
receptor.

typically consist of an extracellular
domain (ECD) and an intracellular
domain (ICD) separated by a single
transmembrane domain (TMD), with
the exception of bacterial receptors
such as the aspartate receptor (Tar)
and the serine receptor (Tsr), which
have another TMD at their amino
termini. Ligand binding to their ECDs
often regulates kinases that are either
integrated into the receptor ICD, or
physically associated with the ICD.
Apart from receptors that initiate
signaling pathways inside cells via
tyrosine phosphorylation, there are
receptors in bacteria, fungi, and plants
that phosphorylate histidine residues
upon ligand binding. Furthermore,
natriuretic peptide receptors, which
are receptor-type guanylyl cyclases,
produce cGMP upon peptide binding.
There are also receptors that recruit

adaptor/effector proteins  through
protein-protein  interactions upon
ligand binding.

There are two major, mutually

exclusive concepts to explain activation
of transmembrane, cell-surface
receptors. Ligand binding induces
either (i) dimerization of receptors, or
(ii) rearrangement of constitutively pre-
formed dimeric receptors. The former
mechanism, known as ligand-induced
receptor dimerization, was first pro-
posed for the epidermal growth factor
receptor (EGFR; also called ErbB1 or
HER1) almost three decades ago [1-3]. In
this “dimerization model,” the receptor
is thought to exist in monomeric form
on the cell surface prior to ligand
binding, which induces receptor
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dimerization. According to this model,
ICDs of dimerized receptors are brought
into close proximity to allow receptor
trans-autophosphorylation, subsequent
tyrosine kinase activation, and initia-
tion of downstream signaling path-
ways [4, 5]. This mechanism has been
proposed for activation of many other
cell-surface receptors, including recep-
tor tyrosine kinases and cytokine recep-
tors. In contrast, the insulin receptor
(IR), insulin-like growth factor-1
receptor (IGF1R), and insulin receptor-
related receptor (IRR) have covalent,
preformed, dimeric structures linked by
cysteine disulfide bridges [6, 7]. Like-
wise, there is growing evidence that
prior to ligand binding, various trans-
membrane receptors exist in preformed,
yet inactive, dimeric form on the cell
surface (Table 1).

A variety of receptors
exist in dimeric form prior
to ligand binding

Receptor tyrosine kinases

The human RTK superfamily consists of
58 proteins grouped into 20 sub-
families [8]. RTKs are integral mem-
brane proteins with a single TMD, and
their N-terminal ECDs are generally
composed of various structural modules
with multiple, intrachain, disulfide
bonds, and numerous N-linked
glycosylation sites. Their ICDs have
tyrosine kinase domains flanked by
intracellular, juxtamembrane regions,
and C-terminal tails, which differ in size
and tyrosine content among family
members. Ligand binding to the ECDs
results in elevation of their tyrosine

Table 1. Transmembrane cell-surface receptors that exist or are proposed to exist

in dimeric form prior to ligand binding

References Rotation angle and reference

Receptor tyrosine kinases

EGFR [10-21] [~140% 10]

ErbB2 [13, 18, 80]

ErbB3 [18, 21]

ErbB4 [18]

EphA1 [40, 41]

EphA2 [38, 39, 41] [60%: 41]

EphA3 [37]

FGFR3 [43]

IGF1R [32]

IR [32]

IRR [33]

MET [42]

TrkA [28]

TrkB [29]

VEGFR2 [180%: 99]
Cytokine receptors

EpoR [50, 51] [~100% 91, 92]

GHR [48, 49] [~40": 93, 94; ~45°: 95]

IL-6R [60]

IL-12R [58]

LepR [65-57]

p75NTR [30]

PRLR [52]

TNFR [62]

TpoR [~100°: 53]
Other cell-surface receptors

EnvZ [69]

GCY-14 [65]

LINGO-1 [66]

NPRA [64] [40°: 96]

Tar [67] [~50° 74]

TLR9 [63]

Tsr [68]

Receptors in which TMDs have been proposed to rotate during signaling are
indicated with bold letters, with or without rotation angles and reference(s).
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kinase activity and in selective trans-
autophosphorylation of tyrosine resi-
dues. Some of these sites are involved in
maintaining active conformations of the
kinases, while others become docking
sites for various adaptor/effector scaf-
fold proteins and enzymes. All RTKs,
except for the IR family, are expressed
as single protomers. IR family members,
comprising IR, IGF1R, and IRR, are also
expressed as single subunits, but they
undergo processing into two « and two
B polypeptide chains that are assembled
into a heterotetramer, or an («f),
homodimer, stabilized by disulfide
bonds.

EGFR (ErbB) family

The ErbB receptor family consists of
EGFR, ErbB2 (also known as Neu/
HER2), ErbB3 (HER3), and ErbB4
(HER4), and the receptors play crucial
roles in cell growth, differentiation,
survival, and migration. A number of
studies demonstrate that prior to ligand
binding, ErbB receptors exist in dimeric
form on the cell surface (see [9], and
references therein]. Chemical cross-
linking showed that >80% of EGFR
molecules were dimeric in the absence
of bound ligand [10]. Forster resonance
energy transfer (FRET) [11-14] and fluo-
rescence correlation spectroscopic anal-
yses [13, 15, 16] further demonstrated that
preformed EGFR and ErbB2 dimers are
present at physiological expression lev-
els on surfaces of living cells. Single-
molecule observations using total inter-
nal reflection fluorescence microscopy
with oblique illumination also supports
the existence of receptor dimers [17].
Fluorescent protein fragment comple-
mentation indicates that all the members
of the ErbB family exist in dimeric
form [18]. This is consistent with results
of reversible firefly luciferase fragment
complementation analysis, showing that
100% of EGFR and ErbB3 receptor
molecules exist as dimers [19-21], since
luciferase activity did not increase after
addition of EGF to the cell culture.
Depending on methods used, dimer-
to-monomer ratios vary from 40 to
100%. Considering the inefficiency of
chemical cross-linking [22] and of fluo-
rescent protein folding [23-25], these
ratios are likely to be underestimated.
However, when EGFR mutants with
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cysteine substitutions at different loca-
tions in the TMD were expressed in a
murine pre-B lymphocyte line, Ba/F3,
disulfide cross-linking of the receptors
was observed only in the presence of
EGF [26]. This result is inconsistent with
the previous result in which similar EGFR
or ErbB2 constructs with a cysteine
substitution  spontaneously formed
dimers in the absence of bound EGF,
when expressed in mouse fibroblast B82
cells or monkey fibroblast-like COS-7
cells, respectively [10, 27]. All disulfide
cross-linkings of EGFR extracellular jux-
tamembrane regions induced autophos-
phorylation to various extents,
depending upon where cysteines had
been replaced. These phosphorylated
receptors were internalized and
degraded in the absence of bound EGF,
and their efficiency is likely to be cell
type-dependent. Therefore, it would be
necessary to observe the spontaneous
dimerization of the cysteine-replaced
EGFR mutants expressed in Ba/F3 by
inhibiting their endocytosis.

