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ABSTRACT Receptor tyrosine kinases remain dormant
until activated by ligand binding to the extracellular domain.
Two mechanisms have been proposed for kinase activation: (i)
ligand binding to the external domain of a receptor monomer
may induce a conformational change that is transmitted across
the cell membrane (intramolecular model) or (ii) the ligand
may facilitate oligomerization, thereby allowing interactions
between the juxtaposed kinase domains (intermolecular mod-
el). The receptor for colony-stimulating factor 1 was used to test
these models. Large insertions at the junction between the
external and transmembrane domains of the receptor, intro-
duced by site-directed mutagenesis of the cDNA, were posi-
tioned to isolate the external domain and prevent transmem-
brane conformational propagation while allowing for receptor
oligomerization. Such mutant receptors were expressed on the
cell surface, bound ligand with high affinity, exhibited ligand-
stimulated autophosphorylation, and signaled mitogenesis and
cellular proliferation in the presence of ligand. A second
experimental strategy directly tested the intermolecular model
of ligand activation. A hybrid receptor composed of the exter-
nal domain of human glycophorin A and the transmembrane
and cytoplasmic domains of the colony-stimulating factor 1
receptor exhibited anti-glycophorin antibody-induced kinase
activity that supported mitogenesis. Our data strongly support
a mechanism of receptor activation based on ligand-induced
receptor oligomerization.

Growth factor receptors such as those for insulin, epidermal
growth factor (EGF), platelet-derived growth factor (PDGF),
and colony-stimulating factor 1 (CSF-1) are integral mem-
brane glycoproteins sharing a number of common structural
features, including an extracellular ligand-binding domain, a
stretch of 20-30 hydrophobic amino acids presumed to span
the membrane once, and a large intracellular domain with
canonical sequences characteristic of an ATP catalytic site
(1). In the normal cell, activation of the enzymatic function
results only from binding of the appropriate growth factor.
Recent studies have demonstrated dimer formation for the
EGF (2-5) and PDGF (6-8) receptors, although the causal
relationship between receptor oligomerization and kinase
activation in the intact cell has not been established. In
addition, some observations suggest that kinase activation
can occur in the absence of oligomerization (9-11). Whatever
the activation mechanism may be, ligand binding initiates a
cascade of events beginning with receptor autophosphoryla-
tion and phosphorylation of intracellular substrates, culmi-
nating in DNA synthesis and cell division.
Two models can describe the mechanism of kinase acti-

vation by ligand binding: an intramolecular or an intermo-
lecular process (2, 12). In the simplest type of intramolecular
model, a single receptor monomer constitutes a fully func-

tional independent transducing unit, and ligand binding ac-
tivates the kinase function by transmitting a conformational
signal across the transmembrane domain. In the simplest type
of intermolecular model, ligand binding facilitates oligomer-
ization and, by allowing critical interactions such as
transphosphorylation (13, 14) to occur between the juxta-
posed cytoplasmic domains, results in kinase activation. We
have directly tested these two models in intact cells using the
CSF-1 receptor (CSF-1R), encoded by the protooncogene
c-fms (15). CSF-1R is a transmembrane protein of molecular
weight ca. 160,000 expressed on cells of the monocyte/
macrophage lineage and on placental trophoblasts. Our re-
sults strongly support ligand-induced oligomerization as the
mechanism for kinase activation in CSF-1R.

MATERIALS AND METHODS
cDNA Cloning and Plasmid Constructions. A 600-base-pair

fragment derived from the 5' end of a partial murine CSF-1R
cDNA clone (P. Browning, E. Feingold, A.W.L., and
A.W.N., unpublished data) was used to screen a murine
B-cell cDNA library (16), yielding a single 3.7-kilobase clone.
Sequencing established that this clone encoded only amino
acids 17-977 of the published sequence (17). A synthetic
oligonucleotide was used to complete the coding region
including the entire published signal peptide. Site-directed
mutagenesis (Amersham kit) was used to create an Ava I site
at nucleotide 1602 in M13mpl9 that converted GAT (Asp-
509) to GAG (Glu). Oligonucleotides encoding the helix or
polyglycine sequences were synthesized with Ava I ends,
inserted into this site, and confirmed by DNA sequencing. To
construct the hybrid receptor between human glycophorin A
(GpA) and CSF-1R, a two-step polymerase chain reaction
procedure (18) was utilized, the details of which are available
upon request. The final plasmid contained the coding se-
quence for the entire external region ofGpA (a 19-amino acid
signal peptide and a 72-amino acid extracellular domain) and
the transmembrane and cytoplasmic domains of CSF-1R, a
total of 558 amino acids. To obtain an intact GpA cDNA
necessary as a negative control, the codons for the missing
carboxyl-terminal 5 amino acids (19) were filled in by poly-
merase chain reaction. All amplified segments were se-
quenced in their entirety.

