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It has been recently established that Klotho coreceptors associate with fibroblast growth factor (FGF) receptor tyrosine kinases
(FGFRs) to enable signaling by endocrine-acting FGFs. However, the molecular interactions leading to FGF-FGFR-Klotho ter-
nary complex formation remain incompletely understood. Here, we show that in contrast to aKlotho, Klotho binds its cognate
endocrine FGF ligand (FGF19 or FGF21) and FGFR independently through two distinct binding sites. FGF19 and FGF21 use
their respective C-terminal tails to bind to a common binding site on B Klotho. Importantly, we also show that Klotho corecep-

tors engage a conserved hydrophobic groove in the immunoglobulin-like domain IIT (D3) of the “c

«_»

splice isoform of FGFR. In-

triguingly, this hydrophobic groove is also used by ligands of the paracrine-acting FGF8 subfamily for receptor binding. Based
on this binding site overlap, we conclude that while Klotho coreceptors enhance binding affinity of FGFR for endocrine FGFs,
they actively suppress binding of FGF8 subfamily ligands to FGFR.

F ibroblast growth factor (FGF) signaling plays pleiotropic roles
in metazoan development and metabolism (5, 24). Based on
sequence homology and phylogenetic and structural consider-
ations, the 18 mammalian FGF ligands are grouped into five para-
crine-acting subfamilies and one endocrine-acting subfamily
comprising FGF19, FGF21, and FGF23 (24, 43). Paracrine FGFs
have high affinity for pericellular heparan sulfate (HS) glycosami-
noglycans (3, 5) and form distinct morphogenetic gradients in the
pericellular matrix (27, 39) to fulfill essential roles during embry-
onic development (7, 24, 65). In contrast, endocrine FGFs exhibit
poor affinity for HS (3, 15) and thus are able to enter the blood
circulation to regulate key metabolic processes, including bile acid
homeostasis (18, 20, 36) and hepatic glucose and protein metab-
olism (30, 57) (FGF19), glucose and lipid metabolism (4, 21, 29,
58) (FGF21), and vitamin D and phosphate homeostasis (1, 59,
62) (FGF23). These hormone-like FGFs have taken center stage in
drug discovery for a number of inherited and acquired metabolic
disorders (5, 6).

Mammalian FGFs signal through four FGF receptor (FGFR)
tyrosine kinases (FGFR1 to FGFR4) and their alternatively spliced
isoforms (23, 43). The extracellular domain of a prototypical
FGEFR consists of three immunoglobulin-like domains (D1 to D3),
and structural and biochemical studies have established that the
region including D2, D3, and the D2-D3 linker comprises the
minimal ligand-binding domain (54, 55, 63). The ligand-binding
specificity of FGFR1 to FGFR3 is primarily regulated by a tissue-
specific splicing in D3 of these receptors that generates “b” and “c”
isoforms (9, 26, 42, 52). Structural studies have revealed that this
splicing alters the primary amino acid sequence of key ligand-
binding loops/pockets in D3 (50, 74).

In addition to mediating paracrine FGF gradient formation in
the pericellular matrix, HS is required for enhancing the affinity of
paracrine FGF for FGFR and promoting dimerization of ligand-
bound receptors (61). In contrast, the crystal structures of FGF19
and FGF23 have shown that the topology of the HS-binding site in
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these endocrine FGFs deviates from that of paracrine FGFs, ac-
counting for the reduced affinity of these ligands for HS (15).
Moreover, compared to paracrine FGFs, endocrine FGFs have in-
trinsically poor binding affinity for their cognate FGFRs (43). En-
docrine FGFs overcome this dual deficiency in binding affinity by
relying on a/BKlotho coreceptors that are expressed in their target
tissues (32, 33, 46, 68). a/BKlotho coreceptors are single-pass
transmembrane proteins with an extracellular domain consisting
of tandem type I B-glycosidase domains connected by a short
linker (22, 31). a/BKlotho coreceptors constitutively associate
with cognate FGFRs of endocrine FGFs to enhance endocrine
FGF-FGFR binding (32, 33, 46, 68). aKlotho is the coreceptor for
FGF23 (33, 68), and BKlotho is the coreceptor for both FGF19 and
FGF21 (32, 46).

We have previously shown that aKlotho binds to FGFR to
create a de novo binding site for the C-terminal tail of FGF23 at the
composite interface of the FGFR-aKlotho complex (16). Here, we
show that in contrast to aKlotho, BKlotho binds FGF19/FGF21
and FGFR independently through two distinct binding sites. In
addition, we show that the C-terminal tails of FGF19 and FGF21
mediate binding of these ligands to a common binding site on
BKlotho. Importantly, we have also mapped the binding site on
FGFR1 for a/BKlotho coreceptors to the D3 domain of the “c”
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splice isoform of the receptor. Intriguingly, the binding site for
a/BKlotho on FGFR1c partially overlaps with the binding site for
ligands of the FGF8 subfamily. Hence, we propose that while
a/BKlotho coreceptors enhance binding of endocrine FGFs to
FGEFR, they actively suppress binding of FGF8 subfamily ligands
and possibly other paracrine FGFs to FGFR.