Neurotrophin receptors

There is also evidence that many non-
ErbB family RTKs exist as dimers in the
absence of bound ligand. Chemical
cross-linking and firefly luciferase com-
plementation analyses demonstrate
that the neurotrophin receptors, TrkA
and TrkB, which bind nerve growth
factor and brain-derived neurotrophic
factor, respectively, exist in dimeric
form [28, 29]. Luciferase activity did
not increase with addition of ligand to
the cell cultures, indicating that 100%
of these receptors have preformed
dimeric structures. p758 ' ® is a member
of the tumor necrosis factor (TNF)
receptor (TNFR) superfamily. It does
not have kinase activity and binds all
neurotrophins with low affinity. It exists
as a disulfide-linked dimer owing to a
highly conserved cysteine in its
TMD [30].

IR and Eph families, and others

IR and IGF1R, which play critical roles in
metabolism and cell growth, and IRR,
which is an extracellular alkaline pH
sensor [31], are covalent, disulfide-
linked («aB), dimers comprising two

extracellular «-subunits that contain
ligand-binding domains and two trans-
membrane (-subunits that possess
intracellular kinase domains [32, 33].
There is also evidence for the existence
of a disulfide-linked (aB), hybrid
dimeric receptor (IR::IGF1R), which is
composed of an IR a3 hemireceptor and
an IGF1R «of hemireceptor [34, 35]. Eph
RTKs mediate contact-dependent, cell-
cell communication by interacting with
surface-associated ligands (ephrin) on
neighboring cells [36]. EphA3, which is
essential for cell guidance during
embryogenesis, clusters as a result of
EphA3-EphA3 interactions, which are
independent of ligand binding [37].
Similarly, EphA2 also constitutively
forms dimers without bound ligand [38,
39]. Consistently, EphAl and EphA2
TMDs spontaneously form homodimers
in lipid [40, 41]. The MET receptor for
hepatocyte growth factor/scatter factor,
which is essential during embryonic
development and plays an important
role during cancer metastasis and tissue
regeneration, has been shown to exist
as a dimer, based on photobleaching
experiments using single-molecule
fluorescence microscopy [42]. TMDs of
fibroblast growth factor receptor 3
(FGFR3), which is a negative regulator
of bone growth, and which is critically
important for skeletal development,
interact as dimers and this interaction
persists if their ECDs are present [43].

Cytokine receptors

There are more than 30 Class I cytokine
receptors [44] and at least 12 Class II
cytokine receptors [45] that activate
JAK1 (Janus kinase 1), JAK2, JAK3, or
TYK2 (tyrosine kinase 2). Class I and
Class II receptors are distinguished by
the position of class-specific cysteine
residues, and by the presence of a
highly conserved “WSXWS” motif in
the carboxyl terminal half of Class I
receptor ECDs. Cytokine receptors com-
prise two receptor subunits, each of
which associates with a JAK monomer.
Upon cytokine binding, the receptor
activates the associated JAKs, which in
turn phosphorylate tyrosine residues
within the receptor ICD. The phosphory-
lated tyrosine residues serve as docking
sites for downstream adaptor and effec-
tor proteins, which include the STAT
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(signal transducers and activators of
transcription) proteins. A series of land-
mark publications gave rise to the
textbook view that ligand binding
initiates cytokine receptor dimerization,
which then leads to activation of a
tyrosine kinase associated with the
receptor [46, 47]. However, at least nine
distinct cytokine receptors have been
shown or proposed to exist in preformed
dimeric form (Table 1).

The growth hormone receptor (GHR)
is required for postnatal growth, as well
as for lipid and carbohydrate metabo-
lism. It dimerizes in the endoplasmic
reticulum before reaching the cell sur-
face [48, 49]. Ligand-independent oligo-
merization of the cell-surface
erythropoietin receptor (EpoR), which
is crucial for production of mature red
blood cells, has also been observed by
immunofluorescence co-patching [50].
Consistently, the crystal structure of the
EpoR ECD is homodimeric in the absence
of bound ligand [51]. The prolactin
receptor (PRLR) mediates effects of
prolactin, which stimulates growth and
differentiation of mammary epithelium
and initiation and maintenance of lacta-
tion. Co-immunoprecipitation assays
were used to confirm its ligand-
independent dimerization. In this dime-
rization process, the TMDs play a
significant role [52]. The thrombopoietin
receptor (TpoR) regulates the prolifera-
tion of multipotent, hematopoietic bone
marrow stem cells, their differentiation
into mature megakaryocytes, and pro-
duction of platelets in response to
thrombopoietin binding. Using a combi-
nation of cysteine cross-linking,
alanine-scanning mutagenesis, and com-
putational simulations, it was shown that
TpoR TMDs dimerize strongly in mem-
branes in the absence of bound
ligand [53].

The leptin receptor (LepR) plays a
central role in control of body weight and
energy homeostasis. LepR shows great
similarity to the interleukin 6 (IL-6)
signaling receptor chain glycoprotein
130 (gp130), the granulocyte colony-
stimulating factor receptor, and the
leukemia inhibitory factor receptor, and
uses JAK2 and STAT3 for its signaling
pathway [54]. In cell membranes, LepR
assembles as preformed dimers or
oligomers, as evidenced by a high basal
signal in the absence of leptin in analysis
of differently tagged LepRs by
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co-immunoprecipitation,  biolumines-
cence resonance energy transfer (BRET),
and FRET [55-57]. IL-12is a heterodimeric
cytokine composed of two disulfide-
bonded, glycoprotein subunits, and has
pleiotropic effects on NK and T cells,
which are mediated through IL-12 recep-
tors (IL-12Rs). When IL12-Rs were
expressed in COS cells, they expressed
both monomers and disulfide-linked
dimers or oligomers on their surfaces in
the absence of IL-12, among which only
the IL-12R dimers/oligomers, but not the
monomers, bind IL-12 [58]. Upon IL-6
binding, the IL-6 receptor (IL-6R), which
is essential for regenerative and anti-
bacterial effects of IL-6 [59], activates the
gp130 homodimer, leading to initiation of
JAK/STAT signaling. Co-immunoprecipi-
tation experiments with two differently
tagged IL-6R variants expressed in COS-7
cells showed that an IL-6R dimer exists in
the plasma membrane in the absence of
IL-6 [60].