Cellular Expression. For the insertional mutants, the re-
ceptor genes were cloned into XM6-Neo, an N2-type (20)
retroviral vector containing a modified neomycin-resistance
gene (21), and qf-2 retroviral producer clones were obtained
by standard techniques (22). These clones were analyzed for
protein expression by saturation binding (4°C) to 1251I-labeled
human CSF-1 (Genetics Institute). Producer clones were
used to infect 32D cells (23), an interleukin 3 (IL-3)-
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dependent murine myeloid cell line devoid ofCSF-1R mRNA
by Northern analysis (data not shown). G418-resistant 32D
clones were isolated from methylcellulose-containing me-
dium and analyzed by the saturation binding assay. For the
wild-type GpA and the GpA-CSF-lR hybrid, the cDNAs
were cloned into a myeloproliferative sarcoma virus-based
retroviral vector, pM5G-Neo (24). Linearized plasmid DNA
was tranfected into 32D cells by electroporation and individ-
ual G418-resistant clones were isolated from methylcellulose.
The clones expressing the highest levels of GpA or GPA-
CSF-1R were identified by fluorescence-activated cell sorter
(Coulter) analysis with an anti-GpA monoclonal antibody,
6A7 (25).

Scatchard Analysis. Purified recombinant CSF-1 (10 pug)
was iodinated using 1 mCi (37 MBq) of 1251I-labeled Bolton-
Hunter reagent (NEN). Specific activity determined by self-
displacement (26) varied between 1.4 and 3.9 x 107 cpm/,ug.
Measurements were made after 16 hr of incubation at 4°C.
Data were analyzed with the program LIGAND (27).

Metabolic Labeling and Stimulation with CSF-1 or Anti-
GpA Antiserum. 32D cells (1-2 x 107) were incubated with
[35S]methionine (Amersham) at 100-200 uCi/ml for 4 hr at
37°C. In pulse-chase experiments, cells were incubated with
[35S]methionine for 20 min and then incubated in complete
medium containing 2 mM L-methionine with or without 10
nM CSF-1 for the indicated lengths of time. For labeling with
[32P]orthophosphate, 1-2 x 107 32D cells or confluent 10-
cm dishes of f-2 cells were incubated with [32P]orthophos-
phate (Amersham) at 0.5 mCi/ml for 2 hr at 37°C. In phos-
phorylation experiments examining the effects of CSF-1
addition, ligand was added at 10 nM to half of the samples for
5 min at 37°C prior to rapid quenching with ice-cold phos-
phate-buffered saline. In experiments with anti-GpA stimu-
lation, rabbit antiserum (28) was added at a dilution of 1:100
and the cells were incubated for an additional 15 min at 37°C
before quenching.

Immunoprecipitations. A rabbit anti-Fms antiserum,
R4B15 (15), was added to total cell lysates at a dilution of
1:500 and immune complexes were precipitated with protein
A-Sepharose (Pharmacia). Immunoprecipitation with 1G2
(29), an anti-phosphotyrosine antibody conjugated to agarose
beads (Oncogene Science), was performed according to the
manufacturer's protocol. Immune complexes were eluted
with 1 mM phenyl phosphate. For double immunoprecipita-
tions, cell lysates were first incubated with 1G2, eluted with
phenyl phosphate, and then incubated with R4B15 and pro-
tein A-Sepharose. Immunoprecipitates were electrophoreti-
cally separated in either 7% linear or 5-15% gradient SDS/
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polyacrylamide gels. Two-dimensional phospho amino acid
analysis was performed as described (30).

[3H]Thymidine Incorporation. 32D cells were incubated in
the appropriate medium for 18 hr at 37°C and then for an
additional 4 hr with 1 ,uCi of [3H]thymidine (NEN) per
sample, after which the cells were harvested onto glass-fiber
filters. In competition experiments, purified glycophorin
(G5017, Sigma) was incubated with anti-GpA antiserum on
ice for 1 hr prior to incubation with cells.