MATERIALS AND METHODS

Purification of FGF, FGFR, and Klotho proteins. The N-terminally hexa-
histidine-tagged, mature form of human FGF19 (R23 to K216), human
FGF21 (H29 to S209), and human FGF23 (Y25 to 1251) was refolded in
vitro from bacterial inclusion bodies and purified by published protocols
(19, 54). In order to minimize proteolysis of FGF23, arginine residues 176
and 179 of the proteolytic cleavage site "°RXXR'7® were replaced with
glutamine as occurs in the phosphate wasting disorder autosomal domi-
nant hypophosphatemic rickets (1, 70). A chimeric FGF21 protein in
which the C-terminal sequence from S191 to S209 of FGF21 had been
swapped with the corresponding sequence of FGF19 (FGF21*°7'%%/
FGF19'9772'%) and a chimeric FGF21 protein in which the entire FGF21
C-terminal tail (P168 to S209) had been swapped with that of FGF19
(FGF21*°7'¢7/FGF19'%°7216) were purified by the same protocol as that
for wild-type FGF21. The C-terminal tail peptide of FGF19 (M171 to
K216, FGF19<" see Fig. 2A) and the C-terminal tail peptide of FGF21
(P168 to $209, FGF21<%IL see Fig. 2A) were expressed in Escherichia coli
as fusion peptides with a 50-residue-long N-terminal tag, including a
hexahistidine tag, and purified from the soluble cell lysate fraction by
nickel affinity- and ion-exchange chromatographies. Full-length human
FGF8b (Q23 to R215), C-terminally truncated FGF8b (Q23 to E186), and
full-length human FGF homologous factor 1B (FHF1B; M1 to T181) were
purified by published protocols (48, 50). The minimal ligand-binding
domain of each of the seven principal human FGFRs, namely, FGFR1b
(D142 to E374), FGFR1c (D142 to R365), FGFR2b (A140 to E369),
FGFR2c¢ (N149 to E368), FGFR3b (D147 to H356), FGFR3c (D147 to
E365), and FGFR4 (Q144 to D355), was refolded in vitro from bacterial
inclusion bodies and purified by published protocols (19, 54). Single point
mutants of the ligand-binding domain of FGFR1c were purified by the
same protocol as that for the wild-type protein. The ectodomain of mu-
rine aKlotho (A35 to K982) was purified from culture medium of a
HEK293 cell line ectopically expressing the aKlotho ectodomain as a fu-
sion protein with a C-terminal FLAG tag (33, 34). Similarly, the ectodo-
main of murine BKlotho (F53 to L995) was ectopically expressed in
HEK293 cells as a fusion protein with a C-terminal FLAG tag and purified
by the same protocol as that for the aKlotho ectodomain. Purified bovine
B-glucuronidase was obtained from Sigma-Aldrich.

Analysis of a/fKlotho-FGF, o/f3Klotho-FGFR, and FGF8b-FGFR
interactions by SPR spectroscopy. Surface plasmon resonance (SPR) ex-
periments were performed on a Biacore 2000 instrument (Biacore AB),
and the interaction analyses were carried out at 25°C in HBS-EP buffer (10
mM HEPES-NaOH, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% [vol/
vol] polysorbate 20). To study a/BKlotho-FGF and FGF8b-FGFR inter-
actions, FGF chips were prepared by covalent coupling of FGF proteins
through their free amino groups on flow channels of research-grade CM5
chips (Biacore AB). The coupling densities (fmol mm ™2 of flow channel)
were ~18 to 30 (FGF19, FGF21, and FGF23) and 114 to 126 (FGF8b). To
study a/BKlotho-FGEFR interactions, the ectodomains of aKlotho and
BKlotho were covalently coupled to flow channels of CM5 chips (~39 to
46 fmol mm ™ ?). Proteins were injected over a CM5 chip at a flow rate of
50 wl min~!, and at the end of each protein injection (180 s), HBS-EP
buffer (50 pl min~') was made to flow over the chip to monitor dissoci-
ation for 180 s. The FGF chip surface was regenerated by injecting 50 .l of
2.0 M NaCl in 10 mM sodium acetate, pH 4.5. For a/BKlotho chips,
regeneration was achieved by injecting 2.0 M NaCl in 10 mM sodium-
potassium phosphate, pH 6.5. To control for nonspecific binding in ex-
periments where an FGF ligand was immobilized on the chip, FHF1B,
which shares structural similarity with FGFs but does not exhibit any
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FGEFR binding (48), was coupled to the control flow channel of the chip
(~17 to 101 fmol mm 2). In experiments where the ectodomain of
aKlotho or BKlotho was immobilized on the chip, B-glucuronidase was
coupled to the control flow channel of the chip (~43 to 68 fmol mm™?).
Like aKlotho and BKlotho, B-glucuronidase is a member of family 1
glycosidases (carbohydrate-active enzymes database at http://www.cazy
.org/ [8]) and hence structurally related to each of the two extracellular
glycosidase-like domains of aKlotho and BKlotho, respectively. The data
were processed with BiaEvaluation software (Biacore AB). For each pro-
tein injection over an FGF chip, the nonspecific responses from the
FHF1B control flow channel were subtracted from the responses recorded
for the FGF flow channel. Similarly, for each protein injection over an
a/BKlotho chip, the nonspecific responses from the 3-glucuronidase con-
trol flow channel were subtracted from the responses recorded for the
o/BKlotho flow channel.

To analyze binding of BKlotho to FGF19 and FGF21, increasing con-
centrations of BKlotho ectodomain were injected over a chip containing
immobilized FGF19, FGF21, and, as a control for specificity of the inter-
action, FGF23. As an additional specificity control, binding of aKlotho to
FGF19 and FGF21 was studied.

To examine whether the C-terminal tail peptide of FGF19 or FGF21
can compete with full-length FGF19 or FGF21 for binding to BKlotho,
increasing concentrations of either FGF19“*! or FGF21*! were mixed
with a fixed concentration of BKlotho ectodomain, and the mixtures were
injected over a chip containing immobilized FGF19 and FGF21.

To examine whether the FGF21°7'*°/FGF19'°7721¢ chimera can com-
pete with FGF21 for binding to BKlotho, increasing concentrations of
FGF21*°"9/FGF19'%77*'® were mixed with a fixed concentration of
BKlotho ectodomain, and the mixtures were passed over a chip contain-
ing immobilized FGF21. As a control, competition of FGF21 in solution
with immobilized FGF21 for binding to BKlotho was studied.

To measure binding of aKlotho and BKlotho to each of the seven
principal FGFRs, increasing concentrations of the ligand-binding domain
of FGFR1b, FGFR1¢, FGFR2b, FGFR2c, FGFR3b, FGFR3c, or FGFR4
were injected over a chip containing immobilized aKlotho and BKlotho
ectodomain. Maximal equilibrium binding responses were plotted
against the concentrations of FGFR ligand-binding domain, and the equi-
librium dissociation constant (K,) was calculated from the fitted satura-
tion binding curve. The fitted binding curve was judged to be accurate
based on the distribution of the residuals (even and near zero) and x*
(<10% of R,,,.,).

To examine whether point mutations in the ligand-binding domain of
FGFRIc affect the binding of the receptor domain to aKlotho or fKlotho,
increasing concentrations of FGFR1c wild-type ligand-binding domain
and point mutants were injected over a chip containing immobilized
aKlotho and BKlotho ectodomain. As a control, binding of FGFR1c wild-
type ligand-binding domain and point mutants to FGF8b immobilized on
a chip was studied. The maximal binding response obtained for a given
concentration of a receptor mutant was expressed as a fraction of the
binding of wild-type receptor (25), and the average relative binding re-
sponse obtained from a range of concentrations was plotted.

