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o/BKlotho coreceptors simultaneously engage fibroblast growth factor (FGF)
hormones (FGF19, FGF21and FGF23)"*and their cognate cell-surface FGF receptors
(FGFR1-4) thereby stabilizing the endocrine FGF-FGFR complex® ¢, However, these
hormones still require heparan sulfate (HS) proteoglycan as an additional coreceptor
toinduce FGFR dimerization/activation and hence elicit their essential metabolic
activities®. To reveal the molecular mechanism underpinning the coreceptor role of HS,
we solved cryo-electron microscopy structures of three distinct 1:2:1:1 FGF23-FGFR-
aKlotho-HS quaternary complexes featuring the ‘c’ splice isoforms of FGFR1 (FGFR1c),
FGFR3 (FGFR3c) or FGFR4 as the receptor component. These structures, supported
by cell-based receptor complementation and heterodimerization experiments, reveal
that asingle HS chain enables FGF23 and its primary FGFR within a1:1:1 FGF23-FGFR~-
aKlotho ternary complex to jointly recruit alone secondary FGFR molecule leading to
asymmetric receptor dimerization and activation. However, aKlotho does not directly
participate inrecruiting the secondary receptor/dimerization. We also show that the
asymmetric mode of receptor dimerization is applicable to paracrine FGFs that signal
solely in an HS-dependent fashion. Our structural and biochemical data overturn the
current symmetric FGFR dimerization paradigm and provide blueprints for rational

discovery of modulators of FGF signalling? as therapeutics for human metabolic

diseases and cancer.

The mammalian fibroblast growth factor (FGF) family comprises 18
B-trefoil homology-domain-containing polypeptides arranged into
five paracrine subfamilies and one endocrine subfamily’. Paracrine
subfamilies govern multiple events during embryonic development®
whereas endocrine subfamily members (FGF19, FGF21and FGF23) are
hormones that regulate bile acid, lipid, glucose, vitamin D and mineral
ionhomeostasis***°. FGF hormones are promising targets for the treat-
ment of a spectrum of metabolic diseases, including type Il diabetes,
obesity, non-alcoholic steatohepatitis, primary biliary cirrhosis, bile
acid diarrhoea, renal phosphate wasting disorders and chronic kidney
disease? ™, FGFs mediate their actions by binding, dimerizing and
thereby activating single-pass transmembrane FGF receptor tyrosine
kinases (FGFR1-4)**. The extracellular region of a prototypical FGFR
contains three immunoglobulin (Ig)-like domains (D1, D2 and D3).
D2, D3 and the short D2-D3 linker are necessary and sufficient for
ligand binding and receptor dimerization. In FGFR1-FGFR3, alterna-
tive splicing of two mutually exclusive exons (termed ‘b’ and ‘c’) alters
the composition of major ligand-binding sites within the D3 domains
of these three FGFRs, effectively expanding the number of principal
FGFRisoformstoseven (thatis, FGFR1b-3b, FGFR1c-3c and FGFR4)?2%,

Paracrine FGFs depend on heparan sulfate (HS) glycosaminoglycans
as amandatory coreceptor to stably bind and dimerize their cognate

FGFRs. HS are linear glycan chains of HS proteoglycans (HSPGs) that are
abundantly expressed in the extracellular matrix of all tissues?. Accord-
ing to the crystal structure of the 2:2:2 FGF2-FGFR1c-HS dimer, HS
concurrently engages the HS binding sites of paracrine FGF and FGFR,
thereby enforcing FGF-FGFR proximity. In doing so, HS (1) enhances1:1
FG-FGFRbinding affinity; and (2) fortifiesinteractions between two1:1
complexes to give rise to two-fold symmetric 2:2 dimers®. Extracellular
FGFR dimerization promotes the formation of a thermodynamically
weak asymmetric complex of the intracellular kinase domains? that
mediates (A)-loop tyrosine transphosphorylation and hence kinase
activation and intracellular signalling.

The HS binding sites of FGF hormones diverge both composition-
ally and conformationally from those of paracrine FGFs, dramatically
weakening their affinity for HS*, Consequently, FGF hormones avoid
entrapment by the HSPGs inthe extracellular matrix and canenter the
circulation. Moreover, FGF hormones have weak affinity for FGFRs?*%
owing to substitutions of their key receptor binding residues. While
these structural and biochemical idiosyncrasies confer hormonal mode
of action, they render HS insufficient for endocrine FGF to bind FGFR
andinducereceptor dimerization. Indeed, to offset these deficiencies,
FGF hormones have evolved an absolute dependency on aKlotho or
BKlotho as an additional coreceptor for signalling. a- and fKlotho are
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single-pass transmembrane proteins with alarge extracellular domain
comprising two tandem glycosidase-like domains (KL1and KL2),and a
shortintracellular domain®*. aKlotho (or BKlotho) coreceptor simul-
taneously binds the FGF hormone and its cognate FGFR, thereby
enforcing binding of endocrine FGF to FGFR. Klotho coreceptors have
unique FGF hormone and FGFR binding specificities which ultimately
dictate FGFRbinding specificity and target tissue/organ selectivity of
endocrine FGFs. aKlotho binds exclusively to FGF23 (ref. 30) whereas
BKlothobindsboth FGF19 and FGF21 (refs. 31-34). With respect to FGFR
interaction, aKlotho and BKlotho show shared specificity for FGFR1c
and FGFR4 but neither recognizes the ‘b’ splice isoforms of FGFR1-3.
However, they display opposite specificity towards FGFR2c and FGFR3c
with aKlotho binding FGFR3c but not FGFR2c, while BKlotho binds
FGFR2cbut not FGFR3c (ref. 35).

The coreceptor mechanism of aKlotho in FGF23 signalling was
illuminated by the crystal structure of a ternary complex comprising
FGF23, the FGFRIc ligand-binding domain® and the soluble ectodo-
main of aKlotho (anaturally occurring isoform produced via shedding
of the transmembrane form)®*¥. In the structure, the long o181 loop
(denoted receptor binding arm (RBA)) extends from the KL2 domain
of aKlotho and clasps a hydrophobic groove in the D3 domain of FGFR
(aconserved hallmark of FGFR1c-3c and FGFR4), while alarge cleft at
thejunctionbetweenKL1and KL2 embraces FGF23'slong C-tail. Indoing
so, aKlotho enforces FGF23-FGFR proximity and complex stability.
Astotherole of HS, we previously postulated that HS enables two 1:1:1
FGF23-FGFR-aKlotho complexes to assembleinto asymmetric 2:2:2:2
FGF23-FGFR-aKlotho-HS quaternary signalling unit reminiscent of
2:2:2 paracrine FGF-FGFR-HS dimers®. To establish the mechanism
underlying dual coreceptor (thatis, aKlotho and HS) dependent FGFR
dimerization/activation by FGF hormones, we solved cryogenic elec-
tronmicroscopy (cryo-EM) structures of all three physiologically pos-
sible FGF23-FGFR-aKlotho-HS quaternary complexes. Unexpectedly,
these structures, supported by comprehensive cell-based data, reveal
that HS fortifiesinteractions of FGF23 and its primary FGFRwithina 1:1:1
FGF23-FGFR-aKlotho with asecondary lone FGFR, thereby inducing
asymmetric receptor dimerization and activation. Notably, the asym-
metric mode of receptor dimerization is generalizable to paracrine
FGFs, which thus overturns our current symmetric model for FGFR
dimerization and activation®,

1:2:1:1 FGF23-FGFR-aKlotho-HS complexes

We prepared 1:1:1:1 quaternary mixtures of full-length mature human
FGF23, the extracellular ligand-binding portions (that is, encompass-
ing D2 and D3 domains) of three human cognate FGFRs of FGF23 (that
is, FGFR1c, FGFR3cand FGFR4), whole ectodomain of human aKlotho
coreceptor and a fully sulfated heparin dodecasaccharide (hereafter,
referred to as HS). The three resulting quaternary complexes (that
is, FGF23-FGFR1c-aKlotho-HS, FGF23-FGFR3c-aKlotho-HS and
FGF23-FGFR4-aKlotho-HS) were isolated by size-exclusion chro-
matography (SEC) and were used directly for vitrification, cryo-EM
image collection and structure determination (Extended Data Fig. 1,
Extended Data Table1and Supplementary Fig. 2). Contrary to our pre-
diction, allthree cryo-EMsstructures reveal identicalasymmetric1:2:1:1
FGF23-FGFR-aKlotho-HS quaternary assemblies in which HS enables
a1:1:1 FGF23-FGFR-aKlotho ternary complex to recruit a lone FGFR
chain (termed FGFRS® to differentiate it from the ‘primary’ receptor
FGFR? within the ternary complex) (Fig. 1). At the membrane distal
end of each quaternary complex, HS engages in tripartite interactions
with juxtaposed HS binding sites of FGF23, FGFR" and FGFRS (Fig. 2a).
In doing so, HS augments interactions of FGF23 and FGFR' from the
FGF23-FGFRP-aKlotho ternary complex with the FGFR® chain, and
thus induces receptor (that is, FGFR-FGFR®) dimerization (Fig. 3a).
Notably, the proximity and orientation (perpendicular to plasma
membrane) of C-terminal ends of FGFR chains (approximately 25 A

apart) acquiesces with the formation of an A-loop transphosphoryl-
ating asymmetric dimer of intracellular kinase domain? (Extended
Data Fig. 2a). Although aKlotho does not directly engage FGFRS,
it presides over the FGFR® recruitment by stabilizing the FGF23-FGFR”
complex. Without aKlotho’s assistance, HS cannot independently
generate a stable FGF23-FGFR® complex that is necessary to recruit a
secondary FGFR®. Indeed, cell-based experiments confirm that FGF23
signalling is strictly aKlotho dependent (Extended Data Fig. 2b). The
conformation of the FGF23-FGFRP-aKlotho ternary complex within
the 1:2:1:1 FGF23-FGFR-aKlotho-HS quaternary assemblies is similar
tothat of the X-ray structure of HS-free FGF23-FGFR-aKlotho ternary
complex (root mean square deviation (RMSD) of only 1.16 A, Extended
DataFig. 2¢)®. However, the FGFR® component of the quaternary com-
plexadopts adistorted conformation thatisincompatible withligand
binding, which thus explains the distinct asymmetry of the quaternary
complex (Supplementary Fig. 4).

