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Background: The nature of the FGFR1 signaling complex on the surface of living cells remains unclear.
Results: A TR-FRET-based method revealed a ligand-independent dimer formation of FGFR1 that is independent of the
cell-surface density.
Conclusion: FGFR1 constitutively forms ligand-independent dimers that are either stabilized or undergo conformational
changes in the presence of agonists.
Significance: These findings help explain the mechanistic basis of FGFR1 activation by ligands and pathogenic mutations.

Fibroblast growth factors receptors (FGFRs) are thought to
initiate intracellular signaling cascades upon ligand-induced
dimerization of the extracellular domain. Although the exist-
ence of unliganded FGFR1 dimers on the surface of living cells
has been proposed, this notion remains rather controversial.
Here, we employed time-resolved Förster resonance energy
transfer combined with SNAP- and ACP-tag labeling in COS7
cells to monitor dimerization of full-length FGFR1 at the cell-
surface with or without the coreceptor �Klotho. Using this
approach we observed homodimerization of unliganded FGFR1
that is independent of its surface density. The homo-interaction
signal observed for FGFR1 was indeed as robust as that obtained
for epidermal growth factor receptor (EGFR) and was further
increased by the addition of activating ligands or pathogenic
mutations. Mutational analysis indicated that the kinase and the
transmembrane domains, rather than the extracellular domain,
mediate the ligand-independent FGFR1 dimerization. In addi-
tion, we observed a formation of a higher order ligand-indepen-
dent complex by the c-spliced isoform of FGFR1 and �Klotho.
Collectively, our approach provides novel insights into the
assembly and dynamics of the full-length FGFRs on the cell
surface.

Fibroblast growth factor receptors (FGFRs)3 are a family of
structurally related bitopic membrane proteins belonging to
the receptor-tyrosine kinase (RTK) superfamily (1). Humans

possess 18 genes encoding structurally related FGF ligands and
4 genes encoding FGFRs (FGFR1– 4) (2– 4). FGFRs and FGFs
along with heparan sulfate proteoglycans play pivotal roles in
regulating tissue metabolism, cellular proliferation and differ-
entiation, and organismal development in metazoans by trans-
ducing cell-to-cell communication as well as long range tissue-
to-tissue communications (5, 6). The classical examples of
FGF/FGFR interaction are between FGFR1 and high affinity
ligands such as FGF1 (acidic FGF), FGF2 (basic FGF), or FGF8
that work in paracrine or autocrine manner (5, 6). In addition,
some FGFR splice isoforms (1c, 2c, 3c, and 4) interact with
membrane-bound coreceptor proteins, Klotho or �Klotho
(KLB), to form receptor complexes for the endocrine FGFs,
FGF19, -21, and -23, to regulate bile acid, energy, and phos-
phate metabolism, respectively (3, 7–11). Notably, gain- and
loss-of-function mutations in FGFRs are implicated in a variety
of pathological conditions in humans (12–15). Thus, FGFRs are
attractive targets for therapeutic interventions for various path-
ological conditions (3, 12, 16, 17).

The composition of FGFR proteins was first revealed over 25
years ago with the cloning of a full-length cDNA encoding the
chicken FGFR1 (18). Like other RTKs, each FGFR molecule
contains an N-terminal extracellular domain (ECD), a single-
pass transmembrane domain (TMD), and a C-terminal intra-
cellular tyrosine kinase domain (TKD) (1). The FGFR ECD con-
tains three immunoglobulin (Ig)-like domains, called D1, D2,
and D3 (3, 4). It is generally postulated that ligand-induced
dimerization of ECD would lead to changes in intracellular
kinase conformation, allowing trans-phosphorylation to occur
(3, 4). Of the three Ig-like domains in the ECD, the N-terminal
D1 is not required for ligand binding or receptor activation but
is proposed to have a role in receptor autoinhibition by prevent-
ing ligand-dependent and -independent dimerization (19, 20).
D2 and D3 are responsible for ligand binding and interaction
with sulfated oligosaccharides and mediate receptor dimeriza-
tion. X-ray crystal structures revealed the formation of 2:2
FGF�FGFR-ECD complexes in which each FGF ligand simulta-
neously binds to two FGFR ECD at the interface between D2
and D3, resulting in the stabilization of the 2:2 FGF�FGFR-ECD
complex (21, 22). The 2:2 FGF�FGFR-ECD complex is further
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stabilized by binding of sulfated oligosaccharide to the basic
canyon-like structure made by the two D2 molecules (23).
Interestingly, interaction between the two FGFR1-ECD mole-
cules is limited to a small patch (�300 Å2) in D2, which involves
only four amino acid residues (22). The reported x-ray crystal
structures of FGFRs thus explain the observed lack of stable
ligand-independent dimerization of purified FGFR-ECD pro-
teins in solution (21–23) and support the role for ligand-in-
duced dimerization in receptor activation (4).