Analysis of phosphorylation of FRS2a and 44/42 MAP kinase in
hepatoma and epithelial cell lines. To test whether the C-terminal tail
peptides of FGF19 and FGF21 are interchangeable in inhibiting the sig-
naling of FGF19, H4IIE rat hepatoma cells, which endogenously express
BKlotho and FGFR4 (32), were serum starved overnight and then pre-
treated for 60 min with either FGF19° ! (10 to 1,000 ng ml™Y) or
FGF21°7%! (10 to 1,000 ng ml ™) prior to stimulation with FGF19 (30 ng
ml ') for 10 min. Cell stimulation with FGF19 (3 to 300 ng ml™'),
FGF19°% (10 to 1,000 ng ml~"), or FGF21<* (10 to 1,000 ng ml™")
alone served as controls. After stimulation, the cells were lysed (34), and
cellular proteins were resolved on SDS-polyacrylamide gels and trans-
ferred to nitrocellulose membranes. The protein blots were probed with
antibodies to phosphorylated FGFR substrate 2a (FRS2a), phosphory-
lated 44/42 mitogen-activated protein (MAP) kinase, and total (phos-
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phorylated and nonphosphorylated) 44/42 MAP kinase. All antibodies
were from Cell Signaling Technology.

Analysis of Egrl protein expression in an epithelial cell line. The
ability of the FGF21?°7'//FGF19'%°~2!¢ chimera to activate FGFR in a
BKlotho-dependent fashion was studied using induction of early growth
response 1 (Egrl) expression as readout for FGFR activation. HEK293
cells transfected with murine BKlotho were serum starved overnight and
then stimulated for 90 min with FGF212°~'*"/FGF19'%°~2¢ or FGF21 (3
to 300 ng ml~"). After stimulation, the cells were lysed (34), and cellular
proteins were resolved on SDS-polyacrylamide gels and transferred to
nitrocellulose membranes. The protein blots were probed with antibodies
to Egrl and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The
anti-Egrl antibody was from Cell Signaling Technology, and the anti-
GAPDH antibody was from Abcam.

Analysis of Egrl promoter activation in an epithelial cell line. The
effect of BKlotho expression on the ability of FGF8b to activate FGFR was
studied using induction of Egrl gene promoter activity as readout for
FGFR activation. Subconfluent HEK293 cells were cotransfected with
Egrl promoter-luciferase reporter (10) and either BKlotho or empty vec-
tor. At 16 h after transfection, the cells were serum starved for 10 h and
then stimulated for 16 h with FGF8b (0 to 20 nM). Thereafter, the cells
were lysed (10), and luciferase activity was measured using a luciferase
assay system (Promega). Luciferase activity of cells expressing BKlotho
was normalized to that of cells transfected with empty vector. Using
GraphPad Prism 5 software, a dose-response curve was fitted from the
mean values of three independent experiments each performed in tripli-
cate.

Insulin tolerance test in mice. The ability of the FGF21*7'¢7/
FGF19'%72'¢ chimera to potentiate the hypoglycemic effect of insulin
was used as a readout for FGF21-like metabolic activity (47). Eight- to
12-week-old mice of the C57BL/6 strain were fasted for 4 h and then
bled from the cheek pouch for measuring fasting blood glucose levels.
Thereafter, mice were intraperitoneally administered insulin (0.5 units
kg body weight™') alone or insulin (0.5 units kg body weight™") plus
FGF21%°7'*7/FGF19'°°72!¢ (0.3 mg kg body weight '). As controls, mice
were injected with vehicle alone or coinjected with insulin plus FGF21. At
the indicated time points after the injection (see Fig. 4B), blood was drawn
from the tail vein. Glucose concentrations in the blood samples were
determined using Bayer Contour blood glucose test strips (Bayer Corp.).
Insulin was obtained from Eli Lilly & Co. The experiments were approved
by the Harvard University Animal Care and Research committee board
and complied with the Guide for the Care and Use of Laboratory Animals
(45).

Measurement of plasma insulin concentrations in mice. The ability
of the FGF21*°7'%7/FGF19'%~2!¢ chimera to reduce circulating insulin
levels was used as another readout for FGF21-like metabolic activity (11).
Twelve-week-old mice of the C57BL/6 strain were fasted for 3 h and then
given intraperitoneally a single dose (0.1, 0.3, or 1.0 mg kg body weight ~!)
of FGF21*7'//FGF19'%~*'® or FGF21. Blood was drawn from the tail
vein before the injection. One hour after the injection, the mice were
sacrificed and another blood sample was taken. Insulin concentrations in
blood plasma were measured by enzyme-linked immunosorbent assay
(ELISA; ultrasensitive mouse insulin ELISA kit; Crystal Chem Inc.). The
experiments were approved by the Institutional Animal Care and Use
Committee at the University of Texas Southwestern Medical Center at
Dallas and complied with the Guide for the Care and Use of Laboratory
Animals (45).

Statistical analysis. Data from the experiments in mice are expressed
as means * standard errors of the means (SEM). Student’s ¢ test or anal-
ysis of variance (ANOVA) was used as appropriate to make statistical
comparisons. A P value of <0.05 was considered significant.

RESULTS

Klotho coreceptors use different mechanisms to promote bind-
ing of endocrine FGF ligands to cognate FGFRs. We have previ-
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ously characterized the protein-protein interactions leading to the
formation of the ternary complex between FGF23, FGFRI1c, and
aKlotho (16). We showed that the ectodomain of aKlotho pos-
sesses a high-affinity binding site for the ligand-binding domain of
FGFR1c but not for the FGF23 ligand (16) and that the preformed
binary FGFR1c-aKlotho complex binds avidly to FGF23 (16). We
concluded that FGF23 binds to a de novo binding site generated at
the composite FGFR1c-aKlotho interface. The region on FGF23
that binds to this site was mapped to the C-terminal tail that fol-
lows the B-trefoil core domain (16). Here, we explored whether
BKlotho uses the same mechanism to promote binding of FGF19
and FGF21 to FGFR4 and FGFRIc, the principal cognate FGFRs of
these ligands.