Tripartite interactions of HS

FGF23-HSinteractions are mediated by three residues (Arg48, Argl40
and Tyr154) from the atypical HS binding site within the core of FGF23
(Fig.2b). Compared with FGF23-HS contacts, HS interacts more exten-
sively with HBS in the D2 domains of the two FGFR chains, involving
residues Lys177, Lys207, Arg209 and Ser214 of FGFR1c” and Lys175,
Lys177,Val208, Arg209 and Thr212 of FGFR1c® (Fig. 2b). To validate the
physiologicalimportance of three-way interactions of HS with FGF23,
FGFRI1c® and FGFRIc® for the induction of receptor (that is, FGFR-
FGFR®) dimerization, we introduced an R48A/R140A double mutation
into FGF23 (FGF23*"%%) and K175Q/K177Q and K207Q/R209Q double
mutations (FGFR1c*"®! and FGFR1c"%2) separately or in combination
(K175Q/K177Q/K207Q/R209Q termed FGFR1c*"®51*?) into the full-length
FGFR1c. Wild-type FGFR1c (FGFR1c"") and its mutated variants were
stably expressed on the surface of rat skeletal myoblast cells (L6), an
aKlotho- and FGFR-deficient cell line. Endoglycosidase H (Endo H)
and Peptide:N-glycosidase F (PNGase F) treatment of cell lysates fol-
lowed by immunoblot analysis with FGFR-specific antibodies showed
that mutated FGFR1c variants contain complex sugars, whichimplies
that they reside on the cell surface (Extended Data Fig. 3a). Equal
homogeneity/quantity of FGF23""and FGF23*"5 samples was verified
by SDS-PAGE (Supplementary Fig. 2d). Cotreatment with FGF23""
and soluble aKlotho of L6-FGFR1c"" led to robust FGFR1c activation/
signalling as measured by phosphorylation of FGFR1c on A-loop tyros-
ines, itstwo direct substrates PLCyl (onthe regulatory Y783) and FRS2«
(onthe Grb2recruitmentsite Y196) and subsequent activation of aRAS-
mitogen-activated protein kinase (MAPK) pathway as monitored by
extracellular signal-regulated kinase (ERK) phosphorylation on T202/
Y204. In contrast, both FGFR1c*"®*! and FGFR1c*"®? double mutants
suffered major losses in their ability to induce FGF23 signalling, and
the FGFR1c*"®™*2 quadruple mutant became totally silent (Fig. 2c).
Likewise, FGF23%"® was significantly retarded inits ability to activate
L6-FGFR1c"" in the presence of soluble aKlotho. FGFR activation/
signalling data were mirrored by proximity ligation assay (PLA) data.
Specifically, cotreatment with FGF23""and aKlotho led to appearance
of copious and intense punctate fluorescent signals on the surface of
the L6-FGFR1c"" cell line. In contrast, there were far fewer fluorescent
signals on the surface of FGFR1c*"®!, FGFR1c*"®%? and FGFR1c2"ES1*2 cell
lines upon cotreatment. Similarly, markedly fewer fluorescent dots
were presenton the surface of the L6-FGFR1c"" cell line when cotreated
with FGF23%"® and soluble aKlotho (Fig. 2d). These cell-based data
confirmtheindispensability of FGF23-HS and FGFR1c-HS contactsin
inducing formation of a FGF23-FGFR1c-aKlotho-HS quaternary cell-
surface signalling complex. Consistent with the 1:2:1:1 FGF23-FGFR~
aKlotho-HS stoichiometry in the cryo-EM structures, size-exclusion
chromatography-multi-angle light scattering experiments showed
that the FGF23-FGFR1c-aKlotho-HS quaternary complex migrates
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Fig.1|HS promotes formation of1:2:1:1asymmetric FGF23-FGFR-
aKlotho-HS quaternary complexes. Overall view of the cryo-EM
reconstructions of FGF23-FGFR1c-aKlotho-HS (a), FGF23-FGFR3c-aKlotho-
HS (b) and FGF23-FGFR4-aKlotho-HS (c) quaternary complexes displayed at
threshold levels of 0.6, 0.45and 0.5, respectively. The quaternary complexis
shownintwo different orientations related by a180° rotation along the
vertical axis. FGF23is colouredin orange, aKlothois shownin deep blue and

asasingle species witha calculated molecular mass of approximately
220 kDa, whichmatches closely the theoretical value fora1:2:1:1 FGF23-
FGFRIc-aKlotho-HS (215 kDa) (Supplementary Fig. 2e).

Direct FGFR?-FGFR’ interactions

Allthree subdomains (that is, D2, D2-D3 linker and D3) of both FGFR?
and FGFRS® chains take part in recruitment of FGFR®to the ternary com-
plexand hencein promoting receptor dimerization (Fig. 3a). The direct
FGFRP-FGFR® contacts bury a modest solvent-exposed surface area
(1542.6 A% and are preserved among the three cryo-EM structures.
The FGFRP-FGFR® interface can be split into two sites (that is, sites
1and 2). At site 1, residues from discontinuous loop regions (that is,
BA’-BB and BE-BF loops) at the bottom (C-terminal) corner of D2 of
FGFR? asymmetrically pack against D2, D2-D3 linker and D3 of the
FGFRS® (Fig. 3a). Atsite 2, a contiguous stretch of residues encompassing
D2-D3linker, BAstrand, BA-BA’loop and B’ strand of D3, engage the
corresponding region of the secondary receptorina pseudo-symmetric
fashion (Fig. 3aand Supplementary Table1). Notably, the FGFR?-FGFR®
interface traps two crucial ligand-binding residues of FGFR®, namely,
Arg250 and Ser346, which further deprives FGFR® from ligand binding
(Supplementary Fig. 4b).
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HSisin magenta. Primary receptor (FGFR?) and secondary receptor (FGFR®)
areshowningreenand lightbluein the FGF23-FGFR1c-aKlotho-HS complex,
intanand pinkinthe FGF23-FGFR3c-aKlotho-HS complex and ingold and
light yellow in the FGF23-FGFR4-aKlotho-HS complex. Two tandem
glycosidase-like domains (KL1and KL2) and RBA of aKlotho are labelled. The
relevance of the extraweak density (ingrey) seenin all three1:2:1:1 quaternary
complexesis discussed in Supplementary Fig. 3.

We targeted site 2 of the FGFR"-FGFR® interface in each of the three
quaternary complexes by introducing four different point mutations
individually into full-length FGFR1c (E249A, R254A,1256A, Y280A),
FGFR3c (E247A, R252A, 1254A, Y278A) or FGFR4 (E243A, R248A,
1250A, Y274A). In addition, we introduced a A170D/A171D/S219K
triple mutation into FGFRIc to target site 1 of the FGFR1c’-FGFR1c®
dimer interface (Fig.3a) as the representative of the three quaternary
complexes. Full-length FGFR1c, FGFR3c and FGFR4 variants along
with their wild-type counterparts were stably expressed in L6 cells.
As above, Endo Hsensitivity was used to ensure that the mutations do
not affect receptor glycosylation/maturation and cell-surface presenta-
tion (Extended Data Fig. 3b-d). Apart from the FGFR1¢"?** and its cor-
responding FGFR4'%° mutant, allmutants showed comparable ratios
of Endo H-resistant to total FGFR protein-like wild-type FGFRs. These
dataimply that only FGFR1¢'*®* and corresponding FGFR4'>°A had
reduced cell-surface expression. Asin the case of the L6-FGFR1c"" cell
line, cotreatment with FGF23 and soluble aKlotho of L6-FGFR3c""and
L6-FGFR4"" celllines robustly stimulated FGFR signalling as detected by
phosphorylation/activation of FGFRs and downstream PLCy1/FRS2a/
ERK signal transducers. In contrast, cells expressing mutated FGFR1c,
FGFR3c and FGFR4 had diminished FGFR A-loop tyrosine phospho-
rylation and reduced PLCy1, FRS2a and MAPK activation (Fig. 3b-d).
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Fig.2|HS promotes asymmetric1:2:1:1FGF2-FGFR-aKlotho-HS quaternary
complex by simultaneously engaging HBS of FGF23, FGFR1c and FGFR1c®.
a,FGF23-FGFR1c-aKlotho-HS asymmetric quaternary complex displayed asa
hybrid of cartoon (FGF23, FGFR and HS) and surface (aKlotho) in the same
orientationasinFig.1a (left). b, Expanded view of theboxed regionin panela
showing tripartite interaction of HS with FGF23, FGFR” and FGFR®. HS interacting
residues are shown as sticks and labelled. Hydrogen bondsin this figure and
subsequent figures are represented as black dashed lines. Throughout the
figures, nitrogen, oxygen and sulfur atoms are coloured blue, red and yellow,
respectively. Allstructuralillustrations were made using Pymol (v.2.5.2).
¢,L6-FGFR1c"",L6-FGFR1c*"®! L6-FGFR1c*"®! or L6-FGFR1c*"®5*2were cotreated
with20 nM 1:1 mixture of FGF23"" + aKlotho or FGF23R48A/RI40A (EGF234HBS) 4
aKlotho (inthe case of L6-FGFR1c"" only) or left untreated. Total cell lysates
wereimmunoblotted with an anti-pY656/Y657-FGFR, anti-pY783-PLCyl,

Itis unlikely that the impaired signalling by FGFR1c'** and FGFR4'>%
issolely duetoreduced cell-surface expression because the glycosyla-
tion and cell-surface expression of the corresponding FGFR3c¢'»** is
unaffected.

Secondary FGF23-FGFR® contacts

FGF23 also participates in recruiting FGFR® to the ternary complex
and henceinbuttressing FGFR*-FGFR® dimerization. These secondary
FGF23-FGFRS® contacts are mediated by both the rigid trefoil core and
the flexible N terminus of FGF23. Specifically, the 8-39 and 310-312
loops within FGF23's trefoil core engage the BC-3D and BE-BF loops
at the bottom edge (C-terminal) of the FGFR® D2 domain (Fig. 4a).
In parallel, hydrophobic residues at the very distal end of the FGF23 N
terminus extend from the FGF23-FGFRP-aKlotho complex and interact

anti-pY196-FRS2a, anti-pT202/Y204-ERK and anti-B-tubulin antibody (loading
control).d, Lossin the abilities of FGF23*"® and FGFR1c*"® mutants toinduce
formation of the FGF23-FGFR1c-aKlotho-HS quaternary complexas visualized
by PLA.Red spotssignify FGF23-FGFR1c-aKlotho-HS quaternary complexes on
the cell surface and blue-stained large circles/ovals are cell nuclei. Note that,
compared with FGF23""-treated L6-FGFR1c"" cells, there are far fewer red spots
in FGF23*"®-treated L6-FGFRc""and FGF23""-treated L6-FGFR1c*"* cells. Scale
bar,10 um.Immunoblotting (c, normalized against wild-type FGFR1and FGF23,
n=3biologicallyindependent experiments) and PLA (d, n= 6 randomly chosen
microscope fields from two biologically independent experiments) were
quantitated as described in the Methods section and are presented as the
mean t standard deviation. Pvalues were determined by two-way ANOVA
followed by Tukey’s multiple comparisons post hoc test.