Whereas dimerization of isolated ECD clearly requires ligand
binding, the behavior of full-length receptors expressed on the
cell surface may be more complex. The movement of mem-
brane proteins is confined to two-dimensional space, allowing
molecules to form a complex even with weak interactions. The
presence of heparin sulfate proteoglycan on the cell surface
could also stabilize the ECD dimer. In addition, not only the
ECD but also other parts of FGFR1 may have propensity to
dimerize. Dimerization of isolated TMD in liposomes has been
observed (24, 25), and TKD could also contribute to receptor
dimerization via interaction with intracellular signaling pro-
teins (26, 27). Indeed, very little is known about the cell surface
dynamics of full-length FGFRs. For similar reasons, cell surface
interaction between FGFR and membrane-bound coreceptor
Klotho or KLB are not clearly understood. For example, FGFR1
and KLB can be co-immunoprecipitated, suggesting a forma-
tion of ligand-independent complex (9, 10). However, surface
plasmon resonance sensorgrams showed that interaction
between FGFR ECD and KLB ECD is very weak unless stabi-
lized by FGF21 (28).

One emerging experimental method to monitor behaviors of
transmembrane proteins is time-resolved Förster resonance
energy transfer (TR-FRET) in combination with SNAP tag
(ST)- and ACP tag-mediated fluorescent labeling (29 –32).
SNAP and ACP tags are self-labeling protein tags that allow for
covalent labeling of fusion proteins with diverse chemicals such
as non-cell permeable fluorophores (33, 34). It is then possible
to detect a direct interaction between two cell-surface proteins
carrying a donor and an acceptor of energy by FRET. In contrast
to bioluminescence resonance energy transfer or other classical
FRET assays performed with fluorescent proteins, TR-FRET
relies on a rare earth lanthanide cryptate as a donor of energy.
Due to its unique intrinsic properties, the TR-FRET signal is
independent of the relative orientation between the donor and
acceptor of energy (35, 36), and the efficiency of the energy
transfer is only dependent on the distance between the fluoro-
phores. In addition, the lanthanide cryptate presents a long-
lasting fluorescence, allowing the measurement of the TR-
FRET signal after a time delay (50 �s) and thus avoiding the
shorter-lived nonspecific fluorescent signals. These features
along with optimal spectral properties make this system more
sensitive and robust compared with classical FRET (37).

Here we adapted this technology to study human (h) FGFR1
dimerization on the cell surface. Our results establish that
FGFR1 forms a density-independent preformed dimer. Unex-
pectedly, TMD and TKD, rather than ECD, are important
for the ligand-independent dimerization at the cell surface.
Together with additional findings using ligand addition and

mutagenesis, our study provides novel insights into the assem-
bly and dynamics of the FGFRs on the surface of living cells.

Experimental Procedures

Recombinant Proteins and Other Cell Culture Reagent—
hFGF7, hFGF10, hFGF1, hFGF2, and hFGF21 were purchased
from R&D Systems (Minneapolis, MN). Anti-FGFR1 blocking
Fab (R1MAb2) was produced in Escherichia coli using standard
methods. Epitope characterization of R1MAb2 has been
described (17). Heparin and heparinases I, II, and III were pur-
chased from Sigma.

Plasmid Construction—The sequences encoding the SNAP
tag and ACP tag were amplified by PCR from the pT8-SNAP
(Cisbio, Codolet, France) and the pACP-tag(m)-2 (New Eng-
land BioLabs, Ipswich, MA), respectively, to produce a CMV-
based vector pRK.FLAG.SNAP or pRK.HA.ACP vectors.
hFGFR1c, hFGFR1b, hEGFR and hKLB genes were PCR-ampli-
fied and cloned into these vectors to express N-terminally
tagged proteins. To generate hFGFR1c-�TKD constructs, an
octahistidine tag and stop codon were introduced immediately
upstream of TKD. The resulting protein encodes the following
C-terminal amino acid sequence: -IPLRRQVTHHHHHHHH.
For hFGFR1c-TMD-KLB constructs, a stretch encompassing
TMD (-LYLEIIIYCTGAFLISCMVGSVIVY-) containing both
Tyr-372 and Cys-379 (underlined) was replaced by a stretch in
hKLB of the same length (25 amino acids) encompassing TMD
(-LIFLGCCFFSTLVLLLSIAIFQRQK-).