To determine whether BKlotho contains a high-affinity bind-
ing site for FGFR1c and FGFR4, BKlotho ectodomain was immo-
bilized on an SPR biosensor chip, and increasing concentrations
of the ligand-binding domain of either FGFR1c or FGFR4 were
passed over the chip. BKlotho bound the two receptors with com-
parably high affinities (Fig. 1A and B), demonstrating that, simi-
larly to aKlotho, BKlotho contains a high-affinity binding site for
its cognate FGFRs.

To examine whether BKlotho also contains a high-affinity
binding site for FGF19 and FGF21, these two ligands and, as a
specificity control, FGF23 were immobilized on an SPR biosensor
chip, and increasing concentrations of BKlotho ectodomain were
passed over the chip. Both FGF19 and FGF21 bound strongly to
BKlotho (Fig. 1C and D), whereas no interaction was observed
between FGF23 and BKlotho (Fig. 1E). To further confirm the
specificity of the interaction, increasing concentrations of
aKlotho ectodomain were passed over the chip. Neither FGF19
nor FGF21 bound to aKlotho (Fig. 1F and G). Our data show that
in contrast to aKlotho, BKlotho possesses distinct high-affinity
binding sites for cognate endocrine FGF ligand and FGFR, indi-
cating that BKlotho promotes ternary complex formation by en-
gaging FGF ligand and FGFR independently.

FGF19 and FGF21 bind to a common binding site on
BKlotho, albeit with different affinities. Since both FGF19 and
FGF21 bind to BKlotho, it raised the question whether these li-
gands bind to a shared site on fKlotho or whether each ligand has
its own distinct binding site. Previous studies have suggested that,
reminiscent of FGF23, FGF19 and FGF21 use their C-terminal tail
to bind BKlotho (41, 73, 75). Based on this knowledge, we set up
an SPR-based competition binding assay to examine whether the
isolated C-terminal tail peptide of FGF19 (FGF19“'*! [Fig. 2A])
can compete with full-length FGF21 for binding to fKlotho and,
conversely, whether the C-terminal tail peptide of FGF21
(FGF21¢-il [Fig. 2A]) can compete with full-length FGF19 for
binding to BKlotho. As shown in Fig. 2E, FGF19<*! effectively com-
peted with FGF21 for binding to BKlotho. Similarly, FGF21<"*! was
capable of inhibiting BKlotho binding to FGF19 (Fig. 2C). These
data show that FGF19 and FGF21 have overlapping binding sites
on BKlotho. As expected, each of the two C-terminal tail peptides
competed with its respective full-length ligand for binding to
BKlotho (Fig. 2B and D).

Interestingly, a quantitative analysis of the SPR data shows that
the FGF19°"*! peptide is more potent than the FGF21<*! peptide
at inhibiting binding of BKlotho to full-length FGF19 or FGF21.
Specifically, an equimolar amount of FGF19“! relative to
BKlotho already yielded nearly complete inhibition of BKlotho
binding to FGF19 or FGF21 (Fig. 2B and E), whereas a 10- to
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FIG 1 BKlotho possesses distinct high-affinity binding sites for FGF19/21 and FGFR. (A and B) Overlays of SPR sensorgrams illustrating binding of FGFR1c (A)
and FGFR4 (B) to BKlotho and fitted saturation binding curves. fKlotho ectodomain was immobilized on a biosensor chip, and increasing concentrations of the
ligand-binding domain of FGFR1c or FGFR4 were passed over the chip. The dissociation constants (K,s) were calculated from the saturation binding curve. (C
and D) Overlays of SPR sensorgrams illustrating binding of BKlotho to FGF19 (C) and FGF21 (D). FGF19 and FGF21 were immobilized on a biosensor chip, and
increasing concentrations of fKlotho ectodomain were passed over the chip. Note that for any given concentration of BKlotho, the binding response is greater
on the FGF19 chip surface than on the FGF21 chip surface. Also note that the FGF19-BKlotho complex dissociates more slowly than the FGF21-BKlotho complex
(compare the dissociation phases of the sensorgrams shown in panels C and D). (E) Overlay of SPR sensorgrams showing no interaction between Klotho and
FGF23. FGF23 was immobilized on a biosensor chip, and increasing concentrations of BKlotho ectodomain were passed over the chip. (F and G) Overlays of SPR
sensorgrams showing no interaction between aKlotho and FGF19 (F) or FGF21 (G). FGF19 and FGF21 were immobilized on a biosensor chip, and increasing
concentrations of aKlotho ectodomain were passed over the chip. The data shown in each figure panel are representative of two to three independent
experiments.

20-fold molar excess of FGF21< ! over BKlotho was needed to
achieve a similar effect (Fig. 2C and D). These data indicate that
the C-terminal tail of FGF19 binds BKlotho with greater affinity
than does the C-terminal tail of FGF21, suggesting that primary
sequence differences at this region account for the observed dif-
ference in binding affinity of the two ligands for BKlotho. Com-
parison of the C-terminal tail sequences of FGF19 and FGF21
shows a significant degree of sequence similarity (40% amino acid
identity) only in the last 20 residues (Fig. 2A), pointing to these
residues as the major binding epitope for BKlotho. To test this
possibility, we swapped the 19 most C-terminal residues in FGF21
with the corresponding residues of FGF19, including a one-resi-
due insertion, and examined, by SPR spectroscopy, whether the
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chimeric FGF21 protein (FGF21*°~'*°/FGF19'*72'°) is more po-
tent than wild-type FGF21 at inhibiting binding of BKlotho to
FGF21 immobilized on a biosensor chip. As shown in Fig. 2F, an
equimolar amount of the FGF21*°7'?*/FGF19'?772'¢ chimera rel-
ative to BKlotho already yielded nearly complete inhibition of
BKlotho binding to immobilized FGF21, whereas the same molar
ratio of wild-type FGF21 to BKlotho produced at best half-maxi-
mum inhibition. Taken together, our SPR data show that FGF19
and FGF21 bind with their C-terminal tail to a common binding
site on BKlotho, albeit with different affinities, which is primarily
due to differences in amino acid sequence between FGF19 and
FGF21 at the distal portion of the C-terminal tail.