Proliferation Assay. 32D cells were plated in methylcellu-
lose medium with 10o fetal bovine serum at 300 or 1000 cells
per dish and were examined for colony formation under
various conditions.

RESULTS
Insertional Mutants Are Expressed on the Cell Surface and

Exhibit Normal CSF-1 Binding. Two types of insertional
sequences were utilized. The first consisted of a highly
charged segment of seven Glu-Ala repeating units (helix),
which, based on secondary-structure predictions, should
form 3.8 turns of an a-helix (31); the second were electrically
neutral segments of 6 or 12 glycines (Polygly6 or Polyglyl2,
respectively), predicted to assume a highly flexible config-
uration (31, 37) (Fig. LA). Scatchard analysis was performed
on intact cells and showed a single class of high-affinity sites
(Table 1). The binding constants for the different receptors
were very similar despite the inserted sequences in the
mutants, lending credence to the view that such receptors are
made of distinct structural and functional domains. In addi-
tion to normal binding, results of pulse-chase experiments
(data not shown) demonstrated that the biosynthesis and the
CSF-1-induced downregulation of the wild-type receptor and
the two types of mutant receptors followed parallel kinetics.

Insertional Mutants Demonstrate Intact Kinase Activity in
*-2 Cells. We metabolically labeled qi-2 clones with
[32P]orthophosphate and immunoprecipitated the lysates
with 1G2, an anti-phosphotyrosine antibody (Fig. 2). All
three mutants exhibited CSF-1-stimulated autophosphoryla-
tion. That the indicated band at 150 kDa was indeed CSF-1R
was confirmed in a separate experiment with R4B15, a rabbit
antiserum directed against the cytoplasmic domain of the
v-fms gene product (data not shown). The variation in
autophosphorylation should not be taken to reflect quantita-
tive differences in kinase activity between wild type and
mutants, since the precise number ofreceptors expressed per
cell was not determined for 4'-2 clones. Phospho amino acid
analysis of the receptor bands showed that both wild-type
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FIG. 1. Domain structure of in-
sertional mutants and GpA-CSF-lR
hybrid. (A) Insertional mutants. The
amino acid sequences of the three
insertions are given. They are just
proximal to the tripeptide Pro-Asp-
Glu that flanks the transmembrane
domain. (B) GpA-CSF-lR hybrid.
The signal peptide (SP) and the ex-
ternal domain (black reigon) origi-
nate from human GpA, while the
transmembrane (TM) and cytoplas-
mic domains are from CSF-1R.
Numbering below the bar refers to
GpA, and that above to CSF-1R.
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Table 1. 125I-CSF-1 binding parameters for 32D clones
expressing wild-type or mutant receptor

Receptors per cell,
Cell line no. x 10-4 Ka X 10-9, M-1
WT-1 1.3 ± 0.2 16.0 ± 9.0
WT-2 2.4 19.3

(17.5 ± 8.0)
Hx-1 3.3 ± 0.2 5.7 ± 0.7
Hx-2 8.6 8.0

(6.9 ± 1.2)
PG12-1 1.0 ± 0.1 8.7 ± 0.7
PG12-2 1.0 10.4

(9.6 ± 1.0)

Receptor numbers and affinity constants (Ka) were derived from
least-squares analysis of Scatchard data with the program LIGAND
(27). All experimental points were performed in duplicate. Nonspe-
cific binding, estimated in the presence of an at least 25-fold excess
of unlabeled CSF-1, was <5% of bound counts in all cases except at
concentrations >2 nM. For clone 1 of each receptor type, standard
deviations were determined from the results of two independent
experiments. Clones 1 and 2 were independently selected. Average
values for clones expressing wild-type receptors (WT), receptors
with the helix insertion (Hx), or receptors with the 12-glycine
insertion (PG12) are shown in parentheses.

and mutant CSF-lRs were phosphorylated on serines alone
in the basal state, and that phosphotyrosine appeared only
with CSF-1 stimulation (data not shown).