Cell Culture and Transfection—COS7 cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10%
FBS (Hyclone, Logan, UT). Cells were transiently transfected
using Lipofectamine 2000 according to the manufacturer’s
instructions (Life Technologies, Inc.).

TR-FRET between SNAP Tags or between the SNAP Tag and
ACP Tag—COS7 cells were co-transfected with either SNAP-
tagged or ACP-tagged hFGFR1 and hKLB and seeded in a
white-bottom 96-well plate (Costar, Tewksbury, MA) at
100,000 cells per well. For SNAP labeling, cells were labeled at
24 h post-transfection by incubating with 100 nM donor-conju-
gated benzyl-guanine SNAP-Lumi4-Tb (Cisbio) and 1 �M

acceptor-conjugated benzyl-guanine SNAP-A467 (New Eng-
land BioLabs) diluted in DMEM containing fetal bovine serum
for 1 h at 37 °C. After 3 washes in PBS, the Lumi4-Tb emission
and the TR-FRET signal were recorded at 620 and 665 nm,
respectively, for 400 �s after a 60-�s delay after laser excitation
at 343 nm using a Safire2 plate reader (Tecan, San Jose, CA).
The emission signal of the A647 was detected at 682 nm after
excitation at 640 nm using the same plate reader. For ligand-
induced dimerization experiments, the TR-FRET signal was
recorded at t � 0 and t � 15 min after ligand addition. The
TR-FRET intensity was calculated as follows: (signal at 665 nm
from cells labeled with SNAP donor and SNAP acceptor) �
(signal at 665 nm from the same population of transfected cells
labeled with SNAP donor and non labeled SNAP). The TR-
FRET ratio represents the TR-FRET intensity divided by the
donor emission at 620 nm. For SNAP-ACP labeling, cells were
incubated with a 200 nM concentration of donor-conjugated
benzyl-guanine SNAP-Lumi4-Tb (Cisbio) for 1 h at 37 °C,
washed twice in PBS, and subsequently labeled with a 3 �M
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concentration of acceptor-conjugated coenzyme A CoA-A647
(New England BioLabs) in DMEM, 10 mM MgCl2, 50 mM

Hepes, 1 �M Sfp phosphopantetheinyl transferase (New Eng-
land BioLabs) for 1 h at 37 °C. In this case TR-FRET intensity
was calculated as: (signal at 665 nm from cells labeled with
SNAP donor and ACP acceptor) � (signal at 665 nm from the
same population of transfected cells labeled with SNAP donor
only).

Western Blot Analysis—COS7 cells were plated in 96-well
plates at 10,000 cells per well. The next day cells were trans-
fected using Lipofectamine 2000 according to the manufactu-
rer’s instructions. Plasmids encoding wild type and mutants
hFGFR1c were transfected at concentrations that were deter-
mined to generated equivalent levels of cell surface receptor
expression. Twenty-four hours after transfection cells were
lysed in buffer containing 150 nM NaCl, 20 mM Tris (pH 7.5), 1
mM EDTA, 1 mM EGTA, 1% Triton X-100, and 0.1% SDS sup-
plemented with phosphatase and protease inhibitors. 5 �g of
lysates were loaded on each lane of a 3–12% Bis-Tris gel, sepa-
rated by electrophoresis, and transferred to nitrocellulose
membranes (Life Technologies). Membranes were immuno-
blotted with anti-phospho ERK1/2 or anti-ERK1/2 (Cell Signal-
ing Technology, Danvers, MA).

Enzyme-linked Immunosorbent Assay (ELISA)—ELISA on
intact cells was performed as previously described (32). Briefly,
cells were fixed with 4% paraformaldehyde, washed twice, and
blocked in phosphate-buffered saline containing 1% FBS. Cells
were then incubated with anti-HA monoclonal antibody (clone
3F10, Roche Applied Science) or anti-FLAG M2 monoclonal
antibody (Sigma), both conjugated with horseradish peroxi-
dase. After washing, cells were incubated with a SuperSignal
ELISA substrate (Pierce), and chemiluminescence was detected
on a Safire2 plate reader (Tecan, San Jose, CA). Specific signal
was calculated by subtracting the signal recorded on mock-
transfected cells.