TNF is a cytokine for immune
responses and inflammation, and is a
homotrimer with a molecular mass of
52kDa. TNF binds with high affinity to
two type-I transmembrane receptors:
TNFR1, which is activated by both
soluble TNF and transmembrane TNF,
and TNFR2, which is activated mainly
by transmembrane TNF. Upon TNF
binding to TNFR, the adaptor molecule
TRADD binds to the death domain of the
receptor. TRADD acts as a platform
adaptor that can recruit downstream
proteins [61]. Chemical cross-linking of
TNFR molecules expressed on the cell
surface demonstrated that the receptors
spontaneously form a homotrimeric
structure prior to ligand binding [62].

Other cell-surface receptors

Toll-like receptors (TLRs) recognize
structural and sequence variations
between host and microbial nucleic acids
in immune cells. TLR9Y is activated by
DNA that is rich in unmethylated CpG
motifs, such as microbial DNA, in the
endosome. This results in production of
inflammatory cytokines and interferons
that lead to adaptive immunity. FRET
analysis of TLR9 in living cells demon-
strated the existence of preformed TLR9
homodimers. TLR9 activation is regu-
lated by conformational changes specif-
ically induced by foreign DNA [63].
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Natriuretic peptides play key roles in
cardiovascular homeostasis, and their
cellular effects are mediated via the
transmembrane natriuretic peptide
receptor A (NPRA). NPRA, which consists
of an extracellular ligand-binding
domain, a single TMD, a Kkinase-
homology domain, and a guanylyl
cyclase domain, produces cGMP upon
ligand binding. Crystallographic analysis
demonstrated that the ECD of NPRA is
homodimeric in the absence of bound
ligand [64]. Domain-swapping analysis
and site-directed mutagenesis demon-
strated that the transmembrane guanylyl
cyclase GCY-14, which senses extracel-
lular alkalinity in the nematode,
Caenorhabditis elegans, also has a homo-
dimeric structure [65]. Histidine residues
in the GCY-14 ECD are essential for
extracellular alkalinity sensing. The
transmembrane protein LINGO-1 is a
negative regulator in the nervous system,
mainly affecting axonal regeneration,
neuronal survival, oligodendrocyte dif-
ferentiation, and myelination. Co-
immunoprecipitation and BRET satura-
tion analyses have shown that LINGO-1is
homodimeric on the cell surface [66]. It
has long been known that bacterial
chemoreceptors, such as Tar and Tsr,
exist in dimeric form on the cell sur-
face [67, 68]. The same is true for the
Escherichia coli extracellular osmolarity
sensor EnvZ [69].

How are preformed
dimeric receptors
activated by ligand
binding?

For increasing numbers of cell-surface
receptor dimers, like IR and IGFIR,
activation cannot be explained by the
ligand-induced dimerization model.
Early studies demonstrated that a chi-
meric receptor with the IR ECD and the
EGFR ICD was activated by insulin, and
that EGF activated a chimera with the
EGFR ECD and the IR ICD [70-72].
Furthermore, a chimeric receptor, con-
sisting of the ligand-binding ECD of
bacterial Tar and the IR ICD, is activated
by aspartate, resulting in phosphoryla-
tion of the intracellular IR moiety [73].
These studies suggest that diverse cell-
surface receptors may be regulated
through similar molecular mechanisms.

Insights & Perspectives | |

“Rotation model” for
transmembrane signaling by
Tar and EGFR

Bacterial chemotaxis is a model system
for signal transduction, and the chemo-
receptor Tar is one of the best-
characterized cell-surface receptors. A
proposed “rotation model” for trans-
membrane signaling by the Tar dimer
indicates that ligand binding to the Tar
ECDs is likely to restrict rotation of the
TMDs at specific positions about their
long axes [74]. The model predicts that
Tar molecules with and without bound
aspartate have similar structures, since
bound aspartate stabilizes the most
stable structure of the apo-receptor.
Indeed, crystal structural analysis dem-
onstrated that the membrane proximal
region of the Tar ECD with bound
aspartate translates ~1A downward or
toward the cytoplasm compared to its
position without bound ligand [75]. A
similar subtle (~1A) movement of the
TMD was also detected by electron para-
magnetic resonance spectroscopy anal-
ysis of spin-labeled receptors, with and
without bound aspartate [76]. These
results can be interpreted to indicate
that binding of aspartate further stabil-
izes the most stable structure of apo-Tar
in the absence of bound aspartate,
although the “piston model” [75, 76]
among others [77, 78] has also been
proposed. Furthermore, the “rotation
model” also predicts that TMD of attrac-
tant-bound and repellent-bound forms
differ rotationally by an angle of ~50°.
These restricted rotations of the TMDs
may in turn restrict rotation of the HAMP
domains in the cytoplasm in order to
regulate activity of the histidine kinase
CheA, which physically interacts with Tar
with help of the adaptor, CheW. This
model is consistent with recent results
showing axial helix rotations of the Tsr
cytoplasmic domains during transmem-
brane signaling [79].

A similar “rotation model” has also
been proposed for activation of the
EGFR, in which EGF binding to its
flexible ECDs induces conformational
changes of the domains to form a stable
dimeric structure. Extracellular confor-
mational changes induce a rotation
(~140° parallel to the plane of the
plasma membrane) of the TMDs about
their long axes, which in turn dissociate
the inactive, symmetric kinase dimer in

Bioessays 37: 959-967, © 2015 The Author. BioEssays published by WILEY Periodicals, Inc.
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the cytosol, followed by rearranging of
dimeric kinase domains to form active
asymmetric structures [9, 10, 18]. Con-
sistently, computational analysis of the
conformation space of the ErbB2 TMD
homodimer has supported a molecular
mechanism for rotation-coupled recep-
tor activation, in which the two stable
conformations of the TMD correspond to
the active and inactive states of the
receptor [80].

IR family may also be activated
by its TMD rotation

Crystal structures of IR ECDs without
ligand [81, 82] and a fragment of the IR
ECD bound to insulin [83] have been
determined. In the absence of ligand,
the ECDs form a symmetric, antiparallel
dimer shaped like a folded-over “A.”
The C-terminal half of the ECD consists
of three contiguous, fibronectin type III
(FnlIII) domains, which are followed by
the TMD. Bioinformatics analysis indi-
cates that only a slight “rotation” of the
last two FnlIll domains is required to
align the proposed binding sites of IR to
insulin [7, 84]. This subtle “rotation” of
the extracellular juxtamembrane region
and TMD during signaling is compatible
with results of a small-angle X-ray
scattering study of IGF1 binding to the
soluble IGFIR ECD, wherein very little
change in the radius of gyration was
observed in the ECD upon binding of
IGF1 [85].