with a hydrophobic groove in the FGFR® D3 domain that corresponds
to the D3 groove in FGFR? engaged by the RBA of aKlotho (Fig. 4a and
Extended Data Fig. 4a). In doing so, the FGF23 N terminus is likely to
discourage binding of another aKlotho to FGFR® and hence contrib-
utes to the quaternary complex asymmetry. When compared with the
crystal structure of the HS-free 1:1:1 FGF23-FGFR-aKlotho complex,
the N terminus of FGF23 displays a major conformational change in
the 1:2:1:1 FGF23-FGFR-aKlotho-HS quaternary complex (Extended
DataFig.4b-d). Notably, inall three cryo-EM structures, electron den-
sities for the FGF23 N terminus are poorly defined, which implies that
the FGF23 N terminus engages FGFR® D3 in a rather degenerate and
flexible fashion (Fig. 1a-c and Extended Data Fig. 4e). Interactions of
the FGF23 N terminus with FGFR® D3 were corroborated by a 300 ns
all-atom molecular dynamics (MD) simulation of the FGF23-FGFR1c-
aKlotho-HS complex (Extended DataFig. 4f-i). Akin to the FGFR"-FGFRS
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Fig.3|Direct FGFR*-FGFR® contacts arerequired for receptor dimerization
and activation. a, Representation of the FGF23-FGFR1c-aKlotho-HS complex
structure asamix of cartoon (FGF23 and FGFR) and surface (aKlotho). View s
related to thatin Fig.1a (right) by 90° rotation along the vertical axis. Contact
sitesland 2 of the FGFR1c"-FGFR1c® dimer interface are boxed in blue and black,
respectively. Note that aKlotho does not directly participate inrecruiting
FGFR1°. Left, magnified view of site 1involving D2 domain of FGFR1c’ and D2,
D2-D3 linker and D3 of FGFR1c®. Right, close-up view of site 2between D3
domains of FGFR1c® and FGFR1c®. Side chains of the interacting residues
areshown as sticks. Selected secondary structure elements are labelled.
Hydrophobic contacts are highlighted as asemitransparent surface. A Cu® ion
(orange sphere) is coordinated by analogous histidine residues from FGFR1c”

interface, the FGF23-FGFR® interface (Supplementary Table 2) is also
conserved among the three quaternary complexes and masks arather
modest surface exposed area (1668.6 A2). Notably, the FGF23 N terminus
and D3 of the FGFR® engage each other in the proximity of site 2 of the
FGFRP-FGFR® interface (Fig. 4a). This implies that FGF23-FGFR® and
FGFRP-FGFR® contacts act in concert to recruit FGFR® to the ternary
complex and promote receptor dimerization (that is, FGFR"-FGFR®).
Next, we studied the impact of interfering with the secondary FGF23-
FGFR® contacts on formation of the 1:2:1:1 FGF23-FGFR-aKlotho-HS
quaternary signalling complex. For this purpose, we generated two
FGF23 variants: one lacking its first 12 N-terminal residues (that is, Y25
to W36; termed FGF23""), and the other harbouring a M149A/N150A/
P151A triple mutation within the core region of the FGF23 (termed
FGF23%5%8) According to the cryo-EM structures, the M149A/N150A/
P151A triple mutation and N-terminal truncation are predicted to
abrogate secondary interactions of FGF23 with D2 and D3 domains of
FGFRS, respectively, and hence impair FGF23 signalling (Fig. 4a). To
test this, an L6 cell line co-expressing FGFR1c"" and transmembrane
aKlotho was generated and exposed to increasing concentrations of
FGF23%T, FGF23*NT or FGF23"5%®5, Receptor dimerization/activation
efficacies of increasing concentrations of ligands were assessed by
immunoblotting for FGFR A-loop tyrosine phosphorylation and by

866 | Nature | Vol 618 | 22 June 2023

'n
(o]
«
)
=
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and FGFRI1c®. Cu* assignment was based on a previous publication implicating
specific Cu* interactions with extracellular domains of FGFRs*. Cu*"ions
probably derive from cell culture media (DMEM and DME/F12) used to grow
HEK293S GnTI cells that secrete minimally glycosylated FGFR ectodomains.
b-d, Immunoblot analyses of whole cell extracts probed asin Fig. 2c from
unstimulated or FGF23 (20 nM) and aKlotho (20 nM) costimulated FGFR1c

(b), FGFR3c (c) or FGFR4 (d) expressed L6 cell lines. Immunoblotting datawere
quantitated as described inthe Methods section and are presented as the
mean + standard deviation. Datanormalized against wild-type FGFR and
FGF23, n=3biologicallyindependent experiments. Pvalues were determined
by two-way ANOVA followed by Tukey’s multiple comparisons post hoc test.

PLA (Fig. 4b,c). Comparison of dose-response curves showed that,
atall concentrations, neither FGF23*"" nor FGF23*5*® could reach the
maximal activity (E.,,,) exerted by FGF23"T in both assays. Moreover,
when combined with FGF23"", both FGF23*5*% and FGF23*N" acted
as competitive antagonists producing a net decrease in FGFR1c acti-
vation (Fig. 4d). However, relative to FGF23*"T, FGF235*% showed a
greater loss in its dimerization/signalling capacity (Fig. 4b-d), which
implies that the FGF23-FGFR® contacts mediated via the core of the
FGF23 contribute more to the overall stability and functionality of
the FGF23-FGFR1c-aKlotho-HS quaternary signalling complex than
those mediated by FGF23 N terminus.

Cell-based receptor complementation

We devised a cell-based receptor complementation assay to inter-
rogate the asymmetry of FGF23-FGFR-aKlotho-HS quaternary sig-
nalling complexes. Specifically, based on the distinct roles played by
primary and secondary receptorsinthe asymmetric dimerization, we
engineered two FGFRI1c variants capable of acting exclusively either as
the primary or secondary receptor. We reasoned that although these
variants would be dysfunctional individually, they should complement
eachother andformafunctional 1:2:1:1quaternary complex inresponse
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Fig.4|Secondary contacts between FGF23 and FGFRS® are essential for
receptor dimerization and activation. a, Cartoonrepresentation of the
FGF23-FGFR-aKlotho-HS structurein the same view as in Fig. 1a (right).
Orange and black boxes signify the two contact regions between FGF23 and
FGFRS, namely, FGF23°":FGFR1c® D2 domain (left, orange box) and FGF23"":
FGFR1c®D3 domain (right). b, L6-FGFR1c"" cells were treated with increasing
concentrations of FGF23"T, FGF23*"T or FGF235"%S and whole cell lysates were
probed asinFig.2. Equal homogeneity/quantity of FGF23%T, FGF23*"T and
FGF23**® samples was verified by SDS-PAGE (Supplementary Fig. 2d). ¢, Loss in
the abilities of FGF23*"" and FGF23*5*% mutants to induce FGF23-FGFR-
aKlotho-HS quaternary complex formation (thatis, receptor dimerization)

to FGF 23 and aKlotho (Fig. 5a and Extended Data Fig. 5a,b). To generate
aFGFRIc variant functioning exclusively as primary receptor, we intro-
duced al203E/S223E double mutationinits D2 domain. As mentioned
above, these two residues in FGFR1c® engage in hydrophobic and hydro-
gen bonding contacts with residues in the core of the FGF23 (that is,
FGF23-FGFRIc®interface, Fig. 4a), which are indispensable for recruit-
ment of FGFR1c® to the ternary complex as implied by the severe loss of
function of FGF23**® (Fig. 4b,c). However, the corresponding residues
inFGFR1c” are dispensable for quaternary complex formation and are
solvent exposed (Extended Data Fig. 5b). Consequently, the resulting
mutant FGFRIc (termed FGFR1c*5'®) is predicted to lose the ability to
actas asecondary receptor but should retain the ability to serve as a
primary receptor. To make an FGFR1c variant capable of acting solely
as secondary receptor, we introduced a A167D/V248D double muta-
tionintoits D2 domain. The A167D/ V248D double mutation abrogates

relative to FGF23""as assessed by PLA. Note that there are far fewer red spots in
cells stimulated with FGF23 mutants relative to FGF23"".d, L6-FGFR1c"" cells
were treated with FGF23"" (40 nM) alone, FGF23"" (40 nM) mixed with FGF2345R8S
(40 nM) or FGF23*"" (40 nM) and whole cell extracts were probed with pFGFR
antibodies. Scale bar,10 pm. Immunoblotting (band d, n =3 biologically
independent experiments) and PLA (¢, n =6 randomly chosen microscope
fields fromtwo biologically independent experiments) were quantitated as
described inthe Methods sectionand are presented as the mean + standard
deviation. Pvalues were determined by two-way ANOVA followed by Tukey’s
multiple comparisons post hoc test.

formation of highly conserved hydrogen and hydrophobic contacts
between FGF23 and the FGFR1" D2 domain (Extended Data Fig. 5a,b).
Thus, the resulting FGFR1cA*?V24> mutant (termed FGFR1c*™%) is
predicted to lose the ability to function as a primary receptor (that is,
form a ternary complex). However, FGFR1c*"® should retain its abil-
ity to function as a secondary receptor because the corresponding
residues in FGFR1c® do not play any role in the quaternary complex
formation and are completely solvent exposed.

To performthe complementation assay, an L6 cell line co-expressing
FGFR1c*'® and FGFR1c¢*"*®S (L6-FGFR1c*S'®S + FGFR1c*"5) was gen-
erated along with two control L6 cell lines individually expressing
FGFR1c"*'® (L6-FGFR1c***®%) and FGFR1c*"®® (L6-FGFR1c*™'®S). These
three cell lines and L6-FGFR1c"" (positive control) were exposed to
afixed concentration of FGF23 and soluble aKlotho for increasing
timeintervals. FGFR1c signalling was assessed by monitoring tyrosine
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Fig.5|Bothendocrine and paracrine FGFs signal viaasymmetricreceptor
dimers. a, Schematic diagram showing that, inresponse to FGF23 and aKlotho
cotreatment, FGFR1c*S'® and FGFR1c*™® can complement each other and form
al:1:1:1:1 FGF23-FGFR1c***®*-FGFR1c*"*®-aKlotho-HS asymmetric complex.

b, Immunoblotanalyses of whole extracts from untreated or FGF23-and
aKlotho-cotreated L6 cell lines singly expressing FGFR1c"", FGFR1c*"® and
FGFR1c*"* or co-expressing FGFR1c***® with FGFR1c*"* probed asin Fig. 2.

¢, Schematic diagram showing that FGF23, aKlotho and FGFR4%'5 (serving asa
primary receptor) formaternary complex and recruit FGFR1c*"® asasecondary
receptor,inthe presence of HS.d, FGF23- and aKlotho-cotreated L6 cell lines
stably expressing FGFR4"T, FGFR4%%'5S alone or FGFR4%'%S together with
FGFR1c*™S were analysed for FGFR activation/signalling using western

phosphorylation of FGFR, PLCyl and FRS2a, and subsequent activation
of MAPK pathway. Compared with the L6-FGFR1c"" cell line, there was
negligible FGFR signalling in L6-FGFR1c*™5 or L6-FGFR1c*'® cells
(Fig. 5b), which implies that these variants on their own are unable
to form signalling-competent quaternary complexes. In contrast,
co-expression of FGFR1c*"®® with FGFR1c*"® (Fig. 5b) resulted in
robust activation of an FGFR signalling pathway. These data imply
that FGFR1c*"® can complement FGFR1c*"* in forming a signalling-
competent FGF23-FGFR1¢*S'®-FGFR1c*"®-aKlotho-HS quaternary
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blotting of total cell lysates asin Fig. 2. e, Schematic diagram showing that,
inresponseto paracrine FGF1/4 and HS, FGFR1c**'®S and FGFR1c™5 can
complement each other and form1:1:1:1 FGF-FGFR1c*S*®-FGFR1c*™®S-HS
asymmetricsignalling complexes. f, L6 cell lines expressing FGFR1c*S*® and
FGFR1c*"® individually or co-expressing them were treated with FGF1 (1 nM)
and cell extracts were immunoblotted asin Fig. 2. g, Schematic diagram showing
that FGF1, HS and FGFR45'® (serving as primary receptor) form astable complex
which subsequently recruits FGFR1c*"*® asasecondary receptor. h, L6 cell
lines expressing FGFR4"T or FGFR45'* singly or co-expressing FGFR4*5'®S with
FGFRIc*"*® were treated with FGF1 (1 nM) and cell extracts were immunoblotted
asinFig.2.Experiments were performed inbiological triplicates with similar
results. CT, Cterminus; NT, N terminus.

complex, in which FGFR1c*'®S assumes the role of primary receptor

while FGFR1c*™® is adopted as the secondary receptor (Fig. 5a). Forma-
tion of an asymmetric FGF23-FGFR1c*"*-FGFR1c*"*-aKlotho-HS
signalling complex was also validated by PLA (Extended Data Fig. 5¢c).
Compared with L6-FGFR1c"" cells, FGF23 and aKlotho cotreat-
ment failed to generate any fluorescent signals on the surface of
L6-FGFR1c*"® and L6-FGFR1c*"® cells, which implies that FGFR1¢*5*%
and L6-FGFR1c*™™ variants alone fail to undergo receptor dimeriza-
tion (thatis, quaternary complex formation). In contrast, stimulation



of L6-FGFR1c*'® + FGFR1c*™® co-expressing cells with FGF23 and
aKlotho led to appearance of copious and intense florescent puncta,
implying that FGFR1c*'® and FGFR1c*"*® have complemented
each other and assembled into an asymmetric FGF23-FGFR1c%5-
FGFR1c*"®-aKlotho-HS signalling complex.