Insertional Mutants Show CSF-1-Stimulated DNA Synthesis
and Proliferation. Each measurement of [3H]thymidine in-
corporation (Fig. 3 Upper) was repeated at least once and for
two independently selected 32D clones per construct. In the
presence of CSF-1, parental 32D cells showed basal incor-
poration only, consistent with the absence of CSF-1R, al-
though IL-3 in the same cells had a profound mitogenic effect.
On the other hand, clones expressing either the wild-type or
a mutant receptor responded to CSF-1 with an incorporation
that was 75-90% of the IL-3-induced uptake, and could not
be distinguished from each other. The findings of the meth-
ylcellulose proliferation assay are in agreement (Fig. 3 Low-
er). In the absence of growth factors (row A), the colonies

412 WT-1 Hx-l PG6-1 PG12-1

±-+ -- ±-+t.-. +*W1I
Hx-2 PG 12-2

-;-CSF-1

- 200

-97

* r --~68

--43

FIG. 2. CSF-1-induced autophosphorylation of wild-type and
insertional mutant receptors in qi-2 cells. Cells were metabolically
labeled with [31P]orthophosphate, incubated in the absence (-) or
presence (+) of CSF-1, and then immunoprecipitated with 1G2, an
anti-phosphotyrosine antibody. The designations 1 and 2 refer to two
independently selected clones for the same construct. 4'-2, parental;
WT, wild type; Hx, helix; PG6, mutant with 6 glycines; PG12, mutant
with 12 glycines. WT-2 was analyzed in a separate experiment
side-by-side with WT-1 and showed half as much intensity. The
amount loaded per lane represents precipitated proteins in equal
aliquots of lysates from confluent 10-cm dishes, not normalized for
receptor content. The receptor band is indicated with an arrow.
Molecular size markers (200, 97, 68, and 43 kDa) are given at right.
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FIG. 3. (Upper) [3H]Thymidine incorporation in 32D cells ex-
pressing wild-type and insertional mutant receptors. Conditions:
bars A, regular medium; bars B, regular medium plus 3.4 nM CSF-1;
bars C, regular medium plus 10% WEHI conditioned medium (source
of murine IL-3). Results are given as percentages of the maximal
thymidine incorporation, which for all cells occurred with WEHI
conditioned medium. Each experimental point was performed in
triplicate. Error bars denote 1 SD from mean. (Lower) Proliferation
assay. Conditions: row A, regular medium; row B, regular medium
plus 26 nM CSF-1; row C, regular medium plus 10%1 WEHI condi-
tioned medium. Photographs were taken on day 9.

were very small, containing mostly dead cells. In contrast, in
the presence of CSF-1 (row B) or conditioned medium con-
taining IL-3 (row C) colonies expressing either wild-type or
mutant receptors were large, with hundreds of viable cells.
Anti-GpA Antibodies Stimulate the in Vivo Kinase Function

of GpA-CSF-lR Hybrid in 32D Cells. The organization of the
hybrid receptor is shown in Fig. 1B. The 32D clones express-
ing either the wild-type GpA (designated M or GlyM) or the
GpA-CSF-lR hybrid (designated BM or Glyfms BM) were
selected on the basis of their immunofluorescence intensity
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FIG. 4. Immunoprecipitation of wild-type GpA (M) and GpA-
CSF-1R (BM) from 32D clones. Cells were metabolically labeled with
[jP]orthophosphate and incubated in the absence (-) or presence
(+) of anti-GpA antiserum (AGpA). Immunoprecipitating (IP) anti-
body was R4B15 (anti-Fins) (A), 1G2 (anti-phosphotyrosine) (B), or
1G2 followed by R4B15 (C). Arrow indicates the hybrid receptor
band at 84 kDa.
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FIG. 5. [3H]Thymidine incorporation in 32D clones expressing
wild-type GpA (M) orGpA-CSF-IR hybrid (BM). (A) Titration effect
of anti-GpA antiserum. CONT., regular medium only; IL-3, regular
medium with 10%o WEHI conditioned medium; AGpA, serial dilu-
tions ofanti-GpA antiserum in medium. (B) Competitive inhibition by
exogenous GpA. CONT. and IL-3, as in A; AGpA, regular medium
with 1:200 dilution of anti-GpA antiserum. Presence (+) or absence
(-) of 0.32 AM GpA is indicated.