An alternative model has recently
been proposed based on FRET and
mutagenesis studies, in which the IGFIR
ECD maintains an auto-inhibited state
with the TMDs held apart. Ligand binding
releases the constraint, allowing associ-
ation of TMDs and kinase domains for
trans-autophosphorylation [86]. Dele-
tion of the extracellular N-terminal L1
domain of IGF1R resulted in constitutive
activity of IGF1R. This is reminiscent of
the EGFRvIII mutant, in which an
extracellular, N-terminal ligand-binding
domain is deleted [87]. EGFRVIII exists in
dimeric form and is constitutively active
in the absence of bound ligand. In both
EGFR and IGFIR, the extracellular
ligand-binding domains seem to play a
role in keeping the intracellular kinase
inactive prior to ligand binding. Deletion
of their ligand-binding domains may
induce or allow a rotation of their

transmembrane domains for activation
of the kinases. Indeed, cysteine residues
artificially introduced into the extracel-
lular juxtamembrane region of IGFIR
formed disulfide bridges in the absence of
bound IGF1, and the cross-linked recep-
tors were autophosphorylated as effi-
ciently as in the presence of bound
ligand. These results indicate that the
juxtamembraneregions (hence the trans-
membrane domains) exist in close
enough proximity to spontaneously form
disulfide bridges in the absence ofligand.
This is consistent with the dimeric
structure of unactivated IGFIR Kkinase
domains, determined by crystallogra-
phy, in which two monomers are
arranged such that their ATP binding
clefts face each other. The ordered N-
terminus of one monomer approaches
the proximal part of the activation loop,
the ATP binding pocket, and the catalytic
loop of the other monomer [88].
Another model recently proposed for
IR activation is based on results in which
IR TMD peptides supplied extracellularly,
stimulated a dose-dependent increase in
IR tyrosine phosphorylation in living cells.
This result was interpreted as indicating
that TMD peptides specifically interact
with an inactive form of IR TMD dimers,
resulting in dissociation of the TMD dimer
to activate the receptor [89]. As discussed
above, the TMD peptides interact with an
inactive form of IR TMD dimers, and may
induce or allow a rotation of the IR TMD
about its long axis for rearrangement and
activation of the IR kinase dimers.

Homodimeric EpoR TMDs
rotate during signaling

Crystallographic structural analysis of
the EpoR ECD in the presence and
absence of bound ligand suggest that
the receptor may exist in dimeric form
prior to ligand binding [51]. From a
subsequent fluorescent study based on
dimerization-induced complementation
of designed fragments of the murine
enzyme dihydrofolate reductase, an
allosteric mechanism of EpoR activation
was proposed in which ligand-induced
reorganization of the dimer brings the
intracellular domains into closer prox-
imity, allowing associated JAK2s to
come into contact and autophosphor-
ylate [90]. However, the mechanism is
now explained differently in which
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activation of dimeric EpoR by erythro-
poietin binding is achieved by rotation-
ally reorienting the receptor TMD and
connected cytosolic domains, through
random mutagenesis of the TMD, which
was followed by cysteine-scanning
mutagenesis of the receptor juxtamem-
brane and TMDs [91]. Analysis of
chimeric receptors of the EpoR, in which
its ECD was replaced with a dimeric,
coiled coil, has also demonstrated three
rotationally related conformations
(active, inactive, and partially active)
of EpoR TMD dimers [92]. When the
engineered EpoR fusion protein was
constrained in seven possible orienta-
tions, three dimeric TMD orientations
corresponding to fully active, partially
active, and inactive receptors were
identified by measuring activity of
JAK2, STAT, and MAP Kkinases in the
cytosol. Average molecular structures
for active and inactive orientations
differ by a rotation of ~100°. Ligand-
induced rotations of EpoR TMDs may
induce flexibility of the receptor’s ICDs,
and may rearrange the JAK2 kinase
dimer for its autophosphorylation.

TMD rotations during signaling
by GHR, TpoR, NPRA, Eph, and
VEGFR

Within the dimeric GHR, subunit rota-
tions (~40° clockwise) have been sug-
gested as the activation mechanism,
using  FRET, BRET, and co-
immunoprecipitation [93, 94]. Once GH
is removed from the hormone-bound
receptor complex, consistently, coun-
ter-clockwise rotations of ~45° of the
two subunits relative to each other has
been observed in atomistic molecular
dynamics simulation [95]. Three differ-
ent, rotationally related conformations of
TpoR TMD dimers, possibly correspond-
ing to specific states (active, inactive, and
partially active) of the full-length
receptor have been discovered with a
combination of cysteine cross-linking,
alanine-scanning mutagenesis, and com-
putational simulations [53]. The active
interface between dimerized TMDs differs
from the inactive interface by a rotation of
~100°. Similarly, a transmembrane rota-
tion of 40° that leads to constitutive
activation of NPRA has been elucidated
by sequentially replacing nine residues
with cysteine and by introducing one to
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five alanine residues into the receptor
transmembrane a-helix [96].

Structural analysis of EphA2 TMD
dimers in lipid bicelles using solution
NMR found that there are two states, left-
handed, parallel-packed, and right-
handed, dimeric structures, suggesting
a rotation-coupled (60°, average) activa-
tion mechanism during EphA2 signal-
ing [41]. Indeed, site-directed
mutagenesis of TMD of full-length EphA2
suggests that the TMD domains interact
in two different ways, corresponding to
inactive and active receptor states,
respectively, as a mechanism underlying
EphA2 signal transduction [97]. When
EphA1 TMD dimers in lipid bilayers were
analyzed with a multiscale approach,
combining coarse-grain and atomistic
molecular dynamics simulations, it was
found that the interaction of transmem-
brane helices in EphA1l dimers may be
intrinsically flexible enough to accom-
modate two states involving helix rota-
tions about theirlong axes [98]. Similarly,
NMR revealed that vascular endothelial
growth factor receptor 2 (VEGFR2) TMD

)

Flexible

0% %% %%

Less flexible

=

helices in activated constructs were
rotated by 180° relative to the interface
of the wild-type conformation [99].

TMD rotations as a common
mechanism underlying
transmembrane signaling by
cell-surface receptors?

As described above, transmembrane
signaling by a variety of cell-surface
receptors may be regulated by bound
ligand through a common mechanism, in
which ligand binding to receptor ECDs
induces their TMD rotation, thereby
regulating ICD activity (the “rotation
model,” Fig. 1). Conformational changes
of ECD dimers induced by ligand binding
are likely to induce a rotation of the
receptor TMDs, resulting in rearrange-
ment of the ICDs. As observed in EGFR
[9, 10], structures of receptor ECDs and
ICDs are flexible and less flexible,
respectively, prior to ligand binding.
Ligand binding is likely to stabilize the
flexible ECDs. The resulting

Less flexible

Flexible

I

Figure 1. “Rotation model” of transmembrane signaling mediated by cell-surface receptors.
Prior to ligand binding, receptors exist in dimeric form on the cell surface. The ICD dimer has
a relatively stable structure while the ligand-binding ECD dimer has a rotationally flexible
structure. Ligand binding stabilizes the flexible ECDs and induces conformational changes of
the domains. This extracellular conformational change in turn induces or allows a rotation of
the TMDs, which rearranges the ICDs, making them flexible for activation and/or interaction
with other cytoplasmic proteins. Rotation of TMDs occurs together with changes in

interhelical crossing angles and distances.