Cell-based receptor heterodimerization

As mentioned above, both FGFR?-FGFR® and FGF23-FGFR® inter-
faces are nearly invariant among the three quaternary complexes.
This observation afforded us with another opportunity to interro-
gate the asymmetry of the complex. Specifically, we reasoned that a
primary FGFR1c” should be able to pair with FGFR3c or FGFR4 as the
secondary receptor toyield functional 1:2:1:1 FGF23-FGFR1c-FGFR3c-
aKlotho-HS or FGF23-FGFR1c-FGFR4-aKloth-HS heterodimeric
quaternary complexes (Fig. 5c). To test this possibility, we carried out a
receptor complementation assay using an FGFR4 variant harbouringa
double 1197E/S217E mutation (termed FGFR4'%%)—corresponding to
FGFR1c*"®—as the primary receptor and FGFR1c*"® as the secondary
receptor. An L6 cell line co-expressing FGFR1c*""5 with FGFR45'%5
(L6-FGFRI1c ™S + FGFR45'%%), along with control cell lines individually
expressing FGFR4"T (L6-FGFR4"") and FGFR45'%S (L6-FGFR4%5'%%) were
derived. These cell lines were cotreated with FGF23 plus aKlotho, and
quaternary signalling complex formation was examined by immunob-
lotanalysisand PLA. As with FGFR1c*5'®* and FGFR1c*"®S, FGFR4*'® also
failed tobeactivated in response to FGF23 plus aKlotho cotreatment.
However, robust activation of an FGFR signalling pathway took place
inthe L6-FGFR1c*"® + FGFR4%'®S co-expressing cell line (Fig. 5d). The
cell signalling data were mirrored by the PLA (Extended Data Fig. 5c).
Specifically, inconsequential florescent signal was present on the
surface of L6-FGFR45'® cell line upon costimulation with FGF23 and
aKlotho. In contrast, copious and intense punctate fluorescent spots
appeared on the surface of L6-FGFR1c*™®® + FGFR4%5'% co-expressing
cells, which implies that an FGF23-FGFR1c-FGFR4-aKlotho-HS het-
erodimeric quaternary complex can form on the surface of live cells.
These cell-based receptor complementation and hererodimerization
dataunequivocally confirm the asymmetry of our structurally deduced
1:2:1:1 FGF23-FGFR1c-aKlotho-HS signal transduction complex.

Asymmetric FGFR dimerizationis general

Because the aKlotho coreceptor does not directly participate in FGFR®
recruitment, we suggested that asymmetric mode of receptor dimeriza-
tionrevealed by our FGF23-FGFR-aKlotho-HS cryo-EM sstructures may
also be relevant to paracrine FGFs. To test this conjecture, we studied
theimpacts of asymmetric FGFR-FGFR® dimer interface mutations on
the abilities of FGFR1c and FGFR2b to mediate paracrine FGF signalling.
These two FGFRisoforms were chosen because of their overlapping and
unique ligand-binding specificity/promiscuity profile (Extended Data
Fig. 5d). FGFR1c responds to paracrine FGF1 (a pan-FGFR ligand) and
FGF4, whereas FGFR2b mediates the actions of FGF1, FGF3, FGF7, FGF10
and FGF22. For FGFR2b studies, we generated L6 cell lines expressing
either wild-type (FGFR2b"") or FGFR2b mutants (that is, FGFR2b®%*,
FGFR2b****, FGFR2b'*"* and FGFR2bY*'*) analogous to the FGFRI1c
mutants mentioned above. Both FGFR1c and FGFR2b mutants were
impaired in their capacity to undergo ligand-induced tyrosine trans
auto-phosphorylation, whichwasalsoreciprocatedin reduced PLCyl
and FRS2a phosphorylation (Extended Data Fig. 6).

Next, we carried out receptor complementation and heterodi-
merization assays as was done for FGF23. For FGFR2b complemen-
tation study, we established L6-FGFR2b*'®S, L6-FGFR2b*™® and
L6-FGFR2b*S"5 + FGFR2b"'®S cell lines corresponding to FGFR1c cell
lines used for FGF23 study. In response to FGF1 or FGF4 stimulation,
cells expressing FGFR1c*™® or FGFR1c**"™ alone failed to elicit any
appreciable FGFRIc signalling whereas L6-FGFR1¢*5'5 + FGFR1cF

cellsresponded with robust FGFR1c activation and signalling (Fig. Se,f).
Likewise, FGF1, FGF3, FGF7 and FGF10 each induced FGFR activation
and signalling only in L6-FGFR2b*%'®S + FGFR2b"™8S co-expressors
(Extended DataFig. 7). Lastly, we studied the possibility of FGFR heter-
odimerization by paracrine FGFs by focusing on: (1) FGFR1c-FGFR4 and
FGFR1b-FGFR2b heterodimerizations by FGF1; (2) FGFR1b-FGFR2b het-
erodimerizationby FGF10; and (3) FGFR2b-FGFR3b heterodimerization
by FGF3. For the FGFR1b-FGFR2b heterodimerization assay, we gener-
ated an L6 cellline expressing FGFR1b*'®S, equivalent to FGFR2b*'5S, For
FGF2b-FGFR3b heterodimerizationby FGF3, we used wild-type FGFR3b
(FGFR3b"T) as the APLBS equivalent because thisisoform naturally does
notrespond to FGF3. FGF1failed toactivate FGFR signalling in FGFR1¢™
and FGFR4%%'5S cell lines. However, strong FGFR signalling was seen
in the FGFR1c*"® + FGFR45'5S co-expressing cell line in response to
FGF1stimulation (Fig. 5g,h). Likewise, both FGF1 and FGF10 induced
robust FGFR activation/signalling only in the FGFR1b*'® + FGFR2b*™5
co-expressing cell line but not in the L6-FGFR1b*"® and L6-FGFR2b*™8S
cell lines (Extended Data Fig. 8a-c). Lastly, FGF3 provoked signalling
in the FGFR2b*'®S + FGFR3b"" co-expressing cell line but not in the
L6-FGFR2b***® and L6-FGFR3b"" cells (Extended DataFig. 8d,e). Based
onthese extensive cell-based datawe conclude that paracrine FGF sig-
nalling is mediated via HS-induced asymmetric 1:2 FGF-FGFR dimers,
reminiscent of the HS- and Klotho-induced endocrine 1:2 FGF23-FGFR
dimer (Extended DataFig.9).

Concluding remarks

The1:2:1:1FGF23-FGFR-aKlotho-HS asymmetric quaternary complex
structures and supporting biochemical data presented in this manu-
scriptreveal how Klotho and HS glycosaminoglycan coreceptorsactin
concertto promote asymmetric 1:2 endocrine FGF-FGFR dimerization
necessary for receptor activation and hence FGF hormone signalling.
Inthis model, Klotho coreceptors tether FGF hormone and its primary
receptor together and thus generate a stable endocrine FGF-FGFR?
complexin the context of 1:1:1 FGF-FGFR"-Klotho ternary complexes.
Indoing so, Klotho coreceptors effectively offset the HSincompetency
in stabilizing the endocrine FGF-FGFR® complex (Extended DataFig.9).
The stabilized endocrine FGF-FGFR® complex is then assisted by a
HS coreceptor to recruit a secondary FGFR®. Importantly, the Klotho
coreceptor dependency restricts the site of action of FGF hormones
to Klotho expressing tissues/organs (that is, kidney and parathyroid
glands in the case of FGF23). Consistent with a lack of a direct role of
Klotho in FGFR® recruitment, we show that the asymmetric mode of
receptor dimerization is also applicable to paracrine FGFs. Unlike
FGF hormones, paracrine FGFs have substantial affinity for HS and
hence canrely solely on HS as an obligatory coreceptor to both stably
bind FGFR" and recruit FGFRS. Despite sharing structural similarity,
Klotho and HS-induced endocrine 1:2 FGF-FGFR dimers are thermo-
dynamically inferior to HS-induced paracrine 1:2 FGF-FGFR dimers.
Specifically, owing to the weak HS binding affinity of the FGF hormone,
FGFRSisbound less tightly in the endocrine 1:2 FGF-FGFR dimer, which
accounts for the weaker receptor activation/signalling capacity of FGF
hormones relative to paracrine FGFs as posited by our ‘threshold model’
for FGF signalling specificity®®. Remarkably, the asymmetric receptor
dimerization model is compatible with receptor heterodimerization,
whichislikely to serve as an additional mechanismto qualitatively and
quantitatively fine-tune FGF signalling.
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Methods

Expression constructs

The ligation-independent In-Fusion HD cloning kit (no. 639648,
Clontech) was used to construct neomycin and hygromycin resistant
pEF1a-IRES-neo and pEF1a-IRES-hygro lentiviral vectors encoding
wild-type full-length human FGFR2c, FGFR3c and FGFR4 according
to the protocol previously described for the human FGFRIc lentiviral
expression construct®. The pET-30a-based bacterial expression con-
struct for N-terminally his-tagged human FGF23 (residues Tyr25 to
lle251) was described previously®. pHLsec expression vectors encod-
ing the extracellular ligand-binding region (that is, D2-D3 region) of
FGFR3c (residues Aspl142 to Arg365; FGFR3c**) and FGFR4 (residues
Aspl142 to Arg365; FGFR4°“"°) were made following the same strategy
described previously for the human FGFR1c* (ref. 6). Single and mul-
tiple site mutations and truncations were introduced into expression
constructs encoding the wild-type proteins using a QS5 site-directed
mutagenesis kit (no. E0554S, New England Biolabs Inc.). The expres-
sion constructs were verified by restriction enzyme digestion and DNA
sequencing.

