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Abstract

The ability of the Fibroblast Growth Factor (FGF) 19 subfamily to signal in an endocrine fashion
sets this subfamily apart from the remaining five FGF subfamilies known for their paracrine
functions during embryonic development. Compared to the members of paracrine FGF subfamiles,
the three members of the FGF 19 subfamily, namely FGF19, FGF21 and FGF23, have poor
affinity for heparan sulfate (HS) and therefore can diffuse freely in the HS-rich extracellular
matrix to enter into the bloodstream. In further contrast to paracrine FGFs, FGF 19 subfamily
members have unusually poor affinity for their cognate FGF receptors (FGFRs) and therefore
cannot bind and activate them in a solely HS-dependent fashion. As a result, the FGF 19
subfamily requires a/pklotho coreceptor proteins in order to bind, dimerize and activate their
cognate FGFRs. This klotho-dependency also determines the tissue specificity of endocrine FGFs.
Recent structural and biochemical studies have begun to shed light onto the molecular basis for the
klotho-dependent endocrine mode of action of the FGF 19 subfamily. Crystal structures of FGF 19
and FGF23 show that the topology of the HS binding site (HBS) of FGF19 subfamily members
deviates drastically from the common topology adopted by the paracrine FGFs. The distinct
topologies of the HBS of FGF 19 and FGF23 prevent HS from direct hydrogen bonding with the
backbone atoms of the HBS of these ligands and accordingly decrease the HS binding affinity of
this subfamily. Recent biochemical data reveal that the aklotho ectodomain binds avidly to the
ectodomain of FGFR1c, the main cognate FGFR of FGF23, creating a de novo high affinity
binding site for the C-terminal tail of FGF23. The isolated FGF23 C-terminus can be used to
effectively inhibit the formation of the FGF23-FGFR1c-aklotho complex and alleviate
hypophosphatemia in renal phosphate disorders due to elevated levels of FGF23.

INTRODUCTION: AN OVERVIEW OF FGF-FGFR SIGNALING

The human fibroblast growth factors (FGFs) compose a family of secreted polypeptides that
are encoded by 18 distinct genes (FGF1-FGF10 and FGF16-FGF23). FGFs play pleiotropic
roles in human development and metabolism by binding and activating FGF receptor
tyrosine kinases (FGFRs) that are encoded by four genes in humans(FGFR1-4).1-3 Based on
sequence homology and phylogeny, the eighteen mammalian FGFs are grouped into five
paracrine subfamilies and one endocrine subfamily.# The paracrine subfamilies include the
FGF 1 subfamily comprising FGF 1, 2; the FGF7 sub family comprising FGF3, 7, 10, 22;
the FGF4 subfamily comprising FGF4, 5, 6; the FGF8 subfamily comprising FGF8, 17, 18;
and the FGF9 subfamily comprising FGF9, 16, 20. The endocrine-acting FGF19 subfamily
comprises FGF 19, 21, 23. The paracrine-acting FGF1, FGF4, FGF7, FGF8 and FGF9
subfamilies play essential roles in spermatogenesis,’~® mesoderm induction, 1011
somitogenesis,}2-16 organogenesis,1’~20 and pattern formation,2! whereas the FGF 19
subfamily acts in an endocrine fashion to regulate major metabolic processes including
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glucose,?? lipid, cholesterol and bile acid metabolism,23-2% and serum phosphate/vitamin D
homeostasis.2% Based on sequence homology, four additional genes, namely FGF 11 -FGF
14, have also been considered to be members of the FGF family. Functionally speaking
however, FGF 11-FGF 14 are not bona fide FGFs as they remain intracellular and lack key
residues necessary for binding to FGFR.27-29

FGFs share a core homology region of about 120 amino acids consisting of twelve
antiparallel B-strands arranged into three sets of four-stranded B-sheets (Fig. 1A).30-32 This
globular core domain is flanked by N- and C-terminal regions that are highly divergent with
respect to both length and sequence among FGFs, particularly across subfamilies.3
Moreover, even within some subfamilies the sequence identity at the N-terminus can be
rather limited. The sequence identity of the N-terminal regions of FGF4 and FGF6 is only
36% compared to 69% for their core regions and that of FGF9 and FGF20 is only 38%
compared to 86% for their core regions. Comparison of the crystal structures of several
paracrine FGFs bound to their cognate FGFRs has shown that the FGFR binding specificity/
promiscuity profile of a given FGF is principally dictated by the primary sequence of its N-
terminal region.33-35 The structural data have begun to pinpoint the common primary and
secondary structural elements within the N-termini of members of a given subfamily that
explain their overlapping FGFR binding specificity/promiscuity profile.3

The prototypical FGFR is composed of three extracellular immunoglobulin domains (D1-
D3), a transmembrane domain and an intracellular tyrosine kinase domain.38 (Fig. 1B).
Structural studies have shown that ligand binding requires both D2 and D3 domains.34:37:38
The D1 domain and D1-D2 linker, that harbors the acid box (AB), are dispensible for ligand
binding and in fact suppress FGF and HS binding affinity of the D2—-D3 region.3%40 The
specificity of FGFR1-3 for ligand binding is modulated by alternative splicing of mutually
exclusive ‘b’ and ‘c’ exons in the second half of the D3 domain.#142 This D3 alternative
splicing event is tissue specific, with the b and ¢ exons being preferentially used in epithelial
and mesenchymal tissues respectively.#1:43 Importantly, the D3 alternative splicing event
elaborates the number of principal FGFRs from four to seven: FGFR1b, FGFR1c, FGFR2b,
FGFR2c, FGFR3b, FGFR3c, FGFRA4. Structural studies have shown that D3 alternative
splicing modulates the FGF binding specificity/promiscuity of FGFRs by switching the
primary sequence of key ligand binding epitopes in D3.3°