after staining with a monoclonal anti-GpA antibody (6A7) and
were found to have peak intensities almost equal to that ofthe
K562 human erythroleukemia cell line, which is known to
have 105-106 GpA molecules per cell (data not shown). A
polyclonal rabbit anti-GpA antiserum (28) was used to test
kinase function. Immunoprecipitations of 32P-labeled M and
BM cells incubated with (+ lanes) or without (- lanes)
anti-GpA antiserum are shown in Fig. 4. With R4B15 (anti-
Fms; Fig. 4A), a specific band at 84 kDa was seen in both the
- and + lanes. The predicted molecular mass after cleavage
of the signal peptide is 60 kDa; the difference presumably
comes from the addition of both O-linked (15 sites) and
N-linked (1 site) oligosaccharides and is close to that esti-
mated for GpA in K562 cells (33). With 1G2 (Fig. 4B), a band
at the same molecular mass was more prominent in the +
lane. A double immunoprecipitation was also performed (Fig.
4C), with 1G2 (anti-phosphotyrosine) followed by R4B15
(anti-Fms), and demonstrated unequivocally that the tyrosine
kinase function of the GpA-CSF-lR hybrid can be activated
by crosslinking with anti-GpA antibodies.
Anti-GpA Antibodies Induce a Mitogenic Response in the

GpA-CSF-1R Hybrid. A titration effect was seen with serial
dilutions of the anti-GpA antiserum (Fig. SA). At the highest
concentration tested, [3H]thymidine uptake was almost 5
times the basal level, compared to an 8.6-fold induction with
IL-3 in the same experiment. At 1:5000, induction was 75%
over basal. At the same time, the anti-GpA antiserum had no
effect on clone M, a 32D cell line expressing wild-type GpA
only (Fig. SA), or on the cell line expressing wild-type
CSF-1R (data not shown). The titration curve was deter-
mined in three separate experiments and for a second inde-
pendently selected M or BM clone, with similar results. The
mitogenic effect is specific for the anti-GpA antibodies pres-
ent in the antiserum since it was blocked by addition of
purified GpA (Fig. SB).

DISCUSSION

Our experiments were designed to address two specific
questions. The first is whether CSF-1R transduces the ligand-

binding signal by means of a conformational change propa-
gated across the transmembrane region. The helix and poly-
glycine mutants contained insertions that were large (6, 12,
and 14 amino acids) and heterogeneous in charge and sec-
ondary structural characteristics. To disrupt the intramolec-
ular activation pathway, these insertions had been introduced
at the junction between the extracellular ligand-binding and
transmembrane domains of CSF-1R. Hydropathy plots pre-
dict only a single transmembrane domain in the tyrosine
kinase receptors; both the external and the cytoplasmic
domains of several receptors have been synthesized in sol-
uble form by recombinant DNA techniques (34-36), thus
excluding the existence of other significant membrane bind-
ing regions. In the presence of these insertions, ligand-
induced conformational changes are unlikely to be transmit-
ted to the transmembrane domain, since, in the case of the
helix insertion, the energy cost of perturbing a thermody-
namically stable a-helix would be prohibitive, and in the case
of the polyglycine insertions, the flexible internal coordinates
would serve as an efficient shock absorber at little energy
cost. Our results show that both types of mutants are able to
function normally, exhibiting CSF-1-induced kinase activa-
tion followed by DNA synthesis and cell division. This
indicates that signal transduction in CSF-1R is not critically
dependent on the precise nature of the link between the
external and transmembrane domains. It is unlikely that our
insertions were ineffective in blocking the transmission of
ligand-induced conformational changes, in view of the many
examples where small insertions, deletions, or even single
amino acid substitutions can exert a detrimental effect if
introduced at critical regions. For example, many single
amino acid substitutions at the a1/,32 interface in hemoglobin
drastically reduce cooperativity (37), and in the EGF recep-
tor an insertion of 4 amino acids in the kinase domain renders
it biologically inactive (38).
The second question we addressed is the possibility that