Recombinant protein expression and purification

To produce minimally glycosylated ectodomains of FGFR1c,3cand 4,
N-acetylglucosaminyltransferase I (GnTI") deficient HEK293S cells were
transiently transfected withrespective pHLsec expression constructsvia
cationic polymer polyethyleneimine (PEl, no.23966-1, Polysciences, Inc.)
following a published protocol*°. Then, 24 h posttransfection, tryptone
N1(TNI, catalogue no.19553, Organotechnie) was added to the medium
to promote protein expression. At day three, secreted FGFR ectodo-
mains from 11 of conditioned medium were captured on a heparin
affinity HiTrap column (no.17040703, GE Healthcare) and eluted with
20 column volume of salt gradient (0-2 M). Fractions containing
FGFR*“*® proteins were pooled, concentrated to 5 ml and applied to
a Superdex-75 gel filtration column (no. 28989333, GE Healthcare).
FGFR*“proteinswereelutedisocraticallyin25 mMHEPES pH = 7.5buffer
containing 1 M NaCl. Wild-type and mutated FGF23 proteins were
expressed in E. coli as inclusion bodies, refolded in vitro and purified
to homogeneity using sequential cation exchange and SEC follow-
ing an established protocol®. Secreted aKlotho®* was purified from
conditioned media of a HEK293S GnTI  cell line stably expressing
the entire extracellular domain of human aKlotho (residues Metl to
Ser981; aKlotho®*) using a heparin affinity HiTrap column followed
by SOUCRE Q anion and Superdex 200 column chromatography, as
described previously®.

Cryo-EM specimen preparation, image processing, model
building and refinement

FGF23-FGFR1c-aKlotho-HS, FGF23-FGFR3c-aKlotho-HS or FGF23-
FGFR4-aKlotho-HS quaternary complexes were prepared by mixing
FGF23 with one of the FGFR ectodomains, aKlotho®* and a heparin
dodecasaccharide 12 (HO12, Iduron Ltd) using a 1:1:1:1 molar ratio.
The mixtures were concentrated to approximately 5 mg ml™, applied
to a Superdex 200 column (no. 28989335, GE Healthcare) and eluted
isocratically in 25 mM HEPES pH = 7.5 buffer containing 100 mM
NaCl. Peak fractions were analysed by SDS-PAGE and top fractions
containing the highest concentration and purity of the quaternary
complex were used directly for grid preparation without further con-
centration to avoid protein aggregation. The final concentrations of
FGF23-FGFR1c-aKlotho-HS, FGF23-FGFR3c-aKlotho-HS and FGF23-
FGFR4-aKlotho-HS complexes for grid preparation were 1.5,2.4 and
1.5 mg ml™, respectively.

To prepare the cryo-EM grids, 2-3 pl of purified protein complex
atapproximately1.5-2.5 mg ml™ was applied to glow discharged gold
grid (UltrAuFoil). The grid was then blotted for 1-2 sunder O or 1 force
at100% humidity using a Mark IV Vitrobot (FEI) before plunging into

liquid ethane. Micrographs of the FGF23-FGFR1c-aKlotho-HS and
FGF23-FGFR4-aKlotho-HS complexes were acquired on a Talos
Arcticamicroscope with K2 direct electron detector at x36,000 mag-
nification (corresponding to 1.096 A per pixel). Accumulated doses
used were 50.37 e /A2and 53.84 e /A*for FGF23-FGFRIc-aKlotho-HS
and FGF23-FGFR4-aKlotho-HS, respectively. Micrographs of the
FGF23-FGFR3c-aKlotho-HS complex were collected ona Titan Krios
microscope equipped with aK2 direct electron detectorand anenergy
filter. The magnification used was x130,000, with a pixel size of 1.048 A,
and an accumulated dose of 72.44 e /A2. Leginon* was used to target
the holes with 5-100 nm of ice thickness, resulting in 10,186, 6,409
and 16,602 micrographs being collected for each of three quaternary
complexes.

WARP* was used for motion correction and contrast transfer func-
tion estimation for all three cryo-EM datasets. Micrographs with an
overall resolution worse than 5.5 A were excluded. The final number
of micrographs used were 9,501, 5,164 and 15,049, respectively,
yielding more than one million particles for each complex. Particle
stacks were then imported to cryoSPARC* for two-dimensional clas-
sification, ab-initio reconstruction with three or four models and
three-dimensional classification. Finally, 1,497,967 (FGF23-FGFR1c-
aKlotho-HS), 291,540 (FGF23-FGFR3c-aKlotho-HS) and 856,877
(FGF23-FGFR4-aKlotho-HS) particles were used for heterogene-
ous refinement with C1 symmetry, resulting in 2.74, 3.20 and 3.03 A
resolutions, respectively. Components/domains from FGF23-FGFR1c-
aKlotho X-ray structures (PDB: 5W21) were manually docked into
cryo-EM density maps using Chimera** and the rigid body was refined.
Initial models were then adjusted in Coot* and real-space refined in
Phenix*¢. Refinement and model statistics are shown in Extended Data
Table 1. Representative cryo-EM images, two-dimensional class aver-
ages and three-dimensional maps of each quaternary complex are
shownin Extended DataFig. 1.

MD simulation

The cryo-EMstructure of the FGF23-FGFR1c-aKlotho-HS quaternary
complexwas solvated inawater box of 16 x 16 x 16 nm®. The CHARMM-
GUI server was used to generate the configuration, topology*’>°
and the parameter files with the CHARMM36m force field™. Inaddition
to protein molecules, the simulation system included about 138,073
water molecules, 393 sodium and 393 chloride ions (mimicking the
150 mM NacCl present in the protein buffer), resulting in a total of
439,298 atoms. A 300 ns all-atom MD simulation trajectory was gen-
erated using GROMACS 2021 (ref.52) at 303 Kusing atime step of 2 fs.
The cubic periodic boundary condition was used during the simula-
tions and the van der Waals interaction was switched off from 1 nm
to 1.2 nm. The long-range electrostatic interactions were calculated
using the particle mesh Ewald (PME) method. Energy minimization
was carried out using the steepest descent algorithm, followed by a
0.4 ns constant particle number, volume and temperature (NVT) and
a20 ns constant particle number, pressure and temperature (NPT)
equilibration simulation by gradually decreasing force restraints
from 1000 k) mol™ nm™to 400 k) mol™ nm™ (for the NVT stage) and
400 k] mol™ nm2to 40 kJ mol™ nm™ (for NPT stage). At the conclusion
ofthe equilibration steps, all force restraints were removed and the MD
simulation was performed in the NPT ensemble.

Generation of cell lines and FGFR signalling assay

HEK293T cells (verified by a morphology check under microscope,
mycoplasma negative in 4’,6-diamidino-2-phenylindole (DAPI)) were
used for lentiviral vector packaging and production of high-titre
viral particles. An L6 myoblast cell line (no. GNR 4, National Collec-
tion of Authenticated Cell Cultures) was used as the host for stable
expression of full-length (transmembrane) human FGFRI1c, FGFR2c,
FGFR3c, FGFR4 and mutants thereof. L6 cells endogenously express
HSPGsbutare devoid of FGFRs and aKlotho coreceptor and hence are
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naturally non-responsive to FGF23. However, via controlled ectopic
co-expression of cognate FGFRs and aKlotho or exogenous supplemen-
tation withsoluble aKlotho®*, these cells canrespond to FGF23 stimula-
tion. Accordingly, L6 cells are excellent hosts for reconstitution studies
of FGF23 signallingin a physiological environment. Both HEK293T and
L6 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM,
no. C11995500BT, Gibco) supplemented with 10% fetal bovine serum
(FBS, no. FSD500, ExCell Bio), 100 U mlI™ of Penicillin and 100 pg mi™
Streptomycin (no. P1400, Solarbio). Viral packaging and generation
of the recombinant lentivirus particles in HEK293T cells were carried
out using published protocols®. For stable expression of individual
wild-type or mutated FGFR cell lines, 2 x 10° L6 cells were plated in
six-well cell culture dishes and infected with lentivirus particles encod-
ing given FGFR in the presence of polybrene (5 pug ml™; no. sc-134220,
Santa Cruz Biotechnology). Stable transfectants were selected using
G418 (0.5 mg ml™, no. HY-17561, MedChemExpress) or hygromycin
(8 pug mI™, no.HY-B0490, MedChemExpress). For the FGFRIc+aKlotho™
co-expressing cell line, L6 cells stably expressing FGFR1c"" (resistant
to G418) were infected with lentiviral particles encoding wild-type or
mutated transmembrane aKlotho (aKlotho™) and the co-expressing
cells were selected using hygromycin (80 pg ml™, no. HY-B0490,
MedChemExpress).

For cell stimulation studies, parental and stably transfected L6 cells
were seeded in12-well cell culture plates at a density of 1 x 10° cells per
welland maintained for 24 h. On the next day, the cells wererinsed three
times with phosphate buffered saline (PBS) and then serum starved for
12 hand costimulated with FGF23"" and aKlotho®* for 5,10, 20 and
40 min. For single time point stimulation, samples were harvested
after 5 min.

After stimulation, cells were lysed and total lysates samples were
analysed by westernblotting, as previously described®. The following
antibodies were used: phosphorylated FGFR (1:1000, no. 3471S, Cell
Signaling Technology), phosphorylated FRS2a (1:1000, no. 38648, Cell
Signaling Technology), phosphorylated PLCy1 (1:1000, no. 2821S, Cell
Signaling Technology), phosphorylated ERK1/2 (1:1000, no. 4370S,
Cell Signaling Technology), a-tubulin (1:20000, no. 66031-1-Ig, Pro-
teintech), total-FGFR1(1:1000, no. 97408, Cell Signaling Technology),
total-FGFR2 (1:1000, no. 23328S, Cell Signaling Technology), total-
FGFR3 (1:1000, no.ab133644, Abcam), total-FGFR4 (1:1000, no. 8562S,
Cell Signaling Technology), HRP conjugated goat anti-mouse IgG
(H+L) (1:5000, no. SAO0001-1, Proteintech), HRP conjugated goat
anti-rabbitIgG(H + L) (1:5000, no. SAO0001-2, Proteintech). Blots were
developed using enhanced chemiluminescence reagents (no. P10300,
NCM Biotech Laboratories) by the ChemiDoc XRS+ system (Bio-Rad)
or Amersham ImageQuant 800 (GE).

Determination of cell-surface expression of mutated FGFRs via
endoglycosidase H sensitivity assay

Endoglycosidase H (Endo H) sensitivity was used to analyse potential
impacts of ectodomain mutations on FGFR glycosylation/maturation
and hence trafficking to the cell surface. Inimmunoblots, wild-type
FGFRs migrate as adoublet of amajor diffuse upper and aminor sharp
lower band. The upper band represents the fully glycosylated mature
FGFR, decorated with complex sugars that has passed the ER quality
control and has been successfully trafficked to the cell surface. On
the other hand, the faster migrating lower band is an incompletely
processed high mannose form thatis trapped in ER. Mutations affect-
ing receptor maturation manifestin anincreasein proportion of the
faster migrating ER-resident band. The mannose-rich formis sensitive
to Endo Hwhich cleaves the bond between two N-acetylglucosamine
(GIcNAc) subunits directly proximal to the asparagine residue.
However, the fully glycosylated cell surface-resident band is resist-
ant to Endo H. Accordingly, cell-surface abundance of FGFRs can be
expressed as aratio of Endo H-resistant fraction over the total recep-
tor expression as determined by treating the receptor with PNGase

F. This enzyme is an amidase that hydrolyzes the bond between the
innermost GIcNAc and asparagine irrespective of complex sugar con-
tentand thus completely strips the FGFR from allits N-linked sugars.
Accordingly, WT or mutant FGFR cell lines were lysed in an NP-40
lysis buffer (Biotime, no. POO13F, supplemented with1 mM PMSF) for
15 minat4 °C.First, 20 pgtotal protein (quantified by BCA assay) were
denatured with glycoprotein denaturing buffer at 100 °C for 10 min
and then treated with 500 units of Endo H (New England Biolabs,
no. P0702S) or peptide-N-glycosidase F (PNGase F) (New England
Biolabs, no. P0704S) following the manufacturer’s instructions. Endo
H- and PNGase F-treated samples were immunoblotted with FGFR
isoform-specific antibodies, as detailed above.