HS MODULATES FGF SIGNALING THROUGH MULTIPLE MECHANISMS

A wealth of genetic studies in mice and flies as well as cell-based studies have established
that FGF signaling requires HS.#4-48 HS is a highly sulfated linear polymer of alternating
glucuronate (GlcA) and N-acetylglucosamine (GIcNAc) monosaccharides that undergoes
heterogenous deacetylation, N-sulfation on GIcNAc, O-sulfation on both GIcA and GIcNAc,
and epimerization on GIcA.4% HS impinges on FGF signaling through multiple mechanisms,
including coordination/stabilization of FGF-FGFR binding and dimerization,®? control of
FGF gradients in the extraceullular matrix (ECM),?! and protection of FGFs against thermal
instability and proteolytic degradation.52:23

All FGFs interact with HS, albeit with differing affinities.>* The HBS of all FGFs is located
within the core region and is composed of residues from the B1-p2 loop and the segment
spanning the B10 to B12 strand. FGFRs also interact with HS via residues from the gA helix,
the gA-BA” loop, the BA”-BB loop, and the BB strand. Structural studies have shown that
HS promotes formation of a 2:2:2 FGF-FGFR-HS cell surface signaling unit in which each
ligand binds both receptors in the complex and the two receptors additionally make contact
with one another.50:55 (Fig. 2A,B) Two HS molecules bind in a symmetric fashion to a
positively-charged HS-binding cleft formed from the union of the HBS of the two FGFs and
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two FGFRs at the membrane-distal end of the dimer. By simultaneously engaging the HBS
of both FGF and FGFR, HS stabilizes protein-protein contacts both within the 1:1 FGF-
FGFR complex and between the two FGF-FGFR complexes in the dimer. In addition to
promoting FGF-FGFR binding and dimerization, emerging data show that HS also controls
the diffusion and morphogenetic gradients of paracrine FGFs in the extracellular matrix,>?
and that the HS affinity of a ligand ultimately determines whether that FGF acts in a
paracrine or endocrine fashion.>®

Dimerization of the extracellular domains of FGFRs juxtaposes the intracellular kinase
domains, affording them with sufficient opportunity to trans-phosphorylate each other on the
A-loop tyrosines. A-loop tyrosine phosphorylation increases the intrinsic kinase activity of
FGFR kinase by stabilizing the active conformation of the kinase.>’ Activated kinases then
further trans-phosphorylate each other on tyrosines within the C-tail, kinase insert and
juxtamembrane regions.>8-60 The phosphorylated tyrosines in the C-tail and juxtamembrane
regions of activated FGFR serve as recruitment sites for SH2 domains of PLCy61:62 and
CRKL,53 respectively. In the case of PLCry, this recruitment serves two purposes: (i) it
facilitates phosphorylation of PLCy to increase its enzymatic activity, (ii) it brings PLCy to
the vicinity of its substrate PIP2 in the plasma membrane. Hydrolysis of PIP2 generates two
second messengers: IP3 and DAG that stimulate Ca2* release from intracellular stores and
PKC activation respectively.54-66 In contrast, CRKL is an adaptor protein that lacks intrinsic
enzymatic activity. Recruitment of CRKL to the phosphorylated tyrosine in the
juxtamembrane region of FGFR1 and FGFR2 leads to translocation of associated Racl/
Cdc42 to the plasma membrane which culminates in cytoskeletal reorganization and cell
motility.53 Lastly, activated FGFR phosphorylates FRS2a.,67 another adaptor protein that,
unlike PLC+y and CRKL, associates constitutively (independently of receptor
phosphorylation) with the juxtamembrane region of FGFR.68-70 Phosphorylation of FRS2a
by the activated FGFR generates docking sites for the SH2 domains of the adaptor protein
GRB2%7 and the phosphatase Shp2,”! leading to activation of the Ras-MAPK and PI3K-Akt
pathways (Fig. 1C).72

PARACRINE FGFs MEDIATE A MESENCHYMAL-EPITHELIAL SIGNALING
LOOP WITHIN TISSUES

Historically, FGFs have been viewed as paracrine factors known for their wide ranging roles
in tissue patterning and organogenesis during embryonic development and the FGF1, FGF4,
FGF7, FGF8 and FGF9 subfamilies fall under this category. Members of these five FGF
subfamilies have significant affinity for HS, limting their diffusion in the HS-rich ECM and
accounting for their paracrine mode of action. Superimposition of crystal structures of
paracrine FGFs shows that the HBS of paracrine FGFs all adopt nearly identical topologies.
In these FGFs, the two HS binding regions, namely the p1-2 loop and the segment

spanning 10 to 12, are juxtaposed and form a continuous positively-charged fiat
surface,32-35,37,73-76