GAL-ELK1 Luciferase Reporter Assay—COS7 cells were
transfected with expression vectors encoding hFGFR1 and/or
hKLB, Renilla luciferase (pRL-SV40, Promega, Madison, WI), a
transcriptional activator (pFA2-ELK1, Stratagene, La Jolla,
CA), and a firefly luciferase reporter gene driven by GAL4 bind-
ing sites (pFR-luc, Stratagene) (17). 24 h after transfection, cul-
ture medium was replaced by fresh serum-free media contain-
ing FGF ligand at various concentrations. After 6 – 8 h, the
cellular activity was determined using a Dual-Glo Luciferase
Assay System (Promega) and an EnVision Multilabel Reader
(PerkinElmer Life Sciences) as previously described (17). Firefly
luciferase activity was normalized to Renilla luciferase activity
and expressed as relative luciferase unit.

Statistical Analysis—Statistical tests were conducted using
either unpaired two-tailed Student’s t test or one-way analysis
of variance with post-hoc Dunnett’s test. Error bars depict the
S.E.). A p value of �0.05 was considered to be statistically
significant.

Results

Unliganded FGFR1 Exist as Dimers on Cell Surface—To eval-
uate the dimerization state of hFGFR1 on the cell surface, we
generated N-terminally SNAP-tagged hFGFR1b and hFGFR1c

constructs (ST-hFGFR1b and ST-hFGFR1c). The presence of
the tag did not interfere with cell surface protein expression
(Fig. 1A) and hFGF2-induced signal activation (Fig. 1B), as
assessed by FACS and using a GAL-ELK1 luciferase reporter
assay, respectively (17). We then expressed increasing amounts
of ST-hFGFR1b or ST-hFGFR1c in COS7 cells and labeled the
tagged proteins with a mixture of non-cell-permeable SNAP
substrates conjugated with fluorophores compatible with TR-
FRET (Fig. 1C). We chose Lumi4-Tb and A647 as the donor and
acceptor, respectively, because of their excellent spectral com-
patibilities and their Förster radius (R0) equal to 58 Å (32),
which is consistent with the range of distance between two
FGFR molecules in the reported crystal structures of ligand-
bound FGFR dimers (21–23). The concentration of each sub-
strate was optimized to ensure an equivalent labeling of ST-
hFGFR1 with each fluorophore in order to reach the maximal
TR-FRET efficiency (Fig. 1, D and E).

Using this optimized experimental setting, we measured a
significant TR-FRET signal for both hFGFR1b and hFGFR1c
isoforms, which was proportional to their cell surface expres-
sion (Fig. 2A). Notably, the TR-FRET ratio, which represents
the TR-FRET intensity normalized by the receptor expression
as measured by the donor emission, was constant over a wide
range of receptor density (Fig. 2B). This suggests a specific and
density-independent protein-protein interaction rather than a
signal arising from random collisions due to receptor overex-
pression. The range of hFGFR1 levels expressed by transfected
COS7 cells was comparable with less than that of the CAL120
cell line endogenously expressing hFGFR1 (Fig. 2, C and D),
suggesting that the observed interactions do not originate from
an artificial clustering due to overexpression but, rather, have a
biological relevance.

hFGFR1c construct lacking D1 and the flexible linker
between D1 and D2 (ST-hFGFR1c-�D1) also exhibited
density-independent TR-FRET ratios that were higher than the
full-length construct (Fig. 2, A and B). This observation is con-
sistent with the previously proposed autoinhibitory role of D1
(19, 20). Alternatively, the increased TR-FRET ratio observed
with the hFGFR1c-�D1 could be due to a shorter distance
between two N termini in the resulting homodimer. Although
we cannot distinguish between these possibilities, the results
above support the use of N-terminal SNAP tag to study
hFGFR1 dimerization by TR-FRET.