964

Insights & Perspectives | |

conformational changes of the ECDs
induce a rotation of the TMDs, which
makes theICDs less stable and rearranges
the domains. TMD rotations occur
together with changes in interhelical
crossing angles and distances, as
observed in an NMR study of the EphA2
TMD [41]. In addition to TMD rotations,
indeed, such interhelical crossing angles
and distances are also crucial for activa-
tion of GHR and EGFR [100, 101]. During
transmembrane signaling mediated by
cell-surface receptors, TMD rotations
would be energetically favorable in
comparison to TMD’s lateral movement
against thelipid bilayer barrier, proposed
by the ligand-induced dimerization
model. The “rotation model” may also
explain not only outside-in but also
inside-out signaling mechanisms. During
inside-out signaling, conformational
changes of receptor ICDs induced by
cytoplasmic factor(s) may stabilize ICD
flexibility, and may induce TMD rotations
opposite in direction to those of outside-
in signaling, as observed in atomistic
molecular dynamics simulation of
GHR [95]. This counter rotation of TMDs
may induce flexibility of ECDs, and may
release ligand from the domains.

To test the model, it is necessary to
analyze structures of full-length
receptors in the presence and absence
of bound ligand, since the receptor
extracellular juxtamembrane regions,
TMD and ICD, seem to play crucial roles
in dimer formation [10, 18]. Further-
more, the dimeric receptor structures
are very unstable outside of the mem-
brane. Therefore, structures should be
determined in the membrane, intact or
artificial. Cryo-electron  tomogra-
phy [102] may be suited for experiments
in cases in which large conformational
changes, like those observed in EGFR,
are expected. Various conformational
structures of ECD dimers with a rela-
tively stable ICD dimer may be observed
prior to ligand binding. In the presence
of bound ligand, in contrast, a relatively
stable structure of ECD dimers with
various conformational variables of ICD
dimers may be observed.

Conclusions and outlook
It has traditionally been thought that

transmembrane, cell-surface receptors
are activated by ligand-induced

Bioessays 37: 959-967, © 2015 The Author. BioEssays published by WILEY Periodicals, Inc.
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dimerization of the receptors. As we have
seen, however, many receptors exist in
constitutively dimeric form prior to
ligand binding. The number of preformed
dimeric receptors is likely to increase in
the near future. If receptor tyrosine
kinases and cytokine receptors exist as
monomers, it would be harmful to cells
because random collisions of receptor
monomers on the cell surface could
accidentally activate them in the absence
of ligand. Under evolutionary pressure,
cell-surface expression of receptor mono-
mers might have disappeared from trans-
membrane signaling processes. There is
also growing evidence that a common
molecular mechanism, TMD rotations
about their long axes, regulates activity
of dimeric receptors. This mechanism
nicely explains not only outside-in trans-
membrane signaling, but also inside-out
signaling. TMD rotations for regulation of
receptors present new opportunities for
design of antagonists and agonists as
pharmaceuticals.

Acknowledgments

The author is grateful to Charlotte
Fournier and Takashi Yonetani for their
invaluable comments on the paper, and
Hitomi Ohtaki for assisting in drawing
the figure. I also thank my laboratory
members for their critical reading of the
paper. This work was partly supported
by funding to the Information Process-
ing Biology Unit from the Okinawa
Institute of Science and Technology
Graduate University, Okinawa, Japan.

The author has declared no conflicts of
interest.

References

1. Yarden Y, Schlessinger J. 1987. Epidermal
growth factor induces rapid, reversible
aggregation of the purified epidermal growth
factor receptor. Biochemistry 26: 1443-51.

2. Boni-Schnetzler M, Pilch PF. 1987. Mech-
anism of epidermal growth factor receptor
autophosphorylation and high-affinity bind-
ing. Proc Natl Acad Sci USA 84: 7832-6.

3. Cochet C, Kashles O, Chambaz EM,
Borrello |, et al. 1988. Demonstration of
epidermal growth factor-induced receptor
dimerization in living cells using a chemical
covalent cross-linking agent. J Biol Chem
263: 3290-5.

4. Endres NF, Barros T, Cantor AJ, Kuriyan
J. 2014. Emerging concepts in the regulation
of the EGF receptor and other receptor

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

tyrosine kinases. Trends Biochem Sci 39:
437-46.

. Lemmon MA, Schlessinger J, Ferguson

KM. 2014. The EGFR family: not so proto-
typical receptor tyrosine kinases. Cold
Spring Harb Perspect Biol 6: a020768.

. De Meyts P. 2015. Insulin/receptor binding:

the last piece of the puzzle? BioEssays 37:
389-97.

. Ward CW, Menting JG, Lawrence MC.

2013. The insulin receptor changes con-
formation in unforeseen ways on ligand
binding: sharpening the picture of insulin
receptor activation. BioEssays 35: 945-54.

. Blume-Jensen P, Hunter T. 2001. Onco-

genic kinase signaling. Nature 411: 355-65.

. Maruyama IN. 2014. Mechanisms of acti-

vation of receptor tyrosine kinases: mono-
mers or dimers. Cells 3: 304-30.

Moriki T, Maruyama H, Maruyama IN.
2001. Activation of preformed EGF receptor
dimers by ligand-induced rotation of the
transmembrane domain. J Mol Biol 311:
1011-26.

Martin-Fernandez M, Clarke DT, Tobin
MJ, Jones SV, et al. 2002. Preformed
oligomeric epidermal growth factor recep-
tors undergo an ectodomain structure
change during signaling. Biophys J 82:
2415-27.

Clayton AH, Walker F, Orchard SG,
Henderson C, et al. 2005. Ligand-induced
dimer-tetramer transition during the activa-
tion of the cell surface epidermal growth
factor receptor-A multidimensional micro-
scopy analysis. J Biol Chem 280: 30392-9.
Liu P, Sudhaharan T, Koh RM, Hwang LC,
et al. 2007. Investigation of the dimerization
of proteins from the epidermal growth factor
receptor family by single wavelength fluo-
rescence cross-correlation spectroscopy.
Biophys J 93: 684-98.