Size-exclusion chromatography-multi-angle dynamic light
scattering

The molecular mass of the SEC-purified FGF23-FGFRIc-aKlotho-HS
quaternary complex was determined by multi-angle light scattering fol-
lowing the established protocol®. Before the experiment, at least 60 ml
of degassed running buffer (25 mM HEPES pH 7.5 containing 150 mM
NaCl) were passed through the system to equilibrate the column and
establish steady baselines for light scattering and refractive index
detectors. Then, 50 pl of purified FGF23-FGFR1c-aKlotho-HS quater-
nary complex (1.5 mg ml™) was injected onto the Superdex 20010/300
GL column and the eluent was continuously monitored at 280 nm
absorbance, laser light scattering and refractive index at a flow rate
of 0.5 mImin™. As a control, 50 pl of a purified FGF23-FGFR-aKlotho
ternary complex (1.5 mg ml™) sample was analysed under the same con-
dition. The experiments were performed at ambient temperature. Laser
light scatteringintensity and eluent refractive index values were used
toderive molecular mass asimplemented by the ASTRA software (Wyatt
Technology Corp.).

Proximity ligation assay

Cells were seeded onto microscope cover glasses (no. WHB-12-CS-LC,
WHB) placed inside 12-well cell culture dishes at 1 x 10° cells per well
and allowed to adhere for 24 h. On the next day, cells were washed
three times with PBS and serum starved for 12 h. Following costimu-
lation with FGF23"" and aKlotho®“*® for 20 min, cells were washed
three times with PBS and fixed with 4% paraformaldehyde for 30 min
prior to PLA. The PLA reaction was performed using a Duolink
PLA kit following the manufacturer’s instructions (no. DU0O92101,
Sigma-Aldrich) and visualized via fluorescence microscopy. Briefly,
slides were treated with blocking solution for 60 minat 37 °C, rinsed
three times with wash buffer A and then incubated overnight at4 °C
with two different primary antibodies raised in two different spe-
cies for each FGFR isoform of interest (FGFR1 (1:20, no. PA5-25979,
ThermoFisher) from rabbit, FGFR1 (1:100, no. ab824, Abcam) from
mouse, FGFR2 (1:100, no. 23328S, Cell Signaling Technology) from
rabbit, FGFR2 (1:50, no. sc-6930, Santa Cruz Biotechnology) from
mouse, FGFR3 (1:100, no. MA5-32620, ThermoFisher) from rabbit,
FGFR3 (1:100, no. sc-13121, Santa Cruz Biotechnology) from mouse,
FGFR4 (1:100, no. 8562S, Cell Signaling Technology) from rabbit,
FGFR4 (1:100, no. sc-136988, Santa Cruz Biotechnology) from mouse).
Following three rinses with wash buffer A, slides were incubated with
oligo-linked secondary antibodies (Duolink anti-mouse minus and
anti-rabbit plus) for 1 h at 37 °C. Slides were rinsed again with wash
buffer Aand immersedinligase solutionfor 30 minat37 °C, to allow
formation of circular DNA, followed by incubation with polymer-
ase solution for 100 min at 37 °C for rolling circle amplification in
adark room. Slides were rinsed twice with wash buffer B for 10 min
each, followed by rinsing with a100-fold dilution of buffer B for
1 min. For imaging analysis, slides were covered by coverslips using
aminimal volume of Duolink PLA mounting medium containing DAPI.
Slides were examined using a confocal laser scanning microscope
(C2si, Nikon).
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Statistical analysis and reproducibility

All statistical analyses were carried out using GraphPad Prism 8.0.
For statistical analysis of immunoblotting data, densitometric
values (determined using Image]J) from three independent experiments
were used. For statistical analysis of PLA data, anumber of fluorescent
dots and cells (counted manually) was used from six randomly chosen
microscope fields from two biologically independent experiments.
Processing of the western blotting and PLA datain Figs. 2¢,d, 3b—-d
and 4b,cwas done using two-way ANOVA, followed by Tukey. One-way
ANOVA, followed by Tukey was applied to process the westernblotting
datain Extended DataFig. 3. Protein purifications were repeated at least
eight timesyielding samples with comparable purity/quantity. Western
blotting experiments were carried out in biological triplicates with
similar results. PLA assays were repeated at least twiceindependently,
with analogous results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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plementary Fig. 1. Source data are provided with this paper.
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Extended DataFig.1|Determination of molecular structures of FGF23- Gold-standard Fourier shell correlation (GSFSC) show global resolutions of
FGFR-aKlotho-HS quaternary complexes by Cryo-EM. Image processing 2.74,3.20,and 3.03 A for FGF23-FGFRI1c-aKlotho-HS, FGF23-FGFR3c-aKlotho-HS,
workflow for the FGF23-FGFR-aKlotho-HS quaternary complex containing and FGF23-FGFR4-aKlotho-HS quaternary complexes, respectively.

FGFR1c (left), FGFR3c (middle) or FGFR4 (right) as the receptor component.
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Extended DataFig.2|Overall topology of the FGF23 signaling complexand
itsstrict aKlotho dependency. A, Cartoonrepresentation of the cryo-EM
structure of the 1:2:1:1FGF23-FGFR-aKlotho-HS quaternary complexin

four different orientations related by 90° rotation along the vertical axis.

The asymmetric quaternary complex has an average dimension of 130 Ax100 A
55A.The proximity of membraneinsertion points of FGFR chains (25 A apart)
would be conducive to the formation of an asymmetric A-loop trans-
phosphorylating dimer of intracellular kinase domain®. FGF23, aKlotho and
HS areshowninorange, blue and magenta, respectively. Primary receptor
(FGFR") and secondary receptor (FGFR®) are shown in pale green and cyan.
Dashed lines denote residues172-182 of FGF23, the linker between FGF23’s
trefoil core and its distal aKlotho binding site, which could not be built due to
lack of interpretable electron density. This region does not interact with either
oKlotho or FGFRand is likely disordered/flexible. Notably, this region harbors
theregulatory subtilisin-like proprotein convertase (SPC) site,””°RHTR"%/
S'CAE™? whichincludes a furin type protease cleavage site (R179),

an O-glycosylationsite (T178) and aserine phosphorylation site (5180).

FGF23» - 10 10

p-FGFR [

aKlotho

Cell membrane

¢ RMSD = 1.16 A

FGFR1c” FGFR1c

Ternary complex

Three enzymes namely GaINAc-T3(N-acetylgalactosaminyltransferase3),
Fam20C (the family with sequence similarity 20, member C), and ayet tobe
discovered furintype protease converge on this site to regulate FGF23
processing. The high flexibility of this region s likely necessary for the action
of these enzymes. B, FGF23 signaling is strictly aKlotho dependent. L6-FGFR1c""
cellswere treated withincreasing concentrations of recombinant FGF23""
alone, incombination with soluble aKlotho or left untreated. Whole cell
lysatesimmunoblotted asin Fig. 2c. Note that even supra pharmacological
concentrations (as high as 10 micromolar) of FGF23" fails to activate FGFR1c
signaling. However, when co-treated with soluble aKlotho, as littleas10 nM
FGF23inducesarobust FGFR1cactivation. Experiments were performedin
biological triplicates with similar results. C, Superimposition of X-ray structure
ofthe FGF23-FGFR1c-aKlotho ternary complex (PDBID: 5W21, colored in
green) onto the corresponding FGF23-FGFR1c™-aKlotho portion within the
cryo-EMstructure of 1:2:1:1 FGF23-FGFR1c-aKlotho-HS quaternary complex
(coloredin pink) shows high degree of similarity (RM)D of1.16 Al
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Extended DataFig. 3| Cell surface expression analysis of mutated FGFRs
viaEndoglycosidase H (Endo H) sensitivity assay. a, Denatured lysates from
L6-FGFR1c"", L6-FGFRIcK"¥X177Q (FGFR1c2"E%), L6-FGFR1cX27¥R20°Q (FGFR1c HES2),
and L6-FGFR1cK/7S@/K177Q/K207Q/R209Q (EGFR1¢c2HES!*2) cells were incubated with
Endoglycosidase H (Endo H) or Peptide-N-Glycosidase F (PNGase F) or left
untreated. Samples were immunoblotted with FGFR1cisoform-specific
antibody. Immunoblotting datawere quantitated as described in the Methods
sectionandare presented as the mean +SD. b-d, Denatured lysates from L6 cell
lines stably expressing FGFR1c"", its four Site 2 (FGFR1c®***, FGFR1cR*5*A,

Cell Surface Expression
G

o
o

Cell Surface Expression

0.0

o
o

FGFR1c'®% FGFR1c"*°") and one Site 1 (FGFR1cAYOP/A7IDIS2ID) iy cants (b),
wild-type FGFR3c (FGFR3c"") orits four Site2 mutants (FGFR3c*7A, FGFR3¢R?5%,
FGFR3c¢'»**, FGFR3c"*%) (c), wild-type FGFR4 (FGFR4%") or its four Site 2
mutants (E243A,R248A,1250A,Y274A) (d) were treated with Endo H, PNGase F
orleftuntreated. Samples wereimmunoblotted with FGFR isoform-specific
antibodies asindicated. Experiments were performed in biological triplicates
with similar results. Quantitation was done as described inthe Methods section
and are presented asthemean+S.D. Pvalues were determined by One-way
ANOVA followed by Tukey’s multiple comparisons post hoc test.
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Extended DataFig.4|FGF23 N-terminus experiences amajor conformational
changeinthe quaternary complex. A, Leftand Center: Cartoonrepresentations
ofthe FGF23-FGFR® and FGFR"-aKlotho components of the quaternary complex
showninthe orientation obtained via alignment of D2 domains of FGFR®and
FGFR".Right: Superimposition of FGF23-FGFR®and FGFR"-aKlotho components
viaaligning receptors’ D3 domains. Note that FGF23 N-terminus and aKlotho RBA
engage the equivalent hydrophobicgroovesin D3 of FGFR® and FGFR” chains.
b-d, FGF23 N-terminus undergoes amajor conformational change in FGF23-
FGFR-aKlotho-HS quaternary complexes. Cartoon and surface (only for FGF23
component) representation of HS-free ternary complex (that s, X-ray structure)
(b)and HS-induced quaternary complex (thatis, cryo-EMstructures) (c) inthe
same orientation obtained via alignment of their FGF23 chains. (d) Cartoon
representation of an overlay between FGF23-FGFR1c from FGF23-FGFR1c-
aKlotho ternary complexand FGF23-FGFR1c” from quaternary complex via FGF23
alignment. Note the dramatic difference in the positions of FGF23 N-terminus
betweenthetwostructures.e, Electron densities of FGF23 N-terminusincryo-EM
structures of FGF23-FGFR1c-aKlotho-HS quaternary complexes at the indicated
contour levels. Note that the electron densities for FGF23 N-terminus are weak
and patchy. f-i, MD simulation datashow that FGF23 N-terminus engages D3 of
FGFRIc®.f, Left: Cartoon representation of the cryo-EM structure of FGF23-FGFRI1c-