Structure-based sequence alignment of paracrine FGFs shows that both the length and the
primary sequence of the B1-p2 HS-binding loop differ across paracrine FGF subfamilies. In
contrast, with the single exception of FGF5, the length of the HS binding segment spanning
10 to B12 is constant among all paracrine FGFs. Notably, all paracrine FGFs possess a
prominent GXXXXGXX(T/S) motif in the HS binding p10-p12 segment. This motif,
sometimes known as the glycine box,’” plays a key role in imparting the common
conformation of the region between the 10 and 12 strands in paracrine FGFs (Figs. 3A,
5B,D). The first glycine of this motif makes hydrogen bonds with a conserved glycine in 3
and the second glycine hydrogen bonds with a fully conserved glycine in B7. These
hydrogen bonds are essential for the formation of the 11 strand. Lastly, the side chain
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hydoxy! group of the threonine/serine hydrogen bonds with the backbone of the second
glycine in the GXXXXGXX(T/S) motif. Crystal structures of FGF1 and FGF2 in complex
with heparin oligosaccharides and SOS have demonstrated that both backbone and side
chain atoms of the ligand’s HBS region partake in HS binding.>%78-80 Likewise, both
sulfate groups and sugar backbone atoms of HS are engaged in FGF binding (Fig. 2C). The
hydrogen bonds between backbone atoms of the HBS with HS are considered to be a key
provider of binding energy, since they should incur less entropic loss upon HS binding than
those hydrogen bonds involving the exposed flexible side chains.

Generally, paracrine FGF subfamilies exhibit tissue-specific expression patterns and are
expressed in either epithelial or mesenchymal compartments within organs. The epithelially-
expressed FGFs typically show specificity for FGFRc isoforms expressed in the
mesenchyme and vice versa, resulting in the establishment of an epithelial-mesenchymal
signaling loop (Fig. 4).81-85 It is well documented that FGF7 and FGF10, which are
expressed exclusively in the mesenchyme, specifically activate FGFR2b to mediate the
mesenchymal-to-epithelial signaling required for the development of multiple organs and
glands including lung, thyroid, pituitary, lacrimal and salivary glands. 84:86-90 |n contrast,
the members of the FGF4, FGF8 and FGF9 subfamilies are expressed in the epithelium and
activate the mesenchymal FGFRc isoforms to govern patterning and morphogenesis of
multiple tissues and organs, including brain, lung, heart, kidney, eye, limb and ear.’+20.91.92

ENDOCRINE FGFs REGULATE KEY METABOLIC PROCESSES IN A
KLOTHO-DEPENDENT FASHION

The perception of FGFs as paracrine factors acting mainly during embryonic development
has been overturned by the discovery that members of the FGF 19 subfamily are humoral
factors that regulate key metabolic processes. The involvement of FGF23 in phosphate
homeostasis was discovered simultaneously by clinical studies of autosomal dominant
hypophosphatemic rickets (ADHR) and tumor-induced osteomalacia (T10), two human
phosphate wasting disorders. The ADHR consortium identified mutations in FGF23
affecting either of two arginines at a RXXR motif that lies at the boundary between its core
region and its 72 residue-long C-terminal tail (Fig. 3A).92 Later studies showed that the
ADHR mutations interfered with the natural process of proteolytic inactivation of FGF23,
leading to an increase in the serum concentration of FGF23 that in turn induces phosphate
wasting.%6:94.95 Shimada and colleagues showed that FGF23 secreted from the tumors of
TIO patients was capable of causing hypophosphatemia.?6 FGF21’s role in metabolism was
originally discovered by Kharitonenkov and colleagues through experiments on FGF21
transgenic mice and murine models of diabetes,22 and FGF 19 was first identified as an
important regulator of energy metabolism through studies of FGF19transgenic rats by
Tomlinson and colleagues.

The endocrine FGFs require a/pklotho proteins as coreceptors in order to exert their
metabolic actions. Klotho proteins are single-pass transmembrane proteins with an
extracellular domain consisting of two tandem glycosidase-like domains, termed KL1 and
KL2.%7 FGF19 and FGF21 require klotho,%-103 and FGF23 requires aklotho in order to
bind and activate their cognate FGFRs.104105 K|otho-dependency restricts signaling of
FGF19 subfamily members to those tissues where klotho proteins are expressed. aklotho
was originally discovered as an aging suppressor gene in mice and its requirement for
FGF23 signaling was inferred from the phenotypic similarity between FGF23 and aklotho
knockout mice.106:107 |_jkewise, mice deficient for FGF15 (the mouse ortholog of human
FGF19), pKlotho-knockout mice, and FGFR4 knockout mice all have overlapping defects in
bile acid metabolism, a correlation that facilitated the identification of fklotho as a
coreceptor for FGF19,108-110
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Each of the FGF 19 subfamily members participates in an endocrine signaling axis that is
critical for maintaining homeostasis. The bone-kidney axis mediated by FGF23, FGFR1c
(its main cognate FGFR)!1 and aklotho plays a vital role in serum phosphate regulation. In
response to rising serum phosphate, FGF23 is secreted from bone and activates FGFR1c in
the kidney in an aklotho-dependent fashion,104105.111 thys promoting phosphate excretion
and suppressing vitamin D biosynthesis.112-118

FGF 19, FGFRA4 (its main cognate FGFR) and Bklotho are essential components of an
intestine-liver axis that form a postprandial negative feedback loop to regulate bile acid
synthesis and release. FGF 19 is secreted from intestinal epithelium in response to bile acid
release into the intestinal lumen upon food intake.108:119 FGF19 reaches the liver via the
hepatic portal vein where it activates hepatic FGFR4 in a pklotho-dependent
fashion,99:100.103 thereby suppressing expression of the CYP7A1 gene that encodes the rate-
limiting enzyme for bile acid synthesis.24 Additionally, FGF19 acts to promote gallbladder
filling through FGFRs other than FGFR4,120