Bader AN, Hofman EG, Voortman J, En
Henegouwen PM, et al. 2009. Homo-FRET
imaging enables quantification of protein
cluster sizes with subcellular resolution.
Biophys J 97: 2613-22.

Saffarian S, Li Y, Elson EL, Pike LJ. 2007.
Oligomerization of the EGF receptor inves-
tigated by live cell fluorescence intensity
distribution analysis. Biophys J 93: 1021-31.
Ma X, Ahmed S, Wohland T. 2011. EGFR
activation monitored by SW-FCCS in live
cells. Front Biosci (Elite Ed.) 3: 22-32.
TeramuraY, Ichinose J, Takagi H, Nishida
K, et al. 2006. Single-molecule analysis of
epidermal growth factor binding on the
surface of living cells. EMBO J 25: 4215-22.
Tao RH, Maruyama IN. 2008. All EGF(ErbB)
receptors have preformed homo- and
heterodimeric structures in living cells.
J Cell Sci 121: 3207-17.

Yang KS, llagan MX, Piwnica-Worms D,
Pike LJ. 2009. Luciferase fragment com-
plementation imaging of conformational
changes in the epidermal growth factor
receptor. J Biol Chem 284: 7474-82.
Macdonald-Obermann JL, Piwnica-
Worms D, Pike LJ. 2012. Mechanics of
EGF receptor/ErbB2 kinase activation
revealed by luciferase fragment comple-
mentation imaging. Proc Nat/ Acad Sci USA
109: 137-42.

Macdonald-Obermann JL, Adak S,
Landgraf R, Piwnica-Worms D, et al.
2013. Dynamic analysis of the epidermal
growth factor (EGF) receptor-ErbB2-ErbB3

Bioessays 37: 959-967, © 2015 The Author. BioEssays published by WILEY Periodicals, Inc.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

I. N. Maruyama

protein network by luciferase fragment
complementation imaging. J Biol Chem
288: 30773-84.

Canals F. 1992. Signal transmission by
epidermal growth factor receptor: coinci-
dence of activation and dimerization.
Biochemistry 31: 4493-501.

Cormack BP, Valdivia RH, Falkow S. 1996.
FACS-optimized mutants of the green fluo-
rescent protein (GFP). Gene 173: 33-8.
Tsien RY. 1998. The green fluorescent
protein. Annu Rev Biochem 67: 509-44.
Nagai T, Ibata K, Park ES, Kubota M, et al.
2002. A variant of yellow fluorescent protein
with fast and efficient maturation for cell-
biological applications. Nat Biotechnol 20:
87-90.

Lu C, Mi LZ, Grey MJ, Zhu J, et al. 2010.
Structural evidence for loose linkage
between ligand binding and kinase activa-
tion in the epidermal growth factor receptor.
Mol Cell Biol 30: 5432-43.

Burke CL, Stern DF. 1998. Activation of
Neu (ErbB-2) mediated by disulfide bond-
induced dimerization reveals a receptor
tyrosine kinase dimer interface. Mol Cell
Biol 18: 5371-9.

Shen J, Maruyama IN. 2011. Nerve growth
factor receptor TrkA exists as a preformed,
yet inactive, dimer in living cells. FEBS Lett
585: 295-9.

Shen J, Maruyama IN. 2012. Brain-derived
neurotrophic factor receptor TrkB exists as a
preformed dimer in living cells. J Mol Sign 7:
2.

Vilar M, Charalampopoulos |, Kenchappa
RS, Simi A, et al. 2009. Activation of the p75
neurotrophin receptor through conforma-
tional rearrangement of disulphide-linked
receptor dimers. Neuron 62: 72-83.

Deyev IE, Sohet F, Vassilenko KP, Serova
OV, et al. 2011. Insulin receptor-related
receptor as an extracellular alkali sensor.
Cell Metab 13: 679-89.

Massague J, Pilch PF, Czech MP. 1980.
Electrophoretic resolution of three major
insulin receptor structures with unique sub-
unit stoichiometries. Proc Natl Acad Sci USA
77: 7137-41.

Zhang B, Roth RA. 1992. The insulin
receptor-related receptor. Tissue expres-
sion, ligand binding specificity, and signaling
capabilities. J Biol Chem 267: 18320-8.
Moxham CP, Duronio V, Jacobs S. 1989.
Insulin-like growth factor | receptor beta-
subunit heterogeneity. Evidence for hybrid
tetramers composed of insulin-like growth
factor | and insulin receptor heterodimers.
J Biol Chem 264: 13238-44.

Soos MA, Siddle K. 1989. Immunological
relationships between receptors for insulin
and insulin-like growth factor I. Evidence for
structural heterogeneity of insulin-like
growth factor | receptors involving hybrids
with insulin receptors. Biochem J 263:
553-63.

Bush JO, Soriano P. 2012. Eph/ephrin
signaling: genetic, phosphoproteomic, and
transcriptomic approaches. Semin Cell Dev
Biol 23: 26-34.

Wimmer-Kleikamp SH, Janes PW, Squire
A, Bastiaens PI, et al. 2004. Recruitment of
Eph receptors into signaling clusters does
not require ephrin contact. J Cell Biol 164:
661-6.

Seiradake E, Harlos K, Sutton G, Aricescu
AR, et al. 2010. An extracellular steric

965

L
<
O
o
—+
>
®
7
®
(77



(/)]
()
n
()
L
)
(o]
o
>
I

39.

40.

4.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

966

. Maruyama

seeding mechanism for Eph-ephrin signal-
ing platform assembly. Nat Struct Mol Biol
17: 398-402.

Himanen JP, Yermekbayeva L, Janes PW,
Walker JR, et al. 2010. Architecture of Eph
receptor clusters. Proc Natl Acad Sci USA
107: 10860-5.

Bocharov EV, Mayzel ML, Volynsky PE,
Goncharuk MV, et al. 2008. Spatial struc-
ture and pH-dependent conformational
diversity of dimeric transmembrane domain
of the receptor tyrosine kinase Eph A1. J Biol
Chem 283: 29385-95.

Bocharov EV, Mayzel ML, Volynsky PE,
Mineev KS, et al. 2010. Left-handed dimer
of EphA2 transmembrane domain: helix
packing diversity among receptor tyrosine
kinases. Biophys J 98: 881-9.

Dietz MS, Hasse D, Ferraris DM, Gohler A,
et al. 2013. Single-molecule photobleaching
reveals increased MET receptor dimeriza-
tion upon ligand binding in intact cells. BMC
Biophys 6: 6.

Sarabipour S, Hristova K. 2013. FGFR3
transmembrane domain interactions persist
in the presence of its extracellular domain.
Biophys J 105: 165-71.

Liongue C, Ward AC. 2007. Evolution of
Class | cytokine receptors. BMC Evol Biol 7:
120.