To provide biological evidence for our in vitro finding that
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FIG 2 The C-terminal tail peptides of FGF19 and FGF21 bind to a common site on Klotho, albeit with different affinities. (A) Alignment of the C-terminal tail
sequences of human FGF19 and FGF21. Residue numbers are in parentheses to the left of the alignment. Gaps (dashes) were introduced to optimize the sequence
alignment. Residues that are identical between human FGF19 and FGF21 are shaded gray. Note that the greatest degree of sequence identity (40%) is confined
to the 20 most C-terminal residues. (B and C) Overlays of SPR sensorgrams illustrating inhibition by FGF19%! (B) or FGF21¢! (C) of BKlotho binding to
FGF19. FGF19 was immobilized on a biosensor chip, and mixtures of a fixed concentration of BKlotho ectodomain with increasing concentrations of either
FGF19< %! or FGF21<*! were passed over the chip. (D and E) Overlays of SPR sensorgrams illustrating inhibition by FGF21<" (D) or FGF19° %! (E) of
BKlotho binding to FGF21. FGF21 was immobilized on a biosensor chip, and mixtures of a fixed concentration of BKlotho ectodomain with increasing
concentrations of either FGF19°! or FGF21“ were passed over the chip. Note that FGF19°is more potent than FGF21“ at inhibiting BKlotho binding
to FGF19 or FGF21 (compare panels B and E with panels C and D). (F) Overlay of SPR sensorgrams illustrating inhibition by FGF21%°~'*°/FGF19"7~'¢ or FGF21
of BKlotho binding to FGF21 immobilized on a biosensor chip. BKlotho ectodomain alone and 1:1 mixtures of BKlotho ectodomain with either FGF21*°~'%%/
FGF19'%772'¢ or FGF21 were passed over a FGF21 chip. Note that the FGF21%°7'*°/FGF19"*7!¢ chimera is a more potent competitor for BKlotho binding than

is native FGF21. The data shown in figure panels B to F are representative of two to three independent experiments.

FGF19 and FGF21 bind to a shared binding site on fKlotho, we next
examined whether the FGF19! peptide and the FGF21** pep-
tide are both able to block FGF19 signaling in cells. H4IIE hepatoma
cells, which endogenously express BKlotho and FGFR4 (32), were
pretreated with FGF19“*! or FGF21“*! and then stimulated with
FGF19. As shown in Fig. 3A and B, both FGF19<**! and FGF21<!
inhibited, in a dose-dependent fashion, FGF19-induced tyrosine
phosphorylation of FRS2a and downstream activation of MAP ki-
nase cascade. As expected, neither of the two peptides elicited any
signaling response when applied alone (Fig. 3A and B). These data
show that the C-terminal tail peptides of FGF19 and FGF21 are inter-
changeable in inhibiting the signaling of FGF19. Consistent with
these data, a chimeric FGF21 molecule in which the FGF21 C-termi-
nal tail had been swapped with that of FGF19 (EGF21*°~'*7/
FGF19'*7*'¢) was able to induce protein expression of the transcrip-
tion factor Egrl, just like native FGF21 (Fig. 4A). Together, the data
provide cell-based evidence that FGF19 and FGF21 share a binding
site on BKlotho. To enhance this finding, we examined whether the
FGF21*°'7/FGF19'%72'® chimera acts as an FGF21-like hormone
in vivo. Potentiation of the hypoglycemic effect of insulin (47) and
downregulation of circulating insulin levels (11) were used as read-
outs for FGF21-like metabolic activity. Mice were injected with insu-
lin plus FGF21*°~'7/FGF19'% ', insulin plus FGF21, or insulin
alone, and blood glucose concentrations were monitored for up to 1
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hafter the injection. Similarly to FGF21, the FGF21~ /FGF19'®~*'°
chimera enhanced the hypoglycemic effect of insulin (Fig. 4B). Like-
wise, when injected alone into mice, the chimera was as potent as
native FGF21 at reducing plasma levels of endogenous insulin (Fig.
4C). These data confirm in vivo that FGF19 and FGF21 have a com-
mon binding site on BKlotho.

The binding site for Klotho coreceptors on FGFRc isoforms
and FGFR4 overlaps with the binding site for FGF8 subfamily
ligands. The binding site(s) for Klotho proteins on FGFR has not
been identified to date. To explore this, we first measured, by SPR
spectroscopy, binding affinities between the ectodomain of
Klotho proteins and the ligand-binding domain of each of the
seven principal FGFRs (FGFR1b, FGFR1c, FGFR2b, FGFR2c,
FGFR3b, FGFR3c, and FGFR4). aKlotho exhibited greatest affin-
ity for FGFR1c (K}, 72 nM [16]) followed by FGFR3c¢ (K}, 82 nM)
and FGFR4 (Kj, 123 nM) (Fig. 5). BKlotho exhibited greatest
affinity for FGFR4 (K5, 84 nM) followed by FGFR1c¢ (K5, 124 nM)
and FGFR2c (K}, 170 nM) (Fig. 1A and B and Fig. 5). Interest-
ingly, aKlotho bound poorly to FGFR2c whereas BKlotho bound
poorly to FGFR3c (Fig. 5). Neither of the two Klotho proteins
interacted with FGFR1b, FGFR2b, or FGFR3b (Fig. 5). This is the
first quantitative analysis of o/BKlotho-FGFR binding that con-
clusively shows that aKlotho and BKlotho preferentially bind to

the “c” splice isoforms of FGFR1 to FGFR3 and to FGFR4. How-

Molecular and Cellular Biology


http://mcb.asm.org
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A FGF19 ever, they still exhibit differences in selectivity for FGFR2c and
30 ng mi” FGFR3c. Our SPR data are consistent with previous coimmuno-
precipitation studies (28, 33, 46, 68).