The liver-fat axis mediated by FGF21, FGFR1c (its main cognate FGFR), and pklotho is
critical for inducing metabolic adaptation in response to fasting. FGF21 is secreted from the
liverl21 upon fasting,122-125 and it activates FGFR1c in adipocytes in a Bklotho-dependent
fashion98:99.101,102 {5 stimulate gluconeogenesis, ketogenesis and fatty acid
oxidation,22.126-128

Interest in the FGF19 subfamily of ligands has been stimulated not only by their fascinating
biology but also by their potential for the treatment of a variety of human diseases that have
placed a major burden on health care. FGF21 agonists hold promise for the treatment of
Type 2 diabetes and obesity.129 FGF19 antagonists hold promise for the treatment of
hypercholesterolemia, gallstone disorders, hepatocellular carcinoma and colon cancer.
FGF23 has been implicated in the pathogenesis of many congenital diseases, including
FGF23 gain-of-function disorders such as ADHR,% T10,130.131 FGF23 |oss-of-function
disorders such as familial tumoral calcinosis (FTC),132-135 and X-linked hypophosphatemia
(XLH),130.131 3 disorder involving increased FGF23 levels that results from loss of function
mutations in the metalloproteinase PHEX that is thought to cleave FGF23 at its RXXR
motif. More recently, elevations in FGF23 serum concentration have been correlated with
the progression of chronic kidney disease (CKD).136 FGF23 antagonists could be used to
alleviate hypophosphatemia in inherited and tumor-induced phosphate wasting disorders as
well as hypophosphatemia associated with other conditions such as organ transplantation
and parenteral iron therapy. Conversely, FGF23 agonists could be used to correct
hyperphosphatemia in FTC patients.

The recent crystal structures and biochemical studies of FGF 19 and FGF23 have begun to
elucidate the molecular basis for these ligands’ endocrine behavior and the mechanism of
action of their klotho coreceptors. Advances in the structural biology of FGF23 are already
being translated towards the discovery of drugs for renal phosphate wasting disorders.

Structure-Function Relationships of Endocrine FGFs

Relative to the five paracrine-acting FGF subfamilies, the FGF 19 subfamily exhibits the
least sequence identity amongst its members. The pairwise sequence identity between the
core regions of members of FGF19 subfamily ranges between 33% for FGF21 and FGF23
and 38% for FGF 19 and FGF21 (Fig. 3A). In comparison, the identity between the core
regions of members of paracrine FGF subfamilies is significantly higher and ranges between
88% for FGF9 and FGF16 to 54% for FGF7 and FGF10. Most of the sequence divergence
between FGF19 subfamily members stems from the HBS regions, namely the p1-p2 loop
and the segment between the 10 and B12 strands of these ligands. The identity between the
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HBS of FGF 19 subfamily members is at best 13%. Exclusion of the HBS from the
alignment improves the identity between FGF 19 subfamily members to above 40%. In
paracrine FGFs, however, the degree of sequence divergence at the HBS region is much less
and is comparable with the degree of divergence in other regions of the trefoil core.

The HBS is the site of greatest divergence between the core regions of FGF19 subfamily
ligands and those of other paracrine FGFs. The HS binding segment between p10 and 12 in
endocrine FGFs is shortened and lacks the critical GXXXXGXX(T/S) motif, suggesting that
this region cannot adopt the same conformation as in paracrine FGFs. Moreover, the 132
loop of all three members of the FGF19 subfamily is longer than those of paracrine FGF
subfamilies. Consistent with these major primary sequence divergences between the FGF 19
subfamily and other FGF subfamilies, the crystal structures of FGF 19 alone and of FGF23
bound to the heparin analogue sucrose octasulfate (SOS)® revealed that the HBS of FGF 19
and FGF23 take on completely different conformations than that seen in paracrine FGFs.
Notably, the conformations of the HBS seen in these two endocrine FGFs are incompatible
with the hydrogen bonding of HS to backbone atoms in the HBS regions of these endocrine
FGFs. This finding provides a molecular basis for the weak binding of FGF 19 subfamily
members for HS and explains the subfamily’s ability to act in an endocrine fashion.

FGF19 Structural Findings—The first crystal structure of FGF19 was reported by the
Blundell laboratory.137 In this structure, the HS binding segment between the 10 and p12
strands is disordered, leading the authors to suggest that the HBS of FGF 19 is inherently
flexible. It was proposed that the HBS region of FGF 19 assumes an ordered conformation
upon HS binding and that the entropic penalty associated with HS binding was what caused
the ligand’s reduced HS binding affinity.237 In the second FGF19 crystal structure published
3 years later, however, both FGF 19 copies in the asymmetric unit of the crystal displayed a
well ordered p10—12 region (Fig. 5A). Since the B10-p12 region of these two FGF 19
molecules are in different crystal packing environments, it can be argued that crystal
packing did not bias the conformation of the HBS region in the FGF19 structure.>®

As anticipated based on the lack of sequence homology between FGF 19 and paracrine
FGFs at the HBS region between p10 to p12, the conformation of this region deviates
completely from the common conformation that is seen in paracrine FGFs. The Ca trace of
FGF 19 in the region of the HBS begins to diverges from that of paracrine FGFs at Leu-145
and converges again at Leu-162 (Fig. 5B). Residues 149 to 158 in the p10—$12 region of
FGF19 form an a-helix (a11) that bulges out from the p-trefoil core. The atypical
conformation of the p10—p12 region of FGF19 is accompanied by other structural
differences between FGF19 and paracrine FGFs in the core. In FGF 19, the conserved B3
glycine of paracrine FGFs is replaced by a cysteine (Cys-70). In the FGF19 structure,
Cys-70 forms a disulfide bond with Cys-58 (also unique to FGF19) in B2 that packs against
Leu-145 and Leu-162 at the divergent and convergent ends of the p10—12 region. This
hydrophobic interaction helps to partially shield the disulfide bridge from solvent (Fig. 5C).