aKlotho-HS quaternary complex. FGF23, FGFR1c?, FGFR1c*and aKlotho arein
orange, green,cyan,andblue, respectively. Right:Zoomed-in view of the boxed
region (left) showing conformational progression of the N-terminal tail of FGF23
(thatis, Y25to W36) and D3 of FGFR1c®ina300 ns MD simulation trajectory
denoted by acolor transition from the orange (O ns) toblue (300 ns) in 60 ns
intervals. FGF23 N-terminus interacts with the three stranded BC: BF: G sheetin
FGFR1c’D3 domain. g-h, ChangesinRMSD (g) and Root Mean Square Fluctuation
(RMSEF, h), respectively, of N-terminal tail of FGF23 during MD simulation. Note
that RMSD of N-terminal residues of FGF23 stabilized around 4 A after 120 ns.
Importantly, residues at the distal and proximal ends of FGF23 N-terminus
exhibited largest and smallest RMSF, respectively, mirroring their respective
cryo-EMelectrondensities (compare e and h).i, Changesin the distances of
fourselected contact pairs (Y25-1L342%,529-R254%, L31-A259% and L32-1256%)
between N-terminal residues of FGF23 and residues in D3 of FGFR1c®. The
distances of Y25-1342%, 1L31-A259%, and L32-1256° hydrophobic residue pairs
fluctuated around 5 Aindicative of formation of hydrophobic contacts between
theseresidue pairs. Likewise, the pairwise distance for $29-R254° fluctuated
around 4 A after 120 nsindicative of hydrogen bonding between side chains of
this residue pair.
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PVAPYWTSPEKMEKKLHAVPAAKTVRKFKCPSSGTPNPTLRWLKNGKEFKPDHRIGGYRVR (209)
PVAPYWTSPEKMEKKLHAVPAAKTVKFKCPSSGTPNPTLRWLKNGKEFKPDHRIGGYKVR (209)
KRAPYWTNTEKMEKRLHAVPAANTVKFRCPAGGNPMPTMRWLKNGKEFKQEHRIGGYKVR (210)
KRAPYWTNTEKMEKRLHAVPAANTVKFRCPAGGNPMPTMRWLKNGKEFKQEHRIGGYKVR (210)
TGAPYWTRPERMDKKLLAVPAANTVRFRCPAAGNPTPSISWLKNGREFRGEHRIGGIKLR (207)
TGAPYWTRPERMDKKLLAVPAANTVRFRCPAAGNPTPSISWLKNGREFRGEHRIGGIKLR (207)
QOAPYWTHPQRMEKKLHAVPAGNTVKFRCPAAGNPTPTIRWLKDGQAFHGENRIGGIRLR (203)

BE BF BG D2-D3 Linker
YATWSIIMDSVVPSDKGNYTCIVENEYGSINHTYQLDVV (248) ERSPHRP (255)
YATWSIIMDSVVPSDKGNYTCIVENEYGSINHTYQLDVV (248) ERSPHRP (255)
NQHWSLIMESVVPSDKGNYTCVVENEYGSINHTYHLDVV (249) ERSPHRP (256)
NQHWSLIMESVVPSDKGNYTCVVENEYGSINHTYHLDVV (249) ERSPHRP (256)
HQOWSLVMESVVPSDRGNYTCVVENKFGSIRQTYTLDVL(246) ERSPHRP (253)
HQOWSLVMESVVPSDRGNYTCVVENKFGSIRQTYTLDVL(246) ERSPHRP (253)
HOHWSLVMESVVPSDRGTYTCLVENAVGSIRYNYLLDVL(242) ERSPHRP (249)
BA BA BB BB BC BC’

ILQAGLPANKTVALGSNVEFMCKVYSDPQPHIQWLKHIEVNGSKIGPDNEPY¥VQILK(312)
ILOAGLPANKTVALGSNVEFMCKVYSDPQPHIQWLKHIEVNGSKIGPDNLPYVQILK(312)
ILOAGLPANASTVVGGDVEFVCKVYSDAQPHIQWIKHVEKNGSKYGPDGLPYLKVLK(313)
ILOAGLPANASTVVGGDVEFVCKVYSDAQPHIQWIKHVEKNGSKYGPDGLPYLKVLK (313)
ILOAGLPANQTAVLGSDVEFHCKVYSDAQPHIQWLKHVEVNGSKVGPDGTPYVTVLK (310)
ILOAGLPANQTAVLGSDVEFHCKVYSDAQPHIQWLKHVEVNGSKVGPDGTPYVTVLK (310)
ILOQAGLPANTTAVVGSDVELLCKVYSDAQPHIQWLKHIVINGSSFGADGEPYVQVLK (306)

[3E| EF I BG I
HSGINSSD-—AEVLTLFNVTEAQSGEYVCKVSNYIGEA@@SAWLTVTR(358)
TAGVNTTDKEMEVLHLRNVSFEDAGEYTCLAGNSIGLSHHSAWLTVLE (360)
HSGINSSN——AEVLALFNVTEADAGEYICKVSNYIGQAEpSAWLTVLP(359)
AAGVNTTDKEIEVLYIRNVTFEDAGEYTCLAGNSIGISFHSAWLTVLP(361)
SWISESVEADVR-LRLANVSERDGGEYLCRATNFIGVAEKAFWLSVHG(357)
TAGANTTDKELEVLSLHNVTFEDAGEYTCIAGNSIGFSHHSAWLVVLH (358)
TADINSSE-—VEVLYLRNVSAEDAGEYTCE?GNSI?#SYQSAWLTVLP(352)



Extended DataFig. 5| Rationale for cell-based receptor complementation
assay and structure-based sequence alignment of seven FGFR isoforms.
a-b, Rationale for receptor complementation assay. Center: Cartoon/surface
representation of the FGF23-FGFR1c-aKlotho-HS quaternary complexin two
orientations related by 180° rotation around Y axis. Circles denote approximate
circumferences of ligand binding sitesin primary and secondary receptors
selected for mutagenesis. a, Left: expanded view of circled region on the
secondary receptor showing thatlle-203 and Ser-223 of FGFR1c® engage in
hydrophobic and hydrogen bonding contacts with residuesin FGF23’s core.
Right:expanded view of circled region on the primary receptor showing that
Ala-167 and Val-248 of FGFR1c” engage in highly conserved hydrophobic
contactswith Tyr-124 and Leu-158 of FGF23, respectively. Additionally, Ala-167
also makes ahydrogen bond with Tyr-124. b, Left, expanded view of the circled
regiononthe primary receptor showing that the correspondinglle-203 and
Ser-223in FGFR1c" are solvent exposed. Thus, an engineered FGFR1¢'!203t/5223¢
molecule (i.e., FGFR1c*'*$) should preserve the ability to act as primary receptor
despite losing the capacity to function as secondary receptor. Right, expanded
view of thecircled region on secondary receptor showing that the corresponding
Ala-167 and Val-248 in FGFR1c® do not play any role in the quaternary complex
formation and are solvent exposed. Thus, an engineered FGFR1c?167>/ V248D
mutant (i.e., FGFR1c*"®) is predicted to lose the ability to function as primary
receptor but couldstillactas secondary receptor. ¢, Demonstration of
receptor complementation between FGFR1c*5'® and FGFR1c*"® and between
FGFR4%'®S and FGFR1c*"® via PLA. Representative fluorescent microscopy

fields of stable cell lines subjected to PLA are shown. Scale bar,10 pm. Experiments
were performed at least two times biological repeat with similar results.

d, Structure-based sequence alignment ofligand binding regions (i.e., D2, D2-D3
linker and D3) of all seven FGFRisoforms. As aguide, aschematic representation
of aprototypical FGFRis shown and its various domains are labeled. The
C-terminal half of D3 which undergoes alternative splicingin FGFR1-FGFR3 is
highlighted in dark blue. Note that the unspliced N-terminal half of D3 is
conserved betweenb and cisoforms. Secondary structure elements are
provided onthe top of alignment. The HS interacting residues are all localized
withinD2 domainand are colored in magenta. Residues mediating the FGF23-
FGFR"and aKlotho-FGFR" interfaces are colored yellow and green, respectively.
Note thatresidues mediating direct FGFR"™-FGFR® contacts (inlight blue) are
fully conserved amongst all sevenisoforms. As for the FGF23-FGFR® interface
(inorange), only D2 residues that contact FGF23’s core, are conserved between
thesevenisoforms. However, two hydrophobic D3 residues thatinteract with
FGF23 N-terminus at the FGF23-FGFRS interface are conserved only in FGFR1c-
3cand FGFR4 (indicated by black arrow heads). In FGFR1b-3b, these residues,
which overlap with binding site for RBA of aKlotho, are replaced by charged
residues. Hydrophobicity of D3 groove FGFR1b-3b s further disrupted by the
presence of aunique N-linked glycosylation site within their D3 grooves
(denoted by aredbox).InFGFR2c, akey conserved hydrophobicresidueis
replaced by acharged Lys-296 (underlined in red) which likely accounts for the
inability of FGFR2c to bind aKlotho.



Article

b S & &I &
o o o o o
a S & & LI
& r ; S S
&¢ & & o N < < < o & & & &
I SN TN ) —_ = — — — — (kD3 S & & & F &
€ £ £ L L PO I B S
LSS S vom| emaamnans o & ELEEL S s
FGF1 - + + -+ -+ -+ + (kDa) FGF1 - + - + - + - + - + - + FGF10 - + - + - + - + - + T (kDa)
p-FGFRI - - L130 p—FGFR| . = = |»130 p_FGFRI h = = ‘)»130
-PLCy1 | - - L -PLC: 1| - - L p-PLCv1| - - —L
e g P e 130 . 130
P-FRSZGI - e e "100 p-FRsza| o - = <|»1oo p—FRSZaI . = = }»100
a»tubulinlmm 55 a-tubunn---------.--}—ss a-tubulin -.-.---“Lss
FGF2 - + - + - + - + - + - + FGF3 - + - + - + - + - + - + FGF22 - + - + - + - + - + - +
p-FGFRI . - L p—FGFR’ - )‘130 p—FGFR| L S "I»130
130
p-PLCv1| - = . p—PLCv1| N ”‘—130 p-PLCv1| wh = = ‘I,130
p—FRSZaI ' - - 100 p-FRSZa‘ =1 .}»100 p-FRS2a 5. - .- ‘|>100
a-tubulin --——-}»55 a.tubunnWH5 a-tubulin MFSS
FGF4 - + - + - + - + - + - + FGF7 - + - + - + - + - + - +
p-FGFR l - }»130 p-FGFR l e N @ = }»130
-PLC1| L —PLC1| - » ‘}»
p-PLCY - - 130 PPLCY (=] 130
p-FRS2a o - 100 p-FRS2a I ® -~ = ' ’“100
a-tubulin |..m .}>55 a-tubulin “-—-..-..-}“55

Extended DataFig. 6| The asymmetric FGFR’-FGFR® interface observed
inFGF23-FGFR-aKlotho-HS cryo-EM sstructuresisrequired for multiple
paracrine FGF signaling. a, Immunoblots of whole cell extracts from
untreated or FGF-treated (1nM) untransfected and transfected L6 cell lines
stably expressing FGFR1c"", FGFR1c®***, FGFR1c*****, FGFR1c'***, or FGFR1¢"?8%*
probed with antibodies against phosphorylated FGFR, PLCyl and FRS2a.

b, Immunoblots of whole cell extracts fromuntreated or FGF-treated

(1nM for FGF1and 2 nM for FGF3/7/10/22) treated untransfectedand
transfected L6 celllines stably expressing FGFR2b"', FGFR2b25°*, FGFR2b??*5A,
FGFR2b'7, or FGFR2b"**! probed with FGFR2b isoform specific antibody
(top) or phosphospecific antibodies as in panel a. Experiments were performed
inbiological triplicates with similar results.