To evaluate the specificity of the observed interactions,
we sought to compare the TR-FRET signal resulting from
hFGFR1c homo-interaction with that from hetero-interaction
between hFGFR1c and hEGFR, which is not expected to occur
to a significant degree. To that aim we designed an orthogonal
labeling strategy. A constant amount of SNAP-tagged receptor
was co-expressed with increasing amounts of ACP-tagged
receptor, and the tags were labeled with non-permeable SNAP-
Lumi-4Tb and coenzyme A-A647 (Fig. 3A). In this experimen-
tal setting, a specific protein-protein interaction would give rise
to a saturation curve, as the increasing amount of acceptor-
labeled ACP-tagged protein progressively associates with the
constant amount of donor-labeled-ST protein until reaching a
1:1 donor:acceptor ratio, at which point the TR-FRET ratio
becomes saturated (31). In contrast, a nonspecific interaction
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due to random collisions would yield only a linear increase of
the TR-FRET ratio as the abundance of ACP-tagged protein
increases. As expected from a specific protein-protein interac-
tion, we observed similar saturation curves for ST-hFGFR1c/
ACP-hFGFR1c (FRETmax � 8.00 � 0.18, FRET50 � 1.99 � 0.11,
and R2 � 0.96) and ST-hEGFR/ACP-hEGFR combinations
(FRETmax � 10.27 � 0.68, FRET50 � 3.28 � 0.48, and R2 �
0.97) (Fig. 3B). In contrast, no saturation of the TR-FRET ratio
was obtained for the ST-hFGFR1c/ACP-hEGFR combination.
Thus, the self-association of FGFR1c on the cell surface is spe-
cific and as efficient as the well documented ligand-indepen-
dent EGFR dimerization (38 – 40).

The above results strongly suggest that FGFR1 can exist as
preformed dimers in the absence of FGF ligand addition. To
address whether COS7 cells secrete FGF agonists that can act in
an autocrine manner to induce FGFR1 dimerization, we mea-
sured FGFR1 activity using a GAL-ELK1 luciferase assay in
the presence and absence of an anti-FGFR1 blocking Fab
(R1MAb2) that binds to the ligand binding site within D2 (17).
When cells were transfected to produce hFGF8b, anti-FGFR1
Fab exhibited an ability to suppress hFGF8b-induced luciferase
activity, demonstrating the anticipated blocking activity against
the hFGFR1-hFGF8b interaction. However, anti-FGFR1 failed

to decrease basal luciferase activity (Fig. 3C). Thus, COS7 cells
do not release a significant amount of FGFR1 agonist.

We also studied the possible influence of sulfated oligosac-
charides on the ligand-independent FGFR1 dimerization. First,
we pretreated COS7 cells with heparinase I, II, or III to digest
heparan sulfate accessible on the surface of cells before per-
forming the TR-FRET assay. None of these treatments signifi-
cantly altered the TR-FRET ratio between ST-hFGFR1c (Fig.
3D). Second, the addition of heparin had no effect on the
observed hFGFR1c dimerization (Fig. 3E). Thus, we found no
evidence for the role of sulfated oligosaccharides in ligand-inde-
pendent hFGFR1c dimerization on the surface of COS7 cells.

FGFR1 Ligands and Activating Mutations Stabilize the
Homodimers and/or Induce a Conformational Change within
the Pre-existing Dimers—Next, we performed a TR-FRET
homo-interaction assay to test the effects of different FGF
ligands. The addition of hFGF1 or hFGF2 to COS7 cells
expressing a constant amount of ST-FGFR1c significantly
increased TR-FRET signal in a concentration-dependent man-
ner (Fig. 4, A and B). The ligand-induced increases of the TR-
FRET signal were observed within 5 min of ligand addition and
did not further increase beyond this incubation time. No
increase in signal was measured with hFGF7 and hFGF10, two
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FGF ligands known to have no affinity for FGFR1c (2) (Fig. 4, A
and B).

In addition to FGF ligand addition, we also evaluated the
effect of activating mutations on the dimerization signal. Germ
line-activating mutations located in ECD (N330I) and TMD
(C379R) cause an autosomal dominant disorder called osteo-
glophonic dysplasia (13) (Fig. 5A). Analogous mutations were
also found in FGFR2 and -3 in various human genetic syn-
dromes and in human tumor samples (14, 41, 42). To compare
the signaling properties of wild type (WT) and mutant FGFR1c
constructs, we expressed each of them as a SNAP-tagged pro-
tein. The amount of transfected DNA for each construct was
adjusted to achieve equivalent expression levels on the cell sur-

face, as measured by cell-based ELISA (Fig. 5B). Under this
condition, each mutant construct exhibited a high degree of
constitutive activity, as shown using the GAL-ELK1 luciferase
assay (Fig. 5C) or by analysis of ERK1/2 phosphorylation using
Western blot (Fig. 5D). The constitutive activity observed for
the mutants C379R and N330I was correlated with an increased
TR-FRET signal as compared with the WT when expressed at
similar levels (Fig. 5, E and F).