The B1-p2 loop of FGF19 is the longest among the FGFs and extends out from the p-trefoil
core in the same direction as the a1l helix. In contrast to paracrine ligands where the p1-p2
loop and p10—B12 segment are juxtaposed and form a contiguous HBS, in FGF19 there is a
spatial separation between the two regions as they do not engage in any intramolecular
interactions (Fig. 5A, 5D).

FGF23 Structural Findings—Attempts to crystallize the full length FGF23 were
unsuccessful, likely because of the flexibility of its (73-amino acid long) C-terminus. The
core domain was thus crystallized in complex with SOS (Figs. 6A,B). Consistent with the
major primary sequence divergence at the p10—-p12 segment between FGF23 and paracrine
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FGFs, the Ca trace of FGF23 diverges from that of paracrine FGFs at Leu-138 and
converges again at Pro-153. (Fig. 6C). Predictably, the conformation of this region is also
completely different from that of FGF19 (Fig. 6D) since the two ligands share no homology
in their p10-P12 regions. Like FGF19, FGF23 does not exhibit the 11 strand of paracrine
FGFs and instead PROCHECK assigns a g-helix to the C-terminal region of the f10-12
region in FGF23. Again as for FGF19, the altered conformation of the 10312 region in
FGF23 is accompanied by changes in other regions of the core. Compared to paracrine
FGFs, FGF23 has a very short p9—10 loop which is needed to accommodate the novel HBS
topology of FGF23. Structural analysis shows that even a one residue insertion in the p9-
10 loop of FGF23 would interfere with the p10-p12 conformation seen in FGF23. The
HBS of FGF23 contains a cleft similar to that in FGF19 between the 132 loop and p10-
12 region (Fig. 6D). The SOS molecule binds with its sulfated fructose ring facing down
into the cleft in the FGF23 HBS and it engages in hydrogen bonds with Arg-140 and
Arg-143 in p10-p12 and Arg-48 and Asn-49 in p1-p2 (Fig. 6B). Hence, based on the
crystal structure these four residues of FGF23 mediate binding of FGF23 to HS.

THE MOLECULAR BASIS FOR THE FGF19 SUBFAMILY’S KLOTHO
CORECEPTOR REQUIREMENT

Reduced Affinity of FGF19 Subfamily Members for HS

Superimposition of the FGF19 and FGF23 crystal structures onto FGF2 in the FGF2-
FGFR1c-heparin ternary complex structure (PDBID; 1FQ9)°® illuminates the impact of
these ligands’ altered HBS topology on their interaction with HS. This superimposition
shows that HS would clash with the HBS of FGF19 and FGF23 if it attempted to bind to the
ligand as it does in paracrine FGFs (Figs. 7A,B). These clashes could be avoided by
translating HS away from the ligands’ core domains, but such a translation would be
detrimental for the HS binding affinity since the backbone atoms of the two ligands would
no longer be able to make direct hydrogen bonds with the N-sulfate group from
4GIcN(S)60(S) or a 2-O-sulfate group from 51doA (Fig. 2C). Thus, the altered topology of
the p10—B12 region in FGF19 and FGF23 should impart a major loss in HS binding. This
lowered HS binding affinity is a prerequisite for the endocrine behavior of this subfamily of
ligands since it allows them to diffuse unhindered through the HS-rich pericellular space and
enter the bloodstream.

The orientation of SOS bound to FGF23 is perpendicular to the orientation of SOS bound to
FGF1,80 and of heparin oligosaccharides bound to FGF1 and FGF2.%5:78.79 This structural
observation further corroborates the notion that HS cannot bind to FGF19 subfamily ligands
as it classically binds to paracrine FGFs.

Biochemical experiments have confirmed the conclusions drawn from structural analysis.
Surface plasmon resonance (SPR) experiments showed that FGF19, FGF21 and FGF23 have
poor binding to heparin relative to paracrine ligands.>® Moreover, by mutating FGF19
residues Lys-149 and Arg-157 that based on the FGF19-FGFR-heparin model are predicted
to mediate the residual HS binding, the affinity of FGF19 for heparin was reduced even
further.®8 Likewise, by mutating residues in FGF23 that were involved in binding to SOS,
the affinity of FGF23 for heparin was further decreased.>® It remains to be tested if the
residual HS binding affinity of the endocrine FGFs still plays a role in their signaling.

The HS binding segment between $10 and 12 in FGF19 and FGF23 displays two unique
conformations (Fig. 6D), both of which sterically hinder HS from hydrogen bonding with
the backbone atoms of HBS in these ligands (Fig. 7). Structure-based sequence alignment of
FGF21 with FGF19 and FGF23 shows that the $10-p12 region of FGF21 would adopt yet a
third unique topology. There is no sequence identity between the B10-p12 segment of
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FGF21 and FGF19 and only 11% sequence identity between FGF21 and FGF23 at this
region (Fig. 3A). These observations raise the question whether the specific conformation of
the HBS of FGF19 subfamily members is important or whether their HBS needs simply to
provide a steric obstacle in any way possible against HS bonding. If the former were the
case, then one would expect an evolutionary pressure to preserve the sequence of the HBS in
the endocrine FGFs.