Interestingly, the receptor-binding specificity of aKlotho and
BKlotho resembles that of ligands of the FGF4, FGF8, and FGF9
subfamilies, which preferentially bind the “c” splice isoforms of
FGFR1 to FGFR3 (19, 50, 51, 77). This led us to speculate that the
binding sites for these paracrine FGFs and Klotho proteins on the
D3 domain of receptor might overlap. We have previously solved
the crystal structure of FGF8b, a member of the FGF8 subfamily,

+
FGF19 FGF19C-tail  FGF19C-tail

p44/42 MAPK
44/42 MAPK

B FGF19 in complex with FGFR2¢ (Protein Data Bank identifier [PDB ID],
30 ng mi! 2FDB [50]). In the structure, hydrophobic residues from the N-
+ terminal helix and the B4-5 loop of FGF8b engage a hydrophobic

FGF19 FGF21C-ail  FGF21C-tail BB P geged yerop

groove on receptor D3, which is present only in the “c” isoforms of
FGFRI1 to FGFR3 and in FGFR4 (PDB IDs, 1CVS, 1D]JS, 1EVT,
1EV2, and 1RY7 [49, 54, 55, 63]) (Fig. 6). The hydrophobic resi-
dues of FGF8b that engage the hydrophobic groove are conserved
in FGF17 and FGF18, the other two members of the FGF8 sub-
family, and therefore, the FGF8b-FGFR2c structure is representa-

tive of the mode of receptor binding of the entire FGF8 subfamily.
FIG 3 The C-terminal tail peptides of FGF19 and FGF21 are interchangeable  gi\, -« FGFRIc is the only receptor among the “c” isoforms that
in inhibiting the signaling of FGF19. (A) Immunoblot analysis of phosphory-

lation of FRS2a (pFRS2at) and 44/42 MAP kinase (p44/42 MAPK) in the rat binds avidly to both Klotho .PrOteins’ we built a model of the
hepatoma cell line H4IIE, which had been pretreated with FGF19*!and then =~ FGF8b-FGFR1c complex using the FGF8b-FGFR2c structure
stimulated with FGF19. As controls, cells were stimulated with FGF19 or  (PDBID, 2FDB [50]) (Fig. 7A). The FGF8b-FGFR1c model shows

FGF19<%! alone. (B) Immunoblot analysis of phosphorylation of FRS2a .. . . .
(pFRS2a) and 44/42 MAP kinase (p44/42 MAPK) in the rat hepatoma cell line that, reminiscent of the interaction of FGF8b with FGFR2c (PDB

HA4IIE, which had been pretreated with FGF21<! and then stimulated with ID, 2FDB [50]), hydrophobic residues from the N-terminal helix
FGF19. As controls, cells were stimulated with FGF19 or FGF21“*" alone.  and the B4-B5 loop of FGF8b would engage the hydrophobic
Nuzlllbers above the lanes give the amounts of protein/peptide added in ng groove on receptor D3 formed by L290, L305, P306, and V308 of
ml™ . To control for equal sample loading, the protein blots were probed with h . £D3 and T340. L342. 1.349. and H351 of th
an antibody recognizing both phosphorylated and nonphosphorylated 44/42 the Consltant reg.lon o ] an . > >R an of the
MAP kinase (44/42 MAPK). The data shown in each figure panel are represen- alter nathelY Spllced region (Flg- 7A). The Vahdlty of the FGF8b-
tative of two independent experiments. FGFR1c model is supported by our findings that mutation of L342
in FGFRIc to serine as occurs in Kallmann syndrome diminishes

the binding affinity of FGFR1c for FGF8b by nearly 20-fold (53)
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FIG 4 A chimeric FGF21 protein in which the FGF21 C-terminal tail had been swapped with that of FGF19 exhibits FGF21-like activity. (A) Immunoblot
analysis of Egr1 expression in HEK293-BKlotho cells stimulated with FGF21 or FGF21*°7'7/FGF19'°* 7', Numbers above the lanes give the amounts of
protein added in ng ml~". To control for equal sample loading, the protein blots were probed with an antibody to GAPDH. Note that the FGF212°~'¢7/
FGF19'°°72'® chimera is more potent than native FGF21 at inducing Egr1 expression, which is consistent with the SPR data shown in Fig. 2F. The data are
representative of two independent experiments. (B) Analysis of blood glucose concentrations in mice before and at the indicated time points after
intraperitoneal injection of insulin alone, insulin plus FGF21**7'7/FGF19'°*72'¢, insulin plus FGF21, or vehicle alone. Insulin and FGF21 ligand were
injected at 0.5 units per kg of body weight and 0.3 mg per kg of body weight, respectively. Blood glucose concentrations are expressed as percentages of
preinjection values. Data are presented as means = SEM. (C) Changes in plasma insulin concentrations in mice in response to a single intraperitoneal
injection of FGF21*°7'*7/FGF19'°°~2'° FGF21, or vehicle. Three different doses of protein were tested, and the numbers below the x axis give each dose
of protein injected in mg per kg of body weight. Plasma insulin concentrations are expressed as percentages of preinjection values. Data are presented as
means = SEM. ¥, P < 0.05; **, P < 0.01 (both by Student’s t test).
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FIG 5 Comprehensive analysis of FGFR binding specificity of Klotho coreceptors. (A and B) Overlays of SPR sensorgrams illustrating the FGFR binding
specificity profile of aKlotho (A) and BKlotho (B). The ectodomains of aKlotho and BKlotho were immobilized on a biosensor chip, and increasing concen-
trations of the ligand-binding domain of each of the seven principal FGFRs were passed over the chip. Where possible, equilibrium dissociation constants (K,s)
were derived from fitted saturation binding curves. The data are representative of two to five independent experiments. To give a complete view of the FGFR
binding specificity of Klotho coreceptors, the sensorgrams illustrating BKlotho binding to FGFR1c and FGFR4 from Fig. 1 are shown again in panel B of this

figure.

and also abrogates FGF17b signaling through FGFR1c (unpub-
lished data).

We first examined, by SPR spectroscopy, whether the 1L342S
Kallmann syndrome mutation negatively affects the interaction of
FGFR1c with Klotho proteins as in the case of FGF8b. As shown in
Fig. 7B and C, the L342S mutation greatly reduced the ability of
FGFRIc to bind either of the two Klotho proteins. The receptor’s
interaction with BKlotho was more affected than its interaction
with aKlotho. These data reveal that L342 from the hydrophobic
groove on FGFR1c D3 is essential for FGFR1c binding to both
aKlotho and BKlotho, and hence, the data provide the first bio-
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chemical evidence for an overlap of the binding sites for FGF8b
and Klotho proteins on receptor D3.