Langer JA, Cutrone EC, Kotenko S. 2004.
The Class Il cytokine receptor (CRF2) family:
overview and patterns of receptor-ligand
interactions. Cytokine Growth Factor Rev
15: 33-48.

Argetsinger LS, Campbell GS, Yang X,
Witthuhn BA, et al. 1993. Identification of
JAK2 as a growth hormone receptor-asso-
ciated tyrosine kinase. Cell 74: 237-44.
Cunningham BC, Ultsch M, De Vos AM,
Mulkerrin MG, et al. 1991. Dimerization of
the extracellular domain of the human
growth hormone receptor by a single
hormone molecule. Science 254: 821-5.
Ross RJ, Leung KC, Maamra M, Bennett
W, et al. 2001. Binding and functional
studies with the growth hormone receptor
antagonist, B2036-PEG (pegvisomant),
reveal effects of pegylation and evidence
that it binds to a receptor dimer. J Clin
Endocrinol Metab 86: 1716-23.

Gent J, van Kerkhof P, Roza M, Bu G, et al.
2002. Ligand-independent growth hormone
receptor dimerization occurs in the endo-
plasmic reticulum and is required for ubig-
uitin system-dependent endocytosis. Proc
Natl Acad Sci USA 99: 9858-63.
Constantinescu SN, Keren T, Socolovsky
M, Nam H, et al. 2001. Ligand-independent
oligomerization of cell-surface erythropoie-
tin receptor is mediated by the transmem-
brane domain. Proc Nat/ Acad Sci USA 98:
4379-84.

Livnah O, Stura EA, Middleton SA, John-
son DL, et al. 1999. Crystallographic
evidence for preformed dimers of erythro-
poietin receptor before ligand activation.
Science 283: 987-90.

Gadd SL, Clevenger CV. 2006. Ligand-
independent dimerization of the human
prolactin receptor isoforms: functional impli-
cations. Mol Endocrinol 20: 2734-46.
Matthews EE, Thevenin D, Rogers JM,
Gotow L, et al. 2011. Thrombopoietin
receptor activation: transmembrane helix
dimerization, rotation, and allosteric modu-
lation. FASEB J 25: 2234-44.

54.

55.

56.

57.

58.

59.

60.

62.

63.

65.

66.

67.

68.

69.

Peelman F, Zabeau L, Moharana K,
Savvides SN, et al. 2014. 20 years of leptin:
insights into signaling assemblies of the
leptin receptor. J Endocrinol 223: T9-T23.
Nakashima K, Narazaki M, Taga T. 1997.
Leptin receptor (OB-R) oligomerizes with
itself but not with its closely related cytokine
signal transducer gp130. FEBS Lett 403:
79-82.

Couturier C, Jockers R. 2003. Activation of
the leptin receptor by a ligand-induced

conformational change of constitutive
receptor dimers. J Biol Chem 278:
26604-11.

Biener E, Charlier M, Ramanujan VK,
Daniel N, et al. 2005. Quantitative FRET
imaging of leptin receptor oligomerization
kinetics in single cells. Biol Cell 97: 905-19.
Chua AO, Chizzonite R, Desai BB, Truitt
TP, et al. 1994. Expression cloning of a
human IL-12 receptor component. A new
member of the cytokine receptor super-
family with strong homology to gp130.
J Immunol 153: 128-36.

Garbers C, Aparicio-Siegmund S, Rose-
John S. 2015. The IL-6/gp130/STAT3 signal-
ing axis: recent advances towards specific
inhibition. Curr Opin Immunol 34: 75-82.
Schuster B, Meinert W, Rose-John S,
Kallen KJ. 2003. The human interleukin-6
(IL-6) receptor exists as a preformed dimer
in the plasma membrane. FEBS Lett 538:
113-6.

. Puimege L, Libert C, Van Hauwermeiren

F. 2014. Regulation and dysregulation of
tumor necrosis factor receptor-1. Cytokine
Growth Factor Rev 25: 285-300.

Chan FK, Chun HJ, Zheng L, Siegel RM,
et al. 2000. A domain in TNF receptors that
mediates  ligand-independent  receptor
assembly and signaling. Science 288:
2351-4.

Latz E, Verma A, Visintin A, Gong M, et al.
2007. Ligand-induced = conformational
changes allosterically activate Toll-like
receptor 9. Nat Immunol 8: 772-9.

. Ogawa H, Qiu Y, Ogata CM, Misono KS.

2004. Crystal structure of hormone-bound
atrial natriuretic peptide receptor extracel-
lular domain: rotation mechanism for trans-
membrane signal transduction. J Biol Chem
279: 28625-31.

Murayama T, Takayama J, Fujiwara M,
Maruyama IN. 2013. Environmental alkalin-
ity sensing mediated by the transmembrane
guanylyl cyclase GCY-14 in C. elegans. Curr
Biol 23: 1007-12.

CobretL, De Tauzia ML, Ferent J, Traiffort
E, et al. 2015. Targeting the cis-dimerization
of LINGO-1 with low MW compounds
affects its downstream signaling. Br J
Pharmacol 172: 841-56.

Milligan DL, Koshland DE, Jr. 1988. Site-
directed cross-linking. Establishing the
dimeric structure of the aspartate receptor
of bacterial chemotaxis. J Biol Chem 263:
6268-75.

Lin LN, Li J, Brandts JF, Weis RM. 1994.
The serine receptor of bacterial chemotaxis
exhibits half-site saturation for serine bind-
ing. Biochemistry 33: 6564-70.

Khorchid A, Inouye M, lkura M. 2005.
Structural characterization of Escherichia
coli sensor histidine kinase EnvZ: the
periplasmic C-terminal core domain is
critical for homodimerization. Biochem J
385: 255-64.

Insights & Perspectives | |

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Riedel H, Dull TJ, Schlessinger J, Ullrich
A. 1986. A chimaeric receptor allows insulin
to stimulate tyrosine kinase activity of
epidermal growth factor receptor. Nature
324: 68-70.

Riedel H, Dull TJ, Honegger AM,
Schlessinger J, et al. 1989. Cytoplasmic
domains determine signal specificity, cellu-
lar routing characteristics and influence
ligand binding of epidermal growth factor
and insulin receptors. EMBO J 8: 2943-54.
Ballotti R, Lammers R, Scimeca JC, Dull
T, et al. 1989. Intermolecular transphos-
phorylation between insulin receptors and
EGF-insulin receptor chimera. EMBO J 8:
3303-9.

Moe GR, Bollag GE, Koshland DE, Jr.
1989. Transmembrane signaling by a chi-
mera of the Escherichia coli aspartate
receptor and the human insulin receptor.
Proc Natl Acad Sci USA 86: 5683-7.
Maruyama IN, Mikawa YG, Maruyama HI.
1995. A model for transmembrane signalling
by the aspartate receptor based on random-
cassette mutagenesis and site-directed
disulfide cross-linking. J Mol Biol 253:
530-46.