FGFRZb\SLBS
HS
A e
L +z >
FGF1/3/7/10

FGF-FGFR2b*S'8S-FGFR2b*"'8S-HS asymmetric complex

FGFR2paeias

b FGFR2b" FGFR2b*es FGFR2b*I8S  FGFR2b*¥S+FGFR2b?stes
FGF1 - 5 10 20 40 - 5 10 20 40 - 5 10 20 40 - 5 10 20 40 (min)
p-FGFR 30 (kDa)
p-PLCy1
p-FRSZu

™
+FGFR| )

e e——— IM
FGFR2b" FGFR2b*"8S FGFR2b*S'55  FGFR2b*85+FGFR2bses
FGF3 -5 10 20 40 - 5 10 20 40 - 5 10 20 40 -5 102040 (min)

C

p-FRszu_ -4 de | | o0
t-FGFRm 130
a-tubulinlﬂ .---d |-.--’1 -...-I'ss

Extended DataFig.7|Receptor complementation assays demonstrate the
asymmetry of four distinct paracrine FGF-FGFR2b-HS signaling complexes.
a, Schematic diagram showing thatinresponse to paracrine FGF1/3/7/10

and HS, FGFR2b*%'%S and FGFR2b*"*®S can complement each other and form
1:1:1:1 FGF-FGFR2b**'®-FGFR2b*"-HS asymmetric signaling complexes.

b-e, Demonstration of receptor complementation between FGFR2b*'®S and

FGFR2b"55+FGFR2b'S15
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FGFR2b*"® viawesternblotting. L6 cell lines singly expressing FGFR2b"",
FGFR2b*"®, FGFR2b*"®, or co-expressing FGFR2b*S"® with FGFR2b*"* were
treated with1nM FGF1(b),2nMFGF3 (c),2nM FGF7 (d), or 2nM FGF10 (e) for
increasing timeintervals, and total cell extracts were immunoblotted as
indicated. Experiments were performed in biological triplicates with similar

results.
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Extended DataFig. 8| Receptor heterodimerization assays validate the
asymmetry of paracrine FGF-FGFR-HS signaling complexes. a, Schematic
diagram showing that FGF1or FGF10, HS, and FGFR1b%'% (serving as primary
receptor) form stable complexes which subsequently recruit FGFR2b*"® as
secondary receptor. b-c, L6 cell lines singly expressing FGFR1b"" or FGFR1b*S'%,
or co-expressing FGFR1b*S'® + FGFR2b*"® were treated with1nM FGF1(b) or
2nMFGF10 (c) forincreasing timeintervals and cell extracts were immunoblotted.

d, Schematic diagram showing thatin the presence of HS, FGF3 and FGFR2b*S'5%
(servingas primary receptor) formastable complex and subsequently recruit
FGFR3b"Tassecondaryreceptor.e, L6 celllines expressing FGFR3b"" alone or
co-expressingitwith FGFR2b*'* were treated with2 nM FGF3 for increasing
timeintervals and cell extracts wereimmunoblotted. Experiments were
performed inbiological triplicates with similar results.
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Extended DataFig. 9| Asymmetric receptor dimerizationisauniversal
mechanismin FGF signaling. a, Due to FGF hormone’s weak HS binding affinity,
HS aloneisincompetentinstabilizing the endocrine FGF-FGFR complex and
inducing sustained asymmetric receptor dimerization/activation. Blurring
andloose association are used to emphasize the unstable/transient nature of
putative FGF-FGFR-HS ternary complex and physiologically inconsequential
receptor dimerization/activation.b, Membrane bound Klotho co-receptor
simultaneously engages FGFR’s D3 domain and FGF’s C-terminal tail thereby
stabilizing the endocrine FGF-FGFR complex within a ternary complex. Inso
doing, Klotho co-receptor effectively compensates for HSincompetencyin
stabilizing binary endocrine FGF-FGFR complex. HS isnow in position to recruit
asecond FGFRto the stabilized binary complex thus inducing asymmetric
dimerization. Nevertheless, due to FGF hormone’s weak HS binding affinity,
Klotho and HS-induced endocrine 1:2 FGF-FGFR dimers are still inferior to
HS-induced paracrine1:2 FGF-FGFR dimersin terms of longevity/stability
(indicated by slight blurring of FGFR®inb). ¢, Due to their high HS binding
affinities, paracrine FGFs canrely on HS as the sole co-receptor to stably bind
primary FGFR and recruit asecondary FGFR, thereby inducing formation of
rigid and long-lived asymmetric receptor dimers.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

#1 FGF23-FGFR1c-

#2 FGF23-FGFR3c-

#3 FGF23-FGFR4-

oKlotho-HS oKlotho-HS oKlotho-HS
(EMDB-34075) (EMDB-34082) (EMDB-34084)
(PDB 7YSH) (PDB 7YSU) (PDB 7YSW)

Data collection and processing

Magnification 36,000 x 130,000 x 36,000 x

Voltage (kV) 200 300 200

Electron exposure (e—/A?) 50.37 72.44 53.84

Defocus range (pum) -0.7t0-2.2 -0.6 to -2.8 -0.7to -2.8

Pixel size (A) 1.096 1.048 1.096

Symmetry imposed Cl1 Cl Cl

Initial particle images (no.) 10,186 6,409 16,602

Final particle images (no.) 9501 5164 15,049

Map resolution (A)

FSC threshold 2.74 3.20 3.03

Refinement

Initial model used (PDB code) S5W21 SW21 SW21

Model resolution ) 276,271 (masked)  3.25,3.18 (masked)  3.05, 3.00 (masked)

Map sharpening B factor (A?)
Model composition
Non-hydrogen atoms
Protein residues
Ligands
B factors (A?)
Protein
Ligand
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Validation
Clashscore
Poor rotamers (%)
Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

139.4

12480
1525
/

70.185
/

0.007
0.952

5.47
0.53

91.95
192
0.13

144.3

12428
1521
/

121.374
/

0.016
1.19

7.64
0.69

89.53
10.34
0.13

131.2

12387
1517
/

92.158
/

0.008
1.017

6.26
0.46

90.69
931
0
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the manuscript. All the data are available within the paper and its supplementary information files. Source data are provided with this paper.
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Antibodies

Antibodies used phosphorylated FGFR (#3471S, Cell Signaling Technology, USA); phosphorylated FRS2a (#3864S, Cell Signaling Technology, USA);
phosphorylated PLCy1 (#2821S, Cell Signaling Technology, USA); phosphorylated ERK1/2 (#4370S, Cell Signaling Technology, USA); a-
tubulin (#66031-1-1g, Proteintech, China); total-FGFR1 (#9740S, Cell Signaling Technology, USA), total-FGFR2 (#23328S, Cell Signaling
Technology, USA), total-FGFR3 (#ab133644, Abcam, UK), total-FGFR4 (#8562S, Cell Signaling Technology, USA), HRP conjugated Goat
anti-mouse IgG (H+L) (#SA00001-1, Proteintech, China), HRP conjugated Goat Anti-Rabbit IgG(H+L) (#SA00001-2, Proteintech, China);
FGFR1 (#PA5-25979, ThermoFisher, USA); FGFR1 (#ab824, Abcam, UK); FGFR4 (#sc-136988, Santa Cruz Biotechnology, USA)

Validation All of the antibodies used for western experiments and PLA are commercially available products, validation are available on
manufacturers' websites.
anti-phosphorylated FGFR, Cell Signaling Technology, 3471S, western blot (1:1000): https://www.cellsignal.cn/products/primary-
antibodies/phospho-fgf-receptor-tyr653-654-antibody/3471
anti-phosphorylated FRS2a, Cell Signaling Technology, 3864S, western blot (1:1000): https://www.cellsignal.cn/products/primary-
antibodies/phospho-frs2-a-tyri96-antibody/3864
anti-phosphorylated PLCy1, Cell Signaling Technology, 2821S, western blot (1:1000): https://www.cellsignal.cn/products/primary-
antibodies/phospho-plcgl-tyr783-antibody/2821
anti-phosphorylated ERK1/2, Cell Signaling Technology, 4370S, western blot (1:1000): https://www.cellsignal.cn/products/primary-
antibodies/phospho-p44-42-mapk-erk1-2-thr202-tyr204-d13-14-4e-xp-rabbit-mab/4370
anti-a-tubulin, Proteintech, 66031-1-Ig, western blot (1:20000): https://ptgcn.com/products/tubulin-Alpha-Antibody-66031-1-1g.htm
anti-total-FGFR1, Cell Signaling Technology, 9740S, western blot (1:1000): https://www.cellsignal.cn/products/primary-antibodies/
fgf-receptor-1-d8e4-xp-rabbit-mab/9740
anti-total-FGFR2, Cell Signaling Technology, 23328S, western blot (1:1000): https://www.cellsignal.cn/products/primary-antibodies/
fgf-receptor-2-d4l2v-rabbit-mab/23328
anti-total-FGFR3, Abcam, ab133644, western blot (1:1000): https://www.abcam.cn/products/primary-antibodies/fgfr3-antibody-
epr23043-ab133644.html
anti-total-FGFR4, Cell Signaling Technology, 85625, western blot (1:1000) and PLA (1:100): https://www.cellsignal.cn/products/
primary-antibodies/fgf-receptor-4-d3b12-xp-rabbit-mab/8562
anti-HRP conjugated Goat anti-mouse IgG (H+L), Proteintech, SAO0001-1, western blot (1:5000): https://ptgcn.com/products/HRP-
conjugated-Affinipure-Goat-Anti-Mouse-IgG-H-L-secondary-antibody.htm
anti-HRP conjugated Goat anti- Rabbit IgG (H+L), Proteintech, SAO0001-2, western blot (1:5000): https://ptgcn.com/products/HRP-
conjugated-Affinipure-Goat-Anti-Rabbit-1lgG-H-L-secondary-antibody.htm
anti-FGFR1, ThermoFisher, PA5-25979, PLA (1:20): https://www.thermofisher.cn/cn/zh/antibody/product/FGFR1-Antibody-
Polyclonal/PA5-25979
anti-FGFR1, Abcam, ab824, PLA (1:100): https://www.abcam.cn/products/primary-antibodies/fgfr1-antibody-m5g10-ab824.html
anti-FGFR4, Santa Cruz Biotechnology, sc-136988, PLA (1:100): https://www.scbt.com/zh/p/fgfr-4-antibody-a-10
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) L6 myoblast cell line (#GNR 4, National Collection of Authenticated Cell Cultures, China); HEK293T cells (kindly provided by
Cell Bank/Stem Cell Bank, Chinese Academy of Sciences, China); N-acetylglucosaminytransferase | (GnTl) deficient HEK293S
cells (#CRL-3022, American Type Culture Collection, USA).

Authentication The cell lines were identified by morphology check under microscope in the lab.
Mycoplasma contamination Mycoplasma negative per DAPI staining.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)
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