In addition to the constitutive activating mutants in ECD and
TMD, we also generated two ST-FGFR1c constructs with con-
stitutively active mutations in the TKD, N546K, or K656E (Fig.
5A). These mutations are infrequently found in malignant cells
(43, 44) and are thought to affect the conformational dynamics
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representative of three independent experiments.
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of the kinase domain and increase intrinsic kinase activity (45,
46). As expected, N546K and K656E mutants showed strong
constitutive activity for a similar cell-surface expression level
(Fig. 5, G and H). However, for an equivalent expression level
(Fig. 5I), the TR-FRET signals were similar for the mutants
N546K, K656E, and the wild type, suggesting that these activat-
ing mutations in the TKD do not affect the basal level of
FGFR1c homodimerization (Fig. 5J).

TMD and TKD Play a Major Role in FGFR1c Ligand-inde-
pendent Dimerization—Previous studies suggested that each of
the ECD, TMD, and TKD plays a role in ligand-independent
dimerization via direct protein-protein interactions or indirect
interactions with heparin or intracellular signaling proteins (25,
26, 47, 48). We decided to test this notion using the TR-FRET
system. First, we generated a ST-FGFR1c construct in which
the TMD was replaced with that of the coreceptor KLB (ST-
FGFR1c-TMD-KLB), whereas maintaining its length (Fig. 6A).
The TR-FRET efficiency for WT and TMD-KLB constructs was
similar, suggesting that a specific interaction between the two
FGFR1 TMD is not essential for ligand-independent FGFR1
dimerization (Fig. 6B). The ST-FGFR1c-�TKD construct lack-
ing the entire TKD (Fig. 6A) also displayed a density-indepen-

dent TR-FRET ratio (Fig. 6C), suggesting that TKD is also dis-
pensable for the ligand-independent FGFR1 dimerization. In
contrast to the two aforementioned constructs, the TR-FRET
ratio for the ST-FGFR1c-TMD-KLB-�TKD construct lacking
the TKD and harboring KLB TMD in place of WT TMD (Fig.
6A) increased proportionally to its expression and was weak at
low density of receptors (Fig. 6C). This density-dependent TR-
FRET ratio indicates nonspecific interactions likely due to ran-
dom collisions. Thus, unlike a previous proposal (48), hFGFR1
ECD alone is not sufficient to support specific dimerization
when tethered to a plasma membrane via a heterologous TMD.
Instead, hFGFR1 TMD and TKD play a redundant role in
FGFR1c ligand-independent dimerization.

FGFR1c and KLB Form a Heterotetrameric Complex in the
Absence of FGF21—Next, we decided to test the physical inter-
actions between FGFR1c and the coreceptor KLB on the cell
surface in the absence or the presence of the natural ligand
FGF21. We first ensured that the cell-surface expression and
activity of SNAP-tagged hKLB (ST-hKLB) were similar to that
of WT hKLB (Fig. 7, A and B). Then we applied the orthogonal
labeling strategy to test hFGFR1c�hKLB interaction. In this
experiment, a fixed amount of ST-hKLB was co-expressed with
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increasing amounts of ACP-tagged hFGFR1c or hEGFR in
COS7 cells. Transfected cells were then incubated with SNAP-
Lumi-4Tb and coenzyme A-A647 for labeling of the SNAP and
ACP tags, respectively, before TR-FRET reading. We obtained
a saturation curve for hKLB and hFGFR1c (FRETmax � 4.92 �
0.27, FRET50 � 0.49 � 0.065, and R2 � 0.93), indicative of a
specific and saturable interaction (Fig. 7C). In contrast, co-ex-
pression of ST-hKLB with ACP-hEGFR gave rise to a non-
saturating curve expected for a nonspecific interaction due to
random collisions (Fig. 7C). The blocking anti-FGFR1 Fab
reduced luciferase activity in the GAL-ELK1 luciferase assay
when cells were transfected to produce hFGF21 (Fig. 7D). How-
ever, it failed to decrease basal activity (Fig. 7D); thus, the
observed hFGFR1c�hKLB association in COS7 cells is likely
ligand-independent.

To better understand how the hFGFR1c�hKLB complex is
organized on the cell surface, we monitored the TR-FRET sig-
nal between labeled ST-hFGFR1c protomers in the presence of
increasing amounts of non-labeled hKLB. The TR-FRET ratio
remained constant independently of hKLB expression, indicat-
ing that hKLB does not promote or interfere with the basal level
of hFGFR1 homodimerization (Fig. 7, E and F). Altogether,
these results are consistent with a heteromeric organization
composed of a central FGFR1c dimer flanked by one or two
KLB proteins.