Chervitz SA, Falke JJ. 1996. Molecular
mechanism of transmembrane signaling by
the aspartate receptor: a model. Proc Nat/
Acad Sci USA 93: 2545-50.

Ottemann KM, Xiao W, Shin YK, Koshland
DE, Jr. 1999. A piston model for trans-
membrane signaling of the aspartate recep-
tor. Science 285: 1751-4.

Milburn MV, Prive GG, Milligan DL, Scott
WG, et al. 1991. Three-dimensional struc-
tures of the ligand-binding domain of the
bacterial aspartate receptor with and with-
out a ligand. Science 254: 1342-7.

Kim SH, Wang W, Kim KK. 2002. Dynamic
and clustering model of bacterial chemo-
taxis receptors: structural basis for signaling
and high sensitivity. Proc Nat/ Acad Sci USA
99: 11611-5.

Ferris HU, Zeth K, Hulko M, Dunin-
Horkawicz S, et al. 2014. Axial helix rotation
as a mechanism for signal regulation inferred
from the crystallographic analysis of the E.
coli serine chemoreceptor. J Struct Biol 186:
349-56.

Fleishman SJ, Schlessinger J, Ben-Tal N.
2002. A putative molecular-activation switch
in the transmembrane domain of erb B2.
Proc Natl Acad Sci USA 99: 15937-40.
McKern NM, Lawrence MC, Streltsov VA,
Lou MZ, et al. 2006. Structure of the insulin
receptor ectodomain reveals a folded-over
conformation. Nature 443: 218-21.

Smith BJ, Huang K, Kong G, Chan SJ,
et al. 2010. Structural resolution of a tandem
hormone-binding element in the insulin
receptor and its implications for design of
peptide agonists. Proc Natl Acad Sci USA
107: 6771-6.

Menting JG, Whittaker J, Margetts MB,
Whittaker LJ, et al. 2013. How insulin
engages its primary binding site on the
insulin receptor. Nature 493: 241-5.
Renteria ME, Gandhi NS, Vinuesa P,
Helmerhorst E, et al. 2008. A comparative
structural bioinformatics analysis of the insulin
receptor family ectodomain based on phylo-
genetic information. PLoS One 3: e3667.
Whitten AE, Smith BJ, Menting JG,
Margetts MB, et al. 2009. Solution structure
of ectodomains of the insulin receptor

Bioessays 37: 959-967, © 2015 The Author. BioEssays published by WILEY Periodicals, Inc.



86.

87.

88.

89.

90.

1.

B Insights & Perspectives

family: the ectodomain of the type 1 insulin-
like growth factor receptor displays asym-
metry of ligand binding accompanied by
limited conformational change. J Mol Biol
394: 878-92.

Kavran JM, McCabe JM, Byrne PO,
Connacher MK, et al. 2014. How IGF-1
activates its receptor. eLife 3: e03772.
Moscatello DK, Montgomery RB,
Sundareshan P, McDanel H, et al. 1996.
Transformational and altered signal trans-
duction by a naturally occurring mutant EGF
receptor. Oncogene 13: 85-96.

Munshi S, Kornienko M, Hall DL, Reid JC,
et al. 2002. Crystal structure of the Apo,
unactivated insulin-like growth factor-1
receptor kinase. Implication for inhibitor
specificity. J Biol Chem 277: 38797-802.
Lee J, Miyazaki M, Romeo GR, Shoelson
SE. 2014. Insulin receptor activation with
transmembrane domain ligands. J Biol
Chem 289: 19769-77.

Remy |, Wilson IA, Michnick SW. 1999.
Erythropoietin receptor activation by a
ligand-induced  conformation  change.
Science 283: 990-3.

Lu X, Gross AW, Lodish HF. 2006. Active
conformation of the erythropoietin receptor:
random and cysteine-scanning

93.

94.

95.

96.

97.

mutagenesis of the extracellular juxtamem-
brane and transmembrane domains. J Biol
Chem 281: 7002-11.

. Seubert N, Royer Y, Staerk J, Kubatzky

KF, et al. 2003. Active and inactive orienta-
tions of the transmembrane and cytosolic
domains of the erythropoietin receptor
dimer. Mol Cell 12: 1239-50.

Brown RJ, Adams JJ, Pelekanos RA, Wan
Y, et al. 2005. Model for growth hormone
receptor activation based on subunit rota-
tion within a receptor dimer. Nat Struct Mol
Biol 12: 814-21.

Brooks AJ, Wooh JW, Tunny KA, Waters
MJ. 2008. Growth hormone receptor; mech-
anism of action. Int J Biochem Cell Biol 40:
1984-9.

Poger D, Mark AE. 2010. Turning the
growth hormone receptor on: evidence that
hormone binding induces subunit rotation.
Proteins 78: 1163-74.

Parat M, Blanchet J, De Lean A. 2010. Role
of juxtamembrane and transmembrane
domains in the mechanism of natriuretic
peptide receptor A activation. Biochemistry
49: 4601-10.

Sharonov GV, Bocharov EV, Kolosov PM,
Astapova MV, et al. 2014. Point mutations in
dimerization motifs of the transmembrane

Bioessays 37: 959-967, © 2015 The Author. BioEssays published by WILEY Periodicals, Inc.

98.

99.

100.

101.

102.

I. N. Maruyama

domain stabilize active or inactive state of
the EphA2 receptor tyrosine kinase. J Biol
Chem 289: 14955-64.

Chavent M, Chetwynd AP, Stansfeld PJ,
Sansom MS. 2014. Dimerization of the
EphA1 receptor tyrosine kinase transmem-
brane domain: insights into the mechanism
of receptor activation. Biochemistry 53:
6641-52.

Manni S, Mineev KS, Usmanova D,
Lyukmanova EN, et al. 2014. Structural
and functional characterization of alternative
transmembrane domain conformations in
VEGF receptor 2 activation. Structure 22:
1077-89.

Brooks AJ, Dai W, O’Mara ML,
Abankwa D, et al. 2014. Mechanism of
activation of protein kinase JAK2 by the
growth hormone receptor. Science 344:
1249783.

Endres NF, Das R, Smith AW, Arkhipov
A, et al. 2013. Conformational coupling
across the plasma membrane in activa-
tion of the EGF receptor. Cell 152:
543-56.

Harapin J, Eibauer M, Medalia O. 2013.
Structural analysis of supramolecular
assemblies by cryo-electron tomography.
Structure 21: 1522-30.

967

L
<
O
o
—+
>
®
7
®
(77