Using the FGF8b-FGFR1c model as a guide, we then mutated
five additional constituents of the hydrophobic D3 groove and
analyzed the impact of the mutations on binding of FGFRIc to
aKlotho and BKlotho. As a control, binding of the receptor mu-
tants to FGF8b was studied. 1290 and V308 of the constant region
of D3 were mutated to threonine, and T340, L349, and H351 from
the alternatively spliced region were replaced with the corre-
sponding residues of the “b” isoform of FGFR1, namely, valine,
glutamate, and asparagine (Fig. 6). Each of the five mutations
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FGFR1c(255) PILQAGLPAN KT VAL[GS N[V[E] FM[CIKVYS
FGFR2c(256) PILQAGLPAN ASTVVGGDVE FVCKVYS
FGFR3c(253) PILQAGLPAN QTAVLGSDVE FHCKVYS
FGFR4 (249) PILQAGLPAN TTAVVGSDVE LLCKVYS
FGFR1b(255) PILQAGLPAN KTVAL[GS NV[E] FM[CJRKVYS
FGFR2b(256) PILQAGLPAN ASTVVGGDVE FVCRKVYS
FGFR3b(253) PILQAGLPAN QTAVLGSDVE FHCKVYS
BE BF

FGFR1c(315) GVNTTDKEME VL HLR[N|V[SJFE DAGE[Y]TC
FGFR2c(316) GVNTTDKEIE VLYIRNVTFE DAGEYTC
FGFR3c(313) GANTTDKELE VLSLHNVTFE DAGEYTC
FGFR4 (309) DINSSE--VE VLYLRNVSAE DAGEYTC
FGFR1b(315) GINSSD--AE VLTLFNVTEA QSGEYVC
FGFR2b(316) GINSSN--AE VLALFNVTEA DAGEYIC
FGFR3b(313) ISESVE-ADV RLRLANVSER DGGEYLC
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[Flo PEHIQWLKHIE VNGSK[I[GPDN LPYVQILKTA
AQ PHIQWIKHVE KNGSKYGPDG LPYLKVLKIAA
AQ PHIQWLKHVE VNGSKVGPDG TPYVTVLKITA
AQ PHIQWLKHIV INGSSFGADG FPYVQVLKTA
[Pl PHIQWLKHIE VNGSK[IJGPDN LPYVQILKHS
AQ PHIQWIKHVE KNGSKYGPDG LPYLKVLKIHS
AQ PHIQWLKHVE VNGSKVGPDG TPYVTVLKISW
pG
[A]G N[S]IGLISHEHSA WLTVL
AG NSIGISFHSA WLTVL
AG NSIGFSHHSA WLVVL
AG NSIGLSYQSA WLTVL
VS NYIGEANQSA WLTVT
VS NYIGQANQSA WLTVL
AT NFIGVAEKAF WLSVH

FIG 6 Alignment of the D3 domain sequences of the seven principal human FGFRs. Residue numbers are in parentheses to the left of the alignment. Gaps
(dashes) were introduced to optimize the alignment. Bars on top of the alignment indicate the location of the 3 strands in FGFR1c. A dashed line across the
alignment marks the junction between the constant N-terminal half and the alternatively spliced C-terminal half of the D3 domain. Residues that form the
hydrophobic groove in D3 of FGFR1c¢ are shaded gray. Note that four of these residues map to the alternatively spliced region of D3. The positions of pathogenic

mutations in the D3 domain of FGFR1 are indicated by boxes.

reduced the binding affinity of FGFRIc for both aKlotho and
BKlotho, albeit to different degrees (Fig. 7B and C). The threonine
substitutions at L290 and V308 caused a greater loss in binding
affinity than did the T340V, L349E, and H351N mutations. The
1L290T, V308T, L349E, and H351N mutations also reduced the
binding affinity of FGFR1c toward FGF8b (Fig. 7D), and as ob-
served for the receptor’s interaction with Klotho proteins, the re-
placement of L290 or V308 with threonine had a more pro-
nounced effect than did the L349E and H351N mutations. Taken
together, our findings show that the hydrophobic D3 groove of
FGFRIc represents a shared binding pocket for Klotho proteins
and ligands of the FGF8 subfamily. Importantly, as already men-
tioned above, this hydrophobic groove is conserved in the “c”
isoforms of FGFR1 to FGFR3 and in FGFR4 (PDB IDs, 1CVS,
1DJS, 1EVT, 1EV2, and 1RY7 [49, 54, 55, 63]) (Fig. 6). This sug-
gests that association of Klotho proteins with FGFRc isoforms and
FGFR4 should obscure the binding site for FGF8 subfamily li-
gands on the receptor, resulting in inhibition of signaling by FGF8
subfamily ligands through FGFRc isoforms and FGFR4. To test
this possibility, we studied the impact of BKlotho expression on
the ability of FGF8b to activate FGFR in cells. HEK293 cells, which
naturally express the “c” isoforms of FGFR1 to FGFR3 (33), were
transfected with BKlotho or empty-vector control and then stim-
ulated with FGF8b. As shown in Fig. 8, induction of Egrl pro-
moter activity by FGF8b was markedly reduced in cells expressing
BKlotho compared to cells transfected with empty vector. These
data show that BKlotho inhibits FGF8b signaling, thus providing
biological evidence that the binding site for Klotho coreceptors on
FGFRI1c overlaps with the binding site for FGF8 subfamily ligands.

DISCUSSION

Our study shows that Klotho coreceptors utilize different mecha-
nisms to promote binding of endocrine FGF ligands to their cog-
nate FGFRs. aKlotho binds to FGER to create a de novo binding
site for FGF23 (16), whereas BKlotho binds FGFR and FGF19/
FGF21 independently through two distinct binding sites. We also
show that FGF19 and FGF21 use their respective C-terminal tails
to bind to a common binding site on BKlotho. This binding site
overlap may provide a molecular mechanism for why transgenic
expression or therapeutic administration of FGF19 produces ben-
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eficial effects on glucose and lipid metabolism resembling those
elicited by FGF21 (12, 66). Interestingly, FGF19 binds BKlotho
with greater affinity than FGF21, implying that FGF19 would out-
compete FGF21 for BKlotho, if both ligands were present in target
tissue at the same time. Under physiological conditions, FGF19
and FGF21 do not appear to equally coexist in the blood circula-
tion (4, 14, 18, 20, 21, 67). We speculate that the high-affinity
interaction between Klotho and FGF19, together with the bind-
ing preference of BKlotho for FGFR4, ensures that most of the
postprandially secreted FGF19 acts on the liver (and the gallblad-
der) and hence becomes trapped in the enterohepatic circulation.