To address this question, we aligned the orthologs of FGF19, FGF21, FGF23 and FGF2, a
prototypical paracrine FGF (Fig. 3B). The alignments show gaps in the B10-p12 region of
rat and zebrafish FGF 19 and FGF21. FGF 19 shows an additional gap in the p10-p12 of
mouse (Fig. 3B). These differences between the sequences of the orthologs in FGF 19 and
FGF21 indicate that the specific conformation of their B10—-B12 region is not as critical as it
is for FGF23, where the sequence of the protein is more conserved across the different
orthologs and no gaps in the sequence are seen. In contrast to the endocrine FGFs, the
sequence alignment of the FGF2 orthologs shows almost total identity in the p10—12
region (Fig. 3B), underscoring how important the primary and secondary structure elements
in the HBS are for HS binding to FGF2.

STRUCTURAL BASIS FOR THE SPECIFICITY AND AFFINITY OF
ENDOCRINE FGFs’ BINDING TO FGFR

The principal cognate receptors for the FGF 19 subfamily ligands have been well
characterized. FGF23 signaling in the kidney is mediated by FGFR1c, since administration
of FGF23 to mice with a conditional knockdown of FGFR1 in the metanephric mesenchyme
did not induce hypophosphatemia.l1l FGF 19 signaling is mediated by FGFR4, since
FGF15 (the mouse ortholog of human FGF 19) could not suppress CYP7A1 activity in
FGFR4 knockout mice,108 FGF19-induced hepatocyte proliferation is driven through

FGFR4,138 and FGFR4- and FGF 15-deficient mice both have elevated bile acid
pools, 108110

The crystal structures of FGF 19 and FGF23 offer a molecular basis for the receptor binding
specificity of these two ligands. Comparison of the receptor-bound crystal structures of
several paracrine FGFs, including FGF1, FGF2, FGF3, FGF8 and FGF10,33-35.37-39 have
shown that the extent to which p1 strand pairs with p4 plays a decisive role in the
discrimination of FGFR binding specificity. Compared to p1 of FGF2, the 1 strands of the
FGF7 subfamily are extended two residues N-terminally due to additional strand pairing
with B4. This extension is essential for the ability of the N-termini of FGF7 subfamily
members to engage in specific contacts with the alternatively spliced BC’-BE loop of
FGFR2b. Conversely, the N-terminally extended B1 strand of the FGF7 subfamily clashes
with the alternatively spliced loop of FGFR2c, thus actively discouraging binding of this
subfamily to FGFR2c. Interestingly, akin to the FGF7 subfamily, the 1 strand of FGF19 is
extended two residues longer than the p1 strand of the FGF1 subfamily (Fig. 3A) and the
length of the BC’-BE loop of FGFR4, FGF19’s cognate receptor, is the same length as in
FGFR2b—two residues shorter than the corresponding loop in FGFRc isoforms. Although
FGF 19 does not bind to FGFR2b, we predict that the lengthened B1 strand of FGF19
confers its specificity for FGFR4. Conversely, the B1 strand of FGF23 is the same length as
in FGF2, which is consistent with FGF23’s preference for FGFR1c.

The crystal structures of FGF 19 and FGF23 also afford a potential molecular basis for the
poor affinity of these ligands for their cognate FGFRs. SPR, size exclusion and co-
immunoprecipitation data have shown that FGF 19 subfamily members have unusually low
affinity for their cognate FGFRs.3:98-101,103-105 gnerimposition of FGF23 onto FGF2 in
the FGF2-FGFR1c-heparin structure (PDB 1D: 1FQ9)°° shows that substitution of His-117
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in FGF23 for the highly conserved glutamate in the p8 strand of all other FGFs would lead
to a major loss in FGFR binding affinity. In the crystal structure of FGF2 and other
paracrine FGFs complexed with FGFR, this glutamate (Glu-105 in FGF2) makes direct
hydrogen bonds with D3. Indeed, mutation of this glutamate to alanine in FGF2 has been
shown to dramatically reduce the binding of the ligand to FGFR.139

In summary, the structural and biochemical data along with sequence analysis reveal that
FGF19 subfamily members have poor HS and FGFR binding affinity. Consequently, these
FGFs are incapable of binding, dimerizing and activating their cognate FGFRs in a solely
HS-dependent fashion. To overcome these deficiencies the endocrine FGFs must rely on
klotho proteins as coreceptors. Klotho coreceptors act by constitutively associating with the
cognate FGFRs of endocrine FGFs, thereby enhancing the affinity of the FGFR for
endocrine FGFs to levels sufficient for FGFR dimerization and activation.

CHARACTERIZATION OF THE BINDING OF FGF23 TO aKLOTHO

Determining why FGF 19 subfamily members depend on klotho coreceptors for signaling
was an important step towards understanding the biology of this interesting FGF subfamily.
The next question to be studied is how the FGF 19 subfamily members, their cognate
FGFRs and klotho coreceptor interact to form ternary complexes. Through a combination of
SPR, size exclusion and co-immunoprecipitation experiments, the nature of FGF23’s
binding to FGFR1c and aklotho has been recently investigated.?* First, it was shown that
the soluble ectodomains of FGFR1c and aklotho are sufficient to form a ternary complex
with FGF23. The ability to reconstitute the ternary complex in vitro enabled a thorough
characterization of the bimolecular interactions among the three components of the ternary
complex, aklotho ectodomain was shown to bind to the ectodomain of FGFR1c with high
affinity (72 nM). Interestingly, although FGF23 bound poorly to aklotho ectodomain, it
nonetheless bound avidly to a preformed 1:1 complex of FGFR1c and aklotho ectodomains.
Since FGF23 binds poorly to both FGFR1c and aklotho, these data indicate that in the
context of the FGFR1c-aklotho complex a de novo site for FGF23 is generated.
Importantly, truncated FGF23 lacking its C-terminal tail past the RXXR motif is unable to
bind a 1:1 binary complex of FGFR 1 c-aklotho in the absence of its own C-terminal tail,
revealing that the C-terminal tail of FGF23 mediates binding of FGF23 to this de novo site
created at the interface of FGFR1c and aklotho.