We also assessed the ability of hFGF21 to modulate
hFGFR1c�hKLB hetero-interaction or hFGFR1 homo-interac-
tion. We first analyzed the effect of hFGF21 on the TR-FRET

signal between ST-hFGFR1c and ACP-hKLB (Fig. 7G). FGF21
did not alter the TR-FRET signal between these two proteins,
consistent with the idea that hFGFR1c and hKLB heterodimer
is not impacted or does not undergo any significant conforma-
tional change in the presence of hFGF21. However, hFGF21
enhanced the level of the TR-FRET signal observed for the
interaction between ST-hFGFR1c protomers in the presence of
hKLB (Fig. 7H). No such modulation was observed for
ST-hFGFR1b, consistent with hFGF21 being unable to signal
via hFGFR1b. These data together support a model in which
FGFR1c�KLB would pre-exist as a trimetric or tetrameric com-
plex on the cell surface even in the absence of FGF21 ligand, and
FGF21 would activate this complex likely by further stabilizing
or promoting FGFR1c/FGFR1c interaction within the hetero-
meric complex (Fig. 8).

Discussion

Although numerous biochemical and structural studies
revealed dimerization-mediated activation mechanisms of var-
ious RTKs including FGFRs, the details of the mechanism are
still elusive. Two prevalent conceptual models, a “diffusion-
based model” and a “preformed dimer model,” have been pro-
posed for ligand-mediated activation of FGFRs (27, 49). In the
classical diffusion-based model, a receptor mostly exists as a
monomer, freely diffusing in the plasma membrane lipid
bilayer, and ligand binding induces receptor dimerization and
activation by simply placing two cytoplasmic kinase domains
into sufficient proximity, allowing transphosphorylation to
occur. This model matches with the previously observed
ligand-independent FGFR activation by artificial dimerizers
(50, 51). In the preformed dimer model, binding of a ligand to a
preformed dimer would induce a conformational change in the
cytoplasmic kinase domain complex, leading to the formation
of active kinase domain conformation (38, 39). EGFR is a clas-
sical example of an RTK that exists as both a monomer and
ligand-independent dimer, and both of the aforementioned
mechanisms are likely being employed for this receptor (38 –
40, 52). By combining SNAP and ACP tags with TR-FRET tech-
nology, we demonstrate here that, like EGFR, full-length
FGFR1 can efficiently form ligand-independent oligomers,
most likely dimers, on the cell surface. This confirms the previ-
ously proposed but rather controversial idea that FGFR1 forms
preformed dimers in the absence of ligand (48, 53). Structure-
function analysis supports the role for TMD and TKD, rather
than ECD, in ligand-independent FGFR1 dimerization.

There have been previous attempts to use FRET to study
FGFR dimerization in the context of plasma membrane (25, 54,
55). Because our approach utilizes non-cell-permeable fluores-
cent probes, it enabled a FRET-based approach to study FGFR
interactions specifically on the cell surface in the context of
physiological membrane environment and in the presence of
intracellular scaffolding proteins that might affect FGFR
dimerization. Importantly, our approach utilizes full-length
FGFR composed of ECD, TMD, and TKD, unlike previous
FRET-based studies using shorter fragments lacking TKD (25,
54, 55). The importance of this was revealed by our structure-
function analysis that supports the role for both TMD and TKD
in ligand-independent FGFR1 dimerization. In addition, our
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approach enabled correlation of receptor dimerization and sig-
naling activity, which was not possible with methods utilizing
fragments lacking TKD. A limitation of our approach (and
other FRET-based approaches) is that a TR-FRET signal
increase caused by an activating ligand or an activating muta-
tion is the result of a change in distance between fluorophores
that could originate from either 1) stabilization of pre-existing
interactions, 2) conformational change within pre-existing
dimers, or 3) an increase of the dimeric versus monomeric pop-
ulation. Because we record the signal on a cell population over a
defined period of time, we cannot discriminate between these

three possibilities. Addressing this question would require a
single molecule visualization approach, such as the quantum-
dot-based optical tracking method that has been employed for
EGFR (40). Also, it is important to note that we cannot deter-
mine the stoichiometry of the complexes formed, and thus we
cannot discriminate between dimerization and oligomeriza-
tion, although the previous studies support the formation of
FGFR dimers.