Importantly, we have mapped for the first time the binding
sites for aKlotho and BKlotho on the D3 domain of FGFR1c and
shown that the binding site for a/BKlotho on FGFRIc partially
overlaps with the binding site for FGF8 subfamily ligands. The
binding site overlap indicates that a/BKlotho coreceptors would
inhibit signaling by FGF8 subfamily ligands, if a/BKlotho core-
ceptors and FGF8 subfamily ligands were coexpressed in the same
tissue at the same time. Indeed, in the liver, the major target tissue
of FGF19, FGF18 protein is coexpressed with fKlotho (2, 32), and
similarly, in the kidney, the major target tissue of FGF23, FGF17
protein is coexpressed with aKlotho (35, 60, 68). Protein coex-
pression of FGF8 subfamily ligands and Klotho coreceptors also
occurs in mature ovarian follicles (35, 38, 56) and in breast tissue
(64, 72, 76). It should also be noted that other paracrine FGFs,
including ligands of the FGF4 and FGF9 subfamilies, also coexist
with a/BKlotho coreceptors in target tissues of endocrine FGFs
such as pancreas (17) and adipose tissue (13). Based on these data,
we propose that the association of Klotho proteins with FGFR not
only enhances the binding affinity of the receptor for endocrine
FGFs but at the same time also suppresses the binding and activa-
tion of FGFR by FGF8 subfamily ligands and possibly other para-
crine FGFs. In essence, Klotho proteins modify the ligand-binding
specificity of FGFR in favor of endocrine FGFs. While it is well
established that coreceptors of a growth factor/cytokine receptor
kinase serve to enhance the binding affinity of a given receptor for
its cognate ligand (40), our study is the first to imply that a core-
ceptor can modify ligand-binding specificity of its receptor per se.

This function of Klotho coreceptors probably evolved to ded-
icate the FGFR in target cells of endocrine FGFs solely to endo-
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FIG 7 Klotho proteins and FGF8b engage the same hydrophobic groove in D3 of FGFR1c. (A) Structural model of the FGF8b-FGFR1c complex. The model was created
by superimposing the ligand-binding domain of FGFR1c from the FGF2-FGFRIc crystal structure (PDB ID, 1CVS [55]) onto the ligand-binding domain of FGFR2c in
the FGF8b-FGFR2c crystal structure (PDB ID, 2FDB [50]). On the left is a view of the whole model, and on the right is a close-up view of the ligand-receptor D3 interface.
FGF8b is shown as a ribbon diagram, and FGFR1c is shown as a space-filling molecular surface. Note that F32 and V36 of the N-terminal g helix and F93 of the 34-35
loop of FGF8b bind to a hydrophobic groove in the D3 domain of FGFR1c formed by 1290, L305, P306, V308, T340, L342, 349, and H351. NT and CT denote N and
C termini of FGF8b and FGFR1c¢, respectively. (B, C, and D) Overlays of SPR sensorgrams illustrating binding of wild-type and mutant FGFR1c proteins to aKlotho (B),
BKlotho (C), and FGF8b (D). aKlotho ectodomain, BKlotho ectodomain, or FGF8b was immobilized on biosensor chips, and increasing concentrations of either
wild-type or mutant FGFRIc ligand-binding domain were passed over the chips. Maximal binding responses of FGFR1c mutants relative to wild-type protein were
plotted (25). As we have previously reported (53), the L342S mutation causes a major loss in binding affinity of FGFR1c for FGF8b.
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FIG 8 BKlotho inhibits FGF8b signaling. Shown are dose-response curves for
Egrl promoter-driven induction of luciferase activity by FGF8b in HEK293
cells transfected with BKlotho (+) or empty vector (—). Luciferase activity of
cells expressing BKlotho was normalized to that of cells transfected with empty
vector. Data points represent mean values of three independent experiments
each performed in triplicate, and error bars denote standard deviations.

crine FGFs without interference by paracrine FGFs. The inhibi-
tion of paracrine FGF signaling in target cells of endocrine FGFs
also is consistent with the notion that paracrine FGFs possess
much greater affinity for FGFR than do endocrine FGFs and there-
fore would outcompete endocrine FGFs for the receptor in the
absence of a Klotho coreceptor. By inhibiting paracrine FGF sig-
naling, Klotho proteins might also downregulate the paracrine
FGF-mediated growth of target tissues of endocrine FGFs. Hence,
we speculate that Klotho protein expression might be reduced in
situations demanding tissue repair and regeneration to allow for
more paracrine FGF signaling and restored to normal levels upon
completion of tissue remodeling. Importantly, the inhibition of
paracrine FGF signaling might represent a mechanism underlying
the reported tumor-suppressive activity of Klotho proteins (37,
72). It should also be noted that aKlotho and BKlotho bind to a
shared binding pocket on D3, suggesting that the two Klotho pro-
teins would compete for FGFR, if coexpressed in the same tissue at
the same time. In such a case, the expression level of aKlotho
would affect the signaling through FGFR-BKlotho complex and
vice versa. This might provide an explanation for the previously
reported enhancement of putatively BKlotho-dependent meta-
bolic effects when aKlotho is knocked out (44, 47, 69).

Our findings also have important pathophysiological implica-
tions. As introduced earlier, 1342 of FGFRIc, a residue of the
binding pocket shared by Klotho proteins and FGEF8b, is the loca-
tion of a pathogenic mutation. Specifically, substitution of L342
for serine causes Kallmann syndrome (53), a congenital disorder
characterized by hypogonadotropic hypogonadism and anosmia.
Our data show that the mutation not only disrupts FGFR1c inter-
action with FGF8b but also dramatically reduces the affinity of
FGFRIc for both aKlotho and BKlotho. While previous investi-
gations into Kallmann syndrome have identified impaired FGF8
signaling through the mutant FGFR1c as a pathogenetic mecha-
nism (53), our data point to the possibility of deficiencies in en-
docrine FGF signaling and hence call for a clinical reevaluation of
Kallmann syndrome patients carrying the L342S mutation. Our
data also call for the reevaluation of patients carrying other patho-
genic mutations in the binding pocket shared by Klotho proteins
and paracrine FGFs, such as craniosynostosis mutations (71).
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