Consistent with this finding, a SPR competition assay showed that the C-terminal tail of
FGF23 was able to compete away binding of full length FGF23 from the FGFR1c—aklotho
binary complex. The binding region within the FGF23 C-tail for this de novo site in the
aklotho-FGFR1c binary complex was further narrowed down to the region between Ser-180
and Thr-200. Accordingly, this fragment was also able to compete away binding of full
length FGF23 from the FGFR1c-aklotho binary complex, albeit with less potency than the
full C-tail. Consistent with this region serving as a minimal epitope, a FGF23 ligand
truncated at Thr-200 was able to elicit similar levels of FRS2a phosphorylation as the full
length ligand.

PHARMACOLOGICAL IMPACT OF STRUCTURAL INSIGHTS INTO FGF19
SUBFAMILY

To date, the primary treatment for disorders of phosphate wasting has been intravenous
phosphate therapy along with 1,25-dihydroxyvitamin D3 to increase phosphate absorption in
the intestine. This relatively primitive therapy sometimes results in side-effects of over-
shoot hyperphosphatemia, and it is also simply ineffective in cases of chronic phosphate
wasting such as occur in XLH.
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Thus, the finding that the FGF23 C-terminus effectively inhibits the FGF23 interaction with
FGFR1c-aklotho holds great promise for the development of therapeutics. Developing
pharmacologically active C-terminal peptides, peptidomimetics or organomimetics thereof
would introduce an important new tool for the treatment of phosphate wasting disorders.
This method of inhibition has an advantage over neutralizing FGF23 by antibodies, since the
C-terminal peptide only inhibits the aklotho-specific activity of FGF23, leaving any
potential klotho-independent activity of FGF23 intact. C-terminal peptides thus may also
serve as a useful tool to dissect the aklotho dependent and aklotho independent functions of
FGF23.

These studies of the inhibition of FGF23 activity by a FGF23 fragment produced through
proteolysis are also fascinating at the level of general biological principle. Here, we
observed a hormone being inhibited by the product of its own degradation. Accordingly, in
pathological hyperphosphatemic states such as FTC where serum levels of C-terminal
peptides of FGF23 are high, this C-terminal fragment may be aggravating the disease by
inhibiting any residual function of the full length mutant FGF23 ligand found in FTC.

CONCLUSION

Undoubtedly, solving the crystal structures of the FGF19-FGFR4-Bklotho, FGF21-FGFR1c-
Bklotho, and FGF23-FGFR1c-aklotho complexes will be the immediate priority for this fast
moving and exciting field. The structure of the FGF23-FGFR1c-aklotho complex should
unveil the details of how a de novo site for FGF23’s C-tail is created when aklotho and
FGFR1c ectodomain interact. It would be fascinating to see whether pklotho also utilizes the
same mechanism as aklotho to promote the signaling of FGF19 and FGF21 through their
respective cognate receptors, FGFR4 and FGFR1c. The structures of these ternary
complexes will also inform us of the determinants of the FGFR binding specificity/
promiscuity of klotho proteins. Biochemically, it will be important to find out if the residual
HS binding affinity of the FGF19 subfamily is still required for signaling. If this were the
case then we could envision the model shown in Figure 8 for how the cell surface signaling
unit of an endocrine FGF might look like. The signaling unit will still have a 2:2:2 FGF-
FGFR-HS dimer at its core that is further stabilized by interactions of klotho proteins with
FGFR and endocrine FGFs.

The discovery that a major difference in HS binding was responsible for the endocrine mode
of action of the FGF 19 subfamily suggested the corollary that subtle differences in the HS
binding affinity of paracrine FGFs may also play a role in distinguishing their distinct
biological activity. Indeed, a recent study has shown that differences in the HS affinity of
two members of the FGF7 subfamily, FGF7 and FGF10, was responsible for differences in
their branching morphogenetic potentials.>! Using a branching morphogenesis assay, it was
shown that FGF10 could be transformed into a functional mimic of FGF7 through a single
Arg— Val mutation in the FGF10 HBS. This mutation reduced FGF10’s HS affinity to
FGF7-like levels and thus allowed FGF 10 to diffuse through the extracellular matrix more
easily and establish a gradient similar to that made by FGF7. Future studies should aim to
elucidate the extent to which the differing biology of ligands within other FGF subfamilies
can also be accounted for on the basis of their affinities for HS. In which case, the central
role of HS affinity in differentiating the biological functions of FGFs will not be a feature
only of the endocrine FGFs but of all FGFs.
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An overview of FGF and FGFR structural biology. A, viewed on previous page) FGF1 is
represented as a cartoon. N- and C-termini are labeled and the twelve B-sheets that compose
the p-trefoil core are indicated. B, viewed on previous page) A schematic of FGFR shows its
three Ig-like domains. D1 and the acid box (AB) are involved in autoinhibition, the heparan
sulfate binding site (HBS) is located on D2 and alternative splicing takes place in the latter
half of D3. D2 and D3 are necessary and sufficient for ligand binding. An intracellular
kinase domain mediates downstream signaling. C) The formation of a 2:2:2 FGF:FGFR:HS
dimer on the cell surface leads to intracellular transphosphorylation of the FGFR kinase
domains and downstream signaling through PLCy, FRS2a, and CRKL.
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Figure 2.