A particularity of the FGFR signaling system is the involve-
ment of heparan sulfate proteoglycans. FGFRs are likely associ-
ated with heparin sulfate chain of proteoglycan or free heparin
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on the cell surface (49). Heparan sulfate proteoglycan is indeed
essential in ligand-induced activation of FGFRs, at least in part
by increasing affinity of FGF ligands for FGFRs (56). In addition,
heparin appears to have a ligand-independent role as well, as it
can, for example, activate FGFR4, but not FGFR1 (57). A role
for heparan sulfate/heparin in ligand-independent FGFR1
dimerization has also been proposed (49). However, under the
condition of our experiments, FGFR1 ECD alone is not suffi-
cient to support specific dimerization when tethered to a
plasma membrane via a heterologous TMD. This is consistent
with the conclusion by Chen et al. (25) that FGFR3 ECD inhibits
rather than promotes ligand-independent dimerization when
expressed on the surface of liposomes. Indeed, our structure-
function analysis suggests that TMD and TKD play dominant
and redundant roles in the formation of pre-existing dimers on
the surface of COS7 cells.

Another complexity of FGFR signaling is the requirement of
the co-receptor Klotho or KLB for activation by the endocrine
FGFs (FGF19, -21, and -23) (7, 8). Previously, co-immunopre-
cipitation was used to demonstrate the ligand-independent for-
mation of stable FGFR1c�KLB complex (9, 10, 58). However, a
model has been recently proposed in which FGF21 would facil-
itate FGFR1c�KLB interaction by suppressing intramolecular
interactions between FGFR1c D1 and the rest of the ECD (28).
Stabilization of the interaction between FGFR1c and KLB by
FGF21 was also demonstrated utilizing recombinant protein
fragments (28). Using the cell-surface TR-FRET approach, we
demonstrate here unequivocally that FGFR1c and KLB form a
stable complex in the absence of FGF21. The addition of FGF21
does not affect the interaction between FGFR1c and KLB but
increases the homo-interaction of FGFR1c on the cell surface in
the presence of KLB. Thus, the ability of FGF21 to stabilizing
the FGFR1-ECD/KLB-ECD interaction previously observed in

solution may not have a major impact in the activation of
FGFR/KLB signaling pathway.

There has been a previous attempt to study behaviors of
C-terminally tagged full-length FGFR1c and KLB in the context
of plasma membrane using a fluorescent imaging-based
method (“the number and brightness analysis”) in living HeLa
cells (53). This study by Ming et al. (53) has observed that full-
length FGFR1c molecules exist as dimers in the absence
of ligands, consistent with our conclusion. FGF21 further
enhanced dimerization (i.e. �1.5-fold increase in relative
brightness) of FGFR1 but only when KLB is present. The study
also found that KLB existed as monomers in the absence of
ligand addition and, oddly, that FGF21 addition induced
dimerization of KLB only when FGFR1 was absent (but pre-
sumably in the presence of endogenously expressed FGFRs).
Taking together, Ming et al. (53) suggested that FGF21 affects
KLB in two independent ways; on one hand, FGF21 induces
KLB dimerization without FGFR1, and on the other, FGF21
induces formation of an active 2:1 FGFR1�KLB signaling com-
plex. Taking all the existing data together, we favor a model in
which KLB and FGFR1c form a 2:1 FGFR1:KLB heterotrimeric
complex or 2:2 FGFR1:KLB heterotetrameric complex in the
absence of FGF21, depending on the abundance of KLB. KLB-
dependent FGF21 binding to the receptor complex further
increases FGFR1 dimerization, resulting in signal transduction
(Fig. 8).

In conclusion, using TR-FRET combined with SNAP- and
ACP-tag technologies, we provided compelling evidence for
the existence of ligand-independent dimers of FGFR1 that is by
and large independent of surface density. TMD and TKD, but
not ECD, are responsible for this interaction. Activating ligands
and some, but not all, activating mutations affect dimerization
state and/or dimer conformation. In addition, our data demon-
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strate the presence of stable FGFR1c�KLB hetero-complex at
the cell surface in the absence of FGF21. These results provide
novel insights into the assembly and dynamics of the FGFRs in

the context of a physiological membrane environment. Fur-
thermore, we could envision extending this study to monitor
FGFR dimerization in native tissues (e.g. tumor samples) and
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fully characterize the RTK activation mechanism beyond the
FGFR protein family.
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