juxtaposition of the kinase domains is a sufficient trigger for
activation. To this end, we constructed a hybrid where the
external domain of CSF-1R was replaced by the 72-amino
acid external domain of GpA, the major sialoglycoprotein
from the human erythrocyte membrane. GpA is a prototypic
type I membrane glycoprotein but bears no relation to
receptor tyrosine kinases. It appears to be a structural protein
in red cells with no role in signal transduction; anti-GpA
antibodies have no known effect on red-cell function (39, 40).
Thus the GpA-CSF-lR hybrid is unlike other reported chi-
meras involving portions of heterologous receptors and
should provide a simple system to test rigorously the
crosslinking effects ofanti-GpA antibodies. Our results show
that binding of anti-GpA induced both tyrosine autophos-
phorylation of the hybrid receptor and mitogenesis in 32D
cells. This mitogenic effect was (i) reproducibly seen with
different clones expressing the hybrid receptor, (ii) not seen
in 32D cells expressing only wild-type GpA, and (iii) inhibited
by addition of purified GpA. Since GpA itself bears no
structural similarity to CSF-1R, it is extremely unlikely that
anti-GpA binding resulted in a conformational change in the
external GpA domain that precisely mimicked any CSF-1-
induced change in the native CSF-1R. It should be noted that
a reasonably specific configuration ofthe receptor monomers
is likely to be necessary for kinase activation, since two
monoclonal antibodies that bind to GpA with high affinity
(25) could not effect productive crosslinking even when
second antibodies were added (data not shown). Our exper-
imental strategy utilized the external domain of a molecule
not involved in signal transduction, GpA. Our data most
clearly support a model in which ligand-induced receptor
oligomerization results in kinase activation. Similar conclu-
sions have been reached by others using anti-receptor anti-
bodies to activate native receptors (41, 42) or using chimeras

Biochemistry: Lee and Nienhuis
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between heterologous receptors. For example, anti-T11
(CD2) antibodies activated the kinase function of a hybrid
containing the external domain of the T11 antigen and the
transmembrane/cytoplasmic domains of CSF-1R (43). How-
ever, anti-T11 antibodies are known to activate T cells via the
T11 antigen. We believe that our studies on the GpA-CSF-lR
hybrid bypass such inherent difficulties.
The receptors recently characterized for other hematopoi-

etic growth factors (IL-3, IL-4, IL-6, IL-7, granulocyte/
macrophage-CSF, granulocyte-CSF, and erythropoietin)
lack sequences for any known enzymatic function in their
predicted amino acid structures. It has been proposed that
these receptors must interact with a second, different protein
for signal transduction (44). CSF-1R is unlikely to function in
this manner. It is a prototypic receptor tyrosine kinase (1) and
there is no evidence that such receptors require a different
protein for kinase activation. Many purified receptor tyrosine
kinases exhibit ligand-induced enzymatic activation in vitro.
Therefore, the most reasonable interpretation of our results
is that CSF-1R is activated via an intermolecular mechanism
involving oligomerization between identical receptor mono-
mers. This conclusion is further supported by the recent
finding that transphosphorylation between kinase-competent
and kinase-defective CSF-1R can occur (45), as has been
demonstrated previously for the EGF (13) and insulin/EGF
hybrid (14) receptors.
Can an oligomerization model for enzyme activation be

generalized to other members of the receptor tyrosine kinase
class? CSF-1 is a dimer and thus clearly capable of function-
ing as a crosslinking agent. Similarly, PDGF, as either a
homo- or a heterodimer, is also capable of inducing dimer-
ization or oligomerization of its receptor, a molecule very
similar in structure to CSF-1R. On the other hand, EGF is a
monomer, as is insulin. Furthermore, the insulin receptor
exists as an a2f82 disulfide-linked heterotetramer. For the
insulin receptor class, the simple model of intermolecular
activation may require modification. Contacts between indi-
vidual subunits could be important in kinase activation.
Ligand binding may alter intersubunit interactions (which
could involve any of the three domains) to facilitate closer
approximation of two or more receptor molecules, leading to
kinase activation. We cannot exclude the possibility that a
similar phenomenon occurs when CSF-1 binds to its recep-
tor. Indeed, transforming mutations within CSF-1R (47,48)
might mimic a conformational change usually achieved only
by ligand binding that favors oligomerization and thus lead to
constitutive kinase activation. The ability of CSF-1 to en-
hance the transforming ability of v-Fms (46), the viral analog
of CSF-1R, is consistent with the proposed model.
As noted, there are significant structural dissimilarities in

different receptor-ligand systems. Our data are only directly
applicable to CSF-1R. It may be of interest to make the type
of mutants described here for the EGF and insulin receptors
and test directly the role of conformational coupling between
the ligand-binding and transmembrane domains.
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