HS-dependent dimerization of the FGF-FGFR complex A) A surface representation of the
FGF2-FGFR1c-heparin ternary complex, PDB ID: 1FQ9.5° FGF2 is in dark grey, the D2
and D3 domains of FGFR1c are in light grey and heparin is represented as sticks in black.
B) The complex has been rotated ninety degrees around an axis parallel to the plane of the
page to reveal heparin binding the HBS in the membrane distal cleft of the complex. C) The
boxed region from Figure 2A is expanded to show the FGF2 residues involved in hydrogen
bonding to HS. There a total of 16 hydrogen bonds between FGF2 and HS. For the sake of
clarity, only those three hydrogen bonds mediated by backbone atoms are shown.
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Sequence alignments of FGFs. A, viewed on previous page. Sequences of human FGF19,
FGF23, FGF21, FGF2, FGF4 and FGF10 are aligned. N- and C-terminal regions of some
ligands are truncated for the sake of presentation. p-sheets are highlighted with grey in the
alignment and the helical secondary structures in FGF19 and FGF23 are highlighted with

dark grey. Numerous important residues are enclosed in boxes to emphasize their

importance: the Cys-58 and Cys-70 residues that support FGF19’s unusual p10—-12

segment structure are boxed, along with other cysteines that form disulfide bridges; the

GXXXXGXX(T/S) matif in the paracrine FGFs is indicated with boxes; the RXXR motif in
FGF23 is also boxed. B) Orthologs of FGF19, FGF21, FGF23 and FGF2 are aligned and the
[10—-B12 segment is shown for the solved structures. FGF23 exhibits greater conservation in
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its HBS than do either FGF19 or FGF21. The location of the GXXXXGXX(T/S) motif is
indicated with arrowheads above the alignment of FGF2 orthologs.
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[ FGF8, FGF17,FGF18],
[ FGF9, FGF16, FGF20 ] FGFR2b

epithelium

Figure 4.
Paracrine FGFs mediate an epithelial-mesenchymal signaling loop. Ligands expressed in the
epithelium signal through receptors expressed in the mesenchyme and vice versa.
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Figureb5.

The FGF19 structure A) The FGF19 structure, PDB ID: 2P23,%6 is shown as a surface and as
a cartoon. The B-sheets and a.-helix are labeled along with the N- and C-termini of the
protein. B) The HBS of FGF19 is superimposed onto that of FGF2. Both ligands are
represented as ribbons, with FGF19 in dark grey and FGF2 in light grey. The atoms of the
GXXXXGXX(T/S) motif are marked with dots in the FGF2 structure and identified. Arrows
indicate the positions of the Leu-145 and Leu-162 where the FGF19 Ca trace diverges from
the FGF2 Ca trace. C) The FGF19 HBS is shown and the C58-C70 disulfide bridge residues
are represented as sticks along with the Leu-162 and Leu-145 residues that protect them
from solvent. D) The FGF2 HBS is shown, the GXXXXGXX(T/S) motif is identified, and
intramolecular contacts between the p1—-32 loop and p10-p12 segment are shown. Asn-36
of the B1-B2 loop interacts with the backbone atom of Arg-129 in the p10—312 segment and
Phe-39 of the p1—-p2 region engages in Van der Waals interactions with the backbone of the
31012 region.
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The FGF23 structure A) The FGF23 structure, PDB 1D: 2P39,%6 is shown as a surface and as
a cartoon. The B-sheets and a-helix are labeled along with the N- and C-termini of the
protein. The SOS molecule that is bound to FGF23 is represented as sticks in dark grey. B)
An expansion of the box in Figure 6A showing a close-up of the SOS molecule and the
residues in the HBS of FGF23 with which it binds. C) An overlay of the HBS of FGF23
with that of FGF2 showing their divergence. FGF2 is in light grey and FGF23 is in dark
grey. The residues of the GXXXXGXX(T/S) motif are labeled and the Leu-138 and Pro-153
residues where the FGF23 Ca trace diverges from that of FGF2 are indicated with arrows.
D) The FGF19 and FGF23 HBS regions are superimposed, with FGF19 shown in light grey
and FGF23 in dark grey.
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Figure7.

Superimposition of heparin onto the FGF19 and FGF23 structures. A) FGF19 is
superimposed onto the FGF2-FGFR1c-heparin structure (PDB ID: 1FQ9)° and the heparin
from that structure is grafted onto FGF 19 to show the clashes that would occur were
heparin to attempt to bind FGF 19 in the same fashion as it binds FGF2. B) Similarly for
FGF23, heparin is superimposed to reveal the clashes that would occur were heparin to
attempt to bind in a FGF2-like fashion.
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Figure 8.

A proposed model of the FGF23-FGFR1c-heparin-aklotho complex. A) FGF23 is
superimposed onto FGF2 in the FGF2-FGFR1c-heparin complex (PDB ID:1FQ9)°° and is
depicted in dark grey. The FGFRs from 1FQ9 are depicted in a medium tint of grey.
Myrosinase (PDB ID: 1E6S),140 a glycosidase, is used as a model for the two KL domains
of aklotho and is depicted in light grey. B) The FGF23-FGFR1c-heparin-aklotho complex
has been rotated 90 degrees to show the HS binding cleft in the membrane-distal portion of
the complex.
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